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Synopsis of the Conference 
As advances are made in Chemical Engineering, the Chemical Industry will be able to produce 
more useful products economically on a large scale from agriculture-based inputs. Value-
addition to agricultural produce is the magic wand for transforming the nation’s economy and 
providing meaningful employment for the teeming youth. The pivotal role of Chemical 
Engineering as the engine of growth for the economy is indispensable.  To contribute to this 
critical area, at this time in our national development, the Nigerian Society of Chemical 
Engineers (NSChE) organized a National Conference on the theme, “Enhancement of 
Agricultural Value Chain for Economic Development: The Role of Chemical Engineering”. 
The Conference, KADA 2019, was aimed at bringing together participants from policy makers, 
industrialists, the academia, research institutes, the private and public sectors, etc., to 
brainstorm and proffer solutions to challenges in the agricultural downstream sector and 
galvanize efforts to ensure the revamping of our economy through the multiplier effect of 
value-addition to agricultural produce.  
 
It is the hope of the Organisers of this important Conference that the recommendations of the 
Conference/AGM if implemented, will pave the way for the nation to attain self-sufficiency in 
food production, increased foreign exchange earnings, higher GDP and better balance of trade. 
  
The Nigerian Society of Chemical Engineers is therefore pleased to present this Book of 
Proceedings to all Chemical Engineers and other stakeholders for the advancement of the 
Profession and the growth of the Economy. 
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ABSTRACT 
Effective storage conditions can resolve the challenge of food scarcity and extinction of certain 
food species. Since temperature is one of the most important variables that affect food 
preservation and food quality, this study is investigating the changes in the food properties 
and mineral composition of tiger nuts at different temperature variations. Required quantities 
of fresh tiger nuts were collected for different individual experiments. The results showed that 
while the temperature of 550C had significant effect on the retention of water, crude protein 
and carbohydrate contents of tiger nuts, fats were better retained at 800C. Irrespective of 
storage method, most food nutrients and properties of tiger nuts are better retained at 
temperatures  500C.  
 
1.0 INTRODUCTION 
Tiger nut is a monocotyledonous plant with about 4000 species with high contents of starch, 
fat, sugar,  protein, phosphorus, potassium and vitamins E and C (Belewu and Belewu, 2007; 
Ekeamyanwu and Ononogbu, 2010). Since it has high nutritional and low viscosity values, it 
is mostly cultivated for food and biodiesel production in the Valencia region of Spain, Australia, 
North and South America, Europe and Egypt (Ezeh et al, 2014; Adel et al, 2015). Though 
African countries are major producers and exporters of tiger nuts (Barminas et al, 2001), it 
can however be grown in most regions of the world. This is because of its’ good water 
retention capability, suitability to different soils and short maturity period (www. 
nwtf.org/conservation/bulletins/bulletin_07.pdf).   
 
Though current research are actively investigating food sources (Wells et al, 2017; Zhenzhang 
et al, 2019), extraction of food products (Chemat et al, 2017; Chen et al, 2019; Arya et al, 
2019) and food processing techniques (Chemat et al, 2017; Barbosa-Canovas et al, 2019; 
Jones et al, 2019), food security should be given more attention due to the growing world 
population and consequences of neglect. To address this potential threat to human existence, 
researchers have investigated the effect of several factors on food supply. Few of the 
researched factors are the effect of pesticide residues (Carvalho 2017; Bonner and Alavanja 
2017; Popp and Nagy 2012), and climatic conditions (Baethgen and Magrin 1995; Rosenzweig 
et al, 1994; Parry et al, 2004). Temperature is a climatic factor that most research has found 
to limit the maximum yield of crops (Davis et al, 2017).   
 
For this reason, researchers have previously investigated the impact of temperature variation 
on wheat production (Parry et al, 2004). Parry et al (2004) showed that temperature increase 
affected wheat production more than rainfall. Therefore, they concluded that crop yields 
dramatically decrease with increase in temperature. Though it has generally been accepted 
that temperature affects crop yields (Parry et al, 2004; Davis et al, 2017), more research is 
needed to examine the effect of temperature variation on other edible crops. This will 
determine the optimal temperature condition of storing fresh tiger nuts in order to preserve 
its food and mineral components. 
 
To this end, this study is investigating the changes in the food properties and mineral 
composition of tiger nuts at different temperature conditions. To achieve this, several samples 
of tiger nuts dried at different temperatures will be analyzed for the food properties of               
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moisture content, crude protein and carbohydrate contents. In addition, the mineral 
compositions of the fresh and sun dried samples will be determined.  
 
2.0 METHODOLOGY 
 
2.1 Preparation and Analyses of fresh tiger nuts 
Samples were washed with distilled water to remove impurities. The proximate composition 
analysis was carried out for the moisture content, crude protein content and carbohydrate 
contents of the tiger nuts.  
 
In addition, the mineral and vitamin content analyses of tiger nuts samples were carried out. 
The samples were analyzed for several minerals such as potassium, calcium, iron, copper and 
vitamins C and E contents. 
 
2.2 Calculation Procedure 
The drying rate calculation for each samples at different temperatures were carried out using 
the formula: 

∆
 

Where: 
, √1 2                    (Kolev, 2011). 

 
Diameter of tiger nut, D = 6.27mm (Sanchez et al, 2012). 
Heat transfer coefficient, h= 20.442 (Perry chemical engineering handbook) 
Latent heat of vaporization of water = 22.6 10 J/Kg (Vaclavik and Christian, 2008). 
 
3.0 RESULTS 
 
Table 3.1 Proximate composition of tiger nuts 

Components Sample 
A @ 
230C 

Sample 
B @ 
550C 

Sample 
C @ 
400C 

Sample 
D @ 
800C 

Sample 
E @ 
1000C 

Sanchez 
et al, 
2012 

Adel et 
al, 2015 

Ogunlade 
et al, 2015 

Moisture 
Content (%) 

20.60 12.50 5.40 4.52 3.62 26.00 7.30 27.00 

Crude Protein 
(%) 

2.70 2.20 1.16 1.60 1.35 5.04 4.33 1.67 

Carbohydrate 
(%) 

11.40 9.65 4.61 6.20 8.71 43.30 48.12 48.30 

Fats and oils 
(%) 

1.36 1.21 1.24 1.31 1.06  24.49 … … 

 
Table 3.2 Calculated drying rate of tiger nuts 
Samples A B C D E 

Drying Rate 1.5221 1.7706 1.7567 1.9905 2.1130 

 
3.1 Effect of drying on crude protein content 
The results show that the highest protein content of tiger nuts is when it is freshly harvested 
at normal room temperature of 230C. Protein content was decreased at temperatures of 55, 
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40, 80 and 1000C. However, protein content was better retained at 550C. The results of this 
research study agreed with findings of a study conducted by Seow and Gwee (1997), who 
reported that at temperatures greater than 800C, protein was generally destroyed. According 
to Tangsuphoom and Coupland (2005), some proteins are destroyed when heated even at 
700C, even though Hartati et al. (2018) found that protein content was best retained at 700C. 
 

 
Figure 3.2 Effect of drying on crude protein content 
 
3.2 Effect of drying on moisture content 

 
Figure 3.1 Effect of drying on moisture content 
 
Since drying at temperatures above 700C increases the dissolved solids due to protein 
denaturation, the water content as shown in the effect of drying on moisture content in Figure 
3.1 decreases. The water content was best retained at a temperature of 550C. This result 
agrees with that of Hartati et al (2018) when they found that the water content of laksan 
sauce was best retained at a temperature of 600C. 
 
3.3 Effect of drying on carbohydrate content 
The results showed that the highest carbohydrate content was found in fresh tiger nuts at 
230C. Negligible losses were observed in sample B with drying at 550C and the lowest at 400C. 
It is shown that drying at 550C best preserved the carbohydrate content with a negligible loss 
of 2.75mg relative to the fresh sample at 230C. A recent study conducted by Hartati et al, 
2018 agrees with this finding. They showed from their results that the highest carbohydrate 
content was at 600C. 
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Figure 3.3 Effect of drying on carbohydrate content 
 
3.4 Effect of drying rate on fats content 

 
Figure 3.4 Effect of drying on fats and oil content 
 
The results of this study showed that the highest fat content was at 230C. However, when 
subjected to different temperature conditions, the fats contents were better retained at 800C 
in comparison to other temperature conditions. When subjected to this temperature, only a 
negligible loss of 0.05g was observed. Similarly, Hatati et al, (2018) obtained the maximum 
lipid content at 700C in their experiment. 
 
3.4 Mineral compositions of tiger nuts 
The effect of a specific temperature of 230C on the mineral composition of fresh tiger nuts is 
shown in Figure 3.4.  It is shown that the properties of calcium, sodium and potassium are 
in significant amounts in freshly harvested tiger nuts when compared to presence of copper 
and iron.  
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Table 3.3: Mineral properties of tiger nuts 
Mineral 
Components 
(mg/100) 

Sample A @ 230C    
           Fresh 

Sample B @ 550C    
        *Sun-dried 

Ogunlade et al, 2015 
Fresh Dry 

Na 22.73 19.27 101.30 101.17 
K 128.49 322.47 122.40 122.90 
Ca 20.05 31.46 83.00 91.60 
Fe 1.72 3.39 3.60 3.80 
Cu 0.21 0.59 0.20 0.30 

*Sun-drying temperature at 550C was from literature (Tunde and Oke, 2011). 
 
3.4.1 Effect of drying on mineral composition (Sample A) 

 
Figure 3.4: mineral properties of tiger nuts at 230C 
 
3.4.2 Effect of drying on mineral composition (Sample B) 

 
 
Figure 3.5: mineral properties of tiger nuts at 550C 
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The mineral composition of tiger nuts dried at 550C is shown in Figure 3.5. Even with an 
increase in temperature from 230C to 550C, calcium, sodium and potassium are still the major 
constituents of tiger nuts though the amount of sodium present has reduced. 
 
From the effect of temperature increase (23-550C) on the mineral compositions of tiger nuts, 
the examined food minerals (Cu, Fe, K, Ca) increased by 0.38mg, 1.67mg, 193.98mg, and 
11.41mg respectively, while sodium decreased by 3.46mg. Therefore, increase in temperature 
enhances the mineral composition of most properties of tiger nuts.  
 
4.0 CONCLUSION 
The results of this study showed that temperature had a significant effect on the food 
properties and mineral composition of tiger nuts. Drying at 550C produced the best results in 
the properties of crude protein, moisture content and carbohydrate, in comparison to 40, 80 
and 1000C. However, heating at 800C was best for maximum fats and oil retention. Since tiger 
nut is a source of food supply, this study has shown the optimal temperature conditions (
550C) of storage, in order to preserve its’ essential food components. Storage at the right 
condition will prevent the challenge of food scarcity and loss of essential nutrients. Future 
research can examine the effect of other process variables on a wider range of food properties 
of other common foods. 
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ABSTRACT 
Onions are grown in very large quantity in Nigeria. However, dehydrated powdered onions 
are currently imported mainly from China and India. The powdered onions have industrial 
applications as additive in production of sauce (Maggi, Knorr, etc), food condiment, noodles, 
etc. Development of onion value chain is envisioned to link the growing of onions to the 
industrial needs in Nigeria. In this proposed strategic plan to develop onions value chain in 
Nigeria, the focus is on three important areas; (1) Domestication of powdered onion 
production technology, (2) Development of framework for best agronomy practice in onion 
cultivation and (3) Linking entrepreneurs to onion cultivation and powdered onion production 
in Nigeria. It is envisaged that the implementation of the strategic plan would spur the 
domestication of powdered onion production in Nigeria thereby reducing the importation of 
powdered onions. In addition, a clear framework to improve the current agronomy practices 
in onion cultivation to meet the specifications for industrial application is expected to be 
developed. 
 
1.0 INTRODUCTION 
Nigeria government is actively pursuing economic diversification. The recent Economic 
Recovery Growth Plan (ERGP) is intended at growing national output via broadening 
production (ERGP, 2017). Along this line, the Nigerian Industrial Revolution Plan (NIRP), which 
is focused specifically on industrial transformation, is designed to accelerate industrial capacity 
and diversification (NIRP, 2014). To achieve this objective, the plan is centered on developing 
four key industrial groups in which Nigeria already possesses clear advantage: agri-business 
and agro-allied; solid minerals and metals; oil and gas related industries; construction, light 
manufacturing and services (NIPR, 2017).  Agri-business and agro-allied industrial sector is 
envisaged to build an end-to-end integrated value chain via boosting local production to meet 
domestic demand and reducing country’s requirement on import of processed food products.   
 
Agricultural sector is gradually and steadily being transformed in Nigeria. This is evidenced 
from the successful Central Bank of Nigeria Anchor Borrowers’ Programme, which provides 
linkages between companies involved in processing rice and smallholder farmers, have 
spurred the production of rice in Nigeria (CBN, 2016). Consequence of this initiative and the 
progress recorded, according to PricewaterhouseCoopers (2018) report, rice production 
peaked at 3.7 million tons in 2017 and with appropriate agricultural practice in the next 5 
years rice production in Nigeria is expected hit 7.2 million tons. 
 
The success achieved in rice production in Nigeria can be replicated for major crops such as 
sorghum, soya beans, maize, onions, etc. which when processed serve direct industrial 
applications. For example, Onions when dehydrated into flakes or powder form are used as 
additive in production of sauce (Maggi, Knorr, etc) and food condiment and so on. 
  
Onion is most commonly grown in North-west and North-central regions of Nigeria with states 
like Kebbi, Sokoto, Kano, Kaduna, Jigawa and Plateau states. From 2012 data, Nigeria ranks 
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sixth nation behind major producers such as China and Japan with 240 thousand tons of green 
onions and 1.3 million tons of dry (Indorama, 2014). 
 
In Nigeria postharvest and poor storage are the major challenges associated with the 
production of onions. For Nigeria to maximize the benefit of growing onions and drastically 
reduce the 50% postharvest best agronomy practices must be introduced. The farmers must 
be provided with extension services to choose the appropriate varieties that have long shelf 
life, suitable soil condition and application of fertilizer at correct time and use the correct 
quantity. After harvesting, the onions must be classified to remove undeveloped onions that 
may potential be the source of spoilage (Olanipekun, 2018).  
 
Postharvest losses in onions could also be reduced by transforming via value addition to 
products such as onion powder, onion flakes, onion sauce, etc.   Despite the huge potential 
likely to be achieved through the development and deployment of an onion powder production 
process, there is no existing onion powder production plant in Nigeria. 
 
The goal is to demonstrate the technical and economic viability of domesticating production 
of powdered onion from local onion raw material. The production of powdered onions from 
local raw material will entail the following key objectives:  
1. Domestication of powdered onion production technology in Nigeria. 
2. Spur import substitution of powdered onions currently imported. 
3. Develop framework to improve the current agronomy practice in onion cultivation to meet 
 the specifications for industrial application.  
 
2.0 STRATEGIC PLAN 
	
2.1 Domestication of Powdered Onion Production Technology  
Currently in Nigeria, the powdered and flake onions utilized by the industries are imported 
predominantly from India and China.  Although no data available from the key government 
agencies (Central Bank of Nigeria and National Bureau of Statistic) on the quantity and amount 
of powdered onion imported into the country, however, companies that produce sauce, food 
condiment and so on, import the product from Asia.  
 
Maggi, Knorr, etc. produced by various companies are collectively referred to as bouillon 
cubes. In production of bouillon, powdered onion is a key raw material. At this moment, the 
following companies produce the bouillon in Nigeria (Table 1); Nestle Nigeria Limited, Unilever 
Nigeria Limited, PZ Nigeria, etc.  
 
Table 1: Companies Producing Bouillon Cubes   
S/No Company Bouillon Cubes  

Brand Name 
1 Nestle Nigeria Limited Maggi 
2 Unilever Nigeria Limited Knorr and Royco 
3 PZ Nigeria Mamador 
4 Pramasidor  Onga 
5 Doyin Group of Companies Doyin and Prime 
6 Daily Nigeria Limited Suppy 
7 NASCON Allied Industries Plc, (a subsidiary of the 

Dangote Industries Limited) 
Dan-Q 

8 TGI Distri Limited Terra 
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According to Nestlé, the Central West Africa Region is the largest MAGGI cube producing 
market in Nestlé and sells over 100 million cubes in the Central West Africa Region daily.  
Nigeria is the major contributor in the growth of bouillon cube market in this region.  
 
Another group of companies in Nigeria that utilize powdered onions is the producers of 
noodles. Noodles are now very common instant meal in Nigerian homes. According to World 
Instant Noodles Association (WINA), Nigeria is currently 12th largest consumer of noodles in 
the world with 1.82 billion serving noodles in 2018 (WINA, 2019). In-fact, Nigeria consumes 
7 times than the amount consumed in South Africa. 
 
The sauce that normally comes along with the noodles contains powdered onions. There are 
several companies in Nigeria that produce noodles, hence, these companies import the 
powdered onions additive. Indomie noodles produced by Dufil Prima Foods Plc are reported 
to control about 75% of the market share. Other notable producers of noodles are Golden 
Noodles Company Limited (Golden Noodle).  
 
In essence, there is a large market demand for powdered onions in West Africa, particularly 
Nigeria that is being supplied for primarily by importation. Therefore, domestication of this 
technology will not only improve the shelf lives of onions and reduce their wastages in the 
country, but will also go a long way in providing import substitution for the product and 
ultimately create jobs for the vast unemployed populace in the country. 
  
2.2 Strategies 
The key strategies in domestication of production of powdered onions (DPPO) in Nigeria are 
presented in Table 2. 
 
2.3 Outcomes 
The outcomes from the domestication of the production of powdered onions in Nigeria are: 
1. A functional plant for the production of powdered onions from local raw materials. 
2. Demonstration of economic and technical viability of production of powdered onions in 

Nigeria. 
 
3.0 DEVELOPMENT OF FRAMEWORK FOR BEST AGRONOMY PRACTICE IN ONION 
      CULTIVATION IN NIGERIA 
The onion cultivation in Nigeria is associated with huge postharvest loss. As stated earlier, 
about halve of the onion produced are lost to poor agronomy practices by farmers such as 
lack of appropriate storage facilities (Olanipekun, 2018). In meeting the need of onion 
processors, postharvest loss must be drastically reduced and the problem of storing onions 
for extended time needs to be addressed.  
 
The reduction of the postharvest loss begins at the start of cultivation and application of 
appropriate agronomy practices. Suitable varieties with longer shelf life must be made 
available to the farmers and application of appropriate fertilizer (Olanipekun, 2018). 
 
3.1 Strategies 
The key strategies in development of framework for best agronomy practice in onion 
cultivation in Nigeria are presented Table 3: 
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Table 2: Strategies for Domestication of Powdered Onion Production Tachnology 
S/No. Strategies Key Activities Stakeholders Lead 

Agency  
1 Formation of  

RMRDC Stirring 
Committee for 
the DPPO  

1. Selection of RMRDC staff for 
DPPO Stirring Committee 
2. Inauguration of the DPPO 
committee 
3. Meeting to adopt the work 
plan for DPPO 
4. Harmonize the DPPO 
activities with the current effort 
of RMRDC in Sokoto 
4. Reengineering and 
developing of the Sokoto Plant 
in Zaria 
  

RMRDC, Consultant RMRDC 

2 Stakeholders 
Meeting to 
Review the 
Plan for the 
DPPO 

1. Workshop to review and 
adopt the work plan for DPPO 

RMRDC, FMARD, 
FMST, CBN, NIRSAL, 
BOI, BOA, SON, 
NAFDAC, State 
Governments, 
related food 
industries, organized 
onion farmers 
association, 
Agricultural research 
institutes, NACIMA 

RMRDC 

 
 
Table 3: Strategies for Development of Best Agronomy Practice 
S/N Strategies Key Activities Stakeholders  Lead  

Agency 
1. To develop 

appropriate 
framework for 
onion cultivation in 
Nigeria. 
 

1.  Meeting of the Stirring 
Committee Members with key 
stakeholders (State 
Goverments, FMARD, IAR and 
CBN) 
2. Preparation of a draft 
document for the workshop. 
3. Validation of the draft 
financial package document 

Sokoto, Kebbi, 
Zamfara, Kano, 
Jigawa and Kaduna 
State 
Governments, 
FMARD, RMRDC, 
IAR Zaria, UDU 
Sokoto 

FMARD 

2. Demonstration of 
best practices of 
onion cultivation to 
onion farmers at 
the proposed 
Sokoto site.   

1. Identification of farmers 
that will be involved in the 
demonstration farm. 
2. Provision of appropriate 
onion variety to the farmers. 
3. Extension services to the 
farmers’ prior-cultivation, 
during cultivation and after 
harvesting. 
4. Demonstration of 
appropriate storage techniques 

Sokoto State 
Government, 
FMARD, RMRDC, 
IAR Zaria, UDU 
Sokoto 

IAR Zaria 
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3.2 Outcomes 
The outcomes from the development of framework for best agronomy practice in onion 
cultivation in Nigeria are: 
1. A document clearly stating the best approach in cultivation of onions in Nigeria. 
2. Demonstration of the best agronomy practice at the Sokoto site of the proposed plant. 

 
4.0 LINKING ENTREPRENEURS TO ONION CULTIVATION AND POWDERED ONION 
PRODUCTION  
There several government agencies with experience and expertise in developing financial 
packages that link entrepreneurs with appropriate funding arrangements. Some these 
agencies include CBN, BOI and BOA. It is paramount to tap into these know-how and skills in 
development of financial packages for the entrepreneurs that will take-up the production of 
powdered onions and also cultivation of onions. 
 
The public-private company, The Nigeria Incentive-Based Risk Sharing system for Agricultural 
Lending (NIRSAL), is well suited in providing tailor made financial solution for agriculture 
enterprises. NIRSAL have already demonstrated this with its acclaimed successes achieved in 
the rice value chain. It is expected to be at center of providing solution for the onion value 
chain.   
 
4.1 Strategies 
The key strategies in linking entrepreneurs to onion cultivation and powdered onion 
production in Nigeria are shown in Table 4: 
 
Table 4: Strategies in Linking Entrepreneurs to Onion Cultivation and Powdered 
Onion Production    
S/No. Strategies Key Activities Stakeholders Lead  

Agency 
1 To develop 

appropriate financial 
packages for onion 
cultivation and 
powdered onion 
production. 
 

1. Meeting of the Stirring 
Committee Members with 
financial stakeholders (CBN, 
NIRSAL, BOI and BOA) 
2. Preparation of a draft 
document for the workshop. 
3.  Validation of the draft 
financial package document  

CBN, NIRSAl, 
BOI, BOA and 
RMRDC 

NIRSAL 

 
4.2 Outcomes 
The expected outcomes from linking entrepreneurs to onion cultivation and powdered onion 
production in Nigeria are: 
1. Development of financial instruments for potential investors in onion cultivation and 

powdered onion production.  
 
5.0 CONCLUSION 
The development of onion value chain in Nigeria that encompassed best agronomy practice, 
appropriate onion powder technology and linking entrepreneurs is envisioned to lead into 
production of powdered onion locally, reduce current loss associated with growing onions in 
Nigeria and serve as a model were other crops (ginger, pepper, etc) value chain could also be 
developed.    
 
Acronyms 
ABU: Ahmadu Bello University 
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BOA: Bank of Agriculture  
BOI: Bank of Industry 
CBN: Central Bank of Nigeria 
DPPO: Domestication of Production of Powdered Onions   
FMARD: Federal Ministry of Agriculture and Rural Development  
FMST: Federal Ministry of Science and Technology 
IAR: Institute of Agriculture, Ahmadu Bello University 
NIPR: Nigerian Industrial Revolution Plan  
NIRSAL: Nigeria Incentive-Based Risk Sharing system for Agricultural Lending 
UDU: Usman Danfodio University 
RMRDC: Raw Materials Research and Development Council 
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ABSTRACT  
Meat is an essential nutritious food item needed for human consumption from which high 
quality proteins, minerals and essential vitamins   are derived. However, certain categories of 
consumers such as the children, elderly and sick people might not be able to provide the 
requisite biting force for chewing of the meat. Thus they would only be able to consume meat 
in their grinded form. In order to address this problem, it becomes necessary to have a meat 
grinding machine. Meat grinders are either motorized or manually operated. This paper 
presents the design, construction and testing of an efficient single meat grinding machine with 
both manual and motorized mode of operation. To avoid failure of the machine, the calculated 
working stress of 21MN/m2 of the machine is kept within the value of the machine ultimate 
stress of 30MN/m2 and the calculated factor of safety of 1.4 is within accepted range for factor 
of safety which indicates that the design is safe. A functional test carried out on the machine 
shows that it has an efficiency of 69% and 73% for manual and motorized operation 
respectively. The utilization of this machine would enhance meat processing thereby creating 
employment. The machine can be used in the urban, rural area and with or without electricity.  
 
Keywords: Design, Construction Assembling, Meat Grinding and Testing. 
 
1.0. INTRODUCTION 
The preferred solution to meat processing is to introduce a mechanical and hygienic method 
of processing meat. The machine is used to force meat by means of rotating shaft under 
pressure through a horizontal mounted cylinder (shaft housing). At the end of the shaft 
housing there is a cutting system consisting of a cross-shaped knives rotating with the shaft 
and a stationary perforated disc (hole plate). The perforation of the hole plate normally range 
from 1 to 13mm. The meat is compressed by the rotating shaft, forced through the cutting 
system and extrudes through the hole of the hole plate after being cut by the revolving knives.  
The degree of grinding is determine by the size of the holes of the hole plate (Principles of 
Meat Processing Technology, 2014). 
 
This paper presents the design of an efficient single meat grinding machine with both manual 
and motorized mode of operation, which can be used (in the urban and rural area) and with 
or without electricity. This design provides the kinematic arrangement of forces, materials 
selection and proportion of parts to ensure maximum strength and functionality of the 
machines. Meat grinders are either motorized or manually operated. This paper presents the 
design, construction and testing of an efficient single meat grinding machine with both manual 
and motorized mode of operation. The concept of the paper came as a measure to design 
and construct a machine which can be used for grinding meat into a very smaller piece. This 
is as to encourage the processing of meat and the establishment of meat processing industries 
in Nigeria, especially in the northern parts where there is high availability of beef as a raw 
material. 
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2.0. METHOD 
This work invokes design of a manual and motorized meat grinding machine. Design of 
individual component of the machine was carried. After the design, various fabrication 
methods such cutting, welding, grinding, drilling and casting were used for construction of the 
various components of the meat grinding machine. The individual components of the machine 
were assembled to form a single meat grinding machine. The manual and motorized operation 
of the machine was tested using equal mass of meat.  
 
3.0. DESIGN ANALYSIS 
The material selection and positioning of components were controlled by the material 
strength, rigidity, corrosion resistance and the construction method.  
 
3.1. Selection of the V-belt and Calculation of Torque 
The machine was designed to use two horse power (2hp) electric motor. Since the power of 
the electric motor was 1.402kW;  a  “A” type of  V-belt with a power range of  0.7-3.5 kW, a 
top width (b) of 13mm and thickness (c) of 8mm was selected according to Indian Standard 
(IS: 2494-1974).  
 
Torque transmitted by electric motor, Tt is given by; 

																																																																																																																					1
,  

P  = Power transmitted by electric motor,   Angular speed of the electric motor
     

 
 = Speed of rotation of electric motor = 1420rev/min 

 
3.2. Calculation of the Tightening Belt Tension T1 and Slackening Belt Tension T2, 
Figure 1; shows the shaft loading and the power transmission on the manual and motorized 
meat grinding machine.  

          
Figure. 1: Meat Grinder Power Transmission 

 
The weight of the pulley  is given by; 

																																																																																																																						2 
 
Vertical load on the shaft is given by; 
 

60°																																																																																																3 
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Horizontal load  on the shaft is given by; 
 

60°																																																																																														4 
 
Torque supplied Tt  is given by; 

																																																																																																									5 
 
r = radius of the smaller pulley            
 
Peripheral Velocity V is given by; 
 

																																																																																																																							6 
Mass/unit length of belt m is given by; 
 

																																																																																																																			7 
p = Density of the belt = 980kg/m2 

 
g = Acceleration due to gravity = 9.8m/ ,    A = Cross-sectional area of belt  

 
Figure 2: Belt Cross Sectional View 

 
Cross-sectional area A of the belt is given by;  

1
2

																																																																																																		8 
 
Centrifugal Tension  is given by; 
 

																																																																																																																																			9 
 

∝

																																																																																																	10 
 
µ = Coefficient of friction between belt and pulley = 0.2  
 
θ = Groove angle for V-belt = 30O,  ρ = Density of belt materials = 980kg/ ,	  

∝  = Angle of wrap for smaller pulley (rad) 180 	– 	2
c

rR
 
  

C = Centre	distance	between	pulley        
R = Larger pulley radius r = Small pulley radius  
 

,
2

1

N

dN
D  . 

N1 = Speed of the electric motor or small pulpy (r.p.m) N2 = Speed of the larger pulley (r.p.m) 
d  =  Diameter of the smaller pulley (m)    D =  Diameter o the larger pulley (m) 
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(a)      (b) 

Figure 3: (a) Vertical Loading on the Shaft. (b) Horizontal Loading on the Shaft 
 
Mk  =  Weight of the knife       =  Uniform distributed load 
 
RVB  =  Reaction of the bearing at B,   RVC  =  Reaction of the bearing at C,   
 
Figure 4.0 shows the hear force and the bending moment diagram for the vertical and 
horizontal loading respectively. 

             
 

(a)      (b) 
Figure 4: Bending Moment and Shear Force Diagram for; (a) Vertical loading. (b) 

Horizontal Loading. 
 
3.3. Calculation of the Resultant Maximum Bending Moment, Mmax 
 

																																																																																													11 
 
MH  =  Maximum bending moment for horizontal loading 
Mv   =  Maximum bending moment for vertical loading      
 
3.4. Calculation of the Shaft Diameter d0,        

In actual practice shafts are subjected to fluctuating torque and bending moment. For shafts 
subjected to combine bending and torsion, the shaft diameter, do is given by; 
 

16
																																																																				12 
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The shaft is design to have the maximum allowable shear stress of
 

 30 10 / 	.  
 
Tt  =  Torque Transmitted by electric motor 
 
Kb and Kt are Combine shock and fatigue factors for bending and torsion. The recommended 
value for Kt  and Kb  are 1.5 and 1.0 for steady loading (Khurmi, 2005). π = 3.142. 

 
3.4. Calculation of Belt Length 
The belt length is given by;  

4
1
2

																																																												13 

 
Where;   
L  =  Belt length (m)    D  =  Diameter of the larger pulley (m) 
D  = Diameter of the smaller pulley (m) C  =  Centre distance between the two pulley (m) 
α1 = Wrap angle of the smaller pulley (rad) α2 =  Wrap angle of the larger pulley (rad)  
 
3.5. Calculation of the Centre Distance between Pulleys C 
The Centre distance between the two pulleys is given by;  

4 8 4 8 8
																																										14 

 
3.6. Bearing Selection, 
The resultant radial force (F) and the dynamic loading (C) are calculated.  

																																																																																																											15 
  

 
3.7. Calculation of the Factor of Safety, FS, 

	
	

																																																																																										16 

	
16

																																																																																						17 
 
T  =  Twisting Moment (Maximum Bending Moment)  D  =  Shaft Diameter  
 
According to Sharma and Aggarwal (2006), the Factor of Safety (FS) is between 1.25 to 1.5 
for exceptionally reliable material used under controlled condition and subjected to loads and 
stresses that can be determine certainly. Therefore since the Factor of Safety of this machine 
wass within the range (1.25 to 1.5). Therefore the design was safe. 
 
3.8. Key Design 
In this design, a round key inform of a bolt was used. The height (h) and the width (b) of 
the key was determined by using the empirical design code relation for different types of 
keys. 
 
3.8.1. Calculation of the Width/Diameter of the Key b 
b  =  nd                     18 
n  =  Ratio of the key width to the shaft diameter. The recommended value of n is 0.25 
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d  =  Shaft diameter  
 
3.8.2. Calculation of the Depth/Height of the Key h 
h   = mb                  19 
m  =  Ratio of  height of the key to the key width. The recommended value of m was 1.30 
Therefore, a bolt of 6mm in diameter (width) and the more than 7mm height was selected.  
 

 
Figure 5: Shaft Design 

 
3.9. Handle Design 
The average of 170.6N effort is assigned to operate the machine during the manual operation. 
The maximum force required for a single person to operate the handle is 400N with the handle 
length of 300mm, (Khurmi, 2005).  
 
3.9.1. The Maximum Bending Moment of the Handle ,   
 

																																																																																																								20   
 
 
3.9.2. The Section Modulus of the Handle Z, 
 
Z d 																																																																																																																																																												21

     
Where, d  =  diameter of the handle 
 
The diameter of the handle is proportioned as 25mm for single person with the effort of 400N.  
 
3.9.3. The Constant Twisting Moment T,      
 
 2

3            22 
 
3.9.4. The Maximum Bending Moment ,   
 

LpML              23 
 
The length of the lever, L is 86mm 
 
3.9.5. The Width near the Boss B, 
 

tB 2                           24 
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t  =  Thickness of the lever 
 
The section modulus Z for the level arm is also given by;   

2

6

1
BtZ           25

 
 
3.9.6. The Dimension or Length of the Square End, of the Handle x 
 

        26 

 
Figure 6: Handle Design 

 
4.0 CONSTRUCTION 
The Table 1 summarized the construction process involved with the construction of this 
machine. The engineering drawing of the individual components and their respective materials 
are shown in the appendix. 

 
Table 1: Component and Construction Operations 

S/N COMPONENT MATERIAL OPERATION 
1 Hopper Mild  steel Cutting to size, folding wielding and 

grinding 
2 Shaft Housing Galvanized steel Cutting ti size, threading, wielding, and 

grinding 
3 Hole Plate Aluminum Casting and drilling 
4 Knife Stainless steel Cutting to size, wielding and grinding 
5 Shaft Stainless steel Cutting to size, turning, wielding, hand 

forging and grinding 
6 Bearing Holder Mild steel  bolts 

and nuts 
Cutting to size. Welding and grinding 

7 Ring  Screw Aluminum Casting and threading 
8 Grinder Stand Mild steel Cutting to size, welding. Drilling and 

grinding  
9 Handle Mild steel Cutting to size, welding and grinding 
10 Grinder Stand Mild Steel Pipe Cutting to size 
11 Grinder Base Mild Steel Plate Cutting to size 
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5.0 Assembling  
A number of components were permanently joined together using arc welding to form a sub-
assembly. The sub-assembly and other components were temporarily joined together using 
bolts and nuts to form a complete structure of the meat grinding machine. The assembly and 
individual components drawing are shown in the appendix. 

 
Table 2: Components and Orthographic Drawing 

Components and Orthographic drawing 

 

(15)  

 
 

 

 

All Dimensions in mm, Scale 1:1 
 

Table 3: Assembling Drawing 
The Assembly Drawing 

 
 

S/N Component Material Qty 
1 Handle MS, P 1 
2 Shaft and Key SS,MS 1 
3 Grinder Base MS 1 
4 Motor Pulley MS 1 
5 Bearing SS 2 
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6 Hopper SS 1 
7 Bearing Stand MS 2 
8 Hole Plate A 3 
9 Grinder Stand Ms 1 
10 Electric Motor MS, R ! 
11 V-belt R, C, R 1 
12 Ring Screw A 1 
13 Shaft Housing SS 1 
14 Knife SS 1 
15 Bolt and Nut 

M12x1,25 
M16x1,5 

 
MS 
MS 

 
6 
4 

16 Grinder Leg MS 1 
 

All Dimensions in mm, Scale 1:1 
 
6.0 TESTING  
The machine was tested for performance in terms of Meat Grinding Rate and Meat Grinding 
Efficiency of the meat grinder.  
 
6.1. Meat Grinding Rate (MGR) 
This is the total quantity of meat grinder per unit time, which passes through the hole plate. 
It is measured in kilogram per second. 
 
Meat	Grinding	Rate MGR

Mass	of	Mear	after	Grinding
Meat	Grinding	Time

																																			23 

 
6.2. Meat Grinding Efficiency (MGE) 
This is used to show the proportion of the output  (mass of meat after grinding) in respect to 
the input mass of meat before grinding. 
 
 Meat	Grinding	Efficiency	 MGE 	 	 	 	

	 	 	 	
100																			24 

 
6.3 Testing Procedure

 A 2.2kg of meat (1.1kg each) free from bones, muscles and fat was purchased from the 
market. The meat was washed and cut into strips for easy grinding. The machine was set up 
and the meats were grinded electrically and manually with 1.1kg of meat respectively. The 
time required and the mass of the meat after grinding were also noted and recorded. 
 
6.4 Results and Discussion 
Time required to grind 1.1kg of meat by manual operation Tm = 75sec                                                      
Time required to grind 1.1kg of meat by electrical (motorized) operation. Te = 15sec     
Mass of Meat before Grinding M = 1.1kg, Mass of meat after manual operation Mm = 0 .76kg   
Mass of meat after electrical (motorized) operation   Me = 0.8 kg.  
 
MGR (for manual operation) =   = . 	 = 0. 010 kg/sec  
 
MGR (for electrical operation) =   =  . 	 = 0.0 53 kg/ sec  
 



©NSChE 2019: Design, Construction And Testing of a Meat Grinding Machine:  By Bako Sunday, Ezra P. Mijinyawa, 
Mohammed B. Ndaluiman, and Katsina C. Bala 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 23	|	P a g e 	

MGE (for manual operation) = 100
.

.
69% 

 
MGE (for electrical operation) 100

.

.
73% 

 
The manual operation of the meat grinder had a meat mincing rate of 0.010kg/esc, while the 
electrical/motorized operation had 0.0.053kg/sec. This indicates the quantity of meat that can 
be grinded per second by the manual and motorized method. The motorized method had a 
high grinding rate due to the high speed of the electric motor. The manual and motorized 
method had high [69% and 73%] efficiency.. This shows that the manual and motorized meat 
grinder has a very low [27%and 31%] possibility of being inefficiency. 
 
From Alaba international market, Lagos, the cost of a motorized meat grinding machine is 
ninety Thousand naira (#90,000.00). One of the objectives of this paper is to design and 
construct a single meat grinding machine with both manual and motorized mode of operation 
using simple available tools and materials in order to provide a local alternative. The cost of 
construction of the manual and motorized neat grinding machine was sixty-two thousand naira 
(#62.000.00, which is less than the imported meat grinding machines.  
 
7.0 CONCLUSION 
From the Shear Force (SF), Bending Moment (BM) diagram and the value of the Factor of 
Safety (FS), It can be concluded that the design was safe. The manual operation of the 
machine had a meat grinding rate of 0.010kg/sec, while the motorized operation has a meat 
grinding rate of 0.053kg/sec. These indicate the quantity of meat that can be grinded per 
second by the manual and motorized method respectively. The manual and motorized 
operation of the machine had a high efficiency (69% and73%) indicating that the machine 
had a good working condition. 
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ABSTRACT  
This study investigates the present status of food losses in Nigeria. The causes of food losses 
and wastage in Nigeria can be hinged on inadequacies or attitudes that revolve around 
financial, managerial and technical limitations in harvesting techniques, processing and 
transportation systems, storage and cooling facilities in difficult climatic conditions, 
infrastructure, packaging, and marketing systems. Reduction in food losses can be achieved 
by systematic analysis of and awareness creation within the entire food supply chain spanning 
through producers, retailers and consumers on how to better use food that is now thrown 
away. To adequately tackle the problem of food losses in Nigeria requires a systematic and 
holistic approach that will involve all the stakeholders. It is recommended that the save food 
initiative as an inescapable alternative be harnessed to address the malady, it has the ultimate 
goal reducing loses and wastages over 60% and value addition not only to food but perceived 
waste as well. 
 
Keywords: Food Losses, Current Status, Food Chain, Food Security, Nigeria 
 
1.0 INTRODUCTION 
According to the predictions of FAO, with an expected population rise to about 9 billion in 
2050, food demand is expected to increase by 60% (Alexandratos and Bruinsma, 2012). 
However, merely increasing food production will not solve the problem of food demand; this 
is because reports (Gustavasson, et al. 2011) have shown that about 13 billion tons (one-
third) of the total food production in the world are lost through food loss or wastage. Although 
limited farmland, water shortage and increasing variability of weather due to climate change 
are limiting factors to food production; food loss or wastage is another big barrier to food 
security that should be squarely tackled. Food loss is the decrease in edible food material 
through the entire supply chain; from production to transportation, postharvest and 
processing. Food losses that occur at the market level or final consumption are referred to as 
food waste, which relates to retailers’ and consumers’ attitudes (Parfitt et al., 2010). The term 
food waste or loss concerns only products that are meant for human consumption, excluding 
feed and non-edible products. Therefore, food materials that were originally meant for human 
consumption but which get out of the human food supply chain are considered as food loss 
or waste even if finally used for other purposes such as feed or bioenergy. This definition 
gives the difference between planned non-food uses to unplanned non-food uses, which are 
hence regarded as losses. Then, postharvest food loss is the measurable qualitative and 
quantitative food loss along the supply chain, starting from harvest until the food is consumed 
or used for other purposes (De Lucia and Assennato,1994; Hodges, Buzby and Bennett, 2011). 
It was reported that about 30% of farm produce is lost in India while in sub-Saharan Africa, 
the annual value of grain loss is estimated at USD4 billion, which is enough to feed 48 million 
people for one year. 
 
Food availability and accessibility can be increased by increasing production, improving 
distribution, and reducing the losses. Thus, the reduction of post-harvest food losses is a 
critical component of ensuring future global food security.
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According to Mundial (2008) and Trostle (2010) reduction in these losses would increase the 
amount of food available for human consumption and enhance global food security. This has 
become a growing concern especially with the rising food prices owing to increasing consumer 
demand, competing demands for biofuel and other industrial uses, and increased weather 
variability. A reduction in food loss also improves food security by increasing the real income 
for all the consumers (World Bank, 2011). In addition, crop production contributes a significant 
proportion of typical incomes in certain regions of the world (70 percent in Sub-Saharan Africa) 
and reducing food loss can directly increase the real incomes of the producers (World Bank, 
2011). Not only do food losses reduce available food for human consumption, but it also 
increases the cost of waste management, increases greenhouse gas production and loss of 
scarce resources used in producing the food. Food loss is estimated to be equivalent to 6-10 
percent of human-generated greenhouse gas emissions (Gustavasson, et al. 2011; 
Vermeulen, et al. 2012). A significant contributor to this problem is through methane gas 
generation in landfills where food waste decomposes anaerobically (Buzby and Hyman, 2012). 
The US Environmental Protection Agency reports that in the United States about 31 million 
MT of food waste accounted for 14% of the 2008 solid waste produced in the country (EPA, 
2011) whose costs is roughly 1.3 billion dollars to landfill (Schwab, 2010; Buzby and Hyman, 
2012).  
 
2.0 PAST EFFORTS TO INCREASE AGRICULTURAL PRODUCTION IN NIGERIA 
      WITHOUT COMMENSURATE EFFORTS TO MINIMIZE FOOD LOSS AND WASTAGE 
In Nigeria, many efforts have been made by the national and state governments as well as 
international organizations to increase food production from pre-independence era till date 
(Table 1). 
  
Table 1: Past Nigerian government and other efforts towards increased food 
production 
S/N Government 

Project/Programme 
Year 
Established 

Mandate  

1 First National Plan for 
Agriculture 

1962-1968 Introduction of more modern 
agricultural methods through farm 
settlements, co-operative plantations, 
the supply of improved farm 
implements and expanded 
agricultural extension service 

2 National Accelerated Food 
Production Programme 
(NAFPP) 

1972/73 A voluntary scheme launched in 
Nigeria to make the country self-
sufficient and food secured. 
 

3 The Agricultural 
Development Project (ADP) 

The 1970s Increase crop production through 
rural development through improved 
technologies, increased supplies of 
farming inputs, and improvement of 
infrastructure. 
 

4 National Seed Service (NSS) 1975 Producing certified seeds as well as 
to arrange for seed certification 

5 Operation Feed the Nation 
(OFN) 

1976 Increase local food production and 
reduce food imports by encouraging 
citizens to cultivate unused plots of 
land to boost agricultural production. 
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6 The River Basin 
Development Authorities 
(RBDA)  

1976 Undertake the development of 
groundwater resources and maintain 
dams, dikes, wells or boreholes, 
irrigation, and drainage systems to 
boost agricultural production. 

7 National Food Reserve 
Agency of Nigeria (NFRA) 

1977 Feed the Nigerian nation, export 
food to other countries, and produce 
processed agricultural products that 
would do well in the international 
market. 

8 Agricultural Credit 
Guarantee Scheme (ACGS) 

1977 Provide guarantee on loans granted 
by banks to farmers to boost 
agricultural production and agro-
allied processing. 
 

9 Green Revolution 1980 Self-sufficiency in food production 
through modern technologies applied 
to the Nigerian agricultural sector 

10 Directorate of Food, and 
Rural Infrastructure (DFFRI) 

1986 Improve the performance of 
agricultural-related projects in rural 
areas to boost food production. 
 

11 Structural Adjustment 
Programme (SAP) 

1986 Aimed at restructuring and 
diversifying the production base of 
the economy so as to reduce the 
over-dependency on the oil sector 
and imports. 
 

12 National Seed Policy (NSP) 1992 Provide guidelines for the 
development of seed subsector, to 
support the improvement of 
varieties, testing, registration, 
release, multiplication of released 
seed varieties, and improve the 
quality of seeds sold to farmers 
 

13 Nigerian Agricultural 
Cooperative and Rural 
Development Bank 
(NACRDB) 

 2000 Financing agricultural enterprises at 
both the micro and macro levels to 
foster an increase in food production 
and subsequent food security 

14 National Agricultural 
Development Fund (NADF)  

2002 To be involved in agricultural 
research and development, and to 
promote the development of the 
agricultural sector 

15 Government-World Bank 
assisted Fadama project 

2005 Enhance agricultural production and 
value addition to smallholders and 
rural entrepreneurs in the states by 
providing support for water 
management systems in low lying 
flood plains, so that farming can 
continue in the dry seasons 
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16 Agricultural Transformation 
Agenda (ATA) 

2012 Repositioning agriculture to drive 
Nigeria’s economy through 
deregulation of seed and fertilizer 
sectors, marketing reforms to 
structure markets, innovative 
financing for agriculture and new 
agricultural investment framework 

17 Research Institutes  
 Institute for 

Agricultural 
Research,  

 
 
 
 
 National Institute for 

Oil Palm Research 
 
 
 

 Lake Chad 
Research Institute 

 
 
 

 Cocoa Research 
Institute of Nigeria  

 
 
 

 National Cereal 
Research Institute 

 
 
 

 National Root Crop 
Research Institute 

 
 

 National Animal 
Production 
Research Institute 

1924 
 
 
 
 
 
 
 
1937 
 
 
 
 
1960 
 
 
 
 
1964 
 
 
 
 
1975 
 
 
 
 
1976 
 
 
 
1977 

Take care of genetic improvement 
and development of production and 
utilization technologies for sorghum, 
cowpea, cotton, groundnut, and 
sunflower and the improvement of 
farm-based farming systems in 
Nigeria. 
 
Research into the genetic 
improvement, production, and 
processing of oil palm, date palm, 
coconut, and ornamental palms. 
 
Genetic improvement and 
development of production 
technologies for wheat, millet, and 
barley.  
 
Genetic improvement of the 
production and local utilization of 
cocoa, cashew, kola nut, coffee, and 
tea.  
 
Genetic improvement and production 
of soybean, rice, sugarcane, and 
sesame.  
 
 
Genetic improvement of yam, 
cassava, cocoyam, Irish and sweet 
potato and ginger. 
 
Carry out research into the 
production of food animals’ species 
and forages.  
 

 
However merely increasing food production will not totally achieve the required food security 
for Nigeria. Complementary efforts must be made to ensure that food losses and wastages 
are reduced to the barest minimum. This will definitely reduce the over-dependence on 
imported food. Through the above mentioned previous local and foreign efforts, domestic 
food production is on the rise in Nigeria but it is not enough to meet the national food demand. 
Worse still, losses of produced crops are on the rise because processing and storage of crops 
are not adequately done.  
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3.0 FOOD SECURITY ISSUES AND THE PRESENT STATUS OF FOOD LOSS/WASTAGE  
      IN NIGERIA 
A report by West Africa Insight in 2010 estimated that the number of hungry people ie people 
living in less than two dollars a day in Nigeria to be over 53 million, which is about 30% of 
the country’s total population, while another study (Venkat, 2011) stated that  about 84% of 
Nigeria’s population is living below poverty level of  less than USD 2 per day. Nigeria is reported 
to be the 7th most populated country in the world with a total population of about 190 million 
people and about 51% live in the urban area. Furthermore, it is predicted that in 2050, Nigeria 
will be the 3rd most populated country in the world after India and China; with a total 
population between 230 and 430 million people. In recent times food security for the 
increasing population of Nigerian people has been an issue of great concern to all stakeholders. 
In 2009, the Federal Ministry of Agriculture estimated that Nigeria was spending over USD3 
billion to import food every year. However, food losses and wastages are part of the greatest 
challenges to food security in Nigeria and have been of great concern to stakeholders including 
the government policymakers, international organizations like World Bank, UNDP, etc. 
researchers, extension workers and the farmers themselves. The World Food Summit in 1996 
made attempts to achieve 4% annual increase in food production so as to reduce the number 
of hungry people to half its value then of 800 million by 2015.  To achieve this feat would not 
only require increase in the area of land cultivated, cropping intensities and yield but also 
deliberate efforts at minimizing, to the barest minimum, food loss and wastage presently 
bedeviling the food security of the country.  
 
The food problem in Nigeria is due largely to the inability to preserve food surpluses during 
the short harvest periods rather than to low production. According to FAO when compared to 
other African countries, Nigeria has one of the highest per capita food output; it accounts for 
about 70% of world production of yams and 19% of global market share for cassava (FAO, 
2001). According to Earth Trends, Nigeria produces 8.41%, 1.09%, 2.85%, and 0.38% of 
world production of root and tubers, cereals, legumes, and meat respectively. Food losses 
have a great bearing on food availability and security. Nkana et al (1994) painted a dire picture 
of the situation when they posit that 20%-30%, 5%, 10%-20%, and 20%-67% of maize, rice, 
cassava, and yam are lost respectively at post-harvest- stored levels in Nigeria. Furthermore, 
they maintained that 35%-100%, 20% - 80%, 20%-95%, 20%-50%, 70%, and 40%- 100% 
of plantain, banana, citrus, tomatoes, pineapple, and pawpaw are lost respectively at post-
harvest levels. From the foregoing, we can say categorically that more efforts should be 
channeled towards food storage in Nigeria rather than to production since available statistics 
show that an alarming percentage of crops that are produced in Nigeria is lost at one stage 
or the other at post-harvest–storage levels.  
 
Despite all efforts of the government and other international agencies to increase food 
production, the present situation of food losses and wastage in Nigeria for certain crops are 
presented in Tables 2 to 5. The tables reveal serious food security issues that demand 
attention and targeted efforts if Nigeria is to tackle the problem of hunger effectively. Shimada 
(1999) reported that the increase in the production of rice, cassava, maize, and yam since the 
1980s has been very high; also Hall (1968), Adeniyi (1977) and Agboola (1980) are of the 
opinion that self-sufficiency in food in Nigeria can only be achieved if all effort at increasing 
crop production is matched with greater effort at postharvest technology to save crops that 
are produced from spoilage and wastage. It is further reported that Nigeria is one of the 
leading producers of plantain, okra, tomatoes, yams, and cassava but 30%-50% of these are 
lost due to poor post-harvest practices (Aworh, 2010). 
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Table 2. Estimated Annual Production and Postharvest Losses of Stored Cereals in 
Nigeria (X 103MT)  
Commodity Production Postharvest   Losses 

(%) 
Maize 4186.60 20 – 30 
Millet 1955.40 20 – 30 
Sorghum 5751.10 20 – 30 
Rice 6831.19 5 

Annual Losses of Cereals: 2378.90 – 3767.90 (103MT) 
Source: Ministry of Agriculture, Benue State (2010) 
 
Table 3. Estimated Annual Production and Postharvest Losses of Roots and Tubers 
in Nigeria (X 103MT)  
Commodity Production Postharvest   Losses 

(%) 
Cassava 106,785.00 10 – 25 
Yam 86, 229.00 20 – 67 
Cocoyam 336.00 10 – 40 
Sweet potato 5853.00 50 – 80 
Ginger 8.10 5 

Annual Losses of Roots and Tubers: 30, 884.40 – 89286.91 (103MT) 
Source: Ministry of Agriculture, Benue State (2010) 
 
Table 4. Estimated Annual Production and Postharvest Losses of Legumes and 
Oilseeds in Nigeria (X 103MT)  
Commodity Production Postharvest   Losses 

(%) 
Soybeans 5090.40 30 – 40 
Cowpea 809.70 30 – 40 
Bambara nut 371.10 30 – 40 
Beniseed/ Sesame seed 7685.50 20 – 50 
Melon 874.80 10 – 30 
Groundnut 10748.10 30 – 40 
Pigeon Pea 196.80 10 – 15 
Palm nuts 2555.10 10 – 15 

Annual Losses of Legumes and Oilseeds: 30, 884.40 – 89286.91 (103MT) 
Source: Ministry of Agriculture, Benue State (2010 
 
Table 5. Estimated Annual Production and Postharvest Losses of Fruits and 
Vegetables in Nigeria (X 103MT)  
Commodity Production Postharvest   Losses 

(%) 
Citrus 32, 013.90   20 – 95 
Mango 29,590.50 20 – 80 
Garden egg 739.80 40 –100 
Okra 893.70 30 – 70 
Pepper 304.20 10 – 20 
Tomatoes 565.50 20 – 50 

Annual Losses of Fruits and Vegetables: 20, 839.44 – 45,910.40 (103MT) 
Source: Ministry of Agriculture, Benue State (2010) 
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4.0 CAUSES OF FOOD LOSS IN NIGERIA 
Generally speaking, factors that may contribute to food losses are numerous and may include 
biological and environmental factors, socioeconomic factors, mechanization of production and 
harvesting practices, handling, transportation, infrastructure, processing, weather conditions, 
government policies, lack or shortage of relevant tools/machines/skills, inadequate 
maintenance culture, lack of information, management decisions, sorting and grading 
problems, consumer attitudes and marketing. The quantity of losses occurring at each stage 
depends on so many factors including available skills, technologies adopted in the supply chain 
and organization efficiency. In many places in Nigeria, food losses occur mainly with crops 
such as vegetables, fruits, roots, and tubers; losses occurring at the stage of processing and 
drying of cereals: Therefore, causes of food loss in Nigeria may be summarized as inadequate 
methods and attitudes during or due to: 
 Transportation 

Many Nigeria roads and transport means are not adequate for efficient transport of Farm 
produce from the farm to either the market or processing and or storage units. Due to 
the low capital base and farm size, most Nigerian farmers cannot afford to own personal 
transport vehicles. Public transport vehicles are usually not in the best state to give the 
best service and also the cost can become unprofitable considering the quantity of crop 
produced and the price being offered in the market. 
 

 Handling 
Improved post-harvest handling procedures are not fully recognized in less developed 
countries and as a result of post-harvest losses of food, especially fruits and vegetables, 
are more serious in developing countries like Nigeria due to the use of crude harvesting 
tools and poor handling technologies. It is distressing to note that so much time is being 
devoted to the culture of the plant, so much money spent on irrigation, fertilization, and 
crop protection measures only to be wasted about a week after harvest. It is, therefore, 
important that post-harvest procedures be given as much attention as production 
practices.  
 

 Processing  
Lack of processing facilities causes high food losses in developing countries, especially, 
in Nigeria. In many situations, the food processing industry doesn’t have the capacity to 
process and preserve fresh farm produce to be able to meet the demand. Part of the 
problem stems from the seasonality of production and the cost of investing in processing 
facilities that will not be used year-round. Governments should develop contract farming 
linkages between processors and farmers to stimulate the private sector to invest in the 
food industry and to work more closely with farmers to address supply issues. 

 
 Poor Maintenance culture 

This is undoubtedly one of the key reasons why most Nigerian government and foreign 
interventions to solve the problem of food security in Nigeria have always failed either 
in the short or long run. As will be briefly highlighted later, there have been some 
projects, equipment, facilities, interventions that were built or established some years 
ago but are currently either completely out of use or seriously underutilized owing to 
poor maintenance, unavailability of equipment and machine spare and lack of follow up. 
The problem of inadequate maintenance is more pronounced with public-sector facilities 
and government projects. Therefore, for any similar new projects towards reducing 
food losses to be sustainable; adequate plans and funds to support maintenance and 
to ensure success and extended usefulness must be included in the overall plan at the 
onset of the project or intervention.  
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 Lack of required tools and equipment 
Many needed tools and equipment for proper handling, processing, and storage may not 
be readily available in the local markets. Most of the tools are usually imported and may 
not be the inadequate quantity to meet the demand of local farmers. Where available, 
may be very expensive and uneconomical to the farmer. 
 

 Storage 
Agridem Consultant, a private organization, estimated the marketing distribution losses 
in 1994 for maize, rice, sorghum, millet, cowpea, groundnut, yam, cassava, plantain and 
fruits as 1.6%, 1.8%, 1.76%, 1.65%, 2.81%, 1.63%, 3.7%, 2.38%, 2.22% and 3.83% 
respectively. In his previous works, Okigbo advocated good, efficient handling abilities 
to reduce the cost of perishables. At the present time; Nigeria is still battling with 
primitive ways of handling farm produce. A visit to a loading point will show a pitiable 
sight. 
 

 Inadequate marketing/price system 
There are very few wholesale, supermarket and retail facilities providing suitable storage 
and sales conditions for food products in Nigeria. The available wholesale and retail 
markets are often small, overcrowded, unsanitary and lacking storage equipment. This 
problem is further exacerbated by inadequate communication and information flow 
between producers, middlemen and consumers, and lack of market information. 
Improved market facilities will help to minimize food losses by ensuring that the 
commodities produced by farmers reach the consumers in an efficient way. Also, there is 
a need for production incentives in terms of favorable pricing linked with efficient 
marketing facilities, if losses are to be reduced. However, in Nigeria, such incentives are 
generally minimal or non-existent.  
 

 Inadequate fund and information system 
The cause of food losses in low-income countries, like Nigeria, is mainly connected to 
financial, managerial and technical limitations in harvesting techniques, processing and 
transportation systems, storage and cooling facilities and as a result most handlers 
involved directly in harvesting, packaging, transporting, and marketing in Nigeria have 
little appreciation for maintaining high quality. Effective educational, training and 
extension programs on these aspects are continually required. Communicating more of 
this required information through multimedia will be an important step in the right 
direction, especially with the increasing awareness and use of the internet in Nigeria. 
 

 Consumer attitudes and preferences 
It is very apparent in Nigeria that consumer attitudes and preferences are major causes 
of high food waste just as witnessed in industrialized countries. IN Nigeria, consumer 
food waste occurs at the household level and in food service institutions such as 
restaurants, schools, and hospitals. In the USA, a lot of restaurants serve buffets at fixed 
prices, which encourages people to fill their plates with more food than they can actually 
eat. Retail stores offer large packages and “getting one for free” bargains. Likewise, food 
manufacturers produce oversized ready to eat meals (Stuart, 2009). 
 

 Management decisions 
The proportion of food loss that occurs in Nigeria is partly a result of poor management 
decisions. An enormous amount of food is wasted unnecessarily in Nigeria due to this 
problem. The negative impact this waste has on our economy and environment is 
significant. While the majority of food loss and wastage occurs at the consumer level, 
improving the management of agri-food value chains would have the greatest long-term 
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impact on reducing food waste, and the resulting economic and environmental impacts. 
Studies by the Value Chain Management Centre showed where lack of coordination along 
the chain resulted in at least 25% of Ontario peaches being wasted annually (Gooch et 
al, 2009). 
 

 Research and Development 
Weak RandD capacity and ineffective means of transferring outcomes of R and D to end-
users. Besides, more effective research is needed in the field of food waste and loss, and 
in relation to international trade, as many food products are produced, transformed and 
consumed in Nigeria and then there should be effective means of transferring the results 
of the research to the users and the local farmers. 

 
 Government agricultural policies and policy implementation 

In Nigeria, government regulations and legislation (if any) on the price of farm produce 
are not effective and not pronounced. Although in developed countries, government 
controls on wholesale and retail prices originally designed to protect the consumer can 
become counter-productive, as producers may lower the quality of products in order to 
break even. However, government regulations on proper handling procedures and public 
health issues such as food safety during marketing are very useful if properly 
implemented. 
 

5.0 PROPOSAL FOR MANAGING AND MINIMIZING FOOD LOSSES IN NIGERIA  
To adequately tackle the problem of food losses in Nigeria requires a systematic and holistic 
approach that will involve all the stakeholders. It has been noted also that minimizing 
postharvest losses of already produced food is more sustainable than increasing production 
to compensate for these losses. Therefore, the following steps are outlined for reducing or 
totally eradicating food losses in Nigeria. They include:  
1. Identify a particular crop of interest; 
2. Form a team to look into it comprising of researchers, government representatives at the 

three-tier levels, relevant industry representatives, interested private investors, and 
relevant banks  

3. Carry out a systematic analysis of the entire stages of the supply chain, from production 
up to marketing and the final consumer to identify the causes of loss 

4. Locate, interact and interview the workers involved in each of the stages of the supply 
chain to appreciate the problems by first-hand information 

5. Take each of the loss situations and carefully describe the problem, the cause, possible 
remedies (which should address each of the causes of loss identified), and proposal of an 
action plan towards either totally eradicating the losses or minimizing them as much as 
possible 

6. Carry out a cost-benefit analysis of each recommended solution strategy, highlighting the 
returns on investment for technologies and methods recommended  

7. Set up a reliable marketing system for agricultural product price assurance which will serve 
as a motivation to investors and farmers. Also, the system should be able to provide 
facilities for accumulating, preparing and transporting produce to markets  

8. Collate and summarize the report of investigation for each of the crops, pointing out causes 
of loss, solution action plans, cost-benefit analysis and a clearly defined role of each 
stakeholder 

9. Organize a workshop/conference of all stakeholders to present and discuss the report of 
the investigation on each crop and to set up the implementation process 

10. Set up a monitoring team to supervise and check the implementation of the solution action 
plan 

11. Organize a periodic workshop for all stakeholders to present progress reports and to carry 
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out a possible review of any of the solution strategies  
12. Active participation in international agreements that promote trade and food safety. 
 
6.0 AN EXAMPLE FROM INDIA 
A cue could be taken from the Food Corporation of India, which has played a significant role 
in transforming the Indian food economy. It operates through a countrywide network of 
institutions and infrastructures at zonal, regional and district level.  The following are the steps 
taken by India to tackle the problem of food losses in their country: 
 Indigenous manufacture, promotion, and adoption of indigenous technologies 

One way to reduce agricultural losses is to apply indigenous technologies including 
effective ways of coordinating research, disseminating results and demonstrations to 
encourage wider adoption; 

 Price control and assurance for agricultural products 
The issue of price assurance must be addressed so that the farmer can increase 
production to levels that will ensure the stability of supplies to meet both normal and 
emergency requirements;  

 Involvement of private investors 
Incentive packages to compensate for the opportunity cost of capital tied down must be 
evolved if the private sector is to continue holding stocks. Such incentives should include 
fees or commissions for storing on behalf of the government and entitlements to credit 
at favourable interest rates; 

 Active involvement of the three tiers of government 
The local government is closest to the farmer and so should be at the forefront in 
preventing losses by promoting the maintenance of food stocks at household and 
enterprise levels. Food storage at the government level is a buffer to ensure price stability 
in the system; 

 Emphasis on the quality of agricultural produce  
To enhance demand and farm income, it is essential to focus on customers and to 
improve the quality of produce. Even a slight improvement can affect the marketability 
of produce quite dramatically and hence reduce loss; 

 Consistency and sustainability of government policies on agriculture 
Current policies in Nigeria are ad hoc, conflicting and inconsistent. Only good policies can 
ensure viable national farm factors, which will provide food for the people, raw materials 
for agro-industries and exports and protection for the environment. Agricultural 
production is complex and multi-disciplinary so a holistic, integrated approach must be 
adopted in shaping policies and plans, determining strategies, formulating programs and 
managing their implementation. Only then can consistency and compatibility among 
sectors be achieved. 

 Development and maintenance of rural farming community infrastructure 
Roads and electricity must be built to convey the large amounts of farm produce now 
wasting away in the fields because of the lack of transport facilities. 

 Continuous training and re-training of farmers and agricultural workers 
Institutions, the government, and other organizations should arrange regular workshop 
training for farmers and those who operate agricultural machinery.  

 
6.0 SAVE FOOD INITIATIVE 
Nigeria should also take a cue from the global initiative on food loss and waste reduction 
which is presently being led by FAO and Messe Düsseldorf, a leading trade fair organizer. 
Since 2011, it has worked with donors, development agencies, financial institutions and the 
private sector (particularly the food packaging industry) to develop and implement a program 
to reduce food loss and waste. The program rests on four pillars:  
1) Awareness-raising;  
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2) Collaboration with like-minded initiatives;  
3) Policy, strategy, and program development; and  
4) Support for food supply chain actors and organizations involved in food loss and waste 
reduction (http://www.save-food.org). 
 
7.0 CONCLUSION 
An enormous amount of food is wasted unnecessarily in Nigeria. The negative impact of this 
wastage on our economy and environment is significant. The causes of these losses are 
numerous and occur at the stages of production, processing, retailing and consumption. Thus, 
food losses and wastage occur at all stages of the food supply chain in Nigeria, and improving 
the management of agri-food value chains would have the greatest long-term impact on 
reducing food wastage, and the resulting economic and environmental impacts. Therefore, 
food supply chains in Nigeria should be strengthened, amongst others by diversifying and up-
scaling the production and marketing of small farmers, and by (public and private) investments 
in infrastructure, transportation, processing, storage, food and packaging industries.   
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ABSTRACT 
The present research work focused on the analysis of physicochemical composition of coconut 
oil extracted from coconut seed (cocosnucifera linn). This was motivated by the need to know 
if the artificially-budded specie of IMOPOLY plantation conforms to the generally existing 
characteristics of coconut oils. The sample was produced using the solvent extraction method 
(with N-hexane as the solvent). The results obtained from the analysis of physicochemical 
parameters showed that the acid value, perioxide value, saponification value, iodine value, 
free fatty acid, pH, cetane number, specific gravity, viscosity, density and crude protein are 
2.40gNaOH/100g, 25.00meqKOH/g, 46.28mgKOH/g, 8.88mgI2/g, 1.2%, 5.33, 162.23, 0.9063 
(at 150C kglm3), 341.35 mpas-1, 0.88773, and 5.25% respectively. These results were found 
to be within standard specifications as was recommended by the American standard testing 
method (ASTM) and the Analysis of association of official Analytical Chemists (AOAC) for edible 
oil, as well as within the limits of other results of similar researchess. However, the percentage 
yield of the oil (58.87%) could be said to be satisfactory and within acceptable range (30 – 
65%) for coconut oils, which basically depends largely on the quantity of coconut seed, species 
of coconut and extraction method used.  
 
Keywords: Physicochemical, Coconut oil, Characteristics, IMOPOLY Plantation. 
 
1.0 INTRODUCTION  
The coconut oil is an edible vegetable oil produced from the kernel (meat) or endocarp of 
matured coconut seed. The coconut oil has been found to be very useful domestically, 
medically and industrially as cooking (baking) oil, skin moisturizer, as a hair supplement and 
anti-oxidant (Bawalan, 2011)). It is a good lubricant/fuel, and can be used also to power 
generators and diesel engines, reasons which are not far-fetched from its potential chemical 
and physical properties/characteristics. Predominantly coconut oil is composed of saturated 
fatty acids (about 94%). The presence of these free fatty acids makes it slow to oxidize, thus 
resistant to rancidification, lasting up to more than six months without spoilage (Bawalan, 
2011)). This saturated fatty acid is a parameter readily not available in most edible oil in the 
market. However, many health organizations have advised against the usefulness of coconut 
oil because of its high level of saturated fat. 
 
This research seeks to harness the raw material potentials of the coconut oil due to huge 
demands of products (directly and indirectly) made from it. The pressing method was 
employed during preliminary generation of coconut oil, as the method is considered viable 
because of its high oil yield and specifications. 
 
2.0 MATERIALS AND METHODS  
 
Sample Preparation for Extraction 
The basic sample used for this study is the coconut seed. Matured coconut fruits, (three in 
number), were harvested from the coconut farm/plantation at the ‘Otammiri’ Area of Imo 
State Polytechnic, Umuagwo-Ohaji, and was peeled off, to obtain the browny coconut seed.
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 The seeds were dehusked and deshelled to obtain the coconut meat. The coconut meat was 
scrapped to remove the browny part. Immediately, it was cut to smaller sizes, washed and 
ground (pulverized). Using an oven dryer at 700C, it was demoisturized in preparation for 
extraction process; the dried coconut cake obtained is the ‘Copra’. 
 
Extraction Procedure   
Solvent method of extraction was adopted by means of soxhlet extractor and hexane (as 
solvent). Initially, 50.21g of sample (copra) was introduced into the extractor, and 300ml of 
hexane was poured into the solvent flask. The extractor (receiver tube) was then connected 
to soxhlet flask with the aid of an adaptor to make it air tight. Also, a reflux condenser was 
connected to a water reservoir and water flowed continuously through the condenser, to 
supply cooling to the system. The heating mantle was then switched on (at a temperature of 
700C); the N–hexane gradually boiled, and its vapour condensed by the reflux condenser. The 
condenser dripped through the copra (sample), contained in the extractor tube and gradually 
percolates it, while the oil was absorbed by the solvent. The oil-solvent mixture goes up (with 
time) to the top of the extractor discharge. At this point, the solvent was refluxed into the 
flask. This process continued until a colourless condensate was noticed, which indicate no 
traces of oil; then, heating process was stopped. The oil-solvent mixture was distilled 
thereafter to recover the coconut oil with no trace of hexane. For further purifications, the 
coconut oil produced was transferred into a beaker and heated to completely evaporate the 
solvent from mixture, and the sample from the extractor was finally removed. 
 
Physicochemical Characteristics of Coconut Oil   
Standard methods of analysis of association of official analytical chemist, AOAC (1997) were 
used in all analysis. 
 
Determination of Percentage Yield of Oil: The weight of the ground copra, W1 was taken, 
as well as that of the oil extract, W2. This was done according to the solvent used for the 
extraction. The percentage oil yield is given by equation (1). 
 

	 	X			
100
1
																																																 1  

 
Determination of Crude Protein: The crude protein in the sample was determined using 
kjeldhal method. 0.5g of the sample was weighed into a digestion flask, containing 10ml of 
concentrated H2SO4, and 8g of digestion mixture was added, that is K2SO4 : CuSO4 (8:1) . 
Then the flask was swirled for proper mixture of the contents. A blue-green colouration 
indicates the completion of digestion. The digest was cooled and transferred to 100ml 
volumetric flask, which contains 25ml of distilled water. The digest was then distilled with 
10ml of 0.5N NaOH; the distillation continued, and the NH3 formed (as NH4OH) was collected 
in 20ml of 4% boric acid. Using methyl-red indicator, the distillate was titrated against 
standard 0.1N HCl till the appearance of a pink colour; the blank was also ran using the same 
steps at each case. The percent crude protein is given by equation (2). 
 

	 6.75		X		YoN	 Concentration	Factor 																																			 2  
 
Determination of Specific Gravity: 50ml pyrometer bottle was washed thoroughly with a 
detergent, ionized water and rinsed with petroleum ether. It was then filled with the coconut 
oil sample and weighed. The specific gravity was determined using equation (3). 

. . 	 	
Mass	of	Substance

Mass	of	equal	Vol. of	Water
																																									 3  
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Where (M2-M1)   =  Mass difference of Oil 
 
  (W2-W1)  =  Mass difference of equal volume of water 
 
Results were expressed as relative density at 200C/200C or 400C/400C. 
 
Determination of pH Value: The pH meter was used to determine the pH value of the 
coconut oil. 2g of sample (coconut oil) was poured into a clean dry 25ml beaker, and then 
13ml of hot ionized was added to the sample in the beaker and stirred slowly. The mixture of 
oil and water (hot) was allowed to cool in a cold water bath to 250C. Then the pH electrode 
was standardized with buffer solution and the electrode immersed into the sample and the 
value was read and recorded. 
 
Determination of Viscosity: NDJ-5S digital rotary viscometer was used for determining the 
liquid viscosity of the oil. The liquid (oil) to be measured was kept for enough time under an 
unchanged temperature in order to obtain stable measuring result. Then, the required speed 
and spindle number was selected. The knob was pressed to start measuring viscosity. The 
result is displayed on the digital viscometer in mpa/s.  
 
Determination of Saponification Value (SV) in Oil: Saponification value was determined 
by weighing 0.5g of the sample into a conical flask. 25ml of potassium hydroxide was then 
added with 5 granules of anti-bumping chips. The system was attached to reflux air condenser, 
and was refluxed for 30minutes until saponification was complete. 
 
1ml of phenolphthalein indicator was added into the hot soap solution and slowly titrated 
against 0.5NHCl until the pink colour of the indicator disappears; the same procedure was 
used for the blank. The saponification value, SV is given by Equation 3.3. 
 

56.1	N
W

																																																		 4  
 
Where V1 = Vol. of acid used in blank solution 
            V2 = Vol. of acid used in the sample 
            N = Actual normality of the HCl used 
           W = weight of the sample (in gram). 

 
Determination of Acid Value: 25ml of diethyl ether was mixed with 25ml of ethanol 
(neutralized solvent). 1ml of phenolphthalein solution was added. 1g of oil was weighed and 
dissolved in the neutralized solvent. This was titrated using 0.1m NaOH to a pink end point. 
The acid vale was calculated using equation (5). 
 

	 	
56.9	X	Titre	X	M	

W
																																												 5  

 
Where:  W = mass of sample used  
              M = Molarity of the Base (NaOH) 
              V = titre value 
 
Determination of Free Fatty Acid (FFA): The same procedure for acid value was used to 
determine the free fatty acid content of sample (coconut oil), as contained in Equation (6). 
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Free	Fatty	 	 	
56.9	X	Titre	X	M

2	X	W
																									 6  

Determination of Iodine Value : 0.4g of the test sample was weighed into a conical flask 
and 20ml of carbon tetrachloride was added to dissolve in it. 25ml of Dam’s reagent (Wig’s 
iodine) was then added using a safety pipette. The stopper was inserted and the content of 
the flask was vigorously swirled. The flask was then placed in the dark for 2hours, 30mins. At 
the elapse of the time, 20ml of 10% aqueous potassium iodide and 125ml of water were 
added using a measuring cylinder. The content was then titrated with 0.1N of sodium 
thiosulphate solution until the yellow colour almost disappeared. At this point, few drops of 
1% starch indicator were added and the titration continued by drop-wise addition of more 
sodium thiosulphate until the blue colour formed disappears (after vigorous shaking). The 
same procedure was used for the blank test, and the iodine value, IV is given by Equation (7). 
 

12.69	C	 V V
M

																																																						 7  
Where,  C = concentration of sodium thiosulphate used 
            V1 = Vol. of sodium thiosulphate used for blank 
             V2 = Vol. of sodium thiosulphate used for the determination. 
             M = Mass of sample. 
 
Determination of Peroxide Value: A blank determination of the reagents were conducted, 
where 5.00 (10.05g) of coconut oil sample was weighed into a 250ml glass stoppered 
Erlenmeyer flask. The weight was recorded to meet the nearest 0.0lg. Using graduated 
cylinder. Then 30ml of acetic acid chloroform solution was added in the ratio 2:1. The flask 
was swirled until the sample was completely dissolved (that is 5g to 5ml of water). Then using 
Mohr pipette, 0.5ml of saturated potassium iodide solution was added. Then the flask was 
stoppered, the contents of the flask swirled for exactly l minute, and it was then heated. 
Immediately, using graduted cylinder, 30ml of ionized water was heated, stoppered and 
shaked vigorously to liberate the iodide from the chloroform. Finally, the burette was filled 
with 0.lN sodium thiosulphate and titrated slowly until the deep red-orange colour was 
observed. Using a dispensing device, lml of starch indicator was adopted, added and titrated 
until the blue-gray colour of the indicator disappeared in the aqueous (upper) layer. The 
peroxide value was evaluated using Equation (8). 
 

200 N
M

																																																			 8  
Where:  V1 = titre value of sample 
              V2 = titre value of blank 
              N = normality of the thiosulphate 
     M = Mass of oil used 
 
Cetane Number: The cetane number was evaluated by simple substitution of the 
saponification value and iodine value as stated in Equation (9). 
 

Centane	Number 46.3	
5458
SV

0.225	X	IV																															 9  
 
Where; 
SV is the saponification value 
IV is the iodine value. 
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3.0 RESULTS AND DISCUSSION 
The results of Percentage oil yield, physical assessment of oil extract from coconut seed and 
those of chemical assessment of oil extract from coconut seed are presented in Tables 1, 2 
and 3 respectively. 
 
Table 1: Percentage oil yield  
Properties Coconut oil 
Weight of oil extracted  150.3lg 
Weight of sample (Copra) 255.32g 
% yield of oil 58.87 

 
Table 2: Physical assessment of oil extract from coconut seed 
S/N CHARACTERISTICS COCONUT OIL 
1 Colour Colourless 
2 Odour Smell of coconut 
3 Taste  Bland 
4 Texture Smooth feel 
5 State Liquid at 25oC 
6 Specific gravity 150C kglm3 0.9063 
7 Kinematic viscosity at 400C 341.35 mpas-1 
8 Density 0.8773 
9 pH 5.33 
10 Water absorption capacity Insoluble in water at room temperature. 

 
Table 3: Chemical assessment of oil extract from coconut seed. 
S/N CHARACTERISTICS COCONUT OIL 
1 Acid value 2.40g NaOH/100g 
2 Peroxide value 25.00 meq KOHlg 
3 Saponification value 46.26 mg KOHlg 
4 Iodine value 8.88mgI2lg 
5 Free fatty acid (FFA) 1.2% 
6 Protein 5.25% 
7 Ceta number 162.23 

 
The yield of the oil (58.87%), as presented in table 1, could be identified as being within 
satisfactory (acceptance) limit when compared with relevant information from literature 
(Bezard et al, 1997). The percentage yield of coconut oil is attributed to the quantity of 
coconut seed used, the specie of the seed, the method of extraction and solvent used. N-
hexane used for the extraction of the oil is a non-polar solvent, and is capable of dissolving 
fats coupled with prolonged exposure to heat at 700C. Hexane, which is largely unreactive, is 
easily evaporated at a very low energy, and is capable of extracting high quantity of coconut 
oil. It is selective and leaves the protein, FFA and some undesired gums largely undisturbed 
in coconut oil.  
 
Table 2 shows the physical characteristics of coconut oil extract from coconut seed. The 
coconut oil extracted formed a white homogenous mixture when beaten well in water, 
otherwise it insoluble at room temperature. It is colourless, has a smell of coconut, highly 
viscous at 400C, slightly acidic, and is denser than water (at 150C). 
 
The chemical characteristics of coconut oil extract from coconut seed (table 3) indicate that 
the free fatty acid of coconut oil is high (with FFA of 1.2%); this implies low rancidity of the 
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oil, thus viable as edible oil (FAO, 2009; Aten et al, 1958; APCC, 2009). The iodine value of 
8.88I2/100g falls within acceptable limit of l0meq peroxide/kg FAO, 2009), which signifies high 
oxidative stability. The saponification value of 46.28mg KOH/lg, makes the oil suitable for soap 
production, detergents and shampoo products. The cetane number of 162.23 signifies that 
the oil can serve as alternative source of biodiesel. This is high and good for improved burning 
ability, better fuel consumption, reduced engine noise, lower emission, wider energy release 
spectrum (due to slower burning), hence torque and power output characteristics (Dreamer 
et al, 2005; Bello and Agge, 2011). 
 
4.0 CONCLUSION 
The coconut oil was successfully produced from coconut seed, using N-hexane (as solvent) 
and soxhlet extraction unit. The results obtained from the physical and chemical analysis were 
found to be within standard specifications, as was recommended by ASTM and AOAC, for 
edible oil. The utilization of coconut seed in the area of production of products, made both 
directly and indirectly from coconut, has widely expanded the importance of the plant in 
respect to industrial applications. Therefore, there is need for more research in the area of 
improving the shelf life of the oil produced from coconut seed, in order to exploit its massive 
application opportunities in our industries.  
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ABSTRACT  
In order to achieve a good concentration of milk, Matrix Laboratory (MATLAB®) was used to 
model a triple-effect evaporator for a 30 ton/h processed milk initially at 5% concentration to 
81% concentration. The steam economy (SE) was reduced to 4.1 at an interval of 0.4 to study 
its effect on the outlet milk concentration. Based on some thermodynamic assumptions, the 
effect of varying some input variables on the output parameters was studied. Other values of 
SE were later assumed and the process repeated until the desired 81% milk concentration 
was obtained. The desired concentration was obtained in the third effect when a steam 
economy of 2.5 was used. With this SE of 2.5, the concentration of milk obtained in first effect 
is 7%; second effect is14% while the target concentration of 81% is obtained in the third 
effect. It was concluded that most of the output parameters, such as milk concentration; 
water removed; volumetric flow rate; and area decrease with increasing SE; only mass of flow 
rate increases with increasing SE. Also, the milk concentration increases as the number of 
effect increases; with a milk concentration of 81% obtained in the third effect. The choice of 
SE and the number of effects should be properly considered before the design of milk 
production facility. 
 
Keywords: evaporator, steam economy, milk, facility, concentration 
 
NOMENCLATURES 
x1 : Inlet composition of milk feed 
x2 : Outlet composition of concentrated powdered milk 
SE : Steam economy 
MF : Mass flow rate of milk feed (kg/h) 
TF : Temperature of milk  feed (K) 
TS : Temperature of saturated steam to first effect (K) 
 
1.0 INTRODUCTION 
The various activities of the Nigerian diary industry have been going on in the country for over 
60 years. These activities are however unorganised except for the relatively few processing 
firms that produce and market reconstituted milk products from imported powdered milk. 
Diary industry represents an important component of the agricultural sector of the economy 
with great economic, nutritional and social implications. 
 
Livestock play a very important role in Nigerian agriculture contributing about 12.7% of the 
agricultural GDP (CBN, 1999). The livestock subsector is dominated by traditional systems of 
production, processing and marketing. Evaporation is a process by which a liquid brought to 
its boiling point by external heating transforms water into vapour which escapes from the 
surface of the liquid. The evaporation of water from milk requires special attention because 
of heat sensitivity. Limited literature exists specifically on falling-film evaporator modeling for 
milk applications. Winchester and Marsh (1999) proposed a first-principles model of an 
evaporator based on the physical laws of thermodynamics. More recently, Medhat et al. (2015) 
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developed both “lumped” and “distributed” dynamic models for an industrial multi-effect whole 
milk evaporator. 
 
However, a wide variety of evaporator models can be found in the literature for other food 
applications. Russell et al. (2000) presented three types of evaporator models for a general 
evaporation process: an artificial neural network model; an analytically-derived model; and a 
linear regression model; and Bhargava et al. (2008) presented a non-linear mathematical 
model for concentrating black liquor in a paper mill. Moreover, various studies have 
investigated: flow regimes (Silveira et al., 2015); heat transfer coefficient distribution (Gong 
et al., 2015); pressure drop and friction factor modelling (Mura and Gourdon, 2017); and 
modelling of heat and mass transfer in falling film evaporators (Bourouni et al., 1998). In this 
work, a simulation approach was proposed to model the effect of input variables on the 
concentration of 30ton/h processed milk in a triple-effect evaporator.  
 
2.0 METHODOLOGY 
In order to achieve maximum profitability, manufacturers of powdered milk need processing 
equipment that is modular in construction and versatile enough to handle a wide range of 
products. Also, since energy can be saved by reusing vapour formed from one effect to the 
other, a triple-effect evaporator is considered for this study for a 30,000 Kg/hr milk initially at 
a concentration of 5% to a concentration of 81%. Changes to product quality that result from 
relatively severe heat treatment are minimized by the design and operation of the equipment. 
For this study, the evaporator therefore works at reduce pressure and temperature 
(significantly below 100°C). The reduced pressure is obtained by combining condensers with 
vacuum pumps to the vapour from the evaporator.  
 
For this work, mass flow rate of product for each effect and the water removed in each effect 
were calculated. Mass of steam required to achieve separation was also calculated by 
assuming SE values. MATLAB was used in analyzing the design and operation of the triple-
effect evaporation system by initially testing with a SE of 2.5 (based on previous report by 
some authors) in order to study its effect on the outlet concentration and then reducing and 
assuming new values of SE from 3.7 (at an interval of 0.4) each time until desired product 
concentration is obtained. The area, number of tubes and volumetric flow rate of the pump 
in each effect was also calculated. The methodology adopted is similar to the modeling 
conducted by Oloruntoba et al., 2016.  Equations (1-11) describe the mass and energy balance 
for all effects. 
 

 …………………………..(1) 
 

……………………………...(2) 
 
1st Effect 
 

…………………………(3) 
 

……………..(4) 
 

∗ ∗ ∆ ∗ ∗ ∗ ∆ ∗ ∗ ∆ ∗ …..(5) 
 
2nd Effect 
 

………………………..(6) 
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…………...(7) 
 

∗ ∗ ∆ ∗ ∗ ∗ ∆ ∗ ∗ ∆ ∗
………………………………..(8) 

 
3rd  Effect 
 

………………………..(9) 
 

………….(10) 
 

∗ ∗ ∆ ∗ ∗ ∗ ∆ ∗ ∗ ∆ ∗
………………………………(11) 

 
 
where, 
 
CF = specific heat of the feed (kcak/kg°C) 
CP1, CP2, CP3 = specific heat of Product in effect 1 to 3 (kcak/kg°C) 
CC1, CC2, CC3 = specific heat of Condensate in effect 1 to 3 (kcak/kg°C) 
λS = Latent heat of steam (to 1st effect)kcal/kg 
λE1,λE2,λE3 =Latent heat of water evaporated (kcal/kg). 
mF = mass flow rate of feed (kg/hr) 
mE = Total water evaporated (kg/hr) 
SE = Steam Economy 
mS = mass flow rate of steam (kg/hr) 
mE1, mE2, mE3 = mass flow rate of water removed in effects 1 to 3 (kg/hr) 
mP1, mP2, mP3 = mass flow rate of product in effects 1 to 3 (kg/hr) 
mC1, mC2, mC3 = mass flow rate of condensate in effects 1 to 3 (kg/hr) 
 
2.1 Assumptions 
1. The raw milk in the evaporator is assumed to be completely mixed 
2. The milk entering the evaporator and the milk leaving the evaporator has the same 
composition. 
3. The heat recovery and preheating process ensures the milk enters the first effect 1 at 
81.5°C, and 50 kPa. 
4. The specific heat (Cp) of milk at 5% concentration is taken as 3.2 kJ/kg K 
5. No heat is lost by radiation or convection 
 
2.2 Mathematical Modeling of the Triple- 
Effect Evaporator 
The known parameters for the process are given in Table 1. 

 
Table 1. Known parameters for the triple-effect evaporator 

SN PARAMETER VALUE 
1 No of Effects 3 
2 MF 30000 kg/hr 
3 TF 81.5 °C 
4 X1 0.05 
5 X2 0.81 
6 TS 100.0 °C 
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3.0 RESULTS AND DISCUSSION 
The results obtained for the output parameters for a steam economy of 2.5 are given in   Table 
2.  It can be seen from the table that a target milk concentration of 81% was obtained from 
the third effect. It is observed that the milk concentration increases as the number of effect 
increases. Also the mass flow rate of product decreases as the number of effect increases 
which is similar to results     obtained from Oloruntoba et al., 2016 and Medhat et  al., 2015. 
A plot of milk concentration against steam economy for the different effects is shown in Figure 
1.  
 

 
 
Figure 1. Milk concentration versus steam economy for the different effects 
 
It can be seen that the milk concentration increases with decreasing steam economy. The 
target milk concentration of 81% was obtained in the third effect when the steam economy 
of 2.5 was used. There is no remarkable change in concentration of milk in first effect with 
different changes in steam economy. With a steam economy of 2.5, the concentration of milk 
obtained in first effect is 7%; second effect is 14% while the target concentration of 81% is 
obtained in the third effect. 
 
Figures. 2 to 5 show the plots of some output parameters against SE for the different effects. 
The profiles for first effect, second effect and third effect show similar trends as shown in the 
plots. Most of the output parameters, such as milk concentration; water removed; volumetric 
flow rate; and area decrease with increasing SE; only mass of flow rate increases with 
increasing SE as shown in Figure 3. Close values were noticed at SE of 2.9, 3.3, 3.7 and 4.1 
in first, second and third effect for the water removed; as shown in Figure 2. The above 
deductions is due to the fact that multiple-effect evaporator using a particular number of effect 
increases the steam economy but decreases the heat flux per effect by a factor of inverse of 
the number of effect relative to single effect operation under same conditions. 
 
4.0 CONCLUSION 
The implementation of MATLAB to model a Triple-effect evaporator for a 30 ton/h processed 
milk initially at 5% concentration to 81% milk concentration was studied. Steam economy 
(SE) was reduced from 4.1 at an interval of 0.4 to check its effect on the concentration 
obtained. The desired milk concentration of 81% was obtained in the third effect when a 
steam economy of 2.5 was used. With this SE of 2.5, the concentration of milk obtained in 
first effect is 7%; second effect is 14% while the target concentration of 81% was obtained 
in the third effect. The choice of SE and the number of effects should be properly considered 
before the design of milk production facility. 
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Figure 2. Water Removed versus Steam Economy for the different effects 
 

 
 

Figure 3. Mass Flow Rate versus Steam Economy for the different effects 
 

 
 

Figure 4. Volumetric Flow Rate versus Steam Economy for the different effects 
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Figure 5. Area versus Steam Economy for the different effects 
 
Table 2. The results obtained as output parameters for steam economy of 2.5 

Parameters                Values 
The mass of flow rate of  product obtained in  first effect is: 20375.27 kg/h 
The water removed in  first effect is: 9624.72 kg/h 
The mass of flow rate of  product obtained in second effect is: 10970.46 kg/h 
The water removed in  second effect is:                                              9404.81 kg/h 
The mass of flow rate of  product obtained in third effect is: 1850.12 kg/h 
The water removed in third effect is: 9120.34 kg/h 
The area in  first effect is: 320.73 m3 
The area in  second effect is: 384.14 m3 
The area in  third effect is: 469.42 m3 
The number of tubes in first effect is: 925 
The number of tubes in second effect is: 1108 
The number of tubes in  third effect is: 1354 
The volumetric flow rate of the pump in first effect is: 11880.05 m3/s 
The volumetric flow rate of the pump in  second effect is: 17040.78 m3/s 
The volumetric flow rate of the pump in  third effect is: 25442.96 m3/s 
The reduced concentration  in first effect is: 0.07 
The reduced concentration  in second effect is: 0.14 
The reduced concentration  in third effect is: 0.81 
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ABSTRACT 
In view of the environmental and sustainability issues associated with petroleum-based 
polymers, corn cob was pretreated for the synthesis of lactic acid. Lactic acid is the base 
material for poly lactic acid synthesis production. The corn cob (Zea mays) which contains 
79.73% holocellulose and 16.24% lignin was subjected to oxalic acid pretreatment in order 
to remove lignin. With the aid of Central Composite Design (CCD) on Design-Expert 6.0.6 
Software, the pretreatment was optimized at a temperature range of 25-120 oC and a time 
range of 30-60 min. Optimization studies revealed that the optimum temperature and time for 
oxalic acid treatment was 25 oC/30 min, holocellulose content improved from 79.73% to 
85.565% and expectedly lignin content reduced from 16.24% to 9.91%. Fermentation with 
Bacillus coagulans at a temperature of 50 oC, a pH of 6.0 and a time span of 48 hr produced 
lactic acid with a yield 82%. This implies that oxalic acid pretreatment of corn cob is effective 
for the synthesis of lactic acid.  
 
1.0 Introduction 
Biodegradable and renewable polymers have drawn much interest owing to the environmental 
and sustainability issues associated with petroleum based polymers (Ren, 2010). Poly lactic 
acid (PLA) is a biodegradable and renewable polymer used in plastics for packaging and in 
medicine for implants (Averous, 2008). PLA is derived from lactic acid, a naturally occurring 
acid that is produced by chemical synthesis or by biochemical process. The chemical synthesis 
of lactic acid has a major drawback because it leads to a racemic mixture (Rafael, 2010). On 
the other hand, the biochemical process involves the use of microorgansms such as Rhizopus 
oryzae, Lactobacillus delbruki and Lactobacillus casei to ferment monomeric sugars. Another 
microorganism that has been used for lactic acid fermentation is Bacillus coagulans, it is a 
microorganism with thermophilic growth characteristic, a strong ability for pentose and hexose 
homofermentation and a robust tolerance to inhibitors (Maas et al., 2008). 
 
Monomeric sugars are found in carbohydrates such as cassava, rice, sweet potato, raw starch, 
sugar cane molasses as well as corn starch (Afolabi et al., 2012; Lu et al., 2008; Panda and 
Ray 2008; Thongchul 2005). In addition to these carbohydrate sources, there exist 
lignocellulosic biomass also termed agro residue that can be employed in the production of 
lactic acid. These materials are abundant, cheap and do not compete as food source, thereby 
striking out the food versus raw material conflict that arise when carbohydrates are used 
(Hadar, 2014). Hence some agro residues have received attention in the production of lactic 
acid, these include: wheat straw, corn fiber, corn stover, cane molasses and corn cob (Maas 
et al., 2008; Bischoff et al., 2010; Zhao et al., 2013; Srivastava et al., 2014; Ali et al., 2006).    
Lignocellulosic materials are composed of cellulose and hemicellulose which are cemented 
together by lignin. This lignin component acts as a barrier that makes cellulose and 
hemicellulose inaccessible by microorganisms. In order to break this barrier, lignocellulosic 
materials have to undergo pretreatment prior to processing. This pretreatment which can be 
by physical, chemical, physicochemical or biological means decreases the crystallinity of 
cellulose as well as improves its porosity (Harmsen, 2010). Chemical pretreatment using oxalic 
acid is non-toxic and produces low amounts of inhibitory products when compared with 
sulphuric acid which is widely used (Lee and Jeffries 2011).  The choice of pretreatment
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method relies on the raw material to be used and the by-products generated (Kumar et al., 
2009).  
 
In order to break down the lignin barrier on corn cob as a lignocellulosic biomass, this study 
focused on chemical pretreatment precisely oxalic acid pretreatment of corn cob for the 
synthesis of lactic acid. Optimization studies were carried out to determine the optimum time 
and temperature for the pretreatment. 
 
2.0  Materials and Method 
 
2.1 Materials 
The corn cob that was used for this study was obtained from a farm land in Dan-Alhaji, Lere 
local government, Kaduna State, Nigeria. It was identified at the Herbarium of the Department 
of Botany, Ahmadu Bello University as Zea mays with a voucher number 01824 belonging to 
the family Poaceae. The corn was harvested, dried and separated from the corb. The corn cob 
was cleaned to remove foreign materials, grinded to a particle size of 0.5 mm and dried at 
103 oC until a moisture content of less than 10 wt. % was achieved. The holocellulose 
composition of the untreated and treated corn cob was based on the Technical Association of 
Pulp and Paper Industry (TAPPI) Standard 211 –om 85. Oxalic acid by Fizmerk India with 99% 
purity and a melting point of 101oC was purchased from Emaco Chemicals Kaduna State. 
Sodium Hydroxide with 99% purity produced by Merck India was purchased from Hadis 
Chemicals Zaria Kaduna state. Design Expert 6.0.6 was used to carry out the experimental 
design and optimization. 
 
2.2  Experimental design 
This was carried out on design-expert 6.0.6 software. The design was with Central Composite 
Design (CCD) and a study type Response Surface Methodology (RSM) was adopted. Two 
factors (variables) and a response were considered. The factors were A (Time) in minutes and 
B (Temperature) in oC. The response was the holocellulose composition of con corb in %. The 
lower and upper bounds for the time were 30 and 60 min respectively. While for the 
temperature, 25 and 120 oC were the lower and upper limits respectively. Eventually, 10 
number of experimental runs were generated. 
 
2.3 Pretreatment with Oxalic Acid 
30 g of corn cob was immersed in 300 ml of oxalic acid solution with a concentration of 5 
wt.%. Subsequently, the corn cob was washed with distilled water until a neutral pH was 
achieved and it was then dried at 103 oC for 10 hr.  
 
2.4  Fermentation of Treated Corn cob 
At the end of pretreatment with oxalic acid, the holcellulose content of the 10 experimental 
runs were fed back into design expert software in order to determine the optimum 
pretreatment condition. The determined optimum condition was used to pretreat corn cob 
that was subsequently used for the fermentation. The fermentation methodology by Hu et al. 
(2015) was modified and adopted. Bacillus coagulans inoculum (seed culture) was prepared 
in YEX medium containing 10 g/l xylose and 10 g/l yeast extract at a pH of 6.0, a temperature 
of 50 oC for a time span of 24 hr. Fermentation was carried out by introducing 10 % (w/w) 
oxalic acid treated corn cob, 10 g/l yeast extract and 10% (v/v) of the inoculum to 100 ml of 
the fermentation medium (50 g/l glucose and 10g/l yeast extract) in 150 ml Erlenmeyer flask. 
The fermentation was accomplished in an Incubator Shaker Water Bath at a temperature of 
50 oC, pH of 6.0, agitated at 100 r.p.m for 48 hr. The fermentation process was maintained 
at a pH of 6.0 by charging 10 M NaOH solution. The concentration of lactic acid produced 
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from the start to the end of the experiment was determined and the yield calculated using 
Equation 1. 
 
	

.
100%                   1 

 
Where LA = Lactic acid, [LA] = Lactic acid concentration at the end of the fermentation (g/L), 
[LAo] = Lactic acid concentration at the start of the fermentation (g/L), V = Volume of 
fermentation broth at the end of the fermentation (L), Vo = Volume of fermentation broth at 
the end of the fermentation (L), f = Cellulose fraction of dried corn cob (g/g), Wcc = Weight 
of dried corn cob used in fermentation (g), 1.111 = Conversion factor for cellulose to 
equivalent glucose. 
 
2.5 Characterization of Lactic Acid Produced 
The lactic acid produced was characterised using FTIR. The analysis was carried out with 
SHIMADZU FTIR-8400S. The spectra were documented between a range of 4000 and 650 cm-

1 at a resolution of 8 cm-1. In addition, Kelling’s test using Iron (III) chloride was used to 
confirm the presence of lactic acid. Furthermore, the boiling point and specific gravity were 
determined to further confirm that lactic acid was produced. 
 
3.0  Results and Discussion 
 
3.1 Composition of Untreated Corn Cob  
Table 1 shows the composition of untreated corn cob. The corn cob used for this study had a 

holocellulose composition of 79.73% which is higher than that of Zhang (2016) and lower than 

that of Pointer et al. (2014) and Gusman (2010). The variation in holocellulose is due to the 

fact that the composition of a lignocellulosic biomass depends on the location of growth, 

condition of the soil and fertilizers applied as well as the analytical procedure utilized (Kumar 

et al., 2009). 

 
Table 1: Composition of untreated corn cob 
 Location Cellulose  

(%) 
Hemicellulose 

(%) 
Holocellulose 

(%) 
Lignin 
(%) 

This Study Kaduna, 
Nigeria 

70.00 9.725 
 

79.73 16.24 

Pointer et al. 
2014 

Austria 38.80 44.40 83.20 11.90 

Gusman 
2010 

Ames, 
Iowa 

32.30 41.30 85.40 13.90 

Zhang 2016 Hubei, 
China 

37.26 29.05 66.31 19.60 

  
3.2 Composition of Corn Cob after Pretreatment 
Table 2 shows the composition of corn cob in terms holocellulose and lignin after pretreating 
it with oxalic acid. There was a substantial increase in holocellulose and a corresponding 
decrease in lignin. A similar result was obtained in the work of Zhang et al. (2016) where the 
holocelluse content of corn cob increased after pretreatment. This increase in holocellulose 
implies the availability of more monomeric sugar for subsequent processing or for digestion 
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by microorganisms. The holocellulose composition which is the response for the pretreatment 
was run on design expert 6.0.6 software in order to arrive at the optimum pretreatment 
conditions (time and temperature). Table 3 shows the Analysis of Variance (ANOVA) for the 
pretreatment. The model was a quadratic model with a ‘prob>f’ value of 0.001 which is less 
than 0.05. This implies that the model is significant and adequately fits the response.  
 
Table 2: Composition of Oxalic Acid Treated Corn Cob 

Time Temperature Holocellulose Lignin 
30 25.0 85.78 10.40 
60 25.0 85.19 11.08 
30 120.0 85.18 11.08 
60 120.0 85.20 11.08 
24 72.5 85.60 10.56 
66 72.5 85.59 10.62 
45 5.3 86.32 9.91 
45 139.0 85.33 11.00 
45 72.5 86.38 9.88 
45 72.5 85.37 10.85 

 
Figure 1 shows the parity plots for the pretreatment. This compares the actual experimental 
values with the values predicted by Design expert software. The R2 value from the parity curve 
describes how well the model describes the process. It ranges from 0 to 1. An R2 value of 1 
means the model perfectly describes the process. The R2 value for oxalic acid treatment is 
0.9848, this means the model perfectly describes the process. 
 
Table 3: Summary of Analysis of Variance (ANOVA) for Oxalic Acid Treated Corn 
Cob 

Parameter Model Prob > F  
Model 0.0010 Significant 

A 0.8955  
B 0.0014  
A2 0.2411  
B2 0.0057  
AB 0.0002  

 

 
Figure 1: Predicted Versus Actual Holocellulose Values for Oxalic Acid Treated 
Corn Cob 
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The result of the optimization is shown in Table 4. The optimum time and temperature for 
oxalic acid synthesis is 30 min and 25 oC respectively.  
 
 
Table 4: Optimization Result for Oxalic Acid Pretreatment of Corn Cob 

Solution No. Time 
(Minutes) 

Temperature 
(0C) 

Holocellulose 
(%) 

Desirability  

1 30.00 25.00 85.5646 0.967 Selected 
2 30.79 25.00 85.5576 0.951  
3 60.00 106.65 85.4254 0.664  
4 60.00 107.02 85.4254 0.664  

 
3.3  Concentration and Yield of Lactic Acid after Fermentation  
During the course of fermentation, the concentration of sugars (glucose and xylose) and lactic 
acid were determined. In addition, the concentration of acetic acid was determined. This is 
the most encountered inhibitor during pretreatment. Figure 2 shows the concentrations of 
glucose, xylose, lactic acid and acetic acid from the beginning to the end of fermentation. 
Also, the concentration of lactic acid during fermentation with oxalic acid treated corn cob 
increased from zero at the start of fermentation to 77.34 g/L at the end of the fermentation 
(48 hr). Glucose and xylose were utilized by Bacillus coagulans to produce lactic acid. Acetic 
acid was present in low amounts, the highest concentration throughout the 48 hours of 
fermentation was 0.015 g/L. The yield of lactic acid at the end of the fermentation was 
calculated as 82%. 
 
3.4 Characterization of Lactic Acid 
Figure 3 shows the FTIR spectra of standard lactic acid and produced lactic acid. The spectra 
of the lactic acid produced was similar to the spectrum of standard lactic acid. From the 
spectra, the stretch between wavenumber 3000 and 3500 cm-1 indicates the presence of O-H 
bond. Furthermore, the stake-shaped bond located between wavenumber 1500 and 2000 cm-

1 (1718.3 precisely) corresponds to C = O bond. The functional groups observed in the lactic 
acid produced matches those present in standard lactic acid spectrum as shown in Figure 3. 
Kelling’s test with Iron (III) chloride gave a yellow colouration, indicating the formation of 
ferric lactate (Sood, 2006). The boiling point of the lactic acid produced was 125 oC. The 
specific gravity calculation revealed a value of 1.02. These values (boiling point and specific 
gravity) are close to literature values of 122 oC and 1.12 (Ren, 2010). 
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Figure 2: Concentrations of Sugars, Lactic Acid and Acetic Acid during 
Fermentation 
 

 
Figure 3: FTIR Spectra of Lactic Acid Produced 

 
4.0 Conclusion 
In this study, oxalic acid was used to treat corn cob which was subsequently used for the 
synthesis of lactic acid. The treatment was optimised leading to an optimum time and 
temperature of 30 min and 25 0C respectively. The treatment reduced lignin from 16.24% to 
9.91% thereby making holocellulose increase from 79.73% to 85.565%. The fermentation 
with Bacillus coagulans produced lactic acid with a yield of 82%. The boiling point of lactic 
acid produced was 2.5% higher than that in literature.  Also the specific gravity was 9.8% 
less than the literature value. 
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ABSTRACT 
The surface of an optimized zeolite A synthesised from Ahoko kaolin was modified by 
quaternary ammonium compound, HDTMA and was used as fertilizer carrier. Characterization 
techniques such as SEM, FTIR and BET were used to characterise the zeolite loaded samples 
and the subsequent adsorption process. The maximum adsorption capacity of 7.55mg/g was 
obtained at initial concentration of 162.6 mmol/L, contact time 16 h, and temperature 25 oC. 
The initial HDTMA concentration is the most significant term that influences the adsorption 
capacity of zeolite A. The interactive effect that contributes significantly to the maximum 
adsorption capacity (6.27 mg/g) of the zeolite occurs between initial HDTMA concentration 
(243.80 mmol/l) and adsorption temperature 25.21oC as predicted by the Design Expert 
software applied for this work. The surfactant modification of the surface of zeolite A reverses 
the negative charges on the framework to positive and allows the adsorption of oxyanions 
such as nitrates and phosphates. The results indicated a reduction in the BET surface area of 
HDTMA modified Zeolite A with 65 m2/g to 46.72 m2/g and 62.27 m2/g for Phosphate zeolite 
A and Nitrate loaded zeolite A based fertilizers respectively. Conventional NPK 15:15:15 and 
the NPK loaded zeolite A based fertilizer was applied on tomato crop. The result of a higher 
leaf count (growth parameter) of zeolite A based fertilizer with mean (54.2) compared with 
NPK 15:15:15 with mean (25.7) at 11 WAT indicated the slow release property and nutrient 
retention of Zeolite A based fertilizer. The zeolite A based fertilizer had a higher fruit yield with 
mean (84.69) compared with NPK 15:15:15 fertilizer with mean (69.34). 
 
Keywords: Zeolite A, Surfactant Modified Zeolite A, Optimization, Zeolite A based slow 
release fertilizer, Plant growth, fruit yield. 
 
Introduction 
The application of excessive high soluble inorganic fertilizers has resulted to agronomic and 
pollution problems. Zeolite based slow release fertilizers signify an endeavour to answer the 
drawback of low nutrient retention capacity and nutrient leaching which causes low crop yields 
and contamination. Zeolites are hydrated crystalline aluminosilicates of alkali and alkaline 
earth cations with 3 – dimensional framework channelled by pores and channels (Notario del 
pino et al., 1995). The negative charge framework of zeolites creates the prospect for the 
surface modification of zeolites by functional groups such as cationic surfactants. This surface 
functionalization of zeolites improves its activity in the sorption of anionic species 
(Thirunavukkarasu and Subramanion, 2014). 
 
Baniswal et al. (2006) reported the use of modified synthetic zeolite on environmental 
applications especially for the adsorption of anionic nutrients such as phosphate, nitrate and 
nitrite. Surfactant modified zeolite (SMZ) have been known for its high sorption capacity for 
phosphates, nitrates, sulphates, and chromates (Li et al., 1988). Studies on zeolites are 
increasing because of their high cation exchange capacity which subsequently increases the 
fertility of the soil. They are also used as inexpensive carriers of plant nutrients because of 
their slow release property (Ramesh et al., 2015).
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Baniswal et al., 2006 observed that the phosphorous released from fertilizer loaded SMZ was 
available even after 1080 h of continuous percolation whereas phosphorous release from 
KH2PO4 was exhausted in 264 h. The result suggests that SMZ could be used as carriers for 
slow release fertilizers (SRF) to control phosphate release. 
 
Jakkula et al., 2011 reported that synthetic phillipsite had a high affinity towards ammonium 
ion when it was used as a soil amendment in comparison to natural phillipsite. Synthetic 
phillipsite could be suggested to be a potential slow release fertilizer based upon its high 
selectivity and high affinity towards ammonium ion. 
 
Li (2003) also reported using surfactant-modified zeolite (SMZ) as fertilizer carrier to control 
nitrate release. Results indicated that the adsorption of nitrate to SMZ increased as the HDTMA 
loading on SMZ increased. The result further showed that 30 – 40 % of adsorbed nitrate still 
remained on SMZ after 100 pore volumes of distilled water was used to desorb the nitrate 
from SMZ. The result indicate that slow release of nitrate is achievable. 
 
Li and Zhang (2010) reported the practicality of using SMZ as fertilizer additives to control 
sulphate release in batch and column leaching experiments. Batch results indicated an almost 
instantaneous and partially reversible sulphate release while 70 % and 85 % of the loaded 
sulphate was still remaining on SMZ modified to 150 % and 200 % External cation exchange 
capacity (ECEC) respectively. The initial sulphate concentration of leachate was reduced by a 
factor of three. 
 
Tomato is grown in low fertile soils in Nigeria because of continuous cropping with no added 
inputs to enhance soil fertility (Mofuka et al., 2007). FAO (2012) reported that the yield level 
of tomato in Nigeria is low in comparison to producing countries like Ethiopia and Niger with 
a mean yield of 7.11 t ha-1. Past researches on the effect of NPK zeolite based SRF on plant 
growth, fruit yield and soil nutrient efficiency on tomato crops focused only the natural forms 
of zeolite, natural zeolite use as a soil amendment and the use of one variable at a time 
(OVAT) experimental design in the synthesis of zeolite from kaolin. However, this paper 
reports the optimized surfactant modified zeolite synthesised from kaolin and the effects of 
NPK loaded zeolite A based SRF on tomato growth and fruit yield. 
 
Materials and Methods 
 
Preparation of Hexa-decytrimethyl ammonium bromide (HDTMA) modified zeolite 
Zeolite A has been produced from Ahoko Kaolin through a process of metakaolization, gel 
formation and zeolitization by hydrothermal method as reported by (Salako et al., 2017). The 
surfactant modified zeolite A sample was prepared according to a procedure described by 
Schick et al. (2010) by treating 5g of raw zeolite A by 25ml of 25 - 299mmol/l surfactant 
(HDTMA) solution at temperature between 60 o C to 120 o C for a period of 8 to 24 hours using 
a central composite design. The mixture was continuously stirred at 150 rpm to achieve 
equilibrium. After filtration, the sample was washed with 50ml distilled water to remove the 
excess of HDTMA and dried at 80 o C overnight.  
 
PHOSPHATE AND NITRATE LOADING ON SURFACTANT MODIFIED ZEOLITE A 
KH2PO4 was used as the reagent to carry out ion exchange for phosphate on surfactant 
modified Zeolite A. 25 ml of KH2PO4 solution was added to 5 g of surfactant modified zeolite 
A and stirred continuously at 150 rpm in a conical flask for 16 hours at room temperature as 
also reported by Vijay et al. (2011).  1 mole of ammonium nitrate solution was added to 5 g 
for of HDTMA modified zeolite A in a 250ml conical stoppered flask. The mixture was placed 
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in a mechanical shaker and agitated at 150 rpm for 16 h. Each of the solutions was filtered 
and washed with 50 ml of distilled water to wash off the excess soluble nutrients loaded on 
the extra lattice framework and dried at temperature of 40 o C for 24 h (Zhaohu et al., 2013). 
The phosphate and nitrate loaded phillipsites were blended to give the NPK loaded zeolite A 
based slow release fertilizer. 
 
EVALUATION OF THE EFFECTS OF ZEOLITE A BASED SLOW RELEASE FERTILIZER 
APPLICATION ON GROWTH, FRUIT YIELD OF TOMATO (LYCOPERSYCUM 
ESCULENTUM) IN POT EXPERIMENT 
A pot experiment was conducted in the teaching and research farm of the Federal University 
of Technology, Minna in 2018 to evaluate the efficacy of the synthesized zeolite A based 
fertilizer on the growth, fruit yield of two cultivars of tomato (Roma VF and UC82B). Treatment 
consists of four levels each of the synthesized zeolite A based fertilizer, and NPK 15:15:15 
fertilizer laid out in completely randomized design (CRD) with three replications. Soil samples 
were initially collected from a depth of 20 cm, processed and subjected to physico-chemical 
analysis.  The tomato seeds were initially sown in germination trays and later transplanted 
into pots 3 week after sowing the seeds. Application of the synthesized zeolite A based 
fertilizers and NPK 15:15:15 at four levels of treatment (Soil alone 0 % as control, 0.66 g, 
1.33 g, 2.66 g which is equivalent to 0, 150, 300 and 600 kg/ha) took place 5 weeks after 
transplanting. At 6 weeks after transplanting (6WAT), data on growth parameters viz; number 
of leaves, plant height, plant girth, number of flowers, number of fruits and fruit yield on a 
weekly basis. At crop maturity and following the ripening of the tomato fruit, harvesting were 
carried out and fruit yields on treatment basis were determined accordingly.  
 
All data generated through the experiment were subjected to statistical analysis engaging  
Statistical Analysis Software (SAS). The Means were separated by Duncan’s Multiple Range 
Test (DMRT) at 5 % level of probability. 
 
RESULTS AND DISCUSSION 
 
Analysis Of Zeolite A and HDTMA Modified Zeolite A. 
The Fourier transform infra-red spectroscopy (FTIR) was mainly employed to understand the 
interaction between the zeolite and the cationic surfactant. The spectrum of the synthesized 
zeolites in Figure 1 and 2 showed vibrational bands with different types of functional groups 
present. The overall spectrum of FTIR is divided into two general regions: 4000 –1300 cm-1 
(the functional group region) and 1300 – 400 cm-1 (the fingerprint region). The frequency 
assignment approach was used for the interpretation of the spectrum. The FTIR spectrum 
demonstrated that HDTMA had completely adsorbed on zeolite A surface as observed from 
HDTMA-Modified Zeolite A in Figure 2. The absorption bands near 3488 cm-1 represent OH 
groups for the surfaces of zeolite A and HDTMA-modified Zeolite A. This showed that zeolites 
are hydrated materials. The OH in Figure 2 also suggests that HDTMA only adsorbs on partial 
surface of the zeolites. The weak absorbance of signal near 1000 cm-1 for the zeolite A and 
HDTMA modified zeolite A in Figure 3 and 4 represents the presence of asymmetric stretching 
vibration modes of internal T-O bonds in TO4 tetrahedral (T = Si and Al) on the surface. The 
strong absorbance signal near 1000 cm-1 for the HDTMA modified zeolite A is considered as 
the CN group on the surface. The absorbance of the HDTMA modified zeolite located in the 
region below 1000 cm-1 might have resulted from the alkyl groups of HDTMA on the zeolite 
surface. It is important to note that HDTMA molecules adsorb on the external surface of the 
zeolite and do not react completely with all the surface hydroxyl groups and HDTMA molecules 
are too big to enter the internal pores of zeolite A. The net effect leads to HDTMA modified 
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zeolite A having the positive charge	on	the	external	surface	and	also	the	negative	charge	on	
the	internal	pore	surface.	

 

 
Figure 1:  FTIR spectrum of the synthesized zeolite A 

 
The bands observed at 3488 cm-1 and 2978 cm-1 in Figure 2 were attributed to symmetrical 
stretching vibration of C-CH2 of alkyl chain while the band around 1404 cm-1 was assigned to 
the trimethylammonium quaternary group vibration C-N(CH3)3 (Aroke and El-Nafaty, 2014; 
Maina, 2016). These spectra bands could be correlated with antisymmetric and symmetric C-
H stretching of the methylene group. The extra peaks suggest that the HDTMA surfactant 
successfully modified the zeolite surface. There was no change in band positions after 
modification in Zeolite A and this showed that the basic zeolite structure was kept unchanged 
(Aseidu, 2016). 
 

 
 

 
Figure 2: FTIR spectra of the HDTMA modified Zeolite A 
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TEXTURAL ANALYSIS BY NITROGEN ADSORPTION 
Surface areas and porosity are important characteristics responsible for the description of the 
adsorption process in zeolites. The BET surface area analysis was performed on the 
synthesized zeolite A and its modification as shown in Table 2. The samples were degassed 
under vacuum at 250 o C for 3 h to remove any residual moisture. It was observed that the 
specific surface areas of Zeolite A reduced with HDTMA modification. Subsequent loading of 
Phosphate ions (KH2PO4) and Nitrate ions (NH4NO3) loading on the HDTMA-zeolite A 
modification reduced the surface areas further. This result is similar to the trend observed by 
Fungaro and Magdalena (2014) that the modified zeolites show lower total BET surface area 
than the unmodified zeolite. The authors further reported that the addition of the external 
surface area and micropore surface area gave the total BET surface area. The internal area of 
the zeolites was blocked and the micropore surface area decreased when the bulky molecules 
of the HDTMA are adhered on the external surface and pore openings of the zeolites. Similar 
trend was observed in reduction in the cation exchange capacity of the zeolites when surface 
modification took place as shown in Table 1. 
 
Table 1: BET results of Specific surface area, Pore volume and Pore size 
 Specific Surface Area 

(m2/g) 
Pore Volume 
(cm3/g) 

Pore Size  
(nm) 

Zeolite A 296.178 0.137 0.4523 
 

Modified Zeolite 
A 
 

65.257 0.017 0.3488 

Phosphate 
loaded Zeolite A 
 

46.724 0.014 0.3469 

Nitrate loaded 
Zeolite A 
 

62.272 0.018 0.3423 

ADSORPTION OPTIMIZATION USING RANDOM SURFACE METHODOLOGY (RSM) 
The porous nature of zeolite confers on it high adsorptive and cation exchange and carrier 
property. The negatively charged porous surface of zeolite A makes it to easily attract and 
carry alkaline metals in its pores by ion exchange mechanism. The process of carrying 
oxyanions (phosphates and nitrates) requires reverting the negative surface charge of the 
zeolite A to positive in order to cause an intense attraction between the surfactant (HDTMA) 
and the zeolite A adsorbent. It is this adsorptive process that requires optimization in the 
development of a zeolite based slow release fertilizer. The adsorption process is further 
enhanced by the statistical design of experiment using Random surface methodology to 
provide the optimum conditions for the efficient utilization of the adsorbent. The desired 
product with its optimum conditions is obtained with fewer experimental runs using central 
composite design, a tool used to optimize any process especially multiple variables with their 
interactive effects on the response indicators. Table 2 shows the experimental design matrix 
for the adsorption of HDTMA on to zeolite A. 
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Table 2: Experimental design matrix of the adsorption of HDTMA on Zeolite A 

Std 
HDTMA 

conc Temp 
Contact 

time 

Adsorption 
Capacity  

(q)  
 mmol/ kg oC hours mg /kg  
1 81.3 25 8 3.75  
2 243.9 25 8 5.95  
3 81.3 70 8 0.5  
4 243.9 70 8 2  
5 81.3 25 24 0.5  
6 243.9 25 24 5.25  
7 81.3 70 24 0.35  
8 243.9 70 24 2  
9 25.87 47.5 16 1.95  
10 299.33 47.5 16 5.85  
11 162.6 25 16 7.55  
12 162.6 85.34 16 1.3  
13 162.6 47.5 2.55 0  
14 162.6 47.5 29.45 0.6  
15 162.6 47.5 16 1.1  
16 162.6 47.5 16 0.7  
17 162.6 47.5 16 1.35  
18 162.6 47.5 16 0.6  
19 162.6 47.5 16 1  
20 162.6 47.5 16 1.25  

 
The central composite design with four independent variables are concentration of HDTMA, 
adsorption temperature and contact time gave a total of 20 experimental runs in a standard 
order as shown in Table 2 of the test results. The analysis of variance (ANOVA) results is 
presented in Table 3. 
 
Table 3: Analysis of variance of the response surface model for HDTMA 
adsorption on Zeolite A 
 
Source Sum of 

Squares 
df Mean 

Value 
F Prob > 
F 

P- value  

Model 89.97 9 10.00 22.85 <0.0001 significant 
A 20.32 1 20.32 46.46 < 0.0001  
B 32.63 1 32.63 74.61 < 0.0001  
C 0.70 1 0.70 1.60 0.2347  
AB 1.80 1 1.80 4.13 0.0696  
AC 0.91 1 0.91 2.08 0.1795  
BC 1.80 1 1.80 4.13 0.0696  
A2 12.47 1 12.47 28.50 0.0003  
B2 17.94 1 17.94 41.01 < 0.0001  
C2 1.69 1 1.69 3.87 0.0775  
Residual 4.37 10 0.44    
Lack of Fit 3.93 5 0.798.83 0.0160   
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The Model F-value of 22.85 implies the model is significant.  There is only a 0.01 % chance 
that a "Model F-Value" this large could occur due to noise. The values of "Prob > F" less than 
0.0500 indicate that the model term  significantly influence the adsorption capacity response. 
Table 2 shows A, B, A2, B2 as significant model terms.  The values greater than 0.1000 indicate 
the model terms do not significantly influence the adsorption capacity. The "Lack of Fit, F-
value" of 8.83 implies the Lack of Fit is significant which indicates that the model does not fit 
all the experimental data.  There is only a 1.60 % chance that a "Lack of Fit F-value" this large 
could occur due to noise. The guiding rule is that significant lack of fit should be low for a 
model to fit. The coefficients of the response surface as given by Equation 1 were evaluated 
and the p-values showed that linear coefficients A and B were more significant than their 
quadratic terms and interractive terms. The final regression model based on coded factor 
values representing the adsorption process of HDTMA on Zeolite A was found to fit into the 
second order polynomial equation as shown in Equation 1. 
 
 q = +1.01 +1.22 A -1.55B -0.23C -0.48AB +0.34AC + 0.48BC + 0.93 A2+1.12B2- 0.34C2 (1)  
 
where q is the Adsorption capacity. 
  
Given that A = HDTMA concentration, B = Adsorption temperature and C = Contact time. 
Equation 1 is valid within the range of HDTMA concentration of  25.87 to 299.33mmol/kg, 
Adsorption temperature of 25 – 60 o C and contact time of 2.55 to 29.45h  
 
The Adequate  Precision measures the signal to noise ratio. Patil and Deng (2009a and b) 
reported a statistical analysis  that showed a ratio greater than 4 was desirable. The ratio of 
15.194 obtained with the model indicated an adequate signal.  The model can therefore  be 
used to navigate the design space. The coefficient of determination (R2) with value 0.9536 
obtained for the model indicated that only 95.36%  of the experimental data are well 
represented within the range of the study. The optimized conditions obtained from the design 
expert software were suitable for the various types of adsorption process carried out. The 
value of coefficient of variation (CV) of  30.37 indicated a better precision and reliability of the 
experimental runs (Karmakar and Ray, 2011) 
 
 Std. Dev. 0.66 R-Squared 0.9536 
 Mean 2.18 Adj R-Squared 0.9119 
 C.V. % 30.37 Pred R-Squared 0.6652 
PRESS                                  31.59          Adeq Precision             5.194   
 
The "Predicted R-Squared of 0.6652 is not as close to the Adjusted R-Squared of 0.9119 as 
one might normally expect.  This may indicate a large block effect  with the model. 
 
THE MAIN EFFECTS OF HDTMA CONCENTRATION, TEMPERATURE AND CONTACT 
TIME ON ADSORPTION CAPACITY OF ZEOLITE A 
The observation shown in Figure 3a revealed that as the concentrations of HDTMA increased 
from 81.3- 243.90 mmol/kg, the adsorption capacity of zeolite A also increased from 0.72 – 
3.16mg/g indicating a positive main effect on adsorption capacity. This trend is similar to 
Demircvi and Saygili (2014) who reported that HDTMA sorption percentages on vermiculite, 
perlite, and zeolite clays increased with increasing the initial concentration of HDTMA. It was 
also observed in Figure 3b that as temperature increased from 25o C to 60 o C, the adsorption 
capacity of the Zeolite A decreased from 3.68 to 0.58 This increase in temperature had a main 
negative effect on adsorption capacity on Zeolite A. This trend is similar to Jin et al. (2008) 
who reported that though the optimum temperature was found to be 25 o C, there was 
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variation of adsorbed Methylene Blue with increasing temperature for SDS – modified zeolite. 
Figure 3c showed the plot of adsorption capacity and contact time. It was observed that there 
was a slight increase in adsorption from 8 h to 13.78 h and thereafter a noticeable decrease 
in adsorption capacity as contact time increased from 16h to 24 h. The reduced adsorption 
capacity at higher HDTMA concentration may have been as a result of excess, loosely bound 
HDTMA from ad micelles on the organo-zeolite into the aqueous solution (Haggerty and 
Bowman, 1994).  
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Figure 3(a, b and c) Main effects of variables of HDTMA concentration, 
Temperature and contact time on Adsorption capacity of Zeolite A 
 
THE EFFECT OF INTERACTIVE VARIABLES ON ADSORPTION CAPACITY OF ZEOLITE A 
Random Surface Methodology is a statistical approach used to maximize the adsorption 
process by optimization of operational variables. The interactive effects among the adsorption 
process were also determined by this statistical technique in contrast to conventional methods 
which could not determine interactive effects among adsorption process variables. 

 
Figure 4a: 3D response surface plot showing the interactive effect of 
temperature and HDTMA concentration on the adsorption capacity of Zeolite A 
 
The Figure 4a showed the relationship between adsorption capacity, temperature and 
concentration of HDTMA on zeolite A. The 3D plot showed that as temperature increased from 
25 o C to 70 o C and concentration of HDTMA increased from 81.30 to 243.90   mmol/L, there 
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was generally an increase in the adsorption capacity of zeolite A. The maximum adsorption 
capacity for the interactive effect was 6.27 mg/g when the HDTMA concentration was 243.80 
mmol/L and temperature was 25.21 o C. 

 
Figure 4b   A 3D response surface plot of contact time and concentration of 
HDTMA on the adsorption capacity of zeolite A 
 
Figure 4b showed the interactive effects of contact time and HDTMA concentration on 
adsorption capacity of Zeolite A. The response surface showed that as contact time increased 
from 8 to 24 h, the adsorption capacity of zeolite A decreased simultaneously as the HDTMA 
concentration increased from 81.30 – 243.90 mmol/l. The maximum effect of these two 
variables interaction resulted to an adsorption capacity of 3.72 mg/g when HDTMA 
concentration was 243.75mmol/l and contact time was 8.15 h. 

 
Figure   4c    A 3D response surface plot of the interactive effect of contact time 
and temperature on the adsorption capacity of zeolite A 
 
Figure 4c showed the interactive effects of constant time and temperature on the adsorption 
capacity of zeolite A. It was observed that as temperature increased from 25 o C to 70oC, the 
adsorption capacity reduced as contact time increased from 8 to 24 h. However, it was 
observed that the maximum interactive effect of the two variables gave an absorption capacity 
of 4.02 mg/g when contact time was 8.05 h and temperature was 25.09 o C. 
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Analysis of Result of Evaluation of the effects of zeolite A based slow release 
fertilizer application on growth, fruit yield of tomato. 
The evaluation of the synthesized NPK loaded surfactant modified Zeolite A based fertilizer 
was done when it was applied to two varieties of tomato crop in a completely randomized 
design to determine their effects on the growth parameters such as the leaf count, plant 
height, stem girth, branch count, fruit count and fruit yield as presented in Tables 4 to 8. 
 
EFFECT OF VARIETIES, FERTILIZER SOURCES AND RATES OF APPLICATION ON 
THE LEAF COUNT OF TOMATOES FOR 5 -11 WEEKS AFTER TRANSPLANTING (WAT) 
1.0  
In Table 4, it was generally observed that the mean of UC82b variety were higher than the 
Roma VF variety in the leaf counts from 5 to 10 weeks after transplanting. However, there 
was no significant difference between the leaf counts of the two varieties. There was generally 
an increase in the number of leaves from week 5 to 9 with respect to the two fertilizer sources; 
however, there was generally a drop in the leaf counts from 10 and 11 WAT. This trend might 
be traceable to the fact that the plant diverts nutrients to the development of the fruits. 
Interestingly, at the 11 WAT, the zeolite A based fertilizer treatment plants were observed to 
have greener leaves than the conventional NPK fertilizer treated plants. The means of zeolite 
A based fertilizer was found to be significantly different from the mean of the conventional 
NPK fertilizer. It was observed that the leaves of the conventional NPK fertilizer were wilting 
and dying. The greener leaves on the plants with zeolite based fertilizer application indicated 
the presence of more nutrients retained in the soil by the zeolite A carrier in the fertilizer. The 
zeolite A based fertilizer releases their nutrients slowly for a longer period of time than the 
conventional fertilizers.  In the conventional NPK fertilizer, nutrient carriers or fillers have no 
adherence to the plant nutrients and therefore nutrients leach easily beyond the root zone 
with percolated water. The consequence is the cutting off of the supply of nutrients to the 
leaves. The rates of application were not significantly different at 150, 300 and 600 kg/ha at 
11 WAT. Statistical significance was only observed for interaction between fertilizer and rate 
of application. 
 
Table 4: Effect of varieties, fertilizer sources and rates of application on the leaf 
count of tomatoes for 5 -11 Weeks after transplanting (WAT) 
  Weeks After 

Transplanting (WAT) 
   

     
Treatment 5 6 7 8 9 10 11 
Variety(V)        
UC82b 98.70a 124.92a 131.85a 137.56a 124.54a 80.35a 41.6a 
Roma Vf 96.12a 120.94a 128.39a 133.54a 123.16a 79.19a 32.2a 
SE± 5.53 5.74 5.55 5.53 5.00 1.84 5.65 
Fertilizer Source       
Zeolite A 
based 
fertilizer 

78.33b 99.56b 107.76b 113.17a 104.38b 81. 35a 54.2a 

NPK15:15;15 93.75a 122.22a 128.07a 133.19a 120.47a 82.36a 25.7b 
SE± 4.51 3.36 3.25 3.13 2.94 2.37 7.44 
Rate (kg/ha)      
0 86.45b 111.54b 118.29b 123.67b 110.67b 78.45ab 31.5a 
150 103.04a 129.83a 137.88a 143.17a 130.14a 83.87a 46.58a 
300 94.63a 119.38a 127.04a 131.79ab 122.05ab 72.53b 32.21a 
600 105.54a 130.96a 137.29a 143.37a 132.43a 84.25a 37.29a 
SE± 6.75 7.36 7.04 6.92 6.66 2.52 6.43 
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Interactions        
V*F NS NS NS NS NS NS NS 
V*L NS NS NS NS NS NS NS 
F*L * * * * * NS NS 
V*F*L NS NS NS NS NS NS NS 
CV (%) 22.92 19.03 17.43 16.60 16.86 14.51 15.09 

Means with unlike letter(s) in columns or rows are significantly different at p≤0.05 by 
Duncan’s Multiple Range Test (DMRT), NS stands for not significant 
 
THE EFFECT OF VARIETIES, FERTILIZER SOURCES, RATES OF APPLICATION ON 
THE PLANT HEIGHT OF TOMATO FOR 5 -10 WEEKS AFTER TRANSPLANTING (WAT) 
The result of analysis of variance for plant height did not significantly differ for the two 
varieties (Roma VF and UC82b) from 5 – 10 WAT in Table 5 though Roma VF variety had a 
higher mean of 64.8 than UC82b with 63.3. The effect of the NPK fertilizer source on the plant 
height of tomato showed it was statistically significant only at 5WAT and 9 WAT and not 
statistically significant for 6, 7, 8, and 10 WAT respectively. However, it was observed that at 
5 WAT, zeolite A based fertilizer was not statistically different. The maximum plant height with 
mean of 69.53 was recorded at 7 WAT with NPK 15:15:15 beyond which the plant height 
decreases. The minimum plant height with mean of 44.13 was recorded at 5 WAT for Zeolite 
A based fertilizer. The effect of plant height with rate of application showed no statistical 
difference at 5, 6, and 7 WAT while statistical difference was recorded at 8, 9 and 10 WAT. 
Generally, there was a growing trend in the plant heights from 5 -10 WAT with increase in 
rates of the different fertilizer application. This is expected because of the proportion of 
fertilizers that was added per level of application was also increasing. It was further observed 
that the interaction between fertilizer and the rates of application were statistically significant 
for 5 WAT to 10 (WAT). 
 
Table 5: Effect of fertilizer sources, rates and varieties on the Plant height of 
tomato for 5 -10 Weeks after transplanting (WAT) 
 Week After Transplanting (WAT) 
Treatment 5 6 7 8 9 10 
Variety (V)       
Uc82b 45.03a 52.26a 59.15a 62.14a 62.83a 63.33a 
Roma VF 45.56a 53.05a 60.64a 63.94a 64.66a 64.85a 
SE± 0.83 1.04 0.96 0.83 0.98 0.85 
Fertilizer Source 
Zeolite A 
based fertilizer 

44.13ab 52.73a 58.56a 61.55a 67.87a 63.06a 

NPK15:15:15 45.83a 50.67a 69.53a 62.03a 62.67b 62.82a 
SE± 0.92 1.21 1.45 1.32 1.36 1.23 
Rates (kg/ha) 
0 45.83a 53.13a 58.73a 60.97b 61.33b 61.55b 
150 45.73a 53.15a 58.97a 62.34ab 63.00b 63.44ab 
300 45.45a 51.84a 59.96a 63.44ab 64.48ab 65.13a 
600 45.86a 52.76a 62.04a 65.42a 66.18a 66.57a 
SE± 1.36 1.37 1.43 1.14 1.25 1.13 
Interaction       
V*F NS NS NS NS NS NS 
V*L NS NS NS NS NS NS 
F*L * * * * * * 
V*F*L NS NS NS NS NS NS 
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CV (%) 11.05 10.48 8.74 8.11 8.00 7.93 
Means with unlike letter(s) in columns or rows are significantly different at p≤0.05 by 
Duncan’s Multiple Range Test (DMRT) 
 
THE EFFECT OF VARIETIES, FERTILIZER SOURCES AND RATES OF APPLICATION 
ON THE FLOWER COUNT OF TOMATOES FOR 5 – 10 WEEKS AFTER 
TRANSPLANTING (WAT) 
The result of analysis of variance for the number of flower counts showed that the main effect 
of variety and rates were all not statistically significant (Table 6). Moreover, fertilizer sources 
showed statistically significant difference only at 6 WAT. However, results indicated that there 
was an increase in the mean values of flower count from the 5 WAT to the 6 WAT and there 
after a decrease till the 10 WAT for varieties UC82b and Roma VF tomato. UC82b variety had 
the highest mean value for flower count at 6 WAT with a value of 4.12 and the lowest mean 
value of 0.02 for the flower count at 10 WAT. There was no significant difference for both 
varieties. It was however observed that zeolite A based fertilizer maintained high mean values 
above 3.07 for the flower count at 6 – 7 WAT.   The NPK fertilizer produced flower counts 
above 1.24 at the 8 WAT. The trend in decrease in mean values of flower count can be linked 
to the slow release property of the zeolite A based fertilizer. The sharp drop at 7 WAT with 
mean value of 3.01 to 0.76 at 8 WAT for the conventional NPK fertilizer can be traced to the 
lack of barrier or slow release property. Generally, increase in rate of application led to increase 
in flower count at 6 -7 WAT though they were not statistically significant. There was interactive 
effect between the fertilizer and the rate of application as illustrated in 6 WAT. 
 
Table 6   Effect of varieties, fertilizer sources and rates of application on the flower 
count of tomatoes for 5 -10 Weeks after Transplanting (WAT) 
 
  Weeks after transplanting   
Treatment 5 6 7 8 9 10 
Variety (V)       
UC82b 1.64a 4.12a 3.25a 0.82a 0.14a 0.02a 
Roma VF 1.06a 4.04a 3.64a 0.44a 0.36a 0.02a 
SE± 0.37 0.34 0.36 0.31 0.16 0.01 
Fertilizer Source 
Zeolite based 
fertilizer 

0.87a 3.36b 3.07a 1.47a 0.32a 0.00a 

NPK15:15:15 1.84a 4.24a 3.01a 0.76a 0.15a 0.04a 
SE± 0.37 0.37 0.47 0.25 0.11 0.00 
Rate (kg/ha) 
0 0.96a 3.65a 3.86a 0.98a 0.04a 0.04a 
150 1.15a 4.23a 3.21a 1.04a 0.24a 0.00a 
300 1.31a 3.92a 3.45a 1.02a 0.45a 0.00a 
600 1.85a 4.46a 3.23a 1.59a 0.35a 0.04a 
SE± 0.32 0.57 0.57 0.35 0.22 0.00 
Interaction       
V*F NS NS NS NS NS NS 
V*L NS NS NS NS NS NS 
F*L NS * NS NS NS NS 
V*F*L NS NS NS NS NS NS 
CV (%) 29.91 45.67 36.32 64.22 26.74 24.64 

Means with unlike letter(s) in columns or rows are significantly different at p≤0.05 by 
Duncan’s Multiple Range Test (DMRT) 
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THE EFFECT OF VARIETIES, FERTILIZER SOURCES AND RATES OF APPLICATION 
ON TOMATO FRUIT COUNT FOR 5 -10 WEEKS AFTER TRANSPLANTING (WAT) 
It was observed from Table 7 that Tomato variety, UC82b had the highest fruit count at 10 
WAT with a mean value of 2.65 while Roma VF variety had a mean value of 2.53 at 10 WAT. 
There was no significant difference between the means of the two varieties from 5 – 10 WAT. 
Zeolite A based fertilizer produced the highest fruit count at 7 WAT with a mean of 2.48. The 
NPK fertilizer had its highest fruit count with a mean value of 2.12 at 9 WAT. The difference 
in mean values of the zeolite A based fertilizer to the conventional NPK fertilizers is traceable 
to the steady nature the zeolite A based fertilizer releases its nutrients to the plant. Leaching 
of plant nutrients is reduced largely because the plant nutrients are occluded in the pores of 
the zeolite framework and not exposed easily as conventional NPK are mainly supported by 
fillers for handling purposes. It was also observed that the rate of application of 300 kg/ha 
which was the recommended rate for applying NPK 15: 15:15 produced the highest fruit count 
at 9 and 10 WAT (Isah et al., 2014). There was no interactive effect from 5 – 10 WAT. 
 
Table 7   Effect of varieties, fertilizer sources and rates of application on tomato 
fruit count for 5 -10 Weeks after Transplanting (WAT) 
 

Weeks after transplanting 
Treatment 5 6 7 8 9 10 
Variety(V)       
UC82b 0.00a 1.02a 2.05a 2.57a 2.62a 2.65a 
Roma VF 0.00a 0.32b 2.02a 2.54a 2.55a 2.53a 
SE± 0.00 0.13 0.25 0.26 0.26 0.22 
Fertilizer Source 
Zeolite based 
fertilizer 

0.00a 0.59a 2.48a 2.26a 2.33a 2.36a 

NPK15:15:15 0.00a 0.70a 1.83a 2.00a 2.12a 2.11a 
SE± 0.00 0.24 0.26 0.22 0.27 0.23 
Rates of application (kg/ha) 
0 0.00a 0.47a 1.83a 2.29a 2.22b 2.22b 
150 0.00a 0.56a 2.16a 2.57a 2.52ab 2.54ab 
300 0.00a 0.83a 2.17a 2.86a 3.06a 3.05a 
600 0.00a 0.94a 2.24a 2.54a 2.56ab 2.53ab 
SE± 0.00 0.34 0.33 0.31 0.30 0.30 
Interaction       
V*F NS NS NS NS NS NS 
V*L NS NS NS NS NS NS 
F*L NS NS NS NS 
V*F*L NS NS NS NS NS NS 
CV (%) 0.00 16.43 37.94 23.16 38.77 38.77 

Means with unlike letter(s) in columns or rows are significantly different at p≤0.05 by 
Duncan’s Multiple Range Test (DMRT 
 
THE EFFECT OF VARIETIES, FERTILIZER SOURCES AND RATES OF APPLICATION 
ON TOMATO FRUIT YIELD FOR 5 -10 WEEKS AFTER TRANSPLANTING (WAT 
The mean values of the fruit yield of tomato variety shown in Table 8 illustrate that UC82b 
produced the highest fruit yield with mean value of 92.71 while Roma VF produced the lowest 
yield with mean value of 87.66. The mean values of the two varieties were not significantly 
different. It was observed that Zeolite A based fertilizer produced the highest fruit yield with 
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a mean value of 84.69. The fruit yield of NPK 15:15: 15 was lowest with a mean value of 
69.34. The increase observed in Zeolite A based fertilizer is traceable to its slow release 
property of the adsorption between the plant nutrients and the pores of the zeolite carrier. 
The rate of application of fertilizer (300 kg/ha) had the highest mean value of 103.57 and it 
was statistically different from rate of application (600kg/ha).  It was also observed that the 
interactive effect occurred between the fertilizer and the rate of application. 
 
Table 8 :Effect of varieties, fertilizer sources and rates of application on tomato 
fruit yield for 5 -10 Weeks after Transplanting (WAT) 
Treatment   Fruit yield (g/plant) 
Variety (V)       
UC82b    92.71a   
Roma VF    87.66a   
SE±    7.58   
Fertilizer Source 
Zeolite A based 
fertilizer 

   84.69a   

NPK15:15:15    69.34a   
SE±    4.93   
Rates of application (kg /ha) 
0    70.36b   
150    97.57a   
300    103.57a   
600    89.25ab   
SE±    12.19   
Interaction       
V*F    NS   
V*R    NS   
F*R    *   
V*F*R    NS   
CV (%)    25.30   

Means with unlike letter(s) in columns or rows are significantly different at p≤0.05 by 
Duncan’s Multiple Range Test (DMRT) 
 
Conclusions 
The study investigated the sorption of quaternary amine compound, HDTMA and oxyanions 
such as nitrates and phosphates on optimized zeolite A synthesised from an Ahoko Kaolin 
using central composite design. The initial concentration of HDTMA (162.6 mmol/l) equivalent 
to its external cation exchange capacity (ECEC) was adsorbed to zeolite A surface by coulombic 
interactions. The study further evaluated the application of synthesized NPK loaded Zeolite A 
based fertilizer and conventional NPK 15:15:15 fertilizer on the growth and fruit yield of 
tomato crop. Tomato crop treatments with NPK loaded Zeolite A based fertilizer showed much 
greener leaves than the conventional NPK fertilizer source with less greener leaves  at 11 
weeks  thereby explaining the better retention of plant nutrients and the slow release property 
of the carrier, surfactant modified zeolite A. The fruit yield from the NPK loaded zeolite A 
based fertilizer also showed higher fruit yield than the conventional NPK based fertilizer 
indicating that plant nutrients which might have leached beyond the root zone in the NPK 
fertilizer were utilized in the zeolite A based fertilizer to giver higher fruit yields. 
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ABSTRACT 
Worldwide, farmers are dealing with the problem of feeding an increasing population; to meet 
this growing demand requires producing extra food on smaller acres through fertilizers 
application and profuse yields. To vertically integrate the agricultural value chain for economic 
advancement, we must first tackle multiple hitches encountered by farmers. In northern 
Nigeria, with vast acres yet with moribund state of fertilizer plants or no access to fertilizers 
apart from those from Notore and Ndorama or importation in view of this dilemma, this paper 
examines how LNG can be used to produce fertilizer due to its availability in domestic market. 
Natural gas as most popular feedstock of fertilizer production is found in abundance in Nigeria 
and 70% of this is currently flared. In this work, skid mounted fertilizer plant is designed to 
feed on 23MT of LNG truck. Using ANSYS the LNG of -1620C, 2590F was introduced into an 
installed heater of ammonia plant and the temperature was increased to 500C-2500C for 
primary reformer. After regasification, total volume of 13800mcf of NG was recorded and 2760 
mcf/d was utilized as feed-stock, which yields 500MT ammonia and urea.   
 
Keywords: LNG-Feedstock; Fertilizer Production; Agricultural; Nigeria. 
 
1.0 INTRODUCTION 
Nigeria holds an immense reserve of natural gas, likely in surplus of 160 tcf. Ranked the 9th 
position in terms of proven associated and non–associated natural gas reserves around the 
globe with about 70% of gas flared. With 22 MT of LNG production capacities yet not a drop 
of these LNG is utilized in the nation’s local marketplace. The largest parts of the country are 
presently excluded from natural gas pipeline and distribution until the advent of the Greenville 
LNG virtual network distribution. The accessibility of LNG as feed stock for fertilizer plants will 
be of immense benefit to farmers in Nigeria more especially those from the northern region. 
Previously natural gas has been used as feed for fertilizer production before the introduction 
of LNG. Hence with lack of basic infrastructure such as natural gas pipeline to meet the 
demands of various process plants, from the southern region where natural gas is produced 
to northern region where most fertilizer plants are situated has instigated the application of 
virtual LNG pipeline delivery network. The first fertilizer plant in Nigerian was established in 
1973, between these periods to 1999, we have recorded a total of thirty two (32) fertilizer 
production plant. A good number of these production plant are moribund, in fact 90 percent 
of these fertilizer production plant has not been functional due to several challenges. 
Prominent among the issues that lead to poor performance of these plants are lack of natural 
gas supply as there is no natural gas pipeline for gas supply and technical issues, political and 
above all recurrent shortages of the plant feedstock which is basically natural gas (IFDC, 
2018). The Federal Superphosphate Fertilizer Company (FSFC) was among the first fertilizer 
plants that were established in the country that is not functional till date. This plant was set 
up to produced NPK and SSP, with an installed capacity of 100,000 located in Kaduna but has 
been at moribund. Before the establishment of Notore and Indorama fertilizer companies, the 
country has been relying on importation of fertilizers which has consumed large sum of funds 
from the federal government. Although there has been several effort to ensure food security 
in Nigeria and this has been in line with some agricultural strategies and policies. These policies
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have progressively developed significantly in line with the country’s population, which is 
expanding in geometric propulsion independence. In Nigeria, around 1998 some of the 
agricultural strategies that were abandoned by successive government were revisited and 
revived to guarantee food security for the growing population by increasing local production 
capacity. Prominent amongst these policies are the Nigerian “New Agricultural Policy Thrust,” 
issued in 2001, with the National Fertilizer Policy for Nigeria, (FMARD, 2008) as some of the 
subsector which are fundamental for the realization of a national food security agenda. The 
National Fertilizer Policy for Nigeria, adopted in 2006, is an all-inclusive broad idea of 
“facilitating farmers’ with an appropriate access to sufficient quantity and quality of fertilizers 
at ready for action and reasonably priced prices.” The agricultural value chain can be improved 
for economic advancement; if we undertake the manifold drawbacks encountered by farmers 
in Nigeria (Nagy et al, 2002). Farmers in Nigerian Struggle for almost everything within each 
the segment of the agricultural value chain, farmers in northern region of the country with 
vast land and big farms but little or no access to fertilizers apart from purchase from southern 
part where the only two fertilizer plants are situated (Notore and Ndorama) or importation are 
faced with numerous challenges; prominent among these challenges are lack of access to 
high-quality fertilizer. Natural gas as the most popular feedstock to fertilizer production is 
found in abundance in Nigeria and 70% is flared hence there is need to encourage farmers in 
northern Nigeria to establish their own fertilizer plant based on the new era of LNG distribution 
in the Nigerian domestic market by Greenville.  Prior to this time natural gas that is composed 
of 75% to 95% methane and other components has been used directly to produce fertilizer 
hence the idea of utilizing LNG is based on the availability of LNG delivery system. Hence to 
establish a skid mounted modular fertilizer plant of 500MTPD for the production of ammonia 
and urea in some of the big farms in northern Nigeria is well thought-out or conceives. Nigeria 
as country spend billions annually to imports fertilizer for farmers while the natural resource 
for feedstock for the fertilizer production is found in Nigeria is large proportion and there is 
new development in LNG distribution today in Nigeria fertilizer feedstock will no long be a 
problem.  
 
2.0 MATERIALS AND METHODS 
The material used for the realization of the aim and objectives of the paper was, the LNG 
sample to apply LNG as feedstock for ammonia and urea production as against the normal 
direct natural gas method with normal atmospheric temperature the research will consist the 
application of heat and mass transfer computer aided engineering software to model the 
process of elevating the temperature of LNG to meet the required primary reformer unit 
temperature for the production of the feed gas to synthesis gas. The LNG sample used was 
received from the downstream gas companies such Greenville LNG downstream company. 
This is done because each gas company field gas properties data differ from company to 
company based on different reservoir conditions. The method followed a series of data 
collection, process design consideration and the software application. The data of the volume 
of LNG feed day that would generate the 500MTPD of liquid ammonia and 500MTPD urea 
chips was estimated. Cost analysis and profit merging for produced fertilizer and foreign 
fertilizer will be calculated in further studies. Figure 1 (Notore Process Plant Manual 2006) is 
a schematic description of the 500MTPD ammonia plant with an LNG stream, heater as stream 
one to enhance LNG temperature and gas filter to further remove mechanical impurities in 
order to meet the design specification of 2500C temperature and purity to primary reformer 
processes. 
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Figure 1 Schematic description ammonia process plant. 
 
The LNG stream heating vessel conditions, properties and value for the inlet and outlet 
streams are defined in Table 1 with the LNG inlet stream pressure set at 10 bar while the 
temperature is set at -1620C and the outlet pressures is calculated at 25bar and the outlet 
temperature is recorded to be 2500C with a mass flow rate of 300 kg mole per hour showed 
in Table 1. 
 
Table 1 LNG Heating Vessel operating Conditions 

Table 1 LNG Heating Vessel operating Conditions 
Property Values 

Inlet Pressure 10bar 
Inlet Temperature -162oc 
Outlet Pressure 25bar 
Outlet Temperature 250oc 
Flow Rate 3000kgmole/hr 
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Figure 2 ANSYS Simulation of the LNG Heating Vessel before entering the Primary Reformer 
 

  
Figure 3 ANSYS CFD LNG Heater Internal Temperature Increase from -1520C to 
2500C 
 

        (1.) 
 
The Equation 1 is used to determine the heat transfer per unit mass, at the wall of the 
simulated heater. As part of the enabler Equation within the ANASYS simulation environment 
for heat transfer analysis of the LNG evaporation and Boil-off formation. Equation 2 is used to 
enable the analysis of the liquid gas flow, as applied directly and the computer aided 
engineering simulation process utilized, the equation to determine heat conduction, gas 
molecule or species diffusion and the viscous dissipation of the fluid to predict gas dynamics 
parameters from LNG to natural gas. Equation 2 is also used to determine the rate at which 
LNG will be converted back to natural gas in the LNG heater vessel as a result of heating 
system in order to serve as feed stock in the gaseous form to the primary reformer.   
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(2.) 
Description and operating conditions of the Ammonia Process Ammonia plant consists of four 
major units; the reforming unit, CO2 removal unit, Compression unit, and Synthesis unit, 
Feedstock used in ammonia plant include: natural gas, water, steam, air, chemicals, and  
power, Desulphurization: Sulphur is removed from Natural gas using zinc oxide catalyst (ZnO), 
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because it is poisonous to Nickel catalyst used in the primary reformer. The minimum amount 
of sulphur content in NG for efficient reforming is 0.2ppm.  
ZnO + H2S ZnS + H2O             (3.) 
 
Primary Reformer: the reaction in the primary reformer is highly endothermic and involves 
both thermal and catalytic cracking. Natural gas and medium pressure steam reacts over 
Nickel catalyst and burner of about 10000C using NG to break down the hydrocarbon into 
hydrogen, carbon oxides inert gases and about 10% methane.  
 
CH4(g) + H2O(g)              CO(g) + 3H2(g)           (4.) 
CO(g) + H2O(g)                 CO2(g) + H2(g)           (5.) 
 
The products from the primary reformer (CO, CO2, H2, CH4, Ar) is then sent to the secondary 
reformer for the final cracking of hydrocarbon. Secondary Reformer: Air is introduced into the 
secondary reformer to add Nitrogen to the synthesis gas for Ammonia production. In this 
vessel, both endothermic and exothermic reaction takes place. The burning of hydrogen is 
exothermic, producing a pop sound.  
 
2H2(g) +O2(g)                 2H2O(g)            (6.) 
 
The reforming of the 10% methane left from the primary reformer is endothermic. 
 

CH4(g) + H2O(g)               CO(g) + 3H2           (7.) 
 
The water Gas shift is endothermic converting carbon monoxide to carbon dioxide and 
hydrogen. 

CO(g) + H2O(g)                  CO2 + H2(g) 
 
Shift Converters (H.T.S and L.T.S): From the secondary reformer, the gas passes through  a 
two stage shift converter, the High temperature shift converter(H.T.S) which uses iron oxide 
with chromium (Fe2O3)as catalyst and Low temperature shift converter(L.T.S)  which uses 
copper oxide on zinc oxide or alumina, to convert CO(g) to CO2(g) and H2(g). The first stage 
converts CO to about 3% while the second stage converts to about 0.2-0.3%. 
H.T.S Reaction 
 
CO + H2O          CO2 + H2 (exothermic) 
 
3Fe2O3 + H2           2Fe3O4 + H2O     

Slightly exothermic reaction       (8.) 
3Fe2O3 + CO          2Fe3O4 + CO2 
 
If steam is not present, there will be further reduction of Fe3O4 to metallic iron, Fe which is 
undesirable because it catalyses a highly exothermic reaction. 
 
Fe3O4 + H2          Fe + H2O              (9.) 
 
Fe3O4 + CO          Fe + CO2                   
(10.) Metallic iron will catalyse the following reaction 
 
CO + 3H2          CH4 + H2O              (11.) 
 
2CO         C + CO2               (12.) 
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L.T.S Reaction 
CuO + H2           Cu + H2O (highly exothermic)                            (13.) 
CO + H2O          CO2 + H2 (exothermic)                (14.) 
 
The efficiency of the plant was determined by the efficiency of the L.T.S. Process Condensate 
Separator: here condensate is removed from the process gas and sent the condensate for 
treatment at the utility plant. 
 
The Benfield System: this is where a solution of potassium carbonate is prepared and used to 
absorb CO2 in the CO2 absorber. The compositions of the Benfield solution are: potassium 
carbonate in water (K2CO3 + H2O), diethanol amine as organic activator, and vanadium 
pentaoxide (V2O5) as corrosion inhibitor. CO2 Removal system: This consists of CO2 Absorber, 
knock out drum and stripper. The process gas enters the absorber from the bottom and goes 
out from the top to the knock out drum, while the Benfield solution enters the absorber from 
the top and goes out from the bottom to the stripper for regeneration. The CO2 is stripped 
off the solution and sent to urea plant.  
 
Reaction in the absorber: 
 
CO2 + H2O           H2CO + O2          (15.) 
H2CO + K2CO3           2KHCO3         (16.) 
OHC2H4-NH-C2H4OH + CO2             C4H10NCOOH       (17.) 
C4H10NCOOH + K2CO3 + H2O                 C2H4OHNH + 2KHC03     (18.) 
 
Methanator: left over of oxygenated species in the process gas is methanated to avoid 
poisoning of ammonia synthesis catalyst and formation of ammonium carbonate in the 
synthesis loop which may deposit and cause stress corrosion in the compressor. 
 
CO2 + H2                CO + H2O              (19.) 
CO +3H2                CH4 + H2O         (20.) 
CO2 +4H2               CH4 + 2H2O         (21.) 
 
Synthesis Gas Compressor: this compressor runs at about 700rpm and it compresses the 
synthesis gas to a pressure of about 150kg/cm2. Synthesis loop exchangers: the compressed 
gas passes through exchangers, to be cooled using liquid ammonia. This occurs through a 
refrigeration cycle having the liquid ammonia as the refrigerant. For every refrigeration cycle, 
12.5% of liquid ammonia is formed from the gaseous ammonia. Ammonia liquefies at -33oc 
of which is pumped and stored in a 500MT storage capacity. In order to maintain the liquid 
phase of the ammonia in the plant and prevent solidification, burners are attached at the 
bottom of the tank to keep warm. The vapour formed at the storage tank is then recycled 
back for refrigeration.  
 
Urea Plant 
The urea plant was designed to produce 500MT/D of urea. The feedstock is carbon dioxide 
(CO2) and ammonia (NH3), both from ammonia plant. The plant can be divided into three 
units; CO2 compressor unit, synthesis unit and granulation unit. Urea formation occurs in two 
step reaction as below. 
 
2 	 	↔ 	             (22.) 

	↔ 	 	            (23.) 
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Figure 4: Continuation of Schematic Plant Designed Process for 500MT/D of Urea 
 
Compressor Unit 
Carbon dioxide which is a by-product is taken directly from the desorbers in the ammonia 
plant without undergoing purification and it is sent to the knock-out drum through the battery 
limit entrance. The carbon dioxide contains about 1.35% (by volume) of hydrogen, water, 
traces of methane and carbon monoxide and enters the plant at a low pressure of 0.60kg/cm2 
and at a temperature of 38°C. The CO2 goes to the knock-out drum for the purpose of 
separation. Air from the atmosphere is introduced into the drum using a pressure air blower 
and the air is filtered using the air filter (to remove impurities). It goes to the high pressure 
carbon dioxide cooler where the temperature is decreased to 120°C. At the outlet of the CO2 
cooler analyzers are installed to measure the oxygen and CO2 content. The CO2 goes to the 
high pressure stripper where unreacted gases are stripped from the CO2. Thereafter the CO2 
goes into the high pressure carbamate condenser (HPCC). 
 
Synthesis Unit 
Apart from the formation of urea in this unit, the unit also consists of process operations such 
as evaporation, desorption and hydrolysis. It constitutes four major vessels for the synthesis 
of urea; reactor, high pressure stripper, high pressure carbamate condenser (HPCC) and the 
high pressure scrubber. The rectifying section steps down the pressure from high to low and 
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removes water by utilizing the evaporator (two stages). The water separated is recovered 
from ammonia and urea in the desorber and hydrolyser (desorption unit). Stripper, it receives 
lean CO2 from the compressor at 140-145 Kg/cm2 and urea (the stream actually contains CO2, 
unreacted carbamate, NH3, CO2 and inert) from the reactor. HPCC, Ammonia from ammonia 
plant is received in the surge drum at pressure of 11.2Kg/cm2 and temperature of30 . It is 
pumped from the surge drum by ammonia booster pump which increases the pressure to 
about 16Kg/cm2 (allowable inlet pressure for high pressure pump to operate) and temperature 
is70 . The high pressure Ammonia pump takes over from the booster pump and pumps the 
NH3 into the high pressure carbamate condenser (HPCC). The HPCC is the vessel where the 
reaction between ammonia and carbon dioxide to form ammonium carbamate occurs. 
 
2 	 	↔ 	 																			∆       (24.) 
 
It is the first step in the formation of urea and as shown above, the reaction is reversible and 
exothermic. The forward reaction is favoured at high pressure and high temperature of 140-
145Kg/cm2 and 180  respectively. Reaction between NH3 reacts and CO2 (the stream also 
contains carbamate and ammonia) from the stripper to form carbamate is exothermic. The 
heat released in the reaction is collected in two steam drums attached to the HPCC to produce 
low steam pressure (3.2- 3.5Kg/cm2). The formation of urea and the completion of carbamate 
formation reaction take place in the reactor vessel. 
 

	↔ 	 	 																∆ 		      (25.) 
 
Urea formation is endothermic while carbamate formation is exothermic. The heat required 
for urea formation is gotten from the heat released from the carbamate formation reaction. 
The urea solution overflows into the stripper through the down-comer, the gases (inert, 
unreacted CO2 and NH3) are sent to the scrubber. Scrubber, the scrubber makes use of water 
in cooling the gases thereby venting out the inert through the inert vent and sends back the 
unreacted gases back to the reactor. Rectifying column, the pressure of the urea solution is 
stepped down from 150Kg/cm2 to 2.5Kg/cm2via the help of stripper level control valve. In the 
rectifying column, the solution dissociates gases from liquid as a result of pressure that is 
lowered. The unreacted gases escape through the overhead to the low pressure carbamate 
condenser (LPCC) where it is converted to ammonium carbamate. It overflows through a 
nozzle into the LPCC level tank, the high pressure carbamate pump discharges the carbamate 
at a pressure of 150Kg/cm2 into the high pressure scrubber where inert gases are removed 
and the carbamate goes into the reactor for reaction. The solution is taken from the hydrolyser 
heat exchanger to the hydrolyser where it is subjected to an extraction steam of 23.5-
24kg/cm2 pressure so as to breakdown the  urea into ammonia and carbon dioxide, it is then 
sent to the second desorber where 3.5kg/cm2 steam is applied at a temperature of 145 . So 
by then you have pure water which you drain out. 
 
Granulation Unit 
This is where urea is coated with formaldehyde and made into granules. The coating is done 
to prolong the life of the urea granules, minimize leaching and ensure moderate release of 
urea into the soil on application. 
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Figure 5: Schematic of Granulation Unit Plant Designed Process 
 
There are four granulators in this unit and they are linked to a common exhaust stack. Urea 
melt is pumped from the urea evaporator in the urea synthesis plant through steam jacketed 
lines to the static mixer where it is mixed with formaldehyde. The hot urea melt at about 
1350C is then sent to the spherodizer granulation drums (rotating at about 7.5 rpm) where it 
is sprayed through four specially designed nozzles onto rolling beds of undersized granules. 
The undersized granules become content with the urea formaldehyde to form a bed of 
spherical semi-plastic particles. The Exhauster provides draft for the eliminated dusts to rise 
up the exhaust stack. A sump tank, sump pumps, steam ejector and urea filter are provided 
for collecting pump drains, drains from the stack and exhausters and re-dissolving little 
quantities of urea granules from bulk storage. The re-dissolved urea is then returned to the 
urea solution tank. Air Heater Coil: prevents ambient air of high relative humidity from being 
drawn through the drum causing ‘internal sweating’ and caking of the urea bed. Air Cooling 
Coil: uses ammonia to cool the air duct to the granulation drum. 
 
3.0 RESULTS AND DISCUSSION 
LNG can be utilized as an alternative to natural gas in teams of feedstock for fertilizer 
production in Nigeria. As clearly shown in this work, a fertilizer plant was developed to feed 
on LNG and that a total volume of 23MT/5d of LNG used to feed a 500MTPD of ammonia and 
urea plant and a total volume 2760 Scm3 the plant daily consumption for five operational days 
and the expected product was realized. The LNG of -1620C, 259F was increased to 500C-2500C 
for the primary reformer. After the regasification, a total volume of 13800 Scfm3 of natural 
gas was recorded and 2760 scm3/d was utilized as feedstock which yields 500mt/d ammonia 
and urea. From figure 2.6, graph above shows the LNG temperature increase from 500C to 
2500C versus the time taken for the heat supply the required energy to raise the temperature 
to the plant design specification.   
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Figure 3.1 Results and Discussion 
 
4.0 CONCLUSIONS 
In conclusion, LNG can be used as feed stock for fertilizer production plants in Nigeria and to 
enhance the agricultural value chain for economic development: the role of chemical 
engineering would include tackling farmers’ technical issues and developing technologies for 
agriculture to gain its own share of the abundant natural resource found in Nigeria. Today 
LNG is readily accessible in the downstream sector as the Greenville LNG refuelling stations 
are tactically situated across Nigeria. LNG is being utilized in several sectors of the economy 
not only for transportation for sales through shipment or for power plants but as feed stock 
for a good number of industries. These include cement industries, the breweries, asphaltic 
plants and even vehicle fuels. Utilizing LNG to produce fertilizers will help us achieve 
agricultural competitiveness and sustain agricultural produce, retain the soil nutrient, boost 
bountiful yields, safeguard the public health and the environment.  
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ABSTRACT 
A large quantity of wastewater sludge is generated yearly. Traditional disposal methods are short 
of providing the much needed benign treatment. Thermal plasma is a promising treatment 
technique to address this problem. A 20 cm3 capacity laboratory-scale thermal-arc plasma reactor 
was developed using a 4.5 kW TIG welding torch and was used to treat wastewater sludge. The 
design was based on a DC transferred-arc torch with argon gas as plasma forming gas. The 
reactor was tested with wastewater sludge from the petroleum industry. The plasma arc 
temperature was in the range of 356 – 1694 oC at an arc current of 100 – 190 A. Two products, 
flue gas and a vitreous slag were obtained. A mass reduction of 36.87 – 91.40 % of the sludge 
was achieved in at an arc current 150 – 190 A which correspond to a plasma temperature range 
of 539 – 1603 oC. The mass reduction increased with treatment duration from 2 – 8 min. The 
mass reduction also increased with increasing arc current from 150 – 190 A at an interval of 20 
A. Reduction in total organic carbon (TOC) is between 74.03 – 75.83%. The metal elements in 
the wastewater sludge were enriched after the plasma treatment. The composition of the flue 
gas was H2, CO, O2, CO2, CH4 and C2 hydrocarbons. CO was the major component accounting for 
over 74%. The concentration of greenhouse gases (CH4 and CO2 combined) was less than one. 
The system was able to gasify the organics in the wastewater sludge to combustible gases and 
vitrified the inorganics into a slag. 
  
Keyword: Thermal plasma, wastewater sludge, plasma temperature, mass reduction, TOC, 
carbon conversion 
 
1.0 INTRODUCTION 
Thermal arc plasma technology has become a prominent waste treatment technique for a wide 
variety of waste because of the shortcomings of traditional waste disposal methods (Ali et al., 
2016). The plasma arc treatment technology has been identified as a potentially effective tool for 
producing less harmful by-products which can be used in building and road construction (Kourti 
et al., 2011; Tu et al., 2008). The innovative plasma technique involves subjecting waste material 
to high-temperature arc plasma such that the organics and the volatile species are gasified while 
the inorganics and non-volatiles are chemically bonded in a vitreous matrix, thereby making them 
resistant to leaching of heavy metals (Agon, 2015). Thermal arc plasma provides a suitable 
treatment technique for special waste disposal requirements. Advantages of thermal arc plasma 
treatment technique over conventional incineration include high-temperature regime, high waste 
volume reduction, low gas throughput, process flexibility in either oxidizing or a reducing 
environment, and can effectively treat a wide variety of waste types (Heberlein, 2002). 
 
There is an increase in the documented research, in the last two decades, concerning the 
destruction of hazardous wastes using thermal arc plasma technique. The growing interest of 
academic research in such an area cannot be unrelated to the ability of the technique to reduce
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waste volume by over 80% and produce benign byproducts (Ali et al., 2016; Heberlein and 
Murphy, 2008). The plasma gasification of the organic portion of sludge has attracted interest as 
a source of energy and spawned process developments for the treatment of sludge from different 
sources (Bień et al., 2013; Celary and Sobik-Szołtysek, 2014; Cubas et al., 2014; Kim and Park, 
2004; Leal-Quirós and Villafañe, 2007; Li et al., 2007; Li et al., 2012; Li et al., 2015a; Li et al., 
2015b; Mohai and Szépvölgyi, 2005; Mountouris et al., 2008; Ramachandran and Kikukawa, 2002; 
Shie et al., 2014; Sobiecka and Szymanski, 2014). Factors like treatment efficiency, plasma gas 
flow-rate, the treatment period of a batch operation, feed flowrate of continuous operation and 
inter-electrode separation were subject of investigation.  
 
Feasibility studies involving design and fabrication of thermal arc plasma reactors for hazardous 
waste destruction are also documented in the literature. In the USA a laboratory-scale thermal 
arc plasma reactor consisting of a highly instrumented furnace equipped with a 75 kW transferred 
arc plasma torch, was developed and used to study the physical and chemical behaviour of metal-
spiked waste (nickel and chromium) in a high-temperature plasma regime (Cortez et al., 1996). 
In Thailand, a 20 kW laboratory-scale, atmospheric-air DC plasma reactor was designed and 
fabricated using a non-transferred plasma torch and its performance was evaluated using 
electronic waste (Tippayawong and Khongkrapan, 2009). A research team in Brazil developed a 
small-scale, continuous-flow plasma reactor consisting of a torch with graphite electrodes and an 
integrated nebulization furnace. The reactor was used to eliminate carbon-tetrachloride from 
liquid waste (Cubas et al., 2005).  In the Durgapur city of West Bengal, a 20 kg/hr plasma reactor 
for the treatment of waste plastic was developed, and its performance on the pyrolysis of waste 
plastic and energy generation was studied (Punčochář et al., 2012). Other similar studies involving 
the design and evaluation of thermal plasma reactor for hazardous waste destruction were 
reported (Barcza, 1986; Khongkrapan et al., 2013; Szałatkiewicz et al., 2012, 2013; Tang et al., 
2003; Townsend and Oehmig, 2014; Zhao et al., 2001). 
 
It is obvious from the above discussion that waste treatment using thermal plasma technology 
has gained ground, and laboratory/pilot scale plasma reactors have been developed and their 
performances for the destruction of hazardous waste were studied. However, it is not available 
to the knowledge of the authors, any attempt to develop a thermal arc plasma reactor that treats 
wastewater sludge from the petroleum industry. The wastewater sludge from the petroleum 
industry is unique in its composition due to the presence of hydrocarbons, phenols and dissolved 
minerals (Diya’uddeen et al., 2011). Thus, the present investigation was geared towards bridging 
this gap. In this study, a 20 cm3 capacity laboratory-scale thermal-arc plasma reactor was 
developed and used to treat wastewater sludge from the petroleum industry. Design parameters 
and result from the testing of the reactor is presented. 
 
2.  MATERIALS AND METHOD 
 
2.1. Thermal Plasma Reactor 
The development of the plasma reactor for the treatment of wastewater sludge from the 
petroleum industry passes through a series of design, construction, testing, redesigning, 
reconstruction and retesting process. Major problems encountered at different stages of the 
development include difficulty in arcing, difficulty in machining high-temperature stable material 
and stability of the plasma arc to mention but a few. The thermal plasma process system consists 
of a DC power source, a transferred arc plasma torch, a reaction chamber and a gas cooling and 
cleaning system. The process flow diagram of the system is shown in Figure1. The equipment 
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power rating and reactor capacity were based on a commercially available torch and 20 g of 
sludge respectively. The DC power source is a TIG (master weld, model: TP-2000) used 
commercially for arc welding, it supplies a voltage of 63 V and a variable current of 5 – 200 A to 
the plasma torch. 
 
The transferred arc plasma torch was a Ø 2.4 mm tungsten rod (98% purity) inserted into the 
centre of a nozzle ejector. The torch was connected to the negative terminal of the DC power 
source. The nozzle ejector had an orifice opening through which argon gas (the plasma forming 
gas) flows. The torch was supported vertically at 10 cm above the anode electrode. The anode 
was a tungsten rod of Ø 10 mm and 35 mm length, placed concentrically at the centre of the 
reaction chamber. The reactor furnace was an aluminium block with a sculptured conical shaped 
chamber at the inner side and a cooling water jacket surrounding the chamber. The block had a 
dimension of 99 mm by 95 mm rectangular bottom and a height of 116 mm. The conically shaped 
chamber had a dimension of Ø 42 mm top, Ø 13 mm base and 20 mm depth. The furnace had a 
flue gas outlet and a glass window for temperature measurement. The gas cooling and cleaning 
system consisting of a cooling coil and particle gas filter were connected to the gas outlet. 
Photographs of the equipment components and the reactor setup are shown in Plate I. 
Specifications for TIG master weld and reactor system are shown in Tables 1 and 2 respectively 

V+

Vout

C+

GND

C‐

FI

FI

Reactor furnace

Gas quencher Filter
Gas flow meter

Argon gas cylinder

Gas flow meter

AC/DC Inverter

Plasma torch

lag quencher

240 V
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Gas bag  
 Figure 1: Process flow diagram of the setup for plasma treatment of sludge  
 

 
(a) The torch       (b) reactor furnace (c) assembled chamber  (d) complete setup Plate I: Photographs of the equipment components and the reactor setup 
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Table 1: TIG master weld specifications 
Specification Input rating Output rating 
Model TP – 2000 
Efficiency (%) 80 
Power (kW) 4.7 
Voltage (V) 220/230/240 63 
Current (A) 31 5 – 200 

 
2.2. Plasma Treatment of Wastewater Sludge  
A current of 100 A and argon flow-rate of 10 L/min were supplied to ignite and generate the arc 
plasma. The supplied current was increased gradually using a control nob while the plasma 
temperature was measured at intervals using an infrared thermometer (temperature range of 
200 – 2200 oC). The same procedure was repeated with argon flow-rate of 5 L/min and 15 L/min. 
The result of temperature measurement is presented in Figure 2. Samples of wet wastewater 
sludge were treated batch-wise in the thermal arc plasma generated at arc currents of 150, 170 
and 190 A respectively. At each of the operating current 20 g of the sludge was treated for 2, 4, 
6, 8 and 10 min respectively. The flue gas, after passing through the cooling coil and the particle 
dust filter, was collected in a Teflon gas bag and analyzed in an offline residual gas analyzer 
(model: MKS Cirrus 2). The reactor was allowed to cool to room temperature. The slag collected, 
weighed and analyzed using TOC analyzer (Model SSM-5000A) and AAS machine (model: Perkin 
Elmer, PinAAcle 900T).  
 
Table 2: Reactor parts and specifications 
Reactor furnace: rectangular aluminium block 
Dimension: 99 mm by 95 mm bottom, 116 mm height  
Reaction chamber: conical shape 
Dimension: Ø 42 mm top, Ø 13 mm base and 20 mm depth  
Reactor inner volume: 20 cm3  
Cathode: long tungsten rod (98% purity) 
Dimension: Ø 2.5 mm and length 150 mm  
Anode: tungsten rod (98% purity) 
Dimension: Ø 10 mm and length 35 mm  

 
3. RESULT AND DISCUSSION  
 
3.1. Plasma Arc Temperature Profile 
The thermal arc plasma ignited at an arc current of 100 A. Bellow 100 A only vibration was 
observed. At an argon gas flow-rate of 15 L/min, when the plasma arc current was increased 
from 100 – 190 A, the plasma arc temperature increased from 356 – 1694 oC. This increase in 
temperature was not uniform all through. Between 100 – 140 A, the increase in temperature was 
gradual, from 372 – 627 oC respectively. However, from 140 – 190 A, the plasma arc temperature 
increased from 627 – 1694 oC. This trend of increased plasma arc temperature with increased 
plasma arc current was equally observed with argon gas flow-rate of 10 and 5 L/min as depicted 
in Figure2. The plasma temperature also increased when the argon gas flow-rate increased from 
5 – 15 L/min.  
 Previous research by Kim et al. (2003) reported a temperature of range of 1520 – 1570 K 
in a steam plasma used for the treatment of polychlorinated biphenyls (PCBs). Similarly,  Tang 
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and Huang (2005) observed an increased in temperature from 1073 – 1773 K in a high-frequency 
(HF) plasma reactor used for pyrolysis of waste tyre powder. 
 

3.2. Mass and Volume Reduction 
The mass reduction achieved through the thermal plasma treatment of wastewater sludge from 
the petroleum industry was in the range of 36.87 – 91.40 %. The obtained mass reduction was 
achieved at a relatively high plasma arc current (150 – 190 A). At 150 – 190 A, the plasma 
temperature ranges between 539 – 1603 oC. The high-temperature plasma environment 
decomposed the bulk of the sludge (the organic fraction) leaving behind small fraction (the 
inorganic) as a byproduct. There is a general increase in the mass reduction of the wastewater 
sludge with an increase in the plasma treatment duration as shown in Figure3. At a plasma arc 
current of 190 A, the mass reduction increased from 44.78 – 91.40% when the plasma treatment 
duration increased from 2 – 10 min. Likewise, at 170 and 150 A, the mass reduction increased 
with increased plasma treatment duration. 
 
The increase in the mass reduction is associated with the elevated temperature in the thermal 
plasma regime coupled with the limited amount of oxygen in the reaction chamber. The 
hydrocarbons in the wastewater sludge were gasified in the reducing environment by the elevated 
temperature plasma, into flue gases. Thereby, leaving the inorganics and heavy metals in the 
vitreous slag. The mass reduction was most significant between the 2nd and the 8th min, 
suggesting that the hydrocarbons were mostly gasified within the first 8 min of treatment. 
Similarly, mass reduction increased with increasing arc current from 150 – 190 A at an interval of 
20 A. At constant applied voltage, the current is proportional to the power. Thus, higher arc 
current leads to a higher power, which yielded more decomposition of the hydrocarbons.  
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3.3. Total Organic Carbon and Metal Composition  
The measurement of the total organic carbon (TOC) in both the wastewater sludge and the 
product slag was conducted via the Total Organic Carbon-Solid Sample Module (TOC-SSM) 
machine (Model: SSM-5000A) (Ali et al., 2017). Glucose was used as a standard for total carbon 
(TC) measurement while sodium carbonate was used as a standard for inorganic carbon (IC) 
measurement. Finally, TOC was calculated as the difference between the results of the 
measurements of TC and IC. The effectiveness of the thermal plasma reactor in treating the 
wastewater sludge was evaluated by determining the percentage carbon conversion using 
Equation 1. Carbon conversions of 74.03%, 75.83% and 75.86% were achieved with 150, 170 
and 190 A respectively as shown in Table 3. These high carbon conversions are evidence of 
effective gasification of the hydrocarbon in the wastewater sludge by the thermal plasma. A 
similar result was reported by Li et al. (2015a) where a 100% carbon conversion of hydrocarbons 
was obtained when storm water sludge was treated in an integrated thermal plasma system.  
 

	 % 1
	 	 	

	 	
100     (1) 

 
Table 3: Carbon conversion achieved in the treated wastewater sludge 
Plasma arc 
current  

TOC of sludge 
(%) 

TOC of product slag 
(%) 

Carbon conversion 
(%) 

150 54.48 14.15 74.03 
170 54.48 13.17 75.83 
190 54.48 13.15 75.86 

 
The metal concentrations in both the raw wastewater sludge and the product slag were 
determined via acid digestion according to US EPA method 3050 B as reported by Ali et al. (2019), 
the results are shown in Table 4.  The metal elements in the wastewater sludge in major quantities 
were Al, K and Fe. Three other metal elements, Na, Mg and Zn were in small quantities while Cr, 
Mn, Ag and Hg were in trace quantities. After the thermal plasma treatment, the concentrations 
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of the metals elements, except K, were significantly increased. The presence of large quantities 
of hydrocarbons in the wastewater sludge suppressed the concentration of the inorganics. After 
the gasification of the hydrocarbons, the inorganics became paramount in the products. The 
reduced concentration in the case of K could be as a result of vapourization of the metal because 
of its low melting point when compared with the other metals present.  
 
3.4. Flue Gas Analysis 
The composition of the flue gas obtained from the plasma treatment of wastewater sludge from 
the petroleum industry is shown in Table 5. The gas consists of H2, CO, O2, CO2, CH4 and C2 
hydrocarbons. The CO is the major component accounting for over 74%. At high temperature 
and in the presence of moisture (H2O) hydrocarbon was converted to CO through water-gas 
reaction as shown in Equation 3. The concentration of oxygen in the flue gas is between 15 – 
19%. There was the possibility of air getting into the reactor since it was not airtight. 
Concentrations of greenhouse gases (CO2 and CH4 combined) was very low, less than 1%. Even 
though there may be oxygen in the system, CO2 was not stable at a temperature above 1400 oC 
and any quantity formed at the beginning of the process, when the temperature was lower than 
1400 oC, may be converted to CO through Boudouard reaction shown in Equation 4.  
 

↔           (3) 
↔ 2           (4) 

 
Table 4: Metal concentrations in the wastewater sludge and the product slag 
 
Metals  

Concentration (ppm) 
Wastewater sludge  Product slag  

Na 21 34.4467 
Mg  15.09 27.9125 
Al 95.83 193.047 
K 183.667 75.2154 
Cr 1.6197 2.05181 
Mn 0.1372 0.3487 
Fe 327 620.989 
Zn 12.4 25.5033 
Ag 0.4630 0 
Hg 1.3908 0.34387 

 
4.0 Conclusion  
A laboratory-scale thermal arc plasma reactor was developed to treat 20 g per batch of 
wastewater sludge from the petroleum industry. The reactor was used to treat petroleum waste-
water sludge. Temperature profile inside the plasma reactor increased with an increasing arc 
current and also with an increasing argon gas flowrate. A mass reduction of between 36.87 – 
91.10% was achieved at a plasma temperature of 539 – 1603 oC. The mass reduction increased 
with an increase in the duration of treatment. The mass reduction also increased with an increase 
in plasma arc current from 150 – 190 A. A TOC reduction of 74.03%, 75.83% and 75.86% was 
obtained at an arc current of 150, 170 and 190 A respectively. The concentration of metals in the 
wastewater sludge increased after the plasma treatment. CO is the major component in the flue 
gas, accounting for over 74%. The concentration of greenhouse gases (CH4 and CO2 combined) 
was less than 1. The thermal plasma reactor gasifies the wastewater sludge from the petroleum 
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industry into flue gases with slag as a byproduct. The CO richen flue gas can be enriched with 
hydrogen to produce syngas.   
 
Table 5: Composition of the flue gas  
Component Concentration (mol %) 

1st run  2nd run  
H2 0.0051 0.0023 
N2  1.1729 1.3976 
CH4 0.5083 0.5125 
CO 78.1940 74.5410 
C2+ 0.0195 0.0140 
O2  15.6388 18.6352 
Ar  1.9549 1.8635 
CO2 0.0782 0.1398 
NO2 0 0.0056 
SO2 0.0043 0 

 
5.0 Recommendation 
Further research should look into the effect of cathode diameter on plasma temperature.  
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ABSTRACT 
ZSM-5 was produced after the metakaolinization of South African clay and the use of NaOH, 
TPABr, Na2SiO3.9H2O solution and deionized water with a molar composition of 50SiO2 : Al2O3 : 
20Na2O : 2TPABr: 2000H2O. The synthesized product was characterized by XRD, SEM, TGA and 
BET surface area. The characterization results confirmed that the sample produced was of ZSM-
5 phase. The product has a specific surface area, pore size and pore volume of 179.9 m2/g, 
49.262A and 0.05 cm3/g respectively. The effect of zeolite dosage, (1.0, 2.5, 4.0, and 6.0g) on 
salinity reduction of seawater was investigated via adsorption study. The result revealed that 
effectiveness salinity (ES) increases with the increase of the sorbent dose. At 1.0g dose, the salt 
removal value is 1.04 ppt (SR) which is 3.64% effectiveness salt removal. At ZSM-5 dose of 2.5, 
4.0, and 6.0 g, the SR values are 3.29, 6.46, and 8.12 ppt which correspond with ES value of 
9.40, 18.40, and 23.20%.  ZSM-5 zeolite synthesized from kaolin of South African origin has 
shown great prospect as natural abundant sorbent material for desalination of synthetic seawater.  
 
Introduction 
Global water shortage has progressively become a great opposition to human exploit, agricultural 
growth and industrial activities (Zhu et al., 2016). Availability of potable water is vital for human 
needs and it scarce is threatened in many areas across the globe more especially in developing 
countries and arid regions (Shannon et al., 2008; Zhao et al., 2014). Oceans and seas water 
comprises of more than 71% of earth surface and 97% of it is saline and cannot be used as 
potable water, industries as well as agricultural purposes (Von-kiti, 2012). To curb and subdue 
this salinity problem and ensure the accessibility of freshwater a right strategy has to be adapted. 
South Africa is located between two great oceans, Atlantic and Indian and water crisis is usually 
emanating in some part of Cape Town province. Therefore, seawater desalination is a choice and 
potential technology to subjugate the water crisis in the future (Wibowo et al., 2017).  
 
Desalination of seawater is a process whereby dissolved salts and minerals are removed to 
produce fresh potable water (Zhao et al., 2013; Wang et al., 2016; Wenten et al., 2016). 
Nowadays, there are many types of seawater desalination technology – including RO (Greenlee 
et al., 2009) and thermal processes like multi-effect distillation (MED) (Abu-Zeid et al., 2015), 
membrane vacuum distillation (MVC) (Pérez-González et al., 2012) and multi-stage flash 
distillation (MSF) (Khawaji et al., 2008). These processes produce potable water but the 
technology is expensive to operate, so a cheaper way of alternative methods cannot be 
overemphasis. 
 
Sorption is a process in which one substance takes up or holds another by either absorption or 
adsorption. Sorption technique is the potential presume process for seawater desalination. 
Sorption technology is coherence and highly productive with a varied range of materials which 
influence its potentiality and less expensive method of desalination of seawater (Wibowo et al., 
2017). The adsorption process is considered as the most sufficient technology for desalination of
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seawater environmentally and economically. Many sorbent materials such as eggshell, fly ash and 
clay mineral (Aliyu et al., 2017)  and natural zeolites were applied to treat saline water (Wibowo 
et al., 2017). Kaolin-based zeolite is appraised as cheap and abundant sorbent material (Lijalem 
Ayele Regassa, 2016). In this study, kaolin-based zeolite was synthesized and applied as an 
absorbent for the desalination of seawater. The salinity reduction (RS) and the effectiveness of 
salinity reduction (ES) of seawater after treatment were determined and the effect of the 
seawater on salinity reduction with an increase of zeolite dosage was evaluated. 
 
Materials and methods. 
As received kaolin from GandW minerals resources located in the Western Cape region of South 
Africa was calcined at 650  for 2h with Si/Al ratio 2.91 applied as a source of silica and alumina 
(66.58% SiO2 and 22.81 % Al2O3 respectively). Seawater solution (0.35 w%) used for the 
adsorption studies were prepared from analytical seawater (Na, K, Ca, and Mg) salts from Sigma-
Aldrich. Sodium silicate 26.5% SiO2 and 10.6% Al2O3 composition solution and TPABr. All the 
chemicals were purchased from Sigma Aldrich except Nitric acid 55% which is sourced from Ace 
enterprises chemical association. The chemicals were applied as received with no additional 
purification.  
 
Synthesis of kaolin-based ZSM-5 zeolite. 
In the preparation of kaolin-based ZSM-5, the required amount of GandW metakaolin and sodium 
hydroxide were dissolved in deionized (DI) water and TPABr were also mixed separately with the 
required amount of DI water. The solution of NaOH/Kaolin and sodium silicate solution were 
added simultaneously to the solution of the TPABr while stirring. Nitric acid was used to control 
the pH until the solution mixture is homogenous. The synthesized gel was transferred to stainless 
steel Teflon lined autoclave cup and was hydrothermally treated at 180  for two days. The 
resulting product was washed with DI until the pH is less than 8. The sample was dried overnight 
at 80  and calcined for 5 hours at 550 . The resulting powder was characterized. 
 
Characterization. 
X-ray diffraction (XRD) patterns and average crystallite size were collected with Bruker AXS, D8 
Advance equipped with Tube (Cu-Ka radiation (lKa1=1.5406Å) and Detectors Lynx Eye (Position 
sensitive detector) at 40kV, 40mA and V20 variable slit. The measurements were carried out with 
a step width of 0.5° to 130° 2θ with an increment (Δ2θ of 0.034° and a scan rate of 0.5 sec per 
step. The diffraction data were analyzed using OriginPro 2018 software to give the estimation of 
the amount of each phase in the sample. The morphology was characterized by using scanning 
electron microscopy FEI Nova NanoSEM 230 with a field emission gun equipped with a high-
resolution immersion lens. The EDS detector is an Oxford X-Max, using INCA software. Surface 
area, pore size, and pore volume measurements and analysis were determined by BET machine. 
Thermal analysis was done using thermogravimetric analyzer/differential scanning calorimetry 
(TGA/DSC 1) STAR System Mettle Toledo. 
 
Adsorbate and Batch Adsorption studies 
The adsorption of Na, Ca, K and Mg from the synthetic seawater containing NaCl, CaCl2, KCl, and 
MgSO4 with an average salinity of 35g/L or 35,000mg/L were conducted in the laboratory using 
linear shaker 262 apparatus experiment. The experimental runs were conducted by dispersing a 
required amount of kaolin-based ZSM-5 into a 100mL synthetic seawater solution. The sorbent 
material (kaolin-based ZSM-5) dosage was varied at 1, 2.5, 4.0, and 6.0g and dispersed in the 
seawater sample using a linear shaker apparatus for 180 min at room temperature and 7.8 pH in 
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order to determine the optimum dosage and salt reduction. The adsorbent was filtered out with 
Whitman filter paper No. 5 after each run and the salinity of the water after adsorption was 
estimated by YSI Pro Plus Multi-Parameter Water Quality Meter. The effectiveness of salt removal 
(ES), salt removal (SR), and adsorbent dosage was analyzed.  
 
From a study by the school of ocean science and technology in 2015, Table 1 shows the major 
salt ions found in seawater of salinity 35g/L and their respective percentage total and mass 
concentrations. Chlorine (Cl-) has the highest percentage of 55.29% and 19.353gms/kg while 
potassium (K+) has the least with 1.14% and 0.399gms/kg. other ions in descending order of 
percentage total and concentrations are sodium (Na+): 30.74% and 10.76gms/kg, Sulphate (SO42-

): 17.75% and 2.712gms/kg, Magnesium (Mg2+): 3.69% and 1.292gms/kg, Calcium (Ca2+): 
1.18% and 0.412gms/kg. 
 
Table 1. Major ions in seawater of salinity 35g/L 
 Symbol Name   % of total  mmoles gms/kg 
 CL-  Chlorine  55.29   546  19.353 
 Na+  Sodium  30.74   469  10.76 
 Mg2+  Magnesium  3.69   53  1.292 
 SO42-  Sulphate  7.75   28  2.712 
 Ca2+  Calcium  1.18   10.3  0.412 
 K+  Potassium  1.14   10.2  0.399 
(School of Ocean Science and Technology, 2015). 
 
The amount of salt ion adsorbed (RS) at equilibrium was evaluated by 
 

	 	                                          1. 
 
Where Ci and Ce are initial and equilibrium adsorbate concentration respectively. The percentage 
of salt ions removal (%ES) was evaluated using. 
 

%	 	 ∗ 100                              2. 
 
Results and Discussion 
 
X-ray diffraction (XRD) studies  
The XRD pattern of ZSM-5 crystalline at 180  for 2days using metakaolin that calcined at 650  
for 2hour is shown in Figure (1a). The characteristic peaks of ZSM-5 in the ranges of 7.9 to 23.1o 
2θ which show nucleation with a sizable amount of quartz as an impurity at 20.9 and 26.6o 2θ 
clearly confirmed the formation of crystalline ZSM-5 phase (Salou et al., 2001; Mohiuddin et al., 
2016). The percentage (%) crystallinity and the average crystal (grain) size was evaluated using 
OriginPro 2018 version and found to be 87% crystallinity and 28 nm respectively The two 
parameters are key to the sorption process. The specific surface area, pore size and pore volume 
of 179.9 m2/g, 49.262A and 0.05 cm3/g respectively were deduced using BET surface area 
analyzer. The crystal size of the sorbent rises the specific surface area and intense surface 
porosity increases the outer surface area of the zeolite (Wibowo et al., 2017). The incorporation 
of the two parameters together influences the effective surface area. This shows that synthesized 
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kaolin-based ZSM-5 with a good surface area would promote high sorption potential and 
proficiency. Consequently, it will be applied as a sorbent medium in seawater desalination. 
 
Scanning electron microscopy (S.E.M.) studies  
SEM is a technique used to interpret the morphology and distribution of crystals size of the zeolite 
phase. Typically, the configuration, formation, and structure of ZSM-5 crystals were highly 
controlled and depend on synthesis parameters such as crystallization temperature, time and 
aging. Mohiuddin 2015, conducted a study on the synthesis of ZSM-5 using impure kaolin under 
various parameters resulting in different morphologies. The image of kaolin-based ZSM-5 
nanocrystals synthesized under 180  temperature for 2 days’ crystallization time and 2 days 
aging were performed in this study Figure 1(b). It can be seen clearly that the kaolin-based ZSM-
5 is obviously orthogonal shape and highly crystallized with an average crystals size of 28 nm 
indicated that there is an intergrown crystal with some amorphous material clearly observed. The 
orthogonal nanocrystals are as a result of the aggregation of their high surface Gibbs free energy 
(Wu et al., 2013). The TGA results depicted in Figure 1(c). show the stability of the synthesized 
kaolin-based ZSM-5. The graph demonstrated that water and other volatile material are removed 
from the sample at around 45 to 180   and the material became stable through the ranges of 
temperature until it is about 950°C from where phase change was noticed as it's approaching its 
a melting point which is 1000°C and above.  
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Figure 1(a). XRD pattern of standard and kaolin-based ZSM-5 zeolite and (b). SEM 
image of synthesized kaolin-based ZSM-5 zeolite (c)TGA of the synthesized kaolin-
based ZSM-5. 
 

 
Figure 2. Salinity reduction with an increase of zeolite dosage. 
 
Effect of Adsorbent Dosage. 
The effect of adsorbent dose on the adsorption of salt from seawater onto kaolin-based ZSM-5 
zeolite revealed that the seawater was desalinated and there is a reduction of salinity after 
treatment. The salinity reduction (effectiveness) rises with an increase in an adsorbent dose which 
shows that the adsorption sites are capable of absorbing more salt ions. By increasing the 
adsorbent dose, the sorption active area is adequately accessible for the adsorbate to utilize. The 
effectiveness of the adjusted ZSM-5 zeolite dosage for the desalination process is depicted in 
Figure 1. We applied different zeolite dosage of 1.0, 2.5, 4.0, and 6.0g to investigate the salinity 
reduction of seawater after treatment with the different dosage of the adsorbent. At 1.0g dose, 
the salt removal effectiveness value is 1.04 ppt which is 3.64% salt removal (SR). At ZSM-5 dose 
of 2.5, 4.0, and 6.0 g, the ES values are 3.29, 6.46, and 8.12 ppt which correspond with RS value 
of 9.40, 18.40, and 23.20%. However, It was reported by Mekonnen et al (2015) that adsorption 
of Cr(iv) onto some selected adsorbents that, adsorbent dose above the equilibrium stage does 
not ameliorate adsorption due to the accessibility of surplus adsorption sites than that of sorbent 

0

5

10

0 1 2 3 4 5 6 7

R
S	
(p
pt
)

Zeolite	dosage	(g)

(c



©NSChE 2019: Synthesis, Characterization, and Application of Kaolin-Based ZSM-5 Zeolite for Water Desalination: by 
Aliyu, Usman Mohammed, Sudesh Rathilal, and Yusuf Makarfi Isa 

 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 98	|	P a g e 	

considering that the adsorption sites per unit mass of adsorbent remain constant. They reported 
that with an increase in sorbent dosage, removal is increasing exponentially rather than linearly. 
The behavior of kaolin-based ZSM-5 presents a different tendency. This shows that the 
desalination of seawater using synthesized ZSM-5 is a function of sorbent dosage. The interaction 
of seawater-ZSM-5 reveals that desalination can be better as the sorbent dose increases. 
Therefore, it can be concluded that the behavior of sorbent is a result of sorbate-sorbent 
interaction. This implies that each sorption materials have a different characteristic reaction 
(Wibowo et al., 2017)  
 
Conclusion 
Kaolin-base ZSM-5 from South African local kaolin with specific surface area, pore size and pore 
volume of 179.9 m2/g, 49.262A and 0.05 cm3/g respectively were successfully synthesized and 
applied as sorbent material to desalinate synthetic seawater. The values of RS are found to 
increase as dosage increases 1.0, 2.5, 4.0, and 6.0 as 1.04, 3.29, 6.40, and 8.12 ppt respectively. 
whereas ES values are 3.64, 9.40, 18.40, and 23.20 % at 1.0, 2.5, 4.0, and 6.0 g. ZSM-5 zeolite 
synthesized from kaolin of South African origin has shown great prospect as low-cost sorbent 
material for desalination of synthetic seawater.  
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ABSTRACT 
The work studies the thermal stability of some biopolymers (Xanthan gum, Guar gum, Carob bean 
gum, Gum Arabic and locally sourced Carob bean gum) to ascertain their degree of stability for 
use in polymer flooding. It was done by analysing the rheology prior to thermal analysis, then the 
polymers were subjected to varying degree of temperature from 50 oC to 150 oC to ascertain their 
stability at high temperatures, after which a final rheological characterisation was done on the 
polymers. Some of the polymers showed increased stability between 80 oC to 90 oC over the 
commercial Xanthan gum with a thermal stability at 70 oC used in the industry for polymer 
flooding. 
 
Keywords: Polymer, Xanthan gum, HPAM, temperature, viscosity, LBG  
 
INTRODUCTION 
Naturally derived polymers like Xanthan gum, Guar gum and also synthetic polymers like the 
partially Hydrolyzed polyacrylamide (HPAM) have been used mostly for the purpose of increasing 
the viscosity of water while reducing the mobility of water for polymer flooding. Most synthetic 
polymers like partially hydrolyzed polyacrylamide (HPAM) and its derivatives have been used 
widely for most large-scale field application basically because it is less costly (Chang, 2011). HPAM 
is mostly used than xanthan gum because of its low-price, good solubility in water and viscous 
properties (Changhong, 2014).  
 
However, results from field applications showed that the viscosity of Polyacrylamide (PAM) 
decreased rapidly with increase in water salinity. Nevertheless, shear degradation at the wellhead 
chokes results in 25 to 50% loss in polymer viscosity (Morel et al. 2008). Also, field application 
have shown that PAM and HPAM have poor shear resistance (Martin, 1984) this is due to the fact 
that polymer molecular chain breaks invariably reducing the polymer viscosity when polymer 
solution passes through the pump, pipeline as well as perforations at high speed. Also, thermal 
degradation is another form of degradation that can affect polymers under the influence of high 
temperature, polymers tend to lose their viscosity under increasing temperature as such it can 
affect their ultimate recovery.. 
 
Another issue with the use of HPAM in produced water (back produced water) after polymer 
flooding in oil and gas industry includes difficulty in oil - water separation; the treatment of back 
produced water from polymer flooding (PWPF) is much difficult to separate than oily wastewater 
without HPAM (Zhang, 2010; Bao, 2010; Deng, 2002) because the HPAM residual component 
dissolved in water increases the viscosity of wastewater making it difficult to attain an effective 
separation (Duan, 2014). Furthermore, the HPAM in the wastewater can degrade naturally into 
toxic acrylamide monomers can endanger human and the environment.
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However, Xanthan gum, a commercial biopolymer shows excellent viscosifying ability, high 
tolerance to salinity and temperature (Guo X., 1999), Also, good shear stability and great ability 
to thicken at high salinity are major advantages of Xanthan gum over HPAM (Sun, 2012). Shear 
thinning in xanthan gum recovers rapidly once the shearing force is removed. The major 
disadvantages of this biopolymer are its high cost and difficulty in preparing uniform solutions 
such that it does not plug the pores within the reservoir. The occurrence of pore plugging can be 
avoided by using good quality water and filtration of the polymer solution before injection that is 
the use of microfilters (Chang, 1978). Micro-filtration is one method of conditioning; Enzyme 
clarification and diatomaceous earth (DE) filtration are usually implemented for treatment process 
of polymer solutions prior to flooding. Xanthan gum is a biopolymer released by the micro-
organism Xanthomonas campestris, which is manufactured commercially by the fermentation 
process. The molecular weight distribution ranges from 2 x 106 to 20 x 106 Da. (Casas, 2000). 
Xanthan gum is a heteropolysaccharide with a structure consisting of repeated pentasaccharide 
units formed by two glucose units, two mannose units, and one glucuronic. acid unit (Garcia-
Ochoa, 2000). Aqueous solutions of xanthan gum are very viscous owing to the existence of 
double helix and triple helix structure of the polymer chain with polar side chains that promote 
extensive hydrogen bonds (Chatterji, 1981). Xanthan exhibits high viscosity at a low shear force.  
 
Guar gum is derived as extracts from the seed of the guar plant (Cyamopsis tetragonolobus). 
Grinding the endosperm of the guar bean produces relatively pure guar gum. The backbone of 
the polymer is composed of mannose and galactose units as known as the "galactomannan." 
There are no ions in the polymer structure; thus, the polymer is termed "non-ionic”. Guar solutions 
have almost a constant viscosity over pH range of about 1.0-10.5. This stability is believed to be 
due to non-ionic, uncharged nature of the molecule. (Chatterji, 1981). 
 
Carob (locust) bean gum (LBG) is mainly consisting of the high molecular weight approximately 
from 50,000-3,000,000 Daltons. The polysaccharides is composed of galactomannans and is 
obtained from the endosperm of the seed of the carob (locust) tree also known as Ceratonia 
siliqua. The gum is a white to yellowish, nearly odourless powder. Carob bean gum is insoluble 
in most organic solvents for example ethanol. It is partially soluble in water at ambient 
temperature and soluble in hot water. Carob bean gum typically needs heating to above 85°C for 
complete solubility (Chatterji, 1981; Gaisford 1986; Mathur 2005). The Carob bean gum is used 
as thickeners, stabilizrs and emulsifiers in the food, pharmaceutical, cosmetic, agricultural 
industries e.t.c 
 
Gum Arabic also called Acacia Senegal, is produced as tear-drop-shaped globules exuding from 
bark wounds of Acacia trees. The viscosity of solutions of gum Arabic changes due to the presence 
of ionic charges, the gum is highly water soluble. (Glicksman, 1983). Gum Arabic solution is 
slightly acidic and it is principally used in the food and pharmaceutical industries as stabilizer, 
thickener, suspending and binding agent. 
 
In line with the principles of green chemistry which is aimed at designing safe biodegradable 
chemicals while considering the impact of the use of these chemicals on the environment by 
employing different principles including; minimizing waste production, use of hazardous materials, 
less use of non-renewable resources, reducing risks, hazards as well as costs. This work study 
the thermal stability of biopolymers: Xanthan gum, Guar gum, commercial Locust bean gum, Gum 
Arabic as well as locally sourced LBG and also the conditions under which they can function. 
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EXPERIMENTAL PROCEDURE 
The analysis was done using 1wt% of Xanthan gum and Guar gum which were obtained from 
Fufeng group, China while Locust bean gum was from Will powder, 1wt% and 8wt% of Gum 
Arabic from the Kano State, as well as Locally sourced LBG from Kaduna State, Nigeria, see Figure 
1, 2, 3, 4, 5 and 6. The polymers were hydrated in water separately for each specific temperature. 
The solutions were stirred gently to achieved homogeneity in order to avoid the formation of fish 
eye; this was then allowed to hydrate for a period of 24hrs. An initial rheological characterisation 
was done using Fann Viscometer to determine the rheology at different speeds from (600, 300, 
200, 100 6, 3) rpm.  
 

         
Figure 1: Xanthan gum                Figure 2:      Guar gum              Figure 3: Locust Bean 
gum                 (Imported) 
 

         
Figure 4: Gum Arabic                     Figure 6: Locust Bean gum 
                                                                       (Locally sourced) 
 
Thermal analysis was carried out using the Roller Oven at 26oC, 50oC, 80oC, 100oC, 130oC and 
150oC, the temperature conditions were considered to study the resistance of the polymer at 
increasing temperatures. Finally, a rheological characterisation was carried out again to determine 
the degree of stability after the effect of temperature. 
 
RESULTS AND DISCUSSION 
This study captures the thermal behaviour of imported polymers at lower and higher temperatures 
which have not really been addressed by other literature so as to understand the behaviour of 
the polymers under high temperatures. The results presented in figure 7 show that the viscosity 
of Xanthan gum’s solution was stable up to 70oC. Afterwards, there was a gradual reduction in 
the viscosity at increasing temperature, this agrees with Chang, 1978 in which he reported that 
Xanthan’s thermal stability is averagely 160oF (71oC).  
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Figure 7: Thermal stability of the imported polymers at 300rpm 
 
Guar gum was stable over a wide range of temperature, it was stable to about 80oC after which 
above 80oC, it reflected a slight drop in viscosity, the stability displayed by this gum can be 
attributed to the nature of its molecular structure (Figure 7) and also this agrees with the result 
reported by Chatterji et al. 1981 and Mathur et al. 2005 where they stated that Guar gum based 
on the nature of its molecular structure, it has about 60 to 70% solubility in cold water, hence 
when subjected to the effect of heat, its mannan chains that were initially not soluble in water at 
room temperature are made available for interaction hence the increase in viscosity. Also 
Gaisford, 1986 mentioned the heating of the gum to 80oC is needed for complete dissolution of 
the gum, it means the viscosity of the gum will increase as the temperature increase to 80oC for 
it to attain complete dissolution, its optimum viscosity is at 80oC. The viscosity loss produced by 
Xanthan is more than that produced by Guar gum, it implies that Guar gum displayed a stronger 
thermal resistance that the conventional Xanthan gum. 
 
The imported LBG showed improvement with respect to increasing temperature, as can be 
observed from figure 7, the viscosity of the solution increased tremendously with increasing 
temperature up to 90oC before it started dropping again just like the Guar gum, though, the 
similar behaviour is understood because they are both Galactomannans however, the increase in 
viscosity generated by the locust bean gum was much higher compared to the increase in viscosity 
produced by Guar gum. This agrees with Gaisford et al, 1986 and Hui and Neukom, 1964. The 
gain in viscosity can be related to analogy from literature which establishes that LGB is partially 
soluble in cold water, it has about 30% solubility, requiring solutions to be heated to at least 80°C 
for full hydration. Again, LBG has the lowest galactose content and is the least soluble among the 
other galactomannans (Fenugreek gum, Guar gum and Tara gum). The heating  of  LBG  aqueous  
dispersions  up  to  about 80 to 90°C is  necessary  to  obtain  a complete dissolution of the gum 
(Casas, 2000; Gaisford et al, 1986). 
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Figure 8: Thermal stability of the locally sourced polymer blend at 300rpm 
 
Based on figure 8, the effect of temperature on Gum Arabic using 1wt% and 8wt% resulted in 
reduction in viscosity. According to Muller 1981, the hydrolysis of a polymer solution is the 
cumulative effect of the pH and the temperature. Based on this, the loss of viscosity can be 
related to the hydrolysis of the polymer chain which is a function of the pH of Gum Arabic solution 
which was acidic ranging from pH of 4 to 5, this implies that the pH of Gum Arabic solution is 
strongly responsible for the loss in viscosity encountered. Nevertheless, the Locally sourced LBG 
(1wt%) did not show much increase in viscosity upon increasing temperature, however, the effect 
of increasing temperature on a higher concentration of LBG (8wt%) was very significant as this 
led to increase in viscosity at about 80oC (figure 8) which is synonymous to the rheological 
behaviour of the imported LBG. According to Gaisford et al., 1986 and Hui et al., 1964, LBG has 
both hot water and cold water soluble component, increasing the temp of the locust bean solution 
will dissolve the bonds that were initially not soluble in cold water, thus increasing the viscosity 
at increasing temperature. 
 
CONCLUSION 
The water soluble polymers considered in work proved to be viscous and soluble in water, it can 
be said conclusively that: 
i. All polymers are water soluble and produced significant appreciable viscosities at increasing 

concentrations. 

ii. Xanthan gum had the highest viscosity at 26oC because it showed great ability to viscosify at 
very little concentration which is an indication of its commercial value in the oil and gas 
industry especially in polymer flooding. However, Xanthan gum was stable up to 70oC. 
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iii. Guar gum showed strong thermal stability more than Xanthan gum, this is evident by its 
strong thermal stability at 80oC. 

iv. Significantly interesting is the thermal stability of the locust bean gum, LBG displayed the 
strongest thermal stability up to 90oC because at each temperature increase, it displayed a 
significant increase in thermal resistance.  

v. Gum Arabic did not give much stability at high temperatures, even at increasing concentration. 
This can be attributed to the slightly acidic nature of Gum Arabic solution. 

vi. Locally sourced LBG at higher concentration displayed a similar rheological behaviour like the 
imported LBG, its viscosity increased with increase in temperature. 

vii. Based on the results above, it implies that a blend of Xanthan gum and Guar gum or Xanthan 
gum and LBG would likely produce increasing thermal resistance. 
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ABSTRACT 
Sunflower (Tithonia diversifolia) stalk was harnessed as a precursor in preparing adsorbents for 
the removal of Pb(II) and Fe(II) from aqueous solutions. The biomass was acid activated by wet 
impregnation with phosphoric acid and carbonised at 500oC. The adsorbent was characterised 
using Fourier Transform Infra-Red Spectroscopy (FTIR), Branueur Emmet and Teller analysis 
(BET), Scanning Electron Microscopy with Energy Dispersion Spectroscopy (SEM-EDS) and X-ray 
Diffraction (XRD). The surface area of the adsorbent obtained was 325.375 m2/g. The effect of 
metal ions concentration, adsorbent dosage and contact time was studied for both Pb(II) and 
Fe(II) uptake. The best fit isotherm model for Pb(II) and Fe(II) was Langmuir and Freundlich 
Models respectively. The monolayer adsorption capacity of the adsorbent to Pb(II) and Fe(II) was 
31.55 mg/g and 35.84 mg/g respectively. The pseudo second order was the best fit kinetic model. 
The study was able to reveal that Sunflower (Tithonia diversifolia) stalk can be used to prepare 
cost effective adsorbents for water treatment. 
 
Keywords: Adsorption, Tithonia diversifolia, Heavy metals, Kinetics, Isotherm 
 
1.0 INTRODUCTION 
The treatment of polluted industrial wastewater remains an area of global concern among 
engineers and researchers since wastewater collected from municipalities, communities and 
industries must be returned to receiving waters or to the land (Salam et al., 2011). Heavy metals 
are introduced into the environment majorly through anthropogenic activities. They are 
adulterant and their toxicity is a major problem from ecological, evolutionary, nutritional and 
environmental perspectives (Jaishankar et al., 2014). Heavy metals accumulate and persist in the 
ecosystems because they  cannot be degraded or destroyed (Kano, 2015; Pinho and Ladeiro, 
2012). Industrial waste water mostly contain heavy metals like arsenic, cadmium, chromium, 
iron, copper, lead, nickel, and zinc which could have adverse effect on human health (Jaishankar 
et al., 2014). 
 
Various methods have been implemented in the treatment of wastewater among which are: 
chemical precipitation, solvent extraction, ion exchange, electrolytic techniques, coagulation, 
sedimentation, filtration, membrane process and adsorption techniques (Balcıoğlu and Ötker, 
2003; Kano, 2015). Adsorption is a widely used technique for wastewater treatment and activated 
carbon is a commonly used adsorbent for the process, The usefulness of this method  lies in the 
benefits of cleaner, easy controlled process, more efficient and cost-effective  technology 
(Cherdchoo et al., 2019). Agricultural lignocellulosic based adsorbents have also been gaining 
worldwide attention as a result of their characteristics which includes renewability, 
biodegradability, environmentally friendliness, low cost and availability (Ling Pua et al., 2013). In 
recent times, activated carbons with very high surface area, high porosity, and high adsorptive 
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capacity have been obtained by chemical activation method which have been extensively used 
for the removal of pollutants (Üner et al., 2015; Yahya et al., 2015). 
 
Many studies have been carried out to utilise agricultural by-products as adsorbent material in 
wastewater treatment: peanut husk (Salam et al., 2011), rice husk (Hegazi, 2013), Delonix regia 
(Babalola, 2018), Amaranthus hybridus  (African  spinach) stalk (Egila et al., 2011), Carica  papaya  
(pawpaw) (Egila et al., 2011), groundnut shell (Isah and Yusuf, 2012), tea leaves and pumpkin 
seeds (Francis, 2015), orange peel (Geremew, 2017), almond shell (Largitte et al., 2016), mango 
peel (Garcinia mangostana) (Foo and Hameed, 2012), bamboo (Awoyale et al., 2013), coconut 
shell (Achaw, 2012; Babarinde and Onyiaocha, 2016), cassava peel and waste bamboo 
(Omotosho and Amori, 2016), physic nut seed hull (Yakub et al., 2013), dates stone (Alhamed, 
2006), guava seeds (Largitte et al., 2016), coffee (Rattanapan et al., 2017), sugarcane bagasse 
(Geremew, 2017), watermelon rind (Üner et al., 2015), fox nut(Kumar and Jena, 2016) and a 
host of others. The aim of this study is to evaluate the removal of Pb2+ and Fe2+ from wastewater 
by treating with a cost-effective adsorbent prepared from Tithonia diversifolia. 
 
2.0 MATERIALS AND METHOD 
 
2.1 Preparation Of Adsorbent 
Sun flower stalk (Tithonia diversifolia) was sourced from within the premises of the university of 
Ilorin, Kwara State, Nigeria. The stalks were rinsed with tap water and distilled water to remove 
dirt and dust and sundried for 24 h to reduce the moisture content prior to oven drying. It was 
then oven dried at 105 oC  until no weight loss was observed (Bello and Ahmad, 2011). The dried 
biomass was pulverized with a ball milling machine and sieved to 100 µm size (Odubiyi et al., 
2012). H3PO4 was used for chemical activation with impregnation ratio of 1:2 acid-biomass. The 
mixture was stirred continuously using magnetic hot plate stirrer at ambient temperature for 1 
hour and left to age for 24 h. The mixture was filtered and dried in the oven at 110oC for 24 h. 
The sample was taken to a muffle furnace and heated at 500 oC for 1 h to produce activated 
carbon. Finally, the powdered sample was washed with 0.5 M of KOH and distilled water to 
remove residual acids until washing solution become neutral. The samples were then dried 
overnight at 100 oC and cool to room temperature to obtain H3PO4 activated carbon (Krishna, 
2014). The samples was grinded with mortar and pestle and sieved to obtain maximum  particle 
size of 100 µm (Krishna, 2014). 
 
2.2 Adsorbent Characterisation 
FTIR spectrometer used to identify the functional groups responsible for the heavy metals uptake 
and bonding present on the surface of the adsorbents. The scan range was set to 650-4000 cm-

1. The sample was placed on the sample holder and the sample was scanned to obtain the 
spectrum. BET analysis was employed to determine the surface area, pore size and pore volume 
of the adsorbent. The surface properties of the soot sample were done using Multipoint BET 
surface area and DR (Dubinin-Radushkevic) method for the pore volume and width (diameter) 
respectively. SEM was used for morphological structure such as size and shape of the adsorbent. 
The sample stub was placed on a charge reduction sample holder and introduced into the column 
of the SEM machine. On the SEM machine, it was viewed from a NavCam before being sent to 
SEM mode. Different magnifications were obtained after adjustment of brightness and contrast. 
XRD was employed to investigate the physical properties of the adsorbent as it relates to the 
crystallinity of the material. The XRD was operated with Cu Kα emission (ƛ = 1.54105 Ǻ, 45 kV, 
40 mA per sec). 
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2.3  Batch Adsorption Experiments 
The experiments were performed using 50 ml of synthetic wastewater (pH 6.4) at 30°C and 150 
rpm for maximum of 180 mins. The choice of Pb(II) and Fe(II) for the experiments was based 
on an earlier characterisation of a real paint industry wastewater which highlighted the high levels 
of those metals. All adsorption experiments were performed in 250 ml conical flasks with 50 ml 
of wastewater, varying any one of the parameters and keeping the other parameters constant. 
The parameters studied were adsorbent dosage (1 – 6 g/l), initial Pb(II) and Fe(II) concentration 
(25 – 150 mg/L), contact time (30 – 180 minutes). The equilibrium isotherm experiments were 
done at 30 oC, initial metal concentration (Ci) was 25 – 150 mg/L and contact time of 60 minutes. 
The adsorbent dosage was 5 g/L. For the kinetic studies, the temperature was set at 30 oC, initial 
metal concentration (Ci) was set at 100 mg/L and dosage of 5 g/L and contact time was varied 
from 30-180 mins. 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Adsorbent Characterisation 
 
3.1.1 FTIR 
Figure 1 revealed that activated carbon from Tithonia diversifolia shows a weak N-H stretch of 
3652.8 cm-1 which is assigned to amines group, it also shows a strong band of C-H stretch of 
alkanes and alkyls at 2918.5 cm-1  which is similar to what was obtained by Cherdchoo et al. 
(2019). The band at 3123.5 cm-1 indicates weak medium =C-H stretch of alkenes group. The 
band at 2750.8 cm-1, 3123.5 cm-1, 2918.5 cm-1 are assigned to strong broad O–H stretching of 
hydroxyl groups from carboxylic acid (Kumar and Jena, 2016). 2344.5 cm-1 indicates amino group 
(Cherdchoo et al., 2019). The bands at 805 cm-1 is assigned to strong C-H bend of  aromatics 
compound group (Kumar and Jena, 2016).  The band region between 900 and 1300 cm-1 depicts 
the characteristic of phosphorous and phosphorous carbonaceous compounds present in the 
phosphoric acid activated carbon (Kumar and Jena, 2016). N-H and O-H groups have been shown 
to be important functional groups for the sorption of heavy metals (Farhan et al., 2012) and 
especially Pb(II) (Fauzia et al., 2018). 
 

 
Figure 1. FTIR spectra of Tithonia diversifolia activated carbon 
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3.1.2 BET 
The specific surface area of the Tithonia diversifolia AC was 325.375 m2/g based on the Branueur-
Emmett-Teller (BET) standard method which was higher when  compared with peanut shell (Al-
Othman et al., 2012), mixed waste tea and coffee ground (Cherdchoo et al., 2019). The total 
pore volume obtained was 0.136 cc/g. The  pore size width obtained was 5.749 nm suggesting a 
mesoporous structure (Cherdchoo et al., 2019). The prepared activated carbon has well-
developed pores which can be attributed to the activation with H3PO4 during carbonisation of the 
adsorbent at 500oC, H3PO4  also act as dehydrating agents that inhibit the formation of tar as well 
as volatile substances during the process, which enhance the yield from the process (Kumar and 
Jena, 2016). 
Table 1. BET analysis of Tithonia diversifolia activated carbon 

 
3.1.3 SEM-EDS 
Figure 2 showed small pieces and pores, this is due to the fact that during carbonisation, organic 
materials were volatilized from the biomass leading to the formation of many pores which led to 
higher BET surface area. The higher surface area can also be due to the interaction of H3PO4 
during impregnation. Tithonia diversifolia (sunflower) activated carbon contained 59.43% carbon, 
27.24% oxygen, 2.04% nitrogen, 10.01% phosphorous and others as shown in Figure 3. SEM 
image shows rough surface, some clouded white substances on the morphological surface of the 
sample and agglutinative flakes of Tithonia diversifolia, this suggests that the adsorbent has 
heterogeneous surface which makes it very suitable for use as an adsorbent. 

s  
Figure 2. SEM image of Tithonia diversifolia activated carbon (a) ×1,500 (b) ×1,000 
 

Surface area (m2/g) Pore volume (cc/g) Pore size distribution 
(nm) 

325.375 0.136 5.749 

a)	 b)	
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Figure 3. EDS plot of Tithonia diversifolia activated carbon 
 
3.1.4 XRD 
Figure 4 shows a clear pattern of the characteristic peaks for Fe3O4 at 18.32˚, 30.14˚, 35.48˚, 
37.19˚, 43.12˚, 53.47˚, 57.01˚, 62.61˚, 71.11˚, and 74.08˚ confirming the presence of traces 
of magnetite of spinel group (Datta et al., 2017). It also shows a clear pattern of the characteristic 
peaks for MgCO3 at 32.41˚ and 46.50˚ confirming the presence of traces of magnesite of the 
spinel group. In summary, the presence of the sharp peaks reveals that the adsorbent is 
crystalline. 

   
Figure 4. XRD spectra for Tithonia diversifolia activated carbon 
 
Parametric studies 
 
3.2.1 Effect of Initial concentration 
The effect of different initial concentrations of Fe(II) and Pb(II) was investigated. It was observed 
that there was a decrease of adsorption of Pb(II) and Fe(II) with an increase in concentrations of 
Pb(II) and Fe(II) in the study. Adsorption efficiency decreased as metal ion concentrations 
increased which depicts saturation at the adsorbent surface site. The ratio of surface active sites 
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to total amount of metal ions was higher in lower metal ion concentrations compared with higher 
metal ions. Rate of metal ion adsorption decreases when approaching equilibrium. 

 
Figure 5. Effect of initial concentration on Pb(II) and Fe(II) Adsorption onto 
Tithonia diversifolia activated carbon 
 
3.2.2 Effect of Adsorbent Dosage 
Different adsorbent doses (0.05–0.3 g/50 mL) on adsorption of Pb(II) and Fe(II) were analysed 
at a constant initial concentration of Pb(II) and Fe(II) solution (100 mg/L) under fixed 
parameters: pH = 6.4 and contact time 60 minutes. The percentage removal of Fe(II) and Pb(II) 
increased from 88.28 % to 98.04 % and 96.25 % to 99.38 % as shown in Figure 6. This showed 
that as adsorbent dose increased more surface area was available which exposed more active 
sites for binding metal ions.  

 
Figure 6. Effect of adsorbent dosage on Pb(II) and Fe(II) adsorption onto Tithonia 
diversifolia activated carbon 
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3.2.3 Effect of Contact Time 
The effect of contact time on the adsorption of Fe(II) and Pb(II) was investigated. 93% of Fe(II) 
and 98.2% of Pb(II) was adsorbed at equilibrium, though the percentage removal increased from 
90.15% to 95.28 and 96.78% to 99.2% between 30-180mins for Fe(II) and Pb(II) respectively. 
It can be seen from Figure 7 that  the adsorption rate  increased  rapidly because the adsorption 
sites are readily available on the adsorbent but adsorption approaches equilibrium as the sites 
becomes saturated after 60 and 120 minutes for Pb(II) and Fe(II) respectively (Odubiyi et al., 
2012; Tao et al., 2015). 

 
Figure 7. Effect of Contact Time on Pb(II) and Fe(II) Adsorption onto Tithonia 
diversifolia activated carbon 
 
3.2.4 Equilibrium Isotherm 
Adsorption isotherms are criteria used in optimizing the use of adsorbents as they describe the 
nature of interaction between adsorbate and adsorbent. Langmuir, Freundlich and Temkin were 
used to study the adsorption of Pb(II) and Fe(II) under the conditions of (5 g/l dosage, 100 mg/L 
initial metal concentration, pH = 6.4, t = 60 mins. The three models were in support of the study 
but Langmuir model fitted better than Freundlich and Temkin model except for the adsorption of 
Fe(II) on TD-AC which gives R2 of 0.995 and n of 1.8822 for Freundlich model. The main 
characteristic of Langmuir equation is a dimensionless constant called equilibrium parameter (RL). 
The results obtained revealed 0.1113 for Fe(II)  and 0.00619  for Pb(II)  RL values,  which 
indicates a favourable condition and optimum adsorption (Albadarin et al., 2014; Cherdchoo et 
al., 2019). The maximum adsorption capacity was 31.55 mg/g for Pb(II) and 35.84 mg/g for 
Fe(II) while the maximum correlation coefficient is 0.9911 for Fe(II)   and 0.9983 for Pb(II). 
 
3.2.5 Adsorption Kinetics 
The adsorption kinetics depends greatly on the physical and or chemical characteristics of the 
adsorbent and on the mass transfer process. The experimental data of adsorption of Pb(II) and 
Fe(II) onto the adsorbent at different time intervals were examined with pseudo-first-order and 
pseudo second-order models, using the plots of Log (qe− qt) against t and t/qt versus t, 
respectively. The Pseudo second order gave a higher coefficient of determination >0.99, which 
implies that the basic adsorption is chemisorption involving sharing of electrons between the 
adsorbate and surface of the adsorbent. There is also a close range between qe exp and qe calc 
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which suggested that the adsorption of Pb(II) and Fe(II) was consistent with pseudo second 
order kinetic model. 
 
Table 2. Adsorption isotherm data for Tithonia diversifolia activated carbon 
Model Parameter Metal ion 

  Pb(II) Fe(II) 

Langmuir qmax (mg/g) 31.55 35.84 
 B 0.6058 0.3195 
 RL 0.0062 0.1113 
 R2 0.9921 0.9691 
Freundlich KF (L/mg) 16.49 8.7478 
 N 2.402 1.8822 
 1/n 0.4164 0.5313 
 R2 0.9635 0.995 
Temkin α (L/mg) 5.88 4.28 
 β (kJ/mol) 6.9765 1.1043 
 R2 0.9478 0.7865 

 
 
Table 3. Adsorption kinetic data for Tithonia diversifolia activated carbon 
Model Parameters Metal ion 
  Pb(II) Fe(II) 

 qm, exp (mg/g) 19.83 19.05 
Pseudo first order k1 (min-1) 0.0341 0.0191 
 qe, calc (mg/g) 2.9 0.7619 
 R2 0.9593 0.9701 
Pseudo second 
order 

k2 (g/mg.min) 0.0529 0.0261 

 qe, calc (mg/g) 19.92 19.31 
 R2 1.000 1.000 

 
4.0 CONCLUSION 
Sunflower (Tithonia diversifolia) stalk was harnessed as a precursor in preparing adsorbents for 
the removal of Pb(II) and Fe(II) from aqueous solutions. The biomass was acid activated by wet 
impregnation with phosphoric acid and carbonised at 500oC. Transform Infra-Red Spectroscopy 
(FTIR) revealed the presence of several key functional groups needed for the adsorption of heavy 
metals such as N-H and O-H groups. Branueur Emmet and Teller analysis (BET) revealed that the 
adsorbent was mesoporous with and has a surface area of 325.375 m2/g. Scanning Electron 
Microscopy with Energy Dispersion Spectroscopy (SEM-EDS) revealed that the adsorbent has a 
highly heterogeneous surface which is favourable for adsorption. X-ray Diffraction (XRD) revealed 
that the adsorbent is crystalline. The effect of pollutant concentration, adsorbent dosage and 
contact time was studied for both Pb(II) and Fe(II) uptake. The best fit isotherm model for Pb(II) 
and Fe(II) was Langmuir and Freundlich Models respectively. The monolayer adsorption capacity 
of the adsorbent to Pb(II) and Fe(II) was 31.55 mg/g and 35.84 mg/g respectively. The pseudo 
second order was the best fit kinetic model. The study was able to reveal that Sunflower (Tithonia 
diversifolia) stalk can be used to prepare cost effective adsorbents for water treatment. 
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ABSTRACT  
A study of the kinetics of petroleum refinery wastewater biodegradation in an activated sludge 
process was carried out in a 25 L volume bio-reactor, operated for a time range of 2-10 hours 
hydraulic retention. Substrate utilization and microbial growth rate was monitored at various 
hydraulic retention time which shows corresponding increase in microbial growth and coliform 
count with substrate utilization. Analysis of the results obtained using the Monod and the modified 
Monod kinetic model gave the following bio-kinetic parameters for petroleum refinery wastewater 
bio-degradation in an activated sludge process: Maximum Substrate Utilization Rate= 4.4 day-1, 
Half Saturation Constant=275 mg/L, Yield Coefficient=0.5083 mgVSS/mg BOD and Endogenous 
Decay Constant=0.003 day-1. 
 
1.0 Introduction 
The ever-increasing world population and industrial development have led to the introduction of 
different types of chemical substances to the environment, leading to considerable deterioration 
in environmental quality (Taghreed and Muftah, 2018). Petroleum refinery generates enormous 
wastewater that requires effective treatment before discharge into the environment. A typical 
petroleum refinery generates wastewater 0.4-1.6 times the volume of crude oil processed (Coelho 
et al., 2006) which is potentially harmful to man and the environment if not well treated before 
discharge. According to Qin et al. (2007) biological treatment of petroleum refinery wastewater 
by an activated sludge process is viable, as it is generally the most economical method for 
reducing both wastewater toxicity and dissolved organic constituents, although the process is 
faced with challenges in terms of performance. Previously, activated sludge process designs were 
not based on kinetic data but recently, a more rational solution for the design of activated sludge 
process has been under studies. Process modeling of the activated sludge process as it is currently 
conceived requires experimental assessment of kinetic and stoichiometry coefficients, these 
coefficients vary for different wastewater (Tchobanoglous et al., 2003).  
 
Previously Ambreen et al. (2013) used a laboratory-scale reactor to obtain the following kinetic 
coefficients for diary wastewater: maximum specific growth rate (	μ ) =4.46 day-1, saturation 
constant (Ks) =534 mg/l, yield coefficient (Y) =0.714 mgVSS/mg sCOD and decay coefficient (Kd) 
=0.038. Similarly Haydar and Aziz (2009) used a laboratory scale completely mixed continuous 
flow reactor to generate the following kinetic data for tannery wastewater: maximum substrate 
utilization rate, half velocity constant, cell yield coefficient and decay coefficient of 3.125 day-1, 
488 mg/L, 0.64 and 0.035 day-1, respectively.  
 
For petroleum refinery wastewater, Carlos et al. (2013) reported rate constant (k) values of 0.055 
and 0.059 L mg−1 VSS day−1, with and without biomass recirculation, respectively for the removal 
of organic matter in petroleum refinery wastewater treatment in ASP. Fazel (2016) treated a 
simulated petroleum refinery wastewater in an aerobic film bioreactor integrated with a UV 
reactor and obtained saturation constant (KB) and maximum utilization rate (Umax) of 110.67 
g/Lday and 90.90 g/Lday respectively. 
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In the present work actual petroleum refinery wastewater was treated in ASP to obtain maximum 
substrate utilization rate, half saturation constant, yield coefficient and Endogenous decay 
constant. The determinations of these kinetic parameters are helpful in understanding the kinetics 
of substrate utilization, sludge production and design of activated sludge process for wastewater 
treatment (Haydar and Aziz, 2009).  
 
Mechanism and Kinetics of Activated Sludge Process 
The mechanism of the activated sludge process is such that microorganism takes in oxygen and 
feed on the organic materials in the wastewater which enables reproduction of more 
microorganisms. According to Tchobanoglous et al. (2003), reaction (1), (2) and (3) represent 
the biochemical reaction in the activated sludge process which involves bacterial cell respiration 
and synthesis using organic pollutants as substrate. Reaction (3), the endogenous respiration 
stage is the last phase in the process; it takes place when new cells begin to consume their own 
cell tissue to obtain energy for their cells maintenance and simultaneously release carbon dioxide, 
water.  
 
Oxidation (Catabolism) 
 

O 	
	

……………………… .………… . 1  
 
Synthesis (Anabolism) 

O 	
	
	 	 O……………… . . 2  

Endogenous Respiration (Endogenous metabolism) 
 

	
	
	 ……………… .…(3) 

 
Generally substrate utilization and cell growth rate in an activated sludge process can be related 
as described by Sperling (2007) in Equations 4 to 16. 
  

	 …………………… .…………………………………………………… .… .…… . . … . . 4  

 
Where = rate of substrate concentration change due to utilization, S=substrate concentration, 
k=maximum specific substrate utilization rate, X=biomass (microorganism) concentration,	  = 
half saturation coefficient. The bacteria growth rate is dependent on the rate at which the 
substrate is utilized; making the bacterial growth rate maximum at maximum substrate utilization 
rate. 
 

	 …………………………………………………… . . . ………………… . . …… .…… .… . 5  
 
Where, μ maximum	specific	growth	rate,		Y is the yield coefficient. 
 
Therefore, 
           	

…………………………………… . . ……………………………… .……………… .… .… . 6  
 
The rate of substrate utilization can be further expressed as: 
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μ
…………………… .…………………………………… . . …………… . . …… .… . . 7  

 
The specific growth rate is related to substrate utilization rate as follows: 

μ ………………………………………………………… .……………………………… . . … . 8  
 
Therefore,       	μ
μ ……………………… .……………………………… .… .…………………… . . . . . . . 9  
 
Equation (9) is the Monod kinetic model which relates the microbial growth with the substrate 
concentration. Considering microbial death rate,  . 
 
		 ………………………………… .……………… .…………… .… . . …… . . …… . . 10  
 
Where	 =endogenous decay coefficient, the endogenous decay coefficient accounts for the loss 
in cell mass. Growth rate of biomass is proportional to the substrate utilization rate by the 
synthesis yield coefficient, and biomass decay is proportional biomass present (Sperling, 2007). 
Net rate of growth can be obtained as follows: 
 

	………………………………… .……………… .……… . . …… . . . . 11  
 
Therefore equation (9) becomes: 

	μ
…………………………………………………………… . . . . … . 12  

 
Or as 		 …………………… . . . ………………………………… . . … . . …… .… . 13  
 
Specific biomass growth rate,		μ ………………………………………… . . …… .… . . … .… . 14  
 
The corresponding expression for the net specific growth rate is written as: 
 

	μ 	μ 	………………… .…… .………………………………………… . . … 15  

 
Or in terms of  as 

	 

μ ……………………………………………… .…… . . . …………………… .… . 16  

 
Equations (4), (9), (10) and (15) are useful equations to obtain the following kinetic coefficients 
data: k,	 ,	  and Y, which can be used in the prediction of the rate of substrate utilizations and 
biomass growth rate in an activated sludge process (Haydar and Aziz, 2009). Understanding of 
the dynamic nature of substrate utilization and microbial growth rate in ASP is essential, as it can 
be used as diagnostics tool to improve process performance.  
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2.0 Methodology 
Petroleum refinery wastewater sample was collected from the wastewater treatment plant of 
Kaduna Refining and Petrochemical Company (KRPC) Kaduna. The study was carried out in a 25 
L activated sludge process reactor shown in Figure 1. The reactor was seeded with 2 L sludge 
obtained from the bio-filter unit of KRPC wastewater treatment plant. An air compressor was used 
to supply air at a rate of 10 L/min into the reactor for aeration and to maintain intimate contact 
between the influent wastewater and the microbes. The process was operated at a hydraulic 
retention time (HRT) of 2,4,6,8 and 10 Hrs, at the end of each HRT, effluent was taken for BOD, 
biomass growth and coliform count analysis using the America Public Health Association (APHA) 
Standard Method for the Examination of Water (APHA, 2017). 
 

 
Figure 1:  Activated Sludge Bio-reactor 

Equations (4) and (16) were linearized to obtain Equation (17) and (18) as shown in Table 1, 
which were plotted to arrive at the kinetic coefficients (Haydar and Aziz (2009) and Ambreen et 
al. (2013)). 
 

								 …………………………………………………………………… . . …………. (17) 
									 ………………………………………………………………..……...… (18)     

 
Where X is mass of microorganisms, S is mass of organic matter used as food by the 
microorganisms (BOD), and Y is the cell yield coefficient, which is the ratio of the mass of cells 
formed to the mass of substrate consumed.  represents the proportion of the total mass of 
microorganisms that self-degrades (endogenous respiration) per unit time, K is the maximum rate 
of substrate utilization per unit mass of microorganisms, and Ks is the half saturation constant, 
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which is the substrate concentration at one half of the maximum growth rate, mass per unit 
volume. 
 
Table 1: Monod and modified Monod Kinetics  

 
S/N 

 
Rate 

Expression 

 
Kinetics 

 
Integrated Form 

 
Plot 

1  Monod 
Kinetics 

1 1
 Plot of   versus 

 
2 

Y  
 

Modified 
Monod 

1
 

 

Plot of  versus 
 

 

 
3. Results and Discussion 
 
3.1. Cell growth and substrate utilizations 
Figure 2 shows that cell growth rate is proportional to the cell concentration X with gradual 
utilization of the substrate. Bacteria growth count also shows in Figure 1 that there is a steady 
increase in bacteria growth from 1.1×105 to 6.4×105 cfu after 10 hours of aeration. 
 

 
Figure 2: Cell Growth and Substrate Utilization 

 
Figure 3 is the Food-to-Microorganism Ratio (F/M) obtained at various HRT; this indicates how 
much food is available at a particular time for microorganism to consume. An appropriate F/M 
ratio is necessary to obtain proper performance from the activated sludge process.  
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Figure 3: Food-to-Micro-organism ratio 

 
The highest value of 9.0 was obtained at the start of the process when the food (BOD) was very 
high but it gradually reduces as treatment progresses and more food has been used up for 
metabolism by the microorganism.  
 
3.2. Determination of bio-kinetic coefficients  
Figure 4 and 5 is the plots of the linearized Monod and modified Monod equations in Table 1 
which were used to determine the bio-kinetic coefficients for petroleum refinery wastewater bio-
degradation in the activated sludge process. Using the Line-Weaver approach, a linear regression 
line is fitted to the plotted data. The intercept on the y-axis and the slope of this line is used to 
find K and . From the linearized Equation 17 and Figure 4, K = 4.4 day-1, Ks =275 mg/L. 

 
Figure 4: Determination of K and  
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Figure 5: Determination of  and Y 
 
Figure 5 is the plot of the linearized form of the modified Monod equation which was used to 
obtain  and Y. A plot of 1/θ against (So-S)/Xθ, gives an intercept which represents	 , while 
the slope represents Y. Therefore, an Endogenous Decay Constant ( ) and Yield Coefficient (Y) 
of 0.0028 and 0.5083 respectively were obtained for this study as seen in Figure 5 
 
Kinetic parameters vary for different industrial wastewater based on the nature of raw materials 
processed and the nature of wastewater effluent. Table 2 shows a fit of the obtained kinetic 
coefficients in Equation (4), (5), (9), (10) and (15) for substrate utilization rate, maximum 
bacterial growth rate, bacterial growth rate, microbial death rate and net biomass production rate 
respectively. 
 
Table 2: Parameters for Substrate Utilizations and Biomass Growth Prediction 

 Parameter Equation Predictive Equation 

1 Substrate utilization 
rate 					  		

4.4
275

 

2 Maximum bacterial 
growth rate 

μ =k  			 =4.4×0.5083= 2.236 

3 Bacterial growth rate μ μ  μ 2.236
275

 

4 Microbial death rate  0.003  

5 Net biomass 
production rate 													  		 0.5083

4.4
275

0.003  

 
Table 3 presents the summary of kinetic parameters of petroleum wastewater treatment in 
activated sludge process obtained in this work and previous works. 
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Table 3: Obtained Kinetic Coefficients and Previous Works 
S/

N 

 
Author 

 
Wastewa

ter 

K 
(day-1) 

 
 (mg/l) 

Y 
mgVSS/mg 

sCOD 

 
(day-1) 

1 This work  PRWW 4.4 275 0.5083 0.003 
2 Ambreen et 

al.(2013 

Dairy 4.46 534 0.714 0.038 

3 Mardani et al. 
(2011). 

Municipal 0.95-
0.98 

52-71 0.48-0.8 0.0189-
0.026 

6 Haydar and Aziz 
(2009) 

Tannery 3.125 488 0.64 
mgVSS/mgBOD 

0.035 

 
3.3 Kinetic parameters obtained and their significance 
 
3.3.1 Maximum Rate of Substrate Utilisation (K)  
K is the maximum rate of substrate utilization per unit mass of microorganisms. K value of 4.4 
was obtained for petroleum refinery wastewater treatment in a pilot scale activated sludge 
process. Although there is no previously reported K value for petroleum refinery wastewater 
treatment in an activated sludge process, a value of 0.216 was reported for fertilizer industry 
wastewater by Gupta and Sharma (1996). A higher value of 3.125 was obtained by Haydar and 
Aziz (2009) for tannery wastewater. Ambreen et al. (2013) obtained a close value of 4.46 for 
diary wastewater. K value affects the volume of the reactor in a biological system. The greater 
the value of k, the smaller will be the size of the reactor (Benefield and Randall, 1980).  
 
3.3.2 Half Saturation Constant ( ) 
Half Saturation Constant which is  in the Monod Model and analogues to the Half Velocity 
Constant (Vmax) in the Michealis-Menten Model.  is the substrate concentration at which 
specific substrate utilization rate is half of maximum substrate utilization rate. In this work 	was 
obtained to be 275. A large value of  shows that the maximum specific yield of bacteria occurs 
at high substrate concentration in the case of dairy industry and other industrial wastewaters 
(Ambreen et al., 2013). 
  

 is one of the coefficients that are normally determined, yet it has no direct application in the 
process design, the only significance of  is more of a theoretical nature and gives an idea about 
change in specific growth rate of bacteria with a change in the concentration of growth limiting 
substrate (Benefield and Randall, 1980). In view of the above it may be said that the change in 
specific growth rate of bacteria with a change in the concentration of growth limiting substrate 
for petroleum refinery wastewater treatment in an activated sludge system is 275. 
 
3.3.3 Biomass Yield (Y) 
Yield Coefficient or Biomass Yield is the mass of cells produced per unit of substrate utilized which 
may be measured as mgVSS/mgCOD, it may also be described as how biomass is produced 
against substrate utilized. A value of 0.5083 was obtained for this work as shown in Figure 4.19. 
Yield coefficient of 0.714 mg VSS/mg sBOD was reported by Ambreen et al. (2013). Typically 
yield coefficient ranges from 0.4-0.8 (Sperling, 2007). Haydar and Aziz (2009) reported 0.64 for 
tannery wastewater treatment in activated sludge process, none was found reported for 
petroleum refinery wastewater.  
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The significance of Y in process design is that it gives an estimate of the sludge produced as a 
result of wastewater treatment. The greater the value of Y, the greater will be the amount of 
sludge, and the size of sludge handling facility. Preliminary cost estimates for sludge handling can 
be found out once the size is known (Ambreen et al., 2013). 
 
3.3.4 Endogenous Decay Coefficient ( ) 

 Endogenous decay coefficient is the fraction of the cells oxidized by endogenous respiration 
per unit of time. An endogenous decay coefficient of 0.003 was obtained in this study. The range 
of  generally for wastewater treatment is 0.06-0.100 (Sperling, 2007). Haydar and Aziz (2009) 
reported a value of 0.035 for tannery wastewater while Ambreen et al (2013) also reported 
another close value of 0.038 for diary industry wastewater. High value of  is an indication of 
high bacterial decay rate. 
  

 has a reasonable significance in the design of activated sludge process as it is used in the 
evaluation of net sludge production in activated sludge process. According to Benefield and 
Randall (1980), it can be used to fine-tune the size of sludge handling facilities resulting in some 
economic benefits in the cost reduction. 
 
4.0 Conclusion 
Petroleum refinery wastewater biodegradation in an activated sludge process gave the following 
kinetic coefficients: Maximum substrate utilization rate= 4.4 mgBOD per mgVSS per day, half 
saturation constant= 275 mgBOD per liter, yield coefficient= 0.5083 mgVSS/mgBOD5 and 
endogenous decay constant=0.003 day-1. These kinetic coefficients are useful as predictive and 
diagnostic tool for further design and control of activated sludge process for optimal process 
performance. 
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ABSTRACT 
MIL-53(Fe)/Cow bone char composite, prepared via the sol-gel method was used for the removal 
of chromium from real tannery effluent having an initial concentration of 40mg/L. The 
characteristics of MIL-53(Fe)/Cow bone char were studied using X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), thermo gravimetric analysis (TGA) Boehm titration and 
scanning electron microscopy (SEM-EDX). Adsorption capacity of MIL-53(Fe)/Cow bone char 
composite for chromium was 19.61mg/g with a removal efficiency of 87.8% at an optimal bed 
height of 2.4cm (2.0g) for MIL-53(Fe)/Cow bone char composite, time of 2 minutes and 
pHpzc=5.4.The kinetic studies showed that the adsorption data were fitted well to the pseudo 
second-order model with high correlation coefficient R2=0.9911. Furthermore, the adsorption 
isotherm equilibrium studies confirmed that the Langmuir model best described the adsorption 
process of chromium onto MIL-53(Fe)/Cow bone char composite. A result from analysis of data 
with Dubinin–Radushkevich and Temkin isotherms showed that adsorption of chromium onto 
MIL-53(Fe)/Cow bone char composite is physical in nature.  
 
Introduction 
Wastewater discharge from industrial sectors such as agriculture, textile, tanneries, pulp and 
paper contribute largely to environmental pollution when untreated. Some of which contain heavy 
metals like cadmium and chromium that are toxic, mutagenic, carcinogenic and cause hormonal 
disorder to human life. Tannery waste is generated in huge amount during the tanning process 
by leather industries all over the world (Mohammed et al., 2017). The used and non-useable 
hides and skins along with the excess chemicals and water used in the process constitute solid 
and liquid wastes in the tannery (Mohammed et al., 2017), which when untreated affect streams, 
groundwater, land and sewers in which they are discharged. Important pollutants associated with 
the tanning industry include chlorides, tannins, chromium, sulphate, sulphides and increasing use 
of synthetic chemicals such as pesticides, dyes and finishing agents.  
 
Several adsorbents have been investigated including zeolite, cow bone, activated carbon, banana 
peel, sugarcane bagasse, rice husk, palm kernel shell, coconut shell etc. Modern technology 
employs the use of composites that have extraordinary combination of properties (Araoye, 2015). 
One of the materials used are the metal organic framework (MOFs) with carbon-based materials. 
Recently, metal of organic framework materials (MOFs) with high porosity and high surface area 
have gained application in adsorption, membrane separation, sensing, catalysis and proton 
conduction, owing to their water stable structure (Wang et al., 2016). They have adjustable 
surface properties, and have more abundant and controllable porous structures compared to 
conventional porous materials such as zeolite, silica and activated carbon (Jiao et al., 2017).  
 
Cow bones used in this research constitutes a waste of natural resources especially in developing 
countries. Cow bones which are obtainable from slaughtered cows in abattoirs are readily 
available in Nigeria and are usually burnt or sold to feed mill for the production of animal feeds.
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 Cow bone char consists mainly of 57–80% tricalcium phosphate,6–10% calcium carbonate and 
7–10% carbon (Fawell, 2006).  
 
The use of MIL-53(Fe)/cow bone char composite for the removal of chromium in tannery 
wastewater through the process of adsorption has not been harnessed and thus, will be used in 
this present study.  
 
Materials and Methods 

 
Materials and Instruments 

 
All chemical reagents, namely: Iron (III) chloride hexahydrate (FeCl3.6H2O). Terephthalic acid 
(H2BDC) N,N’-Dimethylformamide (DMF, 99.8%), Ethylene glycol and Sodium hydroxide were of 
analytical grade (≥98%). Cattle bones were collected at Zango abattoir, Zaria, Nigeria.  Deionized 
water was obtained from the PTDF Laboratory, Department of Chemical Engineering Ahmadu 
Bello University, Zaria. The tannery wastewater wascollected from the Nigerian Institute of 
Leather and Science Technology (NILEST), Zaria, Nigeria.  
 
Synthesis of MIL-53(Fe) 
MIL-53(Fe) powder was prepared via a modified previously reported method (Dan et al., 2017; 
Oladipo, 2018). A mixture of Iron (III) chloride hexahydrate (FeCl3.6H2O) (1.35g), 1,4-
benzenedicarboxylic acid (H2BDC) (0.83g), and N,N’-Dimethylformamide (DMF) (112 ml) were 
mixed and stirred at room temperature using a magnetic stirrer until it became clear, then the 
reaction mixture was transferred into a 100ml Teflon-lined stainless steel autoclave and heated 
at 180°C for 10h. After the heat treatment, the autoclave was allowed to cool to room 
temperature and the resultant suspension was filtered and the orange MIL-53(Fe) powder residue 
was washed with 200ml deionized water and allowed to dry at 1500C in the oven overnight in 
order to remove the DMF in the pores. The resulting sample was stored at room temperature in 
a covered glass container until the time of study. The functional groups, surface morphology, 
crystal structure and surface area were determined using FTIR spectrophotometer, SEM, XRD 
and BET respectively for the as-prepared MIL-53(Fe). 

 
Preparation of bone char 
Cow bone char was prepared via a previously reported method (Patel et al., 2015). Cattle bones 
collected at Zango abattoir, Zaria, Nigeria were parboiled with NaOH, washed thoroughly with 
water several times, dried at 1000C for 1h. The dried bones were carbonized at a temperature of 
5000C for a residence time of 1h resulting into bone char. The bone char was further ground to 
powder using a ceramic mortar and pestle followed by sieving to a particle size of 75µm with an 
electric sieve shaker. 

 
Synthesis of MIL-53(Fe)/Cow bone char composite 
The composite was prepared via a previously reported method (Oladipo, 2018). 4.2g of the as-
prepared MIL-53(Fe) was suspended into 100 ml ethylene glycol in a flask and stirred for 1h. And 
then, 3.2 g of cow bone powder was added to the above suspension, followed by continuous 
stirring with heat for 190mins at 1000C for solvent evaporation. The resulting solid was washed 
severally with 160ml deionized water and 40ml ethanol and decanted with a suction pump and 
sinter glass. It was further dried in the oven at 800C for 5h and finally calcined at 5000C for 1h 
and cooled, sieved and stored in desiccator. 



©NSChE 2019: MIL-53(Fe)/Cow Bone Char Composite For Chromium Removal From Tannery Wastewater: by Ajayi O. 
A., Nanbyen S. and Oladipo A.A 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 129	|	P a g e 	

Treatment of tannery wastewater by fixed-bed system 
The dynamic sorption studies were carried out in a plastic column of 1.2cm in diameter and 7.5cm 
in length. Different masses of 0.5g, 1.25g and 2.0g of composite was packed into the column, 
achieving a bed height of 0.6cm, 1.5cm and 2.4cm respectively. The tannery wastewater with an 
initial concentration of 40mg/L was allowed to pass over the adsorbent bed at   different times 
of 2mins to 16mins. The initial and final chromium concentration in the effluent samples was 
determined by atomic absorption spectroscopy (SHIMADZU, Model-AA6800 AAS).The amount of 
heavy metal adsorbed (qt) at any given time (t) and at equilibrium (qe) can be expressed as 
equations 1 and 2 respectively (Chowdhury et al., 2013; Agoyi et al., 2015). 
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While the percentage of heavy metal adsorbed is expressed as equation 3: 
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Where: 
C0 is the initial chromium concentration (mg/L) 
Ct is the chromium concentration at time t (mg/L) 
Ce is the molar equilibrium concentration of the solute remaining after adsorption (mg/L) 
M is the mass of the adsorbent (g) 
V is the volume of solution used (L) 
 
Column desorption of MIL-53(Fe)/cow bone char composite and regeneration 
studies 
Desorption studies were performed with MIL-53(Fe)/cow bone char composite that was saturated 
with tannery wastewater of pre-determined chromium concentrations. The flow rate was adjusted 
to 5ml/min at a bed height of 2.4cm. After the column had reached exhaustion, the exhausted 
MIL-53(Fe)/cow bone char composite was regenerated using 0.05M NaOH. After elution, the bed 
was washed with distilled water until the pH stabilised close to neutral (7.0). Three cycles of 
sorption-desorption-regeneration were carried out to evaluate the MIL-53(Fe)/cow bone char 
composite capacity. The chromium removal percentage was determined in each cycle. 
 
Results and Discussion 

 
Physicochemical characteristics of tannery wastewater 
From Table 1, the total suspended solids concentration in the sample tannery wastewater was 
5920mg/l which classifies it as strong wastewater. Hence tannery industrial waste cannot be 
discharged into the environment. Similarly, total dissolved solid concentration was 7160mg/l 
indicating that the tannery wastewater contain soluble solids as well as floating solids. The result 
of Table 1 shows a COD and BOD concentration of 1600mg/l and 170mg/l respectively. This is 
due to the use of inorganic chemicals that are oxygen demand in nature. The pH of wastewater 
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is the strength of acidity or alkalinity of the wastewater, which is the measure ofhydrogen ion 
concentration in the wastewater (Oke et al., 2006). 

 
Table 1: Physicochemical Parameters of Tannery Wastewater 

S/N Parameter Unit Result 
1 pH - 6.8 
2 Dissolved Oxygen (DO) mg/l 210 
3 Biological Oxygen Demand mg/l 170 
4 Total Dissolved Solids mg/l 7160 
5 Total Suspended Solids mg/l 5920 
6 Chemical Oxygen Demand mg/l 1600 
7 Total Chromium Concentration mg/l 40 
8 Electrical Conductance µmhos/cm 190 
9 Color Hazen Unit 1200 
 

Characterization of samples 
Figure 1 presents the XRD pattern of the synthesized MIL-53(Fe), the diffraction lines appeared 
at 2θ of 8.9 (101), 11.2, 14.5, 17.5 (002), 23.5 (302), were identical to those reported for 
standard MIL-53(Fe) (Araya et al., 2017; Oladipo, 2018) and no other lines were observed 
indicating that the pure crystalline phase of MIL-53(Fe) was synthesized. The XRD pattern of 
bone char is consistent with the standard crystalline hydroxyapatite and distinct diffraction peaks 
were observed at the 2θ of 26.3°, 28.2°, 32.1°, 37.9°, 43.2°, 47.8°, 49.4°, 50.4° and 62° which 
is agrees with the JCPDS card no: 82-1943. The XRD pattern of the MIL-53 (Fe)/char exhibits the 
coexistence of both MIL-53 (Fe) and bone char phases, no any impurity peaks detected, and thus 
indicated the high purity of the composite. While the characteristic diffraction peaks of MIL-53(Fe) 
reduced in intensity in the composite with no shift, the retained bone char peaks became more 
crystalline in nature in the composite and the structure of MIL-53(Fe) remain unchanged after 
the deposition of CBC (Hu et al., 2017). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        Figure 1: XRD patterns for samples 
 

The morphology and spectra of elemental analysis of cow bone char, MIL-53(Fe) and MIL-
53(Fe)/cow bone char composite are reported in Figure 2. The micrograph for cow bone char 
clearly shows that the sample had undergone significant structural changes due to the thermal 
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treatment at 5000C which indicates that the thermal treatment creates more pores on the surface 
and increases the surface area (Mendoza-Castillo et al., 2014). Cow bone char exhibits a distinct 
morphology from the MIL-53 (Fe). As seen, the cow bone char is characterized by a highly dense 
continuous fibrous-like structure with crunchy textural surface and its chemical composition 
includes the presence of carbon, oxygen, phosphorus, and calcium, which are the main 
components of hydroxyapatite (Mendoza-Castillo et al., 2014) with minor traces of sodium, iron 
and magnesium. These results are consistent with the results of X-ray diffraction (see Figure 1). 

 
 

Figu 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: SEM-EDX images for samples 
 
In contrast, the MIL-53 (Fe) morphology is homogeneous and characterized by well-defined 
smooth surface and pronounced polyhedron-like crystalline structure and its chemical composition 
include the presence of Iron (Fe), carbon and oxygen as depicted on the physicochemical 
characteristic for the sample in Table 2 as reported by Oladipo et al. 2017). 
 
The surface of the MIL-53(Fe)/cow bone char is relatively smooth with heterogeneous meso and 
micro-pores and thick cuticle-like edges because of hetero-junctions of the pores of cow bone 
char onto the MIL-53(Fe) structure and the thermal treatment of the composite, which increased 
the porosity of the structure. Its chemical composition includes the presence of carbon, oxygen, 
phosphorus, calcium from the hydroxyapatite structure of cow bone char and Iron with minor 
traces of sodium, iron and magnesium. 
 
The FTIR spectra are shown in Figs. 3, 4 and 5 respectively. For the MIL-53(Fe), a broad vibration 
at around 3480 cm-1was attributed to the stretching vibrations of the O–H of water molecules 
adsorbed on the surface. The asymmetric (γas C-O)and symmetric (γs C-O) stretching of carboxyl 
group could be described by the appearance of sharp vibrations at 1525 cm-1 and 1380 cm-1 

respectively indicating the presence of dicarboxylate linkers within the framework (Oladipo, 
2018). The carbonyl groups (C=O) of the carboxylate ligand (COO) were visible at 1696 cm-1, 
whereas a very sharp peak at 750 and 696 cm-1 corresponds to the Csp2-H (C=C-H) bending 
vibrations, which belong to the benzene rings of carboxylates. The characteristic coordination 
bonds between Fe3+ cations and -OOC-C6H4-COO- carboxylate anions were observed at a very 
low wave number of 545 cm-1 which implies the existence of a Fe-oxo-bond present in the MIL-
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53(Fe) structure that exists between the carboxylic group of terephthalic acid linker and the 
inorganic iron(III) metal (Zhang et al., 2016; Oladipo, 2018). The MIL-53(Fe) spectrum clearly 
exhibited the characteristic absorption peaks and thus confirms the formation of MIL-53(Fe) 
structure (Oladipo, 2018). 
 
For the cow bone char, the C-O stretching vibrations at 1453 with a shoulder at 1421cm-1 has 
been assigned to CO32- group indicating that CO32- is present (Patel et al., 2015). The bands at 
1041 and 962 cm-1 has been assigned to the P-O stretching vibrations of PO43- group. The bands 
at 600, 561 and 475cm-1 corresponds to PO43- bending vibrations (Patel et al., 2015).  
 
The intensity of the characteristic absorption peaks of MIL-53 (Fe) were decreased, the peak at 
1380 cm-1 become narrower and the Fe-O band was widened at 545cm-1 (Oladipo, 2018). The 
bands at 1026 and 963 cm-1 is seen to also appear which is assigned to the P-O stretching 
vibrations of PO43- group from the hydroxyapatite structure of the bone char. The broad vibration 
from the MIL-53(Fe) is seen to disappear in the spectra of the composite as a result of sintering 
at 5000C and thus, becoming broader.  
 

 
Figure 3: FTIR for MIL-53(Fe) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: FTIR for Cow bone char 
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Figure 5: FTIR for MIL-53(Fe)/Cow bone char composite 

 
Analysis of samples 
Table 2 shows the results for ultimate and proximate analysis of all samples as well as specific 
surface area and pore parameters of the samples. The prepared cow bone char has a high surface 
area of 108.2m2 g−1compared to that of MIL-53(Fe) with 69.5m2 g−1, while the composite 
recorded 125.6m2 g−1. In terms of pore size, the synthesized MIL-53(Fe) has a higher value of 
13.9nm compared to that of cow bone char of 8.94nm which explains the network structure of 
MIL-53(Fe) as highly flexible and opens up its pores to guest host (breathing effect), though 
having a small surface area compared to other metals (Janiak and Jana, 2010; Oladipo, 2018). 
And on introduction of cow bone char to the composite structure, there was a reduction in the 
pore size to 11.2nm. The results obtained  
 
The results obtained confirm that the composite have mesoporous structures suitable for the 
entrapment of the reactive species, chromium and subsequent enhancement of the adsorption 
process reactive species, chromium and subsequent enhancement of the adsorption process 
(Oladipo, 2018). The elemental analysis indicates the presence of P2O5 higher in cow bone char 
than in the MIL-53(Fe)/cow bone char composite having 38.66% and 22.78% respectively with 
an absence in MIL-53(Fe) structure. This result is depicted on the SEM-EDX analysis of the 
samples. The percentage content of Iron (Fe) is seen to be higher in MIL-53(Fe) with 8.16% and 
MIL-53(Fe)/bone char composite with 8.23% compared to bone char having 0.07% of Fe. 
 
Table 2: Properties of Samples 
Property Cowbone char  MIL-53(Fe) MIL-

53(Fe)/Char 
Total surface area (m2 g−1) 108.2 69.5 125.6 
Pore size (nm) 8.94 13.9  11.2 
Total pore volume (cm3 g−1) 0.589 0.789 0.981 
Micropore volume (cm3 g−1) 0.237 0.396 0.325 
Density (g cm−3) 0.69 0.89 1.12 
Carbon content (%) 13 15.3 22.4 
pHpzc (zero point charge) 6.7 4.5 5.4 
P2O5 (%) 38.66  22.78 
N2 (%) 0.89  0.32 
Fe (%) 0.07 8.16 8.23 
Ca (%) 26.55  11.89 
Mg (%) 0.67  0.23 
SO4 (%) 0.89  0.23 
S(%) 0.38  0.004 
Cation exchange capacity (meq g−1) 7.5 4.56 6.56 
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Adsorption column studies 
 
Effect of time of collection 
The contact time was determined for different flow rates of 5ml/min and 15ml/min as shown in 
Figures 9 and 10.  The percentage removal of chromium increased up to 4 minutes having a 
maximum removal at 87.9% and 80.94% respectively following a reduction up to 14 minutes and 
there after no further changes was observed. 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 9: Chromium removal with time (5ml/min) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Chromium removal with time (15ml/min) 
 
Effect of flow rate on breakthrough curve 
The breakthrough curve in Figure 11 showed that at lower flow rate of 5ml/min, the surface of 
the composite was readily available for adsorption and more molecules were adsorbed as there 
was sufficient contact time with chromium molecules. Thus, having a higher adsorption 
percentage as well as a shallow adsorption zone and   breakthrough and exhaustion were not 
quickly reached. While at higher flow rate, there was an increase in rate of mass transfer, shorter 
contact time and a steeper curve with relatively early breakthrough and exhaustion time which 
resulted in less adsorption uptake was observed.  The observations drawn is in agreement with 
those reported by (Ghribi and Chlendi, 2011; Chowdhury et al., 2013; 2015; Dutta and Basu, 
2014). 
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Figure 11: Breakthrough curve for chromium removal 
 
Effect of bed height on chromium adsorption 
Figure 12 shows the effect of bed height on chromium adsorption obtained for three different 
bed depths of 0.6cm, 1.5cm and 2.4cm at 5ml/min with an inlet concentration of 40mg/L. A 
higher uptake was observed at a higher bed height of 2.4cm, as more adsorbate was passed 
down the bed, the adsorbent bed became saturated at which there was a reduction in the 
individual bed efficiency to about 58%. This observation is in agreement with those reported by 
(Ghribi and Chlendi, 2011; Chowdhury et al., 2013; 2015).  
 

 
 
Figure 12: Bed height effect on adsorption of chromium 
 
Equilibrium adsorption isotherm study 
Tables 3 and 4, the determination of coefficients (R2) of the linear form of Langmuir model turned 
out to be satisfactory having an R2> 0.9893 and 0.9933 respectively at a bed height of 2.4cm.  
Also, the maximum monolayer adsorption capacity of 19.61mg/g was found at this same bed 
height of 2.4cm compared to other bed heights which indicate uniform monolayer coverage. 
RLvalues determined were found to be in the range 0<RL<1 which explains that the chromium 
ions is favorably adsorbed and the values of the equilibrium constant KL were lower than unity 
which quantitatively reflects the strong affinity between the chromium ions and the MIL-
53(Fe)/cow bone char composite.  
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KF was determined to be 13.5515mg/g, 6.63461mg/g and 4.8759mg/g which explains the random 
distribution of cow bone char between the crystallites of MIL-53(Fe) which may introduce 
heterogeneity onto the surface (Ghanizadeh et al., 2012) and a favorable sorption capacity.  
 
From the Temkin plot, the heat of adsorption of chromium ions onto the composite was seen to 
be higher at 0.6cm and reduced at 1.5cm with a slight increase at 2.4cm for both flow rates 
indicating an exothermic process. Also, the b values are lower than 80kJ/mol which indicates that 
the adsorption of chromium ions onto MIL-53(Fe)/cow bone char composite is a physical 
adsorption process and consistent with FTIR analysis.  
 
The mean energy of adsorption for chromium onto MIL-53(Fe)/cow bone char composite were 
all below 8kJ/mol withR2values all at 0.9 and demonstrates that the adsorption of chromium onto 
MIL-53(Fe)/cow bone char is physisorption and plays an important role.  
 
Table 3: Isotherm parameters for chromium adsorption onto MIL-53(Fe)/CBC 
composite 
Isotherm Kinetic 

Parameters, 
0.6cm, 5ml/min 

Kinetic Parameters, 
1.5cm, 5ml/min 

Kinetic Parameters, 
2.4cm, 5ml/min 

Langmuir Qm=4.2753mg/g 
KL=0.087L/mg 
RL= 0.22273 
R2=0.9579 
 

Qm=8.326mg/g 
KL=0.170L/mg 
RL= 0.12807 
R2=0.9850 
 

Qm=19.61mg/g 
KL=0.368L/mg 
RL=0.06361 
R2=0.9893 

Freundlich KF=13.5515 
1/n=1.20 
n=0.830 
R2=0.9696 

KF=6.63461 
1/n=0.62 
n=1.596 
R2=0.9735 

KF=4.8759mg/g 
1/n=0.35 
n=2.824 
R2= 0.9608 

Temkin AT=49.9198L/g 
bT=196.586 
B=12.603J/mol R2= 
0.9942 

AT=75.8987L/g 
bT=275.601 
B=8.9897J/mol R2= 
0.9896 

AT=174.354L/g 
bT=246.206 
B=10.063J/mol  
R2= 0.978 

Dubinin-
Radushkevich 

β=0.00004 
Qm=5.5384mg/g 
E=111.8J/mol 
R2=0.9056 

β=0.00001 
Qm=10.4093mg/g 
E=223.6J/mol 
R2=0.8805 

β=0.000002 
Qm=14.0202mg/g 
E=500J/mol 
R2=0.8019 

 
Kinetics of adsorption 
Three kinetic models were employed to describe the sorption rates for chromium and obtained 
results are presented in Table 5.   
 
The equilibrium adsorption of chromium onto MIL-53(Fe)/cow bone char composite could be best 
described with the pseudo-second order kinetic model judging by the R2 values depicted in Table 
5. 
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Table 4: Isotherm parameters for chromium adsorption onto MIL-53(Fe)/CBC 
composite 
Isotherm Kinetic Parameters, 

0.6cm, 15ml/min 
Kinetic 
Parameters, 
1.5cm, 15ml/min 

Kinetic Parameters, 
2.4cm, 15ml/min 

Langmuir Qm=3.88048mg/g 
KL=0.074L/mg 
RL= 0.25306 
R2=0.9767 

Qm=6.21891mg/g 
KL=0.116L/mg 
RL= 0.17683 
R2=0.9811 

Qm=17.67mg/g 
KL=0.259L/mg 
RL= 0.08792 
R2=0.9933 

Freundlich KF=17.374mg/g 
1/n=1.37 
n=0.726 
R2=0.9829 

KF=9.053mg/g 
1/n=0.88 
n=1.135 
R2=0.9782 

KF=6.857mg/g 
1/n=0.46 
n=2.183 
R2= 0.9818 

Temkin AT=47.7674L/g 
bT=182.55 
B=13.572J/mol R2= 
0.9969 

AT=58.1506L/g 
bT=226.345 
B=10.946J/mol R2= 
0.9937 

AT=110.757L/g 
bT=201.691 
B=12.284J/mol  
R2= 0.9910 

Dubinin-
Radushkevich 

β=0.00006 
Qm=4.8105mg/g 
E=91.2871J/mol 
R2=0.9446 

β=0.00002 
Qm=7.87505mg/g 
E=158.114J/mol 
R2=0.9133 

β=0.000005 
Qm=12.59mg/g 
E=316.228J/mol 
R2=0.9011 

 
Table 5: Kinetic model parameters for chromium adsorption onto MIL- 53(Fe)/CBC 
composite. 
Model Kinetic parameters 
Lagergren Pseudo First-order k1 (min-1)= 0.2096 

q1 (mg/g)=14.047 
R2=0.963 

Pseudo second-order k2 (gmg-1min-1)=0.04304 
q2 (mg/g)=12.3762 
R2=0.9911 

Intraparticle diffusion kad(mgg-1min-1(1/2)=3.0312 
Ci(mg/g)=26.353 
R2=0.9503 

 
Conclusions 
In the present work, MIL-53(Fe)/Cow bone charcoal composite, was successfully prepared via 
the sol-gel method and was tested for the removal of chromium from real tannery effluent. The 
adsorption process was found to be efficient below the pHpzc of 5.4. The kinetic studies showed 
that the adsorption data were fitted well to the pseudo second-order model with high correlation 
coefficient R2=0.9911. The adsorption isotherm equilibrium studies confirmed that the Langmuir 
model best described the adsorption process of chromium onto MIL-53(Fe)/Cow bone char 
composite. Adsorption capacity of MIL-53(Fe)/Cow bone char composite for chromium was 
19.61mg/g with a removal efficiency of 87.8% at an optimal bed height of 2.4cm (2.0g) for MIL-
53(Fe)/Cow bone char composite. A result from analysis of data with Dubinin–Radushkevich and 
Temkin isotherms showed that adsorption of chromium onto MIL-53(Fe)/Cow bone char 
composite is physical in nature.  
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ABSTRACT 
Crude oil spill remediation in the rivers, seas and oceans of exploration zones is on major issue 
of concern. The cost implication of clean up processes using synthetic adsorbent is on high side 
alongside the negative impact on the environment. Chitosan, a biopolymer was prepared from 
prawns’ shells waste sourced from the Atlantic Ocean The chitosan was characterized using FTIR, 
XRD, AAS and proximate analysis and was used to remove crude oil spill from simulated crude oil 
contaminated water using batch adsorption. The chitosan yield was 20.33%. Degree of 
deacetylation using C/N ratio and FTIR peaks were 85.70% and 86.27% respectively. Design 
Expert 6.06 was used to design the adsorption experiment. Model was significant with R2 value 
of 0.8488 and ANOVA model result of P>F value of <0.0001. Maximum adsorption capacity of 
18.34 g g−1 which shows that the synthesized chitosan is a good adsorbent for crude oil spill. 
 
Keywords: Chitosan; Batch studies, Adsorption isotherms; Adsorption kinetics, Design Expert. 
 
1.0 Introduction 
Oil pollution among many others is one of the most serious environmental problems in oil 
exploration regions and its becoming increasingly inevitable. The transportation of crude oil and 
its derivatives usually cause their spillage on water bodies and the contaminated water produces 
undesirable taste and odour which affect its consumption and environment. It becomes important 
to ensure that water sources must be well protected and necessary actions should be taken to 
remove these pollutants to ensure balance in the environment (Abdul et al., 2012: Abdulwadud 
et al., 2013: Aisien et al., 2003: Aisien et al., 2006). 
 
Crude oil tends to form insoluble layers with water as a result of its hydrophobicity, which can be 
easily separated from seawater by gravity and skimming. Much more difficulties are experienced 
when there is oil-water emulsion due to mixing. Report has shown that spraying of expanded 
graphite and chalk, in-situ burning of oil with wicks, use of chemical dispersant, mechanical 
skimming, gelling, sinking and absorbing, disposing of oil with detergent, application of 
mechanical floating barriers, booms or skims, use of polymeric foams and other sorbents, and 
enhanced biodegradation are some methods used in remediation of such contamination 
(Abdulwadud et al., 2013: Amita and Suresh., 2011). However, these materials, over time are 
limited in biodegradability, efficiency, usage, cost and regeneration.  
 
Bio-sorption, a biological method of environmental control using biomass for adsorption 
separation process can be an alternative to conventional adsorbents for removal of crude oil spill 
from water surface. Natural biopolymers are industrially attractive because of their capability to 
float and adsorb liquid to their pore spaces. Biopolymers are used for this bio-adsorption process 
because they are cheap and are widely available engineering materials that can be converted to 
useful materials from there raw state (Aisien et al., 2003: Sun et al., 2002: Sun et al., 2003).
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Raw rice husk has been used for oil removal in simulated contaminated water with sorption 
capacity of about 5g/g adsorbent (Yang et al., 2005).  Thermally treated rice husk silica at 700 
oC has also been used for crude oil sorption (Kudaybergenov et al., 2012) with sorption capacity 
of 15.2g/g of adsorbent. 
  
Chitosan, which occurs naturally in the environment in large quantities and only second in 
abundance to cellulose, has been used for adsorption purposes. It has an amine functional group 
which is strongly reactive with metal ions for crude oil adsorption (Annunciado et al., 2005). 
Acetylated rice husk was used by Nwankwere et al., 2012 to carry out crude oil sorption studies 
with sorption capacity of 10.31g/g of adsorbent. The work of Sewvandi and Adikary., 2010 has 
the uptake of metal ions. 
 
In this present research work, the effect of contact time, chitosan dosage and oil water ratio have 
been investigated under simulated contamination with Design Expert software to optimize the 
process and obtain a model equation for the adsorption. 
 
2.0 Materials and methods 
 
2.1 Adsorbent preparation 
Common estuarine prawn shells as locally called (Hastatus spp) were sourced as waste from 
fishermen at River Nun, Atlantic Ocean of Bayelsa state, Nigeria. The shells obtained were washed 
thoroughly with distilled water and dried in an oven to constant weight at a temperature of 350C 
for an hour. The dried shells were size- reduced to 75µm. The demineralization of the biomass 
involved treating the shells with 1M HCl (1:10 w/v) at ambient temperature (approximately 280C) 
for 6 hours after which it was washed in the acid until no bubbles were seen and no colour change 
was observed. This was followed by thorough washing with distilled water to completely remove 
all traces of hydrochloric acid. Deproteinization was done to remove protein and sugar in the 
sample thus isolating the crude chitin attached to the demineralized samples by treating it with 1 
M sodium hydroxide solution at solute to solvent ratio of 1:10 (w/v) for 16 hours in 250 ml conical 
flasks at ambient temperature (28	 . Washing with distilled water to pH of 7.3 removed all 
traces of sodium hydroxide. Chitin from this step was treated in 25 M of Sodium hydroxide (NaOH) 
solution of 1:10 (w/v) for 20 hours at a temperature of 115	  and atmospheric pressure using a 
Bunsen burner in order to further leach out the undissolved proteins and remove the acetyl groups 
from the chitin. 
 
The extracted chitosan samples were washed thoroughly with distilled water to pH of 7.4, filtered 
and then dried to constant weight using an oven at 35	  for an hour. 
 
2.2 Chitosan Characterization 
Chitosan surface morphology were obtained using SEM machine for Phenom TM Pro X. Chitosan 
was inserted into Quorium (Q15OR ES) where it was coated with a thin layer of gold operated at 
voltage of 10kV. Chitosan crystallinity was measured using X-ray diffraction (XRD) on a Rigaku 
MiniFlex II X-ray diffractometer using Cu Kα radiation. The anode was operated at 40 kV and 40 
mA. X-Ray. The catalysts were scanned in continuous mode at wavelength Kalpha1=1.540562, 
Kalpha2=1.544390 and Kbeta=1.3922182 from 0o-75o at scanning speed of 12°/min°. 
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2.3 Batch adsorption experiment 
Batch biosorption experiments were conducted to investigate the influence of physiochemical 
parameters such as contact time, oil-water initial concentration ratio and adsorbent dosage using 
Design Expert 6.06. For adsorption process, 0.25 grams of chitosan was put into a beaker 
containing the calculated 0.25% v/v oil/water ratio for five minutes. It was agitated under these 
designed conditions keeping the pH of the medium at 2.0 (acidic) of the medium and agitating 
the mixture for 200 r.p.m using mechanical shaker for each runs. The same procedure was 
repeated for several designed conditions of chitosan dosages, time and adsorbate concentration. 
The mixture was poured into a sieve and allowed to drain to get the new weight of the added 
adsorbent. The best adsorbent and adsorbate concentration which happen to be the optimized 
dosage was used to carry out these tests at different time intervals which followed the same 
adsorption process. 
 
The oil sorption capacity (OSC) of the sorbents was determined by Equation 1. 
The OSC of the sorbents were obtained with the formula. 
                   	 	

	
                                                                (1) 

 
2.3 Isotherm and kinetic studies 
 
Theory 
The amount of oil adsorbed into the adsorbent is designated by q in g/g of the adsorbent and 
given by the formula 
 

 (                                                                                      (2) 
 
Where  and  (g/mL) are the concentration of oil at initial and equilibrium respectively, W is 
the weight of the adsorbent used in grams and V is the volume of the solution in litres 
 
Langmuir adsorption isotherm  
Langmuir is the simplest type of theoretical isotherms. Langmuir adsorption isotherm describes 
quantitatively the formation of a monolayer of adsorbate on the outer surface of the adsorbent, 
and after that no further adsorption takes place. Therefore, the Langmuir represents the 
equilibrium distribution of adsorbate between the solid and liquid phases (Tsai et al., 2001; Dada 
et al., 2012). 
 
The Langmuir isotherm assume that the ability of molecule to bind and adsorb is independent of 
whether or not neighbouring sites are occupied. This means that there will be no interactions 
between adjacent molecules on the surface and immobile adsorption. It also infers that trans-
migration of the adsorbate in the plane of the surface is prevented. Langmuir adsorption is 
represented in Equation 
  

                                                                                                      (3) 
 
where Ce= equilibrium concentration qe= the amount of adsorbate adsorbed for unit mass. 
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The plot of   against  will help determine qm and b are related to standard monolayer 
adsorption capacity and the Langmuir constant, respectively. 
 
A dimensionless separation factor or equilibrium parameter, RL was proposed by (Hall et al., 
1966), as an essential feature of the Langmuir Isotherm to predict favourability of adsorption 
which is defined in Equation 4 as: 
  

                                                                                                                            (4) 
 
Co= reference fluid-phase concentration of adsorbate (mg/l) (initial adsorbate concentration)  
b= Langmuir constant (ml/mg) 
 
Freundlich adsorption isotherm 
Freundlich isotherm is commonly used to describe the adsorption characteristics for the 
heterogeneous surface. It represents an initial surface adsorption followed by a condensation 
effect resulting from strong adsorbent-adsorbate interaction. Freundlich isotherm curves is in the 
opposite way of Langmuir isotherm and is exponential in form. The heat of adsorption, in many 
instances, decreases in magnitude with increasing extent of adsorption. This decline in heat is 
logarithmic implying that the adsorption sites are distributed exponentially with respect to 
adsorption energy. This isotherm does not indicate an adsorption limit when coverage is sufficient 
to fill a monolayer (Dada et al., 2012). It is given by Equation 5. 
 
log 	                                                                                                  (5) 
 

= Freundlich constant related to maximum adsorption capacity (mg/g). It is a temperature-
dependent constant.  
 
n= Freundlich constant related to surface heterogeneity (dimensionless). It gives an indication of 
how favourable the adsorption processes.  
 
Temkin adsorption isotherm  
Temkin isotherm contains a factor that explicitly takes into the account of adsorbent –adsorbate 
interactions. By ignoring the extremely low and large value of concentrations, the model assumes 
that heat of adsorption (function of temperature) of all molecules in the layer would decrease 
linearly rather than logarithmic with coverage (Temkin and Pyzhev., 1940; Dada et al., 2012). Its 
equation is given as: 
 

	                                                                                                   (6) 
 
Where KT =Temkin isotherm equilibrium binding constant (L/g) 
bT = Temkin isotherm constant R= universal gas constant (8.314J/mol/K) 
T= Temperature at 298K. B = 	is constant related to heat of sorption (J/mol) 
 
Pseudo-first-order kinetics 
The linear form of pseudo-first-order equation is given by Equation 7 
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log
.

                                                                                             (7) 
 
Where, qe and qt are the amounts of adsorbate adsorbed g/g at equilibrium time and at any 
instant of time, t respectively, and k1l min−1is the rate constant of the pseudo first-order 
adsorption operation (Qiu et al., 2009).  
 
Second order-kinetic model 
The second order-kinetic model is shown in Equation 8; it is often used for chemical reaction in 
kinetics and chemical reaction engineering, but can also be applied for adsorption processes (Qiu 
et al., 2009). 
 

                                                                                                                 (8) 
 
Pseudo-second-order kinetics 
Pseudo-first-order kinetics differs from a true first order equation in two ways: (i) the parameter 
k1(qe− qt) does not represent the number of available sites, and (ii) the parameter log (qe) is an 
adjustable parameter and often found not to be equal to the intercept of the plot of log (qe− qt)) 
versus t, whereas in a true first order log qe should be equal to the intercept (Qiu et al., 2009). 
In such cases, applicability of the second order kinetics should be tested with the rate equation 
given by Equation 9. 
 

                                                                                                                   (9)                        
 
Elovich model 
Elovich model is applicable for chemisorption processes. The equation is often valid for adsorption 
surface that is heterogeneous. Equation 10. 
 

	                                                                                                      (10) 
 
Where a is the initial adsorption rate (mg/gmin) and b is related to the extent of surface coverage 
and the activation energy for chemisorption (g/mg). A plot of qt against Int gives a straight line 
with a slope of 	  and an intercept of 	 In(ab) with correlation coefficients (Qiu et al., 2009).  
 
3.0 Results and discussion 
 
3.1 Characteristics of adsorbent 
 
The AAS elemental composition is as given in Table 1. 
 
Table 1: Elemental analysis of materials 
  

Materials Ca mg/g Fe mg/g Nitrogen % Carbon% 

Shrimps  18.7427 0.9413 11.9 20.54 
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Chitosan 1.3339 1.7200 2.81 15.14 
Carbon and nitrogen percentage of chitosan as shown Table 1 are 15.14% and 2.81% 
respectively. Isa et al., 2012 reported similar carbon and nitrogen value of 13.32% and 2.29% 
respectively where chitosan was produced from mussel shell. The differences may be due to the 
extent or degree of deacetylation and specie of shrimps. The demineralization of chitosan in terms 
of calcium removal was effective of about 92.88%. 
 

Figure 1: FTIR spectroscopy analysis Chitosan  
 
Figure 1 shows the wide band of –NH2 at 3423.76 cm–1 corresponded to N-H stretching vibrations 
of free amino groups. Likewise, the band observed at 2921.29 cm–1 corresponded to CH stretching 
vibrations. The band at 1072.46 cm–1 is as a result of stretching of primary hydroxyl groups of 
tertiary O-H stretching. The band at 1632.80 cm–1 corresponded C=O stretch of the carbonyl 
group, a structural feature of chitosan and the occurrence of deacetylation. This functional group 
attracts anionic ions such as OH−to bind and bridge. Due to this reason, oil has more affinity to 
be adsorbed on the surface of chitosan flakes. Electrostatic forces of attraction are created 
between this positive charge on chitosan surface and the negative charge of fatty acids in oils 
(Suresh and Amita, 2012).  
 
The XRD pattern of the produced chitosan is as shown in Figure 2 which exhibited sharp diffraction 
peaks at 2θ = 10º, 20º and 28º . Bangyekan et al., 2006 and Isa et al., 2012 reported that these 
are the two typical identities and characteristic peaks of semi-crystalline chitosan.  
 
The SEM micrograph of produced chitosan in Plate 1 has smooth close-fitting surface morphology 
with minimum residues. Isa et al., (2012) gave similar report of chitosan showing prominent 
sheath-like layers. This could probably be as result of deacetylation of the chitin which removes 
some bonding agents and exposing more sheaths in the chitosan. 
 
3.2 Effects of influencing parameters 
The adsorption capacities were calculated for each batch of experimental runs as given by Design 
Expert 6.06 software and presented in Table 2. 
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Figure 2: XRD Pattern of Chitosan Extracted From Shrimp Shells 
 

 
Plate 1: SEM image of Chitosan 
 
The ANOVA Table 3 indicated that the model was significant due to the P>F value of <0.0001. 
Significant model terms were A and C due to their P>F value of <0.0001 respectively. Being 
significant means the model will fit into experimental data.	
	
 
 
	
	

+	
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Table 2: Chitosan Adsorption Experimental Runs 

Run 
 

Chitosan 
Dosage 
(g) 

Contact 
Time(mins) 

Oil/Water  
%v/v 

Oil Sorption 
Capacity  g/g 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 

   1.13 
 1.13 
 1.13 
 2.00 
 1.13 
 1.13 
 0.25 
 1.13 
 1.13 
 2.00 
 1.13 
 0.25 
 2.60 
 1.13 
 0.25 
 2.00 
 1.13 
 0.25 
 2.00 
 0.35 

   32.50 
 32.50 
 32.50 
 5.00 
 78.75 
 32.50 
 60.00 
 32.50 
 32.50 
 5.00 
 32.50 
 5.00 
 32.50 
 32.50 
 5.00 
 60.00 
 13.75 
 60.00 
 60.00 
 32.50 

 0.14 
 0.14 
 0.14 
 0.02 
 0.14 
 0.14 
 0.02 
 0.14 
 0.33 
 0.25 
 0.14 
 0.25 
 0.14 
 0.06 
 0.02 
 0.25 
 0.14 
 0.25 
 0.02 
 0.14 

 9.31 
 9.29 
 9.31 
 1.425 
 9.32 
 9.31 
 11.4 
 9.3 
 9.32 
 6.715 
 9.31 
 23.08 
 4.2 
 4.54 
 11.4 
 8.175 
 9.13 
 23.9 
 1.425 
 13.17 
 

 
Table 3: ANOVA response for square root 2FI model to identify the significant 
contributing factors.  
Source  Sum of 

Squares 
DF Mean Square F Value Prob>F 

Model 
 A 
 B 
 C 
 Residual 
Lack of Fit 
Pure Error 
Cor Total 

13.48 
9.29 
0.012 
4.18 
2.40 
2.40 
9.408E-006 
15.88 

3 
1 
1 
1 
16 
11 
5 
19 

4.49 
9.29 
0.012 
4.18 
0.15 
0.22 
1.882E-006 
 

29.94 
61.91 
0.080 
27.84 
 
1.160E+005 
 

< 0.0001* 
< 0.0001* 
0.7809 
< 0.0001* 
 
< 0.0001* 
 

Standard Deviation: 0.39; R-Squared : 0.8488 *significant variable 
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Figure 2: Response surface 3D plot of OSC versus Contact time and Chitosan dosage 
 

    
Figure 3: Effect of influencing parameters 
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The 3D-Figure 2 and 3 shows the response (Oil sorption capacity) with two combined influencing 
factors and single variable respectively. It can be deduced that oil sorption capacity of chitosan 
increased with increase in contact time and oil water ratio while it decreased with amount of 
adsorbent concentration (dosage).  The decrease in adsorption capacity by increasing the 
adsorbent amount is basically due to the sites remaining unsaturated during the adsorption 
process. It thus follows that if adsorbent dosage is increased by keeping the adsorbate 
concentration constant, the amount of adsorbate taken up per unit dosage of adsorbent showed 
a decrease due to availability of less amount of oil per unit mass of the adsorbent. Annunciado 
et al., 2005 reported that adsorption capacity of chitosan also to decrease with increase in 
adsorbent dosage because of the smaller quantities of oil present to be adsorbed per unit mass 
of adsorbent dosage. 
 
The proposed model equation is given as: 
 

35222 0.94265 ∗ 1.07855 003 ∗ 4.80985 ∗                         (2) 
 
where A= chitosan dosage, B= contact time and C=oil/water concentration 
The model was optimised for chitosan adsorption giving 0.25, 60.0, 0.25, 4.384 and 0.863 as 
Chitosan dosage, Contact time, Oil/Water ratio, Sqrt(OSC)  and Desirability respectively. 
The isotherm studies of chitosan are shown in the Figures 4, 5 and 6 while the kinetic and  
isotherm parameters are also as presented in Table 4. 
 

 
Figure 4: Chitosan Langmuir isotherm plot 
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Figure 5: Chitosan Freundlich isotherm plot 
 

 
Figure 6: Chitosan Temkin isotherm plot 
 
Temkin isotherm best fit the adsorption with R-squared value of 0.9995, heat of adsorption bT 
value -47.146 J/mol is very low signifying that it is physisosorption. RL  value for Langmuir isotherm 
is 0.05376 with R-squared value of 0.9964 (favourable adsorption isotherm studies). Table 4 
presents the calculated isotherm parameter values. 
 
Table 4: Chitosan adsorption isotherm value 
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Figure 7: Chitosan Second order kinetic model. 
 

 
 
Figure 8: Chitosan Pseudo-second order kinetic model 
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Figure 9: Chitosan Elovich kinetic model 
Figures 7-9 present second order,pseudo-second order and Elovich kinetic models for chitosan 
respectively. The kinetic data best fit into pseudo-first order kinetic model with highest R2 value 
of 0.9995.Data generated are presented in Table 5 
 
Table 5: Evaluated constants obtained from the tested kinetic model for chitosan 
Kinetic model R2 Intercept  K Other constants 
Second order 0.8157 0.007l 0.00002 Co=142.8572 
Pseudo-second order 0.9995 0.0369 0.065778 qe=27.1003 
Elovich 0. 8623  65.436      b=-0.256 a=5.3243E-08 

 
Conclusion 
Chitosan prepared from prawn shell waste was suitable for oil removal from oil water solution. 
Equilibrium data are well fitted with the Temkin isotherm. Models for the prediction of adsorption 
capacity of chitosan was successfully developed by application of response surface methodology 
of Design Expert Software with R2 value of 0.8488, 0. ANOVA model results was significant with 
P>F value of 0.0001. The maximum adsorption capacity is obtained as 18.34 g g−1. 
 
The heat of adsorption b (kJmol-1) obtained from Temkin isotherm studies was low, indicating 
physisorption of adsorbents to the crude oil. The rate kinetics of oil adsorption on chitosan is best 
represnted by pseudo-second order with R2 value 0.9995.  
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ABSTRACT 
Rice husk (RH) was calcined and the resultant ash (RHA) was impregnated with Fe, (Fe-RHA). 
Both were used to adsorb cyanide from simulated cyanide solution and effluents from cassava 
processing. X-ray fluorescence (XRF) and Scanning Electron Microscope (SEM) were used to 
characterize the RH, RHA and Fe-RHA, while UV spectrophotometer was used to monitor the 
cyanide concentrations. BET results for surface area, pore volume and pore width are 552 m2/g, 
0.625 cm3/g, and 3.17 nm respectively for RHA while those for Fe-RHA are 475.6 m2/g, 0.2253 
cm3/g, and 2.128 nm respectively. To determine the best set of parameters (impregnation ratio, 
calcination temperature and calcination time) for the synthesis of Fe-RHA, the Central Composite 
Design (CCD) in Response Surface Methodology (RSM) was employed using the simulated 
cyanide water in batch adsorption experiments, with constant conditions of 50 mL each of 80 
mg/L cyanide solutions, contact time of 40 minutes, adsorbent dosage of 2 g, pH of 8, and at 
room temperature. Adsorption efficiencies of Samples A, B and C were: 64.71%, 60.37% and 
63.03% respectively when Fe-RHA adsorbent was used. The efficiencies when RHA was used 
were: 45.10.10%., 40.09% and 58.18% respectively.  Sample A is the juice extracted from 
cassava tubers; Sample B is the effluent from cassava processing plant, and Sample C is the 
effluent from cassava plant after sedimentation. However, higher adsorption efficiencies were 
recorded when simulated cyanide solutions having the same concentrations with the real effluents 
(Samples A, B and C) were contacted with the adsorbents at the same adsorption conditions. The 
adsorption efficiencies when Fe-RHA adsorbent was contacted on simulated A, B and C were: 
86.27%, 76.04%, and 86.06% respectively, while 78.43%, 58.99% and 67.27% efficiencies were 
achieved when  RHA adsorbent was used on the simulated samples. 
 
The analysis of the adsorption data using the Langmuir and Freundlich models showed that the 
data was consistent with Langmuir model for monolayer adsorption with adsorption capacity of 
4.2 mg/g and a correlation coefficient (R2) of 0.9924.  
 
Keywords: Adsorption, Cyanide, Effluent, Impregnation, Calcination, Response Surface 
Methodology (RSM). 
 
1.0 Introduction 
Wastes are generated in every facet of life including the industrial activities of man. Wastes 
emanating from local food processing industries are becoming challenging, especially in 
developing countries where such activities are encouraged to alleviate poverty and provide food 
for the populace. The disposal of the wastes has followed varied routes from proper disposal to 
designated landfills and incinerators to indiscriminate disposal on streets, drainages and water 
bodies (Eletta et al., 2016).   
 
 Cassava (Manihot esculenta Crantz) is a very important food crop in tropical countries and it is 
one of the most widely distributed food crops having high content of cyanogenic glycosides 
According to Food and Agriculture Organization of the United Nations, cassava production in
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Nigeria is the largest in the World. Cassava is an important staple crop and in the tropical world 
it ranks fourth in importance after rice, wheat and maize. In Nigeria, ‘gari’- a grated, fermented 
and dehydrated cassava food product is one of the most popular staple foods produced from 
cassava, which provides a major source of calories for families because of its high starch content. 
The increased importance of cassava in agricultural and economic development and in food 
security particularly in Africa has given its processing and waste handling a new attention 
(Okunade et al., 2014). The process of washing, grating and moisture extraction by pressing; 
results in the production of wastewater. There are environmental and human health implications 
of the whole 'gari’ processing procedure especially on the disposal of wastewater resulting 
therefrom (Okunade et al., 2014).  
 
Cassava processing, especially in areas where the industry is highly concentrated, is regarded as 
polluting and a burden on natural resources. Some forms of processing, particularly for starch, 
have developed beyond traditional methods and are now water intensive. By its nature, cassava 
processing for starch extraction produces large amounts of effluent high in organic content. Other 
forms of processing, despite not requiring water, generate very visible dust waste. As a 
consequence of the visual display of pollution, cassava is often perceived by local populations as 
contributing significantly to environmental damage and water deficit (Okunade et al., 2014).). As 
an environmentally protective measure, the Environmental Protection Agency (EPA) has placed 
rigorous limitations on the permitted cyanide concentrations levels in industrial wastewater 
effluent streams. The toxic effects of cyanide are so momentous to cause nerve damage and 
thyroid glands malfunctioning and the established toxicity level should be as low as 0.1mg/l. 
Adsorption and biodegradation are the effective methods of removal of cyanide ion from 
wastewater. These two techniques are considerable methods for treatment of wastewater 
containing cyanide complexes to a tolerable level, operated either separately or simultaneously, 
but the choosing of the better treatment method is based on the benefit, cost and concentration 
of cyanide ion in wastewater (Mohammed et al, 2014). 
 
Rice is an important staple food for approximately half of the world population (Kumar et al, 
2013). Rice husk is one of the most widely available agricultural wastes in many rice producing 
countries of the world. Rice hulls (or rice husks) are the hard protecting coverings of grains of 
rice and removed from rice seed as a by-product during the milling process. It possesses various 
properties that make them suitable for bioethanol production. Rice husk biomass is made up of 
three polymers like cellulose, hemicelluloses and lignin. Rice husk like other lignocellulosic 
biomass feedstock has been explored as the cheapest feedstock for bio-ethanol production. It is 
essentially free as waste product from agricultural sector. Utilization of these wastes could solve 
the disposal problem and reduce the cost of waste treatment. When rice husk is incinerated, ash 
is obtained called rice husk ash. Rice husk contains 75-90% organic matter such as cellulose, 
lignin etc, and the rest being mineral components such as silica, alkalis and trace elements. Rice 
husk is unusually high in ash compared to other biomass fuels in the range 10-20%. The ash is 
87-97% silica, highly porous and light- weight, with a very high external surface area (Kumar et 
al., 2013). Presence of high amount of silica makes it a valuable material for use in industrial 
application. Other constituents of Rice Husk Ash (RHA), such as K2O, Al2O3, CaO, MgO, Na2O, 
Fe2O3 are available in less than 1 %. Rice husk also have bulk density of 96-160 kg/m3, oxygen 
31-37%, nitrogen 0.23- 0.32%, sulphur 0.04-0.08% (Kumar et al., 2013). 
 
The aim of this investigation is to develop of rice husk, synthesize the husk, and impregnate the 
ash with iron (Fe), and then use it to remediate cyanide loaded cassava processing effluents 
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(CPE) using batch adsorption method. The comparison between the real effluent (CPE) and 
simulated (cyanide simulated water) in terms of their adsorptions were also studied; likewise the 
adsorption capacities of rice husk ash (RHA) and the iron loaded rice husk ash (Fe-RHA) were 
determined. 
 
2.0 Materials and Methods 
 
2.1 Preparation of Rice Husk Ash (RHA) 
The rice husk was sourced from Dariya Rice processing mill Kakuri, Kaduna state. 100 g of the 
husk was weighed into 1000 mL measuring cylinder and mixed with 1 mole HCl. The content was 
heated to a temperature of 100 oC for 2 hour. After decanting, the content was then washed with 
deionized water. The pH was monitored using HANNA pocket-sized pH meter until pH of 7 was 
reached. The residue was then transferred into an electric oven (DHG9030 model) operated at a 
temperature of 110 oC for 5 hour. The dried chemically treated RH was calcined in a muffle 
furnace at a temperature of 700 oC for 2 hour. The result is the RHA which was cooled in a 
desiccator and packed in air-tight container. 
 
2.2 Preparation of Iron loaded Rice Husk Ash (Fe-RHA) 
2 g of the RHA was weighed into a beaker and a known molar concentration (based on the design 
of experiment) of FeSO4.7H2O was prepared and mixed with the RHA for wet impregnation 
process. This was thoroughly mixed and allowed for 24 hour before filtering with filter paper 
(Whatman 1). The residue was then transferred into an electric oven for drying. The oven was 
operated at a temperature of 110 oC for 30 minute. The content was then transferred into a 
muffle furnace and heated for a known temperature and time (based on the design of 
experiment). The resultant product was Iron loaded rice husk ash (Fe-RHA).  

 
2.3 Design of Experiment (DOE)  
RSM is an approach to achieving optimum values for any method where multiple factors affect 
the response of interest (Dutta et al, 2011). Three steps were followed to perform the 
optimization that is: perform the experiments that were designed statistically, estimate the 
coefficients using the mathematical model, predict the response, and study the model’s 
effectiveness. An RSM model allows input (Xi) and output variable (Y) to be linked as shown in 
Eq. (1).  
 
                                 ,	 	 , ………… . . , ,                                                        (1) 

 
Central Composite Design (CCD) is an RSM design method, which was used to fit surface 
(quadratic) and thus optimize the active parameters with a minimum possible number of 
experiments. It also helps in studying the relationship between the parameters (Sen et al, 2018). 
The CCD largely consists of 2n factorial runs with 2n axial runs and nc central runs (Chaterjee et 
al, 2012). Experimental errors and the repeatability of the experiment were gotten with the aid 
of centre points. Therefore, the synthesis process having three numeric factors (impregnation 
temperature, calcination temperature and calcination time), the total experiments performed are 
given by Eq. (2): 
 

  2 2 2 2 3 6 20                                               (2) 
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Design Expert software version 10; was used and the generated twenty set of runs is as shown 
in Table 3. Therefore, twenty sets of Fe-RHA were synthesized, and in other to determine the 
best sets of parameters, they were subjected to adsorption process using 50 mL of simulated 
water prepared from sodium cyanide (NaCN) at a concentration of 80 mg/L, Fe-RHA dosage of 2 
g, and pH of 8. To each of the set up; after 40 minute and at room temperature the content was 
centrifuged operated at 4,500 revolutions per minute for 5 minute, the content is decanted and 
tested for final cyanide concentration using UV Spectrophotometer. The percentage cyanide 
removals were entered as responses as shown in Table 3. The optimum parameters were then 
used to prepare the optimized Fe-RHA. 

 
2.4 Comparative study on cyanide removal using real effluent and simulated cyanide 
water 
Three cassava effluents were sourced and tagged Samples A, B and C. Sample A is the juice 
extracted from cassava tubers purchased from Kawo market Kaduna, while Sample B is the direct 
effluent from a cassava processing plant located at Goningora Kaduna, and Sample C is the 
effluent obtained from the same plant but after sedimentation was carried out by the operators. 
The samples were then subjected to adsorption process using the same conditions as described 
in section 2.2 above. Both RHA and Fe-RHA were used as the adsorbents to each sample, and in 
each case, both the initial and final cyanide concentrations were measured.  
 
Pure sodium cyanide (NaCN) solution with the same concentrations as the samples (A, B and C), 
were then prepared. These prepared solutions were subsequently treated with RHA and Fe-RHA 
adsorbents under the same conditions to determine their percentage cyanide removals. 
The adsorption efficiency or CN removal percentage was calculated using Eq. (3) (Eletta et al., 
2016). 

 
	 	 % 100                                                       (3) 

 
Where, Co and Ct are initial and final cyanide concentrations respectively in mg/L. 

 
3.0 Results and Discussion 
 
3.1 X-Ray Fluorescence analysis 
X-ray fluorescence (XRF) was used to determine the metallic oxides in the Rice husk (RH), Rice 
husk ash (RHA), and Fe impregnated rice husk ash (Fe-RHA) as shown in Table 1. It is observed 
that the percentage weight compositions of most the oxides in RHA and Fe-RHA are lower 
compared with that of RH; this is as a result of chemical and thermal treatments given to the RH. 
 
This is in agreement with the finding of Gad et al., (2012) which reported that acid treatment 
reduces the cellulose and hemicelluloses as well as the traces of the metals in the husk. The 
silica content was improved as a result of acid pre-treatment followed by thermal treatment 
which reduces the carbonaceous materials. The impregnation of Fe onto the RHA was successful 
as shown in the table because it increased from 0.083 in RHA to 2.025 in Fe-RHA. 
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Table 1 XRF result of the samples  
                                      PERCENTAGE COMPOSITION (wt. %) 

S/N COMPONENTS RH RHA Fe-RHA 
1 CaO 6.21 0.529 0.528 
2 SiO2 52.4 94.873 92.043 
3 Al2O3 4.72 0.101 0.115 
4 Cr2O 0.17 0.001 0.001 
5 CuO 0.14 ND ND 
6 MgO 0.62 0.379 0.492 
7 P2O3 0.51 0.214 0.22 
8 NiO 0.18 ND ND 
9 SO3 10.25 0.002 0.127 
10 K2O 5.12 0.22 0.22 
11 TiO2 0.41 0.087 0.093 
12 MnO 0.31 0.04 0.04 
13 Fe2O3 1.89 0.083 2.025 
14 Na2O 5.25 ND ND 
15 ZnO 0.14 0.05 0.047 

ND= Not detected 
 
3.2. SEM analysis 

 
(a)            (b) 

Figure 1: SEM morphological image for (a) RHA and (b) Fe-RHA 
 
Scanning electron microscopy (SEM) analysis was carried out to characterize the surface 
morphology of the samples as shown in Figure 1. An examination of Figure 1 reveals different 
pore sizes in the samples. The pore sizes in the RHA sample shown in Figure 1a are more 
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pronounced than those in Fe-RHA (Figure 1b) because of the anchoring of Fe on RHA which 
partially blocks the pores thus reducing their sizes and also increasing the surface roughness. 
 
3.3 Brunauer - Emmett - Teller (BET) Analysis 
The pore size distribution and surface area analysis were carried out using BET as shown in Table 
2. The BET analysis is considered to be the most extensively used method for estimating surface 
area (Naveen et al, 2014). The results in Table 2 reveal that the adsorbents (RHA and Fe-RHA) 
are mesoporous (2-50 nm) in nature. 
 
Table 2 BET results 

 
 
 
 

  

(*Hassan et al., 2013) 
 
According to International Union of Pure and Applied Chemistry (IUPAC) nomenclature, the pore 
size classification range of 2-50 nm is a mesoporous material, if less than 2 nm is microporous 
and above 50 nm is macroporous (Katsuhiko et al, 2012). The parameters for Fe-RHA is lower 
than RHA, this is because the pores and the surface are slightly covered as a result of the 
deposition or anchoring of the impregnating chemical (FeSO4.7H2O). In comparison with Hassan 
et al., (2013), there is a relative agreement despite the fact that they employed sol gel method 
for their RHA nano-silica powder production. The BET surface area and pore volume were: 475.6 
m2/g and 0.2253 cm3/g respectively for Fe-RHA and 552.1 m2/g and 0.625 cm3/g respectively for 
RHA. Hence, these properties make them a good adsorbent.  
 
3.4 Experimental Design and Responses for Fe-RHA Optimization 
The percentage cyanide removals obtained from the experiments conducted using simulated 
water were inputted as responses as shown in Table 3. Central Composite Design (CCD) was 
used for the Design of Experiment (DOE). The Response Surface Methodology (RSM) was applied 
to analyse these values leading to the quadratic model equation suggested by the software: 
 
%CN Removal=85.83+11.07A+6.42B+4.61C+2.79AB - 2.77AC-2.00BC- 4.34A2-1.54B2  (4) 
         
Where; A is the impregnation ratio, B is the calcination temperature and C is the calcination time. 
The model equation signifies that impregnation ratio (A) having the highest coefficient is the 
dominant factor.      
 
3.5 Analysis of Variance (ANOVA) 
 
The analysis of variance of the model shown in Table 4 indicated the significance values of the 
F- values which show the adequacy of the model.  
 
 
 
 

S/N Parameters Fe-RHA RHA Lit. Value 
(RHA)* 

1 Surface area (m2/g) 475.6 552.1 653 
2 Pore volume (cm3/g) 0.2253 0.625 0.64647 
3 Pore width (nm) 2.128 3.17 1.98 
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Table 3 CCD matrix and responses for Fe-RHA Optimization  
S/No. Impreg. Ratio 

(mol/l) 
Calcination 
Temp. (oC) 

Calcination 
Time (min) 

Cyanide 
Removal (%) 

1 0.073 550 20 92.11 
2 0.04 550 20 85.01 
3 0.04 550 36.81 88.71 
4 0.02 450 30 74.29 
5 0.04 550 20 81.13 
6 0.06 650 30 98.47 
7 0.02 650 10 66.97 
8 0.04 381.82 20 69.11 
9 0.02 450 10 54.61 
10 0.06 450 30 82.96 
11 0.04 718.17 20 90.12 
12 0.06 650 10 97.87 
13 0.04 550 20 84.78 
14 0.04 550 20 86.11 
15 0.04 550 20 85.21 
16 0.04 550 3.18 73.42 
17 0.02 650 30 76.97 
18 0.06 450 10 76.01 
19 0.006 550 20 51.27 
20 0.04 550 20 87.01 

             
 
Table 4 ANOVA Table 
Source Sum of 

Squares 
DF Mean 

Square 
F 

Value 
p-Value 

Prob > F 
 

Model 2975.80 9 330.64 81.81 < 0.0001 Significant 
A-Imp. Ratio 1672.98 1 1672.98 413.93 < 0.0001  
B-Cal. temp. 563.75 1 563.75 139.48 < 0.0001  
C-Cal. Time 290.11 1 290.11 71.78 < 0.0001  
AB 62.33 1 62.33 15.42 0.0028  
AC 61.22 1 61.22 15.15 0.0030  
BC 32.12 1 32.12 7.95 0.0182  
A2 271.76 1 271.76 67.24 < 0.0001  
B2 34.20 1 34.20 8.46 0.0156  
C2 15.23 1 15.23 3.77 0.0809  
Residual 40.42 10 4.04    

Lack of Fit 20.17 5 4.03 1.00 0.5017 not significant 
 

The square of the coefficient of regression of the model is 0.98 suggesting that the model is 
significantly high. All the parameters and their interactions as shown in the table are significant 
because their p-values are less than 0.05 except the C2. The predicted R2 (0.9389) is in reasonable 
agreement with the adjusted R2 (0.9745) because the difference is less than 0.2. 
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3.6 Comparative Studies 
The results of the batch adsorption experiments carried out on the three samples of cassava 
effluents are presented in Table 5a  
 
Table 5a Cassava effluent’s cyanide removal efficiencies 
 SAMPLE (A)    SAMPLE (B)    SAMPLE(C) 
  RHA Fe-RHA    RHA Fe-RHA      RHA   Fe-RHA 
Co    1.02   1.02    2.17   2.17       1.65   1.65 
Ct    0.56   0.36    1.3   0.86       0.69   0.61 
Co - Ct    0.46   0.66    0.87   1.31       0.96   1.04 
Ads. eff. 
(%) 

  45.10   64.71    
40.09 

  60.37       
58.18 

    63.03 

 
As observed from this table, the measured adsorption efficiency of RHA with sample A (juice 
extracted from cassava tubers) was 45.10% and increased to 64.71% when Fe-RHA adsorbent 
was used. Similarly, for sample B (effluent from cassava processing plant) the adsorption 
efficiency increased from 40.09% when RHA adsorbent was used to 60.37% when the effluent 
was treated with Fe-RHA.  
 
Also Sample C (effluent from cassava plant after sedimentation) showed the same trend with the 
adsorption increasing from 58.18% to 63.03% respectively when the effluent was contacted with 
RHA and Fe-RHA adsorbents. 
 
In other to identify the distinction between actual effluent and the simulated effluent, the same 
concentrations of the real effluents were simulated and the same adsorption conditions were 
applied, the result is as presented in Table 5b. 

 
Table 5b Simulated water cyanide removal efficiencies 
 SIMULATED  

         (A) 
   SIMULATED  
            (B) 

     SIMULATED  
               (C) 

  RHA Fe-RHA    RHA Fe-RHA      RHA   Fe-RHA 
Co    1.02   1.02    2.17   2.17       1.65   1.65 
Ct    0.22   0.14    0.89   0.52       0.54   0.23 
Co - Ct     0.80   0.88    1.28   1.65       1.11        1.42 
Ads. eff. 
(%) 

  78.43   86.27    
58.99 

  76.04       67.27     86.06 

 
Higher efficiencies were achieved in each case compared to when real effluents were used; this 
may be because cassava effluent contains some other organic matters which compete with 
cyanide for the adsorption active site, whereas the simulated solutions were prepared using 
deionized water and analytical grade NaCN, hence the level of purity is higher.  
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The improved adsorption efficiencies recorded while using Fe-RHA adsorbent against RHA 
adsorbent may be as a result of ferrous ions which react with free cyanide to form ferocyanide 
complex. Therefore, with respect to this investigation, the mechanism is surface adsorption as 
well as ionic exchange.  
 
3.7 Adsorption Isotherms for Fe-RHA 
Isotherm is of significance to this research because it does not only reveals solute-surface 
relationship but also gives the idea about the extent of adsorbate accumulation on the surface of 
the adsorbent (Shelja et al., 2019). The results obtained from the cyanide adsorption equilibrium 
experiments were fitted to Langmuir and Freundlich adsorption isotherm models. The linearized 
models were plotted as shown in Figure 2.  

    
(a)                                                            (b) 

Figure 2: Adsorption Isotherms for (a) Langmuir and (b) Freundlich. 
 
The Langmuir isotherm model describes monolayer adsorption of adsorbate onto a homogeneous 
surface of the adsorbent, whereas Freundlich isotherm model describes multilayer adsorption of 
adsorbate onto the surface of the adsorbent and also assumes that the stronger binding sites are 
occupied first and that the binding strength decreases with the increasing degree of site 
occupation (Shelja et al., 2019). 
 
The Figure 2a (Langmuir isotherm) has a value of correlation coefficient (R2=0.9924) with 
adsorption capacity of (qm=4.2 mg/g) while that of Freundlich isotherm model (Figure 2b) has 
correlation coefficient (R2=0.9127). Therefore, with the KF value of 1.5 mg/g and 1/n value of 
0.1921 which is less than 1 indicates that Langmuir isotherm model can explain the experimental 
data better. 
 
4.0 Conclusions 
i. Rice husk was beneficiated with HCl and thermally treated to improve its properties needed 

for cyanide adsorption. 
ii. RSM was used to synthesize the Fe-RHA and from the mathematical model developed the 

impregnation ratio showed to be the dominant factor. 
iii. The characterizations carried out on the Fe-RHA proves the potential of its applicability such 

as the large surface area of 475.6 m2/g, silica oxide content of 92.043 wt% , and Fe2O3 of 
2.025 wt%. 
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iv. The Fe-RHA gave better adsorption efficiencies than RHA in each of the samples investigated, 
i.e. 30.3%, 33.6% and 7.7% increment for samples A, B and C respectively. 

v. The analysis of the adsorption data using the Langmuir and Freundlich models showed that 
Langmuir model is suitable with adsorption capacity of 4.2 mg/g and a correlation coefficient 
(R2) of 0.9924 while that of Freundlich is 1.57 mg/g with a correlation coefficient (R2) of 
0.9127. 
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ABSTRACT 
In this work, a fixed bed adsorption column was used in the decontamination of Pb (II) ions from 
illegal gold mining wastewater of Kagara mines, Niger State, North Central Nigeria. Flame Atomic 
Absorption Spectrometer analysis of the waste solution showed a high concentration of Pb (II) 
ion of 85 mg/L. Fourier Transform Infra-Red (FT-IR) spectroscopy revealed the presence of OH, 
C-O, C=O, C-O-H and CH2 functional groups in cotton hull. Brauneur-Emmet Teller (BET) test 
results indicated surface area of 139.8 m2/g and micropores size and radius of <2 nm and 9.237 
Ǻ respectively, while the Scanning Electron Microscope micrographs revealed the presence of 
pores on the raw adsorbent. Column adsorption scale-up data for the 120 L/hr of Kagara mining 
wastewater shows that 607.2 L of the effluent can be treated of Pb (II) in 5.06 hours using 4.75 
kg of the cotton hull adsorbent. The maximum adsorption capacity of 27.65 mg/g, with correlation 
coefficients within 0.7674 and 0.9551 has an average experimental value of 23.09 mg/g and 
theoretical of 21.60 mg/g adsorption capacities of the cotton hull adsorbent (CHA) which signify 
that Thomas kinetics model fit the experimental data. 
 
INTRODUCTION 
The rapid industrialization and population growth rate of industries, agriculture, and mining 
activities have led to the increased disposal of toxic substances such as heavy metals into the 
environment (Mengistie et al. 2008). The presence of these heavy metals in the environment is 
a challenge for remediation because of the inability to degrade and bio-accumulation tendency. 
(Ruparelia et al. 2008). Metals which are specifically toxic to human beings and ecological 
environment include Copper (Cu), Nickel (Ni), Pb (II) (Pb), Cadmium (Cd), Chromium (Cr), Zinc 
(Zn), and Mercury (Hg) to mention a few. They are toxic, cause severe disorder, illness to plants, 
animal and human. Pb (II) (Pb) II, for example, is one of the heavy metals when exposed to 
children at low level causes blindness, low intellect quotient, learning disabilities, attention deficit 
disorder, stunted growth, impaired hearing, and kidney damage. At high levels of exposure, a 
child may become mentally retarded, fall into a coma, and even die from Pb (II) poisoning. In 
adults, Pb (II) can cause fertility problems, nerve disorders, muscle and joint pain, irritability, and 
memory or concentration problems (Farghali et al. 2012). Recent reports have shown that 
exposure to Pb (II) contaminated soil and dust resulting from battery recycling and mining has 
caused mass Pb (II) poisoning and multiple deaths in young children in Senegal and Nigeria 
(WHO, 2015). Saturnism/Pb (II) poisoning is one of the most common and best-recognized 
childhood diseases of toxic environmental origin. It accounts for about 0.6% of the global burden 
of disease (WHO, 2010).  
 
In May 2015 the World Health Organisation, WHO (2015) reported that in Rafi Local Government 
Area of Niger State, North Central Nigeria where the Kagara Mines was located, a devastating
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effect of Pb (II) poisoning from illegal mining activities has caused the death of 28 young children 
and 65 others affected with many domestic animals lost to the tragedy.  
 
The removal of heavy metals from contaminated soils can be achieved by various treatment 
methods such as chemical precipitation, ion exchange, and electrochemical removal. These 
processes which are generally known as conventional treatment methods have several 
disadvantages mainly due to high energy requirements and capital cost and low efficiency 
(Barakat, 2011). Biosorption has recently attracted a considerable amount of attention as an 
alternative method used for the removal and recovery of toxic metals due to numerous 
advantages such as low sludge production, low investment, and operational cost and above all 
higher efficiency (Eckenfelder, 2000). Thus, locally generated agricultural wastes such as cotton 
seed hull have been tested in the production of activated carbon in many developing countries, 
though very few research works have been published in this regard. 
 
Cotton (Gossypiumhirsutum) is an important cash crop for several developing countries at both 
local and national levels. After oil and a few agriculture products, cotton is one of the largest 
industries in Nigeria with the country’s alarmingly decreasing production put at 235,000 bales 
(183.43 kg/bale) for the year 2019 by the United States Department of Agriculture (2019). 
Cotton/textile activities are widespread in the country, largely in the Savannah geographical 
regions (https://www.cotton.org/oubs/cottoncounts/fieldfabric/uses.cfm). Production of cotton 
depends on various factors ranging from vagaries of weather, cotton price, problems of the textile 
industries. 
 
In cotton production operations two products are of paramount importance. The cotton fibre used 
in textile industries and the kernel (meat) for refinery oil production. In cotton oil refineries, once 
the seed lint is removed, it is dehulled, by loosening the inner meat (kernel) from cotton hull 
which forms the tough outer part covering surrounding the seed (Heuzé et al.2015). The hull is 
turned out as waste to dump sites. In processing operations, the cotton seed products yield per 
ton of seed crushed are crude oil, 16%; hull, 27%; meat, 45%; lint, 8%; cotton residues 4% 
(American National Cotton seed Products Association, 2000). 
 
This study focusses on the use of plant-based adsorbent produced from cotton seed hull for the 
adsorption characteristics of Pb (II) ions found in gold mining liquid effluent. Since cotton seed 
hull can be regarded as a potentially promising cost-effective, sustainable source of adsorbent for 
the removal of harmful metallic waste from mining wastewater yet to be fully explored. Column 
flow experiment was conducted to investigate the effect of flow rate, bed height, and initial metal 
ion concentrations on breakthrough curves as well as adsorption kinetics of the Pb (II) ions in the 
mining waste solution onto the adsorbent.       
 
MATERIALS AND METHODS 
 
Collection of Mining Waste Water Sample 
Waste water was gotten from three different mining waste water points and stored in three 
containers of about 25 liters. These were analyzed using atomic absorption spectrophotometer 
and a mean value deduced. 
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Preparation of Cotton Hull Adsorbent 
Cotton seeds hull were gotten from a local market in Katsina State, it was sun dried for ten days 
in accordance with the method established by Biradarpatil (2009).  The seeds lint was removed 
with H2SO4 at 100 ml/kg cotton seeds for 3 mins to have a complete removal of the fuzz. The 
seeds were instantly removed and rinsed several times with deionized water. The seeds were 
neutralized in 2% Na2CO3 solution for 15 minutes and it was thoroughly washed with deionized 
water. The seeds were separated and dried in an oven; it was then dehulled after being dried at 
constant weights of 12% moisture content. The cotton hull was separated from the inner kernel 
using sieve aperture of 2 mm and 1 mm mesh size (Biradarpatil (2009).   
 
The cotton hull gotten was then rinsed thoroughly with deionized water and sun dried for 5 days. 
The dried cotton hull was grinded and sieved to 500	μm size and sun dried for another 2 days. 
The adsorbent powder was oven dried for 12 hours at 105oC, cooled in a desiccator for 30 
minutes. 
 
Characterization of cotton hull adsorbent. 
The prepared cotton hull was characterized to determine the important properties such as BET 
surface area test, FT-IR, SEM analysis and apparent density. 
 
Scanning Electron Microscope (SEM) Analysis 
Scanning electron microscope (model- DSM 9872 Gemni) was used to examine the surface 
morphology of cotton hull adsorbent. The SEM of the carbon was recorded at 5000 magnification 
through which a thin layer of the adsorbent was mounted on aluminum specimen holder coated 
with gold (Au) at a thickness of about 30 nm. 
 
Fourier Transform Infra-Red (FT-IR) Spectroscopy  
Diamond ATR Agilent Cary 630 infra –red spectrometer was used to carry out the FTIR of cotton 
hull adsorbent. The adsorbent sample was placed on cleaned crystal window and the overhead 
press tip was adjusted until the desired pressure put forth onto the introduced sample material. 
The system analyzed the sample being placed and a displayed graph result showed the intensity 
of the sample measurement within spectral range of 4000 cm-1 to 650 cm-1. 
 
BET (Brunauer Emmett and Teller) Surface Area Analysis 
The prepared adsorbent was outgassed under vacuum for 3 hours at 3000C to get rid of moisture 
contents and contaminants from the solid surface. The degassed sample was cooled and 
transferred, firmly fixed in the analysis station of the equipment. Then nitrogen adsorption at 77K 
by the surface area analyzer was used to determine the pore volume and the surface area of the 
outgassed carbon samples. 
 
Apparent Density of Cotton Hull Adsorbent 
The sample earlier dried in an oven at 105oC was put into a 25 ml cylinder used to carry out the 
apparent density. It was then compacted by tapping on the bench top till the volume of the 
sample stopped decreasing of about 1 -2 minutes. The volume, mass and density were calculated 
and this procedure was repeated for three times to get the average value. 
 

Apparent	density 	
dry	weight	of	adsorbent g
volume	of	packed	sample
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Sample Preparation for Pb (II) Adsorption         
50 ml of the mining waste water was measured into nine sterile 250ml glass stoppered flasks, 
little portion of 0.1M HCl solution was added. The pH was adjusted within the range of 2 to10. 
250 g of cotton hull adsorbent was measured into the nine sample flasks and the mixture agitated 
using a multi-purpose flask shaker at 200 rpm for 120 minutes at pre- determined time intervals. 
The resultant mixture was filtered and the filtrate analysed using AAS to evaluate the resultant 
Pb (II) concentrations. 
 
Column Adsorption Procedure 
A glass column of internal diameter 3 cm, 30 cm length was used to carry out the column study 
in which particle size of 500 µm was used. The prepared adsorbent was packed into the column 
with glass wool acting as support at the top and bottom ends of the bed. The bed heights were 
varied at 2, 4 and 7 cm and waste water was supplied by a peristaltic pump into the adsorption 
column at constant flow rate of 5, 7.5 and 10 ml/min while the initial adsorbate concentrations 
were varied 50, 65 and 85 mg/l. The targeted heavy metal is Pb (II) ions as it was extremely high 
and the major cause of the death and ill health of the community. Atomic Absorption 
Spectrophotometer, model Accusys 211 from Buck Scientific, USA was used to determine the 
resulting concentration and the effluent samples were collected at various time intervals. The 
experiment was discontinued when the exhaustion of column was reached. 
 
RESULTS AND DISCUSSION 
 
Chemical Composition of Kagara Mining Effluent 
Atomic absorption spectrophotometer was used to determine the composition of Kagara mining 
effluent. The effluent indicates that the Pb (II) ions content is extremely high (85 mg/l) and its 
release poses significant harm to the environment. The threshold value for Pb (II) is 0.5 mg/L 
(NIS, 2007). Other potentially harmful elements found in significant quantities in the effluent 
include copper (2.5861 mg/l) and zinc (0.4281 mg/l). 
 
Scanning Electron Microscopy 
The scanning electron micrographs before adsorption Figure 1A revealed that the surface texture 
and morphology of biosorbent at high (× 5000) magnifications. The morphology was that of 
smooth surface with no presence of metals seen, when untreated cotton hull carbon with metal 
ions were seen under SEM. In Figure1B after the adsorption of Pb (II), it was observed that the 
fresh adsorbent discloses spots of microscopic pores and crevices indicated with white arrow 
headlines on the raw cotton hull adsorbent micrographs. Pb (II) metal adsorption by the fresh 
adsorbent were attained from the SEM results which displayed that the mapping of Pb (II) ions 
onto biomass surface are spotted with some red arrows on the surface of cotton hull on the 
micrograph. The micrograph of the ion loaded carbon adsorbent also displayed that the formation 
of white layers on the surface was because of the adsorption of Pb (II) ions. From this SEM 
analysis of cotton adsorbent after the adsorption of Pb (II), more uneven and rough surface 
morphology existed in the adsorbents. The irregular surface outlook could be due to ions and 
foreign molecules deposition emanating from the contaminated fluid containing the adsorbate 
onto the carbon surface. Hence, the micrograph structures of the cotton hull attained from SEM 
represented a large surface area for heavy metal ion adsorption which indicates the difference 
between before and after loading of ions on the biomass surface.  
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Figure1A: Micrographs of cotton hull                     Figure1B: Micrographs of cotton hull  
           after  Pb (II) equilibration 
FT-IR Spectrum Analysis of Cotton Hull Adsorbent 
 
Figures 2 and 3 respectively shows FTIR carried out before and after Pb (II) ions. At adsorption 
ranges of 4000 to 650 cm-1which shows shift in the wave number of emerging peaks associated 
with the plots after adsorption process. The raw adsorbent showed five energy bands within the 
range of 3947.3 and 3503.7 wave number which are broad but short peaks. The absorbance is 
associated with stretching variations of O-H groups found in polysaccharides, absorbed water, 
hemicellulose and lignin. This corresponded to free hydroxyl and carboxylic acids on the surface 
of the adsorbent (Blanes et al. 2016), the presence of the OH- group enhanced the removal of 
Pb (II) through the surface reaction between the hydroxyl terminal and the Pb (II) (Icoranu et 
al., 2018)  C-H stretching vibration was indicated from 2639-2516 cm-1, C≡C symmetric variation 
for 2366.9 -2050 cm-1, also 2016.5 – 1986.7 cm-1 for C=C asymmetric stretch while 1848.8 cm-1 
is attributed to C = O stretch in the xylan tissue of the organic adsorbent. The peak at 1420.1 
cm-1 represented H-C-H and O-C-H in plane bending vibrations. The almost flattened spectra from 
Figure 3 at 3333.2 cm-1 is broadened and responsible for the sorption of the Pb (II) ions on the 
surface of the cotton hull. Also, present is the C-H bending vibrations of H-C-C and C-O-H at 
1364.2 cm-1 as well as frequencies at 1200.2 and 1155.5 cm-1.  The lone pairs of electrons oxygen 
in C-O-H and C = O further increase the rate of adsorption of the Pb (II) ion by attracting the Pb 
(II) (II) ions from the effluent (Wahi et al., 2009). Comparing the two figures showed that there 
was either a complete disappearance or a major shift of dominant peaks. Figure 3 justifies the 
feasibility of the adsorption (metal binding) process taking place at the surface of the spent cotton 
hull adsorption. 

 
Figure 2: FTIR spectrum of cotton hull before Pb (II) ions adsorption 
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Figure 3: FTIR spectrum of cotton hull after Pb (II) ions adsorption 
 
Evaluation of BET Analysis 
The BET result for the  cotton hull material showed relatively high surface area of 139.8 m2/g as 
compared to some untreated agricultural adsorbents such  as soy meal hull with 0.7623 m2/g 
(Arami et al, 2006); cotton seed shells with specific surface area 124.35 m2/g (Thinakaran et al. 
(2008); banana peel with 20.6–23.5 m2/g (Annadurai et al. (2002) and orange peel with 20.6–
23.5 m2/g (Annadurai et al. (2002). The specific surface contributed greatly to the Pb (II) ions 
adsorption onto the cotton hull. The micro-pore volume and pore radius values were provided. 
The adsorbent characterized by important micro porosity of 9.237Ă (< 2nm) in this adsorbent are 
responsible for adsorption of metallic ions from solutions. Micro porosity is needed in adsorbing 
lower molecular weight material like Pb (II) atom (3 Ă diameter) and trace organics in water to a 
non – detectable level. The adsorbent has a low volume of micro pores radius of 0.0217 cm3/g. 
The values got i.e. 9.237 Ă for micro pore radius and 139.8 m2/g for cotton hull surface area 
material makes it a suitable adsorbent. 
 
Evaluation of Apparent Density. 
The apparent density had a value of 0.42 g/ml which showed that the material is good for water 
treatment process. The value is relatively high compared to other agricultural adsorbents such as 
empty palm oil fruit bunches of 0.21 g/ml (Wahi et al., 2009) and is not likely to pose challenge 
of being trapped and suspended in water during application Wahi et al. (2009). 
  
Effect of pH on Pb (II) adsorption   
It is clear from the results represented graphically in Figure 4 that with the increase in pH, the 
Pb (II) removal increased gradually from its initial value of 2. At low pH of 2, the acidity of the 
medium shows high competition between hydrogen ions and Pb (II) ions in solution This is 
because at lower pH values, biosorption of metal ions was inhibited since the cell wall of the 
cotton hull contains various functional groups. The positively charged functional groups increase 
competition between protons and metal cations for binding active sites of cotton hull, resulting in 
decreasing the metal cations adsorption on its surface as explained by Yalcin (2014). At higher 
pH values of 5, several hydroxides low – soluble species such as Pb (OH)2 was formed. Hence, 
considering the pH value of 5 requires little acid solution, it has minimal effect on both the 
processing equipment and the environment. Also, it gives optimum removal of Pb (II) from 
aqueous solution. This result is in agreements with the findings of Rahman and Sathasivam (2015) 
for heavy metal adsorption onto Kappaphycus sp. From aqueous solutions. 
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Figure 4: Effect of pH on Removal of Pb (II) (II) ions from solution 
 
Column Adsorption Parameters 
 
Effect of Feed Flow Rate 
This was investigated by varying the feed flow rate at a constant bed height of 4 cm and an initial 
concentration of 50 mg/l. The breakthrough time obtained are 721, 480 and 240 minutes for flow 
rate values of 5, 7.5 and 10 ml/min respectively which indicated that the breakthrough time 
decreased with increasing flow rates. Also, there was a decrease in total percentage removal of 
Pb (II) ions in the fluid bed operations from 50.68% to 29.14% with increasing flow rate from 5 
-10 ml/min. Similarly, increase in initial metal concentration with decreasing time from 3120 to 
1920 minutes was observed. Hence, the contact time between the ions and cotton hull adsorbent 
decreases with increasing feed flow which results in decrease in adsorption capacity from 27.65 
mg/g to 19.56 mg/g. This can be explained by the lack of sufficient residence time of the solute 
to diffuse into the pores of the cotton and thus reduces the volume of the water treated and the 
solute left the column before equilibration. This finding is in line with that of Nwabanne and 
Igbokwe (2012) for the removal of Pb (II) ions using oil palm fibre and that of Nouri and Ouederni 
(2013) for the adsorption of phenol from an aqueous solution on an activated carbon.  
    

 
     Figure 5: Effect of flow rate on breakthrough curve for Pb (II) adsorption on CHA 
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Effect of concentration 
The effluent flow rate of 5 ml/min with a fixed bed of depth 4 and concentration of (50, 65 and 
85 mg/l) were used to evaluate the effect of concentration on adsorption. It was observed from 
Figure 6 that as the effluent concentration increased, the breakthrough curves became sharper 
and the column with the highest inlet concentration saturated faster. That is from 3120 to 1920 
minutes saturation. Also, a lower concentration gradient results in a slower transport because of 
decrease in the diffusion coefficient or the mass transfer coefficient as explained by Sivakumar 
and Palanisamy (2009) as well as Baek et al, (2007). 

  
Figure 6: Effect of change in feed concentration on adsorption of cotton hull adsorbent 
with raw effluent 
 
Effect of Adsorbent Bed Height 
The effect of cotton hull bed length varied from 2.7 – 7 cm plots shown in Figure 7. The plots 
showed that the slope gradient of the breakthrough curves was slightly different with variation in 
bed depths with an earlier exhaustion for lower bed lengths. The results shown on Table 2 
indicates that the breakthrough time of the adsorption increased sharply from 62 to 1212 mins 
with slight increase in the adsorbent bed height from 2.7 to 7 cm. This reveals that the cotton 
hull adsorbent had more contact time with the Pb (II) ion as the bed height was increased from 
2.7 to 7 cm. Also, this may be due to the increase in the number of sorption sites (Radhika et al., 
2018). The increase in the adsorption capacity with increase in the bed height further suggested 
that at smaller bed height, the effluent adsorbate concentration ratio decreased more rapidly than 
for a higher bed height. Furthermore, low amount of the adsorbent in the column corresponds to 
smaller bed height and hence, less saturation time (Nwabanne et al., 2012). The decrease in the 
slope of the breakthrough curves with increase in bed height observed may be due to the 
broadened movement of the influent at the mass transfer zone (Sekhula et. al. 2012).  
                   

 
       Figure 7: Effect of bed heights on column adsorption at constant concentration 
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Table 2 Evaluation of Column efficiency using experimental data  
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5 50 4 27.65 3120 3605 721 780 50.68 3.967  
7.5 50 4 25.58 2160 3600 480 810 45.16 3.972  
10 50 4 19.56 1920 2400 240 960 29.14 5.958  
5 65 4 24.01 2400 2400 480 780 44.02 5.958  
5 85 4 20.05 1920 905 181 816 35.14 15.8  
5 50 2.7 20.95 2160 310 62 540 41.12 34.19  
5 50 7 23.81 3600 6060 1212 900 69.83 4.356  

qe experimental average =23.09 mg/g and qe theoretical average =21.60 mg/g 
 
Column flow Adsorption Models 
Three models (Thomas, Yoon-Nelson, and Adams- Bohart models) were used to analyse the 
column performance. 
 
Application of Thomas Model 
The behavior of the column was modelled using the Thomas model. Effect of bed heights and 
flow rate of the raw water on the removal of the Pb (II) by the cotton hull adsorbent were studied. 
This model is highly suitable for processes where external and internal diffusion will not be limiting 
step (Yahaya et al., 2012) the results obtained are shown on table 2, the initial concentration 
increases with the value of kth increasing from 0.042 to 0.068 ml/mg.min. The initial sorption 
capacity decreases with increasing initial concentration. This as a result of the slow mass transfer 
at lower concentration (Tor et al., 2009), this was also reported in the modelling of the biosorption 
of Pb (II) by residue allspice (Cruz et al., 2013). The qth values decreases as the coefficient kth 
increases when the fluid flow was increased. When the fluid flow rate increases from 5 to 7 
ml/min, there was high system turbulence which reduces the effects of film diffusion and lower 
solute ions uptake qth. Also, it was observed that the Thomas bed capacity, qth gradually rises and 
the coefficient kth decreases with an increase in bed length. The qth metal uptake is 21.60 mg/g 
compared with the experimental uptake of 23.09 mg/g. The correlation values are high (0.7674 
≤ R2 ≤ 0.9551). Therefore, R2 values and the closeness of predicted adsorption capacity to 
experimental data indicated the fitness of Thomas model to the experimental data. The 
relationship between the model and the initial concentration is to provide information on the 
adsorbent capacity, volume of contaminant treated and the total time needed to attain 
equilibrium. It is a suitable kinetic model to describe Pb (II) ions adsorption in a fixed bed column 
of cotton hull adsorption, Baek et al. (2007) and Nwabanne and Igbokwe (2012) but in contrast 
with the report of Sivakumar and Palamisamy (2009).   
 
Application of Yoon – Nelson Model 
Yoon–Nelson was used to examine the breakthrough behavior of Pb (II) ions on cotton hull 
adsorption. The values of kYN and τ were determined from the plot of Ln[Ci / Co - Ci] against  time 
at different operating conditions, to predict the rate constant and time required for 50% adsorbate 
breakthrough. The results obtained are shown on table 3. As initial concentration was increased 
at constant bed height and flow rate, the kYN and τ decreased and increased respectively with 
increase in the initial concentration of the adsorbate. As the bed height increase, the values of τ 
increases from 1098.03, 1559.29, 2572.29 minutes for 2.7, 4 and 7 cm beds respectively.  This 
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is similarly reported on the study of adsorption of Cu (II) onto maize tassel-PVA beads (Sekhula 
et al., 2012), removal of perchlorate using modified activated carbon (Redhika et al., 2018). This 
further suggests that increase in the bed height increased the contact time of the adsorbent on 
the adsorbate. The predicted τ obtained from the Yoon-Nelson model are closed to the 
experimental values. The regression coefficient R2 values (0.7661 ≤ R2 ≤ 0.9551) provide a good 
fit for the model, this agrees with the report provided by Radhika et al., 2018. Therefore, Yoon-
Nelson model could give depiction of an adsorption process for a single component Pb (II) 
adsorption of cotton hull adsorbent.       
 
Table 2: Thomas model Parameters at different flow rates, initial concentrations and 
bed heights  
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5 50 4 3120 15600 0.042 27.25 27.65 0.9021 
7.5 50 4 2160 16200 0.036 18.93 25.58 0.7883 
10 50 4 1920 19200 0.054 14.90 19.56 0.7741 
5 65 4 2400 12000 0.046 23.02 24.01 0.9551 
5 85 4 1920 9600 0.068 22.92 20.05 0.9028 
5 50 2.7 2160 10800 0.070 19.70 20.95 0.7674 
5 50 7 3600 18000 0.068 24.46 23.81 0.9261 

 

 
         Figure 8: Linear plot of Thomas model with experimental data at different  
         concentrations and fixed bed heights and initial metal ions concentrations 
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Table 3: Yoon-Nelson model Parameters at different flow rates, initial concentration, 
and bed heights. 

Qf 
(ml/min) 

Conc. 
(mg/L) 

Bed 
height(cm) 

KYN 
(1/min) 

ԎPredicted 
(min) 

R² Ԏexp 
(min) 

       
5 50 4 0.0021 1559.2857 0.9031 1442 
7.5 50 4 0.0017 751.8823 0.7881 960 
10 50 4 0.0027 417.6296 0.7661 480 
5 65 4 0.003 1009.4667 0.9551 960 
5 85 4 0.0058 768.5345 0.9028 362 
5 50 2.7 0.0034 1098.0294 0.7865 124 
5 50 7 0.0034 2572.2941 0.9244 2424 

 Key: Ԏexp= Ԏexperiment  
 
 
Application of Adams –Bohart Model 
From table 4, adsorption capacity of adsorbent, No increased from 21358 to 42025 mg/l. The 
increase of adsorption capacity of the adsorbent with increase in bed height was similarly reported 
by Asif and Chen (2015), Yahuza et al.,(2017) while the kinetic constant of the model, Kab 
decrease with incresing adsorbent height (2.7 – 7 cm). It was observed that adsorption capacity 
of the adsorbent No decreased from 23140 to 13623 mg/l with increasing flow rate (5-10 ml/min). 
The R² value decreased with increase in flow rate at constant concentration and bed height. For 
instance, at 10, 7.5 and 5 ml/min, the R² were 0.4692, 0.5424 and 0.5698 respectively. At higher 
concentrations, the bed capacity has no defined pattern. This probably indicates that the model 
is not fit for a process at a very high flow rate (Yagub et al, 2014). 
 
Table 4: Application of Adams-Bohart model to the experimental Data 

Qf( 
ml/min) 

Conc. 
(mg/L) 

Bed 
ht(cm) 

KAB 
(ml/mg.min) 

No  
(mg/L) 

R² 

      
5 50 4 0.016 23140 0.5698 

7.5 50 4 0.012 16932 0.5424 
10 50 4 0.016 13623 0.4692 
5 65 4 0.011 26290 0.679 
5 85 4 0.023 22753 0.578 
5 50 2.7 0.046 21358 0.606 
5 50 7 0.04 42025 0.7282 

 
 
CONCLUSION 
Cotton seed hull is an economically viable adsorbent for the removal of Pb (II) ions from mining 
waste waters. Three models were used to evaluate the behavior of the experimental adsorption. 
Thomas model showed the comparison between the average experimental adsorption capacity of 
23.09 mg/g and a theoretical value of 21.60 mg/g as well as a reasonably high correlation (0.7674 
≤ R2 ≤ 0.9551). The Yoon–Nelson model showed the data regression analysis results also high 
linear correlation (0.7661 ≤ R2 ≤ 0.9551). Hence, the Yoon – Nelson model is suitable model to 
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foretell the behavior of the experimental adsorption. Adams –Bohart model predicts poor 
efficiency of fixed – bed column. Characterizations of the untreated adsorbent carried out which 
included FTIR, SEM and BET. FTIR showed that the adsorbent has functional groups such as OH, 
C-O, C=O, C-O-H and CH2. The SEM result showed that the micrograph structures of raw cotton 
hull carbon represent a large surface area for heavy metal ions adsorption. The BET provided a 
summary of specific surface area (139.8 m2/g), micro-pore volume (0.0217 cm3/g), micro pores 
(< 2 nm) and pore radius (9.237 Ă). Column adsorption scale-up data for the 120 L/hr of Kagara 
mining wastewater shows that 607.2 L of the effluent can be treated of Pb (II) in 5.06 hours 
using 4.75 kg of the cotton hull adsorbent. Also, the column adsorption parameters investigated 
which included initial metal ions concentration, pH, feed flow rate, apparent density (0.42 g/ml) 
indicated that cotton hull as an adsorbent has high potential for removing heavy metal ions 
especially Pb (II), from aqueous solutions.        
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ABSTRACT 
The devastating effect of the operational failure of a cementing job is enormous. Additives used 
for cement slurry recipe contribute substantially to the total cause of an operational failure. 
Therefore, it is imperative that a paradigm shift that addresses the challenges of cementing failure 
be considered. A comparative analyses were performed with imported polymer 
(Hydroxyethylcellulose) as against local polymers (cassava starch) for cement slurry design to 
determine fluid loss. Polymer’s concentration of 0.1% by weight of cement was used for the 
cement slurry design, in order to characterize their fluid loss. Experimental study of cement slurry 
density of 14ppg and 15.8ppg at temperatures of 80oF (29oC) and 190oF (88oC) and the result of 
the local-based polymers (cassava starch), namely; 96/1632 (PG1); 98/0505 (PG2) and 92/0057 
(PG3) were ascertained; for 96/1632 (PG1) as temperature increased then decreased in fluid loss, 
289 to 95 cc/30min; for 98/0505 (PG2) the fluid loss decrease from 293 to 98 cc/30min; for 
92/0057 (PG3) it decreases from 346 to 105 cc/30min and HEC decreased from 247 to 91 
cc/30min. A cement slurry density of 15.8ppg of the same concentration and temperatures, 
results showed that for 96/1632 (PG1) as temperature increased there was a corresponding 
decreased in fluid loss from 103 to 43 cc/30min; for 98/0505 (PG2) the fluid loss decreased from 
121 to 53 cc/30min; for 92/0057 (PG3) the fluid loss decreased from 136 to 61cc/30min and for 
HEC the fluid loss decreased from 151 to 69 cc/30min. 
  
Keywords: Cement-slurry; fluid-loss; Hydroxyethylcellulose; Green Chemistry; Cassava starch 
 
1.0 Introduction 
Zonal isolation is obtained in oil and gas wells by cementing operation thus, creating a strength 
zone against the physical and chemical forces in well from the underground environment. 
Constant research by the Oil and Gas industry towards improving the properties of that strength 
zone is continues. According to Nelson (1990), certain parameters help to control this zone 
isolation and they are classified into four categories; First one is related to all parameters provided 
by cement sheath on the reservoir, affecting the well performance; Second one is considering 
parameters of design works for cement slurry to maintain desired physical and chemicals 
properties for each individual well condition; The third one is capturing various aspects of 
cementing job for different purposes including pre-job works, like squeeze cementing, foamed 
cement or horizontal well cementing; and the fourth is, considering all cementing job evaluation 
for short term and long term after the placement of cement slurry. As stated above, the first and 
second categories and parameters define main quantities to control the cement-reservoir 
interactions and cement slurry design work, thus, these are key issues for the oil and gas industry. 
After a conventional drilling operation, depending on the depth and casing design parameters, 
each section is definitely isolated from the other sections. Not only from the reservoir part but
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also from the cement slurry part should be hydraulically sealed. Zonal isolation preserves the 
reservoir conditions including permeability for the vicinity of wellbore but more importantly, zonal 
isolation preserves cement slurry against unwanted fluid migration from the reservoir. Baroghel-
Bouny et al. (2009) disclosed that the durability of oil or gas well is dependent on the absolute 
binding of the cement structures and should be able to serve the purposes for which they were 
built throughout their service life. The authors further stated that safety, economy and 
environmental factors are major issues in the long-term durability of structures. “The restriction 
of fluid movement between zones and protection of casing from corrosion as well as closing non-
productive well could be achieved by the used of cement in drilling operations” (Roshan, H. et al. 
2010).  Santra et al. (2007) noted that formation fluid influx into cement slurries presents not 
only short term problems like losing appropriate composition by shallow water influxes but also 
present long term problems by gas migration. There exist very large numbers of well that leak or 
have sustained casing pressure (SCP). In Central Europe and the Middle East, there are hundreds 
of wells with reports of trapped pressure that cannot be bled off. In the USA and Canada, there 
are thousands of wells leaking to the surface which may or may not be discharged to the 
atmosphere. 
 
Because of complex conditions downhole, several chemicals referred to as additives are usually 
needed in the design of optimum cement slurries to improve desired American Petroleum Institute 
(API) properties. At different temperature conditions of oil or gas well, firm and absolute 
placement of cement slurries are required along the wellbore and an even filled with the annular 
volume. However, fluid loss additives are needed to prevent water encroachment in or out the 
formation, while free water additive is a key ingredient of cement slurry design towards achieving 
zero percent free water at formation temperature. 
 
Keller, S.R. et al (1987) affirmed that free water is the most important factor that should be as 
low as possible after cement sets. Yield point, plastic viscosity, fluid loss, gel strength, and the 
dynamic settling characteristics of the cement slurry are other important parameters. The proper 
slurry design is of extreme importance, not only to prevent particle settling but also to help cover 
appropriate rheology for efficient placement and mud removal, as well as providing zero free 
water to help provide top-side integrity in the annulus. Cement slurries that have free water 
and/or settling tendencies can result in water channels on the top side of a horizontal annulus, 
or an area of reduced compressive strength cement which may not provide the annular seal 
required for zonal isolation during stimulation treatments. It is necessary that well-suspended, 
zero free water slurries be used in horizontal cementing applications. Free fluid may show up not 
as clear water, but as a thin portion of the cement-colored fluid containing well-dispersed cement 
fines. This type of slurry should be rejected or adjusted to eliminate this phenomenon because 
the less dense portion at the top may not provide the strength required for a proper seal, and 
may provide a path for well fluid movement. This could also leave the casing exposed to corrosion 
from downhole water contact.  
 
Field experience has shown that cement behavior remains very difficult to predict and extensive 
design and testing is required to adjust and optimize almost each and every job. Nelson and 
Guillot, 2006 stated that sometimes variability can be so dramatic that some additives 
performance can be completely lost in some cement grades thus, there is usually dramatic effects 
in fluid loss at any slight temperature increase. 
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Sabins and Sutton noted that cement response to additives is closely monitored at every stage of 
a job implementation. Fluid loss is essential to allow an even placement of cement and ensure 
acceptable cement hydration. It is advocated that once the cement is placed, the water to cement 
ratio is kept within acceptable limits and cement hydration, for instance, consolidation will take 
place as designed and that mechanical properties will develop as scheduled. 
 
The focus of this study is on fluid loss control during placement; cement, in this case, is at the 
very early stages of its hydration and within the induction period. According to Scrivener et al. 
(2015), during the pre-induction period, fast dissolution and precipitation processes occur and 
modify the surfaces of all mineral phases present in the cement. Of course, most times the pre-
induction period lasts a few minutes. It was observed that a very limited reaction activity of very 
slightly hydrated cement enters the induction period. Cement is pumped downhole and placed 
against the formation during this induction phase. Nelson and Guillot, (2006) stated that for high-
temperature application, retarders are added in order to maintain cement in the induction phase 
throughout the pumping time. Rao and Burkhalter (1985), Persinski, Cook, and Adams (1977) 
disclosed that conventional copolymers generally comprises 2-Acrylamido-2-methyl propane 
sulfonic acid (AMPS). Study on the mechanism of action of these polymers was carried out by 
Plank, et al (2006), Recalde L and Plank (2012) and it was discovered that the performance is 
directly linked to adsorption of the polymer on the cement surface. Again this adsorption is 
electro-statically driven, anionic sulfonate groups from the “AMPS” monomeric units adsorbs onto 
the cationic sites on the cement (Nagele 1985, Plank and Hursch 2007).  
 
The objective of this study is to evaluate the effectiveness of storage amylose/amylopectin based 
polymer such as cassava starch as cementing additive to control fluid loss and compare it with 
the structural cellulose-based polymer such as hydroxyethylcellulose-HEC). The benefit of the 
storage polymer is that it promotes the principle of green chemistry, however, the benefits are 
not only health and environment-related, but also economical, as the costs of storage, regulation 
and protecting workers and the public from exposure to hazardous chemicals are reduced. 
 
2.0 Material and Methods  
Raw samples were collected from the South-East geopolitical zone of Nigeria. Preparation of the 
raw samples was done in accordance with the Food and Agricultural Organization procedures. 
Thereafter, laboratory analyses were conducted to ascertain American Petroleum Institute, 
standard to ensure it meets specifications prior to usage. 
 
2.1 Cement Slurry Design  
The first concern in designing cement systems for oil and gas wells is to ensure that the slurries 
are suitable for field applications. This means that they can easily be mixed and pumped with 
conventional surface equipment, and placed at the required depth with proper thickening time. 
The slurry must also remain stable during the whole process. For this purpose, optimization is 
carried out for each system. Therefore, Proper slurry design is critical to the success of a 
cementing job.  
 
Dry samples of three cultivars were used for the experiments. Two different cement slurry 
densities; 14 and 15.8ppg were prepared with 0.10% BWOC polymer concentration as shown in 
Table 2.1 Samples were weighed and then blended uniformly before added to the mixing fluids. 
Standard CTC constant speed mixer (Model-7000) of 1.2L capacity was used to an obtained 
homogenous mixture. The mixer motor was turned on and maintained at (4000±200 rpm) 
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according to API RP10-2B procedure (API Edition, 2009). Water and fluid additives were then 
stirred above rotational speed to thoroughly disperse them prior to cement addition. The cement 
and solid additives blend were added at a uniform rate, in not more than 15 seconds. After the 
addition of all dry materials to the mix water, the mixing speed was increased to 12000±500 rpm 
for 35 seconds. Dry materials (cement and solid additives) and water temperature should be kept 
at 23±1.10C prior to the mixing.  

 
2.1.1 API Fluid Loss Test 
Static fluid loss experiments were performed and conditioned for 20 minutes at temperatures 
ranging from 80oF (29oC) to 190oF (88oC) using atmospheric consistometer according to API 
standard (ANSI, API 2005). A standard 175ml filtration cell fitted with a 45µm (325) mesh screen 
supplied by OFI Testing equipment (Houston, USA) was used. The operating procedure and test 
conditions are detailed in API 10-B norm (API 2013). The conditioned slurry was placed in the 
preheated fluid loss cell (the fluid loss cell was heated in the heating jacket prior to conditioning). 
Nitrogen was used to apply 1000psi (60 bars) on top of the cell. The test started when the bottom 
outlet was opened to atmospheric pressure. The filtrate was collected, measured and plotted 
against time. It was ensured that filtration lasted for 30minutes without nitrogen breakthrough. 
 
Calculation of fluid loss 
If however, filtration proceeds for 30minutes without nitrogen breakthrough, then; 

VAPI = 2 X V(t30) 
In the case of nitrogen blowout, the test was stopped and reported API volume was calculated 
as: 

VAPI = 2 X V(breakthrough) X√   
 
2.2 Materials  
 
Cement and Additives  
The cement grade used for the study is the certified HSR class G cement and corresponds to AOI 
specifications (API 10 A), derivatized imported polymer (Hydroxyethylcellulose-HEC) and local 
polymers (cassava starch), antifoam (FP-30L) and freshwater. 
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Figure 1:  Fluid loss of different samples of polymers at 80oF (29oC) of 14ppg cement 
slurry 
 
 

 
Figure 2:  Fluid loss of different samples of polymers at 120oF (49oC) of 14ppg cement 
slurry 
 
 
 

 
Figure 3:  Fluid loss of different samples of polymers at 150oF (66oC) of 14ppg cement 
slurry 
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Figure 4:  Fluid loss of different samples of polymers at 190oF (88oC) of 14ppg cement 
slurry 
 
 

 
Figure 5:  Fluid loss of different samples of polymers at 80oF (29oC) of 15.8ppg cement 
slurry 
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Figure 6:  Fluid loss of different samples of polymers at 120oF (49oC) of 15.8ppg 
cement slurry 
 

 
Figure 7:  Fluid loss of different samples of polymers at 150oF (66oC) of 15.8ppg 
cement slurry 
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Figure 8:  Fluid loss of different samples of polymers at 190oF (88oC) of 15.8ppg 
cement slurry 
 
 
2.3 Impact of Imported and Local Polymers on Cement Slurries Fluid loss 
Fluid loss control through cement slurry is essential for cementing operations, especially to 
prevent fluid migration and fluid segregation. The performance of three samples of local-based 
polymers (cassava starch), namely; 96/1632 (PG1); 98/0505 (PG2) and 92/0057 (PG3) were 
ascertained by analyzing the products and then compared with hydroxyethylcellulose (HEC) based 
polymer to determine their effectiveness with respect to fluid loss as shown in Figures 2.1 to 2.8. 
For cement slurry density of 14ppg, at temperatures of 80oF (29oC) to 190oF, results showed that 
for 96/1632 (PG1) as temperature increased there was a corresponding decreased in fluid loss 
from 289 to 95 cc/30min; for 98/0505 (PG2) the fluid loss decrease from 293 to 98 cc/30min; for 
92/0057 (PG3) it decreases from 346 to 105 cc/30min and HEC decreased from 247 to 91 
cc/30min. A cement slurry density of 15.8ppg of the same concentration and temperatures, 
results showed that for 96/1632 (PG1) as temperature increased there was a corresponding 
decreased in fluid loss from 103 to 43 cc/30min; for 98/0505 (PG2) the fluid loss decreased from 
121 to 53 cc/30min; for 92/0057 (PG3) the fluid loss decreased from 136 to 61cc/30min and for 
HEC the fluid loss decreased from 151 to 69 cc/30min. Experimental results here have shown 
that cassava starch compared favourably with hydroxyethylcellulose. It should be noted that, field 
experience in a number of application shows that most operators will accept fluid loss values 
below 200 to 250 cc/30min. as reasonably good for fluid loss control agent, however, for critical 
jobs like narrow annulus liner or casing job across permeable hydrocarbon zones, values below 
50 or even 15 are required for fluid loss., Nelson and Guillot, (2006) stated that a basic 15.8 ppg 
cement slurry with no chemicals to improve fluid loss will usually have a fluid loss value higher 
than 1500 ml./30 min.  Therefore, the result of this work proves that cassava starch could be a 
good substitute as fluid loss reducers for cement slurry design. 
 
The local-based cement slurry polymer cassava starch (96/1632 (PG1) performed favorably with 
the imported based cement slurry polymer ((Hydroxyethylcellulose - HEC), with local based 
cement slurry polymers 98/0505 (PG2) and 92/0057 (PG3) having better fluid loss control. The 
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study revealed that local polymers (cassava starch) reduced fluid loss in cement slurry density of 
14ppg and 15.8ppg. However, 0.1% by weight of cement of cassava starch reduced fluid loss 
with increase in temperature. 
 
 
2.7 Analysis of Variance of Fluid loss of Imported and Local Based Cement Slurry 
Polymers 
Table 2.1 result showed that for cement slurry design of 14 ppg, the average fluid loss of HEC 
was 145.93 (SD = 70.25), while the average of PG1, PG2, and PG3 were 162.63 (SD = 86.71), 
174.48 (SD = 85.22) and 231.38 (SD = 103.04) respectively. Thus indicating no significant 
difference between the fluid loss of the four different polymers used as viscosifier. This result 
pretty indicates that PG1, PG2, and PG3 polymer can be used as a substitute for HEC. Results 
from a further investigation using SPSS 22 software showed that for fluid loss there was no 
significant difference among the polymers. Similar results were also noticed for cement slurry 
design for 15.8 ppg, with no significant difference. 
 
Table 2.1: Analysis of Variance for Fluid loss  

Polymer 
Cement Slurry Design for 

14ppg 
Cement slurry design for 

15.8ppg 
Fluid loss (cc/30min) Fluid loss (cc/30min) 

HEC 145.93a 108.9a  
PG1 162.63a  68.78a  
PG2 174.48a  85.25a  
PG3 231.38a  96.25a  

 
Conclusions  
A fluid loss in cement slurry was minimized with Local cassava starch (96/1632 (PG1) when 
compared with imported polymer (Hydroxyethylcellulose – HEC). Also, cassava starches 98/0505 
(PG2) and 92/0057 (PG3) minimized the fluid loss in cement slurry but little below when compared 
with an imported polymer. As the temperature increased from 80oF to 190oF there was a 
corresponding decrease in fluid loss. Local cassava starch exhibited excellent fluid loss at cement 
slurry density of 15.8ppg because it was below 200 cc/30mins which is in line with field acceptable 
value stated by other investigators and researchers. However, for critical jobs like narrow annulus 
liner or casing job across permeable hydrocarbon zones, values below are required for fluid loss. 
Also, at cement slurry density of 14ppg, the fluid loss was minimized at temperatures of 120oF to 
190oF. 
 
Statistical analysis obtained revealed that there was no significant difference between the 
imported polymer (Hydroxyethylcellulose-HEC) and local polymers (cassava starches). Local 
cassava starch 98/0505 (PG2) had the highest mean plastic viscosity at 14ppg. This shows that 
local cassava starch PG2 was slightly better than imported polymer Hydroxyethylcellulose (HEC). 
This product is unique in that apart from its ability to reduce fluid loss with an increase in 
temperature, it is self-active, and also supports the principle of green chemistry due to its 
environmental friendliness.   
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ABSTRACT 
Pyrolysis kinetics of thermal decomposition of bitumen was investigated by thermogravimetric 
analysis (TGA). TGA experiments were conducted at multiple heating rates of 5, 10, 20oCmin–1 
up to 800oC to obtain the pyrolysis characteristics of bitumen. Weight loss curve from TGA shows 
that three different stages occurred during bitumen pyrolysis.  Weight loss profile and the final 
amount of coke formed changes with the heating rate. Differential method has been used for 
determining the kinetic parameters and the best fit for the order of reaction was found based on 
the R2 values. Kinetics results confirm the presence of three different stages in bitumen pyrolysis 
with varying kinetic parameters. The average activation energy for the first, second and third 
stages was 27, 78 and 84 kJ mol−1, respectively.  
 
Keywords: Nigeria, bitumen, thermogravimetric analysis, thermal cracking, pyrolysis, kinetics,  
 
List of Acronym 
R2  Regression squared 
TGA  Thermo gravimetric analysis  
TG  Thermogravimetry  

  Degree of conversion  
m0   weights before the reaction,  
mf   weights after reaction at time t,  
Ea   apparent activation energy (J mol−1).  
A  pre-exponential factor (min−1);  
R  is universal gas constant (J mol−1 K−1).  
T  heating temperature (K).  
Β  heating rate (K/oC) 
DTA   differential thermal analysis  
 
INTRODUCTION 
The Nigeria bitumen belts are large deposits of bitumen, located in southwestern state of Ondo, 
Lagos, Ogun, and Edo State. The bitumen deposit in Nigeria is in huge quantity and recorded as 
the largest deposit in Africa and second largest deposit in the world. The bitumen is hosted within 
the eastern Dohomey basin, of which has been of much geological interest as a result of the 
occurrences of bitumen, limestone, glass sands and phosphates (Nton, 2001). This bitumen 
remains untapped because of inadequate knowledge of the oil exploration and exploitation. With 
the rise of price of crude oil the need for the development of alternative and or additional sources 
of energy has become urgent. Bitumen has become an unconventional energy resource due to a 
huge source of solid fossil hydrocarbon compound in the form of bitumen on the surface of the 
earth. Consequently the need for a viable energy sources have become imperative.
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Bitumen (tar or asphalt) is a natural polymer and the lowest grade of crude oil. Bitumens have 
much higher viscosities and heteroatom compositions than conventional light crude oils. For many 
years, it has been used for paving applications, construction and maintenance of roads. Due to 
increasing demands and performance, bitumen is now often blended with polymer. 
 
Bitumen–polymer blends have a better resistance to cracking in low temperatures, as well as 
lower flow and deformation in higher temperatures, than that of bitumen alone (Masson et al., 
2003). After oil sand is mined, the bitumen has to be recovered from the oil sand in order to 
upgrade and transport to refiners. At present, several methods may be applied to recover bitumen 
from oil sand, such as water-based extraction, solvent extraction and pyrolysis (Park et al., 2009). 
Among these methods, pyrolysis is widely used by many researchers for the characterization of 
the heavy oils using in situ combustion (Kok et al., 1998; Meng et al., 2006). 
 
Pyrolysis is a process of thermal decomposition of coal, biomass and oil shale in the absence of 
oxygen to obtain an array of char, oil and gaseous products. Several thermal analysis techniques 
have been used to obtain the experimental data. The most common and suitable for fundamental 
kinetic characterization are thermogravimetry (TG). Due to the simplicity of the instrument and 
calculation methods, the authors have used these techniques to successfully estimate the kinetics 
of many processes such as pyrolysis of coal (coal), crude oil (Murugan et al., 2009) and bitumen. 
Many researchers have used the thermogravimetric analyser to study the thermal decomposition 
of Alberta oil sand (Park et al., 2009), Indonesian bitumen and Canadian bitumen (Alshareef et 
al., 2010).  
 
The thermal stability of bitumen is a significant property to be considered in selection of the best 
processing conditions, depending on the quality of the products, and to fit their performances to 
the proper final applications. Many applications of bitumen involve a high temperature that 
requires a fundamental knowledge about thermal kinetics. Hence, the pyrolysis kinetics of 
bitumen was studied in this work using thermogravimetric analysis (TGA) under an inert 
atmosphere at different heating rates. In addition, the effects of different reservoir sand on 
bitumen pyrolysis were also studied. 
 
EXPERIMENTAL 
The bitumen used in this work was recovered from Yagbata Ondo State sand reservoir. The 
experimental setup consisting of Perkin Elmer STA 6000 Thermogravimetric analyser. This 
instrument has a capability of simultaneously measuring TG and differential thermal analysis 
(DTA). This unit includes built-in mass flow controller that monitors and controls the purge flow 
rates. About 20mg of the sample was used for all the experiments. Initially the sample was kept 
at room temperature for 5 min and then heated up to 800 oC with multiple heating rates from 5 
to 20oC. The experiments were conducted under the nitrog flow rate of 45mLmin−1 throughout 
the furnace. The weight change with respect to the temperature was measured by TGASTA 6000 
and saved to the PC through pyris module interface. 
 
Kinetics theory 
Non-isothermal kinetics of thermogravimetric analyses was usually performed by a differential 
method and integral method. In this work, differential method was used based on the empirical 
expression of Arrhenius. The different stages during the bitumen pyrolysis were determined based 
on the number of levels of the TG curve and on the number of peaks of the DTG curve. The rate 
of thermal devolatilisation of a solid can be expresses as follows (Benbouzid and Hafsi, 2008): 
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The variable” ” is the degree of conversion of the stage i. 
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where m0, mf and mt are the weights before the reaction, after the reaction and at time t, 
respectively. Eai is the apparent activation energy (J mol−1). Ai is the pre-exponential factor 
(min−1); R is universal gas constant (J mol−1 K−1). T is the heating temperature (K). At a given 
heating rate β, we have: 
 

ⁿ
 dT       (3) 

 
The plot of ln[(dα/dT)/(1−αi)ni ] versus 1/T at different ni is a straight line from which the 
activation energy and the preexponential factor can be determined. The optimum value of ni 
gives the highest value of R2. 
 
RESULTS AND DISCUSSION 
 
3.1. Pyrolysis characteristics of oil sand bitumen 
Figure shows the TG/DTG of bitumen at 5 oC/min. Figure 2 (a) and (b) represent TG results 
showing weight loss and the rate of weight loss as a function of temperature, respectively, for 
raw bitumen, which were obtained by the release of volatiles during the non-isothermal pyrolysis 
at different heating rates of 5,10, and 20 oC/min. It is observed that the TG and DTG curves 
shifted to higher temperatures as the heating rate increased. This phenomenon, called as thermal 
lag, was caused by limited heat transfer to the sample, resulting in the temperature difference 
between the sample and the thermocouple (Anca-Couce et al., 2014, Park et al., 2006). In Figure 
2(a), it can be seen that bitumen lost approximately 93 % of original weight and yielded 7 wt% 
coke after the pyrolysis reaction was terminated. It is noticeable that the curves of weight loss 
rate for bitumen show one narrow peak and two shoulder peaks as shown in Figure 2(b). This 
probably indicates that multiple reactions were involved in the pyrolysis of bitumen, and it was 
assumed that the nonisothermal pyrolysis of bitumen consists of three reaction stages (light 
volatilization, main volatilization and continuous volatilization). In general, TGA can be used to 
investigate chemical reactions or physical transitions occurring with weight changes, and then the 
shape of TGA curve is considered characteristic and identification of chemical reactions. Prior to 
the first stage, a small weight loss appeared in TG/DTG curve near 100 oC, probably caused by 
evaporation of water (Bai et al., 2015). The first shoulder peak from ambient temperature to 
about 320 oC (at the heating rate of 1◦C/min) in the DTG curve corresponds to light volatilization 
reactions which entail the desorption of light hydrocarbon volatiles with a weight loss of 29 %. 
From the boiling point distribution in Figure 1, it can be observed that bitumen at boiling point 
lower than 400 oC contains about 28 % distillates. This indicates that a part of oil sand bitumen 
vaporized during the heating process of non-isothermal pyrolysis before main cracking reaction 
occurred. Therefore, it can be considered that volatile gases were generated by vaporization of 
light compounds in the first stage. Volatilization can be caused by the formation of light gases 
from primary pyrolysis, cross-linking reactions, and coke formation reactions (Caprariis et al., 
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2012). The second shoulder peak which arrower temperature of the range 370 oC to 470 oC   in 
the DTG curve corresponds to evolution of volatiles is probably due to thermal cracking with a 
weight loss of 34 %. The continuous evolution of volatiles at high temperature (470 oC -600 oC) 
is probably due to thermal cracking of organic matter. 
 

 
Figure 1. TGA analysis of Yagbata bitumen 
 
3.2 Effect of heating rates 
The TG and DTG curves for bitumen at different heating rates (5, 10 and 20 oC min−1) indicate 
the presence of three stages (Figures 2a and b). As the heating rate increased from 5 to 20 oC 
min−1, the curves are displaced to higher temperatures. At the final temperature of 800 oC, the 
amount of residue produced after pyrolysis increased as heating rate increased such as 6 %, 
11.7 % and 14.6 % for 5, 10 and 20 oC min−1, respectively. The difference in the amount of 
residue produced indicates the influence of heating rate in bitumen pyrolysis. At lower heating 
rates, the heating of the bitumen occurred more slowly, leading to a more effective heat transfer 
to the inner portions and throughout the sample (Mani et al., 2010). As a result of the improved 
heat transfer, more efficient cracking took place, causing more weight loss in the form of volatiles. 
Therefore, as the heating rate increased, the residue at the end of the pyrolysis reactions also 
increased. Based on these results, it is noted that at lower heating rate (5 oC min−1) of bitumen 
pyrolysis, thermal cracking occurred efficiently resulting in a lesser amount of residue compared 
to other heating rates. The DTG curves for different heating rates of bitumen pyrolysis also exhibit 
the difference in curves, more specifically at the peak points such as 435, 445 and 465 oC for 5, 
10 and 20 oC min−1, respectively. The details of three stage bitumen pyrolysis characteristics are 
given in Table 1. The occurrence of three stages in this study is different from two different stages 
in the pyrolysis curve has  been determined by Benbouzid and Hafsi (2008) for the pyrolysis of 
pure and oxidized bitumens. 
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Figure 2a. DTG analysis of Yagbata bitumen at different heating rates. 
 
 

 
Figure 2b. TG analysis of Yagbata bitumen at different heating rates. 
 
Table 1. Analysis of the thermogravimetric results of the bitumen 
 β ((◦Cmin−1)) 
Pyrolysis characteristics 5 10 20 
Number of stages 3   
Temperature interval (◦C)    
Stage 1 150-340 150-352 150-363 
Stage 2 340-456 352-471 363-489 
Stage 3 456-589 471-601 489-609 
Maximum temperature (◦C) 451 459 468 
    
Final temperature (◦C) 932 938 946 
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3.3 Kinetic analyses 
Kinetic analyses were performed individually for the three heating rates using TG data. The order 
of the reaction that provides minimum residuals between experimental and predicted data was 
chosen as the optimum value of n. The corresponding activation energy and frequency factor 
were determined based on the optimum order of reaction. The results of kinetic study for the first 
stage are different from the second and third stages (Table 2). The activation energy increased 
(i.e. 27, 31 and 33 kJ mol−1 for 5, 10 and 20 oC min−1, respectively) as the heating rate increased 
in the first stage of pyrolysis, indicating the minimum activation energy at 5oC min−1. The reason 
for lowest activation energy at low heating rate could be explained by several factors including 
total weight loss being lowest at this heating rate, or longer residence times at a given 
temperature, which will influence the conversion positively. 
 
In the first stage of bitumen pyrolysis, increase in activation energy with respect to heating rate 
also reveals that for the initial weight loss, more heat is required, which is in contrast to the 
second stage of pyrolysis. During the second stage, the activation energy decreased (i.e. 78.3, 
42.4 and 30.6 kJ mol−1 for 5, 10 and 20 0C min−1, respectively) with increase in the heating 
rate that indicates the requirement of less energy at the end of the pyrolysis process. Due to high 
heating rate, the molecules heated up quickly that makes the diffusion fast, and therefore leading 
to lower energy demand for the final conversion.  
 
During the first stage of bitumen pyrolysis average of 25 % of the weight loss occurred with low 
activation energy and high reaction order; while in the second stage, average of 75 % of the 
weight loss was observed with higher activation energy and lower reaction order compared to 
the first stage. The significant difference observed between the two stages indicates that the 
volatiles present in bitumen might be of two different categories with varying degrees of 
volatilization. 
 
Table 2. Kinetic parameters of the bitumen pyrolysis at different heating rates 
 β ((oCmin−1)) 
Pyrolysis characteristics 5 10 20 
Number of stages 3 3 3 
Stage 1    
N    
Ea (kJ mol−1) 27 31 33 
A (min−1) 7.5 24 105 
R2 0.976 0.976 0.967 
C1 (%)    
Stage 2    
N    
Ea (kJ mol−1) 78.3 42.4 30.6 
A (min−1) 1.2×105 673 37 
R2 0.982 0.977 0.969 
C1 (%)    
Stage 2    
N    
Ea (kJ mol−1) 84.1 51.8 34.3 
A (min−1) 1.3×105 703 41 
R2 0.9977 0.987 0.976 
C1 (%)    
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CONCLUSIONS 
A two-stage first-order model is inferred to define the pyrolysis of asphalt. In this, the activation 
energy, E, is different for each stage, but is independent of the type of bitumen and the rate of 
heating. The frequency factor depends on the heating rate and is independent of the bituemen. 
The final yield of volatiles depends on the type of bitumen. The pyrolysis of bitumen exhibits 
three stages during devolatilisation process. The kinetic results were varied considerably between 
the stages and also for the different heating rates. Average activation energy for the first stage 
was lower than the second stage. About 25  % of the weight loss occurred in the first stage and 
the remaining 75% weight loss occurred during the second and third stages of bitumen pyrolysis.  
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ABSTRACT 
Hierarchical ZSM-5 zeolite was successfully synthesized via hydrothermal synthesis using Ɣ-Al2O3 
from Kankara kaolin. Crystallization was carried out in an oven at 950C for 7days using the kinetic-
control method. After ion exchange using 1M solution of NH4Cl for 7 hours, extra framework 
incorporation of zinc was done in ZnNO3 solution using wet incipient impregnation method. The 
samples were characterized using Fourier-transform infrared spectroscopy (FTIR), X-Ray 
fluorescence (XRF), X-ray diffraction (XRD), and Brunauer, Emmett and Teller (BET). Synthesized 
hierarchical HZSM-5 with 1 wt. % zinc loading was the best among the prepared catalyst samples 
based on the specific surface area (381.49 m2/s), mesoporosity (55.8625 %) and hierarchy factor 
(0.197) 
 
1.0 Introduction  
Zeolites are crystalline aluminosilicate materials in which the silicon and aluminum are arranged 
in tetrahedral coordination and are linked by oxygen atoms (Nada and Larssen 2017). The zeolite 
structure contains micropores of molecular dimensions. The uniform molecular sized pores and 
channel provide shape and size selectivity, advantages exploited in catalysis, adsorbents 
development and emerging fields such as CO2 capture (Siriwardane et. al., 2005; Davis 2002) 
ZSM-5, a pentasil-type zeolite, with high surface area, high thermal stability and intrinsic acidity 
serves as choice catalyst in several processes. The structure of ZSM-5 is three dimensional with 
two kinds of intersecting channels, straight channels and zigzag channels, that are formed by 10-
ring pores with pore diameters of 0.55 nm (Petushkov et. al., 2011). An inherent disadvantage 
of the comparable size of the micropores and hydro- carbon reactants with respect to zeolite 
crystal dimensions is slow mass transport. This can suppress the reaction rate. Moreover, coke 
formed by side-reactions can rapidly block the pores near the external surface, prematurely 
deactivating the zeolite catalyst (Meng et. al., 2018). 
 
The amorphous framework nature, poor acidity and unstable structure of ordered mesoporous 
materials (OMM) lead to unsatisfied activity in acid catalyzed reactions even though OMM solved 
the problem of diffusion limitations associated with microporous zeolites (Li et al., 2007); thus, it 
is apparently difficult to improve the catalysis performance simply through the production of 
analogous materials to settle the diffusion issues. On the other hand, nanosized zeolites with 
short intracrystalline path length have been developed to solve the diffusion problem, but 
recycling these nanocatalysts after heterogeneous catalysis, (Tosheva and Valtchev, 2005) 
difficulty in crystallization during synthesis and their hydrothermal stability have been a challenge 
(Tao et. al., 2006).  Therefore, development of hierarchical zeolites with an extra pore system in 
addition to the micropores in zeolite crystals has become a major research area in view of the 
fact that hierarchical zeolites have the potential to overcome the aforementioned challenges 
(Holms et,al, 2011; Feliczak-Guzik et. al 2018).  
 
Hierarchical zeolites have the advantages of traditional zeolites while enjoying the merits of 
introduced mesopores, and this has greatly expanded their applications in catalysis, benefiting
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from the increased external surface area, abundant surface acid sites, decreased diffusion path 
length, and good hydrothermal stability (Fang et. al., 2006, Egeblad. et. al. 2007, Fan et. al., 
2008). Past works on performance of hierarchical zeolites have shown that they are more robust 
with regards to deposition of coke (Ni et. al., 2011; Al-Yassir et. al.; 2012, Ogunrombi et. al., 
2015). 
 
Generally, there are two main methods of synthesis of hierarchical zeolites: 'bottom-up', which 
include - hard templating, soft templating and non-templating and “top-down”, such as 
demetallation, recrystallization, delamination and pillaring (Zhang 2013). The post synthesis (top-
bottom) approach is a facile method to obtain hierarchical zeolites, i.e. dealumination and 
desilication; however, the mesopores created by dealumination are commonly of intercrystalline, 
and desilication always leads to the decrease of the crystallinity and the hydrothermal stability 
(Pérez-Ramírez et al., 2008). By removing the framework atoms, it adversely affects structure 
stability and surface acidity. The templating approaches induce the formation of mesopores 
avoiding the damage of framework properties to a large extent (Chen et. al., 2011,  Möller et. 
al., 2011). Hard templates such as activated carbon, carbon fibers, aerogels, and polymer aerogel 
and soft templates such as cationic polymers, amphiphilic organosilane surfactants, and silylated 
polymers have been used as mesoporogens in the production of hierarchical zeolites (Fan et. al., 
2008, Yang et. al,, 2004). 
 
It is important that the mesoporogen has hydrophobic groups to expand space to provide 
conditions for the formation of mesopores, and also should have a steady connection method 
with zeolite precursor during the process of crystallization (Choi et, al., 2006). CTAB as a soft-
template in this work possesses a ternary ammonium in the center which is connected with three 
hydrophobic short alkyl chains, and three silicon atoms that are distributed terminally at each 
alkyl chain, and each silicon atom is connected with three methoxy- groups (–OCH3). It was 
proposed that the formation of these hierarchical zeolites takes place by means of a liquid-crystal 
'templating' mechanism, in which the silicate material forms inorganic walls between ordered 
surfactant micelles. CTAB formed micelles in the solution and the micelles further formed a two 
dimensional hexagonal mesostructure. The silicon precursor begins to hydrolyze between the 
micelles and finally fills the gap with silicon dioxide. The template could be further removed by 
calcination and leaves a pore structure behind. The pores mimic exactly the structure of 
mesoscale soft template and lead to highly ordered mesoporous silica materials (Chen et. al., 
2003). The introduction of mesoporosity in zeolites is frequently accompanied with a lowered 
micropore volume. The interplay between the catalytic function located in the micropores (active 
sites) and the accessibility function provided by the mesopores should be finely balanced. This 
trend sparked the development of the generic tool termed the hierarchy factor (HF) ( Pe´rez-
Ramı´rez et. al., 2009; Ahmadpour and Taghizadeh,, 2015).The HF is expressed as the relative 
mesopore surface area (Smeso/Stotal) multiplied by a relative microporosity (Vmicro/Vtotal), and can be 
used to classify the porous characteristics of any material (Verboekend and Pe´rez-Ramı´rez, 
2011)  
 
Zeolites are synthesized under highly alkaline hydrothermal conditions, from mixed solutions of 
silica and alumina containing different cationic or other organic structure-directing species. Under 
such conditions, a variety of silicate and/or other anions have been observed to be present in 
solution and have been studied with respect to their roles in zeolite crystallization. Quantitative 
analysis of the different silicon species in the Si NMR data indicates that the intermediate 
amorphous aluminosilica formed during aging has a significantly lower Si/Al ratio (i.e., higher Al 
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content) than the final zeolite product and that Si/Al ratios increase continuously during 
crystallization (Ogura et. al., (2003). This finding suggests that zeolite crystallization may not 
occur solely by conversion of amorphous aluminosilica gel intermediates, but may involve the 
incorporation of siliceous solution-phase species and other solution-phase species from the 
reaction mixture along with depletion of Al species from the gel back into solution. This implies 
that for successful synthesis of zeolites the nature and reactivity of the ammonia used is principal. 
The different phases of alumina are Alpha (α), Beta (β) and gamma (ƴ). Ɣ-Al2O3 is composed of 
minute colorless cubic crystals with sp. gr. about 3.6 that are transformed to the alpha form at 
high temperatures. Ɣ-Al2O3 is the most important among the different alumina available because 
of its applications compared to other phases. it is used in catalyst formulation, due to its high 
surface area, thermal stability, outstanding mechanical properties and nature of interaction with 
zeolite active phases (Paranjpe 2017, Wang et al.,2006). In this work, Ɣ-Al2O3 (which was used 
in previous research as active matrix) produced from Kankara kaolin in Nigeria was used in 
synthesizing hierarchical Zn-ZSM-5 zeolite. 
  
Herein, we report the use of synthesized alumina from Kankara clay and CTAB as mesoporogen 
to successfully synthesize hierarchical ZSM-5 catalyst. Previous works used laboratory grade 
alumina but with the abundant kaolin in Nigeria, it becomes important to harness it for the 
production of the alumina.. In addition, it has been shown that the presence of extra- framework 
metals (eg Zn, Pt, Ga) in HZSM-5 can enhance the dehydrogenation ability of the catalyst 

(Ogunrombi et. al., 2015). However, the deactivation and hydrogenolysis of Pt/HZSM-5 and high 
cost of gallium encourages the use of Zn/HZ5M-5 as the system of interest (Choudhary et. al., 
2000).    
 
2. Experimental  
 
2.1 Catalyst Synthesis 
H-ZSM-5 was synthesized using the hydrothermal procedure; from a gel (pH 10) consisting of, 
sodium hydroxide, aluminum oxide (synthesized from Kankara Kaolin from Katsina State, Nigeria), 
tetrapropyl ammonium bromide (TPABr), zinc nitrate, sulfuric acid, silica sol, CTAB, and deionized 
water in an oven at 950C. In a typical synthesis, 2 g of NaOH was dissolved in 25ml of de-ionized 
water, 0.15g of active alumina was added with additional 4g of NaOH, (mixture ‘A’). TPABr was 
added to 50ml of water and 1.7ml of 96wt.% H2SO4 (mixture ‘B’). 24 ml of silica sol was prepared 
(mixture ‘C’). The mixtures A and B obtained were then simultaneously added to ‘C’ and stirred 
for 30 minutes. The resulting mixture was then aged for 2 days in an oven at 95oC then CTAB 
added and the mixture was again put into the oven for 5 days, that is, the kinetic control 
crystallization method was adopted. The solid component at the bottom was washed with de-
ionized water. Then, the sample was calcined at 550oC for 5hrs to remove the template. The acid 
form HZSM- 5 for five samples with different zinc loading was obtained by ion-exchange with 1.0 
M ammonium chloride using a ratio of 5 g sample: 250 ml ammonium chloride solution. This 
process was repeated twice to ensure maximum exchange. Then, the solid was filtered, washed, 
dried at 950C for 8 hrs and calcined at 5500C for another 5 hrs. It was then converted to Zn-
HZSM-5 using ZnNO3 employing wet impregnation method. In a typical procedure, 0.55g of zinc 
nitrate was dissolved in 10ml of deionized water and the solution was poured into deionized water 
containing 7.5g of the zeolite sample.. The water of this mixture was vaporized using a magnetic 
stirrer at 600C with constant stirring. The catalyst was dried at 950C for 8 hrs and calcined at 
5500C for another 5 hrs. 
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2.2 Catalyst Characterization 
Infrared spectra were recorded on a FT-IR spectrophotometer (Shimadzu model 8400 S) 
instrument with a MCT detector (64 scans, 4 cm−1). Approximately 20 mg of catalyst was 
weighed and put in an infrared cell with KBr windows for treatments and the spectra were 
recorded.  The powder X-ray diffraction (XRD) patterns were obtained on a Rigaku MiniFlex II X-
ray diffractometer using Cu Kα radiation. The anode was operated at 40 kV and 40 mA. The 
catalysts were scanned in continuous mode at wavelength Kalpha1=1.540562, 
Kalpha2=1.544390 and Kbeta=1.3922182 from 3o-70o at scanning speed of 12°/min°. 
 
The textural properties (surface area, pore size and pore volume), of the products were 
determined using BET method by N2 adsorption at -196°C using 3Flex 3.02 Micrometrics 
equipment.  JEM-2100 Plus was used for the transmission electron microcopy of the samples. 
 
3.0 Results and Discussion 
 
3.1 Characterization of the Ɣ-Al2O3  
The XRD pattern of the prepared Ɣ-Al2O3 (Figure 1) showed broad peaks at d-spacing of 1.43Ǻ, 
1.99Ǻ and 2.43Ǻ which largely matched with the commercial and standard XRD pattern of Ɣ-Al2O3  
(Samain et. al., 2014).  The diffractogram with broad peaks indicates that the alumina used is 
amorphous and therefore reactive in the synthesis of zeolite. 
 
The chemical composition of the Ɣ-Al2O3 obtained from the XRF analysis showed that the Al2O3 
content was 85.02% with 4.76% SO3 and 5.16% loss on ignition. This suggested that there were 
SO3 and water still left in the structure. 
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Figure 1: X-ray Diffraction Pattern of Ɣ-Al2O3  
 
3.2. Elemental Composition of the Synthesized Hierarchical ZSM-5 
The elemental composition of the synthesized hierarchical ZSM-5 is shown in Table 1. The silica 
to alumina ratio of all the samples is approximately 20. This value is significant because the 
activity of an aluminosilicate zeolite is mainly dependent on its acidity and the acidity depends on 
the alumina content of the zeolite framework (Asaftei, et. al,. 2015). For ZSM-5, the brönsted 
acid sites directly correspond to the number of tetrahedrally coordinated Al atoms in the MFI 
framework. The stability of the zeolite is also a function of the silica to alumina ratio, a high ratio 
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implies high stability However, there is a trade-off between activity of zeolite and its stability. So, 
a ratio of 20 is considered a fair balance between activity and stability. 
 
Table 1: XRF Elemental Composition  of the Synthesized Hierarchical ZSM-5 
Elements  Zn loading % Silica % Alumina SiO2/Al2O3 
HZSM-5 (sample G) 0 94.50 3.25 50 
Sample Z(0) 0 90.84 7.75 20 
Sample Z(0.5) 0.5 88.00 7.40 20 
Sample Z(1) 1 85.66 7.20 20 
Sample Z(2) 2 88.60 7.25 20 
Sample Z(3) 3 86.60 7.31 20 

 
Figure 2a shows the FTIR patterns for all the samples.  The bands at 1100cm-1 and 450cm-1 are 
typical of highly siliceous materials and have been assigned to the asymmetric stretching and 
bending modes of the SiO4/AlO4, tetrahedra respectively. The band at 550 cm-1 is caused by the 
double five-membered rings of tetrahedra in the framework, containing two parallel faces of 
nearly planar five-membered rings. The most prominent band covering the range of about 3000 
- 3700 cm-1 in the functional group region is due to the vibrations of O-H bond, a functional group 
of ZSM-5. The absorption bands from all Five (5) samples indicate the successful synthesis of 
ZSM-5. 
 
The XRD pattern of the conventional ZSM-5 and synthesized ZSM-5 with varying extra-framework 
incorporated zinc loading is shown in Figure 2b. The peaks of the synthesized ZSM-5 are in 
agreement with those of the conventional ZSM-5 i.e. they occur at about the same 2 theta position 
which confirmed the production of ZSM-5. There are no visible peaks identified as zinc or zinc 
oxide peaks because the zinc loading is below 4 wt% (Van Der Borght et. al., 2015). CTAB that 
promotes mesoporosity, undesirably also induces amorphosity, which leads to synthesized ZSM-
5 having lowered peaks than the conventional ZSM-5. In Figure 2c, it is shown that crystallinity 
increased from loading of 0.5 wt% to the zenith (82.1%) at 2 wt% zinc loading, then it decreased 
to 55.7% at 3 wt%, indicating that 2 wt% loading gave the maximum crystallinity.  
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Figure 2:  (a) FTIR patterns, (b) XRD patterns and (c) percentage crystallinity of 
synthesized zinc (0.5-3% loading) extra-framework incorporated Hi-ZSM-5. 
 
The BET surface area of the hierarchical Zn-HZSM-5 samples in Table 2 shows that sample Z(1) 
has the highest  specific surface area and mesoporosity of 381.49 m²/g and 55.86% respectively. 
Though HZSM-5 has a high mesoporosity (51.52%) above the expected for microporous HZSM-
5, it is noteworthy that this its mesoporosity is below the average of the synthesized hierarchical 
zeolite (56%). HZSM-5 also showed pore size of 3.3nm, which is lower than the average pore 
size of the synthesized hierarchical zeolites with an average of about 4.3nm. The foregoing 
observations implied that the HZSM-5 used in this research is indeed hierarchical and commercial 
companies are fast moving from microporous to hierarchical owing to the overwhelming 
advantages of hierarchical over microporous. The mesoporosity and pore size of the synthesized 
zeolites indicate that varying the zinc loading does not significantly affect its hierarchical 
properties.   
 
The hierarchy factor has a proportional relationship with activity and performance of a catalyst 
which means that sample Z(1) with the highest hierarchy factor is the best among the prepared 
catalyst samples.  This also shows that the micropore framework was not severely tempered with 
and hence crystallinity of sample Z(1) was not compromised.   
 
Table 2. Morphological properties of the synthesized hierarchical ZSM-5  
. Sample (%Zn loading)  HZSM-5 Z(0) Z (0.5) Z (1) Z(2) Z (3) 
BET (m²/g) 415.51 377.58 369.54 381.49 372.79 369.71 
Mesopore area (m²/g) 214.05 217.07 205.51 213.11 205.04 203.25 
Percentage mesoporosity 51.52 57.49 55.62 55.86 55.54 54.98 
Pore size (nm) 3.30 4.17 4.5608 4.30 4.52 4.57 
Hierarchy Factor  0.186 0.15 0.14 0.20 0.14 0.14 

 
The pore size distribution shown in Figure 3a  confirmed the hierarchical nature of the zeolite 
samples with a spread of pore size from 0.1 to about 10nm . The isotherms in Figure 3b showed 
that a major uptake of nitrogen occurred at low relative pressure less than 0.02 and hysteresis 
loops at relative pressure of 0.45–0.95, and this signifies the presence of both micropores and 
mesopores. The nature of hysteresis loop indicates that they are highly mesoporous and of the 
type IV i.e. sample have slit pores of uniform size formed from the aggregation or agglomeration 
of the particles. ZSM-5 are of the slit pore shape category.  

b	 c 
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Figure 3: (a) Pore size distribution of the synthesized hierarchical ZSM-5 (b) 
Isotherms of the synthesized hierarchical ZSM-5 
 
4.0 Conclusions  
Hierarchical Zn-ZSM-5 catalyst samples with different zinc loading were successfully synthesized 
via hydrothermal method using Ɣ-Al2O3 from Kankara kaolin. Based on the characterization results 
obtained using FTIR, XRD, BET and TEM, the hierarchical HZSM-5 with 2 wt.% zinc loading had 
the highest crystallinity (82.1%) while the hierarchical HZSM-5 with 1 wt. % zinc loading showed 
the best specific surface area (381.49 m2/g), mesoporosity (55.86%) and hierarchical factor 
(0.20). The catalyst sample with the 1 wt. % zinc loading has the potential for highest catalytic 
activity. 
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ABSTRACT 
The study investigated the air quality impacts of a Rice Mill using the ISC-AERMOD View. 
Contributions of a steam boiler and three electric power generators in the mill to ground level 
concentrations of criteria air emissions were established.The maximum ground level 
concentrations of air pollutants presently emitted by the steam boiler are 1-hour averaging period 
concentrations of 1.4 – 177.3 µg/m3 with 24-hour level of 0.3 – 43.5 µg/m3. Simultaneous 
operations of the steam boiler and electric power generators give 1-hour averaging period 
concentrations of 29.7 – 257.8 µg/m3 with 24-hour levels of 8.8 – 95.8 µg/m3 . The simultaneous 
operations of the steam boiler and the electric power generators add about 0.41 – 84.78% of the 
respective investigated air pollutants limits to the ambient air quality of the host environment. 
Occasionally the daily NOX limits from this scenario 2 could breach the ambient limit whenever 
all the three electric power generators are simultaneously operated with the steam boiler. 
 
Keywords: rice mill, criteria pollutants, dispersion modelling, air quality, rice husk.  
 
1.0  Introduction 
Rice is a very important staple food in Nigeria and the world at large. It is one of the major 
sources of carbohydrates, which is an essential element for energy, human development and 
body growth (Adegun, 2012). In agricultural history, the domestication and cultivation of rice is 
one of the most important event. According to Okeke (2017) the raw material needed for 
commercial production of rice is the rice seeds or seedling. 
 
Rice grain consist of husk and brown rice. The brown rice contains bran which comprises the 
outer layer and the edible portion. The rice mill operation is the removal of husk (dehusking) and 
bran to obtain the edible portion for consumption. The milling is wherein the rice grain is 
transformed into the form that is suitable for consumption. The extent of rice recovery during 
milling depends on many factors like variety of rice, degree of milling required, quality of 
equipment used and the operators (Poonam, 2014). 
 
Due to increase population growth rate as well as consumers’ demand of rice in Nigeria, the 
country has become the highest rice producing country in West Africa and the third largest in 
Africa. (WARDA, 1996). During rice processing, several streams of materials are generated which 
include the husks, the bran and the milled rice kernel. The rice kernel is further processed for 
consumption while the bran and the husk biomass waste generated are of environmental concern. 
 
The availability of energy for rice processing is of outermost concern. One of the major sources 
of energy in Nigeria is the fossil fuel which it utilization has caused serious environmental impact 
such as global warming by greenhouse gases and acidification by SOx and NOx. In this study the
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environmental impact assessment of a rice milling facility located in Nigeria was carried out. This 
was with the view of determining the impact of the rice milling company activities on the ambient 
environment base on the source of energy used for its operation. 

 
2.0  Methodology 

 
2.1 Study Area Description 
This Study is conducted in an Agro-allied Industries Limited which is an agricultural products 
processing company. The company currently owns and operates a 50 MT per day Rice processing 
Mill producing parboiled head rice and delivers to the final customer through its distributors. It is 
located in Kwara State, a location of about 7 km from Ajese-ipo and 4 km from Offa (Figure 1). 
The site accommodates the Factory, the administrative building and a warehouse which occupy 
about ten (10) hectares of the total land size (100 hectares). The Rice Mill has 2 x 1500 tonnes 
bulk storage silos with tempering bins. There is a Mechanical reception hopper that allows fast 
sack tipping before movement to the Cleaning and destoning section in the Mill. Four 
soaking/steaming tanks are present with continuous flow drier and holding bin to rice mill and 
tempering bins. Inside the Double Flow, the parboiled paddy is dried carefully and efficiently with 
low, un-compacted, bed. There is also a low volume air that slowly cools the paddy in resting 
bins after which there follows distribution of paddy, water and steam to the tanks. In the 
multistage rice mill are husking, paddy separation, whitening, polishing, sifting, optical sorting 
and sacking. Also located in the mill is an air conditioned room on platform for optical sorter with 
overhead bins and sacking station. The husk fired steam boiler that assists in steam generation. 
It operates in the factory with husk store, ash settling chamber in brickwork and fan equipped 
with cyclone and chimney. The Rice Mill operates 2 - 3 shifts per day. 

 
Figure 1: The Rice Mill Facility Site and Area of Influence 
 
2.2 Emission Inventory 
A very important step in air emission dispersion modelling is the air emission inventory. This is to 
identify sources of air emissions in a facility on which dispersion modelling is carried out. It was 
carried out in this study and with it sources of air emissions in the Rice Mill were identified. The 
identified major point sources of air emissions in the Rice Mill include the steam boiler where rice 
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husk is used to generate steam for parboiling and utilities that consist of the three diesel-powered 
electric power generators where electricity is generated to meet its power requirements.  
 
Criteria air pollutants of interest in this study are: carbon monoxide (CO), oxides of nitrogen 
(NOX), suspended particulate matter (SPM), and sulphur dioxide (SO2). Emission rates and stack 
parameters used as model input were obtained from project details. The emissions sources 
obtained in the study are as summarized in Table 1. 
 
Table 1: Air Emission Source Characteristics of the Rice Mill Project 

Air Emission 
Source 

Coordinates Exit 
Temp 
(°C) 

Air 
Pollutant 

Emission 
(g/s) Release 

Height 
(m) 

Stack 
Diameter 

(m) 

Exit 
Velocity 
(m/s) Latitude 

(North) 
Longitude 

(East) 

Husk fired 
steam boiler 
cyclone stack 

08° 
12.404’N 

004° 
46.432’E 750 

PM* 0.5000 

11.6 0.36 15 NOX* 0.0352 
SO2* 0.0204 
CO* 2.6000 

500 kva 
Generator 
(1) 

08° 
12.410’N 

004° 
46.408’E 110 

PM 0.0010 

3.0 0.3 8.94 NOX 0.1182 
SO2 0.0136 
CO 0.0086 

500 kva 
Generator 
(2) 

08° 
12.412’N 

004° 
46.410’E 110 

PM 0.0010 

3.0 0.3 8.94 NOX 0.1182 
SO2 0.0136 
CO 0.0086 

200 kva 
Generator 

08° 
12.414’N 

004° 
46.412’E 100 

PM 0.0004 

2.5 0.2 6.40 NOX 0.0473 
SO2 0.0054 
CO 0.0034 

*Calculated from rice husk emission factors reported by Irfan et al., (2014) for 
gases and Mantananont and Patumsawad (2016) for particulates 
 
2.3 Emission Modelling 
The ISC-AERMOD View was used to investigate the air emission dispersion modelling. It is a user-
friendly interface for four U.S. EPA air dispersion models: ISCST3, ISC-PRIME, AERMOD and MET 
developed for Microsoft Windows which uses pathways consisting runstream file as basis for 
functional organization. The ISC-AERMOD version 8.2.0 with serial number AER00005543, 
licensed to the Environmental Engineering Research Laboratory, Department of Chemical 
Engineering, Obafemi Awolowo University, Ile-Ife, Nigeria was used. 
 
The identified point emission sources with all the parameters listed in Table 1 were considered as 
input parameters into the modelling while Table 2 was used to investigate their impacts on the 
ambient air quality. From the identified sources of air emission in the Rice Mill project, two air 
emissions scenarios were considered to establish potential ground level concentrations of air 
pollutants within the site and surroundings. The operating scenarios investigated were Scenario 
1 where process air emissions from the Rice Mill were considered where operation was assumed 
to be full with rice husk fired steam boiler in the Mill and Scenario 2 which assumed full operation 
of the rice-husk-fired steam boiler simultaneously in operation with the three diesel-fired electric 
power generators.  
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Table 2: Standards of Ambient Air Quality 
Air Pollutants Averaging 

Period 
Maximum Concentration (µg/m3) 

FMENVa  World Bankb 

CO 1 – Hr - 30,000 
8 – Hr 22,800 10,000 
24 – Hr 11,400 - 

NOX 1-Hr - 200 
24 – Hr 75 – 113 - 
Annual - 40 

PM 1-Hr  600  
24-Hr  250  

SO2 1-Hr 260  
24-Hr 26  

aSource: FEPA (1991); bSource: World Bank (2007 
 

2.4 Meteorological Parameters 
Meteorological information is essential in ISCST air dispersion modelling. Both the surface 

and upper air observations were compiled using meteorological data from the Lakes 
Environmental meteorological observations on the study area (Met Data Order # MET 134283). 
It has winds having prevalence for a south-westerly direction (Figure 2). 
 

    
Figure 2: Generated Windrose from the Wind Data used for the Study 

 
3.0  Results and Discussion  
 
3.1 Ground Level Concentrations of Criteria Pollutants 
Presented in Figure 3 the present 1-hour averaging period CO concentrations from the Rice Mill 
Steam Boiler as investigated in scenario 1 are 41.5 – 177.3 µg/m3 while its 8-hour and 24-hour 
averaging period concentrations are 7.0 – 97.5 µg/m3 (Figure 4) and 2.5 – 43.5 µg/m3 (Figure 
5). Its 1-hour ground level NOX are 0.56 – 2.40 2.5 – 43.5 µg/m3 (Figure 6) with 24-hour and 
annual averaging period concentrations of 0.03 – 0.59 2.5 – 43.5 µg/m3 (Figure 7) and 0.0019 – 
0.1814 2.5 – 43.5 µg/m3 (Figure 8) respectively. While its 1-hour SPM are 7.99 – 34.09 µg/m3 
(Figure 9) the 24-hour levels are 0.47 – 8.37 µg/m3 (Figure 10). This scenario 1 emits 1-hour 
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SO2 concentrations of 0.33 – 1.39 µg/m3 (Figure 11) with 24-hour levels of 0.02 – 0.34 µg/m3 
(Figure 12).  
 
From the simultaneous operations of both the steam boiler and the diesel electric power 
generators in the Rice Mill as investigated in scenario 2, the 1-hour averaging period ground 
level CO are 43.5 – 185.1 µg/m3 (Figure 13) with 8-hour and 24-hour levels of 7.1 – 99.3 µg/m3 
(Figure 14) and 2.5 – 46.8 µg/m3 (Figure 15) respectively.  Their 1-hour, 24-hour and annual NOX 
averaging period concentrations are respectively 34.0 – 257.8 µg/m3 (Figure 16), 2.0 – 95.8 
µg/m3 (Figure 17) and 0.2 – 21.0 µg/m3 (Figure 18). Their 1-hour SPM are 8.2 – 35.0 µg/m3 
(Figure 19) with 24-hour levels are 0.48 – 8.75 µg/m3 (Figure 20). Both their 1-hour and 24-hour 
SO2 averaging period concentrations are respectively 3.95 – 29.67 µg/m3 (Figure 21) and 0.2 – 
11.0 µg/m3 (Figure 22). 

 
Figure 3: Isopleth of 1-Hour Ground Level CO from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 4: Isopleth of 8-Hour Ground Level CO from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 5: Isopleth of 24-Hour Ground Level CO from the Rice Mill Boiler (Scenario 1) 
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Figure 6: Isopleth of 1-Hour Ground Level NOX from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 7: Isopleth of 24-Hour Ground Level NOX from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 8: Isopleth of Annual Ground Level NOX from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 9: Isopleth of 1-Hour Ground Level SPM from the Rice Mill Boiler (Scenario 1) 
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Figure 10: Isopleth of 24-Hour Ground Level SPM from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 11: Isopleth of 1-Hour Ground Level SO2 from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 12: Isopleth of 24-Hour Ground Level SO2 from the Rice Mill Boiler (Scenario 1) 

 

 
Figure 13: Isopleth of 1-Hour Ground Level CO from the Boiler and Power Generator 

(Scenario 2) 
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Figure 14: Isopleth of 8-Hour Ground Level CO from the Boiler and Power Generator 

(Scenario 2) 
 

 
Figure 15: Isopleth of 24-Hour Ground Level CO from the Boiler and Power Generator 

(Scenario 2) 
 

 

 
Figure 16: Isopleth of 1-Hour Ground Level NOX from the Boiler and Power Generator 

(Scenario 2) 
 

 
Figure 17: Isopleth of 24-Hour Ground Level NOX from the Boiler and Power Generator 

(Scenario 2) 
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Figure 18: Isopleth of Annual Ground Level NOX from the Boiler and Power Generator 

(Scenario 2) 
 

 
Figure 19: Isopleth of 1-Hour Ground Level SPM from the Boiler and Power Generator 

(Scenario 2) 
 

 
Figure 20: Isopleth of 24-Hour Ground Level SPM from the Boiler and Power Generator 

(Scenario 2) 
 

 
Figure 21: Isopleth of 1-Hour Ground Level SO2 from the Boiler and Power Generator 

(Scenario 2) 
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Figure 22: Isopleth of 24-Hour Ground Level SO2 from the Boiler and Power Generator 

(Scenario 2) 
 

3.2     Maximum Ground Level Concentrations Impact on Ambient Air Quality 
Summarized in Table 3 are the maximum ground level concentrations of air pollutants presently 
emitted by the Rice Mill. From the steam boiler as investigated in scenario 1, the maximum 1-
hour averaging period concentrations are 1.4 – 177.3 µg/m3 with 24-hour averaging period 
maximum ground level concentrations of 0.3 – 43.5 µg/m3 which are respectively 0.54 – 5.68% 
and 0.38 – 3.36% of their respective limits. While the minimum of these is from SO2 the maximum 
is from CO. These maximum concentrations are around the boiler with the minimum in the 
northeast end of the Mill. The 1-hour averaging period cumulative maximum ground level 
concentrations of air pollutants from simultaneous operations of the steam boiler and the three 
diesel electric power generators as investigated in scenario 2 are 29.7 – 257.8 µg/m3 with 24-
hour levels of 8.8 – 95.8 µg/m3 which are 0.62 – 11.42% and 0.41 – 84.78% of their respective 
limits. All these maximum concentrations of ground level air pollutants from the Rice Mill are 
within the set limit except in scenario 2 where the simultaneous operations of both the steam 
boiler and the diesel generator emits the 1-hour ground level NOX concentrations of about 128% 
of the limit. 

 
3.3 Impacts of the Rice Mill Project on the Host Airshed 
As obtained from scenario 1, steam boiler of the Rice Mill presently adds about 0.38 – 5.68% of 
the respective investigated air pollutants limits to its host environment. Similarly simultaneous 
operations of the steam boiler and the electric power generators of the Rice Mill add about 0.41 
– 84.78% of the respective investigated air pollutants limits  to the ambient air quality of the host 
environment. Occasionally the daily NOX limits from this scenario 2 could breach the ambient 
limit. 
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Table 3: Maximum Ground Level Concentrations of Air Pollutants from the Rice Mill  
 

Air 
Pollutant 

Averaging 
Period 

Concentration  Designation/Nearest 
Community Predicted 

(g/m3) 
% of 

Standard 
Scenario 1 (Rice Mill Boiler)  

CO  1 – Hour 177.3 0.59 Within the Rice Mill 
8 – Hour 97.5 0.98 East End of the Rice Mill 
24 – Hour 43.5 0.38 Around the Boiler 

NOX 1 – Hour 2.4 1.20 Around the Boiler 
24 – Hour 0.59 0.52 East End of the Rice Mill 
Annual 0.18 0.45 Southwest End of the Mill 

PM 1 – Hour 34.1 5.68 Southwest End of the Mill 
24-Hour 8.4 3.36 Northeast End of the Mill 

SO2 1 – Hour 1.4 0.54 Around the Boiler 
24-Hour 0.3 1.15 Northeast End of the Mill 

Scenario 2 (Rice Mill Boiler and Diesel Generators) 
Air 

Pollutant 
Averaging 

Period 
Concentration Designation/Nearest 

Community Predicted 
(g/m3) 

% of 
Standard 

CO  1 – Hour 185.1 0.62 Generator House 
8 – Hour 99.3 0.99 Northeast End of Rice Mill 
24 – Hour 46.8 0.41 Northeast End of Rice Mill 

NOX 1 – Hour 257.8 128.90 Generator House 
24 – Hour 95.8 84.78 Northeast End of Rice Mill 
Annual 21.0 52.50 Generator House 

PM 1 – Hour 35.0 5.83 Generator House 
24-Hour 8.8 3.52 Northeast End of Rice Mill 

SO2 1 – Hour 29.7 11.42 Generator House 
24-Hour 11.0 42.31 Northeast End of Rice Mill 

 
 
CONCLUSIONS 
The ISC-AERMOD View version 8.2.0 has been used in this study to determine the actual 
contribution of steam boilers and electric power generators in a Rice Mill to air pollutants of its 
host environment. Ground level concentrations of Carbon Monoxide (CO), Oxides of Nitrogen 
(NOX), Particulate Matter (PM) and Sulphur Dioxide (SO2) associated with the project were 
estimated. All the anticipated maximum ground level concentrations of air pollutant associated 
with the Rice Mill are within their respective limits except NOX that could occasionally breach its 
limit. Continuous adherence of the Mill to its present attitude of keeping one of the electric power 
generators on standby will assist to keep the daily NOX within its set standard. 
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ABSTRACT 
Clay Samples from Naraguta deposit in Jos North Local Government Area of Plateau State, Nigeria 
have been studied for its application as raw material for ceramic material production. Naraguta 
clay, a soft white in lumped form were obtained randomly from different points within each 
deposit from underground local mines pit at a depth of 10, 20 and 30 cm and labelled samples 
1,2 and 3 respectively. The samples were air-dried for several days and crushed using a crusher. 
Each crushed sample was thoroughly mixed, coned and quartered. The samples were 
subsequently ball milled to form a powder. The powder was pressed to form pellets which were 
dried at 105 oC until constant weight was achieved. The samples were then heated to temperature 
600, 800, 1000, 1200, 1300 and 1400 oC in a furnace, respectively at a rate of 5 oC/min with 
soaking time of 1h at each maximum temperature. The chemical analysis was carried out using 
x-ray fluorescence (XRF) and x-ray diffraction (XRD) while the physical property tests such as 
bulk density, apparent porosity, compressive strength and shear stress were carried out using 
standard techniques such as American Society for Testing and Materials (ASTM 2016). The effects 
of firing temperature on the physical properties were also studied. The results of the chemical 
analysis revealed that the clays were composed majorly of silica (SiO2), 49 – 51%; alumina 
(Al2O3), 31.494 – 33.301%; and other oxides. The XRD spectra of the clay showed that the 
components of the clay samples were predominantly kaolinite constituting about 80% of the 
particles with some traces of mica and quartz. The physical properties (bulk density, compressive 
strength and shear strength) of the clay sample initially increased with increased firing 
temperature from 750 oC to 800 oC, and then the properties decreased with further increase in 
firing temperature until it reached the minimum at 950 oC because of the transformation of the 
clay due to dehydroxylation of kaolin into kaolinite. The results of both the physical and chemical 
analysis fall within the acceptable standards for materials for ceramic material production. 
 
Key Words:  Kaolin, Ceramic Material, Chemical and Physical Analysis, X-Ray fluorescence, X-
Ray Diffraction 
 
Introduction 
Ceramics are inorganic and nonmetallic solids with a range of useful properties, including very 
high hardness and strength, extremely high melting points, and excellent electrical and thermal 
insulation. The best-known ceramics are pottery, glass, brick, porcelain, and cement (Emmanuel 
2015) Clay remains the major raw material in the ceramic industry. It has also found wide 
applications in the paint and paper industries. This versatility depends principally on the 
composition and physical properties. The properties of a particular ceramic depend not just on 
the materials from which it is made but also on the way they are joined together—in other words, 
on its crystalline structure.  The clay used for the production of ceramics should have the following 
specifications; plastic enough for shaping, dry without excessive cracking and warping, have low 
and wide vitrification range, low carbonate content, and a good spread in particle size. (Angelica 
et al., 2008).  Low and wide vitrification range is desirable for favourable unit firing cost and for
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ease of firing. Because the fluxing action of carbonates tends to shorten the firing range and 
trigger localized flux spots, the low carbonate content is desirable, and CaO and MgO resulting 
from the firing of typical carbonate-bearing clay can hydrate relatively easily with no damage to 
the fired material. 
 
In the fabrication of ceramic products, raw materials selection plays a vital role in the final product. 
The properties of the components present in the clay and the firing temperature affect critically 
the physicochemical properties of the resulting ceramics (Jordan et al., 1999). The sintering 
process has been widely used in producing ceramic components. Sintering processes can be 
divided into two types: solid-state sintering and liquid phase sintering. Solid-State Sintering (SSS) 
happens when the powder compact is fully densified in a solid-state at sintering time, whereas 
fluid phase sintering occurs when the powder compact is still in a liquid phase during sintering 
(Kang, 2005). 
 
Sintering of ceramic mass is therefore critical in adjusting desired properties and occurs in general 
during liquid-phase formation. The presence of components such as low-melting clays is 
significant in the process. Fluxes (alkaline oxides, mainly K2O and Na2O), in reaction with silica 
and alumina, promote liquid phase formations and therefore assist densification process (Hamisi 
et al., 2014). Evaluating the phase transformations which take place during the firing process is 
therefore crucial in determining the quality of the clay used in the formulation of ceramic materials 
(Sousa and Holanda, 2005). 
 
Nigeria is immensely endowed with ceramic raw materials like alumina, coal, clay, feldspar, kaolin, 
quartz, silicon, and zirconium, located throughout the country's geographical zones. Local 
demands for ceramic products are very high considering our population which is presently about 
180 million, yet the supply is met mostly through importation. Despite the fact that both raw 
materials and human capacity are available for research, production and development of high-
quality ceramic products of international standard, the country imports more than 50 containers 
a day (Emmanuel, 2015). The demand for ceramic products in Nigeria is quite high with the real 
estate sector leading in the drive for demand with ceramic tiles which are used for floor, walls, 
ceiling and even roof. Next is the power sector with its high demand for electrical porcelain 
insulators. Another area worth considering is ceramics for home use. This includes dinner wares, 
pottery wares and decorative wares. Other products such as spark plug ceramics, beryllium oxide 
ceramics, chemical or refractory porcelain, engine and turbine combustion chambers can be 
categorized for industrial applications (Emmanuel, 2015). 
 
It makes economic sense to invest in the production of ceramics in Nigeria at this time with all 
these demands in the different sectors, even as the raw materials are readily available in 
commercial quantities. This will not only help meet the growing demand for these products but 
will also help create jobs for our young people and help the state economy to grow. Clay bodies 
are widely distributed on the Precambrian basement complex of Nigeria. Clay occurs in deposits 
of greatly varying nature. No two deposits have the same clay, and frequently different samples 
of clay from the same deposit differ. Due to its small size, complex structural structure and relative 
slow kinetics of forming and transition, clay can be difficult to define. 
 
Naraguta clay deposit is located in Jos North Local Government Area of Plateau State, North 
Central Nigeria. Clay samples were collected from three different locations in the upper part of 
the area.The study areas are bounded between latitudes 8˚30E and 9˚00E and longitudes9˚30N 
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and 10˚00N. Fresh samples in lump form were obtained randomly from different points within 
each deposit. 
 
This work is therefore to evaluate the properties of kaolin from Naraguta clay deposit in Jos North 
Local Government Area of Plateau State, Nigeria to determine its suitability for ceramic materials 
production.  
 
Experimental Procedure 
 
Sample Preparation 
The material preparation was carried out using the procedure adopted by Ituma et al. (2018) and 
Lydia et al. (2018). In this experiment, 5 kg of fresh samples in lump form were obtained randomly 
from different points within each deposit from underground local mines pit at a depth of 10, 20 
and 30 cm and labelled samples 1,2 and 3 respectively. The samples were air-dried for several 
days and crushed using a set of Denver crushers by Denver Equipment Co. England. Each crushed 
sample was thoroughly mixed, coned and quartered. These were packaged in small polythene 
bags as representatives of the samples for the required test. Clay sample was subsequently ball 
milled to form a powder. The powder was pressed to form pellets which were dried at 105oC until 
constant weight was achieved. The samples were then heated to 600, 800, 1000, 1200, 1300 and 
1400 oC, respectively at a rate of 5oC/min with soaking time of 1h at each maximum temperature. 
 
Sample Characterization 
The chemical compositions of the clay samples were determined using X-ray fluorescence (XRF). 
The clay samples were mixed inside a cleansed crucible and heated to 500 oC for 8 min and 
allowed to cool at room temperature until the sample fused and later used for the analysis. The 
chemical composition of the sample is presented in Table 1. 
 
The X-Ray Diffraction (XRD) patterns and phase identifications of the samples were carried out 
using X-ray diffractometer (XRD); PW 1800 diffractometer, Philips, the Netherlands with graphite 
monochromatized copper Kα-radiation.  
 
Apparent porosity 
Apparent porosity of the clay material was carried out by preparing a clay brick measuring 5x5x4 
cm. The brick was then dried in an oven at 100oC, fired in a furnace at a temperature of 900 oC. 
The fired specimen was cooled and then transferred into a desiccator, and the dry weight noted 
and recorded as x. The specimen was then immersed in a water-filled beaker, allowed to soak in 
boiled water for 30 minutes while being agitated to free trapped air bubble. The specimen was 
then allowed to cool in a desiccator and then soaked weight recorded as y. The specimen was 
weighed suspended in water using beaker placed on a balance, and the suspended weight noted 
and recorded as z. The apparent porosity was calculated using equation (1) (Abubakar et al., 
2014) 
 
Apparent porosity ⨯ 100%        (1) 
 
Bulk density  
The samples were dried for 24 hours, the test pieces were put in an oven and dried at a 
temperature of 110 oC for 6 hr. They were allowed to cool and weighed by means of weighing 
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balance and their dried weights (D) recorded in turn. They were transferred to a beaker and 
heated for 40 min and then cooled, the soaked weight was recorded. Water was put in another 
beaker and each of the test pieces suspended in the water so that their suspended weights were 
recorded. The equation for calculating bulk density is given by Equation 2. (Ovat and Bisong  
2017).  
Bulk density =           (2) 
 
Where D = Dried weight  
W = Soaked weight  
S = Suspended weight 
ρW Density of water 
 
Loss of ignition 
The loss of ignition was calculated by measuring 50 g of the sample, dried in an oven at 110 oC 
and cooled in a desiccator. A porcelain crucible was cleaned, dried and weighed (A). The dried 
sample was introduced into the crucible and weighed (B). The crucible containing the sample was 
placed in a muffle furnace and heated to a temperature of 900 oC for 3 hours, cooled in a 
desiccator and then weighed (C). The loss of ignition was calculated from Equation (Abubakar et 
al., 2014) 
 
LOI            (3) 
 
Compressive and Shear Strength of the Kaolin Sample  
Clay samples were ball milled to form a powder. The powders were pressed to form pellets which 
were dried at 105oC until constant weight was achieved. The samples were then transferred into 
a furnace and heated to temperature of 600, 800, 1000, 1200, 1300 and 1400 oC, respectively at 
a rate of 5oC/min. The samples were cooled to room temperature. The samples were placed on 
a compressive tester and load was applied by turning the handwheel of the tester at a uniform 
rate until failure occurred. The manometer readings were recorded, and the compressive strength 
(CS) and Shear strength were calculated from equation 4. (Abubakar et al., 2014) 
 

	 	

	 	 	
         (4) 

 
Results and Discussion 
The chemical composition of kaolin is essential because of its influence on the behaviour of 
ceramic masses during thermal treatment. Table 1 shows the chemical compositions of the clay 
samples. 
 
From Table 1, it could be deduced that the silica contents of the samples are 49.038, 51.102 and 
50.673% of clay sample 1, 2 and 3 respectively. This shows that all the clay samples met the 
requirements for the manufacture of ceramics as reported by Abubakar et al., (2014). In their 
work, they reported that a clay material having silica contents of between 40 – 65 % satisfies the 
requirements for the manufacture of refractory bricks and ceramics. This may be due to the 
presence of higher bond impacted into the matrix of the clay by the silica content. 
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Table 1: Chemical Composition of the Kaolin Sample 
Oxide Kaolin Sample 1 Kaolin Sample 2 Kaolin Sample 3 
CuO 0 0 0 
NiO 0 0 0 
Fe2O3 0.483 0.387 0.694 
MnO 0 0 0 
Cr2O3 0.011 0.009 0.017 
TiO2 1.112 0.801 1.483 
CaO 0.083 0.106 0.093 
Al2O3 31.494 32.878 33.301 
MgO 0.328 0.317 0 
ZnO 0.004 0.004 0.006 
SiO2 49.038 51.102 50.673 
Total 82.553 85.604 86.267 
LOI 17.447 14.396 13.733 

 
An Al2O3 content higher than 30 % is necessary for increasing the refractory and mechanical 
resistance (Benea and Gorea, 2004). From  Table 1, it could be deduced that the alumina contents 
of the clay samples were found to be between 31 – 33%, an indication that the samples fall 
within the range of standards for the manufacturing of ceramics (above 30%) and refractory 
bricks (25 – 44%). From Table 1 also, it could be seen that the Fe2O3 contents of the clay samples 
are 0.483, 0.387 and 0.694 % for sample 1, 2 and 3 respectively. These values of the Fe2O3 
contents also falls within the range of standards (0.4 – 2.4 %) for the manufacture of refractory 
bricks. Such level of Fe2O3 usually alters the colour of the clay to reddish-brown, thereby making 
it attractive as a ceramic material as reported by Marcel and Bernea (2004). Marcel and Bernea 
(2004) reported that the Fe2O3 content of clay influenced the high-temperature characteristics of 
the clay such as the fired strength. 
 
The Loss on Ignition (LOI) values of the clay samples were found between 13.733 – 17.447%. 
The values, which fall within the range of 8 – 18 % for ceramics and refractory bricks products 
as reported by Omowumi, (2000). Omowumi (2000) reported in her work that the LOI 
characteristics of the clay materials should be low to impact adverse effects on the porosity of 
the materials especially those used for refractory bricks. 
 
The bulk density, compressive strength and shear stress of the fired clay are presented in Table 
2, 3 and 4, respectively.  
 
From Tables 2 - 4, it could be observed that the physical properties (bulk density, compressive 
strength and shear strength) of the fired bricks produced from the kaolin sample initially increased 
with increased firing temperature from 750oC to 800oC and then the properties decreased with 
further increase in firing temperature until it reached the minimum at 950 oC for the considered 
firing temperatures. The explanation for this is that transformation of the sample type of clay 
used for producing ceramic from one phase to another has occurred as the dehydration of 
kaolinite  completes by ~150oC, followed by dehydoxylation at ~500-600oC and its structural 
breakdown occurs in the temperature range ~800-900oC, depending upon the particle size and 
amount and type of the impurities present (Francisca, 2014). Also the bulk density of 1.56 
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g/cm3obtained at fired temperature of 950oC shows that the sample is suitable for producing 
ceramic materials. 
 
The apparent porosity of the clay samples is presented in Table 5 
 
Table 2: Compressive Strength of the Kaolin Sample 

Temperature (oC) Compressive Strength (N/m2) 
750 7.86 
800 7.88 
850 7.32 
900 7.43 
950 8.21 

 
Table 3: Shear Strength of the Kaolin Sample 

Temperature (oC) Shear Strength (N/m2) 
750 1.76 
800 2.27 
850 1.24 
900 1.23 
950 2.86 

 
 
Table 4: Bulk Density of the Kaolin Sample 

Temperature (oC) Bulk Density (g/cm3) 
750 1.55 
800 1.63 
850 1.59 
900 1.6 
950 1.56 

 
 
Table 5: Apparent porosity of the clay sample 
Clay samples 1 2 3 
Apparent porosity 4.1 5.8 8.2 

 
The apparent porosity of the clay samples as revealed in table 5 were found to be 4.1, 5.8 and 
8.2 for samples 1, 2 and 3, respectively. These low porosities exhibited by these clay materials 
also fall within the standard for the production of fired clay and refractories as reported by Tiffo 
et al. (2015). Tiffo et al. (2015) reported that low porosity found in a clay sample leads to increase 
in their mechanical strength. Therefore, these samples are found suitable for the manufacture of 
refractories, ceramic materials and siliceous fired clays. 
 
The phases present in the clay samples and their crystallinity were identified using XRD, as shown 
in Figures 2a to 2c. 
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The results as presented in Figure 2a - c, show eleven major peaks at diffraction angles, 2θ of 
10.2, 20, 24.9, 26.6, 28.0, 35.0, 38.3, 50.1, 60.2, 68.9 and  74o.  The presence of mica and quartz 
was as a result of silicate minerals present in the kaolin sample. The XRD study confirmed that 
the major component present in the clay samples were predominantly kaolinite constituting about 
80 % of the particles. Other components include mica and quartz.  The average lattice parameters 
from indexing of the peaks in the XRD were calculated to be 9.9882A. The particle diameter of 
the kaolin sample was calculated using the Debye-Sherrer Equation; 
 
D

.

Ө
           (5) 

 
 

 

 

b.	

a.	
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Figure 2: XRD Spectrum of Jos clay samples 
 
Where λ is the wavelength of the x-ray (0.1541 nm) β is the full width at half maximum (FWHM), 
θ is the diffraction angle in radian, and D is the particle diameter size. The interspacing between 
the atoms (d) was calculated using the Bragg’s law given as;  
 
d

Ө
           (6) 

 
The average interspacing between the atoms, average crystal size and average lattice parameters 
of the study clay samples calculated are 0.3764 nm, 17.480 nm and 10.03 A respectively. These 
indicated that the clay samples used shows characteristic that is of less spaces between the 
particles of the clay samples. This wider angle between the unit cells of the kaolin crystal of 
10.03A is more than general well crystallized kaolinites having a graphitic line of 001 d spacing 
of 7.1 to 7.2 as reported by Aroke et al. (2013). The difference could be connected with a small 
amount of interlayer water within the kaolin crystals. However, there are some incompleteness 
and imperfections in some patterns in Figure 2, indicating the overshadowing amounts of other 
minerals of clay size with the kaolin. Some peaks related to crystallized phase were also detected, 
which is attributed to quartz, and mica initially present in the kaolin. This is in line with the work 
of Francisca (2014). 
 
Conclusion 
Clay Samples from Naraguta deposit in Jos North Local Government Area of Plateau State were 
prepared and characterized using physical and chemical analysis. The results of the chemical 
analysis showed that kaolinite was the major components of the clay with the composition of 
silica (SiO2), 49 – 51%; alumina (Al2O3), 31.494 – 33.301%; and other oxides. The bulk density, 
compressive strength and shear strength of the clay was stable at a temperature of 950oC due to 
dehydroxylation of kaolin. It was found that the physical properties and chemical compositions of 
the clays are within the acceptable standard ranges for the manufacture of ceramics.  
 
 
 
 
 

c.	
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ABSTRACT 
Oil samples were activated via ozone interaction, at specific ozone input of 1.1, 1.8, 4.3, 4.4 and 
5.8g 03/kg feed, prior to distillation. It was observed that the optimal fractions obtained at ozone 
input of 4.4g/kg feed was 25.6 wt%, compare to 21.0wt% of raw sample. Mechanical vibration 
action was deployed in destroying oil interface barrier before distillation and the fractional yield 
was 52.8%. Storage yield of 61.4 wt% at vibration a duration of 45 minutes compare to raw 
sample of 52.8% yield. Storage of micro-wave activated oil sample prior to distillation favors the 
formation of heavy oil product such as light and heavy gas oil. All the methods of activating oil 
samples leads to reduction in formation of lighter hydrocarbon product during their distillation. 
 
Keywords: Distillate Yield, Distribution, Fractions, Hydrocarbons, Interface, Oil Components  
 
Introduction 
Modern trend of oil refining focused on resolving the potential of resources through the studies 
of complex oil nature. Oil complex nature has been investigated by various scholars from various 
direction (Wenger, Speit, Pokonov, 1982, Krasnogorskaya, Andreeva, 1987). The most recent 
interpretation of the complex oil nature is the version of it paramagnetic properties. From oil 
colloidal point of view (Safeeva, 1998), that it consist of dispersed system of a continuous 
dissociation phase. The work (Wenger, Andreeva, 1995) emphasized much more on the homolytic 
dissociation theory of oil system. 
 
The modern perspectives of oil nature constitute on the evidence of long-life free radicals 
exhibiting high spin interaction potentials, whose nature leads to changes in colloidal phase of 
the oil structure, (Lickterova et al 2005). Such periodic changes in the oil structure exposed it to 
further interactions (or pretreatment). 
 
Various pretreatment on oil system has proved to effectively intensified its refining direction as 
reported, via methods of ozone interaction on oil (Lunin et al 2003, Ajinomoh 2016, ), method of 
polar solvent dissolution prior to refining (Momoh et al., 2011). In addition to the various physical 
and chemical pretreatments, the pretreated oil show some interesting anomalous in the result of 
the processed oil, (Ajinomoh et al., 2015, 2012). 
 
Methods 
Series of independent experiments are conducted: 
1. via ozone initiation- Ozonation or ozonolysis of oil residue (fraction > 3500), at a specific ozone 

input of 1.5 till 5.8g 03/kg feed at 40 – 500c, in a fluidised reactor type, according to the 
method (Lunin et al 2003), then followed by thermolysis of the sample at 1800C, for duration 
of 60 minutes at atmospheric pressure. Later, distillations are carried out at atmospheric and 
vacuum pressure for fractions, IBR – 180, 240 – 280, and 180 – 4500c at vacuum pressure.
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2. A domestic microwave (Model WM 224R) was modified for activating 89.3g of Ural crude oil 
at 560 watts; then part of the treated sample was stored for 1-6days and the remaining was 
fractionated (table3); later the stored sample was fractionated for the yield of fractions, IBP- 
180, 220- 240, 240–3600C, (Ajinomoh et.al,2012,Abdullah et al.2010). 

3. Escravo crude oil was subjected to mechanical vibration pretreatment at a constant frequency 
of 450Hz for duration of 20, 30, and 45 minutes, before subjecting the samples to atmospheric 
distillation, (Ajinomoh el.al, 2010). 

 
All the outcomes of the series of experiment are subjected to mass, IR-spectral analysis, octane 
rating analysis, elementary sulfur analysis. 
 
Result and Discussion 
The first service of experiment is presented in table1, it is observed that gasoline fraction appears 
after ozone treatment and increase proportionately with ozone input, the same scenario occurs 
with fraction 240 – 3500C. 
 
In the next series of experiment (effect of vibration Table 2, for oil sample, Escravors), a 
remarkable increment in yield for fractions up till 3500C was recorded. From the analysis, there 
are noticeable distribution of hydrocarbon component toward heavy hydrocarbon chain. But in 
the case of microwave activation and subsequent storage, it is was observed that there is partial 
increment, but on storage the yield in fractional yield decrease; and this can be trace to the 
process of recombination of hydrocarbon components after activation. 
 
Conclusion  
1. Pretreatment of oil sample via ozonation leads to increase in yield of fractions. 
2. Mechanical activation leads to higher yield of lighter fractions. 
3. Microwave radiation lead to fractured yield but on storage reduces the yield. 
4. Applying all the three forms of activation there are drastic reduction in C1 – C4 
 
Table 1. Fractions obtain before and after ozonation treatment  

Fractions, 
0C 

Yield, % wt 
Initial 
sample 

Number of sample 
1 2 3 4 5 

Specific ozone {input} g/O3/kg feed 
1.1 1.8 4.3 4.4 5.8 

Up to 180 - 4.2 4.7 2.7 7.0 3.1 
180 – 240 - - - - - 0.6 
240 – 350 6.0 5.35 5.2 4.7 5.3 8.1 
350 – 420 15.0 16.0 14.2 13.7 13.3 13.1  

> 420 
(Residue) 

77.4 72.4 74.5 77.4 72.5 72.8 

	 21.0 25.7 24.1 21.1 25.6 24.9 

Losses 1.6 1.6 1.4 1.5 1.9 2.3 
Fraction 
increase 

0 4.7 3.0 0.1 4.6 3.9 
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Table 2: Effect of vibration on the yield of fuel fractions from Escravos crude oil 
sample.  

 
Fractions 

Fractional yield, % wt 
Non vibrated 

sample 
Vibration duration, min 

20 30 45 
IBP – 1800C 28.49 29.54 30.83 33.39 
180 – 2400C 16.21 16.38 16.54 17.37 
240 – 3600C 8.09 9.55 10.42 10.64 

> 3600C (Res.) 41.08 38.66 36.91 33.46 
Losses (C1 – C5) 6.13 5.88 5.31 5.13 

Fraction 52.79 55.47 57.79 61.40 
Increase 0 5.08 9.47 16.31 

 
Table 3 Fractional yield, % wt from Ural crude oil sample before activation and after 
activation and storage 

Fraction, 
0C 

Fractional yield before activation, after activation and storage % wt. 

 Before 
activation 

0day 1day 2 
days 

3 
days 

4days 5 
days 

6 
days 

Up to 180 12.458 19.792 18.542 17.914 16.771 16.667 16.617 16.594 
180 – 245 15.563 18.229 15.844 15.073 15.638 15.429 15.221 15.104 
245 – 345  25.000 25.521 24.927 25.292 25.646 25.753 26.047 26.047 
345 – 360 9.271 8.333 9.531 9.958 9.958 10.053 10.282 10.262 

>360 37.396 27.604 31.146 30.719 31.258 31.577 31.588 31.785 
Losses  C1 – 

C5 
0.313 0.521 1.016 1.041 0.729 0.521 0.245 0.208 
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ABSTRACT 
A series of CuZn/MCM-41 catalysts were synthesized by three different synthesis techniques; co-
impregnation, serial impregnation and Copper impregnated MCM-41 with Zn in the framework. 
The preparation methods were found to greatly influence the physical-surface properties such as 
porosity, arrangement of pores and surface area, and pore volume. BJH data obtained from 
surface area analysis showed that the catalyst prepared by co-impregnation had the largest pore 
width of 5.1 nm, while that prepared by serial impregnation had the smallest pore width of 3.88 
nm. The catalysts synthesized by serial impregnation however presented the largest surface area 
of 415 m2/g while co impregnated and Zn- intra framework catalysts had surface areas of 284 
and 246 m2/g respectively. Scanning electron microscopy and Transmission electron microscopy 
micrographs were captured to study the morphology of the synthesized catalysts. 
 
1.0 INTRODUCTION 
Traditionally at laboratory scale, impregnation, co-precipitation, combustion synthesis, ion exchange 
and hydrothermal synthesis are some of the popular methods of catalyst synthesis. Understanding the 
effects of synthesis route on the final nature of an intended catalyst ensures that these catalysts can 
be engineered to improve properties such as surface area, pore volume, crystallinity, metal dispersion 
and many other factors which can affect activity, selectivity and stability of catalysts during reactions. 
The final properties of any catalyst is strongly affected by the route taken in preparing these materials. 
The method of synthesis (Das, Llorca, Dominguez, and Gayen, 2015; Hosseini, Haghighi, and Ajamein, 
2016; Ning, Shen, and Liu, 2001), nature and morphology of support(Danwittayakul and Dutta, 2012, 
2013; Nakajima, Lee, Lee, and Grigorpoulos, 2016), metal source(Qin, Liu, Qing, Hou, and Gao, 2017) 
and the addition of promoters(Agrell et al., 2003; Minaei, Haghighi, Jodeiri, Ajamein, and Abdollahifar, 
2017; Sanches, Flores, Avillez, and Silva, 2012; Toyir, Ramírez de la Piscina, and Homs, 2015) have 
been explored by various groups in order to improve the activity of catalysts. The use of  some external 
factors can also be applied to tweak the synthesis route such as sonication(Hosseini et al., 2016), use 
of microwaves(Ajamein and Haghighi, 2016), hydrothermal synthesis (Danwittayakul and Dutta, 
2014), combustion synthesis and UV exposure(Danwittayakul, Lakshman, Al-Harthi, and Dutta, 2014).  
Thermal stability and surface area are greatly affected by the method of synthesis.  
 
The importance of mesoporous materials in engineering cannot be overstated. Research and 
development in this class of nanostructured materials has witnessed enormous growth in recent 
times. This is due to the large surface areas, pore volumes and pore sizes which they 
possess(Morsi and Mohamed). MCM-41 is a mesoporous silica compound which can be 
synthesized by different methods. Since its discovery in the late 1980’s(Kresge, Vartuli, Roth, and 
Leonowicz, 2004), it has been extensively investigated and utilized as catalyst support, adsorbent, 
hydrogen storage, drug delivery and for electronic and optical devices(Lin, Wong, Mou, and Tang, 
2000). The large surface area; sometimes 
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up to 1000 m2/g and tunable pore sizes make them an attractive material for many catalytic 
applications. Recently some of the catalytic applications of MCM-41 have included alcohol steam 
reforming for hydrogen production(Gunduz and Dogu, 2012; Kosaraju, Rahman, and Duncan, 
2014), methanol production from carbon dioxide(Siriworarat, Deerattrakul, Dittanet, and 
Kongkachuichay, 2016), and synthesis of imidazoles(Shekouhy, Moaddeli, and Khazaei, 2017) to 
name a few.  
 
The synthesis of MCM-41 has been conducted in a variety of ways. Each method altering 
properties such as pore size or the nature in which pores are ordered. The introduction of metals 
to the MCM-41 structure can cause significant changes to its textural properties. One of such 
properties is surface area and pore volume. Several reports have shown significant reduction in 
the surface area due to metal introduction (Abrokwah, Deshmane, and Kuila, 2016; Reddy, 
Davydov, and Smirniotis, 2002). In some investigations, reports have been made of significant 
alterations to crystallinity and also slight shifts in the characteristic d(100) peak of MCM-41 which 
can be observed by X-Ray Diffraction(Getle, Belay, Chandra Reddy, and Belay, 2017; Gunduz and 
Dogu, 2012; Kruk, Jaroniec, Kim, and Ryoo, 1999; La-Salvia, Lovón-Quintana, Lovón, and 
Valença, 2017).  Bimetallic catalysts made of Cu, Zn and MCM-41 have been applied to numerous 
processes. Some of these include;  acetylation hydration(Wang et al., 2018), synthesis of 6-
substituted 2,4-diamino-1,3,5-triazines(Shekouhy, Moaddeli, and Khalafi-Nezhad, 2017; 
Shekouhy, Moaddeli, and Khazaei, 2017), as a catalyst for the reduction of NO(Imyen et al., 2016; 
Imyen et al., 2019) and also for the hydrogenation of CO2(Siriworarat, Deerattrakul, Dittanet, and 
Kongkachuichay, 2017). 
 
Investigations into the effect of some synthesis techniques have revealed better ways to engineer 
materials especially in the aspect of chemical catalysis. In comparing the properties of Pd-Cu-
Zn/MCM-41 prepared by flame spray pyrolysis(FSP) and sol-gel methods, Siriworarat and co-
workers reported more spherical shapes and lower surface area in the catalysts prepared by 
FSP(Siriworarat et al., 2016). The effect of synthesis technique of production Mn-MCM-41 for 
alkene epoxidation has also been reported(Qi et al., 2014). The authors showed the physical and 
chemical variations between the catalysts synthesized by wet impregnation, template ion 
exchange, direct hydrothermal methods and in situ reduction methods. 
 
In this paper, the effect of three synthesis methods on some textural properties of CuZn/MCM-
41 is presented. Three sets of catalysts were synthesized by co impregnation, serial impregnation 
and Zn-intra framework synthesis.  The same amount of metal precursors was used in the 
synthesis of these catalysts.  The catalysts were characterized by surface area analysis, X-Ray 
Diffraction(XRD), X-Ray Fluorescence(XRF), Scanning electron microscopy(SEM), and 
Transmission Electron Microscopy(TEM). 
 
2.0 MATERIALS AND METHODS 
 
2.1 Materials 
Cetyl TrimethylAmmonium Bromide (BDH), Zinc Nitrate (BDH), Copper Nitrate (BDH), 
tetraethylorthosilicate (Sigma Aldrich) and ammonium hydroxide(BDH) were used for the 
synthesis of CuZn/MCM-41 catalysts.  
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2.2 Catalyst Synthesis 
To synthesize MCM-41, 2.2g of the surfactant; Cetyl Trimethyl Ammonium Bromide (CTAB) was 
dissolved in water and stirred for 30 minutes till a clear solution was formed. 11.6g of Ammonium 
hydroxide was then added to the mixture and it was further stirred for another thirty minutes. 
8.66g of TEOS was then added drop-wise to the solution and stirred for 6 hours. The solution 
was then aged for 48 hours at 110 oC. The precipitate was filtered and washed thoroughly with 
deionized water after which it was dried overnight at 95 oC. The dried powder was then calcined 
at 550 oC for 6 hours at a heating rate of 1 oC/min to completely remove all traces of CTAB.  
 
For the co-impregnation the required concentration of copper nitrate solution and zinc nitrate 
solution was simultaneously added to a solution of MCM-41 and heated at a temperature of 70 
oC while being stirred. The solution was heated at this temperature till all the water evaporated. 
The resulting powder was dried overnight at 95 oC after which calcination was carried out at 550 
oC for 6 hours. For serial impregnation, a solution of zinc nitrate was added to a solution of MCM-
41 at 70 oC. Stirring and heating continued at this temperature until dryness was achieved. The 
powder was then dried overnight at 95 oC to remove water trapped within the pores of the powder 
after which it was calcined for 6 hours at 550 oC. The calcined powder was then dissolved in 
deionized water and a solution of copper nitrate was added to the mixture while it was heated 
and stirred at 70 oC till dryness. After drying overnight at 95 oC the powder was also calcined at 
550 oC for 6 hours.  
 
The procedure of synthesis of Zn- intra framework was somewhat different. Zinc metal nitrate 
was also added to the liquor during MCM-41 synthesis. Ageing, drying and calcination of the 
resulting powder was carried out at the same conditions as stated in previous paragraphs, Copper 
was then introduced via impregnation and subsequently calcined after drying overnight. For all 
the catalysts, a copper concentration of 9% and Zinc concentration of 3% was used in synthesis. 
 
2.3 Catalyst Characterization 
The crystalline structure properties of the synthesized catalysts were evaluated using a Rigaku 
MiniFlex300 XRD analyser. Scans were taken at room temperature with two theta values ranging 
between 2 and 80 degrees with radiation source operating at 30kv and 30 mA. The average 
crystallite size were estimated using the Scherrer equation from main diffractions of d(100). N2 
adsorption-desorption measurements were conducted on a ASAP 2420 surface area and porosity 
analyser at 77K.  X-ray fluorescence was carried out using a hand held NitonTM XL3t analyser. The 
surface areas were calculated by BET method and BJH method was used for analysis of pore 
analysis. SEM micrographs were captured using JEOL JSM-6301F field emission scanning electron 
microscope. While TEM images were captured using JEOL JEM-2100Plus transmission electron 
microscope. 
 
3.0 RESULTS AND DISCUSSION 
The three synthesized catalysts exhibited type IVa isotherms with H4 hysteresis loops based on 
IUPAC classification(Thommes et al., 2015) when subjected to surface area analysis as seen in 
Figure 1. These isotherms are typical of MCM-41(Gunduz and Dogu, 2012; Kosaraju et al., 2014; 
Selvaraj, Pandurangan, and Sinha, 2004) and other mesoporous materials. The H4 hysteresis 
loops are indicative of narrow slit pores and possibly irregular shaped and interconnecting pores. 
Previous work has shown that MCM-41 is typically characterized by H1 hysteresis loop(Morsi and 
Mohamed). The deviation from this can be attributed to defects which were introduced into the 
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structure during synthesis. The defects are meant to create channels between the pore network 
so as to facilitate transport of reacting species when used as a catalyst. 
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Figure 1 Adsorption desorption isotherms of synthesized CuZn/MCM-41  
 
The shape of the hysteresis loops is often a good indicator as to the presence of defects which 
could be caused by the amount of water used during synthesis of the MCM-41(Lin et al., 2000). 
The H4 loops are also indicative of the presence of micropores within the structure(Oliveira and 
Andrada, 2019).  It is observed that all three isotherms exhibit different widths of hysteresis 
loops. The variation in width points to differences in the diameter of the pores. The width of the 
hysteresis loop is indicative of dimensions of the pore diameter suggesting that the catalyst 
synthesized by co-impregnation has the largest pore size, while serial impregnation has the 
smallest size. The correlation between the hysteresis loop width and pore diameter is confirmed 
in Table 1 and Figure 2 where the co-impregnated catalyst had an average pore size of 5.1 nm. 
The pore diameter is also directly proportional to the pore volume as also shown in Table 1.  
 
Table 1 Textural properties of synthesized catalysts 

 pore 
width 
(nm)a 

BET surface 
area (m²/g) 

pore volume 
(cm³/g)b 

d-
spacingc 

a0(unit cell 
parameter)c 

Cu/Znd Cu 
Crystallit
e sizec 

Zn-Intra 
Framework 

4.29 246 0.238 34.75 4.01 6.63 23.23 

Co Impregnation 5.1 284 0.359 33.95 3.92 3.15 25.19 
Serial 
Impregnation 

3.88 415 0.214 37.75 4.28 3.70 34.15 

aBJH desorption average pore diameter bBJH desorption pore volume ccalculated from XRD  
dObtained from XRF 
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Figure 2 pore size distribution for the synthesized CuZn/MCM-41 catalysts 
 

 
Figure 3 XRD patterns of the synthesized CuZn/MCM-41 catalysts 
 
The patterns recorded show that all catalysts exhibit a sharp peak between 2 and 3 theta which 
is characteristic of MCM-41(Gunduz and Dogu, 2012). This peak is related to the d(100) diffraction 
plane. The position of this peak allows for the determination of the center-center distance 
between two adjacent tubes a0 within the MCM-41 structure(Costa et al., 2014) as given in 
Equation (1) and (2). Table 1 shows the computed values for a0 and d.  
 

2/√3  - (1) 
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The intensities of the peaks however vary suggesting that the method of synthesis invariably has 
altered the structure of the final powder. The catalyst, Zn- Intra framework deviates the most 
from typical MCM-41 patterns. This means that the presence of Zn in the synthesis broth has 
altered the structure of MCM-41 somewhat. The least altered pattern is that prepared by serial 
impregnation. It is possible that the initial impregnation by Zinc and subsequent calcination at 
550 oC may have resulted in a protective coating around the MCM-41 partially filling and sealing 
off pores. This can be observed in the SEM micrographs in Figure 4b. The elemental analysis 
carried out via XRF showed close proximity to the targeted Cu:Zn ratio of 3 for both 
coimpregnation and serial impregnation. The larger ratio observed for Zn- intra framework 
suggests that not all of the zinc found its way into the framework of MCM-41 during synthesis. 
  

 
4a) SEM micrographs of CuZn/MCM-41 Catalysts synthesized by co-impregnation  
 

 
4b) SEM micrographs of CuZn/MCM-41 Catalysts synthesized by serial impregnation  
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4c) SEM micrographs of CuZn/MCM-41 Catalysts synthesized by Zn- Intra frame work 
synthesis  
 
The SEM micrographs presented in Figure 4 show the differences in the morphology of catalysts 
synthesized by the three different routes. Catalysts prepared by co-impregnation and serial 
impregnation shown in Figures 4a and 4b are relatively similar in nature. They are both 
characterized by relatively smooth surfaces with large “chunks” of particles. It is however 
observed that Figure 4a exhibits the presence of tunnel like structures twisted together. The 
catalysts prepared by serial impregnation on the other hand do not show such properties to the 
same degree. This is possibly as a result of zinc melting at 550 oC and filling up or blocking most 
of the pores. This postulation is in agreement with the pore width presented in Table 1 and Figure 
2 acquired from surface area analysis. The catalyst synthesized by the Zn- Intraframe work 
method deviates strongly from the other two. It is characterized by small ball-like agglomerations 
scattered all over the surface.  
 
The TEM micrographs shown in Figure 5 support the data shown in the XRD patterns in Figure 3. 
In Figures 5a and 5b representing co-impregnation and serial impregnation respectively, the 
ordered arrays which are characteristic of MCM-41 can be seen. For co-impregnation, it is 
observed in the bottom right of the image while the patterns are more visible in Figure 5b for 
serial impregnation. This agrees with the XRD patterns which showed that serial impregnation 
had the least deviation from typical MCM-41 patterns. Whilst in the co-impregnation a suppression 
of the d(100) peak was observed.  The Cu and Zn metals could be observed as they were below 
the detection limit of the machine. 
 
The TEM micrograph for Zn- Intra framework did show the typical hexagonal pore like structure 
of MCM-41. Even though the arrays could not be observed in the structure it is highly probable 
that the introduction of Zn in the synthesis liquor disrupted the formation of ordered arrays.  
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Figure 5a TEM micrograph of CuZn Co-impregnated MCM-41 
 

 
Figure 5b TEM micrograph of Serial impregnated CuZn/MCM-41 

 
Figure 5c TEM micrograph of copper impregnated Zn-intra framework MCM-41 
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4.0 CONCLUSION 
CuZn/MCM-41 catalysts were successfully synthesized by three different routes. Characterization 
of the samples revealed marked differences between all three catalysts. The catalysts prepared 
by co-impregnation had the largest pore size and subsequently pore volume as shown by BJH 
data obtained from surface area analysis. While the catalyst prepared by serial impregnation 
deviated the least from typical MCM-41 structure as revealed by TEM micrographs and XRD 
analysis. The presence of large pore size makes the catalyst prepared by co-impregnation 
suggests that it will have better performance when used as a catalyst. The larger pore sizes will 
allow for reduced effect of intracrystalline diffusivity.  
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 ABSTRACT 
This report examines the challenges of energy use and efficiency in   Agro-allied industries and 
proffers possible solution in sustainable energy options across the sector. Focusing on and in 
unlocking greater energy efficiency within the sector. Energy demand across the sector is 
projected to grow steadily, both in agriculture and agro-allied industries. Increasing dependence 
on energy usage (mainly fossil fuels) throughout the entire Agricultural value chain raises 
concerns about the impact of high or variable energy prices on production costs, competitiveness, 
the final price of the product for the consumer, greenhouse gas emissions, as well as concerns 
about energy security. 
 
1.0 INRODUCTION 
Agro allied industries are industries, which depend on agriculture for their raw materials so as to 
operate successfully in the production of, finished goods that are useful to livestock and humans. 
Industries produce machineries and equipment for agricultural uses. Agriculture and industry 
compete for labour. Industries provide a large range of products that the rural dwellers (mostly 
famers) want to buy and   produce agro-chemicals for agricultural uses e.g. pesticides, fertilizers, 
vaccines, and herbicides. Agriculture is a source of food for, consumption by man, feed for 
animals, and raw materials for agro-allied industries (Edoumiekumo and Audu, 2009; Oji-Okoro, 
2011). Central Bank of Nigeria (2016) noted that agricultural sector’s contribution to the gross 
domestic product in Nigeria is 24.18 percent. Over 70 percent of the informal sector jobs created 
in the Nigerian economy were related to rural agriculture. Most experts were also of the view  
economic sectors will not stand without the practice of agriculture. This is due to the fact that it 
is the major raw materials for the functioning of those sectors. The agro-allied industry is regarded 
as an extended arm of agriculture. Its development could help to stabilize and make agriculture 
more lucrative, thereby creating employment opportunities both at the production and marketing 
stages (NPCS, 2000). The importance of agriculture extends beyond the provision of food for man 
and animals, but also the provision of basic raw materials for industrial purpose, such that other 
products which are not directly utilized could be   transform into usable materials. 
 
Ajila (2014) further explained that the agro-allied industries bring about diversification and 
commercialization of agriculture and also enhance the income of farmers and create food 
surpluses. It is in this sense that the agro-industry is an important and vital part of the 
manufacturing sector in developing countries (NPCS, 2000).  In the same line, Chengappa (2004) 
reported that agro-processing offers great scope for conversion of farm produce to consumer 
commodity and in the process, reduce wastage, increase shelf-life resulting in value addition and 
higher income transfer to the farmers from different classes of consumers as the processed 
commodities have wider market outlets. Developing agriculture is one of the means of developing 
the rural communities as it is the primary occupation of most people in the rural areas and a 
major source of national income for most African countries (Mahmood, 2011). Agro-allied 
industries have been viewed as a safety valve that needs to be built within rural areas to absorb 
surplus labour and provide relief to the problem of large scale unemployment. Thus, inadequate 
attention paid to the agro-processing sector in the past, puts both producer and the consumer at
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a disadvantage and this hurts the economy of the country (Kachru, 2008). Rural dwellers stand 
to enjoy some benefits with the existence of agro-allied industries in the rural areas. The populace 
in the rural areas where the industries are sited begin to enjoy benefits such as availability of 
market for the rural farmers, this further increases their production level and thus generates more 
income with which the living conditions of the people can be improved. Besides the above 
benefits, they enjoy infrastructural amenities like good roads, water supply, electricity, schools, 
and hospitals. All of these benefits describe some of the impact of agro-allied industries on the 
rural dwellers. An impact analysis, according to Iheanacho (2012), can be carried out from three 
different approaches; the before and after approach, with and without approach, and the 
benchmark or set target approach. The focus of this study, however, is on the with and without 
approach which shows the comparison between areas where agro-allied industries are sited and 
areas that do not have agro-allied industries. There is therefore, a link between agriculture, agro-
allied industries, and rural dwellers in that without agriculture, the agro-allied industry will not 
have the availability of resources to carry out it performance. The rural communities which 
constitute a greater percentage of the labour force in the agricultural sector also have an 
opportunity to increase their production because of the availability of a good market outlet 
brought about by the agro-industrial sector. 
 
2.0 METHODOLOGY 
In carrying out this study, the following methods were used to get information from the target 
industries:  
i. On Spot Assessment and Inspection Visits were paid to the factory of selected companies for 

an ―on the spot assessment. In doing this, the physical conditions of the factory units 
operations and other energy intensive units were inspected including the working 
environment. The problems that workers were having in each sub-division   were also noted. 

ii. Personal Interviews   were conducted with some of the cadres and sections of the companies. 
This included the, administrative director/accountant, factory manager, heads of production, 
fabrication sub-divisional heads, etc. These were able to shed light on area of enquiry. 

 
3.0  RESULTS AND DISCUSSION 
The private sector and the government are paying increased attention towards the importance of 
energy efficiency due to growing awareness of the limitations of fossil fuels for sustainable 
productivity, of the implications of GHG emissions and of variable and rising energy prices on 
competitiveness and productivity. Indeed, energy efficiency is increasingly being recognized as 
one of the most important and cost-effective solutions to reduce GHG emissions and other 
important air pollutants (IEA, 2014a; Masanet et al., 2012). However important progress has 
been made by the private sector to improve energy efficiency in the agro-allied sector through 
innovation, investments in more efficient technologies and adoption of more energy-efficient 
management practices. But more is anticipated, and more can still be done. 
 
3.1 Challenges  
 
3.1.1 The challenge of Increasing Energy Usage. 
Agricultural value chains are diverse and highly complex with many final products drawing on 
inputs from a variety of industries. The type of and the way energy is used in the Agriculture 
value chain can influence the extent to which the food system in a country will be able to support 
growth and productivity objectives in an environmentally sustainable manner. This is the case as 
energy is used throughout the entire processes involved: in the production of crops, fish, 
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livestock, and forestry products; in post-harvest operations; in food storage and processing; in 
food transport and distribution; and in food preparation. Moreover, energy contributes to the 
transformation and reuse of the various forms of by products and waste which the production 
process generates. 
 
Agricultural product is a composite and perishable product and the amount of energy for 
processing it varies greatly from one product to another. Even when considering the same type 
of product, the Energy “cost” differs notably, reflecting changes on cultivation area, farming 
practices, efficiency of processing and storage, season of production and/or consumption, 
transportation needs, etc. Moreover, in most countries, supply chains have evolved in multi-stage 
production and processing operations with varying degrees of vertical and horizontal integration. 
In addition, the diversity of product-specific chains means that a precise accounting of energy 
consumed in the production is extremely challenging. 
 
Most Agro-allied products have a specific life-cycle which involves a combination of direct energy 
use at specific stages of the cycle (e.g. drying process) plus indirect energy use related to the 
production of other intermediate inputs that ultimately go into a final product. The more complex 
a product life-cycle, the less adequate direct measures become in measuring total energy 
consumption. For example, with regard to the agro-allied industries, direct energy for production 
would include electricity, heating fuel and machinery fuel used in the production, grain drying, 
animal and animal production, heating/cooling of animal incubator, transportation of  products 
and personal energy use . Indirect energy would consist of the energy consumed in the 
production, packaging and transport to the gate of fertilizers, pesticides, farm machinery and 
buildings (CAEEDAC, 2000).  
 
3.1.2 The Challenge of Measuring Energy Usage  
Tracking trends in energy efficiency and comparing the performance of countries is made 
challenging by the lack of a single indicator to measure energy efficiency levels and changes. 
Instead, in the energy balance for a given production process, a variety of indicators may serve 
and support energy efficiency analysis (IEA, 2014b). Possible indicators include: primary energy 
per area or per tone of agricultural product, or energy contained in the products divided by the 
energy consumed (OFAG, 2015). Although the area is often used as a denominator, the link 
between this variable and energy consumption is not very strong. For example, in the EU, energy 
use by agriculture per cultivation area in hectares was highest in the Netherlands, which is mainly 
due to intensive greenhouse farming.  
 
The quantitative assessment of energy flows in Agriculture value chain systems is most often 
carried out following one of two approaches: the life cycle analysis (LCA) and the input-output 
(IO) accounting (Burney, 2001). These two approaches differ fundamentally in both the 
conception and the data inputs, and therefore it is not surprising that results often differ. From 
the variety of metrics it is clear that energy analysis has nevertheless not evolved into an exact 
science, and this explains the few comprehensive studies of any sector let alone one as complex 
as Agriculture value chain. Challenges and ultimately subjective decisions lay in determining 
boundaries, aggregating different forms of energy, and defining energy credits for by-products.  
LCA, as a product-focused methodology, takes into consideration all energy inputs along the full 
production (and disposal) chain, wherever these occur and as such it isolates the direct and 
indirect energy requirements of specific products. All the steps involved in creating a certain 
product are analyzed, starting from raw material extraction and conversion, then manufacture 
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(process) and distribution, to the final use and/or consumption. LCA also includes re-use, recycling 
of materials, energy recovery and ultimate disposal. Interest in forms of LCA, particularly energy 
use and emissions, has recently increased as retailers attempt to develop consistent “energy foot 
printing” labels for their products.  
 
LCA, however, needs detailed data on product “history” and is sensitive to the definition of the 
boundaries of the production system and to the methodology used for allocating the embodied 
energy among co-products or by-products. LCA remains challenging when applied to large 
economic sectors as apparently “similar” products can be enormously diverse in reality.  
 
Numerous LCA studies have shown the cumulative energy intensity of food products (e.g. de 
Vries and de Boer 2010; Carlsson-Kanyama et al. 2003; Heller and Keoleian, 2000).6 However, 
when comparing across studies an important methodological caveat is the boundary of the 
analysis can often vary.  
 
The I-O analysis is a tool that can be used to provide estimates of inputs (including energy) per 
unit of final product based on how various sectors of an economy are linked and exchange 
resources (including energy) and can provide very precise results down to a certain level of 
aggregation, taking into account direct and indirect contributions. Nevertheless, I-O needs to be 
complemented with exogenous data as far as process steps taking place outside the studied 
economic area are concerned. However, the accuracy of this approach is also dependent on the 
accuracy of input-output data, which are prone to become outdated. COM/TAD/CA/ENV/EPOC 
(2016)19/FINAL 
 
3.1.3 Unpredictable Government Actions 
There is high level of uncertainty and lack of confidence in government and its intentions in the 
business sector especially with the inability to predict government policy. Uncertainty basically 
rises as a result of the conflicting objectives of government agencies. For instance Federal Ministry 
Of Agriculture and Rural Development has the mandate of supervising farming activities and 
Federal Ministry of Industry oversees the Agribusiness Firms and large Industries. But because of 
inter-ministerial relations are almost nonexistent leading to implementation conflicts and this one 
reason for policy inconsistencies in the Nigerian agribusiness environment. 
 
3.2 SUSTAINABLE ENERGY SOLUTIONS IN AGRO ALLIED INDUSTRIES  
“Tackling the challenges of food security, economic development and energy security in a context 
of ongoing population growth will require a renewed andre-imagined focus on agricultural 
enhancement. Agriculture value chain can and should become the backbone of tomorrow’s green 
economy. It’s time to stop treating Agriculture value chain and energy as separate issues and 
tackle the challenge of intelligently balancing the needs of these two sectors, building on 
synergies, finding opportunities to reduce waste and identifying ways that can be shared and 
reused rather than competed for “Climate-smart systems that make efficient use of resources like 
water and energy must become the basis of tomorrow’s agricultural economy .In practice, most 
of the technologies and other options needed for providing sustainable energy solutions in ago-
allied industries  already exist. The suggested measures have been described many times, and 
importantly, components of such system, have been available.  
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3.2.1 Energy Efficiency and Energy Conservation 
Improving energy efficiency and energy conservation in agro-allied are essential to reduce energy 
demand and therefore reduce costs. Improving energy efficiency, and thus reducing reliance on 
fossil fuels, will further reduce greenhouse gas emissions. In addition, it must be taken into 
consideration that a reduced energy demand will also proportionally reduce investment costs for 
shifting from fossil fuels to sustainable energy sources. Everywhere in agriculture where energy 
is used, its demand can be reduced. For example, it has been shown that fossil energy use in the 
current food system could be significantly reduced by appropriate technology changes.  It is 
estimated (Pimentel, et al., 2008) that the total energy in  agricultural products production could 
be reduced by more than 50% with the following changes of practices: (i) using smaller machinery 
and less fuel; (ii) replacing commercial nitrogen with livestock manure and (iii) adopting 
alternative and conservation techniques. Pellizziet al. (1988) showed that with improved 
management and operation, energy saving of around 12–15% of present consumption can be 
realistically obtained for agro-allied industrial machine. Brown and Elliot (2005) found that the 
largest energy savings are available in motorized systems, Pathakand Bining (1985) showed that 
in agricultural processes, fuel savings of over 50% were feasible through improvements in 
equipment and water management practices. It not only makes a significant contribution to global 
food production but it also contributes significantly to national economies.  
 
 3.2.2 Cooling and Heating 
There is a considerable requirement for heating and cooling in agro-allied industries. For example, 
greenhouse heating may be essential to the year-round production of fertilizers, vegetables, fruit 
and disinfectant chemicals. Temperature controlled storage and refrigeration systems also 
consume large amounts of electricity and thereby contribute greatly to the running costs of 
businesses which have considerable cooling requirements, particularly in the horticulture and 
vegetable industry. Improvements to technical elements and operation of modern refrigeration 
systems have the potential to reduce energy consumption by 15–40%. This will become more 
important as a price is placed on greenhouse gas emission and as energy prices rise. Improved 
thermal insulation to reduce the costs of heating and cooling would result in reduced demand for 
energy, while the on-farm production of energy and can produce more energy than is needed. 
The energy efficiency of all electrical devices used in agriculture processing can also be 
continuously increased. For example, energy consumption in the lighting sector can be reduced 
by shifting to energy-saving appliances. At the same time, increasing temperature may reduce 
the need for heating in many places as well. These emissions could be eliminated where they 
stem from electricity generated from fossil fuels, if zero emissions electricity sources were to 
replace current infrastructure. 
There are many agricultural production processes, the energy efficiency of which can further be 
Increased. 
 
3.2.3 Use of biomass and Biomass Waste for Production of biofuel and 
 Electricity. 
Biomass can be produced by cultivating suitable crops and used for production of different types 
of biofuels. Bio-ethanol can be used to replace gasoline, and biogas to substitute natural gas. 
Biodiesel and pure plant oils can be produced from oil-rich plants. This biodiesel can substitute 
for fossil-fuel based diesel used in many agricultural processing activities and requires only minor 
changes to the diesel engines. These biofuels can also be used for electricity production, which 
is a very economic option, in particular in off-grid applications. Compared with biodiesel, pure 
plant oil can be easily produced without great technical effort. Older diesel engines, which are 
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often used in developing and transitioning countries to supply electricity, can often run without 
conversion with pure plant oils as fuel. However, modern diesel engines require technical 
conversions to befueled with pure plant oils (Fell, 2012).Therefore, biofuels can reduce the need 
for agricultural installations to purchase expensive fossil fuels, which must often be transported 
over long distances, and hence significantly reduce production costs.. An example is given by Fell 
(2012) from Brazil where annually 100 megatons of sugar is produced from about 1 gigaton of 
sugar cane. About 90% of the sugar cane crop is burned without any further use. Such biomass 
waste can be used either for biofuel production and, if needed, electricity. Alternatively, after 
converting it to bio-coal it can be use.  All in all, such measures increase economic benefits and 
contribute to climate protection. 
 
3.2.4 Decentralized Renewable Energy Systems (solar, wind, geothermal) 
Many processes and applications in agro-allied industries require energy either in the form of 
heat, mechanical energy or electricity, which can be provided by solar, wind and/or geothermal 
energy, depending on the local sources and the specific application. For example, wind and solar 
energy can economically produce electricity to power off-grid machinery such as pumps for 
pumping of fluids; wind energy can also be used as mechanical energy for pumping; solar heat 
can be used directly for space heating/cooling and warm water production while solar and 
geothermal heat can economically power thermal water desalination and the treatment of agro-
allied effluents. Electricity produced from wind and solar energy sources can also be used for 
water desalination using membrane technologies but at higher cost than thermal methods. 
Geothermal heat with temperature differences of a few degrees centigrade to the ambient 
temperature can be used through heat pumps for space heating/cooling. Depending on the 
temperature of the available resource, geothermal heat has many applications in agro-allied such 
as for dehydration of products, and heating for greenhouses. Biomass produced onsite can also 
provide an energy source as biofuel for machinery, as heat or as electricity produced from it. 
 
3.2.5 Governments Have a Role to Play in Encouraging Energy Efficiency  
Capturing economic incentives for efficiency improvements requires transparent energy pricing, 
information on opportunities to improve efficiency and investments in research and development. 
In these areas, governments have an important role to play. Governments can play a decisive 
role in boosting energy efficiency in the food-chain by putting in place appropriate business-
enabling policies, in order to allow the private sector to realize its full potential. The key drivers 
of energy efficiency – namely investment and innovation – require the creation of enabling policy 
frameworks in which private sector-led and collaborative investment and innovation initiatives 
can thrive. This requires an approach in which policy coherence and partnerships with the private 
sector are key aspects.  
 
The private sector response to the challenges of improving energy efficiency can be enhanced if 
firms are able to benefit from the business opportunities that this can create. However, there are 
many challenges to improving energy efficiency in the food-chain that can be identified. They 
include, among others, market distortions, lack of information, co-ordination and risk aversion 
elements. Energy efficiency in the agro-food chain also has to be considered alongside other 
factors that drive investment decisions such as new product development, market growth and 
production location decisions to meet those markets.  
 
In addition, firms are likely to intensify their efforts to increase energy efficiency of food products 
if consumers respond by purchasing energy-efficient products. Greater government-led 
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awareness raising campaigns and knowledge sharing in all parts of the agro-food chain − 
including consumers, as well as the role of regulation and explicit or implicit taxes to internalize 
the external environmental effects of production and consumption decisions, are very important.  
Policy makers must bear in mind that improving energy efficiency may save less energy than 
expected due to a “rebound” of energy use and may, in some cases, actually lead to an increase 
in energy use. As energy consumers save on energy cost through energy efficiency, they may 
spend their savings on other energy‐intensive activities, or increase their demand for the new 
service, thereby countering the potential savings of energy. For example, consumers buying more 
energy-efficient household appliances may then use them more frequently because they are 
cheaper to run (Gillingham, Rapson and Wagner, 2015; Sorrell and Dimitropoulos, 2008; 
Tollefson, 2011). 
 
Further, policy makers must take into account that improving energy efficiency does not 
necessarily translate into reduced CO2 emissions: the savings depend on the type of energy. If 
the energy is supplied from fossil fuels, then improved efficiency will cut emissions. But if the 
energy is supplied by a low-carbon source such as renewable, then improving efficiency may have 
little impact on emissions.5 Nonetheless, improving energy efficiency overall is a key tool for 
reducing CO2 emissions, alongside energy conservation and low-carbon energy sources such as 
renewable, carbon capture and storage. Additionally, if reducing energy use is the policy goal, 
then energy efficiency is only one of a number of factors that impact energy use, and energy 
conservation may or may not be associated with an increase in energy efficiency – depending on 
the input-output relationship. This is, energy consumption may be reduced with or without an 
increase in energy efficiency, and energy consumption may increase alongside an increase in 
energy efficiency. COM/TAD/CA/ENV/EPOC(2016)19/FINAL 
 
4.0 CONCLUSIONS 
Agro-allied industries are typically highly reliant on fossil fuels and energy is a significant input 
cost to production. Production of food and other agricultural products accounts for 70% of global 
freshwater withdrawals. In addition, in the 2010–2035 periods, world primary energy demand is 
forecasted to rise by one-third and electricity demand by 70% increasing the cost of energy and 
production. Some of these demands will be met from bioenergy which will in turn intensify 
competition for resources, particularly water for food and fiber production and therefore the need 
to maximize the efficient use of these resources becomes increasingly important. As fossil fuel 
costs continue to increase, so does the focus on energy efficiency to help minimize the impacts 
of rising energy costs on profitability and competitiveness. This includes a growing number of 
renewable energy sources that could be considered as alternatives to fossil fuels. Renewable 
energy sources may include solar, wind, hydropower, biomass, biogas and geothermal power. 
Where the opportunities are appropriate, integrating renewable energies into the arming 
operations is likely to save energy, costs, and greenhouse gas emissions. Examples of specific 
applications include solar drying, solar space and water heating and using biomass for heating 
purpose and electricity generation. Other applications include wastewater treatment, 
communication and remote equipment operation and others. Overall, the long-term future for 
renewable energy is definitely positive, since the prices of fossil fuels will continue to rise as the 
resources are depleted while the prices of renewable energy will continue to decrease. There are 
already a good number of successful examples of application of alternative energy. 
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ABSTRACT 
A numerical simulation for the separation of hydrogen gas from effluent gas mixture in a catalytic 
reforming unit of Port Harcourt Refining and Petrochemical Company (PHRC) is presented for a 
basic two bed pressure swing adsorption (PSA) process. The model equations adopted involve 
partial differential equations (PDEs) in time and space with periodic boundary conditions that link 
the processing steps together. MatlabR 2014a software was then used to simulate the model 
equations and the simulation results validated with the experimental data obtained from the PSA 
system used for the separation of effluent gas mixture in Port Harcourt Refining and 
Petrochemical Company (PHRC). It was observed that the simulation results compared 
favourably. Based on the simulation results, the effect of adsorption pressure, cycle time, feed 
temperature and adsorption duration on hydrogen purity and recovery were investigated and 
optimum values of these process parameters proposed in order to maximize the product purity 
and recovery.  
 
Keywords: Hydrogen, Simulation, Pressure Swing Adsorption, Catalytic Reforming, Effluent gas 
 
Introduction  
In chemical industry, an important unit operation is the purification and separation of hydrogen 
from gas mixtures by pressure swing adsorption and membrane technology (Al Ghafri, 2007). 
Four basis techniques for gas separation and purification in process technology are distillation 
and condensation, absorption, adsorption and diffusion. While distillation, condensation and 
absorption are often classified as traditional methods for gas separation, diffusion and adsorption 
are developing technologies in term of their commercial applications (Ruthven et al., 1994; 
Ruthven, 1984).  The demand for hydrogen is increasing day by day in various fields such as fuel 
cells, semi conductor processing and petrochemical industry (Whysall and Picioccro, 1998). This 
is mainly due to the fact that hydrogen is generally regarded as an ecologically clean and 
renewable energy source. In addition, there is an increase in demand of hydrogen as the world's 
consumption of refinery products increases with the ever growing industrialization (Sircar and 
Golden, 2000). Hydrogen can be recovered from steam reformers, dry reformers, tri-reformers, 
thermal crackers, catalytic crackers, ethylene plants etc. to satisfy the demand. Hydrogen-rich 
gas mixture produced via reforming or gasification contains 40-70% hydrogen and a variety of 
contaminants including carbon monoxide, carbon dioxide, nitrogen, methane, water, sulphur, and 
possibly tar and ash (Baksh and Ackley, 2002). 
 
The need for alternatives to fossil fuel has been explored due to its environmental concerns in 
the last decades. For an alternative fuel to be acceptable, it has to be technically feasible, 
economically competitive, environmentally satisfactory and readily accessible. Many authors have 
suggested several alternative fuels such as hydrogen, biodiesel, natural gas, liquefied petroleum 
gas (LPG), solar fuels, electricity, methanol and ethanol. (James and Gleen, 2001; Jee et al., 
2001). Hydrogen possess some unique features that single it out among alternative fuel 
suggested and these include its availability in the universe, higher specific energy content when
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compared with other fuels (Ankit et al., 2010). Hydrogen is widely used in many chemical process 
industries as hydrocracking, hydrogenation of fats and oils, methanol production, manufacture of 
silicon (Cavenati, et al., 2006). 
 
The use of the Pressure swing adsorption (PSA) process has seen tremendous growth during the 
last two decades mainly due to its simplicity and low operating costs.  Basically, a PSA system is 
made up of at least two beds alternately pressurized and depressurized according to a 
programmed system order. A number of modifications have subsequently been developed based 
on the Skarstrom cycle, vastly enlarging the area of practical applications of the process. From 
an operational point of view, PSA is an intrinsic dynamic process operating in a cyclic manner 
with each bed undergoing the same sequence of steps (Jee et al; 2001). 
 
In the times past, several models have been developed and numerical simulation carried out with 
the sole aim of improving the efficiency of separation of hydrogen and enhancing its recovery. 
Tanczyk and Warmuzinski (1997) developed a model that incorporates the basic steps of PSA 
system in two- and multi-column installations for the separation of hydrogen gas from coke gas. 
In addition, the bed configuration is made up of two different layers of adsorbents and the PSA 
system used were connected in series. Tanczyk andWarmuzinski (1998) developed non 
isothermal, non equilibrium, and non adiabatic models for the separation of hydrogen gas using 
layered beds, PSA process. They compared their numerical simulation result with experimental 
profiles obtained from small scale PSA system. The performance of a pressure swing adsorption 
(PSA) system used for the separation and production of high purity hydrogen from a mixture of 
methane and hydrogen gases were simulated by Sircar (2000). He considered an adiabatic PSA 
model with activated carbon as the adsorbent used for the selective adsorption of methane over 
hydrogen. The influences of various process variables such as feed gas pressure and composition, 
purge gas pressure and quantity, configuration of process steps on the, hydrogen production 
capacity, hydrogen recovery and purity as the major dependent process variables are evaluated. 
The PSA system designed produced high pure hydrogen with the hydrogen recovery of about 
74%.  
 
Park et al; (2003) adopted a four bed PSA process for the purification of hydrogen from a typical 
cracked gas mixture. An ideal adsorbed solution (IAS) model was used to represent the 
multicomponent adsorption equilibrium and the simulation results include the effects of the 
superficial velocity and heat-transfer resistance on the process performance. Most of the other 
research works reported centered on application of more that 2 beds and 4 steps in the PSA 
system. This research paper aimed at simulation of the separation of hydrogen gas from the 
effluent gas of catalytic reforming process of Port Harcourt Refining and Petrochemical Company 
(PHRC) using Pressure swing adsorption (PSA) method. It is achieved by the following objectives. 
(1)  selection of relevant model equations to represent flow behaviour of gas mixture in a PSA 
system from the literatures. (2) numerical simulation of a two bed, four steps PSA system for the 
separation of hydrogen gas from effluent gas using MATLAB software. (3) validation of the 
simulated results with the experimental data obtained from the separation of effluent gas mixture 
of catalytic reforming process of PHRC. (4) investigating the effects of total cycle time, adsorption 
pressure, feed flow rate and the product rate on the product purity and recovery of hydrogen gas 
in order to obtain their optimal values and maximize the product purity and recovery.  
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2.0 Methodology 
 
2.1 Mathematical Models 
The continuous adsorption/desorption of the adsorbate in the PSA system automatically make its 
processes transient. The operation of four steps PSA process is described by a set of partial 
differential equations, which require an appropriate solution procedure. In this work, a number 
of simplifying assumptions adopted is a nonisothermal model for two bed process operating with 
Skarstrom cycle were taken from the work of Yang et al., 1998; Yang and Lee, 1997). These 
include;  
a. Gas behaves as an ideal gas. 
b. The flow pattern is described by axially dispersed plug-flow model. 
c. Adsorbing properties throughout the tower would remain constant and unchanged. 
d. Radial gradient is to be negligible. 
e. The equilibrium relation is described by the Langmuir correlation 
f. Mass transfer rate is expressed by linear driving force equation. 
g. Thermal equilibrium between gas and solid phases is assumed. 
h. Pressure drop along the bed is calculated by the Ergun’s equation. 
 
The flow through an adsorption column in a PSA system may be adequately represented by the 
axial dispersed plug flow model. Overall and component mass balances for the bulk phase over 
a differential volume element in the adsorption bed are (Mofarahi and Shokroo, 2013; Ankit et 
al., 2010); 
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When the ideal gas law ( Ρ
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component and overall mass balances can be represented as follows,  
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In this system, energy balance for the gas and also heat transfer to the bed wall is included 
(Malek and Farooq, 1997).  This is due to temperature variation caused by heat of adsorption 
and desorption occur. 
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To evaluate heat loss through the walls and the accumulation of energy, corresponding to energy 
balance has also been used, (Malek and Farooq, 1998).  

. , . 	 	 2πR , 2 , 																											 6  
where, 

	 	 , , 																																																																																																	 7  
 
Initial conditions 

0 0,                   (8) 
 0,        (9) 

0 0,        (10) 
 
where  is the feed temperature 
 
Boundary conditions 
For the adsorption step 
At 0,  ,        (11) 

	is equal to zero       (12) 
 
Where, L is the column height. 
 
Also 

0	at x = L         (13) 
For the depressurisation step 
At 0, 0        (14) 

0 0         (15) 
The pressure is assumed as a second order function of the time which is adapted to the literature 
(Jee et al., 2001).  
 

Ρ 	 . . 	 . 	 																																																																																											 16 				 

 
In the above equation a, b and f(t) parameters defined regarded to duration and initial and final 
pressures of each step. 
 
To consider the pressure drop effect across the bed, Ergun’s equation was introduced as a 
momentum balance. 
 

. . . . | |																																																																														 17  
		
	 . ; 1.75 																											                                                   (18) 
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Where u is the interstitial velocity. 
 
The multi-component adsorption equilibrium was predicted by the following Langmuir isotherm. 
 

, . . Ρ
1 ∑ ∙Ρ

																																																																																								 19 	  

 
Where,  

, ∙ ; ∙ 																																																
 

 
The sorption rate into an adsorbent pellet is described by LDF model with a simple lumped mass-
transfer parameter (Cavenati et al., 2006; Ankit et al., 2010). 
 

∙ ; 																																																																																							 21        

  
where   
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The adsorption isotherm parameters and diffusion rate constant of , 	, 	 and over 
activated carbon and Zeolite 5A are shown in Table 1. In Table 2, physical properties of the 
adsorption bed for both activated carbon and Zeolite 5A are indicated.  
 
Table 1: Rate parameters of H2 , CO, CH4 and CO2 on Activated Carbon and Zeolite 5A 
(Se-Il  et al;2008). 
        
Adsorbent  {mmol/g} {1/atm} {K} {mmol/g} {1/atm} {K} 
Activated 
Carbon 

 0.01910 1.90E-05 1170.00 8.73 E-04 4.98E-06 1901.46 
   CO 0.00423 1.43E-05 2407.68 7.40 E-04 2.29E-03 1760.96 

 0.00576 7.44E-05 2157.02 7.09 E-04 2.73E-02 1467.70 
 0.00764 1.28E-04 2228.63 1.62 E-03 2.53E-02 1724.50 

        
Zeolite 5A  0.00064 1.14E-04 1665.08 3.61 E-06 1.96E-16 20848.3 

      
CO 

0.00231 1.17E-04 2652.03 2.54 E-03 4.29E-08 3755.31 

 0.00220 2.08E-04 2298.51 7.31 E-04 1.98E-12 7282.80 
 0.00356 3.01E-03 2923.79 8.23 E-04 5.78E-09 5478.58 
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Table 2: Physical properties of adsorbents and bed (Malek and Farooq, 1998, 1997). 
Properties  Activated 

Carbon 
   Zeolites 5A 

Average pellet size {mm} 1.15 1.57 
Pellet density {g/cm3} 0.85 1.16 
Bulk density {g/cm3} 0.482 0.764 
Heat capacity {cal/g.K} 0.25 0.21 
Bed    
Length {m}  1.2 
Inside diameter {m}  0.0246 
Outside diameter {m}  0.034 
Heat capacity of the column {cal/g.K}  0.12 
Density of column {g/cm3}  7.83 
Internal heat transfer 
coefficient 

{KJ/s.m3 K}  0.0385 

External heat transfer 
coefficient 

{KJ/s.m3 K}  0.0142 

Bulk density {g/cm3} 0.532 0.744 
Void fraction  0.433 0.357 

   0.1 
   0.3 
   0.4 
   1.0 

    
 
Table 3:   H2 PSA system operating condition (PHRC, 1984). 
Mole fraction Feed Product 

 0.835 0.9999 
CO 0.000015 Balance 

 0.15 Balance 
 0.01 Balance 

Unit Recovery (%) 75  
Pressure (Bar) 30 22.5 
Flow Rate (N.m3/h) 16000 10050 

 
It is evidently clear from Table 3 that the plant under consideration is a separation process 
because the impurities in the feed flow are more than 10 percent. Two major parameters used 
in measuring the efficiency of a PSA system, are product purity and percent recovery. The 
recovery measures the amount of component that is contained in the product stream divided by 
the amount of the same component in the feed mixture. Gomes and Yee (2002) give an 
expression to calculate the percent recovery of H2 as; 
 
Percent recovery (%)    x 100                   where i 1,2….                     (23) 
 
Product Purity gives an idea about percentage of desired component in the product stream. 
Gomes and Yee (2002) expressed the average purity of H2 in the product as the mole percent of 
H2 using the following expression: 
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Product purity (%)	  

∑
 x 100             where i 1,2….                        (24) 

 
2.2 Solution Methodology 
Pressure swing adsorption modelling involves partial differential equations (PDEs) in time and 
space with periodic boundary conditions that link the processing steps together. The solution of 
these coupled stiff PDE systems are governed by steep fronts moving with time. However, solving 
these partial differential equations analytically is difficult; therefore, the numerical method using 
finite difference technique was used to solve the model equations in order to obtain the product 
purity, recovery, and concentration profile along the adsorption bed. The partial differential 
equations were first converted into ordinary differential equations-initial value problems (ODE-
IVPs) by discretization along the bed length (Ankit et al;2010). Then after, a set of differential-
algebraic equations (DAEs) were obtained and solved using MatlabR 2014a software.  
3.0 Results and Discussion  
The developed model which is a partial differential equation was simulated using MATLAB R-
2014a software. The effectiveness of the developed model was then determined by comparing 
the simulated with the data obtained from the Port Harcourt refining and Petrochemical Company 
under the same operating conditions. The effect of the variation of various parameters on the 
purity and recovery of hydrogen gas using the pressure swing adsorption model was also studied. 
 
3.1 Validation of the Numerical Simulation Results 

 
Figure1: Comparison between Simulation Results and Experimental Data at Different 
Feed Flow Rates. 
 
In validating the simulation results, the results of this work were compared with experimental 
data obtained from PSA system used in separating hydrogen from the effluent gas of catalytic 
reforming process of Port Harcourt Refining and Petrochemical Company (PHRC). The results of 
this work were compared with the experimental data as shown in Figure 1, where hydrogen purity 
is plotted against feed flow rate. It can be seen that the simulation results indicated a very good 
agreement with the experimental data. For example, at 16000 Nm3/h hydrogen purity of the 
experimental data and simulated results were found to be 99.99% and 98.0% respectively.  The 
largest and smallest deviations between the experimental data and simulation results are found 
to be 2.5% and 1% for flow rates of 16500 Nm3/h and 15500 Nm3/h respectively. This comparison 
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clearly showed that the model equations predict the PSA system adopted in this study with a 
relatively high accuracy. 
 
3.2 Investigating the Effects of Process Variables  
The validity of the numerical simulation of the PSA system used for hydrogen separation from the 
effluent gas of catalytic reforming process at Port Harcourt Refining and Petrochemical Company 
(PHRC) can be used as a basis to investigate the effects of some important operating parameters 
on the performance of the PSA system. In order to establish the optimum values of the process 
variables, adsorption pressure, cycle time, adsorption duration and feed temperature were 
selected to study their effects on hydrogen purity and recovery. The reference process operating 
conditions were selected and only one parameter was changed at a time. 
 
3.2.1 Adsorption pressure 
The effect of adsorption pressure against hydrogen purity and recovery are plotted in Figures 2 
and 3 respectively. There is a gradual increase in the purity of hydrogen as adsorption pressure 
increased from 1 to 3 Pa, and this is due to large amount of impurities such as CO, CO2 and CH4 
adsorbed in the PSA beds.  However, as the adsorption pressure exceeds 3 Pa there was a gradual 
decrease in hydrogen purity. This is due to the possibility that the adsorption bed is fully 
saturated, thereby resulting in less impurities being adsorbed and reduction in the product purity. 
For example, product purity of 92.5 and 88 % were achieved at an adsorption pressure of 3 Pa 
and above respectively. The same trend is observed as shown in Figure 4.3 where at initial stage, 
an increase in the adsorption pressure leads to increase in hydrogen recovery. However, as 
adsorption pressure exceeds 3 Pa, there is a gradual decrease in the percentage of hydrogen 
recovered. This trend of product purity and recovery is observed in the previous works carried 
out by Al Ghafri (2007) and Ankit et al. (2010). However, their optimum adsorption pressure is 
different possibly due to the fact that the PSA adopted in their work is operating at different feed 
composition, adsorbents and operation steps. Therefore, the adsorption pressure of 3 Pa should 
be maintained for this PSA system.  
  

 
Figure 2: Effects of Adsorption Pressure on Hydrogen Purity  
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Figure 3: Effects of Adsorption Pressure on Hydrogen Recovery.  
 
3.2.2 Cycle time  
In determining the effect of cycle time, the ratio of operation times of all the four steps in a cycle 
were kept constant, i.e. adsorption, blowdown, purging, and pressurization times were kept in 
the ratio of 4:1:1:4. Figures 5 and 6 show the effect of cycle time on hydrogen purity and recovery 
respectively. It can be observed that the percentage purity and recovery of hydrogen through 
PSA system gradually increases as cycle time increases. This means, there is a sufficient time for 
adsorption to take place thereby making the bed to adsorbed more impurities and invariably 
increases the product purity and recovery. However, as the cycle time exceeds 200 second, a 
gradual decrease in the percent hydrogen purity and recovery is observed. This implies, the 
adsorption bed is fully saturated as cycle time exceeds 200 seconds. Once the bed become 
saturated, the yet to be adsorbed impurities reduces the purity and recovery of the product 
stream.  Therefore, a cycle time of 200 second or less is expected to produce optimum product 
purity and recovery. 
 

 
Figure 4: Effects of Cycle Time on Hydrogen Purity 
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Figure 5: Effects of Cycle Time on Hydrogen Recovery 
 
3.2.3 Adsorption duration 
In investigating the effect of adsorption duration, Ankit et al; (2010) suggested that total cycle 
should be assumed constant while adsorption time, purging time and pressurization time were 
taken to be equal. The effect of adsorption duration on hydrogen purity and recovery is showed 
in Figures 6 to 7.  It can be observed that as adsorption time increases, the percentage of 
hydrogen purity and recovery increases up till 40% of the total cycle time for adsorption step.  
However, after 40% of total cycle time, the product purity and recovery gradually started to 
decrease with an increase in adsorption duration. This behaviour is believed to be due the fact 
that an increased in the adsorption time is associated with corresponding increase in purging time 
and therefore, the bed is in more cleaned condition after purging.  
 

 
Figure 6: Effects of Adsorption Duration on Hydrogen Purity 
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Figure 7: Effects of Adsorption Duration on Hydrogen Recovery 
 
This trend is in agreement with the work of Ankit et al; (2010) who observed that at 30% of total 
cycle time for adsorption step, maximum values of 95.45 and 20.55% were achieved for product 
purity and recovery respectively. However, in this work the maximum values of 95.0 and 25% 
were obtained for product purity and recovery respectively. 
 
3.2.4 Feed temperature 
The effect of feed temperature on H2 purity and recovery is showed in Figures 8 and 9. It can be 
seen from Figures 8 and 9 that increasing of the feed temperature is resulting in reduction of the 
hydrogen purity and an increment in the hydrogen recovery. Shokroo et al;  (2014) observed that 
the adsorption process in a PSA system is an inherently exothermic phenomenon; therefore, a 
decrease in the purity of hydrogen at the product stream as feed temperature increases is 
expected. They suggested that an increase in hydrogen recovery  

 
Figure 8: Effects of Feed Temperature on Hydrogen Purity 
 

0

5

10

15

20

25

30

10 15 20 25 30 35 40 45 50

H
2

R
ec

ov
er

y 
(%

)

Adsorption duration (% Cycle time)

75

80

85

90

95

100

5 10 15 20 25 30 35 40 45 50

H
2

P
ur

it
y 

(%
)

Feed Temperature (oC) 



©NSChE 2019: Simulation of Pressure Swing Adsorption System for Separation of Hydrogen from Catalytic Reforming 
Effluent Gas: by Eyitayo A Afolabi and Israel I. Audu 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 257	|	P a g e 	

 
Figure 9: Effects of Feed Temperature on Hydrogen Recovery 
 
through the increase of the feed temperature is due to gaseous molar volume expansion in the 
adsorption step, which leads to an increase in the hydrogen molar flow in the product stream. In 
general, adsorption of all compounds in the bed decreases as the feed temperature increases and 
invariably the molar flow of all components increases in the product stream. In addition, this 
increase in the hydrogen molar flow in the product stream automatically increases the hydrogen 
recovery. However, impurities increase rapidly in the product stream as the hydrogen molar flow 
increases and subsequently, hydrogen purity will decrease.  
 
4.0 Conclusions 
By using a Matlab R 2014a software to simulate the separation of hydrogen from effluent gas 
coming from the catalytic reforming unit of Port Harcourt Refining and Petrochemical Company 
(PHRC), the results are summarized as follows: 
(a) The model equations used in this work adequately described the flow behaviour of the 

separation of hydrogen from the effluent gas mixture in a PSA system. 
(b) The simulation result compared favourably with the experimental data obtained from catalytic 

reforming unit in Port Harcourt Refining and Petrochemical Company (PHRC). The largest and 
smallest deviation between the simulation result and experimental data were found to be 
2.5% and 1% at flow rates of 16500 Nm3/h and 15500 Nm3/h respectively. This comparison 
clearly showed that MatlabR 2014 software can be used effectively for numerical simulation 
of hydrogen from effluent gas mixture.  

(c)  The effect of adsorption pressure, cycle time, feed temperature and adsorption duration on 
hydrogen purity and recovery has been studied numerically and their optimum values 
obtained. In order to maximize the product purity and recovery, it can be concluded that for 
hydrogen separation from gas effluent of catalytic reforming process, operating parameters 
of the PSA unit with adsorption pressure of 3 Pa, cycle time of 200 s, feed flow rate of 16000 
N.m3/h and feed temperature of 35 oC yield optimal results of hydrogen purity and recovery 
of 95.0 and 75.2% respectively.  

 
 
 

72

73

74

75

76

77

78

79

5 10 15 20 25 30 35 40 45 50

H
2

R
ec

ov
er

y 
(%

)

Feed Temperature (oC)



©NSChE 2019: Simulation of Pressure Swing Adsorption System for Separation of Hydrogen from Catalytic Reforming 
Effluent Gas: by Eyitayo A Afolabi and Israel I. Audu 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 258	|	P a g e 	

References 
Al Ghafri, S. (2007), “Modelling and Optimisation of Hydrogen Production by Hybrid PSA- 

Membrane System”, MSc Thesis, Imperial College of Science, Technology and Medicine, 
London 

Ankit K. B, Singh, A.K., Kailash; V, Kumar, R. K.  , Shashi, K. S. (2010), “Parametric studies and 
simulation of PSA process for oxygen production from air”, Polish Journal of Chemical 
Technology, 12(2), Pp18-28. 

Baksh, M. S. A and Ackley, M. W. (2002); “Pressure Swing Adsorption Process for the Production 
of Hydrogen”, US Patent 6340382. 

Cavenati S., Grande C. A., Rodrigues A. E. (2006), “Separation of CH4/CO2/N2 Mixtures by 
Layered Pressure Swing Adsorption for Upgrade of Natural Gas”. Chemical Engineering 
Science, 61, Pp.3893-3906. 

Gomes, V. G. and Yee, K. W. K. (2002), “Pressure swing adsorption for carbon dioxide 
sequestration from exhaust gases”. Separation and Purification Technology 28(2), 161 – 171. 
DOI: 10.1016/S1383-5866(02)00064-3. 

James, M.K and Gleen, U. (2001), Petroleum Refining Technology and Economics, Mercel Dekker 
Inc. New York, Pp. 56-71. 

Jee, J.-G;.Kim, M.-B and Lee, C.-H. (2001). Adsorption Characteristics of Hydrogen Mixtures in a 
Layered Bed: Binary, Ternary, and Five-Component Mixtures, Ind. Eng. Chem. Res. no. 3, 
868(878). 

Malek A., Farooq , S. (1998), “Hydrogen Purification from Refinery Fuel Gas by Pressure Swing 
Adsorption”. AIChE Journal ,  44, Pp. 1985. 

Mofarahi, M and Shokroo, E. J. (2013), “Comparison of Two Pressure Swing Adsorption Processes 
for Air Separation Using Zeolite 5A and Zeolite 13X”, Petroleum and Coal 55 (3) Pp.216-225. 

Park, J.H, Jong-Nam, K, and Soon-Haeng, C. (2003), “Performance Analysis of Four-Bed H2 PSA 
Process Using Layered Beds”, Korea Institute of Energy Research, Yusungku, Taejon 305-343. 

PHRC Operational Manual (1984): Project Specialization UOP, C.C.R Plat Forming Process 
Technology 

Ruthven, D. M., (1984). “Principles of Adsorption and Adsorption Processes”, John Wiley, New 
York. 

Shokroo, E. J. Shahcheraghi, M and Farniaei, M  (2014), “Numerical Simulation of a H2 –PSA. The 
JAM petrochemical Industrial plant in the Southern Pars  Zone”, Petroleum and Coal, 56(1) Pp. 
110-115. 

Ruthven D. M., Farooq S. and Knaebel K. S. (1994). “Pressure Swing Adsorption,”  New York: 
VCH Publishers, Inc. 

Sircar, S., and T. Golden (2000), “Purification of hydrogen by pressure swing adsorption,” 
Separation Science and Technology, 35, 667  

Tanczyk, M., and Warmuzinski, K. (1997). ‘‘Multicomponent Pressure Swing Adsorption: I 
Modelling of Large-Scale PSA Installations,’’ Chemical Engineering Process, 37, Pp.89 
Whysall M. and Picioccro K.W (1998), “Selection and Revamp of Hydrogen Purification Processes”, 

UOPLLC Dec Plains IIIiniois 
Yang R. T. (1987). “Gas Separation by Adsorption Processes”. London: Butterworth, Reprinted by 

Imperial College Press. 
Yang J., Lee C-H. (1997). “Separation of Hydrogen Mixtures by a Two-Bed Pressure Swing 

Adsorption Process Using Zeolite 5A.” Industrial Engineering Chem. Res., 36,Pp 2789-2798. 



Proceedings of the 49th NSChE Annual Conference  
KADA 2019: pp 259 - 270 

©Copyright: Nigerian Society of Chemical Engineers 
All Rights Reserved. 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 259	|	P a g e 	

P2A-03: HYDROGEN FUEL FROM BIOMASS GASIFICATION-COST EFFECTIVE ENERGY 
FOR DEVELOPING ECONOMY 

Kehinde A. BABATUNDE1, Funmilayo N. OSUOLALE1,* Oluseye O. AGBEDE1, 
Akinfenwa F. OLAWUNI1,  Ayodeji J. FATUKASI1, Adekunle E. ADEWUNMI1, 

Christiana J. OLADIPO1 and Olukorede M.OSUOLALE2 
1Department of Chemical Engineering, Ladoke Akintola University of Technology, Ogbomoso, 

Oyo State, Nigeria 
2Department of Civil Engineering, Ladoke Akintola University of Technology, Ogbomoso,  

Oyo State, Nigeria 
*Corresponding author: fnosuolale@lautech.edu.ng; Tel.: +234-813-901-0453 

 
ABSTRACT 
Hydrogen has the potential to be a clean and sustainable alternative to fossil fuel especially if it 
is produced from renewable sources such as biomass. Gasification is the thermochemical 
conversion of biomass to a mixture of gases including hydrogen. The percentage yield of each 
constituent of the mixture is a function of a number of factors. This article highlights various 
parameters such as operating conditions; gasifier type; biomass type and composition; and 
gasification agents that influence the yield of hydrogen in the product gas. Economic evaluation 
of hydrogen from different sources was also presented. The hydrogen production from 
gasification process appears to be the most economic process amongst other hydrogen 
production processes considered. The process has the potential to be developed as an alternative 
to the conventional hydrogen production process. 
 
INTRODUCTION 
Biomass is the largest renewable energy and it has a major share of about 90% of the total 
energy supply in the remote and rural areas of developing world (Demirbas, 2001). While burning 
of fossil fuel converts carbon that has been confined underground (as crude oil, coal and gas) to 
CO2 thereby increases CO2 in circulation and hence the greenhouse gas (GNG) effects, the 
combustion of biomass recycles the CO2 captured during photosynthesis and thus maintains the 
CO2 balance in the atmosphere (Ahmad et al., 2016). Biomass can therefore be said to possess 
a zero CO2 net emission (Mohammed et al., 2011).  
 
Most often, biomass is from agricultural by products but sometimes, it could be directly cultivated 
(McKendry, 2002a). The routes to convert biomass into useful products will depend on the form 
of the biomass. For agricultural residues, forest residues and wood, thermo-chemical conversion 
routes are the widely-used methods to extract energy from biomass. Thermochemical processes 
can be categorized into combustion, pyrolysis and gasification where the syngas and bio-oil 
produced as intermediate products can be subsequently converted to valuable fuels and 
chemicals. Combustion is the direct burning of biomass in air to convert the chemical energy in 
biomass to heat, electricity or mechanical power. The energy efficiency of this process is between 
10-30% (Ni et al; 2006). Pyrolysis is the burning of biomass in the absence of air. Slow pyrolysis 
gives high yield of charcoals whereas rapid heating of biomass at high temperature (fast pyrolysis) 
give products in the liquid, gaseous and solid states. Gasification is the conversion of biomass 
into a combustible gas mixture (syngas) by heating in a gasification medium such as air, oxygen 
or steam. Gasification of biomass leads to the production of syngas of which carbon monoxide, 
methane, and hydrogen are some of the constituents.
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Of all the three thermochemical routes, Gasification is being considered in this research work as 
a promising technology to treat biomass. This is because it produces minimal emissions, can be 
easily adapted to treat different materials and the process conditions can be altered selectively 
to isolate different gaseous products. Furthermore, gasification is likely to be commercially viable 
based on the consideration of overall conversion efficiency and proven operational history and 
performance. 
 
Hydrogen- one of the constituents of syngas has been dubbed the energy carrier of the future 
and has gained reputation as a potential substitute to fossil fuels. This is because Hydrogen when 
combusted or used in a fuel cell does not emit greenhouse gas, it has a high energy content on 
a mass basis when compared to gasoline or natural gas and it can be easily and efficiently 
converted to electricity using fuel cells. Hydrogen as a high efficiency low polluting fuel can be 
used for transportation, heating and power generation (Orhan et al, 2011). Hydrogen is also a 
raw material for chemical, petroleum and agro-based industries (Lewis et al, 2009 and Naterer et 
al, 2010).  
 
Converting biomass to aqueous and gaseous fuel most especially hydrogen could be a more 
efficient way of utilizing biomass. This is good for developed nations because the problem of 
greenhouse gas (GHG) emissions will be dealt with and for developing nations with power 
generation problems by providing access to electricity and power supply from relatively available 
sources.  
 
This study is focused on highlighting the potential of hydrogen generated from biomass 
gasification to be effective solution to the menace of inadequate power supply in rural areas and 
for both small and medium scale industries. It is much more apt for a developing nation like 
Nigeria which has an agrarian based economy. The vast amount of biomass as agricultural 
byproducts and abundant virgin land that could be put to use for more cultivation of biomass is 
a great motivation for this study.  The work is presented as follows. Section 2 highlights various 
sources of producing hydrogen. In section 3 gasification of biomass and factors that affect 
hydrogen production is discussed. Section 4 presents the implications of hydrogen fuel in terms 
of usage, economy and challenges. Section 5 concludes the write up. 
  
2.0 Hydrogen Production 
Although abundant on earth as an element, hydrogen is almost always found as part of another 
compound, such as water (H2O) and some other compounds and must be separated from the 
compounds that contain it. Once separated, hydrogen can be used in diverse ways. In addition, 
Hydrogen can be produced using diverse resources. The environmental impact and energy 
efficiency of hydrogen depends on how it is produced. Figure 1 depicts some sources through 
which hydrogen can be generated. 
 
2.1 Production from natural gas:  Hydrogen can be produced from natural gas through three 
different chemical processes. Steam reforming involves the endothermic conversion of methane 
and water vapour into hydrogen and carbon monoxide as given in equation 1. The product gas 
CO can be further converted to and  through the water-gas shift reaction (Equation 2) 
 

→ 3      (1) 
 

→      (2) 
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Partial oxidation involves the production of hydrogen through the partial combustion of methane 
with oxygen rich gas to yield carbon monoxide and hydrogen (equation 3). The  can be further 
converted through the water-gas shift reaction (Equation 2) 
 

→ 2      (3) 
 
Autothermal reforming is a combination of both steam reforming and partial oxidation. 
This method of producing hydrogen has developed technology and has been commercialized. 
However, the hydrogen generated from this source can only be sustainable if it is from renewable 
source such as biogas or syngas. 
 
2.2 Electrolysis: An electric current splits water into hydrogen and oxygen. If the electricity is 
from renewable sources, such as solar or wind, the resulting hydrogen will be considered 
renewable as well, and have numerous environmental benefits 

→ 	     (4) 

 
Figure 1: Some hydrogen production sources 
 
2.3 Solar based Hydrogen Production: solar energy is available readily at no cost to produce 
hydrogen; therefore, it may lead to a future clean alternative fuel (hydrogen) for transportation. 
Direct solar water decomposition, or photolytic, processes use light energy to split water into 
hydrogen and oxygen. These processes are currently in the very early stages of research but 
offer long-term potential for sustainable hydrogen production with low environmental impact such 
as the threatening global warming effects. (U.S. Department of energy, 2004). 
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2.4 Biological processes: Microbes such as bacteria and microalgae can produce hydrogen 
through biological reactions, using sunlight or organic matter. These technology pathways are at 
an early stage of research, but in the long term have the potential for sustainable, low-carbon 
hydrogen production. Biological hydrogen can be produced in an algae bioreactor. (Hemschemier 
et al., 2009). 
 
2.5 Thermochemical Water Decomposition for Hydrogen Production: This is an 
emerging and promising technology for large-scale production of hydrogen and it is commonly 
called thermochemical cycles. This is done using intermediate compounds and sequence of 
chemical reactions to split water into hydrogen and oxygen without polluting the atmosphere 
(Naterer et al 2009). Many thermochemical cycles have been identified but only a few has been 
proven to be feasible (McQuillan, 2002). 
 
2.6 Gasification: This conversion route is the focus of the study. It is discussed extensively in 
the next section.  
 
3.0 Biomass Gasification 
Gasification is the conversion of biomass into a gaseous product that mainly consist of Hydrogen 
(H2), and carbon monoxide (CO) with lower amounts of methane(CH4), carbon dioxide (CO2), 
water(H2O), Nitrogen(N2) and higher hydrocarbon(C+) in the presence of gasifying agents. The 
gasifying agents could be air, oxygen or steam or a mixture of these components.  Gasification is 
carried out at temperatures between 500 and 1400 0C and at atmospheric pressure of 101.325kPa 
up to an elevated pressure of 3300kPa (Ciferno and Marano, 2002). The reactions taking place in 
the gasifier are summarized in equations 5-7 (Mckendry, 2002b). 
 

↔  (partial oxidation)     (5) 
 

↔   (complete oxidation)     (6) 
 

↔   (water gas reaction)    (7) 
 

The hydrogen and steam can undergo further reaction during gasification as given in Equations 
8 and 9 

↔   (water gas shift reaction)   (8) 
3 ↔   (Methane formation)   (9) 

 
The arrows indicate that the reactions are in equilibrium and can proceed in either direction 
depending on the conditions of reaction (temperature, pressure and concentration) 
Main products of gasification are synthesis gas, char and tars. The content depends on the 
feedstock, oxidizing agent and the conditions of the process. The gas mainly consists of CO, CO4, 
H2O, CH4 and other hydrocarbons. The gasification process can be summarized as given in 
equation 10 

  (10) 
 
 
where  is the general chemical representation of the biomass.  
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The syngas produced consist of a mixture of CO2 (8-10%), H2 (18-20%), CO (18-20%), CH4 (2-
3%) and traces of other light hydrocarbon and steam (Simonyan and Fasina, 2013). This can be 
burnt directly or used as a fuel for gas engines and gas turbines in generating electricity (Ben-
Iwo et al., 2016).  
 
A few parameters have effects on the quality and quantity of the syngas production during 
gasification. These are discussed as follows. 
 
3.1 Effect of temperature 
Temperature appears to have the greatest influence on the performance of the gasifiers. The 
composition of the volatiles produced from a gasifier depends on the degree of the equilibrium 
attained by various gasification reactions. All the gasification reactions are normally reversible 
and the equilibrium point of any of the reaction can be shifted by changing the temperature. 
Hydrogen productions reactions (water gas shift reaction) is endothermic, a higher gasification 
temperature will favor the production of Hydrogen (Nanda et al, 2016). 
  
A study of steam gasification of almond shells in a continuous fluidized bed reactor reported the 
yield of hydrogen at above 50% of the syngas composition (Rapagna and Latif, 1997). The 
temperature was increased from 600 to 800 0C. Similarly, Lv et al 2004 reported an increase in 
Hydrogen production from 21-39 vol.%  when the gasification temperature was varied from 700 
to 900 0C. Sawdust and fluidized bed reactor were the feedstock and type of gasifier respectively. 
For all cases considered, the higher temperature favoured higher concentrations of syngas and 
Hydrogen yield but lower concentration of char and heavy tar. The increase was due to tar thermal 
cracking reaction which also decrease the tar concentration (Skoulou et al, 2009). The gasification 
temperature needed to be selected carefully as a tradeoff between the char conversion and the 
H2 output. However, other research shows that high H2 yield can be obtained at low temperature 
(600oC) by using 90% steam content (Gao, Li, Quan, & Gao, 2008). Table 1 gives indication of 
the influence of temperature on hydrogen yield for selected biomass.  
 
Table 1: Hydrogen production of biomass at different gasification temperature 
(Source: Nanda et al; 2016a; Safari et al, 2018; Lu et al, 2008; Nanda et al, 2016b) 
Biomass Temperature Hydrogen yield (mol/kg) 
Orange peel 400 0.08 
Orange peel 500 0.58 
Orange peel 600 0.91 
Pine wood 300 0.22 
Pine wood 400 0.69 
Pine wood 500 1.14 
Almond shell 380 3.95 
Almond shell 400 4.55 
Almond shell 420 5.43 
Almond shell 440 6.45 
Almond shell 460 7.85 
Corn cob 550 2.55 
Corn cob 600 5.31 
Corn cob 650 9.08 
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3.2 Effect of biomass feed stock 
Table 2 shows the hydrogen production from gasification of different biomass subjected to the 
same conditions. The type of feed stock can be seen to affect the yield of hydrogen at the same 
process conditions. Sugarcane bagasse from table 2 yielded 1.66mol/kg Hydrogen while coconut 
shell yielded 2.17mol/kg Hydrogen at the same process conditions. The general chemical 
representation of biomass as given in equation 10 indicates that the chemical composition of 
varying biomass is not the same. Ultimate analysis is often used for the chemical analysis of 
biomass feedstock. The chemical analysis usually lists the carbon, hydrogen and oxygen of the 
dry biomass sample on a weight percentage basis. The composition of hydrogen in the biomass 
feedstock may influence the yield of Hydrogen in the gasified biomass. 
 
Method of gasification also influences the yield of hydrogen. In the table, supercritical water 
gasification of biomass yield of hydrogen is much lower than steam gasification of the same 
biomass. For example the yield of hydrogen for cotton stalk is 4.19 with supercritical water 
gasification while steam gasification of the same biomass yielded 8.26 mol/kg of hydrogen, about 
97% increment. The same goes for corn stalk with about 111% increment in hydrogen yield for 
steam gasification process. 
 
Table 2: Hydrogen production from different biomass subjected to the same 
conditions. (Source: Nanda et al, 2016; Yanik et al, 2007, Wei et al, 2014; Pala et al, 
2017) 
Biomass Hydrogen(mol/kg) Conditions 
Sugarcane bagasse# 1.66 4000C 
Coconut shell# 2.17 4000C 
Cotton stalk# 4.19 5000C 
Corn stalk# 4.15 5000C 
Cotton stalk* 8.26 6500C 
Sawdust* 9.02 6500C 
Corn stalk * 8.79 6500C 
Wood residue 27.86 9000C 
Coffee bean husk 34.32 9000C 

#supercritical water gasification  *Steam gasification  
 
3.3 Effect of equivalence ratio 
The ratio between the theoretical and practical air demand in steam gasification process utilizing 
air or O2 is termed the equivalence ratio (ER). For each kind of biomass, there is a theoretical O2 
demand needed to achieve the combustion based on its contents of combustible materials and 
since in most cases, gasification is based on realizing relatively partial combustion, a fraction of 
this ratio is only used. A ratio of 0.15-0.35 has been investigated (Mohammed, 2010). The tar 
and char yields was discovered to decrease as the ER increases. This is because more oxygen in 
the gasifier causes the oxidation of the char and tar and leading invariably to producing more of 
CO and CO2 and less of H2. Optimum value of the ER for a particular gasification process should 
be noted. Beyond this optimum, carbon conversion efficiency and gasification efficiency will start 
to decrease (Gao et a.l, 2012; Zhao et al, 2010; Xiao et al, 2006).  
 
3.4 Effects of Steam/biomass ratio 
 The steam biomass ratio could be varied either by changing the biomass feed rate while keeping 
the steam flow constant or vice versa.  Result from previous researches show an increase in 
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Hydrogen production as the ratio increases. However, when S/B ratio is further increased beyond 
a certain point, production declined. The critical S/Bs are generally between 0.70 and 3.41 
depending on the conditions (Zhang et al 2016b). Previous researches by Mahishi and Goswami, 
2007; Kalinci et al, 2009; Inayat et al, 2010 and Moneti et al, 2016 obtained optimum yield of 
hydrogen at steam/biomass ratios of 3, 0.6-10, 2, and 2-3 respectively. Increasing the S/B ratio 
decreases slightly the CO and favours the water gas shift reaction that results in more hydrogen 
production. Operating the gasifier at a very high S/B might not be energy efficient since the 
increase in the production of hydrogen at this state may not justify the cost in increasing the 
steam (Pallozzi et al, 2016). 
  
3.5 Effects of gasifier 
Gasifiers are classified mainly on the basis of their gas solid contacting mode and gasifying 
medium. Based on the gas solid contacting mode, gasifiers are broadly divided into three principal 
types: 
(i) fixed or moving bed gasifier 
(ii)  fluidized bed gasifier 
(iii)  entrained-flow bed gasifier 
 
Each type of gasifier has different ranges of appropriate reaction condition and feedstock. There 
is an appropriate range of application for each. The moving-bed (updraft and downdraft) type 
often used for smaller units (10 MW) contains a large amount of tars in its product gas due to 
flow of biomass and the produced gas (Luo et al, 2009; Li et al, 2009). The fluidized-bed 
(bubbling and circulating) type is more appropriate for intermediate units (100 MW). Feed stock 
with high ash content can cause stickiness in the fluidized agent and reduce the fluidity of the 
inert bed material (Siedleck, 2011). The entrained-flow reactors are used for large capacity units 
(500 MW). The operating temperatures and pressure of the entrained flow reactor are higher 
than that of the fluidized bed and the fixed bed (Ghassemi et al, 2016). Several studies have 
compared the advantages and various gasifiers using different criteria such as use of material, 
energy efficiency, technology and enviromental impacts. The general consensus is that there was 
no significant advantage of one reactor type over the other. However, for decentralized power 
generation and distribution to remote and rural areas as well as for small scale industries fixed 
bed gasifier such as downdraft gasifier which are typically small scale unit with power generation 
capacity of up to 10 MW could be used.   
 
3.6 Effects of catalyst and biomass composition 
Reactions catalysts have positive effects on the yield of Hydrogen. Previous works indicates 
increase in the yield of Hydrogen when a catalyst was added to the reaction (Nanda et al, 2016; 
Gong et al 2014). The catalysts are known for cracking tars to produce gaseous products. Biomass 
are essentially made of three major polymers; the lignin, cellulose and hemicellulose. Experiments 
have shown that compared with lignin, cellulose and hemicellulose produced gases more rapidly 
with higher CO and CH4 but lower H2 and CO2 concentrations, and higher temperature is needed 
for optimum hydrogen production. Lignin produced more hydrogen than cellulose and 
hemicellulose cell (Tian et al., 2017).  
 
4. 0 Implications of Hydrogen fuel  
Hydrogen as an energy carrier can be converted into useful forms of energy. For combustion in 
internal combustion engines, jet engines and rocket engines; Hydrogen powered combustion 
engines are about 20% more efficient than gasoline engines. This is because the thermal 
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efficiency of internal combustion engine can be improved by either increasing the compression 
ratio or the specific ratio both of which are higher in hydrogen engines. Hydrogen combusted 
with pure oxygen can generate steam with a temperature in the flame zone of above 30000C. 
Hydrogen steam generators can be used for industrial steam power supply, for electricity 
generation and in power plants. Hydrogen steam generator is close to 100% efficient since there 
are little or no thermal losses and there is no emission other than steam. Hydrogen can be 
combined with oxygen in an electrochemical reaction in fuel cell to produce electricity. In the 
typical IC engine vehicle optimized for a hydrocarbon fuel, only about 15% of the fuel value ends 
up as kinetic energy moving the vehicle down the road. This value increases to about 25% for an 
IC engine/electric hybrid. Fuel cell vehicles operating on compressed hydrogen have the potential 
of achieving over 30% and, unlike the hybrids, would be classed as zero emission vehicles.  
  
Other energy conversion route of Hydrogen includes catalytic conversion to produce heat and 
conversions involving metal hydrides. Analysis of biomass gasification options has shown that 
production of hydrogen is the most economic route for the conversion of syngas to transportation 
fuels (Spath and Dayton, 2003). An economic and efficiency evaluation of hydrogen from biomass 
is therefore important for the implementation of the technologies of the gasification processes. 
Table 3 lists the hydrogen production costs from biomass gasification using different gasifiers and 
from other sources for previous studies. Biomass gasification seems to be the most cost effective 
for the production of hydrogen and power aside from Steam Methane Reforming (SMR). SMR is 
a mature technology that uses natural gas which has a well-defined non varying composition and 
is delivered via pipeline. However, SMR uses fossil fuel which is prone to depletion, enviromental 
pollution and greenhouse gas (GHG) emission. Biomass gasification on the other hand uses 
renewables which is available and sustainable. Infact, it has been viewed as an important 
technology for reducing GHG. 
 
 The U.S Department of Energy (U.S. DOE) has set a cost goal for hydrogen at $2-$3/kg including 
production, transportation and delivery for hydrogen to be cost competitive with fossil fuel. The 
goal for production cost only was set at $1.10/kg.  None of the gasification process presented in 
table 3 met up with this goal. One way to reduce cost of production is to use renewable from 
nonfood biomass such as, agricultural residues; energy crops; woody crops; forestry, mill and 
wood wastes.  
 
Hydrogen energy technologies are particularly interesting for the developing countries that do 
not have huge energy infrastructures in place. Cost for distribution such as power transmission 
lines, pipelines, transportation infrastructure might work against centralized production in 
developing economy. Developing countries may adopt dispersed renewable energy sources using 
both traditional and advanced technologies for their utilization. Hydrogen can be produced from 
low cost biomass to supply off grid electricity to homes using a portable fuel cell power systems.    
Technology improvements of gasification process may reduce the cost of producing hydrogen 
from biomass. Advances in biotechnology that will produce high yield, low-cost energy crops is 
one of such ways.  Improvement actions leading to an increase in process efficiency that would 
significantly enhance the system's performance is another way. This is because increase in 
hydrogen production from gasification of biomass has been linked to improved exergy efficiency 
of the gasification process. (Zhang et al; 2019) 
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Table 3: Hydrogen Production cost 
Process H2 production 

cost 
References 

Air gasification in a fluidized bed 2.11USD/kg Mohamed et al, 2011 
steam gasification in fluidized bed with 
in-situ co2 capture  

1.91 USD/kg Inayat et al, 2011 

Oxygen gasification in a Fixed bed and 
CO-shift at atmospheric pressure 

1.69USD/kg Lv et al (2008) 

Large scale gasification 1.38USD/kg Spath et al, 2005 
Fuel cell hydrogen 2.76USD/kg Ogden, 1999 
Eletrolysed hydrogen 10USD/kg Iwasaki, 2003 
Biomass pyrolysis with high pressure  4.28USD/kg Iwasaki, 2003 
Steam methane reforming 1.25USD/kg NREL, 2011 

 
5.0 CONCLUSION 
Hydrogen energy system from biomass gasification is a coherent, comprehensive and permanent 
solution to global energy-economic-environmental problems, and as such deserves support from 
individual governments, industrial organizations and research institutes. Adopting gasification 
technology for the main purpose of producing hydrogen may seem expensive but in the long run 
its benefit might be unquantifiable.  
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ABSTRACT 
Methanol fuel was produced by electrochemical process using Proton Exchange Membrane (PEM). 
Carbonated alkaline solution of potassium hydroxide (KHCO3) and water were the major 
feedstocks used. Cu and Zn electrodes were used as catalysts for cathode and anode respectively. 
The electrolysis of water and reduction of KHCO3 to methanol occurred simultaneously in a single 
unit electrochemical set-up. Methanol synthesis occurred at cathodic half-cell when the proton 
produced by water in anodic half-cell reacted with KHCO3. The synthesized methanol was 
separated from its solution by distillation. The membrane was prepared using Paraffin Wax, Silica 
Gel, and Sodium Dodecyl/Lauryl Sulphate (Surfactant). KMnO4, FTIR and GC-MS were used for 
confirmatory tests on the synthesized methanol. The FTIR percentage transformation and GC-MS 
library results were analysed in comparison with analytical methanol purchased from chemical 
suppliers. The tentatively identified compounds in GC-MS’s library have similarity indices of 97% 
and 95% to the synthesized methanol. 
 
KEY WORDS: Carbon (IV) Oxide (CO2), Water, Potassium Hydroxide (KOH), Methanol Fuel, 
Proton Exchange Membrane (PEM), Cu and Zn. 
 
1.0  INTRODUCTION  
Methanol is a colorless, volatile, flammable, poisonous and polar liquid at room temperature with 
the formula CH3OH (also abbreviated as MeOH). It can also be called methyl alcohol, wood 
alcohol/spirit and carbinol. As published by National Center for Biotechnology Information; Fiedler 
et al., (2000); Cappelletti et al., (2012); Khirsariya and Mewada, (2013) pure methanol was first 
separated by Robert Boyle in 1661. Mr. Robert Boyle produced the chemical (i.e., Methanol) 
through the distillation of boxwood. The chemical was then called “pyroxylic spirit”. Thereafter, 
French Chemists, Jean-Baptiste Dumas and Eugene Peligot determined its elemental composition 
in 1834.  
 
Methanol is the simplest in the series of alkanol/hydroxyl group of organic compounds known as 
alcohols. The hydroxyl group (OH) is attached to a methyl group (CH3). The term “methyl” was 
derived from the word “methylene” which was conceived by Dumas and Peligot in 1840 (Rossi, 
1890 and Wisniak, 2009). It was then applied to describe “methyl alcohol”. The International 
Conference on Chemical Nomenclature shortened this to “methanol” in 1892. Thereafter, the 
German Chemists, Alwin Mittasch and Mathias Pier developed a means to convert synthesis gas 
into methanol which was patented on January 12, 1926 (Alwin and Mathias, 1926).  
 
However, the primeval Egyptians obtained methanol from pyrolysis of wood. Pyrolysis is a thermal 
treatment which results in the production of char, liquid and gaseous products (Maschio et al.,
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1992). They mixed methanol in the substances which they used in embalming process. As 
published in https://thechemco.com/chemical/methanol/, in the early 1970s, Mobil developed a 
methanol to gasoline process for producing vehicle ready gasoline. One of the facilities was built 
in New Zealand at Motunui in the 1980s. Harvey-Smith and Cohen, (2006) reported that 
Astronomers at Jodrell Bank Observatory used Merlin array of radio telescopes to discover a large-
scale of methanol in space, 300 billion miles across.  
 
Presently, methanol fuel is among the renewable energy and alternative fuels presented by 
researchers and automobile manufacturers as replacement to gasoline in line with Sustainable 
Development Goals (SDGs). Due to its combustion characteristics, it is one of the most widely 
suggested alternative fuels (Atul and Atsushi, 2014; Olah, 2005; Olah et al., 2008a; Olah et al., 
2008b and Goeppert et al., 2018). Accordingly, Olah and others promoted methanol economy as 
an excellent replacement to petroleum-based fuels and chemicals. For instance, methanol 
produced from wood or other organic materials (“bioalcohol”) has been recommended as 
renewable alternative to petroleum-based hydrocarbons. In some countries (e.g., Europe and 
China), the use of methanol in existing vehicles involves blending it with proper cosolvents and 
corrosion inhibitors. As published in (https://thechemco.com/chemical/methanol/), the European 
Fuel Quality Directive (EFQD) permits up to 3 percent methanol with an equal amount of cosolvent 
to be blended in gasoline sold in Europe. Whereas China uses more than one billion gallons of 
methanol per year as transportation fuel in existing vehicles and vehicles designed to 
accommodate the use of methanol fuels. 
 
Methanol fuel has advantages such as high octane rating and cleaner-burning properties amongst 
others than gasoline. It also has disadvantages such that a coal-based methanol economy could 
increase amongst others the water shortages, net carbon dioxide emissions, and volatility to 
regional and global coal prices. Moreover, methanol is toxic in nature as published by De 
Schweinitz, 1901. The publication by “thechemicalcompany Global Bonds in Chemistry” reported 
that in humans, methanol has high toxicity such that a little quantity of about 10mL if drank can 
destroy the optic nerve. The resultant effect on the human is permanent blindness. However, the 
effects of methanol toxicity can take hours before the patient begins to feel the symptoms. 
Meanwhile, if effective antidotes are administered to the patient, permanent damage can easily 
be prevented.  
 
Nevertheless, alcohol fuels with carbon atom of C2 to C4 other than methanol as published by 
(Vafamehr et al., 2016; Moxey et al., 2014; Stansfield et al., 2012; Nwovu et al., 2018; and Kar 
et al., 2008) are also good alternatives to gasoline. Other suggested alternative to gasoline vehicle 
is electric vehicles. Yet, in electric vehicles, high-cost price and lack of suitable battery remain 
serious challenges. Meanwhile, the development of Lithium-ion and Lithium-Polymer battery that 
have two-to-three energy density of lead/acid batteries as reported by (Stone, 1999) is an 
improvement in the battery technology.  
 
To ensure sustainable production of methanol and in commercial quantity, many researchers 
proposed different and promising preparation techniques.  Amongst techniques are the capturing, 
recycling, and transformation of CO2 to methanol and its by-products (example, Dimethyl ether, 
Alkanes, Alkenes, Dimethyl carbonate, and Olefin). This was published by (Sorenson, 2001; Atul 
and Atsushi, 2014).  
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In 1950s, Grubb introduced Proton Exchange Membrane (PEM) also called Polymer Electrolytic 
Membrane whereby the generation of proton (H+) and reduction of CO2 to methanol occur 
simultaneously in an electrochemical setups. This was not fully given the needed attention by 
researchers until 20th and 21st Centuries. 
 
The use of high-pressure with reduced temperature catalytic technique as published by (Lee, 
2007; and Bansode and Urakawa, 2014) was among the promising techniques of interest. But 
the technique negates the economic value associated with a reaction operated at a reduced 
pressure. The reason is because of higher energy (∆Go = 3.30KJmol-1) involved during the high-
pressure reaction (Fujitani et al., 1997; Jadhav et al., 2014; and Bahruji et al., 2016). As an 
improvement to the high-pressure, (Razali et al., 2012) reported that with a high-performance 
catalyst, the activation energy of CO2 can be reduced. Nevertheless, the recent report on 
hydrogenation of CO2 to methanol by (Tidona, 2013) showed the electrolysis of water as a major 
stage of high energy demand while the remaining stages are virtually pressure independent. 
 
However, the concept of high-pressure methanol production is not new. In 1923, BASF 
commercialized the first methanol production using a mixture of syngas at pressure of 250 to 350 
bar. Ipatieff and Monroe (1945) carried out CO2 hydrogenation at high-pressure up to 412 bar 
using Cu/Al2O3 catalysts in a fixed bed reactor. They obtained remarkable selectivity of methanol 
and high conversion of CO2. Atul and Atsushi (2014) reported high-pressure up to 360 bar CO2 
hydrogenation to methanol using co-precipitated Cu/ZnO/Al2O3 catalysts at high GHSV of 
182,000h-1. The authors improved on the catalyst compared to earlier reporters and recorded the 
first ever outstanding one-pass CO2 conversion (>95%).  
 
Low-pressure and temperature techniques were also developed by researchers as alternative to 
high-pressure hydrogenation of CO2 to methanol. The concept of Low Pressure Methanol (LPM) 
originated in the late 1960s with the technology by Johnson Matthey, the leading licensor of 
methanol technology (Sheldon, 2017). Consequently, Wang et al., (2013) amongst others 
developed and operated successfully lower reaction pressure of about 50 to 100 bar at 
comparably lower temperatures in the presence of Cu/Zn-based catalysts. At a pressure of 15 bar 
and temperature of 250oC, Deerattrakul et al., (2016) achieved methanol productivity of 
591mgmeOH-1gcat-1h-1 using Nitrogen-doped (N-doped) reduced graphene oxide (N-rGO) in Cu-Zn 
catalysts. This is an improvement to the work of Atul and Atsushi, 2014 and earlier publishers. 
Interestingly, the concept of Proton Exchange Membrane (PEM) also called Polymer Electrolytic 
Membrane further addresses the issue of low temperature and pressure in methanol production. 
 
Subsequently, in 2017, Abdelaziz and co-workers developed an optimum process technology that 
resulted in methanol production of 0.625 t-per-tonne of CO2 waste gas supply. Andika, et al., 
(2018) made a comparison of methanol production from H2-CO (from co-electrolysis) and H2-
CO2 mixtures (from electrolysis). In their findings, they predicted that methanol production 
pathways from electrolysis if given favourable attention can lead to methanol production in a 
commercial quantity. 
 
Presently, it is on record that China is in the frontrunner towards actualization of methanol 
economy (Chi-Jen and Robert, 2011). This is because from 2006 to 2011, China built an industry 
of coal-based methanol and dimethyl ether (DME) that is competitive in price with petroleum-
based fuels (Chi-Jen and Robert, 2011). The publication by (Li-Wang et al., 2013) showed that 
most of the methanol produced in China are primarily utilized in the synthesis of formaldehyde, 
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alternative fuels and acetic acid, with the equivalent percentages of 35.0%, 33.0% and 8.0%. In 
terms of transportation, (Li-Wang et al., 2013) reported that China transported approximately 
82.6% of methanol by overland freight, 9.0% by sea and 8.4% by train. Further remarkable 
trends in methanol fuel production and utilization is reported by Gong, et al., (2018); Iaquaniello, 
et al., (2017); Liu, et al., (2017); Liu, et al., (2019); Śliwińska, et al., (2017); Luu et al., (2015); 
Milani, et al., (2015); Szima and Cormos, (2018); Toyir, et al., (2009); Yang, et al., (2012); and 
Yao, et al., (2018).  
 
2.0 Improved Combustion Characteristics of Alcohol Fuels in a SI Engine. 
The use of alcohol fuels in internal combustion engines started since the onset of mechanically 
driven automotive transportation (Moxey et al., 2014). Most of the alcohols utilization in the 
current SI engines are gasoline-ethanol blends, with 5 to 10% volume alcohol typically allowed. 
Ikoma et al., (2006) and Zhu et al., (2008) reported that ethanol among other alcohol fuels is a 
good alternative transportation fuel for replacement of gasoline. Research proved alcohol fuels to 
have higher potential to increase engine performance, and ultimately improve knock resistance 
over gasoline because of its rapid rise in charge temperature during combustion events (Vafamehr 
et al., 2016 and Yacoub et al., 1998). At high temperature and pressure conditions in a SI engine 
operating on gasoline, there are high tendencies for occurrence of auto-ignition of the unburned 
gases ahead of the flame. The auto-ignition comes with irregular and uncontrollable pre-ignition 
with high-intensity knocking combustion (Kalghatgi and Bradley, 2012; Pan et al., 1998; and 
Basshuysen and Schäfer, 2004). Such auto-ignition often appears in different modes as reported 
by (Stone, 1999; König et al., 1990; and GU et al., 2003).  
 
Alcohol fuels also have high latent heat of vaporization and lower unburned gas temperatures 
which help to cool the charge temperature during combustion compared to gasoline. In terms of 
injector deposit formation, Cairns et al., (2009) and Taniguchi et al., (2007) published that ethanol 
blends have a reduced injector deposit formation at an increased compression ratio due to lower 
nozzle temperatures and single component nature of the fuel. In terms of wear and corrosion in 
fuel pumps for gasoline-alcohol engines, (Rovai et al., 2005) reported that wears due to abrasion 
were dominant when using E22 with more corrosion damage when using fuel with increased 
alcohol content. Therefore, in the design of modern SI engines that can operate on alcohol fuels, 
there is need to consider the power cell materials selection, compression ratio and thermodynamic 
properties. This will validate the prediction by (Cowart et al., 1995 and Pearson et al., 2011) that 
engine output may be raised by 10 to 15% with potential additional gains for dedicated alcohol 
operation in the future. 
Therefore, this study provides insight in methanol fuel production by electrochemical process 
using proton exchange membrane (PEM). 
 
3.0  Materials and Method 
 
3.1 Materials  
The materials used during the study are described below. 
Code A. Distilled water – used to generate proton (H+) at the anodic half-cell during electrolysis. 
Code B. Carbonated Potassium Hydroxide (KOH) Solution (i.e., Potassium Hydrogen 
Trioxocarbonate (IV)) produced by the reaction of CO2 and KOH – used to synthesize the 
methanol at the cathodic half-cell when reacted with the H+ from the anodic half-cell. 
Code C. Proton Exchange Membrane (PEM) Materials – used to promote transport of H+ from 
anodic half-cell to cathodic half-cell. It consists of the following materials: 
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I. Paraffin Wax.  
Functions: 
i. Repelled flow of water from anodic half-cell to the cathodic half-cell and vice-versa. 
ii. Acted as a good binder. 
iii. Attracted/captured the produced proton from water as a result of hydrogen bond interaction. 
iv. Facilitated the transport of H+ from anodic half-cell to cathodic half-cell through “domino 

effect”. 
 

II. Silica Gel (SiO2). 
Functions: 
i. Worked together with paraffin wax to improve H+ transport. 
ii. Provided pathway for proton transport. This is because, during the electrochemical reactions, 

the lone pair electron of Oxygen atom in the covalently bonded molecules of silica gel tends 
to attract a proton from the anodic half-cell. To attain suitability, it releases the attraction 
proton to the cathodic half-cell on continuous basis till the reaction is completed. 

 
III. Sodium Dodecyl/Lauryl Sulphate (SDS/SLS) (Surfactant) 

CH3(CH2)10CH2(OCH2CH2)nOSO3Na 
Functions: 

i. Served as an electron conductor through the membrane. This is because of the release of 
Na+ from its molecule during the electrochemical reactions. 

ii. Improved the conductivity of the membrane since paraffin wax and silica gel are not 
conductors. 

Code D. Acidified Potassium Permanganate (KMnO4) – used to carryout qualitative and 
confirmatory test for presence of methanol. 
Code E. Polypropylene Container – used as a lid to the component parts and also houses the 
solid electrolyte pile (i.e., proton exchange membrane). 
Code F. Cell – was used to house the carbonated KOH solution (i.e., KHCO3) and water which 
served as the electrolytes. 
Code G. Zinc electrode (positive/anode electrode) – the electrode in which water was electrolyzed 
to generate hydrogen ion (H+)/proton in the anodic half-cell. 
Code H. Copper electrode (negative/cathode electrode) – the electrode in which carbonated KOH 
solution (i.e., KHCO3) reacted with H+ from the zinc electrode to produce methanol. 
 
4.0  Experimental Procedures  
 
4.1 First Step: Preparation of the Proton Exchange Membrane (PEM) 
i. 30g of paraffin wax was weighed into a beaker and heated until it melted. 
ii. 15g of silica gel was weighed into another beaker. 
iii. 5g of SLS/SDS was added into “ii” above and mix properly to obtain a homogenous mixture. 
iv. The mixture in “iii” above was poured into the molten paraffin wax and stirred for 5minutes 

to ensure proper mixture.  
v. The mixture in “iv” above was poured into a mould and allowed to cool/solidify for 

30minutes.   
vi. The mould was removed to obtain the formed PEM. See the Figure 1 below. 
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Figure 1 PEM made of paraffin wax/SLS/silica gel 

 
4.2 Second Step – The cells were arranged as shown in Figure 2 below.  

 
Figure 2 View of the half-cell compartments with Zinc and Copper electrodes 

 
4.3 Third Step – The complete set up was packaged as shown in the Figure 3 below.  



©NSChE 2019: Study of Methanol Fuel Produced by Electrochemical Process Using Proton Exchange Membrane (PEM): 
by Sampson Ojon Nwovu, O.M.O Etebu, P. I. Okoye and Alasdair Cairns 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 277	|	P a g e 	

 
Figure 3 Packaging of the electrochemical set-up 

 
4.4 Fourth Step – The electrochemical test was carried out as shown in Figure 4 below. 

 
Figure 4 Electrochemical set up 

 
4.5 The Reaction Processes 
In the electrochemical set up, the CO2 was fed into the electrochemical cell as a carbonated 
alkaline solution in the cathodic half-cell as illustrated in Equation (1) below. 
 

	→ 				 		        
(Carbonated alkaline solution) 

 
Scheme 1: Solvation of CO2 in an Alkaline Solution. 
The carbonated alkaline solution which is represented as KHCO3 for the purpose of simplification 
can be selectively reduced into any of the product shown in the scheme below (i.e., equations 2, 
3 and 4) as reported by (Kuhl et al. 2014 and Olah et al. 2009). The availability of protons and 
electrons that act as limiting factors determine which of the preferred products are obtained. 
 

		 	 		  
  	 	 .  
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 	 	 .  
 

	 	 	 		  
	 	 .  

 
Scheme 2: Overall electrochemical equations for the reduction of carbonated alkaline solution 
into methanol. 
 
From the electrochemical point of view, the overall reaction for the conversion of the carbonated 
alkaline solution into methanol is presented in the equations 5, 6 and 7 below: 

 
 

 
 
As demonstrated in scheme 1, the efficiency of this process is grossly dependent on the transfer 
of protons from one half-cell to another. The proton transfer was achieved using the Proton 
Exchange Membrane (PEM). 
 
4.6 Schematic of the Experimental Set-Up 
Figure A in the Appendix shows the schematic of the experimental set-up. 
 
5.0  Results and Discussion  
The experiment was allowed to run for 1 hour and the following trends were observed: 

i. For the first 10 to 15minutes, there was an observable concentration of a yellowish spot within 
the cathodic half-cell electrolyte. 

ii. After 30 minutes, the yellowish spot disappeared thereby leaving the electrolyte solution in 
its initial colourless state.  

iii. After 1 hour, we disconnected the power source and poured some sample of the electrolytic 
solution from the cathodic half-cell into a beaker shown in Figure 5 below for a qualitative 
test to confirm the presence of methanol.  

 
Figure 5 Sample of KHCO3 solution after the electrochemical reaction 

 
iv. Acidified KMnO4 was added in drops and then in excess to the collected sample of KHCO3 

solution and the colour changes were observed for 4minutes. At different time intervals, 
different colour changes were recorded till the sample solution became completely 
“yellowish” which confirmed the presence of “methanol fuel”.  
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5.1 FTIR Comparison of the Synthesized Methanol with Analytical Methanol 
purchased from Chemical Suppliers. 
For more confirmatory test on the synthesized methanol, further analysis was performed using 
Fourier Transform Infrared Spectrophotometer (FTIR). At this stage, the percentage 
transformation of the synthetic methanol was compared to that of analytical methanol and the 
results demonstrated equivalent characteristics. Presented in Figure 6 is a computer generated 
graphical comparison of the synthesized and analytical methanol. Also, Figure 7 presents 
graphical comparison of generated data from the test results of synthetic and analytical methanol. 
 
5.2 GC-MS Analysis Report on the Synthesized Methanol 
To determine experimentally the molecular weight and structure of the synthesized methanol, 
GC-MS test was also carried out.  
 
However, the calibration of the machine (SHIMADZU GC-MS - QP2010 PLUS) used for the GC-MS 
test could only analyze and detect organic/alcohol compounds from butanol (C4) and above.  
 
Therefore, from the library results, the Tentatively Identified Compounds (TIC) are butanol and 
pentanol with highest Similarity Indices (SI) of 97% and 95% respectively to the unknown 
sample under test. The mass spectra of the TIC are shown in Figures 8 and 9 for butanol and 
pentanol respectively. 
 
The high SI of the TIC to the unknown sample indicates that if worked backwards using their 
respective molecular structures, the original structure of methanol can be determined. The 
interpretation of the GC-MS library results is similar to crime detection by detectives who 
compares the fingerprint of an unknown crime suspect to a library of known fingerprint. 
 
Therefore, from the library results of the GC-MS test, FTIR comparison test and qualitative test 
using KMnO4, it is established that the unknown sample is methanol.  
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Figure 6 FTIR computer generated graphical comparison of the synthesized and 

analytical methanol 

 
Figure 7 Graphical comparison of generated data from the test results of synthetic and 

analytical methanol 
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5.3 Library Result of GC-MS Test. 
 
Entry 444 Library for butanol:  
NIST08s.LIB; SI: 97; Formula: C4H10O; CAS: 78-83-1; Mol Weight: 74; Ret Index: 597; Comp 
Name: 1-Propanol, 2-methyl- $$ Isobutyl alcohol $$ Isobutanol $$ Isopropylcarbinol $$ 2-Methyl-
1-propanol $$ iso-C4H9OH $$ Fermentation butyl alcohol.  
 

 
Figure 8: GC-MS test library result with butanol similarity index of 97%Entry 1060 

Library for pentanol: 
 

NIST08s.LIB; SI: 95; Formula: C5H12O; CAS: 123-51-3; Mol. Weight: 88; Ret Index: 697; Comp 
Name: 1-Butanol, 3-methyl- $$ Isopentyl alcohol $$ Fermentation amyl alcohol $$ Fusel Oil 
$$ Isoamyl alcohol $$ Isoamylol $$ Isobutyl carbinol $$ Is.

 
Figure 9: GC-MS test library result with pentanol similarity index of 95% 

 
6.0 CONCLUSION 
From the confirmatory tests, observations and results, the conclusion drawn are as follows: 
i. 3.5litres of methanol fuel was synthesized. This shows that increased capacity of the 

electrochemical set-up, Proton Exchange Membrane (PEM), Carbonated alkaline solution and  
water will produce methanol of commercial quantity.  

ii. Methanol can be produced from carbonated alkaline solution and water by electrochemical 
process using appropriate PEM materials. 

iii. This study discovered that paraffin wax, silica gel and sodium lauryl/dodecyl sulphate (SDS) 
are optimum materials for PEM preparation. Therefore, PEM made up of combination of 
paraffin wax, silica gel and sodium lauryl/dodecyl sulphate (SDS) provides suitable conduit 
for proton and electron transport in an electrochemical process of methanol production.  



©NSChE 2019: Study of Methanol Fuel Produced by Electrochemical Process Using Proton Exchange Membrane (PEM): 
by Sampson Ojon Nwovu, O.M.O Etebu, P. I. Okoye and Alasdair Cairns 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 282	|	P a g e 	

iv. The use of Potassium permanganate (KMnO4), Fourier Transform Infrared 
Spectrophotometer (FTIR) and GC-MS are  good confirmatory tests for the presence of 
methanol in a given solution.  

v. Copper and zinc electrodes are good catalysts for reductive hydrogenation of carbonated 
alkaline solution in an electrochemical reaction to produce methanol fuel. 

 
7.0 RECOMMENDATION  
From the conclusion derived from this study, it is recommended that further studies should aim 
at improving the capacity and effectiveness of the proton exchange membrane to achieve 
methanol production in commercial quantity. 
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APPENDIX 

 
Figure A: Schematic of the experimental set-up 
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ABSTRACT 
This research has been carried out to study the dynamics simulation of methane production from 
anaerobic digestion of food waste with the aid of MATLAB/Simulink. The models used were 
obtained from literature and converted to a Simulink model of the process. The Simulink model 
was simulated with the aid of MATLAB mfile program. The dynamic responses were obtained by 
varying the retention time, specific death rate of methane-forming bacteria and influent 
biodegradable volatile solid concentration. It was revealed from the results obtained that methane 
can be produced from food waste because its amount was found to increase within the time of 7 
days considered. Also, the amount of methane obtained from the process was found to be 
affected by the retention time and the specific death rate of methane-forming bacteria whereas 
the effect of concentration of influent biodegradable volatile solid was negligible. 
 
Keywords: Methane, anaerobic digestion, bio-digester, dynamics, MATLAB, Simulink. 
 
4 NOMENCLATURE 
AD Anaerobic Digestion 
BVS Biodegradable Volatile Solids 
VFA  Volatile Fatty Acid 
VS  Volatile Solids 
S0 Concentration of influent biodegradable volatile solid 
θ Retention time 
kdc Specific death rate of methane-forming bacteria 
 
1.0 INTRODUCTION 
Anaerobic digestion is the process of molecular breakdown of biodegradable material using 
microorganisms under a controlled environment to generate biogas in form of an energy source 
from organic matter. This technique of generating energy was noted in the 17th century. 
Furthermore, in the 19th century, the consistency of the produced biogas as a renewable energy 
was explored. Most recently in the 20th century, anaerobic bacteria for commercial digestion have 
been discovered (Gantulga and McKenna, 2015). 
 
Anaerobic digestion (AD) was practiced in the 10th 

century for heating baths in Assyria by biogas 
(gas produced by the breakdown of organic matters). In the 17th century, Jan Baptita Van 
Helmont of Belgium discovered that decaying organic matters produce flammable gas. In 1808, 
the British Chemist, Sir Humphry Davy, discovered that methane gas was present in cow manure 
(Ibraheem, 2018).
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This process conserves nutrients and reduces pathogens in organic matter. According to Wellinger 
et al.  (2013), 1000 lbs of human waste can produce 0.6 cubic meters of biogas. 
 
Anaerobic digestion involves breaking down of organic material by bacteria in four major 
processes: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Hydrolysis is the process 
in which carbohydrates, proteins, fats are converted to sugars, fatty acids, and amino acids. 
Acidogenesis is the process in which the sugars, fatty acids, and amino acids are converted to 
carbon dioxide, ammonia, and carbonic acids. Acetogenesis is the process that creates acetic acid 
and carbon dioxide. The final process, methanogenesis, is the one that gives rise to the formation 
of biogas, which is a mixture methane and carbon dioxide gases. The extracted methane from 
this process can serve as a fuel for heat and electricity (Cakir and Stenstrom, 2005). 
 
There are two common types of digesters used for anaerobic treatment: batch and continuous. 
Batch digesters are the simpler of the two because the material is loaded in the digester and then 
allowed to digest. Once the digestion is complete, the effluent is removed, and the process is 
repeated (Verma, 2002). Continuous digesters can be used for large commercial purposes. Either 
in a batch or a continuous mode, anaerobic digestion occurs as a controlled biological degradation 
process and allows for efficient capturing and utilization of biogas (approximately 60% methane 
and 40% carbon dioxide) for energy generation. The digestate from anaerobic digesters contains 
many nutrients and can be used as plant fertilizer and soil amendment (Ibraheem, 2018). 
 
Researches have been carried out on the production of methane from food waste by anaerobic 
digestion, but few are in the area of modelling and simulation. Bala and Satter (1991) presented 
a dynamic model of biogas production. The model, which was solved using DYNAMO, had four 
coupled nonlinear first-order differential equations, two microbial growth equations and the 
resulting equation for biogas production. The predictive ability of the model was determined by 
comparing the model output with the observed values reported. The sensitivity analysis carried 
out in the work showed that gas production was sensitive to influent concentration and retention 
time. Adak et al. (2011) developed a simplistic mathematical model for anaerobic digestion of 
municipal solid waste in a continuous flow reactor unit under homogeneous steady-state condition 
by assuming that the kinetics of biomass growth and substrate utilization rate followed first order 
reaction kinetics. In the work, design table and charts were able to be prepared for ready use in 
actual plant operations. Masebinu et al. (2014) simulated a biogas upgrading plant operation that 
was using gas permeation technique for methane enrichment of biogas by studying the effect of 
recycling permeate stream on methane recovery, and it was discovered that recycling of the 
permeate stream improved the methane recovery of the simulated process. Contreras-Andrade 
et al. (2015) proposed a model, in form of differential equations, of a digester to study the 
dynamic simulations of biogas generation using Vensim software by taking the main factors of 
the biogas production to be the retention time and the methanogen mortality ratio. It was 
discovered in the work that the best yield of biogas could be obtained when the mortality ratio in 
methanogen and acidogenic bacteria were lower than 0.2 and the retention time was 30 h. 
Manjusha and Beevi (2016) used the Anaerobic Digestion Model 1 (ADM1), which gives complete 
information about the physicochemical reactions in the anaerobic process, that was solved with 
the aid of MATLAB, to model and simulate anaerobic digestion of solid waste in order to 
investigate how biogas production was affected by different parameters such as pH and volatile 
fatty acid (VFA). 
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This work has been carried out to contribute to biogas development by simulating the 
anaerobic digestion of food waste for the production of methane with the aid of MATLAB/Simulink 
using the dynamic models obtained from the literature. 
 
2.0 METHODOLOGY 
The version of MATLAB used in this work was R2018a (Mathworks, 2018), and the system used 
to carry out the simulation was Core(TM) -i5 6200U CPU @ 2.30 GHz. 
 
The models used for the simulation of the anaerobic digestion of food waste for methane 
production in this work were obtained from the works of Bala and Satter (1991) and Contreras-
Andrade et al. (2015). The steps involved in the production of methane by solid waste 
decomposition were analysed using differential equations. Thus, to model the quantity of solid 
waste flow in the system, an equation relating the solid material feed and its quantity in the 
reactor was used, and it was expressed as the biodegradable volatile solids (BVS) in the digester 
as in Equation (1), 

 

 0S SdS M

dt Y





            (1) 

 
where   is the concentration of influent biodegradable volatile solids (g VS/liter),  is the 
concentration of biodegradable volatile solids in the digester (g VS/liter),   is the concentration 
of acid-forming bacteria (g organism/liter),   is the retention time (day),   is the specific growth 
rate of acid-forming bacteria (day-1),  is the yield coefficient of acid-forming bacteria (g 
organism/g BVS) and   is the process time (day). 

Also, an expression for describing the quantity of fatty acids available for methanogen 
bacteria was obtained in form of volatile fatty acids (VFA) in the digester to be as expressed in 
Equation (2), 
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where  is the concentration of influent volatile fatty acids (g VFA/liter),  is the concentration 
of volatile fatty acids in the digester (g VFA/liter),  is the yield of volatile fatty acids from acid-
forming metabolism (g VFA/g organism),  is the specific growth rate of methane-forming 
bacteria (day-1),  is the concentration of methane-forming bacteria (g organism/liter),  is the 
yield coefficient of methane-forming bacteria (g bacteria/g VFA). 
  
The expression for the dynamics of concentration of acid forming bacteria (acidogen) and 
methane forming bacteria (methanogen) were given as in Equations (3) and (4) respectively, 
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where  is the specific death rate of acid-forming bacteria (day-1) and  is the specific death 
rate of methane-forming bacteria (day-1). 
 
Since the quantity of biogas produced is a direct function of the quantity of methanogen in the 
bio-digester, it was deemed necessary to add a proportionality constant to this factor in order to 
obtain a correlation for the dynamics of the biogas production. The rate of biogas production, 
which was considered to be dependent on the concentration of methane-forming bacteria, was 
expressed as given in Equation (5), 

 

c c

dm
M

dt
            (5) 

 
where m is the amount of methane produced (liter/liter digester volume) and  is the 
proportionality constant. 
 
The model set was setup with the aid of MATLAB/Simulink version R2018a as shown in Figure 1 
and simulated by running an mfile containing codes written in MATLAB using some parameters 
(Table 1) obtained from the work of Bala and Satter (1991). Other parameters (Table 2) used 
were selected until acceptable output values, which were non-negative, were obtained. 
 

Table 1. Parameter values of the model obtained from the work of Bala and Satter 
(1991) 

Parameter Values Unit 
 0.40 day-1 
 0.40 day-1 
 0.04 day-1 

 0.10 g organism/g BVS 
 0.05 g organism/g VFA 
 9.00 g VFA/g organism 

 
Table 2. Other chosen parameters used for the simulation 

Parameter Values Unit 
 1 day 
 0.5 - 
 40 g VS/litre 
 4 g organism/litre 
 2 g organism/litre 
 3 g VFA/litre 

 1.5 litre/litre digester volume 
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Figure 1: Simulink model for anaerobic digestion of food waste for methane 

production 
Finally, the dynamic responses of the model were obtained while varying the retention time ( , 
the specific death rate of methane-forming bacteria ( , and the concentration of influent 
biodegradable volatile solids ( . The value of  were varied arbitrarily between 10 and 50 day 
with a step size of 10 day, that of  were between 0.25 and 0.75 day-1 with a step size of 0.25 
day-1 while that of  were from 40 to 120 (g VS/litre) with a step size of 20 (g VS/litre). 
 
3.0 RESULTS AND DISCUSSION 
The results obtained from the dynamic simulation of the model developed for the production of 
methane from food waste are as outlined and discussed thus. Figure 2 shows the dynamic 
responses of influent volatile fatty acid concentration when the retention time was varied. 
According to the results shown in Figure 2, the change in the retention time of the process gave 
rise to changes in the concentration of the influent volatile fatty acid, and it was noticed that the 
higher the retention time the higher the final concentration of the influent volatile fatty acid. Also 
noticed from the results shown in Figure 2 was that as the retention time was increasing from 10 
to 50 days, the difference between the final concentration of the influent fatty acid for the 
different retention times was decreasing from about 23 to about 24.5 gVFA/liter.  
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Figure 2. Dynamic concentration of influent volatile fatty acid (g VFA/ liter) at 

different retention times 
 
 

 
Figure 3. Dynamic concentration of methane-forming bacteria (g organism/litre) at 

different retention times 
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Similar observations to those of the results given in Figure 2 were made in the case of Figure 3 
in which the dynamic responses of the concentration of methane-forming bacteria were shown 
at different retention times. However, the final values of the concentration of methane-forming 
bacteria were found to be different from those of the concentration of influent volatile fatty acid. 
 

 
Figure 4. Dynamic response of methane produced (litre/litre digester volume) at 

different retention times 
 
The dynamic responses of the amount of methane produced from the process is given in Figure 
4. It can be seen from the figure that the amount of the methane was observed to vary as the 
process retention time was being varied. Also noticed from the results shown in the figure was 
that, despite the fact that the initial values of the simulation at the different retention times used 
were the same, the final values of the amount of methane produced were different, although the 
difference was becoming lesser as the retention time was increasing. 
 
Furthermore, the effects of different specific death rates of methane-forming bacteria on the 
dynamic responses of some variables of this process were also investigated, and the results 
obtained were as given in Figures 5-7. 
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Figure 5. Dynamic concentration of influent volatile fatty acid (g VFA/ liter) at 

different specific death rate of methane-forming bacteria 
 
Figure 5 shows the dynamic concentration of influent volatile fatty acid at different specific death 
rates (0.25, 0.50 and 0.75 per day) of methane-forming bacteria. It was observed from the results 
shown in the figure that the three responses obtained were found to overlap, and that was the 
reason for the appearance of a single curve on the figure. The implication of this is that the values 
of the specific death rate of the methane-forming bacteria at this instance has not any effect on 
the concentration of influent volatile fatty acid of the process. 
 
The results obtained as the dynamic response of the concentration of methane-forming bacteria 
with variation in the specific death rate of the bacteria is shown in Figure 6. As can be observed 
from the results, the concentration of the methane-forming bacteria was found to increase with 
days when the specific death rate was 0.25 per day because the death rate was not high enough 
to hinder the formation of the bacteria for methane production. When the death rates were 0.5 
and 0.75 per day, the concentrations of methane-forming bacteria were observed to decrease 
owing to the fact the rates were high enough then for the hindrance of the formation of the 
bacteria. 
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Figure 6. Dynamic concentration of methane-forming bacteria (g organism/litre) at 

different specific death rate of methane-forming bacteria 
 

 
Figure 7. Dynamic concentration of produced methane (litre/litre digester volume) 

at different specific death rate of methane-forming bacteria 
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Figure 8. Dynamic concentration of influent volatile fatty acid (g VFA/ liter) at 

different concentration of influent biodegradable volatile solid 
 

 
Figure 9. Dynamic concentration of methane-forming bacteria (g organism/litre) at 

different concentration of influent biodegradable volatile solid 
 
Figure 7 shows the dynamic responses of the methane produced at different specific death rates 
of methane-forming bacteria. Using a simulation time of 7 days, the highest amount of methane 
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was observed to be obtained when the death rate was 0.25 followed by that of 0.5 and the least 
value was given by the death rate of 0.75. Also, within the simulation time considered, the three 
responses were found to be increasing. However, the amount of methane produced from the 
process was found to decrease as the specific death rate of the bacteria was increasing because 
the higher the death rate the less the bacteria that would be available for methane formation. 
 
The dynamic responses of the influent volatile fatty acid concentration, methane-forming bacteria 
concentration and amount of methane produced obtained from the simulation of the process was 
carried out with variation in the concentration of influent biodegradable volatile solid were as 
shown in Figures 8, 9 and 10 respectively. 
 

 
Figure 10. Dynamic concentration of produced methane (litre/litre digester volume) at different 

concentration of influent biodegradable volatile solid 
 
According to the results (Figures 8-10), the concentration of influent biodegradable volatile solid 
was discovered not to have any effect on the selected process variables (influent volatile fatty 
acid concentration, methane-forming bacteria concentration and amount of methane produced) 
because the same dynamic responses were given for each of them, and this made the response 
curves to overlap one another. 
 
The results obtained in this work were found to compare well with those obtained in the 
researches of Bala and Satter (1991) and Contreras-Andrade et al. (2015). 
 
4.0 CONCLUSION 
The results obtained from the simulation carried out in this work for the process producing 
methane from food waste with the aid of MATLAB/Simulink revealed that methane can be 
produced successfully from food waste because, with all the input parameters, the amount of 
methane in the digester was found to increase within the simulation time of 7 days considered. 
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The retention time and the specific death rate of methane-forming bacteria were found to have 
effects on the amount of methane produced from the process. For instance, as the retention time 
was varied from 10 to 50 days, the concentration of methane-forming bacteria was found to vary 
from about 12.5 to 21.5 at the end of the simulation period of 7 days. It is recommended that 
experiments should be carried out to validate the simulation responses obtained in this work. 
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ABSTRACT  
This paper addresses challenges associated with biorefinery supply chain under economic, 
environmental and social objectives. The economic objective is expressed as the total supply 
chain cost, the environmental objective is expressed as greenhouse gas (GHG) emission and the 
social objective is measured as the total number of accrued jobs. A multi-objective mixed-integer 
non-linear (mo-MINLP) based optimization model was developed which accounted for the 
feedstock cost, feedstock transportation cost, unit production cost of bioethanol, bioethanol 
distribution cost to demand centres, energy consumption from the production of bioethanol, 
emission from waste generated in the bioethanol production, GHG emission from the 
transportation of feedstock to the biorefinery and transportation of bioethanol todemand zones. 
Also accounted for in the mo-MINLP is the social productivity coefficient, which isa measure of 
the social objective. The mo-MINLP model was solved using non-dominated sorting genetic 
algorithm-II (NSGA-II) which reveals a pareto-frontier within the economic, environmental and 
social objectives. A case study of the proposed NNPC-Kogi biorefinery project using Kabba-Bunu, 
Yagba-West and Bassa as potential locations of biorefinery was conducted. Bagasse sourced from 
Kabba-Bunu, Yagba-West, and Bassa harvesting sites and corn stover sourced from Kabba-Bunu, 
Dekina and Bassa harvesting sites were used as potential feedstocks. Kaduna refinery and 
petrochemical company (KRPC) and Port Harcourt refinery company (PHRC) were used as the 
target demand centres. The optimised results show a global optimal value of $1.24/litre which is 
21.8% more than the local optimal value obtained from literature value of $1.24/litre. This 
difference was due to the location factor of 2.2 as assigned to Nigeria. Model acceptability and 
replication of the model in Nigeria and other countries of location factor of 2.2 with respect to 
USA location factor of 1; the production cost should be ≤ 21.8%. 
 
Keywords: multi-objective optimization; Nonlinear programming, Supply Chain, Biorefinery 
Environmental and social objectives; Costs  
 
INTRODUCTION  
Fossil fuels have for decades been a dominant source of world energy supply. Fossil-fuel by-
products are the world’s most significant contributor to worldwide CO2 emissions (Perera, 2017).  
2009). Energy derived from biomass resources, known as bioenergy, is seen as an alternative 
energy resource. These biomass resources are categorized as: monomer of first-generation 
biofuel (food plants and animal fats), monomer of second-generation biofuel (animal waste, 
grass, corn-stover, crop residue) and third-generation (algae and bio-engineered feedstock) 
(Tembo et al., 2003).  
 
In 2018, the Nigerian National Petroleum Corporation (NNPC) signed a memorandum of 
understanding with Kogi state government to develop 84 million liters per annum biorefinery in 
Kabba-Bunu (Kogi state). The feedstocks to be used are cassava (a first-generation biofuel 
monomer) and bagasse (a second-generation biofuel monomer) (NNPC, 2018). To avoid 
competition with food security, secondary generation biofuel monomer is used. 
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The biorefinery supply chain has peculiar problems which include: location of harvesting sites, 
required amount of feedstock to be harvested, optimal route biomass logistics to the biorefinery, 
location, production processes, and production capacity of the bio-refinery, biofuel logistics and 
finally the number and location of target consumers (Cristinaet al., 2017). These problems need 
to be addressed to simultaneously minimize the overall biorefinery supply chain cost, minimize 
the GHG emission and to maximize the number of jobs accrued per annum.  
 
The following are some related works that concentrate on mo-MINLP based models for biorefinery 
supply chain optimization. Guillen-Gosalbez and Grossmann (2009) looked at the optimal design 
and planning of chemical supply chains underuncertainty.In their work, they optimized the design 
and planning of chemical processes under uncertainty in the life cycle inventory bydeveloping a 
bi-objective MINLP based on stochastic assumption. Maximization of the economic objective 
function which is the net present value (NPV) and minimization of the environmental objective 
function based on the greenhouse gas (GHG) emission were successfully carried out. 
Following the work of Corsano et al. (2011) an MINLP model was developed incorporating 
bioethanol supply chain cost and detailed plant design.  for the simultaneous optimization of 
supply chain and plant design for producing ethanol from sugar cane as a feedstock was 
proposed. The model takes into account a detailed formulation for the ethanol plants considered 
in thesupply chain. It was deduced that residual recycle and derivative products are needed to 
attain sustainable designs of ethanol plants.  
 
Based on the work by Yue and You (2014), presented a single objective MINLP model for fair 
profit allocation withtransfer price and revenue sharing: for cellulosic biofuel supply chains. Their 
results showed that anoptimal profit of 129.88 million dollars per yearwas obtained for the entire 
supply chain under the coordination of the revenue sharing policy. Gong and You (2014) 
considered the optimal design and planning of sustainable chemical supply chains 
underuncertainty. They proposed anMINLPmodel to minimize the unit CO2 sequestration and 
utilizationcost subject to mass balance constraints, energy balanceconstraints, techno-economic 
constraints, and LCA (life cycle analysis) constraints.  
 
A closely related article is in the work of Ivanovski (2014), where he considered a mo-MINLP 
based optimization model in his thesis titled “Multi-objective Optimization for Sustainable Supply 
Chain Network Design”. His work failed to address the case study of a biorefinery supply chain 
network and also the optimal locations of demand centres where bioethanol will be delivered. 
 
Based on the articles highlighted it was observed that more research is needed on mo-MINLP 
based optimization models in which economic, environmental and social objective functions are 
integrated into the optimization formulation for possible application to biorefinery supply chain 
questions and using global optimization technique. The aim of this work is to develop a multi-
objective MINLP model to address bio-refinery supply chain problems with the view to optimizing 
the total supply chain network, taking into account the costs, GHG emission (environmental 
considerations) and social factors (such as the number of accrued local jobs). This is carried out 
by i) the design of a superstructurewhich shows all the possibilities of material flow from 
harvesting sites to biorefineries and to final demand centres ii) MINLP model development ii) 
solving of the MINLP using NSGA-II and iv) testing the performance of the model. However, this 
research is limited to the neighbourhood of material flow representation, steady-state assumption 
of the model development, stochastic based approach for the optimization and using second- 
generation biofuel as a feedstock to the biorefinery.  
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2.0 METHODOLOGY  
This section comprises of the procedure in the research, superstructure assumptions, and model 
development assumptions and solution techniques. 
 
2.1 Research Procedure 
The procedure for carrying out the research is shown in Figure 1, which represents the flow chart 
ofthe schematic steps of the research.  
 

 
 
Figure 1: Flowchart of research methodology       
 
The physical situation represents system to optimize which is the biorefinery supply chain using 
NNPC/Kogi biorefinery as a case study.The design of the superstructure entails possible locations 
of the harvesting sites, biorefineries and demand centers.It also gives the possible route to be 
taken for the delivery of biomass to the biorefineries and distribution of the product (bioethanol) 
to the final demand centers.  
 
A multi-commodity flow model was used in the development of the economic objective function 
and corresponding constraints with improvement on the choice location on the demand centres; 
the approach on the environmental objective of the mo-MINLP  was on the waste reduction model 
(WARM) proposed by “Environmental Protection Agency of United States” (EPA, 2014b); the social 
objective function was based on the job productivity of the individual biorefinery.  
The solving of the model followed after the development of the model was done. Mo-MINLP can 
be solved generally by classical methods (as shown in table 1 with their respective disadvantages) 
and evolutionary algorithm (NSGA-II).  
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Table 1: Classical methods in solving mo-MINLP and their disadvantages  

Category Types Shortcomings Source 

Traditional  

Weighted-sum 
method 

 Difficulty in setting the weight 
vectors to obtain a pareto-optimal 
solution in a desired region in an 
objective space 

 Does not calculated global optimum 
variables 

 Computationally expensive when the 
number of objectives and constraints 
increases 

Shahryar and 
Yasaman, 
2019 

Epsilon (ɛ)-
constraint method  

 The ɛ vector has to be chosen 
carefully so that it is within the 
minimum or maximum values of the 
individual objective function which 
can lead to an infeasible solution 
when the ɛ vector is not carefully 
selected which also depends on the 
expertise of the user 

 Computationally expensive when the 
number of objectives and constraints 
increases 

Kaveh et al., 
2013 

Goal 
Programming 

 Finding the highest quality set of 
solutions can be nevertheless a 
complex task, due to the fact the 
deviations from the goal levels can 
mislead the decision-maker, namely 
because of the conflicting functions 
and dependence between variables. 

 Computationally expensive when the 
number of objectives and constraints 
increases 

Murshid et al., 
2018 

 
The NSGA-II algorithm is computationally inexpensive when dealing with many objective 
functions and corresponding constraints. The solutions generated are insensitive to weights, 
constraints definitions and goal settings as attributed to the weighted-sum method, epsilon 
constraints method and the goal programming method respectively (Seada and Deb, 2018). It 
also ensures globalization (the least extremal value of the entire function) of the output. The 
objective functions and corresponding constraints were coded in MATLAB; MATLAB 
implementation of the NSGA-II was used to solve the mo-MINLP. 
 
2.2 Superstructure assumptions  

i. Two biomass feedstocks (corn-stover and bagasse) were considered. Bagasse and cassava 
are the proposed design feedstock for the Kogi/NNPC biorefinery (NNPC, 2017). Cassava was 
not chosen due to its potential to compete in food security in Nigeria. Furthermore, the scope 
of the research is limited to second-generation biofuel monomer where corn-stover and 
bagasse falls. 
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ii. Kabba-Bunu, Yagba-West, Bassa and Dekina were considered to be potential harvesting sites. 
Bagasse is harvested from Kabba-Bunu, Yagba -West and Bassa due to their availability of 
sugar-cane produce in their localities (NSDC, 2018). Bassa, Dekina and Kabba-Bunu are 
potential biomass sites for harvesting corn-stover due to its availability and these sites are 
located within the agricultural zones. 

iii. No collection/storage facilities prior to transportation to the biorefineries. 
iv. Kabba-Bunu, Yagba-West and Bassa were considered as the potential locations of the 

biorefineries, this is due to: 
a. Kabba-Bunu is considered as the design potential location of the biorefinery (NNPC, 2018) 
b. Kabba-Bunu, Yagba-West and Bassa are considered having large harvesting power in 

sugar production which produces bagasse as intermediate. 
v. Kaduna refinery and petrochemical company (KRPC) and Port-Harcourt refinery company 

(PHRC) all subsidiaries of NNPC were considered as the demand zones due to proposed 
installation of blending unit in the refineries. 

 
The unoptimized case for the design superstructure is shown in Figure 2, this shows the possible 
unoptimized biorefinery supply chain design, this case includes five potential harvestings sites 
located in Kabba-Bunu, Yagba-West (bagasse), Bassa(bagasse and corn-stover)  and Dekina 
(corn-stover), with potential biorefineries co-located in Kabba-Bunu, Yagba-West, Bassa, it also 
shows the potential demand zones located in Kaduna and Port-Harcourt 

 

 
Figure 2: Design superstructure for the biorefinery supply chain (unoptimized Case) 
 
2.3 Model development assumptions 
Certain assumptions were, these assumptions were needed in setting up the boundaries of the 
model. Therefore, the following assumptions were made prior to the model development: 

i. Steady-state assumption (single-period) of the model was considered   



©NSChE 2019: Modelling of Biorefinery Supply Chain Problems: A Case Study of the Proposed NNPC-Kogi Biorefinery 
Project: by M. O. Oladipo, S. M. Waziri, U. A. Zaria, and A. A. Hamisu 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 304	|	P a g e 	

ii. Mixed-integer non-linear optimization model was used. 
iii. A multi-objective optimization model consisting of minimization of economic, minimization of 

environmental objective function and the maximization of the social objective function. 
iv. Harvesting sites’ capacity can satisfy the production demand for feedstock.  
v. Demand for product is known. 
vi. Transportation and distribution distances between units in the supply chain model are known. 
vii. Uniform mode of transportation of feedstock between harvesting site and biorefineries and 

distribution of product from biorefineries to demand zones were taken. 
viii. Parameters associated with environmental objective function were based on GHG 

CO2emission, which is a quantifiable basis in establishing the parameters associated with the 
environmental objective function (EPA, 2018). 

ix. A single technology type (Biochemical conversion) was considered: the biochemical 
conversion process is close to commercialization and had better economic feasibility compared 
to thermochemical conversion in the production of bioethanol from corn and bagasse (You et 
al., 2011, Cardona et al., 2018, García et al., 2019). 

x. Single product type (bioethanol) was considered. 
 
3.0 RESULTS AND DISCUSSION  
This section presents the model development and results interpretation obtained from the 
solutions generated. 
 
3.1 Model development  
A mo-MINLP was developed in the modelling of biorefinery supply chain consisting of economic, 
environmental and social objective functions and corresponding constraints. The Indices used for 
the model development are shown below.  
 
Indices/Set 

R=set of biomass feedstocks indexed by r 
I=set of harvesting sites indexed by i 
J = set of biorefineries indexed by j 
K = set of demand centres indexed by k 

 
The following gives the list of the parameters as indicated below  

= Cost of Opening a biorefinery (j), using biochemical conversion technology 
producing bioethanol 

, = Cost of raw material(r) from harvesting site (i) to produce bioethanol 
, , = Cost of transporting raw material (r) from harvesting site (i) to biorefinery (j) 

= Cost of producing bioethanol form biorefinery (j) using technology type (g) 
, = Cost of transporting bioethanol to demand centers (k) from biorefinery (j) 

= Energy consumption per bioethanol produced in biorefinery (j) with biochemical 
conversion technology  

= waste generated from bioethanol produced in biorefinery (j) with biochemical 
conversion technology 

, , = GHG emission from transportation of one unit of feedstock (r), from supplier 
(i) to production facility (j) 

, =GHG emission from transportation of one unit of bioethanol, from biorefinery 
(j) to customer (k) 
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= Social coefficient of biorefinery (j) with biochemical conversion technology for 
producing bioethanol  

= demandforbioethanol from customer (k)   
= capacity of facility (j) with biochemical conversion technology for producing 

bioethanolfrom biorefinery (j) 
 
Integer variables  
 The binary (integer) variables which allows decision to be made on the location of 
 harvesting sites, biorefineries and demand centres  

, = Binary Variable for the location of harvesting site (i) distributing feedstock to 
biorefinery (j) 

= Binary Variable for the location of biorefinery (j) with biochemical conversion 
technology for producing bioethanol 

, = Binary Variable for the distribution of bioethanol to demand zone (k) from 
biorefinery (j) 

 
Continuous variables  
 The continuous variables give the amount of feedstock and bioethanol that can be 
 harvested from the harvesting sites and biorefineries respectively in the biorefinery supply 
 chain  

= Amount of bioethanol produced from biorefinery (j) using biochemical conversion 
technology 

, , = Amount of raw material(r) transported to biorefinery (j) from harvesting site 
(i) 

, = Amount of bioethanol transported to demand centre (k) from biorefinery (j) 
 

3.1.1 Economic objective function  
The economic objective function was based upon capital and operational costs of the 
lignocellulosic biorefinery supply chain from the feedstock procurement to product (bioethanol) 
distribution to final demand centers. This model is presented in equation 1    

		 ∗ , , ∗ 	 , , ∗

, , ∗ , ,  

																																		 , ∗ , 																																																																														 1 			 

 
The first term in equation 1 represents Fixed cost of construction and commissioning of  every 
potential biorefinery based on its location and biochemical conversion technology type; the 
second term represents costs of feedstock  purchased from every harvesting site based on the 
flow of material between the nodes harvesting sites – biorefinery; the third term represents 
variable costs of production; the fourth term gives the costs for transporting feedstock  from 
suppliers to biorefinery; the last term represents the costs of distributing the  bioethanol from 
biorefinery to final  demand centers.  
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3.1.2 Environmental objective function 
The model adopted in developing the environmental objective function is the “Waste Reduction 
Model (WARM)” developed by the “Environmental Protection Agency of United States” (EPA, 
2018). WARM is a life-cycle methodology that is assessing the GHG emission throughout the 
whole life cycle of a product, from raw materials extraction, until the end of life disposals. The 
unit adopted for this objective function is GHG emissions which is available in the WARM model 
proposed by US environmental protection agency (EPA, 2018). The environmental objective 
function is given in Equation 2 
 

		 		 ∗ 		 ∗ , , ∗ , ,  

																											 , ∗ , 																																																																																 2 		 

 
The first term in Equation 2 represents the electricity used per bioethanol produced, based on 
biochemical technology adopted in a particular biorefinery; the second term signifies the amount 
of waste generated per bioethanol from production processes, based on the amount of bioethanol 
produced and biochemical conversion technology adopted in a particular biorefinery; the third 
term denotes GHG emission from transportation between harvesting sites and biorefineries; the 
last term explains the  GHG emission from transportation between biorefineries and demand 
centres 
 
3.1.3 Social objective function 
Ivanovski (2014) proposed a new model of describing the social objective function based on the 
social coefficient a production facility can have. In our case, a production facility is the biorefinery.  
The term social coefficient “ , , ” is aimed at modeling the social impact of a new 
biorefinery. It is derived from the ratio of bioethanol produced and the projected productivity, 
based on the technology adopted and the workforce located in a particular biorefinery. The 
adopted model for the social objective function is given in equation 3 

																											 ∗ 																																																																																											 3  

3.1.4 Constraints  
The constraints employed for the three objective functions are shown in equation 4 to 10. 
Equation 4 ensures that there is demand satisfaction of every customer per bioethanol 
transported. Equation 5 gives that amount of bioethanol produced should be equal to the amount 
of bioethanol distributed to the customers. Equation 6 ensures that a biorefinery cannot produce 
more bioethanol than its capacity. Material balance in the biorefinery as regards to the inflow of 
feedstock transported to biorefinery from the harvesting site to the bioethanol produced in each 
biorefinery is given in equation 7. Equations 8 to 10 ensures non-negative values of the 
continuous variables are produced which signifies positive variables  
 
From the model analysis, we could deduce that six decision variables are contained in the mo-
MINLP model of which three are binary ( , , 	 		 , ) and three are continuous variables 
( , , , and	 , ), respectively  
 

, 	 ∗ , ∗ 																																																																																					 4  
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∗ , 																																																																																 5  

∗ 	 	 	 																																																																																													 6  

, ∗ 	 , , 	 ∗ ∗ 																																																						 7  

0																																																																																																															 8  
, , 0																																																																																																										 9  

																			 , 0																																																																																																													 10  
 
3.2 Model testing 
The model testing is done by imputing model parameters into the model for testing the 
performance of the model. The data obtained are primarily gotten from information on the chosen 
case study which is the Kogi/NNPC proposed biorefinery project. For the purpose of this project 
information obtained from the MOU signed by Kogi state and the management of NNPC include 
the capacity of the plant (84 million liters per annum of bioethanol), location of the proposed 
biorefinery/potential location of the harvesting site (Kabba-Bunnu), proposed design feedstock 
(cassava and bagasse) (NNPC, 2018). 
 
The cost of opening potential biorefineries and unit cost of bioethanol production were obtained 
from You et al. (2011). However, these cost values were calculated using CEPCI values for 2011 
and 2019 as shown in equation 11 
 

																												 	 	
	
	

																																																															 11  

 
To determine the final equivalent cost obtained in Nigeria, location factor is incorporated due to 
political stability, banking systems, business ethics, legal systems and geographical location. The 
location factor of 2.2 in Nigeria was recorded (Humphreys, 2005) with U.S.A having a location 
factor of 1. Using equation stipulated by (Oladapo and Aibinu, 2008) as shown in Equation 12 
 

. . 	 . . 																																																																																												 12 	 

 
In estimating the cost of the design capacity of 84 million liters of ethanol, we employ the ballpark 
estimate which is expressed in Equation 13,  
 

@	 	 	 	 @	 	 	
	
	

																													 13  

 
Projected productivity is established to predict the productivity of workers within a year in the 
biorefinery as stipulated by Ivanovski (2014). The environmental, data were obtained from the 
USA EPA. These values were obtained based on KgCO2 -equivalent (EPA, 2018). Transportation 
and distribution distances were calculated with the aid of google maps (Google Maps, 2019) 
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3.3 Pareto frontier generations  
The pareto frontier was generated for 300 generations, these fonts were calculated for the three 
objective functions (economic, environmental and social) which were simultaneously solved by 
the NSGA-II.  Each font (represented by the blue marks on individual generations) gives optimised 
solution of sets of genes corresponding to individual objective function fonts. Thegenes based on 
the principle of NSGA-II represent the optimised decision variables both binary and continuous 
variables with model definition of , , 	 		 , (binary) and 	 , , , 	 ,  
(continuous). Selected pareto frontiers are given in Figure 3 to Figure 6.  
 

Figure 3: MATLAB generation for 1           Figure 4:  MATLAB generation for 5   

  
 
Figure 5: MATLAB generation for 75       Figure 6:  MATLABgeneration for 30
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The non-correlated data (scattered) diagram in Figure 3 explains the first iteration of the 
algorithm, the initial population was defined by a random selection of data from the lower and 
upper bounds. This was done since no previous optimization existing was used. As it is shown in 
Figure 3 to Figure 6, convergences increase as we progress in the generation, this is in consonant 
with the principle of NSGA-II, the optimization stops when no considerable change in the optimal 
values of the objective functions (economic, environmental and social). The objective functions 
objective 1, objective 2 and objective 3 represents the social, environmental and economic 
objective functions respectively. The negative values for the objective 1 have to do with MATLAB 
code which signifies maximization of the objective function (social objective function). The values 
considered and treated as positive values. We can also see from Figure 3 to Figure 6, as it relates 
to the economic and social objective functions, that an increase in total jobs increases the total 
biorefineries installed. It implies that regional economy can benefit from installing more 
biorefineries especially within other local government areas in Kogi state. 
 
3.4 Trade-off analyses  
The trade-off analysis is done on individual objective function to ascertain the highest occurring 
values (fronts) in the entire generations. These are expressed as frequency to fronts occurrence. 
These are done for the cost, environmental and social objective function.  
3.4.1 Cost distribution  
Figure 7 shows the cost distribution of the fonts generated for the 300 generations. The 
distribution shows that the optimal solution for the overall supply chain for the biorefinery supply 
chain is mostly within the range of 850 million dollars to 859 million dollars. This range is within 
the economic viability of the overall biorefinery supply chain cost.  
 

 
Figure 7: Cost distribution 
 
 
3.4.2 Environmental distribution  
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The distribution of the GHG emission is shown in Figure 8, it can be seen the range of optimality 
is within 8652 ktonCO2-Eq to 8729 ktonCO2-Eq, with optimal solution of 8725ktonCO2-Eq; which 
reflects the good solution selected by the NSGA-II algorithm in each of the generations. 
 
 

 
Figure 8: GHG emission distribution 
 
3.4.3 Social distribution 
Table 1 shows the social objective function distribution in terms of the total accrued jobs in a 
year. The optimal value of 3714 was obtained having the highest frequency. It should also be 
noted that the values of 1238, 2476 and 3714 local jobs per annum are for scenarios when one, 
two and three biorefineries are located 
 
Table 2: Social objective function frequency distribution 
No. of Accrued Jobs Frequency 
1238 341 
2476 698 
3714 148834 
 
3.5 Optimised results for the decision variables  
The optimised results for the decision variables considering the three objective functions are 
given. These results are selected from the tradeoff-analysis of the MOO optimization using the 
NSGA-II algorithm, it was calculated thus, that a value of 854 million dollars, 8725ktonCO2-Eq 
and 3714 jobs were calculated simultaneously to optimised solutions for the economic, 
environmental and social objective functions respectively. The corresponding decision variables 
were thus obtained. The optimal solutions for their corresponding constraints are shown in table 
3a Table 3b 
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Table 3a: Optimised decision variables 

Variable 
Optimised Value 
(Location*) 

Bassa Biorefinery 1 
Kabba-Bunu Biorefinery 1 
Yagba-West Biorefinery 1 
Harv-Bassa [Bagasse] 1 
Harv-Kabba_Bunu [Bagasse] 0 
Harv-Yagba_West [Bagasse] 1 
Harv-Kabba_Bunu [Corn-Stover] 0 
Harv-Dekina [Corn-Stover] 0 
Harv-Bassa [Corn-Stover] 1 
Bioethanol-Dist-frm-Bassa-Biorefinery-to-Kaduna 1 
Bioethanol-Dist-frm-Bassa-Biorefinery-to-PH 1 
Bioethanol-Dist-frm-Kabba-Bunu-Biorefinery-to-Kaduna 0 
Bioethanol-Dist-frm-Kabba-Bunu-Biorefinery-to-PH 0 
Bioethanol-Dist-frm-Yagba-West-Biorefinery-to-Kaduna 1 
Bioethanol-Dist-frm-Yagba-West-Biorefinery-to-PH 0 

* 1 = yes, 0 = No 
 
Table 3b: Optimised decision variables 

Variable 
Optimised Value  
(Million litres) 

Bioethanol-Bassa Biorefinery 78.00 
Bioethanol-Kabba_Bunu Biorefinery 47.70 
Bioethanol-Yagba_West Biorefinery 38.23 
Harv-Bassa- BiorefBassa[Bagasse]*a 67.00 
Harv-Bassa- BiorefKabba-Bunu[Bagasse] 28.92 
Harv-Bassa- BiorefYagba_West[Bagasse] 84.03 
Harv-Kabba_Bunu- BiorefBassa[Bagasse] 0 
Harv-Kabba_Bunu-BiorefKabba_Bunu[Bagasse] 0 
Harv-Kabba_Bunu-BiorefYagba-West[Bagasse] 0 
Harv-Yagba_West- BiorefBassa[Bagasse] 23.84 
Harv-Yagba_West-Bioref Kabba_Bunu[Bagasse] 41.63 
Harv-Yagba_West- BiorefYagba-West[Bagasse] 51.86 
Harv-Kabba_Bunu- BiorefBassa[Corn-Stover]*b 0 
Harv-Kabba_Bunu-BiorefKabba_Bunu[Corn-Stover] 0 
Harv-Kabba_Bunu-BiorefYagba-West[Corn-Stover] 0 
Harv-Dekina- BiorefBassa[Corn-Stover] 0 
Harv-Dekina- BiorefKabba-Bunu[Corn-Stover] 0 
Harv-Dekina- BiorefYagba-West[Corn-Stover] 0 
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Harv-Bassa- BiorefBassa[Corn-Stover] 29.53 
Harv-Bassa- BiorefKabba-Bunu[Corn-Stover] 81.76 
Harv-Bassa- BiorefYagba_West[Corn-Stover] 35.24 
Demand-Kaduna-BiorefBassa[Bioethanol]*c 22.67 
Demand-Kaduna-BiorefKabba-Bunu[Bioethanol] 0 
Demand-Kaduna-BiorefYagba-West[Bioethanol] 17.14 
Demand-PH-BiorefBassa[Bioethanol] 30.51 
Demand-PH-BiorefKabba-Bunu[Bioethanol] 0 
Demand-PH-BiorefYagba-West[Bioethanol] 0 

*a Harv-Bassa- BiorefBassa[Bagasse]= amount of bagasse transported from Bassa harvesting site 
to Bassa biorefinery, *bHarv-Kabba_Bunu- BiorefBassa[Corn-Stover] = amount of corn-stover 
transported from Kabba-Bunu harvesting site to Bass biorefinery,*cDemand-Kaduna-
BiorefBassa[Bioethanol]= amount of bioethanol transported from Bassa biorefinery to Kaduna 
demand zone.  
 
Further explanation on the optimised results can be deduced from the optimised superstructure 
as shown in Figure 9 

 
Figure 9: Design superstructure for the biorefinery supply chain (optimized case) 
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Figure 10: Global optimum cost of production of bioethanol fromthe biorefinery supply chain  
As shown in Figure 10, Bassa biorefinery was selected as the optimal biorefinery location since it 
was able to satisfy the demand in Kaduna and Port-Harcourt demand centres respectively. 
Feedstock selection was from Bassa (bagasse and corn-stover) and Yagba-West (bagasse). 
 

	

	
Minimum cost of bioethanol 
production: $1.24/litre 
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3.6 Model validation  
The validation of the model was done to ascertain the acceptability of the model, this was done 
by the comparison of the optimized value of $1.24/litre of minimum production cost to that 
obtained from You et al., 2011 (a production cost of $0.97/litre), which is 21.8% more than the 
literature value. The global optimal value calculated ($1.24/litre) should be less than the local 
optimal value of $0.97/litre obtained from literature; this deviation is due to the location factor of 
2.2 as expressed in equation 12.  
 
This can be deduced that for model acceptability and replication of the model in Nigeria and other 
countries of location of 2.2 with respect to USA location factor of 1, the production cost should 
be ≤ 21.8%.  
 
A price of Nigeria gasoline of $0.375/litre (Ogbon et al., 2018) is below the production cost of 
optimised value of $1.24/litre which shows the economic infeasibility of the bioethanol from 
second-generation (bagasse and corn-stover) biofuel monomer. Therefore, government 
incentives are required to offset the economic infeasibility.  
 
4.0 CONCLUSIONS 
Based on the model developed (equation 1 to 10) and optimization results obtained, the following 
conclusions were deduced: 

i. A mo-MINLP model (economic, environmental and social objective functions) for the 
biorefinery supply chain was successfully developed which took into account biorefinery 
supply chainlogistics, production cost, biorefinery supply chain environmental parameters and 
social productivity coefficient.  

ii. The multi-objectives (economic, environmental and social) MINLP model developed was 
simultaneously solved using NSGA-II algorithm. 

iii. The optimised results show a global optimal value of $1.24/litre which is 21.8% more than 
the local optimal value obtained from literature value of $1.24/litre (You et al., 2011). This 
difference was due to the location factor of 2.2 as assigned to Nigeria. 

iv. Raw material logistics suggests that feedstock should be sourced from Bassa (Bagasse), 
v. Yagba-West (Bagasse) and Bassa (Corn-Stover). 
vi. Bassa biorefinery was calculated as optimal location in siting the biorefinery and bioethanol 

will be distributed to Kaduna and Port-Harcourt demand centres.  
vii. The model acceptability and replication of the model in Nigeria and other countries of location 

of 2.2 with respect to USA location factor of 1; the production cost should be ≤ 21.8%.  
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ABSTRACT 
The open sun and solar drying of maize husks, agro-waste biomass, were investigated. Maize 
husks obtained from freshly harvested maize were pulverized and dried in direct sunlight and 
solar dryer. The Midilli-Kucuk, Page, Logarithmic, Two-term, Wang and Singh, Approximation of 
diffusion, Modified Henderson and Pabis, Modified Page, Henderson and Pabis, two-term 
exponential, Verma et al and Weibull et al thin layer drying models were fitted to the drying data. 
The coefficient of determination (R2), sum of square error (SSE), root mean square error (RMSE) 
and Chi-square ( 2 ) were used as criteria to determine the model that best fit the drying data. 
The Wang and Singh model best fitted the sun drying data for all sample depths (5 – 20 mm) 
with highest values of R2 (>0.993) and lowest values of SSE, RMSE and χ2, whereas it only suitably 
described the solar drying data for the 15 and 20 mm samples.  
 
Keywords: Maize husk, open sun drying, solar drying, agro-waste biomass, model, thin layer 
modelling 
 
1.0  INTRODUCTION 
The primary energy sources of fossil fuels (coal, crude oil and natural gas) are limited, fast 
depleting, highly polluting and non-renewable (Panwar et al., 2011; Demirbas et al., 2017). 
Biomass, on the other hand, is a renewable source of energy which is easily replenished and 
environmentally benign (Saxena et al., 2009; Ellabban et al., 2014). Biomass are materials derived 
from microorganisms, animals and plants; they include algae, energy crops, animal wastes, food 
wastes, wood and wood wastes, agricultural residues/agro-waste, municipal solid wastes and 
industrial residues (Demirbas et al., 2017). They are considered as a mitigation against climate 
change (Saxena et al., 2009), since they are produced by the process of photosynthesis which 
combines solar energy and carbon dioxide into chemical energy in the form of carbohydrates. In 
addition, their utilisation as a fuel is a carbon neutral process since the carbon dioxide captured 
by the biomass during photosynthesis is released during its combustion (Kumar et al., 2009).  
 
Biomass may be combusted to generate heat and then electricity or converted to solid, liquid or 
gaseous biofuels (Ellabban et al., 2014). The conversion of biomass to biofuels or bioenergy is 
achieved through physicochemical, biochemical and thermochemical processes. The 
physicochemical process involves oil extraction e.g. from seed biomass followed by 
transesterification, the biochemical processes include fermentation, anaerobic digestion and 
biophotolysis while the thermochemical conversion processes are pyrolysis, gasification, 
hydrothermal liquefaction and direct combustion (Kumar et al., 2009; Kumar et al., 2015).
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 Thermochemical conversion of biomass to bioenergy may require the removal of the large 
amount of moist usually present in biomass, prior to pyrolysis, gasification and combustion 
conversion processes (Bennion et al., 2015; Azizi, 2018).  
 
Drying is a preservation method usually employed to reduce the moisture content of agricultural 
products and consequently decrease microbial and enzyme activities, thus enhancing product 
shelf-life and decreasing the packing and transportation cost (Mujumdar and Law 2010; Guine et 
al. 2012). Sun drying is the traditional method of drying agricultural products, but it is extremely 
weather dependent, takes a long time and materials are prone to contamination with dust, insect, 
etc. However, solar drying employs a solar dryer which shades the material from direct exposure 
to rainfall, dust, insects, etc., but still uses energy from sun radiation to dry the material in a 
chamber heated up directly or indirectly by the sun radiation. The drying of several agricultural 
products including fruits, vegetables and staple foods have been reported in the literature 
(Davishi, 2017; Doymaz, 2010; Erbay and Icier, 2010; Ojediran and Raji, 2010; Rajkumar et al., 
2007) but little has been reported on the drying of agricultural residues or agro-waste biomass 
for production of bioenergy.  
 
Drying involves simultaneous coupled heat and mass transfer (Diamante et al. 2010), it is a 
complex process which require effective mathematical models for process design, optimization 
and control as well as energy integration. The mathematical models employed for modelling 
drying process can be either distributed or lumped parameter models; the distributed models 
consider internal and external heat and mas transfer and predict temperature and moisture 
gradient whereas the lumped parameters models assume a uniform temperature distribution in 
the product which is the drying air temperature (Erbay and Filiz, 2010). For a uniform temperature 
to be correctly assumed for a lumped parameter model, the material must be dried as one layer 
of sample particles or slices, so that the material has a thin structure; this is generally known as 
thin layer drying (Akpinar, 2006; Erbay and Filiz, 2010). Thin layer drying models are easy to use 
and require less data compared to complex distributed models, so they have been frequently 
applied in the study of the drying of foods, fruits and vegetables (Toǧrul and Pehlivan, 2004; 
Akpinar and Bicer, 2008; Doymaz, 2010; Ojediran and Raji, 2010; Doymaz and Ismail, 2011; 
Tunde-Akintunde, 2011). However, this useful modelling tool has not been adequately explored 
for the drying of biomass, therefore this study aimed to investigate the thin layer mathematical 
modelling of open sun and solar drying of agro-waste (maize husk) biomass. 
 
2.0  METHODOLOGY 
 
2.1 Sample Preparation  
Maize husks were obtained from freshly harvested maize collected from a farmland in Ogbomoso. 
The husks were pulverized in a kitchen blender to increase the surface area of the material, prior 
to the drying operation.  
 
2.2 Experimental Procedure for Drying of Maize Husks  
The pulverized maize husk samples were spread uniformly in pre-weighed aluminium pans, of 
dimension 7.5 by 7.5 cm, which had been calibrated to depths of 5, 10, 15 and 20 mm for all the 
drying experiments. The initial mass of the pulverized maize husks in each of the pans was 
determined. A set of pans was placed in a triangular prism-shaped natural convection direct solar 
dryer (Figure 1), at the same time another set was placed in direct sunlight. The drying chamber 
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of the solar dryer has a height of 0.67 m while its rectangular base on which the aluminium drying 
pans were placed has a dimension of 1.2 by 0.7 m. The mass of the samples were measured at 
30 min interval until constant mass was achieved, using a Citizen digital weighing balance which 
has an accuracy of 0.001 g. The drying experiments were performed in triplicates, in the month 
of October, 2018 between 10 am and 6 pm. The ambient and solar dryer temperatures were 
monitored. 

 
Figure 1: Schematic of a direct solar dryer 
 
2.3 Thin Layer Drying Models 
The moisture content of maize husk at time t , tX  (g water. g dry matter-1) is defined as: 

 t d
t

d

m m
X

m


      [1] 

where tm  and dm  are mass of maize husk sample at any time t  (g) and absolute dried mass of 
sample (g), respectively. The moisture content can be expressed as dimensionless moisture ratio 
( RM ): 

 t e
R

i e

X X
M

X X





 [2] 

where iX  and eX  are initial and equilibrium moisture contents (g water/g dry matter), 
respectively. For a long drying time the values of eX  are small compared with tX  and iX , the 
moisture ratio may be simplified (Dissa et al., 2011; Perea-Flores et al., 2012):  

 t
R

i

X
M

X
  [3] 

Thin layer drying models describe the relationship between moisture ratio (MR) and drying time 
(t). Several thin layer models have been reported in the literature, but twelve of them have been 
identified as the most frequently suitable models by researchers for various products; they include 
Midilli-Kucuk, Page, Logarithmic, Two-term, Wang and Singh, Approximation of diffusion, 
Modified Henderson and Pabis, Modified Page, Henderson and Pabis, two-term exponential, 
Verma et al and that of Weibull et al (Kucuk et al., 2014). 
 
2.3.1 Midilli-Kucuk Model 
This is also called the Midilli or Midilli et al. model. It is a four parameter model which has an 
exponential term as well as a linear term (Midilli, 2002). It is given as:  

 exp n
RM a kt bt               [4] 

where a, k, b and n are all constants. 

Air inlet 
into dryer

Transparent
surfaces
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2.3.2 Page Model  
The page model (Page, 1949) is a two parameter model, it has a single term which is entirely 
exponential. It is defined as:  

 exp n
RM kt            [5] 

where k and n are constants. 
 
2.3.3 Logarithmic Model  
The logarithmic model (Chandra and Singh, 1995) is: 

 expRM a kt c            [6] 
 
where a, k and c are model constants, c being an empirical constant that is dimensionless. This 
model is occasionally called the asymptotic or Yagcioglu et al. model (Yagcioglu et al., 1999). It 
has an empirical term “c” in addition to an exponential term. 
 
2.3.4 The Two-term Model  
The two-term model (Henderson, 1974; Glenn, 1978) has two exponential terms. It has four 
constants and is given as:  

   0 1exp expRM a k t b k t           [7] 
where a, b, 0k  and 1k  are constants. 
 
2.3.5 Wang and Singh Model 
The Wang and Singh model (Wang and Singh, 1978) has two model constants and is given as:  

21RM at bt                       [8] 
where a and b are constants. 
 
2.3.6 Approximation of Diffusion Model  
The approximation diffusion model (Kaseem, 1998) has two exponential terms and four 
constants. It is sometimes called the diffusion approach or simplified diffusion model. It is defined 
as: 

     exp 1 expRM a kt a kbt         [9] 
where a, b and k are constants. 
 
2.3.7 Modified Henderson and Pabis Model 
The modified Henderson and Pabis model (Karathanos, 1999) is a three exponential term model; 
it has six constants and is expressed as: 

     exp exp expRM a kt b gt c ht        [10] 
where a, b, c, k, g and h are constants.  
 
2.3.8 Modified Page Model  
A modified form of the Page model generally known as Modified Page-II was proposed and used 
by White et al. (1978):  

 exp ( )n
RM kt       [11] 
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2.3.9 Henderson and Pabis model 
The Henderson and Pabis model (Henderson and Pabis, 1961) is a single term exponential model 
consisting of two model constants: 

 expRM a kt         [12] 
where a and k are constants.  
 
2.3.10 Two-term Exponential Model 
The two-term exponential model (Sharaf-Eldeen et al., 1980) has two terms and two model 
constants, and is given as: 

     exp 1 expRM a kt a kat          [13] 
where a and k are constant. 
 
2.3.11 The Verma et al. Model 
The Verma et al. (1985) model is also called the modified two-term exponential model, it has 
three models constant and is defined as: 

     exp 1 expRM a kt a gt           [14] 
where a, k and g are constant. 
 
2.3.12 The Weibull Model 
It has four model constants and is defined as (Kucuk et al., 2014): 

 exp n
RM a b kt            [15]  

where a, b, k and n are constant. 
 
2.4  Criteria for Selecting Best Model 
The coefficient of determination (R2), sum of square error (SSE), root mean square error (RMSE) 
and Chi-square ( 2 ) were the statistical parameter used as criteria to determine the model that 
best fit the moisture ratio – time data. The model that best fit the data is one that has the highest 
value of R2 and lowest values of SSE, RMSE and 2  (Erbay and Icier, 2010; Kucuk et al, 2014). 
These criteria are given as: 
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where 

exp,iRM , 
,pred iRM , N and z  are experimental moisture ratio, predicted moisture ratio, 

number of observations and number of constants, respectively.  
 
The moisture ratio-drying time data obtained from experimental data for both open sun and solar 
drying of pulverized maize husk were fitted to the twelve thin layer drying mathematical models 
described in section 2.3; the criteria of section 2.4 were used to determine the model which best 
fit the experimental drying data. Non-linear regression analysis was employed to fit experimental 
data of moisture ratio (MR) versus drying time (t) to the thin layer drying models. Statistical 
Package for the Social Sciences (SPSS) version 20 (SPSS Inc., Chicago, Illinois), was the software 
used for the regression analysis. The R2 values were computed by SPSS while SSE, RMSE and 2  
were calculated from equations 17, 18 and 19, respectively, using Microsoft Excel. 
 
3.0  Results and Discussion 
 
3.1 Open Sun Drying of pulverized Maize Husks 
The moisture ratio decreased progressive during the open sun drying operation as shown in the 
plot of moisture ratio versus drying time of Figure 2 indicating that moisture was successfully 
removed from the maize husk by air heated through the sun radiation. The moisture ratio 
decreased progressively with time during the open sun drying of all samples of the pulverized 
maize husks of depths 5 – 20 mm considered. As expected the drying rate decreased with 
increasing depth of maize husks in the pans, since the initial mass and moisture content of maize 
husks in the pans increased with increasing depth of husks in the pans; the drying time required 
for the 5, 10, 15 and 20 mm deep samples were 180, 240, 330 and 390 min, respectively. 
 

 
Figure 2: Plot of moisture ratio versus drying time for open sun drying of pulverized 
maize husks of 5, 10, 15 and 20 mm depth 
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The statistical parameters obtained after the twelve thin layer models were fitted to the open sun 
drying data are shown in Tables 1 – 4. The Wang and Singh model best fitted the drying moisture 
ratio – time data for all the drying operations. This model had the highest R2 and lowest SSE, 
RMSE and χ2 compared to those of the other eleven models. The R2, SSE, RMSE and χ2 for open 
sun drying of pulverized maize husks of 5 mm depth were 0.996, 0.011069692, 0.105212604, 
and 0.012772722, respectively. Similar high values of R2 (>0.996) and low values of SSE (<0.02), 
RMSE (<0.15) and χ2 (<0.025) were observed for the 10, 15 and 20 mm depth samples. The 
Wang and Singh model does not have an exponential term unlike the other eleven equations, it 
is a second order polynomial; this implies that a polynomial relation exists between the moisture 
ratio and drying time for the sun drying of pulverized maize husks. The Wang and Singh model 
has been reported to best fit the open sun drying of mint leaves (Akpinar, 2010) and parsley 
leaves (Akpinar, 2011).  
 
Table 1: Statistical parameters for thin layer drying models for sun drying of 5 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.428 0.088673964 0.297781738 0.120919041 
Page 0.991 0.043491250 0.208545559 0.050182212 
Logarithmic 0.547 0.085892917 0.293074934 0.107366146 
Two-term 0.415 0.088976317 0.298288982 0.121331341 
Wang and Singh 0.996 0.011069692 0.105212604 0.012772722 
Approximation of diffusion 0.945 0.043491250 0.208545559 0.054364062 
Modified Henderson and Pabis 0.415 0.088976317 0.298288982 0.148293861 
Modified Page 0.991 0.043491250 0.208545559 0.050182212 
Henderson and Pabis 0.415 0.088976317 0.298288982 0.102664981 
Two-term exponential 0.945 0.043491250 0.208545559 0.050182212 
Verma et al 0.986 0.043491250 0.208545559 0.054364062 
Weibull et al 0.547 0.085892917 0.293074934 0.117126705 

 
Table 2: Statistical parameters for thin layer drying models for sun drying of 10 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.281 0.089097772 0.298492498 0.121496961 
Page 0.996 0.062385172 0.249770238 0.071982890 
Logarithmic 0.470 0.078481171 0.280144911 0.098101464 
Two-term 0.260 0.089182238 0.298633954 0.121612143 
Wang and Singh 0.997 0.009312752 0.0965026 0.010745483 
Approximation of diffusion 0.979 0.062385172 0.249770238 0.077981465 
Modified Henderson and Pabis 0.260 0.089182238 0.298633954 0.148637064 
Modified Page 0.996 0.062385172 0.249770238 0.071982890 
Henderson and Pabis 0.26 0.089097772 0.298492498 0.102805121 
Two-term exponential 0.979 0.062385172 0.249770238 0.071982890 
Verma et al 0.996 0.062385172 0.249770238 0.077981465 
Weibull et al 0.470 0.078481171 0.280144911 0.107019779 
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Table 3: Statistical parameters for thin layer drying models for sun drying of 15 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.188 0.105331045 0.324547446 0.143633243 
Page 0.976 0.076466778 0.276526270 0.088230898 
Logarithmic 0.445 0.090308166 0.300513171 0.112885207 
Two-term 0.151 0.105331045 0.324547446 0.143633243 
Wang and Singh 0.999 0.012813192 0.113195371 0.014784452 
Approximation of 
diffusion 

0.893 0.076466778 0.276526270 0.095583473 

Modified 
Henderson and 
Pabis 

0.151 0.105331045 0.324547446 0.175551741 

Modified Page 0.976 0.076466778 0.276526270 0.088230898 
Henderson and 
Pabis 

0.967 0.064309148 0.253592484 0.074202863 

Two-term 
exponential 

0.893 0.076466778 0.276526270 0.088230898 

Verma et al 0.963 0.076466778 0.276526270 0.095583473 
Weibull et al 0.445 0.090308166 0.300513171 0.123147499 

 
Table 4: Statistical parameters for thin layer drying models for sun drying of 20 mm 
deep maize husk  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.102 0.118473695 0.34420008 0.161555038 
Page 0.974 0.092181428 0.303613946 0.106363186 
Logarithmic 0.407 0.097715342 0.312594532 0.122144177 
Two-term 0.056 0.118473695 0.344200080 0.161555038 
Wang and Singh 0.998 0.019087366 0.138157034 0.022023884 
Approximation of 
diffusion 

0.866 0.092181428 0.303613946 0.115226785 

Modified 
Henderson and 
Pabis 

0.056 0.118473695 0.344200080 0.197456158 

Modified Page 0.974 0.092181428 0.303613946 0.106363186 
Henderson and 
Pabis 

0.056 0.118473695 0.344200080 0.136700417 

Two-term 
exponential 

0.866 0.092181428 0.303613946 0.106363186 

Verma et al 0.955 0.092181428 0.303613946 0.115226785 
Weibull et al 0.407 0.097715342 0.312594532 0.133248193 
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3.2 Solar Drying of pulverized Maize Husks 
The moisture ratio decreased progressive during the solar drying process as shown in the plot of 
moisture ratio versus drying time of Figure 3, which implies that moisture was also successfully 
removed from the pulverized maize husks by hot air within the solar dryer chamber. The moisture 
ratio decreased progressively with time during the solar drying of all samples of the pulverized 
maize husks of depths 5 – 20 mm investigated. Similar to the open sun drying, the drying time 
increased with increasing depth of maize husks in the pans because the initial mass and moisture 
content of the husks in the pans increased with increasing depth of husks. The time required for 
drying of the 5, 10, 15 and 20 mm deep samples were 100, 120, 180 and 210 min, respectively; 
these drying times are shorter than those required for open sun drying of maize husks of similar 
depth. It was observed that the temperature in the solar drying chamber increased to about 31 
– 51 oC (depending on the time of the day) compared to the ambient temperature of 30 - 39 oC , 
during the drying process, which consequently increased the thermal energy available for the 
removal of moisture from the maize husks. This resulted into a higher drying rate in the solar 
dryer compared to the open sun and consequently a shorter drying time in the solar dryer. 

 
Figure 3: Plot of moisture ratio versus drying time for solar drying of pulverized maize 
husks of 5, 10, 15 and 20 mm depth 
 
The statistical parameters obtained after the twelve thin layer models were fitted to the solar 
drying data are shown in Tables 5 – 8. The R2, SSE, RMSE and χ2 for Wang and Singh model for 
the 5 mm deep pulverized maize husks sample were 0.998, 0.731722935, 0.855408052, and 
0.844295695, respectively; the corresponding values for the 10 mm deep sample were 0.997, 
0.847283028, 0.920479781, and 0.977634263, respectively. The Page and modified Page models 
had the lowest values of SSE (0.008348702), RMSE (0.091371232) and χ2 (0.009633118) 
compared to the other eleven models and R2 value of 0.973, for the 5 mm deep sample whereas 
the Page model had the lowest values of SSE (0.014752447), RMSE (0.121459653) and χ2 
(0.017022055) compared to the other eleven models and R2 value of 0.985, for the 10 mm deep 
sample. Although the Wang and Sing model had the highest values of R2, for the 5 and 10 mm 
deep samples, this same model also had the highest values of SSE, RMSE and χ2, compared to 
the other eleven models.  
 
Alternatively, the statistical parameters for the thin layer drying models fitted to the drying data 
for 15 and 20 mm deep samples of the pulverized maize husks, detailed on Table 7 and Table 8 
show that the Wang and Singh model had high values of R2 (>0.993) and lowest values of SSE 
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(<0.011), RMSE (<0.15) and χ2 (<0.012) compared to the other eleven models. The Weibull et 
al model had a slightly higher R2 value of 0.999 compared to 0.996 for the Wang and Singh model 
but its SSE (0.476146701), RMSE (0.690033841) and χ2 (0.649290956) values are very high 
compared to those of Wang and Singh model, for the 15 mm sample. Similarly, the Midilli-Kucuk 
model had a slightly higher R2 value of 0.995 compared to 0.994 for the Wang and Singh model 
but its SSE (0.477595650), RMSE (0.691082955) and χ2 (0.651266796) values are also much 
higher compared to those of Wang and Singh model, for the 20 mm sample. Hence, the Wang 
and Singh model is considered to suitably describe the solar drying data for the 15 and 20 mm 
deep samples due to the high values of R2 (>0.993) coupled with the lowest values of SSE 
(<0.011), RMSE (<0.15) and χ2 (<0.012) compared to the other models. The Wang and Singh 
model has also been reported to best fit the solar drying of mint leaves (Akpinar, 2010) and 
parsley leaves (Akpinar, 2011).  
 
Table 5: Statistical parameters for thin layer drying models for solar drying of 5 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.846 0.057094448 0.238944445 0.077856065 
Page 0.973 0.008348702 0.091371232 0.009633118 
Logarithmic 0.995 0.056483141 0.237661821 0.070603926 
Two-term 0.839 0.057197769 0.239160550 0.077996957 
Wang and Singh 0.998 0.731722935 0.855408052 0.844295695 
Approximation of diffusion 0.913 0.008348702 0.091371232 0.010435878 
Modified Henderson and Pabis 0.924 0.057197769 0.239160550 0.095329615 
Modified Page 0.973 0.008348702 0.091371232 0.009633118 
Henderson and Pabis 0.839 0.057197769 0.239160550 0.065997426 
Two-term exponential 0.913 0.008348702 0.091371232 0.009633118 
Verma et al 0.964 0.008348702 0.091371232 0.010435878 
Weibull et al 0.890 0.056483141 0.237661821 0.077022465 

 
Table 6: Statistical parameters for thin layer drying models for solar drying of 10 mm 
deep maize husks 
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.458 0.063103426 0.251203954 0.086050127 
Page 0.985 0.014752447 0.121459653 0.017022055 
Logarithmic 0.646 0.054730706 0.233945947 0.068413383 
Two-term 0.417 0.063103426 0.251203954 0.086050127 
Wang and Singh 0.997 0.847283028 0.920479781 0.977634263 
Approximation of diffusion 0.906 0.035967159 0.189650098 0.044958949 
Modified Henderson and Pabis 0.417 0.063018426 0.251034711 0.105030710 
Modified Page 0.985 0.035955453 0.189619231 0.041487061 
Henderson and Pabis 0.417 0.063103426 0.251203954 0.072811646 
Two-term exponential 0.906 0.035967159 0.189650098 0.041500569 
Verma et al 0.974 0.035967159 0.189650098 0.044958949 
Weibull et al 0.646 0.054730706 0.233945947 0.074632781 



©NSChE 2019: Drying of Agro-waste Biomass for Bioenergy Production: Mathematical Modelling of Open Sun and 
Solar Drying of pulverized Maize Husks: by O. O. Agbede, K. J. Ayanniyi, K. A. Babatunde, F. N. Osuolal, E. O. Oke and  

O. O. Ogunleye 
 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 326	|	P a g e 	

 
Table 7: Statistical parameters for thin layer drying models for solar drying of 15 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.159 7588.736565 87.11335469 10348.27713 
Page 0.989 0.070563451 0.265637819 0.081419366 
Logarithmic 0.466 0.074897210 0.273673546 0.093621513 
Two-term 0.106 0.093613051 0.305962499 0.127654160 
Wang and Singh 0.996 0.010063471 0.100316853 0.011161697 
Approximation of 
diffusion 

0.896 0.070563451 0.265637819 0.088204313 

Modified 
Henderson and 
Pabis 

0.106 0.093456517 0.305706587 0.155760862 

Modified Page 0.989 0.024893285 0.157776059 0.028723021 
Henderson and 
Pabis 

0.106 0.093534717 0.305834461 0.107924674 

Two-term 
exponential 

0.896 0.070563451 0.265637819 0.081419366 

Verma et al 0.976 0.068981685 0.262643647 0.086227107 
Weibull et al 0.999 0.476146701 0.690033841 0.649290956 

 
Table 8: Statistical parameters for thin layer drying models for solar drying of 20 mm 
deep maize husks  
Model  R2 SSE RMSE χ2 
Midilli-Kucuk 0.995 0.477595650 0.691082955 0.651266796 
Page 0.993 0.096816692 0.311153808 0.111711568 
Logarithmic 0.393 0.081670234 0.285780045 0.102087792 
Two-term 0.913 0.113350292 0.336675351 0.154568580 
Wang and Singh 0.994 0.009830096 0.099146843 0.011342419 
Approximation of 
diffusion 

0.881 0.096816692 0.311153808 0.121020865 

Modified Henderson 
and Pabis 

0.913 0.113416759 0.336774047 0.189027932 

Modified Page 0.993 0.096816692 0.311153808 0.111711568 
Henderson and Pabis 0.913 0.113416759 0.336774047 0.130865491 
Two-term exponential 0.881 0.096816692 0.311153808 0.111711568 
Verma et al 0.978 0.096816692 0.311153808 0.121020865 
Weibull et al 0.393 0.081670234 0.285780045 0.111368501 

 
4.0  CONCLUSIONS 
Maize husks were successfully dried in direct sunlight and solar dryer. The drying rate decreased 
with increasing depth of maize husks for both sun and solar drying; however the drying rate were 
higher and consequently the drying time of the maize husks were shorter in the solar dryer 
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compared to open sun. The Wang and Singh model best fitted the open sun drying data for all 
sample depths (5 – 20 mm) considered with highest values of R2 (>0.993) and lowest values of 
SSE (<0.02), RMSE (<0.15) and χ2 (<0.025), compared to the other eleven thin layer drying 
models. However, the Wang and Singh model only suitably described the solar drying data for 
the 15 and 20 mm deep samples.  
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ABSTRACT 
A solid base KF/Snailshell catalyst was synthesized by wet impregnation method and applied for  
biodiesel production from neem oil with high FFA. The XRF and XRD analyses confirmed the 
presence CaO in snailshell and its crystalline nature. The parameters affecting the preparation of 
the catalyst were investigated using the Box-Behnken design approach of design expert. The 
maximum yield of CaO from snailshell was obtained at 8000C snailshell calcination temperature 
for 3h, while the optimal synthesis condition was 32 wt. % KF dosage, 2hrs calcination time, and 
calcination temperature of 5980C.  The catalyst was applied in a single stage transesterification 
of neem oil having FFA of 4.2% to produce 95.5% yield of biodiesel. The biodiesel produced was 
characterized using FTIR and GC-MS and compared to the ASTM commercial standard. The 
reusability test shows that the catalyst was active recording high yield of 91.9% even after the 
fifth run and more efficient than KF/commercial CaO which had a biodiesel yield of 32% after the 
fifth run. 
 
Introduction  
Biodiesel refers to mono-alkyl esters of long chain fatty acids derived from renewable lipid 
feedstock. CaO is the most promising and frequently applied metal oxide catalyst for biodiesel 
production, due to its cheap price, relatively high basic strength and less environmental impacts 
(Madhu et al., 2017). The catalytic activity of CaO in transesterification is based on the existence 
of basic sites and their spatial dispersion defining their availability (Marinkovic et al., 2016) 
Li/CaO (Kaur et al., 2014), CaO-KF (Liu et al., 2012), KF/ZnO (Xie et al., 2006) and KF/Ca–Mg–Al 
(Gao et al., 2009) have been reported for the transesterification reactions. Heterogeneous basic 
catalysts performed more actively, react faster and are less corrosive in comparison with acidic 
heterogeneous catalyst (Helwani et al., 2009), but they are unfavorable for feedstock with high 
FFAs and moisture content leading to saponification and hydration respectively (Wei et al., 2009; 
Gao et al., 2010; Oladipo et al., 2016).  
 
EXPERIMENTAL  
 
2.1 Materials 
2.5kg waste snailshell were collected from eateries around Kaduna and beneficiated. Neem oil 
having FFA of 4.2 was provided by the National Research Institute for Chemical Technology Zaria, 
Nigeria. Methanol, Commercial CaO and KF used were analytical grade reagents with purity level 
of 99%.
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2.2 Method 
 
2.2.1 Snailshell preparation/ beneficiation/activation.  
The collected waste snailshell were parboiled, satisfactorily washed and dried overnight in hot air 
oven at 1050C. The dried snailshell were crushed, ball milled and then sieved using a 125μm mesh 
sized sieve. The powdered snailshell obtained was calcined in a muffle furnace under static air 
condition at 8000C at holding time of 3hr (Sani et al., 2016). The highly active CaO and commercial 
CaO were hydrated at 600C, dehydrated at 6000C for 2h to convert the hydroxide formed to a 
highly porous oxide. 
 
2.2.2 Catalyst Synthesis: wet impregnation of KF/Snailshell.  
20g each of the dehydrated-activated-CaO snailshell based catalysts was mixed with previously 
prepared aqueous solution of potassium fluoride (KF) with dosage (in wt.%) of 15 to 35. The 
resulting slurries were dried at 1050C overnight in an oven and was subsequently calcined at 
temperatures ranging between 5000C and 6000C at holding times of 2 to 4hrs. These as-prepared 
catalysts were applied in the transesterification process to investigate their efficacies. 
 
2.2.3 Transesterification: catalyst testing and characterization 
The reaction conditions for the transesterification was obtained from (Oladipo, 2016) with little 
modification. The oil-methanol ratio used was 1:15, catalyst weight of 5 wt.% was employed, 
reaction temperature of 65°C and reaction time of 90 minutes were used with an agitation speed 
of 400 rpm. The raw snailshell, catalyst and biodiesel were characterized and analyzed using XRF, 
SEM-EDX, FTIR and XRD.  
 
2.2.4 Comparative and Reusability tests   
Based on the selected favorable conditions obtained using Design Expert, six different types of 
catalysts were synthesized namely; KF/snailshell, KF/Commercial CaO, snailshell, Commercial 
CaO, KF/snailshell-Fe3O4 and KF/Commercial CaO-Fe3O4 which were applied in consecutive 
transesterification reactions and reused appropriately.  
 
3.0 RESULTS AND DISCUSSIONS  
 
3.1 Snailshell and catalysts 
The XRF analysis of the calcined snailshell in Table 2, depicts that the choice of snailshell in this 
study is justified by its rich content of CaO (Sani et al., 2016 and Ikbar et al., 2018). 
 
Table 2: chemical composition of Raw and calcined snailshell  
Composition CaO* SiO2 Fe2O3 MnO MgO Na2O SrO 
Raw  97.017 0.628 0.409 0.12345t6yu8i9op-

[=\][poiuyr43w2etyui;’ 
 
“.,mnv cxAZsgbn,. 

0.152 0.336 0.457 

Calcined 98.017 0.467 0.357 0.2431 0.182 0.170 0.1603 
Composition Al2O3 SO3 P2O5 K2O Cr2O3 CuO TiO2 

Raw  0.180 0.073 0.004 0.212 0.083 0.015 0.005 
Calcined 0.1301 0.0605 0.054 0.074 0.035 0.011 0.004 
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The FTIR spectra of the beneficiated snailshell and calcined shell are shown in Figure 1(a) and 
(b), respectively. For the beneficiated snailshell (Figure 1(a)), the major absorption band found 
at 1468 cm-1 can be ascribed to the asymmetric stretching of CO3 molecules and the other major 
absorption bands found at 2524 cm-1 which depicts the presence of organic matter (Ikbar et al., 
2016) and 840 cm-1 which is ascribed to the out of plane vibration of CO32- molecules.  
 
 

 
Figure 1. FTIR spectra of uncalcined (raw) and calcined snailshell 
 
The absorption band of the organic matter obtained for the uncalcined shell at 2524cm-1 
completely vanished after calcination of the shells at 800°C. The presence of a water molecule in 
the snailshell (uncalcined) was confirmed from the broad peak which appeared at 3450 cm-1, and 
the appearance of a new peak at 3641 cm-1 in the calcined shell spectrum indicated the formation 
of Ca(OH)2 from the airing of CaO. The new peak at 871 cm-1 is characteristics of Ca-O vibration. 
The SEM micrograph of the uncalcined snailshell Figure 2(a) exhibited irregular sizes of rod and 
spherical particles as reported by Sani et al., (2016). Calcination of the snailshell at 800°C resulted 
to irregular sizes of semi-spherical particles and, more importantly, porous surfaces were 
observed from the image in Figure 2(b). 
 

      
Figure2: SEM micrograph of beneficiated (A) and calcined snailshell (B) 
 
Thermal transition of the catalyst and its crystalline phases and the morphology of the starting 
material and optimal synthesized catalyst were observed from the XRD results which shows the 
most intense peak occurred at 2θ = 29.32° in figure 3(a) and other peaks at 35.95°, 39.37° and 
43.08° which correlates with the JCPDS card number 01-085-1108 for calcium carbonate. Thermal 
treatment of the calcite at the optimum operating condition assisted in the transformation of the 
CaCO3 into CaO as depicted by Figure 3(b). Diffraction 2θ from JCPDS for calcium oxide being 
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used is at 32.2°, 37.3° which corresponds to the figure 3(b). The peaks corresponding to the 
KCaF3 were consistent with the standard pattern reported in JCPDS file for KCaF3 crystal. 

 
Figure 3: XRD patterns for raw snailshell (a), calcined snailshell (b) and KF/snailshell 
catalyst (c) 
 
3.2 Comparative and reusability study 
Figure 4 shows the biodiesel yield obtained from six different catalysts. KF impregnation 
significantly improved the activity of the catalyst with a biodiesel yield of 95% which can be 
attributed to the formation of the new specie KCaF3 crystal on the surface of the catalyst which 
is more electronegative than CaO (Anbia et.al., 2019). The reusability study conducted showed 
that the catalyst can be economically used for more than four runs with catalyst weight 0.89g 
recovered after fifth run for the KF/Snailshell-Fe3O4. This high catalyst weight recovery was 
maintained due to its magnetic nature. The commercial CaO was only used for 2 runs as no 
significant catalyst weight (< 0.05g) was recovered after the second run. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Biodiesel yield from different catalyst 
Legend: M-KF/SS: Magnetic Potassium Fluoride/Snailshell,   SS: snailshell, COM-CaO: 
commercial calcium oxide 
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The weight of catalyst recovered as result of magnetization tends to improve on the biodiesel 
yield obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Weight of catalyst recovered.  
 
3.3 Experimental design for catalyst synthesis and testing  
Table 3 shows the summary of the model accuracy and the analysis of variance table.  From the 
Table 4, a new catalyst was synthesized using the optimal selected points which was applied in a 
fresh batch of transesterification reactions to verify the predicted yield. Three (3) runs was carried 
out with biodiesel yield of 85.01, 85.28 and 84.84% respectively with an average yield of 85.043% 
which is close to the predicted value of 85.176%, difference observed might be due to errors 
during the course of the experiment.  
 
Table 3: analysis of variance (ANOVA) for catalyst synthesis process 

Full Quadratic Model Model Accuracy 
Source Mean 

Square 
F-value p-value  Correlation 

coefficients 
values 

Model 5.96 61.85 0.0001 Significant R-Squared 0.9911 
A-Calcination time 2.41 24.99 0.0041 Significant Adj. R-

squared 
0.9751 

B-KF dosage 6.99 72.54 0.0004 Significant Pred. R-
squared 

0.8807 

C-Calcination 
Temperature 

5.20 53.93 0.0007 Significant Adeq. 
Precision  

22.4938 

AB 0.0256 0.2655 0.6283 Not significant   
AC 0.0056 0.0583 0.8187 Not significant   
BC 7.45 77.30 0.0003 Significant   
A² 22.75 235.92 < 0.0001 Significant   
B² 4.42 45.88 0.0011 Significant   
C² 8.33 86.40 0.0002 Significant   
Residual 0.0964      
Lack of Fit 0.1303 2.85 0.2701 Not significant   
Pure Error 0.0456      

Biodiesel yield =79.0433 + 0.54875A + 0.935B + 0.80625C + 1.365BC + 2.48208A2 + 
1.09458B2 + 1.50208C2                              ……………………… (1) 
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Table 4: optimization results for catalyst synthesis process 
Number Calcination 

time 
KF 

dosage 
Calcination 

Temperature 
Biodiesel 

yield 
Desirability  

1 2.000 32.011 598.218 85.176 1.000 Selected  
2 3.387 34.840 599.484 85.001 1.000  
3 2.011 34.702 588.147 84.733 0.954  
4 2.816 35.000 600.000 84.287 0.921  
5 4.000 15.000 500.000 83.947 0.828  

 
3.3.1 Interaction effects of catalyst synthesis factors 
From Table 4, the only significant interaction among the independent variables is BC with a p-
value of 0.0003. This implies that the KF loading (B) and the calcination temperature (C) plays 
an important role in the overall activity of the synthesized catalyst. Figure 5 shows a contour plot 
depicting the increase in biodiesel yield as the temperature of reaction increases and the weight 
of KF impregnation increases. The interaction between calcination temperature and calcination 
time (AC) has an insignificant effect on the overall biodiesel yield. Same was observed for the 
interaction (AB) which has a p-value of 0.6283.  
 

   
Figure 5: interaction effect of catalyst synthesis factors (BC), (AB) and (AC) 
 
3.4 Biodiesel characterization  
The FTIR result for the produced biodiesel in Figure 6 shows a distinct peak at 1740 cm-1 which 
is a characteristic peak of carbonyl ester group which shows almost complete conversion of 
triglycerides to methyl esters (Oladipo et.al, 2016). The peak observed at 1163 cm-1 is ascribed 
to C-O alkoxy ester group while the peak at 1450 and 730 cm-1 denotes the presence of –(CH2) 
methyl and methylene groups. Peaks observed at 2925 and 2854 cm-1 shows the presence of C-
H alkanes and methylene group respectively which shows the liquid can be used as a fuel (Ismail 
et. al., 2016). The absence of a broad peak around 3600-3300 cm-1 indicates the absence of 
water and alcohol which was as a result of the distillation of the fuel after the transesterification.  
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Figure 6: FTIR of neem oil and synthesized biodiesel  
 
The physicochemical properties of the produced biodiesel show a kinematic viscosity of 
3.7mm2/sec which affect flow which in turn ensure a superior injection and atomization with the 
added advantage of lubricating the moving parts. High flash point temperatures for fuels ensure 
safe handling and storage. All the properties investigated in Table 7 were observed to fall within 
the ASTM standard.  
 
Table 5: Physicochemical properties of Neem oil and Biodiesel 

 
The synthesized biodiesel composition was determined by GC-MS studies and gas 
chromatography. It was noticed from the GC-MS results that the major FAMEs were methyl-
octadecadienoate (C18:2, linoleic acid, 30.08%), methyl-hexadecanoate (C16:0, palmitic acid, 
28.87%), methyl-octadecanoic (C22:0, 25.80%) and methyl stearate (C20:0, 12.36%).  
 
Conclusions  
Snailshell is a relatively cheap and organic source of CaCO3 from which CaO can be synthesized 
as a catalyst for the single stage production of biodiesel. The best temperature for the calcination 
of snailshell for the production of usable CaO-catalyst in biodiesel production was established to 
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Parameter  UnitUnits Test method Range   Neem ers 
Flash point °C D93 ≥130           

- 
      160 

Kinematic viscosity 
(40°C) 

mm
2
/s D445 1.6 – 6.0  24.89       3.70 

Cloud point °C D2500 3 – 15          12 
Pour point °C D2500 5 – 10          4.6 
Density  g/ml D1298 0.86 – 0.9         0.89 
Acid value  mg/KOH/g D664 ≤ 0.5         0.33 
Saponification 
value 

mg/KOH/g ‐         - 180.6             -  
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be 8000C for a period of 3h. The impregnation of KF on the calcined snailshell consequentially led 
to the formation of KCaF3 crystals with higher basic strength than CaO. The KF/snailshell 
synthesized after impregnation are more acid tolerant than CaO, hence usable in the 
transesterification of neem having FFA of 4.2%. 32 wt.% of KF was found to be the best amount 
needed for the impregnation, calcination of KF/snailshell at 5980 for 2h were also found to be the 
optimal conditions for the preparation of the acid tolerant catalyst. The catalyst was found to be 
reusable up to the fifth run where a biodiesel yield of 91.9% was obtained. The addition of the 
magnetite helped in the recovery of the catalyst after each run using a strong bar magnet which 
is directly responsible for the high yield still recorded after the fifth run. 
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ABSTRACT 
The need to reduce the quantity of carbon monoxide (CO2) released into the atmosphere by the 
aviation industry have become the driving force towards developing an alternative aviation fuel.  
Plastics waste currently constitute a major environmental problem since it is not bio-degradable. 
There is a possibility that plastic waste reduction can be achieved through the thermochemical 
conversion of wastes plastics to aviation fuel range alkanes. This paper reviews different 
technologies that are being used for such plastics waste conversion with emphasis on pyrolysis. 
It recommends the use of catalytic pyrolysis for the production of aviation fuel from wastes plastic 
materials due to its high products selectivity. It is observed that one of the challenges facing the 
commercialization of the catalytic pyrolysis process is the high cost of catalyst and its 
contamination by the feed stock.  
 
1.0  INTRODUCTION 
Plastics are materials composed of polymers which may either be thermoplastic or thermosetting 
(Soganocioglu et al, 2017). The most commonly used thermoplastics include polyethylene (PE), 
polyethylene terephtalat (PET), polypropylene (PP) and polystyrene (PS). This type of plastics is 
recyclable and are usually used to make containers and packing materials (Bajus and Hajekova, 
Gutierrez, et al., 2012). On the other hand, thermoset plastics include phenol formaldehyde and 
urea formaldehyde but are not recyclable as the materials cannot be modified after solidification 
(Aahik, et al., 2016).  
 
Plastics play major roles in different sectors such as packaging, construction, transportation, 
electronics and healthcare (Anene et al., 2018). This may be due to its versatility and low cost 
(Almeida and Marques, 2016).  Annually, the global production of plastics is estimated to be about 
300 million tons with its production continuously increasing every year (Miandad et al., 2016). As 
the production of plastics increases annually, so the quantity of wastes generated also increases. 
This increase in plastics wastes impacts on the environment as they make the environment dirty, 
block drainages, pollute the water bodies and has contributed to flooding in Nigeria and around 
the globe. Plastic wastes are also not bio-degradable.  
 
Over the years, various mechanisms have been used to manage plastic wastes, such as 
incineration, dumping them in landfills and recycling them into useful products. These methods 
are not enough in creating and ensuring a circular economy for plastics. The disposals of plastic 
waste in landfills and by incineration are expensive because plastic waste is bulky and incineration 
leads to release of toxic substances into the atmosphere, which pollutes the environment (Gandidi 
et al., 2018). Conversely, values can be recovered from waste plastics in form of materials 
recycling or energy depending on the plastic type, ecology, ease separation from other waste 
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materials and cost require for processing (Panda et. al, 2010). This can be achieved through 
thermochemical processes such as gasification, pyrolysis, hydrocracking and catalytic cracking 
(Lpez, et al. 2011, Kumar et al., 2013). Although, most of these processes are expensive, require 
high amount of energy and might result in producing low-grade materials, pyrolysis is viable and 
sustainable (Xue et al., 2016).   
 
Plastic waste oil from catalytic pyrolysis is often associated with some impurities such as sulphur, 
chlorine, solid residue, moisture and acids. These impurities in the raw waste plastic oil make it 
unsuitable for use directly as transportation fuel as well as reduces its commercial value. Thus, 
several researches have been carried out to upgrade waste plastic oil to different transportation 
fuels such as gasoline and aviation fuel. 
 
Aviation fuel is a middle distillate of crude oil fractional distillation, specifically kerosene range 
(Archana et al, 2017). In the last decade, several developments in the use of alternative aviation 
fuel have led various demonstration flights by some major airlines. Concerns over the use of 
alternative sources of fuels for aviation operations, especially in terms of their compatibility have 
been a great set back. Various characteristics are expected if a fuel should be fit for aviation use. 
These characteristics are: high energy to maximize range, good atomization, rapid evaporation, 
low viscosity, extremely low freezing point, and good chemical stability as well as availability in 
large volumes to be able to compete economically with Jet A-1 fuels, (Chucks and Donnelly, 
2014). The need to reduce the carbon emissions contributed by the aviation sector, also the 
exposure to crude price volatility are more reasons why researches are working on the possible 
alternative fuel to fossil-based aviation fuels. 
 
Technically, the production of aviation fuel from plastic waste consists of: (a) waste plastic 
pyrolysis processes, (b) upgrading the waste oil and gas cleaning, (c) Fischer-Tropsch (FT) 
synthesis, and, finally, (d) hydro-processing and distillation of the liquid hydrocarbons. The 
synthetic aviation fuel produced via FT synthesis is environmentally friendly because of the lower 
concentrations of nitrogen, sulfur, and aromatics. Apparently, the first step is to quantify the 
waste plastics availability; some of the available data in this regard for Nigeria is presented in 
Section 2. Pyrolysis is discussed in Section 3 and some of the existing methods for producing 
transport fuels from waste plastic oil is presented in Section 4.   
 
2.0 TYPICAL PLASTIC WASTE AVAILABILITY IN NIGERIA 
Ikebude (2017), investigated the components of wastes generated in Port Harcourt and grouped 
these components as garbage, paper, plastics, scrap metal and Glass, construction waste, sludge 
and others. The data was collected through questionnaires, literature examination, oral interview, 
field survey and physical observation. Three major sampling sites were used – Borokiri, main 
town and GRA areas of Port Harcourt. The data obtained show that 35% of solid waste generated 
in Port Harcourt Metropolis is composed of paper and plastic (Figure 1). This indicates that there 
is a large amount of plastic wastes produced in Port Harcourt. 
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Figure1: Physical composition of solid waste generated in Port Harcourt metropolis 
(Ikebude, 2017) 
 
Oghenefejiri et al (2016) assessed the various components of municipal wastes in Nigeria. Group 
discussions involving professional environmentalists and solid waste managers were used for data 
collection. His studies areas were the six geopolitical zones in Nigeria. The results obtained are 
presented in Table 1. Table 1 shows that the cities with large dumps of waste plastics are Abuja, 
Kano, Ota, Cross river, Delta, Lagos, Niger while States like Rivers possessed less amount of 
plastic wastes compared to other cities in Nigeria. Based on these results, Oghenefejiri et al. 
(2016) concluded that there are sufficiently large quantities of plastic wastes in Nigeria. 
 
Table 1: Components of municipal solid waste in the six geo-political zones in Nigeria 
(Oghenefejiri et al, 2016). 

Zone States Organics Plastics Paper Glass metal Textile/leather Unclassified 
debris 

North  
East  

Borno 
(Maiduguri) 

28.8 18.1 7.5 4.3 9.1 3.9 31.3 

North 
Central  

Niger 31 16 13 9 11 6 14 
Nasarawa 31.5 7.25 3.5 18 6.5 1.5 31.75 
Abuja 43.57 20.97 23.11 3.23 3.79 2.77 2.56 

North 
West 

Kano 
(Sabon-
gari) 

57.5 17.5 6.7 5.7 3.9 4.5 4.2 

South 
West 

Oyo 
(Ibadan) 

47 12.6 21.9 0.9 6 8.8 2.8 

Lagos 53 15 10 5 5 4 8 
Ogun (Ota) 42.07 21.01 8.29 9.59 1.06 7.44 10.54 

South 
South  

Rivers 63 3.5 9.9 1.9 3.4 14 4.3 
Delta 37 21 18 6 10 5 3 
Cross River 
(Calabar) 

23.33 14.67 16 12 15.33 0 18.67 

South  
East  

Enugu 30.7 9.2 23.1 9.2 6.2 6.2 15.4 

 

41%

35%

15%

4% 3% 2%
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3.  PYROLYSIS OF PLASTIC WASTE 
Pyrolysis can be described as the decomposition of long chain hydrocarbon polymer molecules 
into smaller sizes monomer at a temperature range of 450-8000C within a short period of time in 
an environment devoid of oxygen (Thahir et al, 2019). The pyrolysis products are in the form of 
carbon as residues and volatile hydrocarbons which can be condensed as liquid and non-
condensable gaseous. As the temperature is increasing the weak bonds binding the polymer gets 
damaged, this is followed up by the formation of free radicals, these free radicals gets separated 
again forming stable compounds of paraffins, isoparaffins, olefins, naphthenes and aromatics 
(Thahir et al, 2019). These compounds are the major components of petroleum.  
 
The relative amount of solid, liquid and gases produced in a typical process depends on the 
operating conditions. The range of the main operating parameters for pyrolysis processes are 
shown in Table 2. Slow pyrolysis is an ancient method used for producing charcoal (Patni et al, 
2013). In fast pyrolysis (also called thermal pyrolysis) the material is rapidly heated to high 
temperatures in the absence of oxygen. 
 
Table 2: Operation conditions for pyrolysis processes (Patni et al, 2013). 
Parameter Conventional Fast Flash 
Pyrolysis temp. (K) 500-900 850-1250 1050-1300 
Heating rate (K/s) 0.1-1 10-200 >1000 
Particle size (mm) 5-50 <1 <0.2 
Solid residence (s) 300-3600 0.5-10 <0.5 

 
The liquid oil from thermal pyrolysis may contain impurities and residues. To overcome these 
problems catalysts are used to improve the pyrolysis process of plastic waste overall and to 
enhance process efficiency (Miandad et al, 2019). When catalysts are used it is called catalytic 
pyrolysis. Thermal and catalytic pyrolysis of waste plastics are discussed further in Sections 3.1 
and 3.2.  
 
3.1 Thermal pyrolysis 
Thermal pyrolysis of plastic wastes leads to the formation of a wide range of hydrocarbons 
(Almeida and Marques, 2016). The reaction mechanism of thermal pyrolysis of waste plastics is 
complex, and this contributes to the limited commercial value of it being used as fuels. The 
products obtained by the thermal pyrolysis of plastic wastes are grouped into non-condensable 
gas fraction, liquid fraction (paraffin, olefins, Sssnaphthenes and aromatics) and the solid residue 
(Almeida and Marques, 2016). The liquid fraction obtained from the thermal pyrolysis are gasoline 
range (C4-C12), diesel range (C12-C20), kerosene range (C10-C18) and motor oil range (C23-C45) 
(Archana et al, 2017). 
 
3.2 Catalytic pyrolysis  
Catalysts are used to reduce the activation energy and to improve the thermal efficiency in 
pyrolysis process. The presence of catalyst helps secondary cracking to the solids and liquids, which 
results in higher pyrolytic products. Mohammed et al (2015a) carried out the catalytic pyrolysis 
by using Y-zeolite and ZSM-5 as catalyst to convert electric and electronic plastic waste into oil, 
the oil produced contained mainly styrene. The ratio of Si:Al in the Zeolite determined the extent 
of influence of the catalyst. With lower Si:Al ratio in the zeolite, a higher conversion of styrene  
to other aromatic products particularly benzene and toluene was observed. When Y Zeolite 
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catalyst was compared to ZSM-5 catalyst, a higher conversion of styrene to other aromatic 
products was observed with Y zeolite, this can be attributed to the larger catalyst active sites and 
also larger pore sizes when compared to ZMS-5 catalyst. Aida et al (2015) used fluidized catalytic 
cracking (FCC) catalyst to convert plastic waste to liquid using a pyrolysis temperature of 400 °C 
and reaction time of 2 hours, the mixed plastic waste used (polyethylene, polypropylene and 
polystyrene) were combined in the ratio 5:3:2 and a catalyst to waste plastic ratio of 10:90 was 
used. The volume of liquid product obtained was 20ml under non-catalytic condition and 35ml 
under catalytic condition. The energy require for this process may be decreased as the reaction 
temperature is reduced. This decrease is caused by the reduced activation energy of the pyrolysis 
reaction (Anene et al, 2018). The catalyst used in the process may favour the yield of lighter 
hydrocarbons, gasoline range and gases. The product obtained will depend on the type of 
polymer, their sources and structure, (Anene et al, 2018). The products are hydrocarbons with 
so many applications; the pyrolysis oil can be used as an energy source and also for producing 
other chemicals. The pyrolysis liquids will need to be refined and upgraded before it can be used 
as a transportation fuel and other petrochemical products (Ghodrat et al, 2019).  
 
4.0 TRANSPORT FUEL PRODUCTION FROM WASTE PLASTIC OIL 
In general, available methods for producing transportation fuels from waste plastic oil can be 
classified into two main groups namely: refining and blending (Miandad et al., 2016). Some of 
these works are presented in this section. 
 
Sharma (2014) used a Be-h desktop plastic oil system to distillate the waste plastic oil, the 
gasoline fraction was obtained by setting an upper and lower temperature of 195 °C and 175 °C 
respectively. The diesel fraction was collected by setting the upper and lower temperature at 290 
°C and 271°C. 
 
Syamsiro et al, 2014 reports the use of FCC catalyst as a cracking catalyst, this improved the 
liquid, gas yields, and a high fraction of heavy hydrocarbons was in the fuel due to more cracking 
residue. The low thermal conductivity and high viscosity of plastic crude oil are the main 
challenges for designing the cracking reactor. Syamsiro et al. (2014) used a pilot scale two stage 
reactor operating a batch system consisting of a pyrolysis reactor and a catalytic reforming 
reactor. The gas generated from the pyrolysis reactor was reformed in the reforming reactor, the 
resulting liquid was condensed and the product collected. From the experiment carried out, it was 
reported that feed type and catalyst type have an effect on the products. Presence of catalyst 
promoted the formation of gaseous products, unlike the non-catalysed pyrolysis that had more 
yield of the liquid product. 
 
Chen et al. (2014) carried out an experiment on pyrolysis using hydrolysis reactors having steam 
as carrier gas and Fe based catalyst, followed by the catalytic cracking reactor having Zeolite as 
a catalyst. This could be a positive move towards pyrolysis fuel upgrade. Using a fluidized bed 
reactor operating at a temperature of about 500 °C, the gases can be extracted before the 
secondary cracking takes place. This will result to a higher yield of the liquid product. 
 
Muhammed (2015b) used a two-stage pyrolysis fixed bed reactor in his experiment to determine 
the product yield, composition and hydrocarbon distribution of a catalyzed pyrolysis process to 
convert virgin polyethylene, polypropylene, polystyrene and PET using a zeolite HZSM -5 catalyst. 
It was observed that the yield of the liquid product dropped in the samples where catalyst was 
used from 45wt% and 55wt% when it was compared to the 81wt%-97wt% obtained from 
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uncatalysed pyrolysis. The catalyzed pyrolysis oil was rich in aromatic hydrocarbon content. The 
composition of the catalyzed pyrolysis oil moved from high molecular weight hydrocarbons (C16) 
to full range hydrocarbons (C5-C15). 
. 
Zhang et al (2019) investigated seven types of commercial and home – made activated carbon 
on the pyrolysis of waste plastics in a facile tube reactor, the liquid obtained had components of 
Jet-range hydrocarbons accounting for 28.8% aromatics and 71.8% alkanes. It was observed 
that activated carbon catalyst transformed low density polyethylene into Jet fuel and hydrogen 
gases excellently. In addition, it is important to note that these activated carbon catalysts could 
be sourced and prepared locally from biomass residues or agricultural wastes from available crops 
such as walnut shells, palm shells, coconut shells, beans husks, banana peels, tobacco stems and 
so on (Tadda et.al, 2016). Zhang et al. (2019) suggested a possible route to obtaining jet-fuel 
range hydrocarbons from low density polyethylene waste plastics, ground to a particle size of 
3mm (Figure2). Unit (1) is a cylinder filled with the Nitrogen gas which was used as the carrier 
gas, (2) is a control valve for the nitrogen gas coming from the cylinder, (3) is a tube which 
carried the waste plastic (7) into the reactor (8) where pyrolysis occurred alongside with catalytic 
cracking with activated carbon catalyst (10), (11) is a condenser which cooled the outlet vapor 
to liquids in (12) and the uncondensed gases were collected in (13).  
 
 
 
 
 
 
 
 
 
 
 
Figure2: The catalytic pyrolysis system of daily waste plastics (Zhang et al.2019) 
1-Nitrogen gas; 2-Gas flow meter; 3-Quartz tube; 4-Thermocouple    for    heating    tape; 5- 
Heating tape controller; 6-Heating tape; 7-Waste plastics; 8-Fixed bed furnace; 9-Quartz wool; 
10- Activated   carbon   catalyst; 11-Condensor; 12- Liquid   product   collector; 13-Non-
condensable gas collector; 14-Control panel of the furnace. 
 
5.0  IDENTIFIED GAPS FOR FUTURE RESEARCH  
From the researches reviewed so far, the followings are some of the areas that require further 
work:  
(a) The common catalyst used for waste plastics pyrolysis is zeolite. Zeolite is very expensive 

(Butler, 2011). An alternative to zeolites or zeolite produced locally will greatly reduce the 
cost of production. 

(b) Catalyst recovery after use is another issue due to the deposition of carboneous matter on 
the catalyst during the pyrolysis. This can lead to the deactivation of the catalyst (Syamsiro 
et al., 2014). Integrating a catalyst regenerating unit into the design would be very useful in 
reducing the cost and also minimize the waste from spent catalyst. 
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6.0  CONCLUSION 
This paper reviewed different works done in the production of transportation fuels via pyrolysis. 
Thermal and catalytic pyrolysis has been suggested to be the possible routes for obtaining high 
grade aviation fuels. Catalytic pyrolysis has the advantage of reducing the activation energy for 
the process; it has also been reported to contribute to high selectivity of the products. The high 
cost of catalyst and the contamination of feed stock are challenges facing the commercialization 
of aviation fuels via catalytic pyrolysis. There is therefore need for more comprehensive work to 
be done towards developing a catalyst that is cheap possibly from renewable sources, e.g 
activated carbon from biomass that would not increase operational cost.  
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ABSTRACT 
Thermal energy storage being a relatively old area of research has gained special attention from 
researchers around the globe. The problem of global warming, ozone layer depletion, acid rain, 
environment pollution among other issues resulting from continuous use of conventional fossil 
fuel have necessitate the need for alternative energy sources which are cleaner, cheaper and 
more sustainable. One of the available options is to develop energy storage systems so as to aid 
in energy conservation by improving the efficiency and performance of energy systems. This 
paper looked deeply into the literature and presents a review of latent heat thermal energy 
storage systems with phase change materials. It is discovered from this study that Thermal 
energy storage system has proved its potential in addressing the mismatch between energy 
demand and supply in energy systems. Sustainable development requires that energy resources 
be used as efficiently as possible so as to maximize the benefits it derived from utilizing energy 
resources, while minimizing the negative impacts (such as environmental damage) associated 
with their use. 
  
Key-words: thermal energy storage:-, phase change materials:-, latent heat thermal storage 
 
1.0 INTRODUCTION 
Energy storage plays important roles in conserving available energy and improving its utilization, 
since many energy sources are intermittent in nature. Several forms of energy are stored using 
different technologies such as electrical energy in batteries, mechanical energy in flywheels, 
chemical energy storage in form of organic molecular storage, biological storage, magnetic 
storage and Thermal Energy Storage (Dincer and Rosen,2011). Thermal energy storage (TES) 
has become extremely important in the recent years since it balances the energy demand and 
improves the efficiency of energy systems. Thermal energy can mainly be stored using three 
technologies namely; sensible heat storage, latent heat storage and thermo-chemical storage 
(Sharma et al, 2009). Sensible heat storage is a developed technology which can be done in 
different storage media such as water, rocks, concrete etc. Water as a sensible heat storage 
medium has an edge over other sensible storage media because of its large specific heat capacity. 
However, low energy storage density and dependence on temperature gradient among other 
problems have limited its application. Thermo-chemical energy storage has large energy storage 
density but its large change of volume pose containment problem (Dincer and Rosen, 2011).
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Figure 1: Methods of thermal energy storage. (Simone, 2015) 

 
1.1 LATENT HEAT THERMAL ENERGY STORAGE 
Latent heat thermal energy storage is characterized with high energy storage density and 
constant temperature. The main principle in latent heat thermal energy storage is that heat is 
absorbed by a material at its transition temperature which causes change of phase from one state 
to another (i.e solid- liquid, liquid-gas, solid-gas and vice versa) (Tatsidjodoung et al, 2013). This 
heat is released for use at a later time causing the material to change phase to its original state. 
Latent heat thermal energy storage takes advantage of constant transition temperature which 
corresponds to the desired operation temperature and substantial latent heat of fusion/melting 
of phase change materials (PCMs) (Dincer and Rosen, 2011). Usage of Phase Change Materials 
(PCM) for energy storage provides a great benefit but, their low thermal conductivity becomes a 
major drawback. This problem can be mitigated using various heat transfer improvements 
methods such as metallic fillers, metal matrix construction and finned tubes (Thamaraikannn et 
al 2017). 
 
1.2 PHASE CHANGE MATERIALS (PCMs) 
Phase change materials (PCMs) are substances that can store and release heat during the change 
from one phase to another at a known temperature range. Phase change can be between any of 
the phases solid, liquid or gas. Large amount of heat is absorbed as change in phase occurs at 
nearly constant temperature. So also, equal amount of energy is released when it changes back 
to the initial phase. Its ability to store high amount of latent heat as compared to conventional 
materials gives more heat storage capacity per unit volume. The classification of phase change 
materials is depicted in figure 2 below. 
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Figure 2: Classification of PCMs (Kapsalis and Karamanis, 2016). 

 
2.0 RELATED LITERATURE ON LATENT HEAT THERMAL ENERGY STORAGE 
SYSTEMS 
According to Sharma and Sagara (2005), Latent heat storage is a relatively old area of research 
and pioneered by Telkes M. in the 1940s. It did not receive much attention, however, until the 
energy crisis of the late 1970s and early 1980s. The first application of PCM described in the 
literature as asserted by Sharma and Sagara (2005) was their use for heating and cooling in 
buildings. Telkes et al. (1978) published the idea of using PCMs in walls, better known as Trombe 
walls. 
 
Over the years, latent heat thermal energy storage systems have been developed for cooling, low 
temperature and high temperature applications. Areas of applications include solar water heating, 
waste heat recovery, power plants, cooling of electronic devices and buildings. Koca et al. (2008) 
developed a latent heat storage flat-plate solar collector with phase change material (CaCl2.6H2O). 
The designed collector combines in a single unit solar energy collection and storage. PCMs are 
stored in a tank, which is located under the collector. They observed that the average net energy 
and exergy efficiencies are of 45% and 2.2%, respectively. Eman-Bellah et al. (2006) investigated 
the performance of a compact solar collector with an absorber plate–container unit. Both 
absorbing and storing operations of solar heat in a paraffin wax were examined, experiments 
were conducted for conducted for different water mass flow rates in the range 8.3 – 21.7 kg/h. 
They observed that the heat transfer coefficients increases sharply with increasing molten layer 
thickness as the natural convection grows strong during the charging process while in the 
discharge process, the useful heat gain was found to increase as the water mass flow rate 
increases. Also a solar collector consisting of two adjoining sections, one filled with water and the 
other with paraffin wax of melting point range of about 45-500C as a PCM was developed and 
investigated by Kurklu et al (2002). The result of the study indicated that the water temperature 
exceeded 550C during a typical day of high solar radiation and was kept over 300C during the 
whole night. Instantaneous thermal efficiencies achieved were between 22% and 80%. 
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 Canbazoglu et al. (2005) tested the performance of solar thermal energy storage using sodium 
thiosulfate pentahydrate as PCM in a solar water-heating system. They founded that the storage 
time of hot water, the produced hot water mass and total heat accumulated in the system were 
approximately 2.59–3.45 times that of solar water-heating system without PCM. 
 
Castell et al. (2008) experimentally investigated a TES with PCM in 3 different modules, without 
fins, with 8 fins of length 20mm, and with 8 fins of length 40mm to determine the heat transfer 
coefficient through natural convection. It has been proved that bigger fins resulted in a faster 
heat transfer process.Ye et al. (2011) studied thermal storage and release process in an 
aluminium plate-fin storage unit. The results show that larger temperature differences lead to 
shorter melting time. Ehsan et al. (2013) designed a TES made of corrugated copper panels with 
increased surface to volume ratio. Six square corrugated copper panels were soldered together 
to the center at 60° forming six corrugated fins. The experimental results obtained with the 
corrugated TES were compared with a multi-tube system and was found that the corrugated TES 
had better results due to higher surface to volume ratio. 
 
Nallusamy et al (2007) investigated experimentally the thermal behavior of a packed bed of 
combined sensible and latent heat thermal energy storage (TES) unit. A TES unit is designed, 
constructed and integrated with constant temperature bath/solar collector to study the 
performance of the storage unit. The TES unit contains paraffin as phase change material (PCM) 
filled in spherical capsules, which are packed in an insulated cylindrical storage tank. Charging 
experiments are conducted on the TES unit to study its performance by integrating it with 
constant temperature source/varying temperature source (solar energy). It is observed that in 
the case of constant inlet temperature of heat transfer fluid, mass flow rate has little effect on 
the charging rate and the rate of heat transfer increases in direct proportion with the 
increase in inlet temperature of the HTF. In the case of the storage unit integrated with 
solar flat plate collector, the mass flow rate has significant effect on the heat extraction rate 
from the collector, which in turn affects the rate of charging of the TES tank. Experiments 
are conducted for continuous discharging and batchwise discharging for both sensible heat 
storage system (SHS) system and combined storage system. It is concluded that the combined 
storage system gives better performance than the conventional SHS system where there is a 
direct mixing of the HTF with the hot water in the storage tank. 
 
Agyenim et al. (2010) designed a horizontal shell and tube heat exchanger containing a medium 
temperature PCM with a melting temperature of 117.70C. Two experimental configurations 
consisting of single tube control unit and a multi tube systems were studied. Temperature 
gradients in the two configurations along three directions (radial, axial and angular directions) 
were analyzed and compared. The temperature gradients recorded for the single and multi-tube 
systems in the axial direction during change of phase were found to be respectively 2.5 and 3.5% 
that of radial direction. The results of the investigation proved that the multi-tube system 
performed better than the single tube system.  
 
Hosseini et al. (2012) investigated experimentally and numerically a shell and tube heat 
exchanger to determine the effect of buoyancy during the melting of PCM contained within the 
heat exchanger. The effect of inlet temperature of heat transfer fluid on the performance of the 
thermal storage system was investigated. The results shows that heat transferred to PCM is 
largely influenced by natural convection and increase in the inlet temperature of heat transfer 
fluid to 800C reduced the melting time by 37%.  
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El-Kaddadi and Asbik (2017) carried out experimental study of heat transfer during latent heat 
storage cycle (charging/discharging) in a vertical cylindrical system. The experimental setup 
consists of two cylindrical tanks filled respectively with hot and cold water, a test bench, and 
measurement instruments. They observed that the convective heat transfer coefficient between 
the heat transfer fluid (HTF) and the annular space is improved by increasing of the mass flow 
rate of the heat transfer fluid. Furthermore, Jesumathy et al. (2014) evaluated the thermal 
behavior of 0.7 kg of commercial paraffin in a shell-and-tube heat exchanger, placed both 
horizontally and vertically, under the influence of different heat transfer fluid (HTF) (water) mass 
flow rates and inlet temperatures during the melting and solidification processes. Results showed 
no subcooling of the paraffin and demonstrated that the modification of the HTF operating 
conditions has a higher influence during melting than during solidification. 
 
The energy and exergy efficiencies of a seasonal thermal energy storage using paraffin wax as a 
PCM with the latent heat storage technique developed to heat the greenhouse of 180 m2 floor 
area was experimentally evaluated by Ozturk (2005). The system consists mainly of five units: 
flat plate solar air collectors (as heat collection unit), latent heat storage (LHS) unit, experimental 
greenhouse, heat transfer unit and data acquisition unit. The LHS unit was filled with 6000 kg of 
paraffin, equivalent to 33.33 kg of PCM per square meter of the greenhouse ground surface area. 
The rate of heat transferred in the LHS unit ranged from 1.22 to 2.63 kW, whereas the rate of 
heat stored in the LHS unit was in the range of 0.65–2.1 kW, average net energy and exergy 
efficiencies were found to be 40.4% and4.2%, respectively 
 
Gu et al. (2004) developed a heat recovery system using PCM to recover the rejected heat of air 
conditioning systems and produce low temperature hot water for washing and bathing. They 
concluded that the heat recovery system decreases not only the consumption of primary energy 
for heating domestic hot water but also the calefaction to the surroundings due to the rejection 
of heat from air conditioning systems. It was observed that the efficiency ratio of the system is 
improved effectively when all the rejected (sensible and latent) heat from air conditioning systems 
is recovered.  
 
Buddhi (1997) designed and fabricated a shell and tube type heat exchanger for low temperature 
waste heat recovery using PCM. Stearic acid (59 °C, 198 kJ/kg) was used as a PCM for this study. 
To enhance the effective thermal conductivity of the system, the radial distance between the 
tubes was kept at 3 to 4 cm. The shell was filled with 50 kg commercial grade stearic acid. Hot 
and cold water was used as a Heat Transfer Fluid for charging / discharging of the PCM. Ambient 
temperature, flow rate and PCM temperatures were measured simultaneously at an interval of 15 
minutes. He concluded that the experimental results show the feasibility of using PCM as storage 
media in heat recovery systems. 
 
Recently, Thirugnanam and Marimuthu (2013) have investigated experimentally the feasibility of 
using PCM in heat recovery system, in their study, a double pipe type heat exchanger was 
designed and fabricated for low temperature heat recovery system using paraffin wax as PCM. 
Two mass flow rates of 15lph and 20lph were used in the experiment. It is observed that the 
heat stored in 20lph is higher than 15lph.So when flow rate is increased the heat storing as well 
as heat releasing capacity increased. Their result shows the feasibility of using PCM in heat 
recovery system.  
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Niu et al (2019) carried out experimental investigations on thermal storage performance of a shell 
and tube unit with a metal-foam composite heat exchanger (Mtube) with pure paraffin (smooth 
tube) as the basis of comparison. The complete heat storage time of the Mtube unit was found 
to be 63.6% shorter than the smooth tube unit at the same flow rates. By comparing the 
temperature distribution of the two heat storage units, flow rate is found to have little effect on 
metal-foam-tube unit and relatively strong influence on the smooth-tube unit. The result also 
shows that compared to the smooth tube unit, the M-tube unit due to the expanded heat transfer 
area have improved heat transfer coefficient and weakened natural convection hence the bottom 
PCM in the M-tube unit melts faster.  
 
Bayomy et al (2019) developed a three dimensional numerical model of a water based thermal 
storage thank using phase change material. A computational fluid dynamics CFD numerical code 
was developed for a domestic hot water tank using PCM to the demand of a family of one, two, 
three and four. It was observed that for a given hot water supply, increasing the number of 
families increases the efficiency from 35% for family of one to 82% for four families. Also, 
increasing the hot water supply during the charging periods increased the storage efficiency from 
35% to 39%. It was observed that increase in family demands improve the thermal efficiency of 
the storage system due to the increase in the portion of energy recovered during the night time. 
Cabeza et al. (2002) reported that the PCM can be used for transporting temperature sensitive 
medications and food because of the PCM’s capability to store heat and cold in arrange of several 
degrees. Several companies are engaged in the research of temperature sensitive transporting 
PCMs for various applications. Vasiliev et al. (2000) developed the latent heat storage module for 
motor vehicles so the heat is stored when the engine is stopped, and can be used to preheat the 
engine on a new start. It is possible to reach an optimized working temperature within the engine 
in a much shorter time using heat storage than without heat storage. Pal and Joshi (1996; 1997) 
recommended the PCM to restrict the maximum temperature of electronic components. Tan et 
al. (2004) conducted an experimental study on the cooling of mobile electronic devices, such as 
personal digital assistants (PDAs) and wearable computers, using a heat storage unit (HSU) filled 
with the phase change material (PCM) of n-eicosane inside the device. The high latent heat of n-
eicosane in the HSU absorbs the heat dissipation from the chips and can maintain the chip 
temperature below the allowable service temperature of 50 °C for 2 h of transient operations of 
the PDA. 
 
Sun and Wang (2016) conducted a research on heat transfer performance of passive solar 
collected-storage wall with PCMs. The energy saving characteristics was investigated theoretically 
and experimentally. The experimental result shows that ordinary room temperature is lower than 
the indoor temperature of the passive solar phase change room (PSPCR). They concluded that 
indoor can be improved by using passive solar collector wall system with PCMs to promote air 
thermal circulation and good heat storage capacity of PSPCR improves energy-saving 
characteristic for occupancy. A numerical study was conducted by Zhinuo Zhou et al. (2015) to 
explore the effectiveness of NH4 (SO4)2.12H2O as a new inorganic phase change material used for 
solar thermal energy storage in residential building in cold climate. The heat transfer pattern was 
studied both experimentally and simulation. The charging heat efficiency was optimized when the 
heat source temperature was 26.5C higher than the phase transition temperature. This helps 
satisfy the storage demand and also the utilization of solar thermal energy. 
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3.0 DISCUSSION 
This paper presents a review of various applications of latent heat thermal energy storage 
systems. Based on the number of literatures reviewed, latent heat thermal energy storage have 
proved its potential to address the intermittent nature of solar energy and suitability in different 
applications such as space heating and cooling, heating and cooling of greenhouses and air 
conditioning among others. Most of phase change materials used for thermal energy storage have 
low thermal conductivity which causes incomplete melting and solidification of the PCM during 
operation. This negatively affects the performance of thermal storage systems and cause local 
accumulation of heat which might distort the thermal properties of the PCM and result to system 
failure. Efforts should therefore be focused on developing new PCMs with high thermal 
conductivity and methods of improving the thermal conductivity of available PCMs at affordable 
cost. 
 
It is observed from this review that majority of developed thermal storage systems are evaluated 
based on energy efficiency without considering exergy efficiency.  Exergy being a measure of 
quality of energy is more significant than energy in the analysis of thermal storage system and 
should therefore be considered. Exergy analysis takes into account the loss of availability of heat 
in storage operations and hence it more correctly reflects thermodynamic and economic value of 
the storage system.    
 
Thermal energy storage will go a long mile in contributing to Nigeria energy security and energy 
sustainability. Over the years different researchers around the globe have committed time and 
resources and researches in the field have advanced to a higher level. Unfortunately, researchers 
in Nigeria have not given the deserved attention to this area which undermines their quest 
towards sustainable energy. 
 
4.0 CONCLUSION 
Based on the number of literature reviewed, it can be concluded that the usage of PCM integrated 
energy storage applications leads to improved performance, efficiency, and as well as the energy 
storage capacity of the total system. But the major drawback of the PCMs is low thermal 
conductivity. Performance improvement can be obtained through proper consideration of the 
material with high thermal conductivity, design with higher heat transfer areas and several 
parameters such as input temperature, dimensions, and flow rate. Use of pins, fins and avoiding 
edges corners in TES promotes melting and solidification rate. 
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ABSTRACT 
The major aim of this paper is to stimulate discussion into an alternative form of energy for 
Nigeria - high-temperature solar thermal (HTST) energy source. The power supply situation in 
Nigeria is precarious, and while other countries are researching in alternative forms of energy, 
we must not be left behind. It has been established that economic growth is directly proportional 
to the growth in energy use. How we harness our energy sources indicates how serious we want 
the economy to grow. If we don’t, we will be importing the technologies in the future. The paper 
firstly evaluates the energy production and consumptionpatterns in Nigeria and the need to shift 
focus to alternative forms of energy. Secondly, it examines high-temperature solar thermal 
(HTST) technology, with emphasis on the four main designs being considered: parabolic trough, 
parabolic dish, power tower, and linear Fresnel and the drawbacks of HTST technology. Thirdly, 
the need to include energy storageis explored, and finally, the limitations of HTST technology are 
outlined, and the barriers to implementation in Nigeria are discussed.  
 
The paper concludes that HTST has many benefits and is a potential energy source for Nigeria. 
However, the high installation cost, a lack of right policies at both the federal and state 
government levels and the required incentives needed to bolster growthare obstacles identified 
to the deployment of this energy source. Advocacy, anincrease of the funding regime for 
renewable energy sources, especially high-temperaturesolar systems and coordinated research 
efforts on the utilization of HTST are recommended strategies to fast-track this technology in 
Nigeria.   
 
Keywords: Energy production, High-TemperatureSolar thermal (HTST) Technology, Energy 
Storage 
 
Introduction 
The access to energy plays a crucial role in the economic growth of communities, which can 
contribute to poverty alleviation, provision of basic human services, and overall human well-being. 
Due to the worldwide population growth and industrialization, the demand for energy has 
been dramatically increasing. Renewable energy, which can be obtained from natural 
resources such as wind, solar, biomass and geothermal, has been encouraged by many 
countries due to the advantages of being sustainable and not contributing to the world's CO2 
greenhouse gas emissions. 
 
Nigeria’s estimated population is 180 million (2015 figures).  This population is expected to rise 
to 260 million by 2030 (http://edition.cnn.com/2017/06/25/africa/africa-population-growth-
un/index.html). This large and rapidly growing population demands greater energy consumption 
each year.However, Nigeria’s economic expansion is held back by the continual under-
performance of the country’s energy sector. According to the Oil and Gas Journal (OGJ), Nigeria
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had an estimated 37 billion barrels of proved oil reserves by the end of 2015—the second-largest 
amount in Africa after Libya and holds the largest natural gas reserves on the continent 
(http://www.marcon.com/library/country_briefs/Nigeria/nigeria.pdf). Nigeria is the largest oil 
producer in Africa and is the world’s fourth-largest exporter of liquefied natural gas (LNG) in 2015 
(2016 World JNG Report, www.igu.org/sites/default/.../IGU-World%20LNG%20Report-
2015%20Edition.pdf). Nigeria became a member of the Organization of the Petroleum Exporting 
Countries (OPEC) in 1971, more than a decade after oil production began in the oil-rich Bayelsa 
State in the 1950s. Although Nigeria is the leading oil producer in Africa, production is affected 
by sporadic supply disruptions, which have resulted in unplanned outages of up to 500,000 barrels 
per day (b/d) http://www.marcon.com/library/country_briefs/Nigeria/nigeria.pdf).  
 
Nigeria's oil and natural gas resources are still the mainstay of the country's economy though 
diversification to other areas such as agriculture is now being pursued aggressively.This therefore 
means thatthe Nigerian economy is greatly affected by variation in crude prices.The IMF reported 
that Nigeria’s oil and natural gas exports earned $52 billion in 2015, $35 billion less than in 2014, 
which is mostly attributed to the fall in oil prices (http://www.offshoreenergytoday.com/report-
shell-evacuates-workers-in-nigeria-after-security-threat/). This decline in revenue has continued 
unabated through 2015, 2016 and presently. Figure 1 shows Nigeria Petroleum and other liquids 
production and consumption. 
 
Nigeria’s oil and natural gas industry is primarily located in the southern Niger Delta area, where 
it has been a source of conflict. Prospecting in the north-east has been hampered by Boko Haram 
insurgency. Furthermore, aging infrastructure and poor maintenance have also resulted in 
dwindling production and oil spills. Natural gas flaring has continued unabated contributing 
adversely to serious pollution challenges in the south-south. This has been further compounded 
by protests from environmental groups and locals over damages to the environment resulting 
from oil. This has led to pollution to water and land resulting in lack of portable drinking water, 
degraded land which is no more suitable for agriculture and decrease in fish stocks. The resultant 
effecthas been a further decrease in oil and gas revenues accruing to the nation and poverty 
increase. 
 
 
Energy Consumption in Nigeria 
For Nigeria to sustain the high growth in population, the country would require a substantial 
increase and improvement of its current energy situation to meet forecasted demand. Presently, 
Nigeria cannot meet its energy needs. This is due principally to inadequate infrastructure in the 
sector, lack of proper planning and poor policy implementation and very low investment in the 
Energy sector. 
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Figure 1. Petroleum and other liquids production and consumption in Nigeria 
Source: U.S. Energy Information Administration 
 
The U.S. Energy Information Administration (EIA) estimated that in 2013 total primary energy 
consumption in Nigeria was about 4.8 quadrillion British thermal units (Figure 2) (Country Analysis 
Brief: Nigeria - Marcon International, 
Inc.www.marcon.com/library/country_briefs/Nigeria/nigeria.pdf). Of this amount, traditional 
biomass and waste (typically consisting of wood, charcoal, manure, and crop residues) accounted 
for 74%. This high share represents the use of biomass to meet off-grid heating and cooking 
needs, mainly in rural areas. It’s important to note that estimates of traditional biomass 
consumption are imprecise because biomass sources are not typically traded in easily observable 
commercial markets. The electrification rate in Nigeria is estimated at 45%—leaving 
approximately 93 million people in Nigeria without access to electricity 
(www.informationng.com/.../93-million-people-lack-access-to-electricity-in-nigeria.html). 
 
The International Energy Agency estimates that 115 million people in Nigeria rely on traditional 
biomass and waste as their main sources of energy.Seasonal variations lead to theintermittent 
supply of water needed to power dams for hydroelectricity. Also, constant disruption of natural 
gas flow to power stations affects energy output. This has led to the rise of alternative power 
generation through the use of diesel and petrol generators. 
 
Nigeria’s electricity sector is relatively small. Brazil and Pakistan, two countries with similar 
population sizes, generate 24 times and 5 times more power than Nigeria, respectively. 
(https://amebosayso.wordpress.com/2013/06/12/us-energy-information-administration-nigeria-
analysis-2012/). EIA estimates show that Nigeria’s net generation was 18.8 billion kilowatt-hours 
(KWh) in 2009.9 The graph below clearly illustrates the abysmal population to power ratio in 
Nigeria (5GW to 170 million people) (geni.org/globalenergy/research/...nigeria/100-percent-
renewable-energy-Nigeria.pdf).  Even when compared with other countries in Africa, Nigeria has 
not fared better. Figure 3shows the country population to power generation ratio for selected 
African countries.  
 
The installed power capacity has remained relatively flat over the last decade 10,396.0 MW, 
although net energy generation has slightly decreased from its peak of 23 billion kWh in 2004, 
mainly due to a decline in hydroelectric power. The majority of electricity generation in Nigeria 
comes from thermal power plants (79%) (Charles, 2014), with about two-thirds of thermal power 
being derived from natural gas and the rest from oil. Hydroelectricity (21%), the only other source 
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of power generation, has decreased from its peak of 8.2 billion kWh in 2009, slightly less than 
generation, Most of the remainder of the remainder of the hydroelectricity is being exported to 
Niger through an agreement under the West African Power Pool IEA data for 2009 indicates that 
the electrification rate for Nigeria was 50 percent for the country as a whole – leaving 
approximately 80 million people without access to electricity in Nigeria (Charles, 2014); 
geni.org/globalenergy/research/...nigeria/100-percent-renewable-energy-Nigeria.pdf). Other 
estimates place the countrywide electrification rate as low as 45 percent. 
 
Nigeria has however set ambitious goals to increase generation capacity. Nigeria plans to increase 
generation from fossil-fuel sources to more than 20,000 MW by 2020 and to increase 
hydroelectricity generation capacity to 5,690 MW by 2020, almost tripling the capacity from the 
2012 level. This includes upgrading current hydroelectricity plants and constructing new plants: 
Gurara II (360 MW), Zungeru (700 MW), and Mambilla (3,050 MW).  In late 2013, the Nigerian 
government announced a $1.3 billion deal with China to build the 700 MW Zungeru hydropower 
project. The Export-Import Bank of China will finance 75% of the cost, and the Nigerian 
government will finance the remaining amount. The project was initially scheduled to be 
completed in 2017, but that date has been pushed back because legal challenges that have 
delayed construction work (http://www.marcon.com/library/country_briefs/Nigeria/nigeria.pdf).  
 
In Nigeria, more than 70% of the population are rural dwellers. Since the energy production level 
of any community dictates her pace of development, it is possible to alleviate thepoverty of the 
large community of Nigerians by providing alternative renewable energy (solar) for them. 
 

 
Figure 2. Nigeria's total primary energy consumption, 2013  
(Source: U.S. Energy Information Administration, International Energy Agency) 
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Figure 3: Countries Population to Generation Capacity Ratios 
(http://geni.org/globalenergy/research/renewable-energy-potential-of-nigeria/100-percent-
renewable-energy-Nigeria.pdf) 
 
Solar Energy Utilization Challenges 
Nigeria is strategically located within a high sunshine belt with a fairly evenly distributed solar 
radiation across the country (Figures 4 and 5). The annual average of total solar radiation varies 
from about 12.6 MJ/m2/day (3.5 kWh/m2-day) in the coastal latitudes to about 25.2 MJ/m2-day 
(7.0 kWh/m2-day) in the far north. Thus, over a whole year, an average of 6,372,613 PJ/year 
(≈1,770 thousand TWh/year) of solar energy falls on the entire land area of Nigeria. This is about 
120 thousand times the total electrical energy generated by the National Electric Power Authority 
for the whole country for the year 2002. This then is an estimated potential solar thermal energy 
resource base(Renewable Electricity Action Program (REAP), December 2006, 
iceednigeria.org/backup/workspace/uploads/dec.-2006-2.pdf) 

 
Figure 4: Nigeria’s Average Solar Radiation Map 
(http://solargis.com/products/maps-and-gis-data/free/download/nigeria) 
 



©NSChE 2019: Prospects of High-Temperature Solar Thermal (HTST) Technology Deployment in 
Nigeria: by S.N. Mumah, O. Olaniyan, H.F. Akande, M.K. Yusuf, T.M. Garba, Usman Rumah and Francis Samuel 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 360	|	P a g e 	

 
Figure 5: Average daily Horizontal Radiation 
(http://geni.org/globalenergy/research/renewable-energy-potential-of-nigeria/100-percent-
renewable-energy-Nigeria.pdf) 
 
The use of solar Energy is growing fast, and despite its huge potential, many are still skeptical 
about its prospects as a viable energy source. The principal reasons are cost and its intermittent 
nature. Nigeria stands to gain tremendously if solar energy use is pursued as an alternative energy 
source to petroleum and gas. The reasons are obvious; Nigeria location and its large land area. 
Also, the use of solar energy helps to reduce the greenhouse gases that are a major cause of 
climate change though it is usually considered that its use does not significantly reduce 
greenhouse gases emission. 
 
The sun is the most readily and widely available renewable energy source capable of meeting the 
energy needs of thewhole world. One of the greatest assets that Nigeria has that can facilitate 
solar energy generation in Nigeria is her geographical location, that is, the equatorial region which 
is full of alarge quantity of solar radiation. Solar radiation is fairly well distributed in Nigeria with 
average solar radiation of about 19.8 MJm–2 day-1 and average sunshine hours of 6 hours a day; 
ranging between about 3.5 hrs at the coastal areas and 9.0 hrs at the far northern 
boundary.(http://sweetcrudereports.com/2012/12/25/solar-energy-for-sustainable-power-
supply-in-nigeria/). Nigeria lies within a high sunshine belt and thus has enormous solar energy 
potentials. If solar collectors or modules were used to cover 1% of Nigeria’s land area, it would 
be possible to generate 1850 ×103 GWh of solar electricity per year; this is over one hundred 
times the current grid electricity consumption level in the country.35 Generally, the solar capacity 
for Nigeria ranges between 3.5kW/m/day – 7.0kW/m/dayand average sunshine daily of 4 – 7 
hours(http://www.careerhubafrica.com/blog/solar-energy-a-substitute-for-gas-in-power-
generation/) 
 
Challenges Confronting Solar Installation in Nigeria 
 
1. Affordability  
According to a Fitch Report (https://www.ripplesnigeria.com/nigerias-poverty-level-index-hits-72-
2016-fitch-reports), the level of poverty (productivity index) in Nigeria has maintained a constant 
rise, reaching its all-time high of 72 percent by August 2016.The report stated that the 
productivity scale, used in assessing the GDP and other developing indexes of countries, was said 
to have maintained a constant decline in the past five years in most countries under reference, 
with Nigeria recording its worst, jumping from 60 percent in 2015 to 72 per cent in the second 
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quarter of 2016. With a poverty level this high, it is quite evident why installation of solar energy 
devices is very low in the country. 
 
2. Lack of Awareness 
Government investment in the energy sector has concentrated on fossil fuels and hydropower. 
Investments in solar powered systems are still very low as policies needed to fast-track 
diversification into other energy sectors are either lacking or not implemented. To appreciate the 
capacity of solar energy to solve the energy challenges in Nigeria, there is need to expose policy 
makers to the full potential of this energy source. Presently in Nigeria, solar Energy has been 
reducing as anenergy source for street lighting and powering small homes through inverter and 
PV system. However, in countries that have lower solar energy penetration that Nigeria, solar 
energy is now used to power cities. The USA and Spain have made tremendous advances in solar 
energy utilization for electricity power production as is presented later. Creating awareness on 
the use of solar energy at high-temperature level is therefore not only essential but important to 
Nigeria development. The energy availability situation in Nigeria is a serious factor contributing 
negatively to the country very low development index. Expansion into solar energy is not only an 
option but a necessity. Educating both policy makers and thepopulace on the need for research, 
development, and utilization of solar energy systems is therefore very crucial as awareness will 
make the development and implementation of energy policies much easier. As state in the 2016 
National Human Development Report for Nigeria,a fundamentalprecondition for sustainable 
development is theempowerment of people, referring to their education. By educating them, the 
key barrier to human development – human mind – can be surpassed. 
 
3. Low-Performance System 
The use of fossil energy sources seems seamless and without complication, while the use of solar 
energy seems complicated and not guaranteed. One seems to forget the amount of research that 
has gone into fossil fuel utilization over the last two centuries to take us this far. As with any new 
system being introduced, there are always challenges. We must decide to continue to research 
on how to solve thesechallenges, or we remain with fossil fuels which are expected to run out 
someday 
 
4. Cost of generation  
Couple to low efficiency is generally the cost of generation. Installing High-temperature solar 
systems are very costly.This isparticularlyso if many components cannot be purchased locally or 
off the shelf and has to be fabricated to specification when needed. Solar energy systems have 
alongbreak-even period. However, the lifespan is considerable longer after this couple with the 
low maintenance cost. For example, typical PV systems have an average fouryears period to 
breakeven. The main challenge, therefore, is securing the initial investment for purchasing and 
installing solar systems. With a high poverty index, it is not had to see why solar systems are not 
very popular in the country. 
 
5. Political Will 
Energy policies are generallyspelt out in plans. A review of the renewable energy policies of the 
countryreveals poorly draft policies on solar energy utilization. Unrealistic energy policies only 
mean one thing, poor or none implementation. This is compounded in Nigeria by non-continuity 
in policy implementation as regime changes. It is not difficult to see why despite the advantage 
of Nigeria’s geographical position, she cannot boost of any solar plant. 
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6. Low Research Effort in Solar Energy development and Utilization 
Many of the energy research centres in the country concentrate on low-temperature solar energy 
utilization. For meaningful progress to be made in this sector, there is need to upgrade our 
research effort to medium and high-temperature solar energy utilization. It is only at this level 
electric energy can be produced to meet national grid demands. Low temperature and PV solar 
systems are well known and can only contribute to areas like streets lighting, borehole powering 
and individual household electricity power provision. However serious and cutting-edge research 
does not come cheap, and government public sector must be ready to invest into solar energy 
development utilization research. 
 
High-Temperature Solar Systems 
Many people associate solar electricity generation directly with photovoltaics and not with solar 
thermal power. Large, commercial, concentrating solar thermal power plants have been 
generating electricity at reasonable costs for more than 15 years.The easy integration of thermal 
energy storage (TES) makes concentrating solar power (CSP) dispatchable and unique among 
all other renewable energy generating alternatives. CSP technologies generate electricity 
by concentrating the solar radiation beam onto a small area, where a heat transfer 
fluid(HTF) is heated up, and this energy is ultimately transferred to the steam. 
 
Solar thermal technologies are categorized as low-temperature, medium-temperature, or high-
temperature. High-temperature solar thermal (HTST), also known as concentrating solar thermal 
(CST), is used for electrical power generation. HTST power plants are a lot like traditional fossil 
fuel power plants, but the important difference is that they obtain their energy input from the 
sun, instead of from fossil fuels. HTST systems have two main components: the 
collector/concentrator, and the receiver/absorber. The collector is a mirror with the function of 
collecting solar energy and concentrating this energy (by reflection) toward a centralized receiver, 
which contains a working fluid that absorbs the concentrated solar energy.  
 
HTST has advantages over some other renewable energy options 
(http://www.solarthermalworld.org/sites/gstec/files/HTSolar%20thermal%20roadmap.pdf). 
These include: 
a. It can integrate well with conventional thermodynamic cycles and power generation 

equipment as well as complementary renewable technologies such as geothermal energy. 
b. It offers dispatchable power when integrated with thermal storage and/or gas co-firing, and 

thus good matching between solar insolation and the growth in electrical demand in many 
countries that is driven by air conditioning loads during summer.  

c. The collector technology itself is constructed of predominantly conventional materials (glass, 
steel, concrete) — no scientific breakthroughs are required for the cost to continue to drop 
as the volume of megawatts deployed increases.  
 

High-temperature solar thermal systemsare those collectors that work at 
temperatures above 500 ° C. They are used for electric power generation. 
The technologies used in high-temperature solar thermal energy are: 
a. Parabolic trough solar collectors 
b. Central tower 
c. Parabolic dishes or parabolic reflector 
d. Linear Fresnel concentrators 
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Parabolic trough solar collectors 
Parabolic trough solar collectors concentrate sunlight using parabolic mirrors in an 
absorber pipe which passes through the axis of the parabola. Within this absorbing 
pipe a fluid is heated and can reach temperatures as high as 450 º C. 
 
Depending on the application and the temperature at which you want to achieve a 
type of fluid, or another is used. To a maximum temperature of 200 ° C can be used 
demineralized water or ethylene glycol as working fluids and for higher temperatures 
of up to 450 º, C synthetic oils are used. 

 
Figure 4: Parabolic trough solar collectors  
 
This type of getter concentration should be modifying their position adapting to 
the sun's position by rotating around the axis parallel to its focal line to take 
advantage of direct sunlight position. 
 
Solar power tower 
Tower systems or central receiver tower consist of a field of heliostats (movable 
mirrors over two axles). The heliostats capture and concentrate the direct sunlight 
onto a receiver, installed on the top of a central tower. Operation of the plant is 
simple. The central solar receiver generates high-temperature steam. The steam 
generated is then used to drive a turbine that produces electricity. 
 
Parabolic dish reflector 
The parabolic dishes are systems that concentrate solar energy in a point where the 
solar receiver is located and a Stirling engine or a microturbine that is coupledto an 
alternator. The fluid located in the receiver is heated to temperatures above 750 ° 
C thereby obtaining heat energy. This heat energy generated is used by the Stirling 
engine or the microturbine to produce electricity. 
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Figure 5: A power tower power plant (https://energy.gov/eere/energybasics/articles/power-
tower-system-concentrating-solar-power-basics) 
 
 
 

 
Figure6:Parabolic Dish Reflector(http://www.alternative-energy-tutorials.com / 
solar-hot-water/solar-dish-collector.html) 
 
A Stirling engine is a thermal engine, which means that the energy contribution can 
be realized through concentrated solar energy. An alternator coupled to a Stirling 
engine approaches the movement generated by the engine to produce electricity. 
The electricity generated can be connected to the grid for sale or in most cases can 
be used for direct consumption.This technology is still experimental and is still less 
profitable than atower or parabolic mirrors. 
 
Linear Fresnel concentrators 
The reflectors lead normal flat mirrors and simulate the curvature of the parabolic 
mirrors (more expensive) varying the angle of each row with a single axis 
tracking.The main advantage of linear Fresnel concentrators system is its simple 
installation and low cost although the yield is less than the parabolic trough solar 
collectors. 
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Solar Energy Storage Systems 
Most techniques for generating electricity from heat need high temperatures to achieve 
reasonable efficiencies. The output temperatures of non-concentrating solar collectors are limited 
to temperatures below 200°C. Therefore, concentrating systems must be used to produce higher 
temperatures. Due to their high costs, lenses and burning glasses are not usually used for large-
scale power plants, and more cost-effective alternatives are used, including reflecting 
concentrators. 
 
In contrast to photovoltaic systems, solar thermal power plants can guarantee capacity (see 
Figure 8). During periods of bad weather or the night, a parallel, fossil fuel burner can produce 
steam; this parallel burner can also be fired by climate-compatible fuels such as biomass, or 
hydrogen produced by renewables. With thermal storage, the solar thermal power plant can also 
generate electricity even if there is no solar energy available. 
 

 
Figure 7: A linear Fresnel reflector power plant 
Source:https://energy.gov/eere/energybasics/articles/linear-concentrator-system-basics-
concentrating-solar-power). 
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Figure8: Typical output of a solar thermal power plant with two-hour thermal storage 
and backup heater to guarantee capacity (https://www.volker-
quaschning.de/articles/fundamentals2/index_e.php) 
 
A proven form of storage system operates with two tanks. The storage medium for high-
temperature heat storage is molten salt. The excess heat of the solar collector field heats up the 
molten salt, which is pumped from the cold to the hot tank. If the solar collector field cannot 
produce enough heat to drive the turbine, the molten salt is pumped back from the hot to the 
cold tank and heats up the heat transfer fluid. Figure 9 shows the principle of the parabolic trough 
power plant with thermal storage. Potential storage media for HTST are presented in Table 1. 
 
Commercial Status of HTST 
The USA and Spain are world leaders in HTST deployment. HTST faces strong competition with 
fossil fuel and wind power. So far, government incentives have been inadequate. If Nigeria is to 
take advantage of its abundant solar resources, new national and state energy policies must be 
introduced. Such policies would include a national target for installed HTST capacity and a feed-
in tariff for HTST power. 
 

 
Figure 9: Schematic of a concentrated solar thermal trough power plant with thermal 
storage (https://www.volker-quaschning.de/articles/fundamentals2/index_e.php) 
 
One of the main barriers to wider adoption of HTST technology is the high cost of solar-
generated electricity. At its current level of development, HTST generates electricity at a higher 
cost than some existing renewable energy technologies. The Concentrating Solar Power 
generating cost is expected to reduce by 50–60% through technical improvement and scaling 
up and volume production (https://www.irena.org/DocumentDownloads 
/Publications/RE_Technologies_Cost_Analysis-CSP.pdf). For this happen considerable 
research effort has to be continuously funded by various countries including Nigeria to make 
CSP more cost-effective.Table 2 shows thecurrentlist of solar thermal power plants around 
the world. This list is expanding fast as another tap in into the potentials of HSTS. 
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Challenges in Setting up HTST Systems 
HTST requires large areas of cleared flat land and can cause significant environmental damage if 
inappropriately sited. Best-practice would prescribe that HTST installations be located away from 
fragile ecosystems, and preferably on already degraded land. Water use is another issue that 
must be considered, particularly in desert / dry locations. The potential environmental and 
aesthetic impacts of HTST are generally more than offset by the benefits, which include significant 
reductions in greenhouse gas emissions and other air pollutants, and increased energy security. 
Consequently, HTST has a high level of public acceptance. 
 
The cost of HTST is projected to decrease significantly over the next 10 to 15 years due to 
production volume increases, plant size scale up, and technological advance. HTST projects are 
labor intensive and thus could be especially beneficial during times of higher unemployment, such 
as now. 
 
Table 1: Melting Point and heat capacities of Salt Mixtures for HTST Systems 
S/N System Temperature oC Cp, J/g.oC at 

600 oC Cal Experimenta
l 

1 LiF-K2CO3 456 482 1.85 
2 LiF-Li2CO3 612 608 1.88 
3 NaF-Na2CO3 694 690 1.78 
4 Li2CO3-K2CO3 503 503 2.03 
5 Li2CO3- Na2CO3-K2CO3 397 398 1.70 
6 LiF-Na2CO3-K2CO3 386 389 1.74 
7 LiF-NaF- K2CO3 414 422 1.81 
8 LiF-KF- K2CO3 412 438  
9 LiF-NaF-Na2CO3- K2CO3 373 423 1.85 
10 LiF-NaF-Li2CO3-Na2CO3 444 444 1.88 
11 NaCl-KCl-MgCl2 (24-21-55)  393 1.0 
12 LiF-BeF2(66-34)  457 2.38 
13 LiF-NaF-KF(46.5-11.5-42)  454 1.88 
14 LiF-NaF-BeF2(31-31-38)  326 2.20 
15 NaF-NaBF4(8-92)  384 1.506 
16 KF-ZrF4(58-42)  390 1.00 
17 KCl-MgCl2(68-42)  435 1.16 
18 NaNO3-KNO3(Solar Salt) (66-34)  222 (1396.044+0.1

72T)/1000.0 
 NaNO3-NaNO2-KNO3(Hitec®)(7-49-44)    

Source: https://energy.gov/sites/prod/files/2014/01/f7/csp_review_meeting_042413_reddy.pdf, 
https://arxiv.org/pdf/1307.7343.pdf 
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Table 2: Current List of Solar Thermal Power Plants 
S/N Name Design 

Capacity 
(MWe) 

Country State 

1 HassiR'mel integrated solar CC Power Plant 25 Algeria Laghouat 
2 Shiraz Solar Power Plant 0.25 Islamic 

Republic 
of Iran 

Fars 

3 Noor OuarzazateCSP Power Station (OSPS) 160 Morocco Meknes-
Tafilalet 

4 Andasol I Solar Power Plant 50 Spain Andalusia 
5 PS10 Solar Power Plant 11 Spain Andalusia 
6 PS20 CSP Power Plant 20 Spain Andalusia 
7 Andasol II Solar Power Plant 50 Spain Andalusia 
8 Andasol III Solar Power Plant 50 Spain Andalusia 
10 Solnova CSP Power Plant 150 Spain Andalusia 
11 Valle 1 and 2 CSP Power Plant 100 Spain Andalusia 
12 Gemasolar CSP Power Plant 19.9 Spain Andalusia 
13 Lebrija 1 CSP Power Plant 50 Spain Andalusia 
14 Palma del Rio CSP Power Plant 100 Spain Andalusia 
15 Helioenergy 1 and 2 CSP Power Plant 100 Spain Andalusia 
16 Solacor I and II CSP Power Plant 100 Spain Andalusia 
17 MorÃ³n CSP Power Plant 50 Spain Andalusia 
18 Soluz Guzman CSP Power Plant 50 Spain Andalusia 
19 La Africana CSP Power Plant 50 Spain Andalusia 
20 Manchasol-1 and 2 CSP Power Plant 100 Spain Castile-La 

Mancha 
21 Helios I and II CSP Power Plant 100 Spain Castile-La 

Mancha 
22 Puertollano CSP Power Plant 50 Spain Castile-La 

Mancha 
23 Aste 1A 1B CSP Power Plant 100 Spain Castile-La 

Mancha 
24 Borges Termosolar Power Plant 25 Spain Catalonia 
25 Alvarado (La Risca) CSP Power Plant  50 Spain Extremadura 
26 Extresol CSP Power Plant  150 Spain Extremadura 
27 Olivenza 1 CSP Power Plant 50 Spain Extremadura 
28 Majadas CSP Power Plant 50 Spain Extremadura 
29 Solaben CSP Power Plant 200 Spain Extremadura 
30 Orellana CSP Power Plant 50 Spain Extremadura 
31 Termosol I and II CSP Power Plant 100 Spain Extremadura 
32 La Florida (Semcasol 1) CSP Power Plant 50 Spain Extremadura 
33 La Dehesa CSP Power Plant  50 Spain Extremadura 
34 Astexol II CSP Power Plant 50 Spain Extremadura 
35 Casablanca CSP Power Plant 50 Spain Extremadura 
36 Puerto Errado 1 Thermosolar Power Plant 1.4 Spain Murcia 
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37 Puerto Errado 2 Thermosolar Power Plant 30 Spain Murcia 
38 EnerstarVillena CSP Power Plant  50 Spain Valencia 
39 Shams-1 CSP Power Plant 100 UAE Abu Dhabi 
40 Solana CSP Power Plant AR  280 USA Arizona 
41 SEGS I (Daggett) Solar Power Station 13.8 USA California 
42 SEGS II (Daggett) Solar Power Station 30 USA California 
43 SEGS III (Kramer Junction) Solar PP 33 USA California 
44 SEGS IV (Kramer Junction) Solar Power 

Plant 
33 USA California 

45 SEGS IX (Harper Lake) Solar Power Plant 80 USA California 
46 SEGS V (Kramer Junction) Solar Power 

Plant 
33 USA California 

47 SEGS VI (Kramer Junction) Solar Power 
Plan 

33 USA California 

48 SEGS VII (Kramer Junction) Solar Power 
Plant 

33 USA California 

49 SEGS VIII (Harper Lake) Solar Power Plant 80 USA California 
50 Ivanpah SEGS Power Plant 392 USA California 
51 Mojave CSP power Plant CA 280 USA California 
52 Martin Next Generation Solar Energy 

Center 
75 USA Florida 

53 Nevada Solar One Power Plant 64 USA Nevada 
54 ISCC Kuraymat (ISCC Kuraymat) 20 Egypt Kuraymat  

4.2.1 Source: https://en.wikipedia.org/wiki/List_of_solar_thermal_power_stations  
4.2.2 http://thermal-powerplant.blogspot.com.ng/2010/06/list-of-solar-thermal-power-
plants.html,  
https://www.solarpowerauthority.com/high-temperature-solar-thermal/ 
 
Recommendations 
It is estimated that a large-scale market should be available to HTST technologies by 2030 (and 
possibly muchearlier) provided that HTST continues to reduce its cost of generation, which is 
likely in a global sense given the rapid growth in announced commercial projects overseas. The 
best prospects forcost reductions are in thesolar field and thermal storage sub-systems, which 
make up a large component of capital costs. Increasing plant size may also reduce operating 
costs through economies of scale. It is also clear that in many market contexts,development of 
cost-effective thermal storage or siting HTST plants near gas pipelines to utilise gas as a co-firing 
fuel is crucial for the long-term prospects for this technology.  
 
There is a range of solar concentrator (linear Fresnel reflector, parabolic trough, power tower and 
parabolic dish), thermal receiver/heat transfer fluid (hot oil, molten salts, direct steam), heat 
storage and power generation (steam turbine, Stirling engine) technologies that are Proceedings 
through innovation and/or commercialisation pathways. There is no clear-cut ‘winner’ today in 
HTST system configurations — and it will take many years and multiple commercial-scale projects 
for lowest cost configurations to be identified.  
 
Indeed it is possible that most, if not all, HTST concentrator approaches will prove to 
provideeconomical solutions for zero or low emission electricity generation. It therefore is 
prudent, within a sensible strategic approach, for industry and governments to continue to 
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support promising HTST system and component technologies through their innovation and 
commercialisation paths and processes.  
 
Large sums of money have been, and continue to be, invested overseas in HTST-related RDandD 
and again now in commercial deployment of utility-scale systems. To date,Nigeria has not 
invested comparably to investigate the opportunities that HTST may offer for a clean energy 
future. Nigeria does not have locally-developed and innovative HTST technologies or a strong 
RandD reputation in the field.This strongly suggests that a policy regime is required in Nigeria 
that will promote industry investment in local deployment of commercial HTST technologies and 
associated supply-chain infrastructure/capability.Large-scale demonstration of less-mature HTST 
technologies; and ongoing RandD of next-generation HTST technologies at the system and key 
sub-system/component levels to reduce cost and expand market options. Achieving this will 
require the development of a favourable policy framework for clean energy in Nigeria, knowledge 
building in consumers, utilities, financiers, industry, regulators, and governments about HTST. 
Also market development efforts to promote the sector and to remove barriers to deployment, 
development of Nigerian supply-chains for viable near-term applications and large-scale 
demonstration programs; and training and competence building in human resources and 
technology capability and capacity are other major requirements. Investing in these activities will 
enable Nigerian governments, industry, researchers and the broader community to position 
Nigerian industry and technologies in the strongly-growing, global HTST sector and to exploit 
HTST as a key component of Nigeria’s energy future.  
 
While acknowledging the importance of building on and extending the RandD capability and  
capacity in Nigeria for HTST and related areas (particularly manufacturing RandD to reduce key 
component production costs), stakeholders’ top five priorities focused primarily on market and 
supply-chain development activities, as follows:  
1.  Large-scale demonstrations will pull and underpin: RandD; technology, industry and policy 

development; removal of implementation barriers; and overseas interest in Nigeria as a 
market.  

2. Capacity and capability building, particularly in manufacturing and engineering areas relevant 
to HTST systems and components.  

3. Establishment of an advocacy group to be a champion for HTST in Nigeria.  
4. The establishment now of long-term public policy that both pulls and pushes progress in 

Nigeria in HTST, particularly market-support mechanisms and removal of specific or 
inadvertent barriers to market entry for HTST.  

5.  Exploit viable near-term markets, which will enable (in conjunction with large-scale 
demonstrations) establishment of sustainable supply chains in Nigeria for HTST system 
design, implementation, and operation.  

 
Conclusion 
The major aim of this paper is to stimulate discussion into an alternative form of energy for 
Nigeria. The power supply situation in Nigeria is precarious,and while other countries are 
researching on alternative forms of energy, we must not be left behind.It has been established 
that economic growth is directly proportional to the growth in energy use. How we harness our 
energy sources indicates how serious we want the economy to grow. If we do not, we will be 
importing the technologies in the future. 
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Presently, theparabolic trough has a greater market share than other high temperature solar 
thermal collectors. It is envisaged that parabolic dishes will dominate the high temperature solar 
thermal scene in the future if thecost can be drastically reduced. However, power tower and 
linear Fresnel systems are also finding increasing use. Despite its high efficiency, the cost of 
parabolic dishes has proved to be a serious drawback. The introduction of storage systems in 
HTST installations has greatly enhancedits acceptability as an independent power system. 
 
The drawbacks for HTST are the large areas of cleared flat land required, the amount of water 
required and the impact on the environment if not properly sited. However, Nigeria has so much 
unused and degraded lands that are far from our fragile ecosystems and so best suited for HSTS 
installations. The potential environmental and aesthetic impacts of HTST are generally more than 
offset by the benefits, which include significant reductions in greenhouse gas emissions and other 
air pollutants, and increased energy security. Consequently, HTST will a high level of public 
acceptance, especially when compared to installation of nuclear power stations has already been 
mooted, and many regions in the country have kick again its construction 
(https://www.solarpowerauthority.com/high-temperature-solar-thermal/). The cost of HTST is 
projected to decrease significantly over the next 10 to 15 years due to production volume 
increases, plant size scale up, and technological advance. HTST projects are labor intensive and 
thus could be especially beneficial during times of higher unemployment, such as now. 
 
HTST presently faces strong competition with fossil fuels, and government incentives have been 
lacking. If the HSTS sector is given the right incentive by thegovernment, this may become major 
electric power generation contributor in the very near future.Nigeria, therefore, should take 
advantage of its abundant solar resources by introducing new and implementable policies on 
energy power production by both the federal and state governments and increase investment 
and research in HSTS Systems. 
 
High-temperature solar systems are the future in energy. The raw material, the sun, is very 
abundant in Nigeria.  Nigeria is best placed to maximize its advantages due to its geographical 
location. It will, however, take courage from our policymakers to venture into it. Initial 
investments may seem huge, but the reward in the future is great.  Prospecting for more crude 
oil zones in the country seems easy, but we must not forget the changing energy use scenario. 
There are advance researches to replace petrol vehicles with electric powered ones. Many 
countries have set targets for such replacement. Nigeria must, therefore,start investing 
researching into alternative forms of energy. High-temperature solar systems are expensive now, 
but it is the future. 
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ABSTRACT 
This paper reports the study on the use of the direct carbon fuel cell (DCFC) technology to convert 
the chemical energy of melon seed husk (MSH) waste to electrical energy with the aim of 
alleviating the problem of power instability in the country. Pyrolysis was carried out on the MSH 
at 500oC and a heating rate of 10oC/min to produce carbon biochar used in the DCFC to produce 
electricity. The pyrolysed biomass was used to determine the electrochemical performances of 
the DCFC using molten carbonate salts as the electrolyte and five different resistor loads. The 
electrochemical performances of the MSH waste were investigated at a temperature of 500oC to 
800oC. The biochar from the MSH waste gave an open circuit voltage of 0.68 V, a current density 
of 32.65 mA/cm2 and power density of 7.51 mW/cm2. Scanning electron microscopy (SEM) results 
of the carbon fuel show the morphological structures of the biofuel used in the DCFC. The phase 
composition using X-ray diffraction (XRD) of the biochar show some level of amorphous structure. 
 
Keywords: Direct Carbon Fuel Cell, Melon seed husk, biochar, pyrolysis, power density 

 
1.0 INTRODUCTION 
The requirement for electrical energy for industrial and commercial need has been on the increase 
and according to the World Energy Council (WEC), the global demand for energy supplies will 
increase by over 65% in 2050 going by the current trend (WEC, 2015). Energy production from 
fossil fuel is on the decline as the world reserves of crude oil is declining with increase in 
greenhouse gas emissions. This has led to different researches in finding alternatives for 
electricity generation process. One of the promising alternative available is the use of fuel cell 
technologies particularly the direct carbon fuel cell (DCFC). A fuel cell is an electrochemical device 
that can convert chemical energy to electrical energy. There are different types of fuel cells but 
this paper focuses on the direct carbon fuel cell (Dudek et.al., 2018; Adeniyi et.al., 2014; Adeniyi 
and Ewan, 2012; Jain et.al., 2009,2007). 
  
A direct carbon fuel cell is an electrochemical device that efficiently converts the chemical energy 
of a carbon rich fuel (like the one present in MSH waste) directly to electrical energy without 
burning the fuel. The DCFC technology offer a viable technique that can produces electricity that 
is safe, efficient and environmentally friendly (Kacprzak et al., 2017; Munnings et.al., 2014; 
Arenillas et.al., 2013; Li et.al., 2010; Cooper and Berner, 2005 ). 
 
Scarcity of traditional petroleum fuels and its over-dependence by nations like Nigeria, increasing 
emissions of combustion generated pollutants and their increasing costs have made renewable 
energy sources the focal point of some researchers. The world petroleum reserves are finite in 
nature and reducing quickly, melon seed husk a popular waste in Nigeria is a good alternate to 
investigate. It is an agricultural waste which is combusted in open air or dumped in refuse dumps 
and landfill sites thereby worsening the prevalence of greenhouse gases and becomes an 
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environmental burden of pollutant emissions. There is a growing need to explore more routes for 
the conversion of agricultural waste such as melon seed husk for present and future clean 
bioenergy application (Giddey et al., 2012; Jia et.al., 2010; Declaux et.al., 2010; Cooper and 
Cherepy, 2008; Cao et al., 2007; Dicks, 2006; Cherepy et al., 2005; Zecevic et al., 2004; Larminie 
and Dicks, 2003; Hoogers, 2003). This paper is aimed at producing electrical energy from waste 
generated from MSH thereby solving the problems of environmental pollution and climate change.  
  
2.0 METHODOLOGY 
Pretreatment such as sorting, drying and size reduction were carried out for the purpose of 
conversion of the melon seed husk (MSH) to produce biochar from the waste using pyrolysis 
process. The melon seed husk waste was obtained from Kasuan Gwari, Minna, Niger State. The 
sample was sorted to remove impurities, dried for 48 hours, the melon seed husk was (Plates I 
and II) then reduced to smaller sizes of 10-15 mm. The ground samples were further sieved. The 
sieving process was carried out by putting the sample in the sieve with mechanical shaker to 
achieve uniform particle size of 8-10 mm. This process was repeated to obtain reasonable size. 
The ground melon seed husk was pyrolysed at 600 oC at Badeggi Research Institute, Bida, Niger 
State. The biochar produced after pyrolysis was ground to finer particles. Proximate analysis was 
carried out using an ELTRA CHS-580 Analyser (Netherlands). Samples of the biochar produced 
were used to determine the carbon, hydrogen, sulphur, nitrogen and oxygen contents. The 
proximate analyses gave the ash content, volatile matter, fixed carbon content, and moisture 
content using ELTRA CHS-580 Analyzer (Netherlands).  
 
Scanning electron microscopy (SEM) (Nova NanoSEM 200 FEI, Netherlands) was used to examine 
the morphological structure (amorphous or crystalline structures) of the pyrolysed melon seed 
husk and its elemental compositions for its application as fuel in a DCFC. X-ray diffraction 
(Siemens D500 XRD, Netherlands) analysis was equally carried out to determine structural 
changes related to pyrolysed melon seed husk. XRD analysis gave the structure of the biochar 
produced. 
 
The carbon biochar particles (Plate III) used for the electrochemical reaction according to 
procedures described in literatures (Adeniyi and Ewan, 2012; Cooper and Cherepy, 2008) was 
mixed with carbonate salt (15 wt.% of biomass, 46.6 wt.% of Na2CO3 and 53.4 wt.% of K2CO3. 
Sodium carbonate (13.98 g) and potassium carbonate (16.02 g) were mixed together and later 
mixed with 4.5 g of the carbon particle to form fuel for the DCFC. The electrolyte was prepared 
using molten carbonate of sodium and potassium based on information from literatures (Adeniyi 
et al., 2014; Cooper and Berner, 2005). 9.5 g of Na2CO3 and 15.5 g of K2CO3 were measured and 
mixed together and later transferred to a stainless steel. The mixture was stirred continuously to 
ensured homogeneity. The molten state of the salts was observed at a temperature range of 
1159oC to 1310oC. The 25 mm aluminum wire mesh was saturated with the molten carbonate. 
Upon cooling, the molten carbonate stuck to the aluminum wire mesh and it was used as the 
electrolyte. Plates I to III show the raw MSH waste, the ground MSH and the pyrolysed MSH to 
produce the biochar used in the electrochemical performance in the DCFC.  
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Plate I: Melon seed husk                            Plate II: Ground Melon Seed Husk      Plate III: Pyrolysed Melon Seed Husk 
 
3.0    RESULTS AND DISCUSSIONS 
Table 1 shows the proximate analysis results on the pyrolysed MSH showing the chemical 
composition. This includes the percentage of the volatile content (VC), ash content (AC), moisture 
content (MC), and fixed carbon (FC). Ultimate analysis was performed to determine the elemental 
composition of the MSH biofuel giving the Carbon (C), Nitrogen (N2), Hydrogen (H2), Oxygen (O2) 
and Sulphur (S). The proximate and ultimate analyses were carried out at the National Cereal 
Research Institute (NCRI), Badeggi, Niger State. The higher heating value (HHV) is also 
presented. The carbon and the higher heating values are significant for the performance of this 
biomass in the DCFC. 
 
Table 1: Proximate and ultimate analyses for Melon Seed Husk (MSH) waste 
MC 
wt.% 
 

AC 
wt.% 
 

VC 
wt.% 
 

FC 
wt.% 
 

HHV 
MJ/kg 
 
 

C  
wt.% 
 
 

H  
wt.% 
 

S 
wt.% 
 

N   
wt.% 
 
 

O 
wt.% 
 

2.5 5.0 66.0 26.5 18.7 41.2 3.6 39.6 1.2 0.3 
 
Figure 1 shows the SEM micrograph for the carbon fuel particle of the biomass. The SEM results 
show differences in the particle sizes and porosity of the biochar. Results of the XRD from the 
analyses conducted on the pyrolysed MSH waste biochar are shown in Figure 2, these revealed a 
disordered carbon fuel structures, this is what will enhance oxidation of the carbon fuel and in 
turn enhance the electrochemical conversion in the DCFC. These results obtained can be used to 
explain variation in the size distribution and structure of the MSH biochar. Figure 2 shows the 
XRD of pyrolysed melon seed husks used in fuel cell. The highest peak occurred at angle of 33.1 
(2 axis) and relative intensity of 100 %. The XRD pattern reveals that the MSH biochar is 
amorphous in nature, which will enhance the electrochemical conversion of the fuel during fuel 
cell operations. There are also indications of crystalline structures in the figure suggesting the 
presence of impurities like silica. 
 
Table 1 show the MSH waste proximate and ultimate values, of significant interest is the HHV 
and the carbon content which are important parameters for the fuel used in the DCFC. Tables 2 
and 3 show the open circuit voltage (OCV) result from the electrochemical conversion of the MSH 
biochar in the DCFC. The OCV is the voltage of the fuel cell when current and power densities 
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are not taken out of the system. The OCV increases with the increase in temperature indicating 
that the oxidation of the MSH waste biofuel is favoured by temperature (Kacprzak et al., 2017; 
Hackett et al., 2007). Table 3 shows the results obtained from the electrochemical performance 
of the DCFC at different temperatures. 
 
Table 2: Open Circuit Voltage (OCV) readings for Melon Seed Husk waste 
S/No  Time (min)  Temperature (oC)  OCV (V) 
 1  24          100   0.02 
 2  48          200   0.04 
 3  66          300   0.05 
 4  96          400   0.06 
 5  124          500   0.18 
 6  132          600   0.35 
 7  140          700   0.38 
 8  144          800   0.68 
 
The OCV increased with increase in temperature of the DCFC, this is because carbon oxidation is 
favoured by increase in temperature (Cao et al., 2007; Zecevic et al., 2004). The maximum OCV 
was observed at 800 oC to give 0.68 V. From Table 3, the maximum current density of 32.65 
mA/cm2 was obtained at 800 oC, the same was observed for the peak power generation and 
efficiency. 
 
Table 3: DCFC Electrochemical performance at different temperature 

Temperature (oC) 
Cell parameters    500  600  700  800 
OCV (V)    0.18  0.35  0.38  0.68  
Peak power density (mW/cm2) 1.71  3.82  5.33  7.51 
Max. current density (mA/cm2)     16.33  20.57  24.49  32.65  
Voltage at peak power (V)  0.08  0.17  0.19  0.46 
Efficiency at peak power (%)  22.0  49.0  50.0  68.0 

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
                Figure 1: SEM Melon Seed Husk waste biofuel 
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Figure 3 shows the OCV results obtained from the experiment carried out on the DCFC at varying 
temperature from 100 oC to 800 oC. As the temperature increase from 100–800 oC it was observed 
that there was an increase in value but a reasonable increase was noticed from 400 oC to 800 oC, 
this was as a result of the electrons movement and conduction of electricity, leading to the biochar 
reaching the electrolytes assembly to take part in the electrochemical conversion. It has been 
reported that carbon oxidation is favoured by temperature (Dudek et.al., 2018; Adeniyi et.al., 
2014; Jain et.al., 2009, 2007).  
       
                   

 
      Figure 2: XRD of Melon Seed Husk waste biofuel 
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      Figure 3: DCFC-OCV for the MSH waste biofuel at various temperatures. 
 
Figure 4 presents the results obtained from the electrochemical performance of the MSH biochar 
in the direct carbon fuel cell. The tests were conducted at various temperatures of 500 oC, 600 
oC, 700 oC and 800 oC. From Figure 4, the DCFC current density and power density increases with 
increase in the operating temperature. These observations were similar to those in the literature 
(Li et al.,, 2010; Hackett et al., 2007). At 800 oC, the electrochemical performance was much 
better and improved as a result of the improvement in the conduction rate of the ions of the 
electrolyte and the electrochemical reactions at the two electrodes of the DCFC (Li et al.,, 2010; 
Hackett et al., 2007). 
 
Figures 3 and 4 present the electrochemical performances of the MSH waste biochar utilized in 
the molten carbonate direct carbon fuel cell. The open circuit voltage increased (0.18 V at 500 
oC) with the increase in the temperature until it reached its maximum  (0.68 V at 800 oC). At 
800oC the peak values obtained for the current density and power density were 32.65 mA/cm2 
and 7.51 mW/cm2. At 800 oC, the greater part of the carbon fuel was consumed requiring a refill 
for further electrochemical reactions (Munnings et al., 2014; Jia et al., 2010; Jain et al., 2009). 
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Figure 4: DCFC performances using MSH biochar at different temperatures 
 
4.0  CONCLUSIONS  
The study of the molten carbonate direct fuel cell showing the electrochemical performance of 
melon seed husk (MSH) waste biochar was carried out. The highest open circuit voltage of the 
biochar was 0.68 V showing the viability of using MSH waste biochar to power the DCFC. The 
optimum peak power density recorded for the biochar is 7.51 mW/cm2, maximum current density 
of 32.65 mA/cm2. An efficiency of 68 % was obtained from the MSH waste biochar which 
enhances the electrochemical performance in the direct carbon fuel cell operations. The scanning 
electron micrograph and X- ray diffraction reveals that the MSH biochar contain various sized 
particles with amorphous structures. It was observed that finer particle morphology led to 
enhanced current density and the presence of non-crystallites carbon product improved the 
current and power densities achievable with the direct carbon fuel cell. 
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ABSTRACT 
In view of the prevailing global economic crisis, utilization of readily available agricultural wastes 
and by-products is widely acclaimed.  Consequently, the search for new and improved methods 
for the most efficient utilization of such materials is on the increase. Biomass densification is a 
way of increasing the energy density of biomass, so as to make it more effective as a fuel for 
thermal energy applications. In this work, briquettes were made via densification of sugarcane 
bagasse and groundnut shells, both of which are wastes associated with major cash crops of 
Nigeria. The physicochemical analysis carried out, shows the effect of the materials’ properties as 
well as that of the binder, on the physical and thermal characteristics of the briquettes’. The 
analysis of physicochemical characteristics indicate that the biomass briquettes produced from 
groundnut shells have better qualities for thermal applications.          
 
INTRODUCTION 
Due to prevailing socio-economic and (most especially) environmental reasons, the utilization of 
biomass for a variety of energy applications is becoming increasingly popular. However, biomass 
in general has very low energy density. Hence, densification is used to significantly increase the 
energy density of different biomass materials, so as to make them more malleable for both 
domestic (like cooking and space heating) and industrial like (steam and power generation) 
applications.  
 
Biomass densification is one of the processes through which biomass residues and agricultural 
wastes or by-products can be converted into higher energy density biomass briquettes 
(Olorunnisola, 2007). Biomass densification is an easy and environmentally friendly means of 
briquetting agricultural wastes into low-cost replacements of the fire wood, twigs and charcoal. 
Thus, in addition to turning the wastes into useful products, productions of the briquettes will 
help in avoid cutting off of trees which is a major contributor to soil erosion and desert 
encroachment (Olorunnisola, 2007).   
 
Briquetting is a densification process for compacting loose residues (of a material) into a product 
of higher density (Wilaipon, 2007; Kaliyan and Morey, 2009). Biomass briquettes can conveniently 
replace fire wood, twigs and charcoal – which collectively account for about 51% of the total 
energy sources for domestic cooking in Nigeria (Kwadzah and Ogbeh, 2013).   
 
Sugar cane bagasse and groundnut shells constitutes part of agricultural wastes in Nigeria. About 
0.41 Million tons of bagasse and 1.81 Million tons of groundnut shells are regarded as waste 
residues globally (Bhattacharya et al., 1993). This work is about production of briquettes from 
bagasse and groundnut shells obtained in northern Nigeria, using starch based organic binder.  
Sugarcane, a cash crop cultivated in more than 90 countries, is the world's largest crop by 
production quantity. By 2018, the annual production of sugarcane in Nigeria, was estimated as 
80,000 metrics tonnes. The sugarcane bagasse, is the residual, pulpy fibrous dry matter obtained 
as the leftover, after sugar juice is extracted from sugarcane.
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As both sugarcane and groundnuts are seasonal crops, shortly after harvest, their supply normally 
reach their peaks, requiring strategic management and storage for use all year round. Thus, 
making briquetting via densification a very attractive approach for both sugarcane bagasse and 
groundnuts shells. 
 
This work was carried out to investigate the effects of key parameters in the briquetting process 
on the quality of briquettes made from groundnut shells and sugar cane bagasse as well as a 
composite of the two in different ratios.. The parameters studied include variations in the moisture 
content, biomass to binder ratio, as well as the composting ratio on the calorific values and the 
potency of the briquettes for thermal energy applications.   
 
1.1 Biomass Briquetting 
The technological process of briquetting is relatively well known. However, there are few studies 
on briquettes developed from agricultural wastes because of the different types and quantities of 
agricultural wastes generated worldwide. Briquetting is essentially a mechanical process often 
seen as a relatively high-cost high-pressure technology. This is not always the case because it is 
possible to use a low-cost low-pressure technique to produce acceptable briquettes of reasonable 
quality that will perform the task for which it is intended (Russell, 1997). 
 
1.2 Evaluation of a Briquette 
Producing a biomass briquette is mostly for the purpose of its utilization as a fuel. Burning a 
substance as a fuel is a combustion process which follows a sequence of exothermic chemical 
reactions between the fuel and an oxidant. Materials used as fuels, exhibit different combustion 
behaviours depending their physio-chemical properties like bulk density, moisture content, 
proximate and ultimate analysis, etc (Shuaibu et al., 2016). Likewise, the quantity of heat released 
from the exothermic reaction depends on the fuel’s properties like calorific value and burning 
rate. 
Briquettes are generally evaluated by assessing their physical characteristics like moisture 
content, bulk density, proximate and ultimate properties, gross calorific values, etc. 
 
2.0 METHODOLOGY 
 
2.1 Waste Biomass Collection and Preparation 
The Groundnut shell was gathered from local farmers in Samaru and Bagasse was obtained from 
sugar cane juice point in Danfodio hostel, ABU Zaria. Groundnut shells and bagasse were sun-
dried for 1 week to remove moisture. The bagasse was further oven-dried for 4 hours at 70oC to 
aid size reduction. Both groundnut shells and the sugarcane bagasse were grinded and sieved to 
have uniform particle sizes using a 4mm sieve.  
 
Eleven samples of briquettes were made using different combinations of the waste biomass 
and/or different binders as shown in Table 1 
 
The various samples were made by weighing the required amounts of biomass and binder in 
accordance with the given mass ratios (Table 1). Each sample was then thoroughly mixed and 
poured into a mold. Then a hydraulic press was used to compress the samples by applying a 
pressure of 5.0 bar. The briquettes formed were then detached from the molds. The briquettes 
were then weighted and sun-dried for 14 days. 
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Table 1. Samples compositions  
Sample 
Label Composition Mass Ratio  

GG1 Groundnut shell with gum Arabic 3:1 
GG2 Groundnut shell with gum Arabic 5:1 
GS1 Groundnut with starch binder 3:1 
GS2 Groundnut with starch binder 5:1 
BG1 Bagasse with gum Arabic 3:1 
BG2 Bagasse with gum Arabic 5:1 
BS1 Bagasse with starch binder 3:1 
BS2 Bagasse with starch binder 5:1 
GBG1 Groundnut shell, bagasse and gum Arabic 1:2 
GBG2 Groundnut shell, bagasse and gum Arabic 1:3 
GBG3 Groundnut shell, bagasse and gum Arabic 1:1 

 
2.2 EVALUATION OF BRIQUETTES 
 
2.2.1 Percentage Volatile Matter (PVM) 
3g of oven dried sample of each of the briquettes was pulverized, and heated in an oven at 500 
oC for 10 mins. After cooling and weighing, the PVM was calculated using equation 4 
 
2.2.2 Percentage Moisture Content (PMC) and Percentage Ash Content (PMC) 
5g of oven dried sample of each of the briquettes were dried and then burned to ash. PMC was 
calculated using equation 2 while PAC was calculated using equation 5 
Equation 6 was then used to determine Percent fixed carbon (PFC) for each sample 
 
2.2.3 Calorific value and Burning Rate 
3g of each sample was taken and placed inside an O-Bomb Calorimeter. Galvanometer deflections 
were taken for deflections without sample and with sample respectively. Calorific value of each 
sample was calculated using equation 7 and recorded. 
 
For the burning rate, 10g of each sample was taken and placed on an insulated wire gauze, and 
then placed on a burner to burn. The sample and the insulated wire gauze were measured at 20 
seconds interval. The burning rates were calculated using equation 10 
 
3.0 RESULTS AND DISCUSIONS 
 
3.1 Nature and Appearance of Briquettes 
Plate 1 shows the briquettes produced from Groundnut shell and sugar cane bagasse with gum 
Arabic and Starch binders. The briquettes produced from the compaction machine were strong 
and well formed. The briquettes had a light brown coloration. From a physical examination of the 
briquettes some have a rough look due to the small amount of binder under pressure of 5 MPa 
while others appear smoot because of sufficient amount of binder under pressure of 5 MPa. It 
was observed that the briquettes compaction and strength increased with binder concentration 
also, the briquettes produced from bagasse have weak and lighter weight compared to groundnut 
shell briquettes. Finally, it was noticed that bacteria and fungi formation occurred with increase 
in binder concentration and it is more pronounced on the sugarcane bagasse samples. 
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Plate 1: Sugarcane bagasse and ground shell briquettes 
 
Table 2: Physical observation of strength of briquettes 
Samples Strength Degree of cracking 

Poor Average Good Severe Average No crack 

GG1         
GG2         
GS1         
GS2         
BG1         
BG2         
BS1         
BS2         
GBG1         
GBG2         
GBG3         

 
Effects of properties of briquette produced on the quality of briquette 
The quality of briquettes is one of the most influencing factor affecting the burning of briquettes. 
The qualities are expressed in form of calorific values, densities and resistance to humidity. 
Calorific values affect the burning of briquettes greatly. The higher the calorific value, the easier 
and better the burning.  
 
Briquette density influences their burning too as high density briquettes tends to have a longer 
burning time and releases more heat. The raw material particle size and moisture content have 
direct effect on the density of the briquette. Smaller particle sizes and low moisture content 
increases density of briquettes. From Figure 1, GG1 has the highest bulk density (1.156 g/cm3) 
which is agreeable because it also shows low moisture content (23.66%). In terms of resistance 
to humidity, briquettes are going to get damaged when subjected to humidity because lignin and 
majority of binders added to briquettes are water soluble. When the briquettes absorb moisture, 
they crumble too quickly during combustion hence, briquettes with low moisture content are 
better than those with very high moisture content (Cutz et al., 2016). Other factors that affect 
the quality of briquette are Ash content and compacting pressure and temperature. Low ash 
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content is desired for briquette so that low amount of waste will be produced hence reducing 
environmental pollution. From Figure 2, GBG 2 has the lowest ash content (0.04%). 
 

 
Figure 1: Graph of bulk densities of briquettes 
 

 
Figure 2: Graph showing Percentage Ash Content of samples 
 
From Figure 3, sample GG1, GG2, GS1, BS1, GBG2 and GBG3 gave good results which were above 
16.0 MJ/kg (Lubwama and Yiga, 2017). The briquette showing the highest calorific value was 
GS1 because of high concentration of binder and also starch binder has better binding properties 
than gum Arabic (Ismaila and Sadiq, 2013).  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

GG1 GG2 GS1 GS2 BG1 BG2 BS1 BS2 GBG1 GBG2 GBG3

B
ul
k	
D
en
si
ty

(g
/c
m

3 )

Sample	Description

0

1

2

3

4

5

6

Pe
rc
en
ta
ge
	A
sh
	C
on
te
nt
	

(%
)

Sample	Description



©NSChE 2019: Sugarcane Bagasse and Groundnut Shell Densification for Thermal Energy Applications: by  
Augustina Almai and Binta Zakari Bello 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 386	|	P a g e 	

Effect of binder ratio and composting ratio on the performance of briquettes 
From Figure 3, it can be seen that higher ratios of binder gave higher calorific values. This was 
consistent with the report of David and Jason (2013). In as much as suitably high amount of 
binder is required, it has its own side effect on the appearance of briquettes as too much binder 
yields fungi and bacteria on the briquettes. Figure 3 shows that GBG 2 has the highest calorific 
(16.382 MJ/kg) value when considering the composting ratio. This can be attributed to the 
suitable blending of properties of the two materials. 

 
Figure 3: Plot of calorific values of briquettes 
 

 
Figure 4: Graph showing percentage volatile matter of briquettes 
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Figure 5: Graph showing percent moisture content of samples 
 
Effect of moisture content on briquettes 
Moisture content is generally affected by the kind of feed stock and its properties. The optimal 
moisture content is around 10-18% according to Siddiqui (2000). When the moisture content is 
lower than 10% or higher than 18%, the particles will not be consistent and briquette may show 
tendencies of falling into pieces. From Figure 5, BG 1, GBG 2 and GBG 3 fall between this optimum 
range with GBG 2 having the lowest moisture content (15.52 %). This may be due to mixture of 
properties between the two kind of material used for the briquetting.  

 
Figure 6: Graph showing burning rates of briquette samples 
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Evaluation of overall performance of briquette as source of thermal energy 
The quality of any fuel briquette depends on its ability to provide sufficient heat at the necessary 
time, to ignite easily without any danger, generate less ash as this will constitute nuisance during 
cooking. Groundnut shells and bagasse can be a significant alternative fuels to be used most 
especially for domestic purposes. It can be noticed from Figure 3, the calorific energy values for 
most of the samples are within a reasonable range. Also, the percentage of ash removal too is 
suitable most especially for sample GBG 2. Despite the good qualities observed, it was also noticed 
that the briquettes produced smoke especially at the start of ignition. This was more pronounced 
with GBG 2 and it also shows from Figure 4 that it has high percent of volatile matter. 
 
CONCLUSION 
In this study, briquettes from groundnut shells and sugar cane bagasse were developed using 
wheat starch and gum Arabic as binders. This was accomplished by varying the amount of the 
binders and also varying the relative mass ratios of the two raw materials. Increasing the amount 
of binder increased the calorific values and volatile matter content. Sample BG 2 produced high 
amount of ash while GBG 2 has the lowest ash content. Sample GBG 2 showed desirable 
characteristics in terms of physical appearance, ash removal (0.039%), calorific value (16.382 
MJ/kg), moisture content (15.52%) and a suitable value of burning rate (0.93 g/min). It also has 
a bulk density of 0.7918 g/cm3. Despite its good characteristics, it also has high percentage of 
volatiles (79.19%) and produced smoke at ignition. The developed briquette could be used as 
fuel especially for domestic uses and its production could help alleviate the wastage of groundnut 
shells and sugar cane bagasse. 
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ABSTRACT  
This paper reports the synthesis and characterization of heterogeneous catalyst from mixture of 
cow-bone and termite clay for the transesterification of waste vegetable oil (WVO) using simple 
2k factorial design method for the optimization of process parameters. Four factors Viz methanol 
to oil ratio, reaction temperature, catalyst loading and reaction time were investigated. It was 
found that the most significant factor on the biodiesel production was reaction time based on the 
factorial design method. The optimum FAME yield of 98.5% were achieved at methanol to oil 
ratio 6:1; catalyst loading of 2.0 wt%; reaction temperature of 65  and reaction time of 1 h. The 
biodiesel produced with the optimized process parameters meets the global standard for biodiesel 
ASTM and thus could be considered as suitable substitute for conventional diesel in unmodified 
diesel engine application.  
 
1.0 Introduction 
The alarming global twin problems of fossil fuel depletion and environmental pollution has called 
for attention of researchers to seek an alternative fuel in which biodiesel, a renewable fuel is one 
of the key solution. Global economy majorly depends on transportation of goods and services 
while transportation depends on energy from petroleum product which results in high increase in 
fuel consumption. Energy is an important aspect and it plays a principal and irreplaceable role in 
the economy of all country of the world. Majority of these energy requirements are supplied by 
coal, petroleum resources, natural gas and nuclear energy (Zhang, Dube, McLean, and Kates, 
2003).  Among all the conventional fuels, petroleum is the most important in the growth of 
industries, transportation and agricultural sector to satisfy all the needs of human beings (Alvarez, 
Lopez, Amutio, Bilbao, and Olazar, 2014).  
 
Biodiesel which is also known as fatty acid methyl ester (FAME) serve as an alternative to petrol-
diesel due to several advantages (Erum et al., 2014). Crude oil or petroleum fuels that the world 
solely depends on are non-renewable energy source which is highly degradable and poisonous 
and it greatly affects both the safety of humans and the environment. This negative impact led 
researchers to find an alternative energy source and one of the breakthroughs achieved was the 
invention of biofuels. According to Olutoye and Hameed, (2016) the introduction of an eco-
friendly green technology is the current focus of the human society in the production of energy. 
Biodiesel has become more important because of its environmental benefits such as its 
biodegradability and nontoxicity, thereby making it environmentally beneficial due to its low 
emission profiles. Also, Yusuff et al. (2018) reported that biodiesel being the most promising 
substitute fuel to the fossil fuel is as a result of aforementioned benefits and advantages.  
 
The FAME can be synthesized through a transesterification of vegetable oil or animal fat and 
alcohol in the presence of a catalyst. The catalyst which may either be homogenous or 
heterogeneous catalyst. Homogenous catalyst are mostly used for industrial production of 
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biodiesel but leads to high cost of production because of waste water generation and difficulty in 
separation (yusuff et al., 2018). The high cost of biodiesel is the major challenge in the 
commercialization of the process (Dhawane et al., 2018) and the use of waste vegetable oil 
(WVO) instead of virgin oil is a way of reducing the cost, as WVO estimated to be about half the 
price of virgin oil (Ali et al.,2018). 
 
In this present study, heterogeneous catalyst was prepared from mixture of cow-bone and termite 
clay which was used for transesterification of WVO to produce biodiesel. Reaction parameters 
were optimized by varying the reaction time, methanol to oil molar ratio, catalyst loading and 
reaction temperature. 
 
2.0 Materials and method 
Termite clay was harvested from the locality of Tanke Iledu, Ilorin, Nigeria. Cow-bone was 
gathered from Ipata market, Ilorin. WVO used as feedstock for the production of the FAME was 
obtained from item 7 restaurant Oke-odo, Ilorin, Nigeria. Ethanol, KOH, distilled water, Petroleum 
ether, methanol (analytical grade, 99.5%) were obtained from Central Research Laboratory B, 
University of Ilorin Road, Ilorin Nigeria. 
  
2.1 Catalyst preparation 
The cow bone collected were thoroughly washed and cleaned with soap and water to remove 
dirt, sand and any unwanted materials on it. Thereafter, the bone was boiled at a temperature 
of 100  and rinsed with distilled water to get rid of left over mucous inside the bone. Then, the 
washed bone was oven dried at 110  for 48 h to remove moisture. The bone was later crushed 
into powder using mechanical grinding machine. The powdered bone was sieved with the use of 
75 µm mesh which was kept in a desiccator to avoid moisture. Similarly, the harvested clay was 
initially washed using the distilled water to remove the impurities. It was further dried at 100  
for 4 h. The clean clay was further crushed using ceramic mortar and pestle. The particles were 
sieved using 75 µm mesh. The cow-bone and fine clay were weighed and mixed in 50-50% 
proportion into a beaker. Adequate amount of distilled water was added to the mixture to form 
suspension and stirred for 4 h on a magnetic stirrer for proper mixing. The mixture was kept for 
48 h for ageing and later dried in an oven at 110 . Thereafter, calcined in a muffle furnace at 
900  for 4 h (Babatunde et al., 2015), this synthesized catalyst is refer to as SC9 (that is 
silica/cowbone mixture calcined at 900 ) catalyst in this paper.  
 
2.2 Characterization of Catalyst 
The catalyst was analyzed to know its morphology, elemental composition and crystallinity by 
Scanning Electron Microscopy, Energy Dispersive X-Ray Spectroscopy and X-Ray Diffraction 
respectively. Elemental analysis of the catalyst surface was done and all the elements present on 
the surface were quantified by using X-ray energy dispersive analysis (EDAX) using OXFORD 
Instrument INCAX-sight. 
 
2.3 Transesterification of Waste Vegetable Oil 
The transesterification reaction was carried out in a batch reactor (250 ml round bottom flask) 
with magnetic stirrers inserted. 40 ml of Waste vegetable oil measured into the flask. A calculated 
amount of methanol was added to a known amount of catalyst (2.0 wt% - 4.0 wt%) to ease 
miscibility and speed up the rate of the reaction. Afterwards, the mixture (with methanol to oil 
ratio of 6:1- 9:1) was stirred rigorously at constant agitation speed, temperature (50  - 65 ) 
and reaction time (1 h - 4h), the experimental matrix used was presented in Table 4.The effects 
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of methanol-oil ratio, reaction time, reaction temperature and catalyst loading, were investigated 
for a range of values. At the end of the transesterification reaction, 30 ml of distilled water was 
added to the products; biodiesel and glycerol, giving rise to two distinct phases which were 
separated from each other using a separating funnel, catalyst was separated through a filter 
paper which was aimed at preventing the catalyst from being lost in the mixture. The glycerol 
was drained out from the bottom of the funnel and left with only the biodiesel.  
The yield was obtained using Equation 1 below: 
 

Yield 	%
	 	

	 	
100			       (1) 

 
2.4 Design of experiment 
The biodiesel production was optimized using simple factorial design which was used to build the 
experimental design of four variables Viz methanol-oil ratio, reaction temperature, catalysts 
loading and reaction time were considered at two levels as shown in Table 1. Hence, it is 
important to analyze the parametric effects on biodiesel production process and their optimization 
to obtain the desired waste vegetable methyl ester (WVME) yield. 
 
Table 1: The selected process parameters and their values at two levels for factorial 
design 
Variables Parameters Low High 
A Methanol/oil ratio 6:1 9:1 
B Temperature ( ) 50 65 
C Time (h) 1 3 
D Catalyst loading (wt%) 2.0 4.0 

 
2.5 Determination of physicochemical properties of biodiesel produced 
The density, viscosity, flash point, pour points, cetane number and iodine value of the WVME 
produced were determined and compared by the standard method of American Standard for 
Testing Materials (ASTM).  
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Characterization of Waste Vegetable Oil  
The WVO used as feedstock was characterized based on its physicochemical properties and the 
result obtained was presented in Table 2. From acid value and free fatty acid (FFA) content, the 
feedstock can be used directly since the FFA was below 2%. 
 
Table 2: Physicochemical properties of Waste Vegetable Oil 
S/N Properties Units Value 

1 Density g/cm3 0.873 
2 Kinematic viscosity at 40  mm2/s 34.65 
3 Acid Value Mg KOH/g 3.366 
4 Iodine Value g/100 g 125.32 
5 Molecular Mass g/mol 1380.02 
6 FFA % 1.683 
7 Flash Point  159 
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3.2 Characterization of Synthesized Catalyst 
The results of SEM-EDX analysis for SC9 catalyst calcined at 900 °C can be seen in Figure 1 and 
2. The various elemental compositions were presented in Table 3.  Fiqure 1 revealed that the 
catalyst are rough in surface and contains large pores which is good enough for transeterification 
process to occur. The result is in agreement with Yusuff et al (2018). Figure 2 revealed the 
elemental composition  and the major element present in the catalyst is calcium in form of oxide 
which is the major element for conversion of triglycerides into FAME. Elements like magnessium, 
silicon, iron, carbon, phosphorus were also found. The presence of calcium and silicon as the 
major constituent was an indication that the mixture of cow-bone and termite clay comprised of 
calcium carbonate and silica  and upon calcination can be completely converted to calcium oxide 
and silicon oxide respectively. The XRD analysis was presented in Figure 3. The result shows that 
the sharp peaks at 2 23.6o and 29.5o indicate the presence of calcium oxide and silica oxide 
respectively. The peaks are similar to those reported by Cheng et al (2016).   
 

 

Figure1. SEM image of calcined SC9 catalyst 
 

Figure2. EDX Analysis of calcined SC9 catalyst 
 
 

	 	

(d)	
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Table 3. EDX analysis showing the elemental composition of SC9 catalyst 
Element Ca P Fe S Mg Al Si O Na Cr Ti Total 
Wt. % 46.06 26.83 6.80 0.03 2.07 0.85 3.61 11.59 0.29 1.17 0.69 100 

 
 

 
Figure 3.XRD Analysis of calcined SC9 catalyst  
 
The result obtained on the influence of the operating parameters on the yield of biodiesel is 
summarized in Table 4. These effects are discussed in details below; 
 
Table 4. Factorial design matrix for operating variables with biodiesel yield  
  Run Temp 

(oC) 
Time 
(h) 

Catalyst 
(wt%) 

MeOH/Oil  Biodiesel yield 

1 65 1.00 2.00 12:1 96.8 
2 45 1.00 2.00 6:1 85.5 
3 45 1.00 4.00 6:1 84.3 
4 45 3.00 2.00 12:1 84.6 
5 65 1.00 4.00 6:1 94.6 
6 65 1.00 4.00 12:1 95.6 
7 45 1.00 2.00 12:1 87.5 
8 65 1.00 2.00 6:1 98.5 
9 45 3.00 2.00 12:1 83.7 
10 65 1.00 4.00 12:1 97.9 
11 65 1.00 2.00 6:1 94.8 
12 45 3.00 4.00 6:1 82.3 
13 65 3.00 4.00 6:1 97.2 
14 65 1.00 2.00 6:1 98.4 
15 45 3.00 4.00 12:1 88.6 
16 45 1.00 4.00 12:1 85.9 
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3.3 Effect of Process Conditions on Biodiesel Yield 
The effective production of biodiesel and energy efficient are  affected by various operating 
parameters viz. Temperature, reaction time, catalyst loading and methanol to oil ratio. 
 
3.3.1 Effect of methanol to oil ratio 
Since the stoichiometric molar ratio of alcohol to oil for the transesterification is 3:1 and the 
reaction is reversible, higher molar ratios are required to increase the miscibility and to enhance 
contact between the alcohol molecule and the triglyceride. For this study, the molar ratio of 
methanol to WVO was varied from 6:1 and 12:1. Figure 4(a) shows increase in methanol to oil 
ratio results in slight decrease in biodiesel yield. Therefore, the yield of biodiesel increases with 
increase in the concentration of methanol up to certain concentration. However further increase 
of alcohol content (12:1) was found to result in excess unreacted methanol after separation of 
products which resulted into increase in the cost of methanol recovery. Ratio 6:1 relatively yields 
high at high temperature (run 8 and 14) and is recommended as the optimum for similar works 
of this kind (Taufiq-yap et al., 2014). 
 
3.3.2 Effect of reaction temperature 
The temperature was varied from 45oC to 65oC. The result from Figure 4(b) shows that there was 
increase in the biodiesel yield with increase in temperature. This was because higher reaction 
temperatures increase the rate of reaction. Considering run 8 at 65oC the yield was 98.5% this is 
confirmed by the work of Ajala et al (2019). This result is expected as the rate of 
transesterification reaction depends on temperature (Ho, Ngo, and Guo, 2014). 
 
3.3.3 Effect of catalyst loading 
Catalyst loading is one of the most influencial parameter affecting the yield of biodiesel. This 
parameter was varied at two levels viz. 2 and 4 wt% ,from Figure 4(c) it was observed that 
catalyst loading at 2 wt% gave highest yield compared to 4 wt% .Considering run 8 and 14 where 
highest biodiesel yield was obtained, catalyst loading of 2 wt% was used. Futher increase in 
catalyst loading from 2 to 4 wt% slightly  brought about decrease in the yield,which is in 
agreement with the work of Dhawane et al (2016).This decrease in yield can be attributed to 
leaching of the excess catalyst at higher concentration of catalyst and leading to saponification 
during the reaction.  
 
3.3.4 Effect of reaction time 
The dependence of the biodiesel yield on the reaction time was studied. As shown in Figure 4(d), 
the effect of reaction time on the yield was investigated in the range 1–3 h, the yield of biodiesel 
increased (98.5%) as the reaction time increased from 1 h to 3 h. This is because reaction time 
of 1-3 h was sufficient for completion of transesterification reaction with base catalyst (Nasim et 
al., 2014). For higher reaction time leaching of catalyst may increase and thereby lower the 
catalyst active sites, this was in agreement with the report of Dhawane et al (2017). 
 
3.4 Properties of WVME produced 
The major properties of WVME produced were estimated and presented in Table 5. The reported 
properties namely density, viscosity, acid value, iodine value, flash point and cetane number were 
compared with ASTM standard for biodiesel. The results show that all the properties of WVME 
were found to meet the global standard; hence WVME could be a substitute to fossil diesel. 
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Figure 4. (a) Effect of methanol/oil ratio on WVME yield, (b) Effect of temperature on 
WVME yield, (c) Effect of catalyst loading on WVME yield (d) Effect of time on WVME 
yield 
 
Table 5. Properties of waste vegetable methyl ester (WVME) in comparison with 
biodiesel standard (ASTM) 
Properties WVME ASTM Limit Testing procedure 
Density at 15  (g/cm3) 0.875 0.875-0.900 ASTM D4052 
Viscosity(mm2/s) 4.56 5-6 ASTM D445 
Acid value (mg KOH/g) 0.14 0.8 ASTM D974 
Flash point( ) 165 >130 ASTM D93 
Pour point ( ) -6 - ASTM D97 
Cetane number 52 >47 ASTM D975 
Iodine value (g iodine/100 g) 63.5 <120 AOAC CD1-25 

 
4.0 Conclusion 
In this present study a composite of calcined cow-bone and termite clay obtained after calcination 
of mixture of cow-bone and termite clay (SC9) catalyst has shown excellent activity for 
transesterification of WVO with FAME yield of 98.5% under optimal conditions. This study has 
tackled environmental and economic aspects of FAME production by using waste materials as 
both feedstock and catalyst. The effects of various parameters have been studied in which the 
most significant parameter is time and FAME produced showed conformance with the ASTM 
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standard. Studies on leaching of catalyst and its reuse need to be carried out, the kinetics of the 
process also need to be analysed as well as detailed modeling and optimization.  
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ABSTRACT 
With the increase in fuel demand and consumption but decrease in supply, an increase in the 
level of fuel adulteration has also been observed and confirmed in Nigeria. Lower priced 
adulterants are commonly added to our conventional fuel which contributes towards the increase 
in damages mostly on cars, generators, industrial machines, Human Health and some other 
electrical Gadget in the society. This paper ascertains fuel adulteration and introduces a prototype 
design of a new technology for real time detection of fuel from any source. 
 
A survey was conducted by administration of a questionnaire given to each Respondent to 
complete in the 6 geopolitical zone of Nigeria in order to ascertain prevalence of fuel adulteration: 
North-Central (NC), South-East (SE), North-East (NE), South-South (SS), North-West (NW) and 
South-West (SW) From data, it was ascertained that the most significant items were as follows. 
90% major fuel consumers are between the ages of 21-60 years. 86% of the respondent have 
experienced fuel Adulteration at one time or the other, 32% Civil Servant, 28% Professionals, 
12%Students, 12% Businessmen. 10% Artisan, 10% Trader all spread across the 6-geopolitical 
zone of Nigeria. In the second section, 66% of Respondent are frequent users of Petrol, 8%   uses 
Diesel more than Fuel, and 26% uses Kerosene more often. Adulteration of fuel is obvious in the 
survey, 16% experienced Adulteration on a daily basis, 76% every week, 8% monthly.78% has 
attempted to check for adulteration, 46 % of the adulterated fuel was bought from Road Vendor, 
48% from Pump Station, 6% from Pipeline Vandals. A mathematical relation was developed and 
validated using response surface methodology. The model was simulated into a design of a 
portable and simple technology. Results of the model revealed that consumers prefer a new 
technology effective and simple enough to detect any form of adulteration. 
 
Keywords: Prototype design, Petroleum Products, Adulteration, Modelling, New Technology 
 
INTRODUCTION 
Fuel adulteration problems have become increasingly rampant in recent times. It is a common 
knowledge that purity of fuel holds crucial significance mainly for automobile, power generation 
and engineering industries (2). In Nigeria, adulteration during production, through transportation, 
right up to the point of sale has become an acute problem. 
 
The introduction of a foreign substance into motor spirit / high speed diesel, or kerosene illegally 
or unauthorized with the result that the product does not conform to the requirements and 
specifications of the product is called adulteration (4). The foreign substances are called 
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adulterants which when introduced alter and degrade the quality of the base transport fuels. 
Specific types of adulteration may be broadly classified as follows: Small amount of distillate fuels 
like diesel or kerosene into Petrol. Variable amount (as much as 30%) of hydrocarbons such as 
industrial solvents into Petrol. Waste industrial solvent such as used lubricants, which would be 
costly to dispose of in an environmentally approved manner into Petrol and diesel.  A blend of 
kerosene into diesel, often as much as 20-30 percent. The use of such adulterants is not only 
affecting the quality of the conventional automobile fuels but also contribute towards 
environmental and health hazard. (1). The work aims at investigating and generate reliable 
mathematical model using the Physical Parameters sensitive enough to detect and determine an 
adulteration in fuel from any source. 
 
MATERIALS AND METHODS 
 
Population and Sampling 
A survey was conducted in the 6 geopolitical zone of Nigeria which are North Central(NC), South 
East(SE), North East(NE), South South(SS), North West(NW), South West(SW) of Nigeria. The 
purpose of the survey was to analyze using Statistical package for the Social Sciences (SPSS) 
software and study the Effect of Adulteration of Conventional Fuel on the environment. 
 
Data Collection 
The most significant items are as follows. 90% major fuel consumers are between the age of 21-
60 years. 86% of the respondent have experienced fuel Adulteration at one time or the other, 
32% Civil Servant, 28% Professionals, 12%Students, 12% Businessmen. 10% Artisan, 10% 
Trader all spread across the 6-geopolitical zone of Nigeria.  
 
In the second section, not surprisingly, 66% of Respondent are frequent users of Petrol, 8%   
uses Diesel more than Fuel, and 26% uses Kerosene more often. Adulteration of fuel is obvious 
in the survey, 16% experienced Adulteration on a daily basis, 76% every week, 8% monthly.78% 
has attempted to check for adulteration, 46% of the adulterated fuel was bought from Road 
Vendor, 48% from Pump Station, 6% from Pipeline Vandals. 90% of the respondent use physical 
examination to detect Adulteration, 74% of the 90% complained that the physical examination 
method is not effective enough, 88% needs a more Technical approach to detect Adulteration, 
72% preferably wants a new technology with cost ranging between N2000-N10,000. 
 
Model Development 
According to Isehunwa and Falade (1993), any volumetric or thermodynamic property of a fluid 
may be expressed as: 
 

f = f(P, T, X) --------------------(1) 
Where, 

P= Pressure 
T= Temperature 
X=Composition 

 
At atmospheric conditions, equation 1 can be reduced to: 

f =f(T, X) ------------------ (2) 
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If we treat an adulterated petroleum product as a fluid mixture, Kay’s mixing rule (Kay, 1936) 
may be applied at any fixed temperature: 
 

A = ΣXiAi----------------------(3) 
 
Where, A = Any physical property of the mixture component i. 
 
Therefore, in an adulterated fluid system, the degree of adulteration can be expressed by Xi such 
that:  
 

Xi = f(A/Ai) ----------------(4) 
 
 
If we select some properties of the mixture (Ai) such as Specific gravity (SG) and/or Interfacial 
Tension (IFT), at any temperature, we have: 
 

Xi = f(S.G, IFT)----------------------(5)  
 
Equations 4 and 5 implies that the degree of adulteration in a mixture can be related to the 
physical properties of the pure fluid and the mixture.  
 
RESULT AND DISCUSSION 
Frequency of Adulteration: The figure 1 below shows the problem of Adulteration has become 
a global problem and the detail of its frequency is analyzed below that 16% of the respondent 
has a daily experience of adulteration of any one of the petroleum product sample, also 76% of 
the respondent has her own experience of adulteration weekly likewise very few about 8% has 
their own experience   monthly  
 

 
Figure 1: Pie charts showing frequency of Adulteration in the society 
 
Desperation towards Adulteration Solution: The figure 2 shows that most of the 
respondent about 88% desire a quick intervention on resolving the problem of Adulteration, due 
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to the fact that the available methods are not readily available. 

 
 
Figure 2: Pie Chart showing respondent is in need of Intervention 
 
Type of Intervention needed: In figure 3 below it was observed that   72 % of the respondent 
desired a new but simple approach in form of a new technological innovation to tackle the problem 
of Adulteration. 

 

 
Figure 3: Pie Chart showing type of Intervention needed 
 

  
Figure 4: Pie Chart showing the frequency of how respondents have experienced 

Fuel Adulteration. 
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Figure 5:  Shows the form of adulteration experienced by the respondent. 
 
 

 
Figure 6: The pie chart showing the effect of damage resulting from fuel 
adulteration 
 

 
Figure 8: This Pie chart shows how respondent has been checking for Adulteration. 
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Figure 9: Pie Chart showing if respondents have been able to solve the problem of 
Fuel Adulteration. 
 
Response Surface Methodology model (RSM)  
The fitted second-order model for specific gravity from the experimental data using RSM can be 
expressed as: 
 
Y(x)   =    b0 + b1X1+ b2X2-+ b3X3+ b12X1X2 + b13X1X3 + b23X23+ b123X123   

 
where: 
 
Y RESPONSE (model2) = SGExperiment  

, 
X1= Interfacial Tension, 
 
X2 =Temperature,   
 
X3=%Adulteration by Volume.  
 
Table 1: Y RESPONSE   = SG MODEL(A)   X1=Interfacial Tension, X2 =Temperature, 
X3=%Adulteration by Volume 

S/N YRESPONSE 1  X1 X2 X3 X1X2X3 X12 X22 X32  ϵ(Truncation 
Error).  

1 0.833 1 22.5 28 0 0   0   0 0 - ϵ1 
2 0.840 1 23.0 27 20 12420.0 529.0 729.0 400 b0 ϵ2 
3 0.880 1 24.0 26 40 24960.0 576.0 676.0 1600 b1 ϵ3 

4 0.903 1 24.0 25 60 36000.0 576.0 625.0 3600 b2 ϵ4 

5 0.908 1 24.6 24 50 29420.0 605.16 576.0 2500 b12 ϵ5 
6 1.020 1 25.5 23 80 46920.0 650.25 529.0 6400 b22 ϵ6 
7 1.000 1 22.0 22 100 48400.0 484.0 484.0 10000 - ϵ7 
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Table 2:  Descriptive model Summary using Response Surface Methodology (RSM) 
 
 b0 b1  b2 b3 b12 b13 b23 b123 
MODEL A 1.005  1.040 1.050 1.020 1.080 -1.060 0.902 -0.001 
MODEL B 1.000 -1.000 -1.050 -1.000 -1.020 1.040 -1.047  0.001 
MODEL C 1.000. -0.900 0.900 1.080 -1.070 -1.000 1.070 -0.001 
MODEL D 1.050 -1.080 1.040 -1.200 -1.200 -1.020 1.080 -0.001 
MODEL E 1.030 -0.990 1.050 1.050 -0.100 -1.130 1.200 -0.001 
MODEL F 1.030 -1.030 1.000 -1.050 -1.050 -1.070 1.100 -0.003 

 

CONCEPTUAL DESIGN IN TWO AND THREE DIMENSIONAL AUTOCAD DRAWINGS. 
 

 
 
Figure 1: 2 and 3 Dimensional Design and Isometric View 
 
CONCLUSION 
The challenges posed by adulteration of fuel in Nigeria was investigated by carrying out a survey 
in the 6 geopolitical zones in the country. Results from the survey indicated that majority of 
respondents in the society prefers a new, simple and readily available technology effective enough 
to detect any form of adulteration. Based on the results of the survey, a mathematical model was 
developed, simulated into a design of a new technology. Results and analysis, showed the 
sensitivity of the new technology, which detected adulteration between 20 - 40% concentration 
by volume of contamination. 
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P2C-01: TACKLING THE UNEMPLOYMENT ‘SAGA’ OF THE YOUNG CHEMICAL 
ENGINEERS – THE ROLE OF COST ENGINEERING PROFESSIONAL CERTIFICATIONS 

Johnson Awoyomi 
Engineering and Technology Division, NNPC, Abuja 

 
ABSTRACT 
Unemployment of the young professionals such as chemical engineers continue to be a source of 
great concerns to all meaningful Nigerians – especially the parents who have sweated to train 
their wards in higher education. Government and private sector are also not left out in the fight 
against the unemployment. This paper will showcase the massive opportunities that exist in Cost 
Engineering Professional Certifications to our young and up-coming chemical engineers. 
According to the Association for the Advancement of Cost Engineering (AACE) International, Cost 
Engineering is the area of engineering practice where engineering judgment and experience are 
utilized in the application of scientific principles and techniques to problems of Cost estimating, 
Cost control, Profitability analysis, Project management and Planning and scheduling. Cost 
Engineering is the art and science of Total Cost Management. It is a very important tool for project 
management in the successful delivery of their capital project/programs – on schedule, within 
budget and at the right quality. Currently, in Nigeria and abroad, there is a great demand for 
certified cost professionals – certified estimating professional, certified cost engineers, planning 
and scheduling professional, etc. Out of the over 4,000 AACE Certified Cost Professionals in the 
globe, less than 40 are Nigerians. This is a clarion call to all the young chemical engineers to 
consider a professional certification in Cost Engineering. The benefits of earning the cost 
engineering professional certifications are many and include the following:  is a proof you are 
worth more, enhances your professional image, leads to more career opportunities, demonstrates 
initiative and it improves your skill and knowledge. 
 
INTRODUCTION 
Unemployment of the young professionals such as chemical engineers continue to be a source of 
great concerns to all meaningful Nigerians – especially the parents who have sweated to train 
their wards in higher education. Government and private sector are also not left out in the fight 
against the unemployment. The benefits of earning an AACE Certifications in the following: 
 Is a proof you are worth more: Individuals holding AACE certification earn on average USD 

15,000 more than the non-certified individuals with the same amount of work related 
experience 

 Enhances your professional image: Having AACE Certification helps you stand out in the 
crowd. It helps you showcase your expertise – that you can provide resolutions to your 
company and your clients and that you can successfully complete a project 

 Leads to more career opportunities: being able to prove your mastery of specific skills require 
d to earn an AACE certification will open your professional door for a greater number of career 
opportunities 

 Demonstrate initiative: Earning AACE certifications will show your employer and your clients 
that you have the leadership initiative to invest in your professional stature. If you can invest 
in yourself, it demonstrates you will invest your best efforts for your company and clients. 
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 Improves your skill and knowledge: Holding an AACE certification means you have to maintain 
your credentials to stay up to date with industry best practices, learn through continuing 
education, and adhere to the AACE Canons of Ethics throughout the recertification process 

 
DEFINITION OF COST ENGINEERING 
Another word for Cost Engineering is “Project Controls. Project Controls is that Element of a 
Project that keeps it on-Track, On-Time and Within Budget and can be responsible for projects, 
programs, or portfolios that contribute to the company’s bottom-line (AACE International).  
According to Bechtel Incorporation; Cost Engineering is a critical Bechtel function that provides a 
behind-the-scene- view of projects evolutions as well as exposure to both the technical and 
business aspects of engineering construction (AACE Int 2015 Annual Meeting).  
 
KEY ELEMENTS OF COST ENGINEERING 
The key elements of Cost Engineering are Cost Engineering and Cost Controls, Cost estimating 
and Planning and Scheduling as depicted in Figure 1. 
 

 
Figure 1: Key Elements of Cost Engineering 

 
Good capital management efficiency and cost control occur when we abide by the principle of 
what is in the Figure 2. 
 
The Cost Engineering and Cost Control deals with cost control side of cost engineering  and is 
very key because no matter how reliable and competitive your estimate (cost and schedule are),  
without emplacing robust cost monitoring and control, you have your budget ballooned and 
overrun in no  time and the project get bankrupt. Cost Control will minimize the impact of changes 
to the base scope and budget and schedule thus helping your project to e successful. The 
elements of cost control are as in Figure 3. 
 

Cost 
Engineering 

& Cost 
Controls

Planning & 
Scheduling

Cost 
Engineering

Cost 
Estimating



©NSChE 2019: Tackling the Unemployment ‘Saga’ of the Young Chemical Engineers – The Role of Cost Engineering  
Professional Certifications: by Johnson Awoyomi 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 408	|	P a g e 	

 
Figure 2: Elements of Good Cost Control 

 
 

 
 Figure 3: Cost Engineering and Cost Control Modules  
 
There are techniques of controlling project costs (which is outside the scope of this paper). Cost 
control entails – what to control, methods to be deployed to control and who and how to control. 
In order to ensure proper control of project cost and schedule it is imperative that a cost 
engineering professional is assigned on to the project – both from owners’ side as well as 
contractors’ side. 
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From experience, a lot of resources are expended during the planning phase of the projects but 
alas, very little attentions are devoted to proper execution of the propjets in terms of emplacing 
proper project controls. One quickest gap you notice is lack of Cost Engineering Professionals on 
the project and thus, regular project monitoring, progress reporting and cost controls are thrown 
to fate and emotions. In fact most contracts’ Invitation To Bid (ITB) have no detailed/ specific 
scope for Cost Engineering. 
 
Therefore, it is recommended that in order to have full cost engineering requirements emplaced 
in the tendering documents, the inclusion Cost Engineering Requirements inside the ITB Docs 
should be effected in such a way that (see Figure 4): 
 

 
Figure 4: Inclusion Cost Requirements inside Tendering Documents 

 
Cost Estimating.  
Estimating refers to both the money required for the project execution and the length of time 
(days, weeks, months or years) that the project will take to finish from start. The reliability and 
the believability of these estimates go a long way to determine how successful the project in 
question will be. Sometime ago, I was directed to review a variation on a project that grew  to 
over 400% of the awarded budget and in the course of my diagnosis/analysis, it was noted that 
the estimate right from the planning stage was wrong – as it was neither validated nor 
benchmarked. If your capital project must succeeded, you must deploy project control best 
practices of reviewing, validating and benchmarking your estimates (money and time) prior to 
sanctioning. 
 
One thing we are all sure of is that estimate will be wrong because is an estimate and is never a 
figure but a range, a probability distribution with contingency. AACE International defined a cost 
estimate as a compilation of all the probable costs of the elements of a project or effort included 
within an agreed upon scope. The key word here is ‘an agreed scope’. Without an agreed scope 
of work, the estimate is baseless. Cost Estimate is a prediction of quantities, cost, and/or price of 

IMPLEMENTATAION OF
COST ENGINEERING ON 
CAPITAL PROJECTS

Insert cost engineering
Specifications/requirements
In the bid documents

Insert detailed project 
control plan in project 
execution plan

Bid Documents:

Project execution plan:
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resources required by the scope of an asset investment option, activity, or project. Larry Dyssert 
during the 2018 AACE International Annual meeting in San Diego, USA recommended a revised 
definition of an estimate to include the location element – by defining a cost estimate as the 
prediction of the probable costs of a project, for a given and documented scope, to be completed 
at a defined location and point of time in the future. 
 
AACE International Classification of Cost Estimate 
It should be noted that as a prediction, an estimate must address risks and uncertainties. An 
estimate predicts what a project will cost, not what it should cost. For every project phase, there 
is a corresponding estimate class premised on the project definition level. By AACE International 
Classification standards, there are five Classes of Cost estimate as shown in Figure 5. 
 

Figure 5: AACE Cost Estimate Classification (Source: AACE International)  
 

a) Class 5 -screen estimate 
b) Class 4 -  conceptual 
c) Class 3 -  Budget Estimate 
d) Class 2  - Control or Bid/Tender Estimate and  
e) Class 1  - Check Estimate. 

 
The primary criterion to classify a cost estimate is the level of project definition – usually given 
as the percentage of Engineering design completed as at the time the estimate is being prepared. 
Another classification of cost estimates and their uses are shown in the Figure 6 
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Figure 6: Type of cost Estimates 

Planning and Scheduling:  
Without proper planning and scheduling, no success can be achieved on any project. Planning 
defines all the project activities and links the activities into a network structure to show 
interdependencies. Scheduling takes the plan and assigns dates on which each activity will be 
performed. The Critical path method (CPM) technique uses a network schedule to determine the 
activities that combine to make a “critical path” such that if one activity on the critical path slips, 
the project end date will slip. A resource loaded critical path schedule should be developed prior 
to full funding of a project. The actual schedule during the execution phase of the project should 
be compared to the target schedule, and corrective actions should be taken on an ongoing basis 
- through regularly schedule review meeting. There are various level of schedules based on the 
kind of information that a stakeholders requires as shown in Figure 7  
a) Level I: Milestone / Executive Master Summary schedule/ One-pager, time scaled bar chart 
b) Level II: Contract Master / Detailed Integrated schedule CPM to plan, implement and control 

overall project. 
c) Level III: Area Master / Contract schedules Subcontract / phased / element CPM schedules 
d) Level IV: Control / 2-3 Week Look-Ahead schedules, Spreadsheets / Bar Chart field plans 
e) Level V: Daily / Hourly Work schedules, Field supervision planning and execution listings 
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Figure 7: Level of Schedule 
 

THE AACE’S TOTAL COST MANAGEMENT (TCM) CONCEPT 
TCM is a process for applying the skills and knowledge of cost engineering [1]. It is the effective 
application of professional and technical expertise to plan and control resources, costs, 
profitability and risks. Simply stated, it is a systematic approach to managing cost throughout the 
life cycle of any enterprise, program, facility, project, product, or service. This is accomplished 
through the application of cost engineering and cost management principles, proven 
methodologies and the latest technology in support of the management process. 
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Figure 8: Total Cost Management Framework (Source: AACE International) 

 
TCM ties all the Cost Engineering skills and knowledge areas together into a single process and it 
establishes Cost Engineering as a unique discipline that supports business and project 
management alike. For Business, TCM is an Integrated Recipe for Managing Portfolios, Programs, 
and Projects in Alignment with Business Strategy! TCM Combines Asset and Project Life Cycle 
Management and afford both the owners and contractors a good understanding on how to 
manage and control the costs of their projects over the entire project life cycle. 
 
The Value of the TCM Framework for Industry 
TCM provides a strategic model that can help an organization design its own processes related to 
cost management. For individuals, the TCM Framework provides a “map” to help them understand 
all the practice areas while also helping guide their career planning. In the academic arena, the 
TCM Framework provides a model for developing cost engineering education and training 
products and curricula that will serve those individuals and enterprises in need of a broader, more 
integrated perspective. 
 
CAREER PATHS IN COST ENGINEERING 
The list of AACE International Certifications that anyone interested in progressing his/her career 
are can go for are as listed in Tale 1. It is recommended that anyone interested in any of the 
AACE Certification should endeavor to access the AACE official website – ( www.aacei.org) to 
confirm recent requirements and fees chargeable. 
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Table 1: Career Paths in Cost Engineering 
S/N AACE Certification Status Requirements 
1 Certified Cost Technician 

(CCT) 
Junior First degree 

2 Certified Schedule 
Technician (CST). 

Junior First degree  

3 Certified Cost Professional 
(CCP) 

Professional Min of 4 Years’ experience 
after graduation 

4 Certified Estimating 
Professional (CEP) 

Professional Min of 4 Years’ experience 
after graduation 

5 Planning and Scheduling 
professional (PSP) 

Professional Min of 4 Years’ experience 
after graduation 

6 Certified Forensic Claims 
Consultant (CFCC),  

Advanced Min of 4 Years’ experience 
after graduation 

7 Earned Value Professional 
(EVP) 

Professional Min of 4 Years’ experience 
after graduation 

8 Decision Risk and 
Management Professional 

Advanced Min of 4 Years’ experience 
after graduation 

9 Etc.   
 
Nigerian AACE Certificants Versus Global Certificants 
Globally today, there are so many engineers – chemical, electrical, civil, structural etc but there 
are very few certified cost engineers. As at the time of writing this paper by AACE standards there 
are just about 4,200 AACE certified cost professionals all over the globe out of which 32 are 
Nigerians as shown in Table 2 - Certified cost engineering professionals (www.aacei.org). 
Table 2: List of current AACE Certificants globally (source: www.aacei.org) 

 
 
Without doing too much analysis less than 1% of the AACE Global certififcants are Nigerians. 
Could this explain why ‘costs are really our issues and not technical’?  What Table 2 is showing is 
that developing economy like Nigeria is full of opportunities for aspired and would-be  AACE 
International cost professionals. The list of the opportunities are listed in the Table 3. 
 
 
 
 

Description Global Nigeria
Certifed Cost Technicians (CCT) 201 1
Certified Schedule Technician (CST) 125 0
Certified Cost Professionals (CCP) 1,756 21
Planning and Schedulig Professional) (PSP) 1,269 3
Certifed Estimating Professional (CEP) 322 5
Earned Value Professional (EVP) 443 2
Decision and Risk Management Professional (DRMP) 22 0
Certified Forensic Claims Consultnt (CFCC) 73 0

OVERALL 4,211 32

Percentage of the Nigerian Certified Cost Professionals by AACE International is less than 1% 0.76%
Souces: AACE Internationa website @ July 2019

NIGERIA  AACE INT. ACTIVE CERTIFICANTS
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Table 3: List Opportunities as Certified Cost Professionals 
S/N Career 

Opportunity 
Roles 

1 Cost Engineer 
 

Works with various disciplines and functional areas to capture 
and record all relevant costs  
Considers historical records and current trends to establish 
reliable cost forecasts 

2 Cost Estimator 
 

During conceptual stages,  prepares initial estimates for project 
sanction; Works with Cost Controller to formulate a project 
budget  
Validates or produces cost estimates for changes to the project 
scope  

3 Planner/Scheduler 
 

Works with Project Manager and disciplines to create a work 
breakdown structure (WBS) 
Sequences project work activities and monitors critical and sub-
critical  activities 

4 Claims analysts  
 

Investigate facts and circumstance surrounding disputes 
 

5 Project risk analysts  
 

Often use detailed tools and analysis to conduct scenario analysis 
and probabilistic modeling of cost and schedule 
 

6 Project Controls 
Manager 
(Supervisor) 
 

Oversees the actions of assigned cost engineers, estimators, and 
planners/schedulers  
Anticipates changes to keep the project on schedule and within 
budget 
Serves as the project’s overall commercial advisor and works 
hand-in-hand with the Project Manager to ensure 
accomplishment of cost, time, and quality considerations 

7 Project Manager Responsible for the success of the project. 
A good cost engineering professional  will grow to become an 
excellent Project Manager 

8 Etc  
 
 
COST ENGINEERING CERTIFICATIONS AND BENEFITS OF THE CERTIFICATION? 
(www.aacei.org) 
The intent of the AACE International certification is to recognize specialists who meet a 
demanding set of criteria by a rigorous examination, experience, education and ethical 
qualifications. For ease of AACE Certifications entry, there are 2 levels – Junior entry levels and 
Professional driven by level of experience as at the time the candidate is applying for certification: 
Why should you become a Certified Cost Professional (Certified Cost Engineer, Certified Estimating 
professional, Planning and Scheduling Professional ,Etc)?   
Professional Certification is and is an investment in your career.  In today’s world of intense 
competition in the workplace, total cost management is the concern of all businesses and 
companies.  It is therefore, essential to have employees that are proficient in the principles and 
practices of total cost management.  Certification is a verification of that proficiency. It provides 
assurance that the person performing the work is qualified and up-to-date on the latest skills and 
techniques and has the experience and knowledge to apply them [AACE International].   
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Some of the benefits for people seeking to get certified include the following: 
 Confirm your skills are current 
 Demonstrates initiative 
 Enhances your professional image 
 Improves skills and knowledge 
 Leads to more career opportunities 
 Helps you master key industry competences 
 Grants you professional credentials 
 Means greater earning potentials 
 
How to get certified? 
The AACE certification program encompasses specialties in cost estimating, project controls, 
planning and scheduling, earned value, and other related cost management disciplines.  The initial 
certifications, the Certified Cost Professional (CCP) cover all areas of total cost management and 
require 8 full years of relevant experience or 4 Years if is a degree holder. The Certified Cost 
Technician (CCT and CST) covers the fundamentals and basic skills and knowledge, and requires 
4 full years of relevant experience or a first degree qualification.  The CCT/CST provides junior-
level cost engineering professionals with the opportunity to attain recognition in the industry prior 
to possessing the minimum 8 years of related professional experience or 4 years if having a 
degree required to become fully certified [www.aacei.org].  
  
Cost Engineering and Project Management 
According to the AACE International, “Engineers" are always responsible for creating functional 
things that is strategic assets as we call them in TCM such as designs of a refinery, bridge, high 
rise building, develop software, etc But beyond the physical dimension of design (e.g., the 
refinery, bridge structure), there are other important dimensions of money, time and other 
resources that are invested in the creation of the designed asset. This is what cost professionals 
get concerned about. Using the above illustration, the job of a cost professional can be illustrated 
better as per the Figures 2.4a, 2.4b and 2.4c. 
 

 
Figure 2.4a: What Does a Cost Engineer do? 

 

Engineers globally design:

• FPSOs, 
• Aircrafts, 
• Refineries
• Roads, 
• Rail line and stations
• Bridges, 
• etc

Cost Professionals globally 
design from the Dimensions of:

• Time
• Money
• Resources
• Quality
• scope
• Risk, etc
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Figure 2.4b: What Does a Cost Engineer do? 

 
Other typical roles of a cost professional include but not limited to: 

Figure 2.4c: What Does a Cost professional do? 
 
 

Typical Roles of a 
Cost Engineer are::

Determine Project cost and labour 
requirements,

Evaluate impact of engineering, procurement 
and construction activities on project costs.

Coordinate schedule integration and establish 

the sequence of activities

Monitor the progress of the project and  
including cost and labour performance.

Anticipate potential problems, analyze causes 
and recommend corrective actions

Monitor the progress of the project and  
including cost and labour performance., etc
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CONCLUSION 
By this paper, it is hoped that the appetites of our young chemical engineers present here today 
have been wetted for them to take the abundant opportunities that are lying fallow through the 
Cost engineering professional certifications. Better opportunities pay, exposures, etc exist both 
onshore and offshore for certified cost professionals. The few Nigerian certified cost professionals 
are on daily basis being bombarded with lots of offshore job offers. It is never too late to get 
certified!! One man says ‘the thing’ will start when you start ‘the thing’. 
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ABSTRACT 
Engineering curricula designs are based on the belief of a strong relationship between the level 
of knowledge of foundation level courses and academic success. This study aims at substantiating 
such belief; using the students Cumulative Grade Point Average-CGPA at the end of 100 level (as 
an indicator of knowledge of foundation courses) and CGPA at the end of 500 level (as an indicator 
of academic success). The study used students’ data from 2002 to 2018 at the Chemical 
Engineering Department of Ahmadu Bello University, Zaria, Nigeria. There were strong 
correlations (average R2=0.7639) between CGPA at 100 level and at 500 level. This supports the 
supposition that indication of early abilities in mathematics and sciences may suggest high level 
of acquisition of the expected learning outcomes of Chemical Engineering, by the time of 
graduation. The initial and final CPGA(s) for students, who gained ‘direct entry’ at 200 level, were 
also investigated to have a comparative study between students who had basic knowledge of 
science and mathematics, and were admitted into 100 level, and those who had some extra 
tuition to prepare them for specific courses at 200 level. The study showed that there is no 
significant difference in the performance of the two different groups of students. Nevertheless, 
the findings suggest that engineering educators should pay more attention to the foundation 
levels courses as success at foundation level seems to predict final academic success.  
 
Keywords: Academic success, Foundation level, CGPA, Chemical Engineering Education. 

 
1.0 Introduction 
Undergraduate Engineering curricula are biased to mathematics and science courses, especially 
at the foundation level. This is because engineering educators consider students’ abilities to know, 
understand and apply mathematics and sciences, as strong indicators of attaining the learning 
outcomes. There are several studies that have attempted to substantiate the supposition of the 
direct relationship between students’ performance at the foundation level and the final level 
academic successes (Murtaugh et al. (1999), Thomas et al. (2009), Tumen et al. (2008), 
Stinebrickner and Stinebrickner (2013)). There have also been studies that have attempted to 
relate students’ final performance to other factors, such as prior knowledge, classroom 
attendance, success in specific foundation subjects/modules, gender, and personal factors, such 
as financial or accommodation issues (Lee et al. (2008), Kauffman et al. (2018), Murdoch-Eaton 
et al. (2007), Alfan and Othman (2005), Roy and Chadalawada (2014), Dewhurst et al. (2016)). 
 
This study is focused on exploring the relation between the performance at the foundation level 
and the final performance (academic success) of students; using students of the Chemical 
Engineering Department of Ahmadu Bello University, Zaria, Nigeria, as the case study.
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2.0 Methodology  
In this study, students’ data from 2002 to 2018 at the Chemical Engineering Department of 
Ahmadu Bello University, Nigeria, was used to investigate the existence of statistically significant 
relationship between the knowledge of the foundation level courses and overall (final) academic 
successes of the students. The data used in the study was obtained from the Examination Office 
of the Department of Chemical Engineering, ABU, Zaria. The names of the students were 
expunged from the data, and the raw data, which gives the cumulative grade point average 
(CGPA) of each student, was used for the analysis.  
 
In Ahmadu Bello University (ABU), an undergraduate engineering degree, which leads to a 
Bachelor in Engineering (B.Eng.) award, is a five-year program.  The first and second year courses 
tend to be science and mathematics courses taken by all Engineering students at the Faculty 
(Science and Engineering) levels. These are considered foundation courses; which each (Science 
and Engineering) degree program will build on in the subsequent years. During the first year (i.e. 
100 level), Chemical Engineering students take 36 core credit hours/units, which comprises of 
Mathematics (12), Sciences (12), Engineering (9) and others (3). More credit units are taken 
during the second, third, fourth and fifth year(s). It is expected that at the end of the fifth year 
(500 level) each student would have taken a minimum of 173 credit units and maximum of 182 
credit units. The knowledge gained is assessed and indicated by the cumulative grade point 
average (CGPA) at the end of each session (academic calendar, which comprises of two 
semesters). It may be important to note that some students gain ‘direct entry’ to the second (200 
level) or third year (300 level) instead of the first year (100 level), and are therefore subject to 
different minimum and maximum credit units at the end of their degree program.  
 
For each student that graduated at the expected time, the student’s CGPA at 500 level was 
obtained and the corresponding 100 level CGPA was also obtained from the archives. The 
obtained values were then plotted against each other, for all the students in that particular 
graduating year, and the chart obtained was subjected to statistical analysis. Thus, the relation 
between the CGPA at the 100 level and the CGPA at 500 level was investigated. The initial and 
final CPGA(s) for students, who gained direct entry at 200 level, were also investigated for the 
existence of statistically significant relationship between the knowledge of the foundation level 
courses and overall (final) academic success; in order to have a comparative study between 
students who had basic science and mathematics knowledge and were admitted into 100 level, 
and those who had some extra tuition to prepare them for specific courses at 200 level. 
 
3.0 Results and Discussion 
Table 1 shows the yearly (2004 to 2018) distributions of the registered students at the different 
levels (100 to 500) at the Chemical Engineering department of ABU.  
 
Table 1 shows that in 2004 there appeared to be a surge in the number of students admitted to 
100 level. The number more than doubled that of students at any other level. On investigation, 
it was realized that the university (ABU) was not in session in 2003/2004 due to a strike action, 
thus the students that should have been admitted in 2003 where not admitted; instead in 2004, 
more students than usual were admitted for the 2004/2005 session.  Over the next 13 years, the 
number of students at 100 level was maintained at an average of 148 students. Such a surge 
without commensurate increase in teaching resources and student supports may have dire 
consequences, such as bad quality teaching and learning, which may lead to increase (decrease) 
in students’ failures (performance), and eventually ‘delays’ in students graduations.  
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Table 1 Distribution of students based on registration at different levels (2004 – 
2018) 
 Year (Session) Students registered at different levels 
 100 200 300 400 500 
2004/2005 142 61 48 57 60 
2005/2006 114 137 47 46 92 
2006/2007 135 112 137 38 84 
2007/2008 134 154 102 104 89 
2008/2009 157 152 146 113 111 
2009/2010 197 195 182 109 159 
2010/2011 121 208 184 169 195 
2011/2012 114 139 217 179 212 
2012/2013 121 131 137 220 243 
2013/2014 180 145 156 141 315 
2014/2015 170 149 163 146 255 
2015/2016 158 143 169 150 237 
2016/2017 168 155 143 157 231 
2017/2018 158 151 157 124 228 

 
It is important to note that ABU operates a system in which students ‘carry over’ failed courses 
to another session, rather than another semester. Due to limited number of lecturers, teaching 
auditoriums and laboratories, each course is offered only once per year. Thus if a student fails a 
100 level course, the student will take that course again when he/she is at 200 level. If the course 
is a pre-requisite to a 200 level course, it implies that the student will not be able to take the 200 
level course and it will have to be taken at 300 level, if the student passes the prerequisite course 
at 200 level. If not, the student will take the 100 level course at 300 level. For example, MATH 
105 (Differential and Integral Calculus), is a prerequisite for MATH 241 (Calculus I) and MATH 
242 (Calculus II). Thus as long as the student fails MATH105, he/she will be unable to take MATH 
241 and MATH 242, and will have to continue to take MATH 105 until he/she passes it. 
Unfortunately this ‘carry over’ course (MATH 105) may continue to feature for years. This implies 
that a 500 level student may still have 100, 200, 300 and/or 400 level(s) courses being taken 
concurrently with 500 level courses. Thus a build-up of these ‘carry over’ courses can lead to a 
student being stagnant (delayed) at 500 level for a number of years, until the ‘residency permit’ 
of the student expires, at which stage, the student is withdrawn from the university. This ‘delay’ 
is exhibited by the exponential increase in the number of student registered at 500 level. However, 
in 2014, the increasing trend of the number of students in 500 level was broken. On investigation, 
it was realized that the university carried out an ‘Amnesty’ program to try to clear the back-log of 
delayed students. The program allowed students to take a course concurrently with its pre-
requisites. Thus it was possible to take, for example, MATH 105, MATH 241 and MATH 242 in the 
same session. This allowed some of the students to offload a number of courses at the same 
time, without waiting for subsequent years to take the course/graduate. This may have accounted 
for the drop in the number of 500 level students in the next session (2014/2015 session). 
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Relation between performance (CGPA results) at foundation level and at final level 
Figure 1 shows a sample of the chart obtained for the variation of students CGPA at 500 level 
with their CGPA at 100 level. Based on the chart obtained, it is obvious that the CGPA at 500 level 
and CGPA at 100 level have a strong linear relationship. The chart was plotted for all the students 
that graduated from 2008 to 2018, and the obtained charts were analysed. The results of the 
analysis are shown in Table 2. 
 

 
 
Figure 1. Variation of CGPA at 500 level with that at 100 level for 2009 graduates (i.e. 
students admitted in 2004/2005 session). 
 
Table 2 summarizes the linear equation parameters obtained for students admitted from 2002 up 
to 2018 (i.e. students who graduated from 2008 to 2018 at the appropriate time). 
 
Table 2.  Parameters of linear relationship between CGPA-100 level and CGPA-500 level 
Graduation Year Parameters of linear equation:  Y = aX + b 
 R2 a B 
2008 0.7683 0.9138 0.0663 
2009 0.7392 0.7477 0.7307 
2010 0.6321 0.6591 1.1872 
2011 0.8245 0.7834 0.6669 
2012 0.7593 0.7076 1.1541 
2013 0.7251 0.6939 1.0891 
2014 0.8300 0.7785 0.9365 
2015 0.8185 0.6254 1.6554 
2016 0.7315 0.7175 0.9953 
2017 0.7591 0.6163 1.5639 
2018 0.8154 0.6707 1.3924 
Average 0.7639   

y	=	0.7477x	+	0.7307
R²	=	0.7392
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The CGPA at 100 level and CGPA at 500 level, show a good relationship, as indicated by the 
goodness of fit parameter (R2) in Table 2. The year with the worst R2 value, which does not show 
a very good fit, is 2010. It is difficult to explain this sudden drop in R2 value, especially considering 
that for the students that graduated in that year, a fewer number of students were initially 
admitted compared to the year before (as shown in Table 4). Nevertheless, the average R2 value 
(for all the years analysed) is 0.7639, which implies a strong correlation between the CGPA at 
100 level and the CGPA at 500 level. 
 
The analysis was also carried out for students with direct entry into the 200 level. These students 
have undertaken a foundation (remedial) course before admission into 200 level. Generally, they 
are students who were unable to get entry to 100 level, possibly due to a shortfall in meeting the 
requirements for direct entry at 100 level or due to the limited available resources, which limits 
the number of students that can be admitted. The analysis also shows a good fit for the 
relationship between CGPA at 200 level and CGPA at 500 level, with a slightly higher average R2 
value of 0.8058, as shown in Table 3. 
 
Table 3.  Parameters of linear relationship between CGPA-200 level and CGPA-500 
level for students with ‘direct’ entry into 200 level 
Graduation Year Parameters of linear equation:  Y = aX + b 
 R2 a B 
2008 N/A N/A N/A 
2009 0.6468 0.6175 1.4725 
2010 1.0000 0.8190 0.9380 
2011 0.7970 0.6915 1.2099 
2012 0.8305 0.9484 0.4964 
2013 0.7705 1.0118 0.3410 
2014 0.9680 1.0121 0.4863 
2015 0.8964 0.7394 1.0541 
2016 0.7244 0.5114 1.9401 
2017 0.7444 0.7339 1.2262 
2018 0.6799 0.8417 0.6913 
Average 0.8058   

 
Delays in Graduation 
Table 4 shows the pass rate(s) as a function of the admission/graduation year(s). Students are 
supposed to graduate after five years of studies. Thus students admitted in 2004, for the 
2004/2005 session, are supposed to graduate in 2009. However, only 33.3% of the students 
admitted in 2004 graduated in 2009, the others were delayed for varying years depending on 
their outstanding courses. Encouragingly, after 2009, the number of students (as a percentage 
of the number admitted) that graduated on time, increased to slightly above 40% until 2014, 
when the percentage began to increase steadily. This sudden increase in 2014, may be associated 
with the ‘Amnesty’ program introduced to clear up the backlog of student as mentioned earlier. 
This steady increase in pass rate was noticed up to 2018, when there was a sudden drop in the 
rate. On investigation, it was realized that the policy changed for students admitted for the 
2013/2014 session. The students were no longer permitted to graduate with a ‘pass degree’, as 
such the minimum graduation CGPA increased from 1.0 to 1.5. This may have contributed to the 
sudden significant drop in pass rate noticed in 2018. However, it is important to note that from 
2018, the policy has been changed again, so that students admitted after 2018, i.e. students 
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admitted for the 2018/2019 session will have the opportunity to graduate with the lesser grade 
of ‘pass’ degree (CGPA of 1.0). In other words, there has been a reversal in the earlier policy; 
which can lead to inconsistencies and dissatisfaction. 
 
Table 4.  Student pass rate, as a function of year of admission and the number of 
students admitted 

Graduation 
year 

Admission 
year 

No. of students 
admitted at 100 
level 

No. of students 
that graduated 
on time 

% of students 
that graduated 
on time (%) 

2008 2002 52 25 48.1 
2009 2004 132 44 33.3 
2010 2005 95 41 43.2 
2011 2006 134 54 40.3 
2012 2007 135 63 46.7 
2013 2008 156 65 41.7 
2014 2009 185 103 55.7 
2015 2010 117 71 60.7 
2016 2011 113 74 65.5 
2017 2012 113 77 68.1 
2018 2013 156 63 40.4 
Average    49.4 

 
It may be interesting to note that although in 2004, 132 students were admitted, and the pass 
rate (for these group of students) was only 33.3%, subsequent high number of student admission 
did not seem to have the same impact as the initial surge of students. For example, when the 
pass rates of other years are compared to that of the 52 students that were admitted in 2002, 
the pass rates are not much worse than theirs. Nevertheless, from 2014 there was a sudden 
surge in the pass rate, i.e. the students admitted from 2009, did consistently better, in terms of 
having a higher pass rate than subsequent years. It is possible that the ‘Amnesty’ program was 
responsible for the initial increase in the pass rate, but the subsequent increase cannot be 
explained easily. By 2018, the pass rate suddenly dropped, possibly as a result of the change in 
policy (pass mark), as already mentioned above. These findings are contrary to the expectation 
that large numbers of student intake/admission will automatically lead to increase in student 
failure.  
 
In the course of this study, it was observed that during the period under study, there has been 
frequent changes in policies, which have included the number of students admitted, pass mark, 
sequence of taking courses, ‘amnesty’, school calendar, etc., which makes it very difficult to know 
the effect of only one variable on say pass rate. Since it would seem that at any one time, more 
than one variable is changing. Nevertheless, one thing that is evident in this study, is the fact 
that for those students that graduated at the expected time, the relationship between their 
foundation level CGPA and final level CGPA is very strong. 
 
The analysis of the student pass rate was also carried out for students with direct entry into 200 
level. The results are as shown in Table 5. 
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Table 5.  Student pass rate, as a function of year of admission and the number of 
students admitted for 200 level direct entry students 
Graduation 
year 

Admission 
year 

No. of students 
admitted at 200 
level 

No. of students 
that graduated 
on time 

% of students 
that graduated 
on time (%) 

2008 2004 16 0 0.00 
2009 2005 11 4 36.4 
2010 2006 9 2 22.2 
2011 2007 16 9 56.3 
2012 2008 16 7 43.8 
2013 2009 26 12 46.2 
2014 2010 18 10 55.6 
2015 2011 10 5 50.0 
2016 2012 12 12 100.0 
2017 2013 41 34 82.9 
2018 2014 21 12 57.1 
Average    50.0 

 
The analysis for the direct entry students shows that on average no much difference exists in the 
pass rate between students admitted at 100 level and those admitted via direct entry at 200 level. 
However, there are two years (2016 and 2017) that show exceptional high pass rate for 200 level 
direct entry students. In particular, 100% of the students admitted via direct entry in 2012 
graduated on time (2016). Again, due to the inconsistencies in procedures, it is difficult to justify 
this result. 
 
4.0 Conclusions 
This study has shown that the performance of students in the foundation level courses can be a 
strong indicator of the students’ later academic success. On average, the goodness of fit 
parameter (R2), for the relationship between the CGPA at 100 level and CGPA at 500 level, is 
0.7639, and the average R2 value between CGPA at 200 level (for direct entry students) and CGPA 
at 500 level is 0.8058, which shows that both values indicate good fit(s) between foundation level 
CGPA and final level CGPA. Also, the study showed that there are no significant difference(s) in 
the performance of the two different groups of students, as the average pass rate (as a 
percentage of the initial number of students admitted) was about 50% for both students that 
were admitted at 100 level and those admitted at 200 level. Nevertheless, the findings suggest 
that engineering educators should pay more attention to the foundation level courses as success 
at foundation level seems to predict final academic success. 
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ABSTRACT 
This study reviewed Chemical Engineering Education and Problem Base Learning that involved 
innovative approaches for effective and efficient result-oriented. The study reviewed the various 
element needed for Chemical Engineering Education learning platform that will enhance rapid 
knowledge acquisition. Modern techniques in Chemical Engineering education was identified that 
includes e-learning platform, flowsheets, process flowsheet, schematic diagram and computer 
software applications. The modules of these techniques and function were discussed for easy 
accessibility to the learners. Project organized problem base learning, problem base learning and 
project base learning were considered as part of the difficulties to address in Chemical Engineering 
Education. Historical background, previous works, best practice and focusing priorities etc were 
briefly explained as relate to this study. The study concluded by emphasizing on the need of 
making learning of Chemical Engineering effective by caring out training and retraining of staff 
for efficient impartation of knowledge. Learning is a search for meaning, which requires 
understanding of the whole framework in order to relate the parts of the context. The problem 
base learning in Chemical Engineering education is viewed from different point which are data 
collection, analysis of data and the materials for the learning process. Various units and column 
that are involved in conversion of raw-materials into finished products were reviewed for easy 
understanding. The chemical engineering discipline is still fragmented due to the fact that 
necessary ingredients for learning are not either under-utilized or not available for usage.  
 
Keywords: Chemical Engineering Education, Learning and Problem-Based 
 
INTRODUCTION 
Chemical Engineering education is a process of learning that involves the conversion of raw 
materials into finished product by application of chemical science. Chemical Engineering 
nowadays needs to evolve in order to produce marketable Chemical engineering graduates. 
Traditional Chemical engineering instruction is deductive, beginning with theories and progressing 
to the applications of those theories. The traditional methods alone do not seem to be able to 
cultivate required skills by the industries since the demand of the industries on the graduate’s 
skill keeps on changing from time to time. To address these challenges, industries need skilled 
personnel with good oral and written communication skills, tuned to modern technology and 
adept at teamwork. However, rising costs, reduced budgets, difficulties in retaining high quality 
students and lack of technical and laboratory resources are some of the challenges that beset 
universities. Further exigencies include time constraints and clashes within a flexible semester 
system offering multiple options. Therefore, innovative teaching methods such as Project 
organized problem-based Learning which is based on constructivist learning theory seem the best 
methods to resolve this issue(Duch,2001). Chemical Engineers are increasingly finding more non 
-traditional type employment in order to make ends meet for survival. From a student’s 
perspective, an essential factor in student learning is motivation. Studies from Dahlgren (2003) 
note the limitations of traditional classroom teaching in today’s changing environment. The 
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student’s desire to learn can be enhanced by involving them in the education process and by 
presenting the course material in an attractive format, relevant to today’s needs. The curriculum 
designer on the other hand needs to focus on specifying the desired graduate attributes and 
matching course content with those attributes to be finally imparted to the learner (Schon,1997). 
Project organized problem-based Learning  is  hybrid model  that consists of two types  of 
inductive(student centered) learning methods, which are project  based learning and problem 
based learning .The terms project-based learning and problem-based learning are each used to 
describe a range of instructional strategies.  
 
Problem-based learning begins when students are confronted with an open-ended, ill-
structured, authentic (real-world) problem and work in teams to identify learning needs and 
develop a viable solution, with instructors acting as facilitators rather than primary sources of  
Information (Barrows,1980) while Project-based learning begins with an assignment to carry 
out one or more tasks that lead to the production of a final product—a design, a model, a device 
or a computer simulation. The culmination of the project is normally a written and/or oral report 
summarizing the procedure used to produce the product and presenting the outcome. Project-
based learning is similar to problem-based learning in several respects. Both normally involve 
teams of students in open-ended assignments that resemble challenges the students are likely to 
encounter as professionals, and both call for the students to formulate solution strategies and to 
continually re-evaluate their approach in response to outcomes of their efforts. There are 
differences in the two approaches as they have traditionally been implemented, however. A 
project typically has a broader scope and may encompass several problems. In addition, in 
project-based learning the end product is the central focus of the assignment and the completion 
of the project requires primarily application of previously acquired knowledge, while solving a 
problem requires the acquisition of new knowledge and the solution may be less important than 
the knowledge gained in obtaining it (Woods,1994). In other words, the emphasis in project-
based learning is on applying or integrating knowledge while that in problem-based learning is 
on acquiring it. In practice, however, the distinction between the two methods is not necessarily 
that clean, and programs have recently adopted approaches that include features of both of them. 
The main principles of project organized problem-based learning can be described as in figure 1. 
Problem-based learning in chemical Engineering profession can easily by handle with 
experimental and descriptive approach through effective and coherent reasoning. Scientifically, 
Chemical Engineering has to do with conversion of raw-materials into finishes products by 
application of physical and chemical processes.   
 
Historical Background 
In higher education concepts such as “self-directed-learning,” “case-based learning,” “inquiry 
based learning,” “experiential learning,” “service learning,” “project-based service learning,” 
“active learning,” CDIO (Conceive, Design, Implement, and Operate), “project-based learning,” 
and “problem-based learning” were introduced in the decades after the Second World War. All 
these new learning concepts come under the umbrella of learner-centered or student-centered 
learning models. Problem-based and project-based learning, both known as PBL, originate from 
the reform universities, and the new educational models, established between 1965 and 1975.  
 
In problem-based learning, problems form the starting point for students’ learning emphasizing 
a self-directed learning process in teams. The educational model problem-based learning was 
introduced at curriculum scale at the medical faculty of McMaster University, Canada, followed by 
Maastricht University in the Netherlands and many others. Project-based learning shares the 
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aspect of students working on problems in teams, but with the added component that they have 
to submit a project report completed collaboratively by the project team. The problem- and 
project-based/project organized model adopted at Aalborg University and Roskilde University, 
Denmark, was inspired by the critical pedagogy in Europe after the student revolts of the 1960s.  
 

 
 
At Aalborg University both models of PBL were eventually combined in problem-based project 
organized learning, which was practiced at all faculties – the Faculty of Engineering and Science 
being the largest. The problem- and project-based/project organized model adopted at Aalborg 
University and Roskilde University, Denmark, was inspired by the critical pedagogy in Europe after 
the student revolts of the 1960s. At Aalborg University both models of PBL were eventually 
combined in problem-based project organized learning, which was practiced at all faculties – the 
Faculty of Engineering and Science being the largest. The problem- and project-based/project 
organized model adopted at Aalborg University and Roskilde University, Denmark, was inspired 
by the critical pedagogy in Europe after the student revolts of the 1960s. At Aalborg University 
both models of PBL were eventually combined in problem-based project organized learning, which 
was practiced at all faculties – the Faculty of Engineering and Science being the largest. The 
problem- and project-based/project organized model adopted at Aalborg University and Roskilde 
University, Denmark, was inspired by the critical pedagogy in Europe after the student revolts of 
the 1960s. At Aalborg University both models of PBL were eventually combined in problem-based 
project organized learning, which was practiced at all faculties – the Faculty of Engineering and 
Science being the largest. The problem- and project-based/project organized model adopted at 
Aalborg University and Roskilde University, Denmark, was inspired by the critical pedagogy in 
Europe after the student revolts of the 1960s. At Aalborg University both models of PBL were 
eventually combined in problem-based project organized learning, which was practiced at all 
faculties – the Faculty of Engineering and Science being the largest.  
 
The problem- and project-based/project organized model adopted at Aalborg University and 
Roskilde University, Denmark, was inspired by the critical pedagogy in Europe after the student 
revolts of the 1960s. At Aalborg University both models of PBL were eventually combined in 
problem-based project organized learning, which was practiced at all faculties – the Faculty of 
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Engineering and Science being the largest. This combined approach is the central point of 
reference for this work. 
 
Previous Work 
Lars et al (2003) research on Project Organized problem-based learning in distance Education 
was an empirical work that dwelled on how Chemical Engineering degrees can be obtained using 
distance learning methods such as online. Another study by Fink(1999) was on Problem Organized 
base learning in Engineering Education, dealt on the need of advancing Engineering Education 
through rigorous approaches adopting a an approach that will advance the discipline of 
Engineering through Industry-academia related approach. Lehmann et al (2008) researched on 
Problem-Oriented and project-based learning (POPBL) as an innovative learning strategy for 
sustainable development in Engineering Education, this work was based on to advance knowledge 
acquisition in Chemical Engineering so as to meet global trends and development. Authors such 
as Kalmos et al (2004) worked on The Aalborg PBL Model: progress, diversity and challenges. 
This topic was able to identify various challenges that are to be encountered by student in cause 
of Chemical Engineering Education but the limitation to the research is the way forward that was 
not revealed by this publication. Mills (2003) Talked on Engineering Education: Is problem-based 
or learning-based the answer? Which pose as a pointer to both the teaching and leaning audience 
of the Engineering Profession. This question asked by the author is essential to knowledge 
acquisition in Engineering considering the time involved in Engineering training. Hadim et al 
(2002) researched on Enhancing the Engineering Curriculum through project-based learning 
researched on repositioning the Engineering profession through knowledge impartation in 
correlation with trends in society and innovative reasoning. This authors considered some 
important factors that are essential in enhancing Engineering knowledge but this not go into 
details on how this can be effectively implemented in our present day society.  
 
Jasiek et al (2010) researched on Identifying opportunities for collaboration in International 
Engineering Education Research on Problem-and project-based learning, this study was anchored 
on the for effective collaboration on Engineering knowledge acquisition for the growth of society. 
This empirical review see the need for implementation of ideas in Engineering Education in 
general and Chemical Engineering education in particular knowledge impartation and acquisitions. 
This present study is intended to tackle the issue of problem-base learning platform in Chemical 
Engineering Education that will advance the growth of society through value-chain and effective 
collaboration. Chemical Engineering education essential for the advancement of the 21st century 
economy in areas like Agriculture ,energy, power, mines and steel etc. In advancing value chain 
economy Chemical Engineering education is vital to the achievement of the needed growth and 
priority need to be place in knowledge acquisition so as to boost manpower input and output. 
 
Best Practice 
Chemical Engineering education has evolved since its origins. One of the strongest features of 
engineering education, in fact, has been its resilience and flexibility, and its ability to adapt and 
evolve as new challenges, opportunities and new realities become apparent. Some have 
attempted to provide pathways to the future of engineering [5]. Despite the appearance of 
confusion that sometimes seems to be associated with chemical engineering education, there are 
discernable trends. Many of these trends are discussed here, where they are grouped into several 
categories: refocusing priorities, enhancing professionalism, advancing teaching and learning 
methods. 
 



©NSChE 2019: Chemical Engineering Education and Problem Learning Platform: Focus and Developments:  
by Nnadi, C. N, Ogulu, E.O and Oduola, M.K 

	

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 431	|	P a g e 	

Refocusing Priorities  
The main future trends around chemical engineering education priorities, which I anticipate may 
be modified or expanded, relate to creativity, innovation, design, engineering methods and 
fundamentals, multidisciplinary studies and independent learning in chemical engineering 
education, given those factors are crucial to chemical engineering design, and yield more 
competent and productive engineers.  
 
Enhancing Professionalism  
Several future trends around professionalism are likely in the future, the principal ones of which 
involve the environment, ethics, professional attributes, business, management, entrepreneurship 
and globalization.  As environmental issues and concerns continue to grow, we anticipate that, 
Chemical Engineering education will place a greater emphasis on ensuring that chemical 
engineers have a broad awareness of the implications of their actions on the environment, and a 
better understanding of their role in environmental stewardship and responsible environmental 
behavior. 
 
Advancing Teaching and Learning Methods  
The main future trends around teaching and learning methods in chemical engineering education 
are likely to new teaching and learning methods, information and communications technologies 
and virtual and simulated laboratories. I anticipate that there will be expanded use of new 
methods to facilitate teaching and learning, taking advantage of the many new methods being  
proposed or tried to improve educational activities and student learning. For instance, active 
learning and reflection have been in various areas of engineering education. 
 
MATERIALS AND METHODS 
In achieving the aim and objectives of the study, we considered various learning platforms such 
as Schematic diagrams, Process diagram, Flowsheets, e-learning platforms and Computer 
Software Applications. These materials were reviewed on their various mode of application to the 
Chemical Engineering profession. The methods adopted in the application of this materials for 
effective knowledge impartation on Chemical Engineering are review on various modules of 
operation. Schematic diagrams are applied for illustrating the process involves in various 
conversion of raw-material such as distillation column for fractionation of crude and other fluids. 
The usage of e-learning system involves digital application either through electronic mails, 
projector and visual form of learning. This study considered of projector and electronic mails in 
teaching and getting of feedback from students in transfer of Chemical Engineering knowledge. 
Computer Software Applications such CHEMCAD, Auto-CAD,HYSYS, PRO11,MATLAB and Excel are 
constantly applied in teaching innovative knowledge in the Chemical Engineering Profession. 
These software are used in designs, simulation and modeling of chemical Engineering processes. 
Flow sheet are necessary in show different steps involved in conversion of raw-materials into 
finished products like production of beer. 
 
DISCUSSION 
The Flow diagram is illustrated below for production of Ethyl alcohol were 95% ethanol was 
recovered with molasses serving as feedstock. The flow diagram the column and units that are 
involved in the production. 
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Figure1.2: Flow Diagram for Ethyl alcohol Production 
 
The schematic diagram below shows the production process of bioethanol from grains and sugar 
solution. The schematic diagram is a teaching aid that gives detail information of the process of 
production of any products. The various units in the bioethanol production then related through 
the schematic diagram. 
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Figure1.3: Schematic Diagram for Bioethanol Production from Sugar and Grains 
 
Process diagram is block diagram that gives information on the various stages of production of 
any products such as bioethanol that is illustrated below. Process diagram is an important 
teaching aid in Chemical Engineering and help solve the problem of understanding the steps in 
producing a particular products. 
 

 
 
Figure1.4: Process Diagram for Bioethanol Production 
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This is a flow diagram for PP Powder production, with catalyst as feedstock and PP powder as 
end product. The flow diagram as a teaching aid is viewed on this study as an illustrative 
material that shows the production step of desired product. 

 
Figure 1.5: Flow Diagram for PP powder 
 
CONCLUSION 
Many challenges and opportunities faces chemical engineering education, a change to project 
organized problem based learning may be an expensive and time consuming endeavor but 
given visionary and supportive management and well-trained, committed and dedicated staff, the 
change may lead to results in terms of student competences that are worth the effort. It is a 
known fact that Chemical Engineering is an innovative discipline that entail modern way of 
knowledge acquisition. This study reviewed various Chemical Engineering Education and problem 
base learning which also suggest possible solution to this problems. The various modern tools 
that are involved in Chemical Engineering Education were related to Problem base learning and 
modules were also reviewed. This study concluded that Chemical Engineering Education is vital 
for advancement of innovative society and problem base learning are urgent in need of attention.  
 
RECOMMENDATIONS 
1. Teaching staff involved in teaching the project organized problem based learning curriculum 

should be provided with ample opportunities for discussions and deliberations, leading to 
mental comfort about the change, as well as ample training leading to cognitive skills in 
mastering the PBL teaching tasks, such as problem crafting and facilitation. 

2.  Dynamic approach should be used in teaching Chemical Engineering courses by using 
vigorous modern methods in their knowledge impartation on students. 

3. Staff who are interested in participating in the delivery of the PBL curriculum should be 
involved in the first phases of the change processes so that it can lead to sustainable change.  

4. Interdisciplinary collaboration among teachers should be secured in order to provide 
interdisciplinary real-life problems for students to work with.  

5.  Real-life problems should be introduced early on in the study program, when the motivational 
factor is the greatest. 

6. Provision should made in utilization of the tools to solve the problem base learning through 
effective training and retraining of staff. 

7. Student should be regularly expose to these modern tools so as to enable them see the 
problem learning as one of the challenge to overcome before becoming a Chemical Engineer. 
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ABSTRACT 
This paper reviews the case of the chemical engineering curriculum and proposes ways and areas 
that need urgent attention.  It recommends the need to develop an appropriate action plan for 
the review, the introduction of new courses that are in consonance with new trends in the 
chemical industry and the need to develop instructional materials to make the implementation of 
the curriculum easier for both the lecturers and the students and the reintroduction of the periodic 
industrial attachments for lecturers to keep them abreast with the new developments in the 
industry. It further calls for an implementable timetable to ensure regular reviews of the curricula 
of the programmes of Nigerian tertiary institutions and for all institutions to strengthen their 
strategies and specific initiatives designed to support the development of quality teaching 
since pedagogy is a central enabler of the implementation of all academic curricula. The paper 
finally recommends that Nigerian tertiary institutions consider the hiring of adjunct lecturers from 
critical industries to join regular staff for a period of time as this will go a long way in inculcating 
the appropriate real life skills and competences in students. Such symbiotic collaboration between 
industry and academia are key ingredients of a successful curriculum implementation. 
 
Key words: Curriculum Revision, Industrial Trends, Chemical Engineering 
 
Definition of Curriculum 
According to United Nations Educational, Scientific and Cultural Organization (UNESCO), 
Curriculum is a systematic and intended packaging of competencies (i.e. knowledge, skills and 
attitudes that are underpinned by values) that learners should acquire through organised learning 
experiences both in formal and non-formal settings. Good curriculum plays an important role in 
forging life-long learning competencies, as well as social attitudes and skills, such as tolerance 
and respect, constructive management of diversity, peaceful conflict management, promotion 
and respect of Human Rights, gender equality, justice and inclusiveness. 
 
Curriculum development is defined as a planned, purposeful, progressive, and systematic process 
to create positive improvements in the educational system. Every time there are changes or 
developments happening around the world, the curricula are affected. There is a need to update 
them to address the society’s needs.  According to Bilbao et al. (2008), curriculum is considered 
the “heart” of any learning institution which means that the Polytechnics or Universities cannot 
exist without a curriculum for each of their programmes. Since there are constant changes in the 
society, curriculum development has become a dynamic process. The curriculum can therefore 
be considered the total learning experiences of individuals not only in the institutions but the 
society as well. The critical question we need to ask is, do we have to wait for society to change 
before we prepare a curriculum to match it or can we be innovative enough to keep pace? 
 
The truth is that we have to develop the curriculum around the challenges in the Chemical 
Industry. Wrongly defined trends lead to wrongly defined challenges to non-relevant curriculum. 
What type of Curriculum are we preparing? Is it a community curriculum, regional curriculum, 
national curriculum or global curriculum?
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Importance of Curriculum Development 
Curriculum development has a broad scope because it is not only about the Institution, the 
learners, and the teachers; It is also about the development of society in general. In today’s 
knowledge economy, curriculum development plays a vital role in improving the economy of a 
country. It also provides answers or solutions to the world’s pressing conditions and problems, 
such as environment, politics, socio-economics, and other issues of poverty, climate change, and 
sustainable development. There must be a chain of developmental processes to develop a society. 
First, the curriculum must be developed to preserve the country’s national identity and to ensure 
its economy’s growth and stability. Thus, the president of a country must have a clear vision for 
his people and the country as well. For instance, in Nigeria, Mr. President in his Change Agenda 
may want the country to be self sufficient in food and also produce its fuel so as not to rely on 
importation. The curriculum should therefore be reviewed to support these initiatives by, for 
example, the introduction of storage and processing systems and bio-fuel studies. 
 
There are issues of illegal processing of stolen crude oil. The mineral sector needs to be developed 
to enable us move from oil dependency. How will this influence the curriculum development and 
review? Then the curriculum must be developed along that line. Curricula programs for higher 
education can be crafted in such a way that graduates can fit easily in the relevant sectors to 
boost the food, oil industry and mineral sector. For example, different models may arise such as 
a curriculum that emphasizes renewable energy, bio-energy, returning to coal energy, producing 
fuel from methane. Questions like, will there be more emphasis on gas. Should government and 
industry support the building of more modular refineries? How about the introduction of mineral 
processing systems or emphasizing multidisciplinary approaches in the curriculum? In Singapore, 
for example, water is a key issue and there are more water related programmes and research. 
Poor curriculum means precious time is wasted by industry for on-the-job training. 
 
If Polytechnics or Universities have curricular programmes that are innovative and in demand in 
the local or global markets, many students even from foreign countries will enroll. A higher 
number of enrollees would mean income on the part of the Institutions. As a result, if the income 
is big, it can be used for teachers’ promotion, scholarship, and remuneration. It can also be used 
in funding research and development endeavors, and in putting up school facilities, libraries, and 
laboratories. The country’s economy can improve the people’s way of life through curriculum 
development. And to develop it, curriculum experts or specialists should work hand in hand with 
lawmakers such as senators, the local government officials, governors among others.  
 
Likewise, business communities and industries, and other economically oriented players in society 
may be engaged in setting and implementing rules and policies for educational reforms. Hence, 
curriculum development matters a lot in setting the direction of change in an Institution, not only 
at the micro but also at macro levels. As long as the goals and objectives of curriculum 
development are clear in the planner’s mind, cutting-edge achievements in various concerns can 
be realized. Why is Massachusetts Institute of Technology (MIT) or Harvard University, etc, 
considered a brand? This can be traced to, among others, the quality of the programmes they 
run, which can further be traced to the curricula they use.  
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Development Relevance of Curriculla 
The following are key considerations when developing a curriculum:  
i. What does the country/community want to achieve with regard to the personal development 

of learners and societal well-being and advancements? And how well does the curriculum 
reflects that education vision? 

ii. What are the mechanisms for making the curricula to respond to national development policies 
and strategies? Is there evidence that the mechanisms work effectively? 

iii. How well are the key/core/cross-cutting competencies identified in the curricula aligned to 
education policy goals? 

iv. Is there evidence that such key competencies have been at the core of curriculum 
development? 

v. How are education stakeholders (teachers, learners, private sector, and civil society) involved 
in developing the curriculum vision and appropriate curriculum policies? 

vi. Is there evidence of their involvement having made a difference?  
 
STAKEHOLDERS IN CURRICULUM DEVELOPMENT  
As we all know, curriculum development is a complex and iterative process with a great number 
of activities that involve many stakeholders. This therefore means that a variety of stakeholders 
should be consulted in order to collect invaluable feedback regarding their needs and 
requirements related to education processes. Two distinct groups of stakeholders have been 
indentified: curriculum stakeholders and professional stakeholders. Curriculum stakeholders are 
key informers and drivers of the content, method of delivery, evaluation requirements and scope 
of curriculum that qualifies for a certain profession. Professional stakeholders have a broader 
interest in specific professions, professional attributes of graduates, their work capabilities and 
conditions, specialty career development, knowledge and competencies. Curriculum stakeholders 
are essential to curriculum development. Collaboration with stakeholders and an open dialogue 
that calls for recommendations, feedback, critique and advice that can provide a significant 
contribution in combining the content and method of delivery of the curriculum to meet the needs 
of the wider community (Matkovic et al., 2014). 
 
A modified curriculum development master process based on analysis, design, development, 
implementation and evaluation model was proposed by Matkovic et al. (2014).  The model 
recognize the importance of different stakeholders, how to identify and select key curriculum 
stakeholders whose contribution can be of great importance for the curriculum development 
process, how to collect and process their requirements,  the activities of the analysis phase, and 
utilize their input for curriculum innovation.  
 
In identifying the stakeholders involved in curriculum development, the following pertinent 
question must be answered: 
a. Why do you need to develop or review the curriculum? 
b. Who is developing the curriculum? 
c. Who will use the curriculum? 
d. Where is it to be used? 
e. Who will deliver the curriculum? 
f. Where will the students who use the curriculum go to when they graduate? 
g. The students you enroll, where are they coming from (pre-knowledge of the field)? 
h. How is the curriculum development team selected? 
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Curriculum development for programmes in Nigerian tertiary institutions has not been a regular 
exercise in many cases. Why this is so can be traced to many factors but the most important is 
not the funds to conduct the exercise but to the lack of the knowledge of the importance of such 
exercise by the institutions administrators and supervisor agencies to the institution in particular 
and the country in general.  It is important for all tertiary institutions to assess themselves by 
asking the following questions: 
a. Who is the primary initiator of curriculum development? 
b. Is the Institution reviewing or developing a curriculum because the supervisory bodies 

(National Universities Commission (NUC) or National Board for Technical Education (NBTE) 
say so?  

c. What internal quality assurances measures do Nigerian tertiary institutions have to improve 
the curriculum of their programmes? 

d. Do Nigerian tertiary institutions have tracer programmes for graduates to see if the skills and 
competencies imparted are relevant to their future endeavors? 

e. Are Nigerian tertiary Institutions ready to phase out programmes that the skills and 
competences are no longer required by industry? 

f. Are tertiary Institutions innovating enough to produce graduates for the industry of the future 
or we only think about past and present gaps?  

g. Are Nigerian tertiary Institutions’ curricula producing regional, national or global graduates? 
 
National Board for Technical Education(NBTE) Curriculum criteria: Polytechnics 
Before any programme in the Polytechnic in Nigeria can be accredited, the National Board for 
Technical Education (NBTE) has laid down the following conditions: 
a. The curriculum in use for the programme should be adequate and therefore, not inferior to 

the NBTE's approved minimum curriculum and course specification for the level of training. 
b. It should reflect the requirements of the relevant industry and employers, and adequate in 

content to prepare students at the appropriate level in the particular field to acquire skills, 
that is, sound theoretical background and competences to fulfill the requirements for specific 
job objectives, in addition to social and communication skills necessary to understand the 
environment and to live, work and make useful contributions as a citizen. 

c. There is a curriculum for the programme designed by the department/institution. Its structure 
includes professional and general education courses and students’ industrial work experience 
scheme (SIWES).  

d. The curriculum developed by NBTE is just a minimum requirement. Additional curriculum 
content must be developed by the Department to meet local/regional needs. 

e. The content of each course should be adequate and similar to those contained in the NBTE 
curriculum.  

f. The curriculum content is clear to the lecturers teaching the courses.  
g. Skill and professional components are adequate for the level of programme. 
h. The mode of teaching the curriculum is effective and includes lecture/recitation, practical 

exercises/projects and written exercise. 
 
It is further expected that general studies courses should be included so that students may 
improve their communication skills, oral and written and their understanding of themselves, and 
their environment where they will live, work and make useful contributions as worthy citizens of 
the country and the world at large. General studies courses will also inform the student on how 
to relate his skills to the society and the economy. The general studies courses account for 10% 
- 15% of the contact hours allocated to the programme distributed by courses in the arts and 
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humanities, social and behavioral sciences, mathematics and basic sciences and physical and 
health education. All students in all programmes are expected to take all the modules in Use of 
English, Communication in English, Physical and Health Education, Contemporary Social Problems 
and Outline History of Nigeria (Citizenship). 
 
Other courses are taken as elective courses depending on the professional programme and the 
resources available to the institution to mount them. Students' practical/project works are of good 
standard and quality. They reflect adequate preparation of the students for entry level 
employment in his chosen field.  
 
In addition, the Board shall confirm that:  
a. All laboratory/workshop/farm practical exercises listed for each course were accomplished by 

the end of each semester; 
b. Simulated work related problems in each core modules are solved;  
c. Projects undertaken by the students are related to the discipline, useful in the Nigerian 

environment and are of good standard; 
d. All new equipment, are properly installed and commissioned;  
e. All equipment in the laboratories, workshops and farm/field facilities are functioning;  
f. Safety provisions are adequate and are being maintained; and;  
g. Adequate volumes of books, journals, periodicals and non-book items are available in the 

library for the programme. 
 
NATIONAL UNIVERSITIES COMMISSION (NUC): CURRICULUM CRITERIA: 
UNIVERSITIES 
Before any programme in the University in Nigeria can be accredited, the National Universities 
Commission (NUC) has laid down the following conditions: 
1. The Curriculum of the programme to be accredited should be adequate to prepare graduate 

at an appropriate level in the particular field; 
2. It should include adequate theoretical knowledge and skills to fulfill the requirements for the 

specific job objectives;  
3. It should be designed to equip the graduates with adequate communication skills (written and 

oral) and a sound knowledge of the social, political and economic environment in which the 
graduate shall live, work and make useful contribution as a citizen; 

4. The curriculum must be in compliance with the NUC Benchmarks Minimum Academic 
Standards (BMAS); 

5. The environment of the university must be suitable for the implementation of the curriculum; 
6. The must adequate infrastructure such as lecture rooms, theatres, laboratories and workshops 

with the relevant equipment, etc to support the implementation of the curriculum; 
7. There must be evidence of individual course content, textbooks, students’ work, lecture notes 

and descriptive materials and annual external examiners’ reports of final examinations for 
three years preceding the accreditation visit. 

 
PRESENT DAY TRENDS ISSUES THAT AFFECTS CURRICULUM DEVELOPMENT 
Scanning the present day industry and socio-economic landscape, the following are predominately 
the catch phrases or words trending: 
A. Climate Change, 
B. Changing Ecology,  
C. Nanotechnology, 
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D. Increasing Population,  
E. High Speed Computers, 
F. Fracking, 
G. Global Warming,  
H. Job Loss Due To The Influence Of Technology, 
I. Deforestation, 
J. Desertification, 
K. Multidisciplinary Approach And Team Work,  
L. Sustainable Development, 
M. Equity,  
N. Finite Resources,  
O. New Sustainable Energy Sources, Etc. 
 
Is the current chemical engineering curriculum in use abreast with these new trends? A review 
shows that it is highly deficient. 
 
Scope and Emerging Career Options in Chemical Engineering 
The chemical and related industries including pharmaceuticals and health, agriculture and food, 
phosphate and fertilizers, environment, oil and energy production, textile, iron and steel, 
bituminous, building materials, glass, surfactants, cosmetics and perfume, and electronics, etc; 
are today in a phase of rapid evolution. Engineering, Procurement and Construction (EPC) 
companies, which are contractors who complete projects from start to finish for their clients, 
routinely hire chemical engineers for design related jobs such as designing petrochemical, 
industrial plants, refineries etc using various software tools. Electronics companies also hire 
chemical engineers for jobs such as material development, production and process control 
equipment design. In case you are good at number crunching and analytics, you may also join 
banks or analytics companies and be involved in their financial modeling and quantitative research 
work. A glance at the Chemical Industry identifies the following fields, some emerging 
(https://books.google.com.ng/books?isbn=0309165806): 
 

i. Upstream Oil and Gas, Energy 
Many integrated oil companies consist of an upstream organization and a downstream 
organization. The former focuses on exploration and production and the latter refines crude 
petroleum into usable products (gasoline, lubricants, etc.). Within upstream, processes and 
departments are often separated by subsurface work and surface facility work. Generally, 
most Chemical Engineers upstream are found on the facility side, managing projects related 
to tanks, pumps, pipelines and separators. Besides, there are options in sub stream as well. 
As we attempt to tackle the current national energy challenges, oil and gas will continue to 
be a key factor in the equation. 

	
ii. Chemical Engineering Informatics 

Chemical engineering informatics is the application of information technology to help 
engineers investigate new problems and organize, analyze and understand scientific data in 
the development of novel compounds, materials and processes. Chemical informatics is the 
application of information technology to chemistry and chemical engineering. Major aspects 
of chemical informatics are information acquisition, information management, information 
use, chemical computation and biopharmaceutical computation.  
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iii. Genetic farming and consumer goods 

Chemical engineers who work in the food industry can work in agriculture or in 
manufacturing. Those working in agriculture may study the genetic modification of fruits and 
vegetables and attempt to increase yields and make them more desirable and thus more 
profitable. The career may also include researching methods of making agriculture more 
environment friendly, trying new methods of processing waste and conserving soil and water. 
Farmers of the future will not only raise livestock and agricultural crops, they will also grow 
plants that have been genetically engineered to grow therapeutic proteins, pharmaceuticals 
and chemicals. All consumer products involve chemicals; consumer product development 
depends upon research to develop and improve a product – work that would fall to a chemical 
engineer. Such a career may involve improving such consumer goods as hygiene products, 
chemical cleaning products, and electronics.  
 

iv. Bio-technology 
Chemical engineers working in biotechnology typically work in conjunction with researchers 
in molecular biology, biochemistry, genetics, embryology, and cell biology. A career in 
biotechnology may overlap with work in health care, crop production, agriculture, and the 
environment. A researcher may use chemical engineering to advance procedures in genetic 
testing and gene therapy. Chemical engineers in medicine may also work on engineering 
organisms and microorganisms to be used in applications, such as degrading wastes and 
converting chemicals into more useful ones. 

 
v. Green Processes 

The focus of all chemical engineers is to work sustainably. Corporations and consumers 
worldwide are increasingly embracing green technology and celebrating achievements in 
sustainable technology, water management and energy efficiency. 
Every organization would have a role of green process engineer who will develop 
environmentally benign chemical processes and products, select processes that minimize 
pollution, use less hazardous materials and develop alternative reactions. This will all need 
to be done while meeting emerging regulations and laws. 

	
The Changing Work Environment:  
 
Trends to Innovation 
The emerging trend is toward open innovation: solutions to problems are externalized more, 
instead of having all the people inside a company available to work on every problem. There is 
more effort to reach out to the world to get answers. Companies are emerging around this idea, 
such as Nine-Sigma and Intercentive. These are places where problems can be posted for a 
bounty. Some 20 or 30 years ago, this might have been impossible to manage or handle. Now it 
is very easy. A web page can be accessible to almost everyone who might be interested in 
providing a solution. 
 
Digitalization will drive a tremendous wave of innovation. Recent advancements in digital 
technology offer unprecedented levels of connectivity, granularity, and speed in accessing, 
processing, and analyzing huge amounts of data. Besides mobility, cloud and in-memory 
computing, the Internet of Things, machine learning and block-chain will start acting as game-
changers in the chemical industry. All three trends are coming together to challenge existing 
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strategies and create a perfect storm for the chemical industry. In addition, computer modeling 
is changing how chemical engineering and experimentation are thought about. They can quickly 
pinpoint how something is going to react, where it is going to react, and what issues the reaction 
presents. It is remarkable how this is changing. 
 
Supply centers are shifting due to the challenges in the Niger-Delta Region of Nigeria, advent of 
shale gas in the U.S. or coal to olefins in China. Also, demand centers are shifting thanks to a 
rapidly growing middle class in the emerging countries. In addition, new market entrants drive 
shrinking lifecycles and rapid commoditization of products. Key raw materials are getting scarce. 
Regulatory requirements exponentially increase as the environmental impact of emissions and 
waste becomes more and more evident. Chemical companies are in the driver’s seat to respond 
to this, and some are already extending their ecosystems with the purpose to establish end-to-
end concepts. 
 
Challenges for the New Graduates 
As markets change swiftly and as many other fields also move quickly, people who cannot go 
from one field to another become stranded in the company. They are experts, with expertise that 
is no longer needed. To perform well in the commercial process in a global environment, people 
have to understand how they fit into the whole value-creation process and how they connect to 
people around the world. Obviously, for top talent, international people skills and being able to 
lead diverse teams are going to be essential for personal growth and success. Broader language 
skills are also desirable but not requisite. When chemical engineers need all these high-value skills 
to perform well in a company, however, a lot is asked from them. Most at the top of the company 
now cannot provide this sort of capability, but it will be expected of the next generation. They 
will have to be better. 
 
To address these challenges, institutions must be ready to answer these questions: What role 
can or should the polytechnics and universities play in selecting and developing students, or is it 
solely the role of industry to find the right people? Are engineers being prepared to use teams 
and external resources to supplement what they can do and what they are doing? Does the entire 
graduate-school process take students down a slightly different path that must be unlearned once 
they go into industry? Is industry making full use of the new skills and capabilities that new 
graduates have, and how well are chemical engineers being trained to understand how their craft 
will be practiced when they get into industry. 
 
Green Process Engineering 
Capentier (2016) pointed out that today’s industries are confronted by 4 challenges: 
a. The globalization of the markets,  
b. Acceleration of partnerships and innovation,  
c. Fight against environmental destruction and  
d. Non-sustainable behaviour of the today world production. 
 
Capentier (2016) proposed that the chemical and related industries militate for the evolution of 
chemical engineering in favour of a modern process engineering voluntarily concerned by 
sustainability (the green process engineering). New challenges and stakes arise because of the 
complex systems at the molecular scale, at the product scale and at the process scale. Therefore 
existing and the future processes will be progressively adapted to the principles of the “ green 
chemistry” which involves a modern approach of chemical engineering that satisfies both the 
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market requirements for specific nano and microscale end-use properties of competitive targeted 
green (sustainable) products, and the social and environmental constraints of sustainable 
industrial meso and macroscale production processes at the scales of the units and sites of 
production.  
 
These last constraints require an integrated system approach of complex multidisciplinary, non-
linear, non-equilibrium processes and transport phenomena occurring on the different time and 
length scales of the chemical supply chain. This means a good understanding of how phenomena 
at a smaller length-scale relates to properties and behaviour at a longer length-scale, from the 
molecular and active aggregates-scales up to the production-scales. This modern scientific 
multiscale approach of chemical engineering “ the green approach of process engineering” that 
combines both market pull and technology push is strongly oriented on process intensification 
and on the couple green products/green processes “to produce much more and better in using 
much less”, and to sustainably produce molecules and products responding to environmental and 
economic challenges, with the help of technical innovation and sustainable technologies for 
efficient mass and energy utilization and for a better quality of life. This modern green approach 
of chemical and process engineering will concern the eco-efficient “Factory of Future”. 
 
The success of this integrated multiscale approach for process innovation is mainly due to the 
considerable developments in the analytical scientific techniques coupled with image processing, 
in the powerful computational tools and capabilities (clusters, supercomputers, cloud computers, 
graphic processing units, numerical codes parallelization etc.) and in the development and 
application of descriptive models of steady state and dynamic behaviour of the objects at the 
scale of interest (Capentier, 2016). 
 
Qualities of a Good Chemical Engineer 
a. What will be the qualities of the future workforce for those operating in this increasingly 

global environment? This has to do with know-who and know-how.  
b. To be a good engineer in the future will mean competing with an extraordinary number of 

good engineers around the world. To be differentiated from the rest, it will be important to 
have expertise, of course, but it will also be necessary to have the ability to go out and find 
things and to connect with others. 

c. Willingness to be a team player is essential. This is where communication Skills comes in. 
There are only a few jobs and a few opportunities for people who are lone experts. In most 
industrial companies, value is created by multifunctional teams. The ability to perform and 
provide knowledge and expertise to such teams is critical. 

d. Flexibility is another important quality for success as a chemical engineer of the future. One 
must be able to adapt to new areas and learn to integrate knowledge from other fields. That 
is manifested in terms of a low-growth environment. The narrow people, however, are not 
as fortunate. 

 
The Present HND Chemical Engineering Curriculum 
The success of any chemical engineering curriculum will depend on the realization of the following 
students outcomes (maeweb.ucsd.edu/.../AE%20STUDENT%20OUTCOMES): 
a. An ability to apply knowledge of mathematics, science, and engineering, 
b. An ability to design and conduct experiments, as well as to analyze and interpret data, 
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c. An ability to design a system, component, or process to meet desired needs within realistic 
constraints such as economic, environmental, social, political, ethical, health and safety, 
manufacturability, and sustainability, 

d. An ability to function in multidisciplinary teams, 
e. An ability to identify, formulate, and solve engineering problems, 
f. An understanding of professional and ethical responsibility, 
g. An ability to communicate effectively, 
h. The broad education necessary to understand the impact of engineering solutions in global, 

economic, environmental, and societal context, 
i. A recognition of the need for, and an ability to engage in life-long learning, 
j. A knowledge of contemporary issues, 
k. An ability to use the techniques, skills, and modern engineering tools necessary for 

engineering practice. 
 

The present ND and HND curricula were reviewed as far back as 2002 and there is little hope that 
the above listed outcomes can be achieved with the present curriculum. The curriculum for the 
HND Chemical Engineering is presented in Table 1. A look at the content of the curricula shows 
that many aspects in the emerging areas in chemical engineering were left out. This shows that 
the curricula are grossly deficient. Of course, this can be traced to the lack of regular review of 
the chemical engineering curriculum. More importantly, the ICT components are scanty and in a 
very dynamic area as Information technology vis-a-vis the rapid changes taking place in the 
chemical industry, a review is needed at least every two years.  Table 2 presents a list of new 
courses that can be considered for addition to the curriculum during review. In coming up with 
the list, the trends in chemical industry have been considered and the peculiar need of the 
country. 
 
There is therefore the need to constantly review the content of each course to keep up with new 
developments in the industry. To ensure this is done, an implementable plan of action for regular 
value-added curriculum review should be put in place and followed religiously. Since the 
curriculum of the NBTE is just the minimum standard, there must be a forum for institutions to 
share what each has added to the curriculum. This type of cross fertilization will help those 
institutions that are weaker in this area. 

 
TABLE 1: THE PRESENT HND CHEMICAL ENGINEERING CURRICULUM: 2002 

CODE COURSE TITLE CU 
MTH 311 Advanced Algebra 2.0 
MTH 312 Advanced Calculus 2.0 
CHE 301 Engineer in Society 2.0 
CHE 303 Unit Operations 111 2.0 
CHE 305 Chemical Engineering Laboratory 111 3.0 
CHE 307 Heat Transfer 11 2.0 
CHE 309 Chemical Engineering Thermodynamics 11 2.0 
CHE 311 Mass Transfer 11 2.0 
MTH 313 Engineering Statistics 2.0 
GNS 301 Use of English 11 2.0 

  21.0 
MTH 321 Advanced Numerical Methods 2.0 
COM 321 Computer Programming 3.0 
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GLT 301 Instrumentation 2.0 
CHE 302 Unit Operations IV 2.0 
CHE 304 Fluid Mechanics 11 2.0 
CHE 306 Chemical Reaction Engineering 11 2.0 
CHE 308 Chemical Engineering Laboratory IV 3.0 
CHE 310 Polymer Science and Technology 2.0 
CHE 312 Strength of Materials 2.0 
GNS 302 Communication in English 2.0 

  22.0 
CHE 401 Process Design 

Chemical Plant Economics Unit 
Operations V 
Food Science and Technology Chemical 
Engineering Laboratory V Chemical 
Engineering Analysis Project 
Engineering Management 

 
Elective 1 
Pulp and Paper Technology 
Process Metallurgy 

3.0 
CHE 403 2.0 
CHE 405 2.0 
CHE 407 2.0 
CHE 409 3.0 
CHE 411 2.0 
CHE 413 2.0 
CHE 415 2.0 

 
CHE 417 

 

CHE 419  

  22.0 
CHE 402 Unit Operations VI 2.0 
CHE 404 Equipment Design 2.0 
CHE 406 Chemical Process Dynamics and Control 2.0 
CHE 408 Health, Safety and Environment II 2.0 
CHE 410 Chemical Engineering Entrepreneurship 2.0 
CHE 412 Plant Services and Maintenance 2.0 
CHE 414 Petroleum Refining and Petrochemical Technology 2.0 
CHE 416 Project 2.0 

 Elective II  

CHE 418 (i) Biochemical Engineering  
CHE 420 (ii) Gas Processing Technology  
CHE 422 (iii) Reserviour Engineering.  

  20.0 
 
A look at the content of the curriculum shows that it is highly deficient. Key areas trending in 
the chemical Engineering field are not covered. A complete review of the curriculum is very 
necessary to correct these anomalies. 

 
Challenges for Reviewing the Chemical Engineering Curriculum 
In reviewing the chemical engineering curriculum, it is important to note the following challenges: 
i. The need to keep core chemical engineering knowledge; 
ii. The need to emphasize fundamentals: basis life-long learning; 
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iii. The need to modernize the curriculum and add flexibility by emphasizing the following; 
iv. Increase exposure molecular level, 
v. Increase exposure to energy (alternative/renewable) sustainability issues, 
vi. Expose students to new process technology, 
vii. Introduce product design as complement of process design, 
viii. Emphasize process operations, enterprise planning, 
ix. Increase link to other industrial sectors (e.g. pharmaceuticals and electronics). 
x. The need to recognize that “bio-area” While important will not be dominant force in chemical 

engineering, emphasis should be on bio processing; 
xi. Environmental engineering increasingly important and requires chemical engineering (water 

use efficiency, pollution control, etc.); 
xii. Need closer interaction with industry; otherwise risk being irrelevant; 
xiii. Need to provide excitement to recruit the very best young people to join chemical engineering. 
 
Table 2: List of New courses to be considered when reviewing the Chemical 
Engineering Curriculum 
S/No New Courses to be introduced or modified 

1 Energy Technology and Management 

2 Renewable Energy Engineering 

3 Energy Engineering and Technology 

4 Industrial Pollution Prevention 

5 Industrial Pollution Control  

6 Introduction to Biochemical Principles 

7 Programming Using  MATLAB 

8 Biology for Engineers 

9 Biochemical Process Design 

10 Enzyme Engineering and Technology 

11 Bioreactor Analysis 

12 Bioreactor Design 

13 Fertilizer Technology 

14 Petroleum Refining Technology 

15 Polymer  Technology 

16 Drug and Pharmaceutical Technology 

17 Pulp and Paper Technology 

18 Petrochemical Technology 

19 Food Technology 
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20 Chemical Plant Safety and Occupational Hazard 

21 Electrochemical Engineering 

22 Computational Fluid Dynamics 

23 Introduction to Statistical Thermodynamics 

24 Equilibrium Stage Operations 

25 Chemical Plant Utilities 

26 Chemical Process Optimization 

27 Basic Mechanical Engineering 

28 Basic Electrical Engineering 

29 Basic Electronics Engineering 

30 Value Education 

31 Basic Civil Engineering 

32 Classical and Instrumental Methods of Analysis Laboratory 

33 Computational Methods 

34 Chemical Process Equipment Design and Drawing Laboratory 

35 Chemical Reaction Engineering and Process Control Laboratory 

36 Chemical Process Equipment Design and Drawing Laboratory 

37 Process Modeling and Simulation  

38 Sustainable Refinery and Bio-Refinery.  

39 Process and Product Design  

40 Biological Systems Engineering 

41 Food Engineering Operations 

42 Food and Pharmaceutical Separations 

43 Environmental Engineering 

44 Mineral Processing Technology 

45 Bioprocess Engineering 

46 Autocad PandID 
47 Computer Aided Process Dynamic and Control 

48 Project and Business Management 

49 Communication 



©NSCHE 2019: Reviewing the Chemical Engineering Curriculum for Relevance: by S.N. Mumah 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 449	|	P a g e 	

CHALLENGES OF CURRICULUM DEVELOPMENT 
To carry out a thorough review of the curriculum, we must strive to overcome the following 
challenges: 

i. The infusion of the ICT gene into the workers of the future who are the present students. 
ii. The lecturers cannot afford to be analogue and trying to raise digital graduates. 
iii. Be innovative on how to tackle the conservatives (If it is not in Levenspiel, it is bad CRE) 
iv. What to do with lecturers who do not have the knowledge to implement the revised 

curriculum: (Reskilling and Upskilling?) 
v. Deciding on the best way for selecting the appropriate team for curriculum development. 
	
Importance of Pedagogy in Curriculum Implementation 
Despite the frenetic call for regular curriculum review for most programmes in Nigerian tertiary 
institutions, it is highly questionable to what extent classrooms have changed as little attention 
has been paid to teacher development.  It is important that all institutions should strengthen 
their strategy and specific initiatives be designed to support the development of quality 
teaching. Therefore pedagogy can be viewed as a central enabler of the implementation of 
all academic curricula.  
 
Pedagogy can be considered as the dynamic relationship between learning, teaching and 
culture. Teachers’ actions in the classroom, in relation to learning and teaching, are 
underpinned by the ideas and values that they have about education. Pedagogy interacts with 
and draws together beliefs about learners and learning, teacher and teaching, and curriculum. 
It also includes consideration of the context in which learning and teaching takes place. 
Pedagogy is often shaped by a teacher’s own experience of learning. For many this was 
simply knowledge being transmitted by their teacher. Their role as students was to receive 
this knowledge without question or other interaction (https://www.unesco.org.uk/wp-
content/uploads /2017/06/pedagogy.pdf). 
 

Teachers’ own beliefs about learning and teaching, teachers’ experience of and expertise in 
alternative learning and teaching approaches and the alignment between curriculum, 
pedagogy and assessment expectations (leading, for example, to ‘teaching to the test’) are 
considered critical challenges in realizing education targets. In addition, learning and teaching 
space and resources, the quality of teacher education and ongoing support for teachers’ 
professional learning; and teacher educators’ understanding of different pedagogical 
approaches are also important considerations 
 
To improve pedagogy which will ensure that the curriculum is well implemented, teachers 
need support in the following areas (https://www.unesco.org.uk/wp-content /uploads 
/2017/06/pedagogy.pdf): 

a) High quality pre-service and in-service teacher education. Teacher education and 
mentoring must be viewed as an on-going process, continuing throughout a teacher’s 
career and helping teachers to understand and apply different pedagogical principles. 

b) Alignment of curriculum, pedagogy and assessment. Examinations need to be designed 
to ensure a better fit of the assessment to the different types of knowledge and skills 
required for the 21st century globalised world. 

c) Alignment of new pedagogical approaches sensitively with existing cultural practices. 
Educational stakeholders and community leaders should develop equal partnerships and 
joint visions to meet the educational targets. 
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Importance of Industrial Training for Lecturers in Curriculum Implementation 
Teachers are seen to be vital in not only developing greater understanding about industry needs 
and expectations but also in the transfer of those workplace-related skills and competencies to 
their work with students. Concerns have been expressed about teachers’ knowledge and abilities 
to make this link effective. This has resulted in a significant focus being placed on teacher 
professional development programmes that increase teachers’ understanding about the world of 
work (Perry and Ball,1998). Whilst there has been an increasing recognition of the value of 
programmes that create links or partnerships between education and industry, the main emphasis 
of these programmes has been on provision of work placements for students. There has been 
less emphasis placed on school-industry link programmes that focus on teacher professional 
development. Those programmes that do involve linking teachers and industry more often relate 
to curriculum materials production and seminar or liaison group discussions with industry 
personnel than they do on focusing on teachers actually working in industry. It is therefore 
paramount that the programme of lecturers spending quality time in the industry be reintroduced 
and followed religiously. 
 
The Role of Adjunct Positions in the Success of Curriculum Implementation 
Industry managers think that Nigerian tertiary institutions are not properly preparing students to 
enter the workforce. However, it is important that industry managers appreciate the enormity of 
the task of inculcating skills and competencies to students. It is easy to criticize the quality of the 
product of tertiary institutions but it is more productive if industry managers are more involved 
in improving the quality of the graduates. It will do industry managers a world of good if they 
can spend some quality time in tertiary institution to teach students real life experiences.  
 
Many tertiary institutions abroad hire adjunct lecturers who are currently employed in the industry 
they are teaching about. This allows the institution to gain the insight of the person's practical 
knowledge and allows the professional to share their real-world experience with students because 
they want to, not because they have to 
(https://www.cornerstoneondemand.com/rework/adjunct-solution-using-industry-knowledge-
teach-must-have-skills-workplace).  With a strong understanding of how skills are being used in 
their industries on a practical level, adjunct lecturers are quickly becoming the norm in tertiary 
institutions abroad. The key to getting students the best education possible lies in striking the 
right balance between adjunct and full-time academic staff. Adjunct staff gives the student real-
world examples which are critical ingredient of an industry compliant graduate.  
 
It is therefore important that Nigerian tertiary institutions are encouraged to hire adjunct lecturers 
from critical industries to join regular staff for a period of time as this will go a long way in 
inculcating the appropriate real life skills and competences in students. Such symbiotic 
collaboration between industry and academia are key ingredients of a successful curriculum 
implementation. 
 
Lessons from UNESCO-Nigeria TVE Revitalisation Project 
During the years 1998 – 1999, NBTE, recognized that most Technical and Vocational Education 
(TVE) curricula have been operated for more than a decade without updating and were far out 
of synchrony with the world of work. Subsequently, a Project Document and Plan of Operation 
were signed on 15 December 2000 by UNESCO and the Federal Government of Nigeria for the 
“Support for Revitalisation of Technical and Vocational Education in Nigeria – Phase I”. The Phase 
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I was instrumental to the first ever review of TVE curricula in the country, about 57No curricula 
were reviewed and updated to international standards, as well as integrating industry needs and 
current technologies. These curricula and their formats were adopted by other ECOWAS countries. 
In the Phase II of the Project, a total of 346 learning/training  e-packages  for  thirteen 
programmes at the National Diploma level were produced in the areas where the curricula have 
been developed. At the same period, about 25 additional curricula were reviewed or developed 
in new and emerging fields, which are being adopted by West African countries through 
collaboration with the ECOWAS Commission. Furthermore, some 500 new Learning, Teaching and 
Training Materials (LTTMs) were developed for other subject areas. More importantly, the Project 
had a well-structured approach to curriculum review and development.  
 
Recommendations 
In order to come up with a workable and implementable chemical engineering curriculum, the 
following recommendations have been made: 
a. Developing an action plan for the immediate review of not only the chemical engineering 

curriculum but the curricula of all engineering programmes in the polytechnics and 
universities. The last review of the chemical engineering curriculum was done in 2002. 

b. Requesting Tertiary Education Trust Fund (Tetfund) and other sponsors to support the 
development of curricula of new programmes identified in this study and the review of the 
old ones. This will ensure that they support Institutions whose programmes contribute to the 
growth of the economy. 

c. To ensure that the revised curriculum is satisfactorily deployed, Tetfund and other sponsors 
should support Instructional Materials development to assist the lecturers in the 
implementation of the new curricula. Textbook are scarce these days. 

d. The lessons learnt in the curriculum development programme of the UNESCO-Nigeria 
Technical and Vocational Education (TVE) Project should be evaluated and those that can 
assist the curriculum development process implemented. 

e. There is the need to identify the redundancies and gaps in the chemical engineering workplace 
and then deciding which new programmes to introduce and which old ones to phase out. This 
will require identifying knowledge gaps which need to be filled for an evidence-based policy 
and practice of curriculum development.  

f. There is the need for a special team to identify the key areas and binding constraints to be 
addressed urgently to achieve major improvements in the quality of the curricula. 

g. The need to develop an innovative approach to curriculum development by identifying the 
skills and knowledge required for the future chemical engineering industry. 

h. Identifying key electives with the immediate regions in mind. 
i. Ensuring that research and design activities are industry related and ICT tools are 

appropriately used. 
j. An implementable timetable should be developed to ensure regular review of the curricula of 

the programmes of Nigerian tertiary institutions. 
k. The need for proper funding, the provision of the required equipment and facilities to support 

the implementation of the curriculum and maintenance of infrastructure and policies that 
ensure a serene environment conducive for teaching and learning is available. 

l. The upgrading of virtual library facilities to support the implementation of the curriculum. 
 
Conclusion 
This paper has analyzed the present chemical engineering curriculum used by Nigerian tertiary 
institutions and has found it to be deficient and therefore cannot be used to produce employable 



©NSCHE 2019: Reviewing the Chemical Engineering Curriculum for Relevance: by S.N. Mumah 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 452	|	P a g e 	

graduates for Nigerian industries in particular and the world of work in general. This is because 
a critical review of the curriculum has revealed that the curriculum is out of tune with the state 
of the present industry. The deficiency is traced to the lack of regular review and revision of the 
curriculum. It was noted that regular review is important in order for the curriculum to keep pace 
with the developments of the industry and the lack of it has led to the production of graduates 
with obsolete skills and competencies which make them work-place and industry non-compliant. 
It is further revealed that, in many cases, industry has to spend huge resources retraining new 
employees before they could be useful in the industry. The paper points out that the classrooms 
have not changed significantly as little attention has been paid to teacher development.  It 
therefore calls for all institutions to strengthen their strategies and specific initiatives designed 
to support the development of quality teaching since pedagogy is a central enabler of the 
implementation of all academic curricula. Major recommendations proposed include the 
development of a curriculum review plan with set timelines, the selection of knowledgeable 
curriculum review teams and updating of the curricula of not only the chemical engineering 
curriculum but the curricula of all engineering programmes of tertiary institutions so that new 
areas and trends occurring in the industry and workplace are captured.   
 

The paper further recommends the development of an appropriate action plan for the review and 
introduction of new courses that are in consonance with new trends in the chemical industry and 
proposes the development of curriculum-linked instructional materials to make the 
implementation of the curriculum easier for both the lecturers and the students. Other 
recommendations include the development of an implementable timetable to ensure regular 
review of the curricula of the programmes of Nigerian tertiary institutions and the reintroduction 
of the periodic industrial attachments for lecturers to keep them abreast with the new 
developments in the industry.  
 
The paper finally recommends that Nigerian tertiary institutions consider the hiring of adjunct 
lecturers from critical industries to join regular staff for a period of time as this will go a long way 
in inculcating the appropriate real life skills and competences in students. Such symbiotic 
collaboration between industry and academia are key ingredients of a successful curriculum 
implementation. 
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ABSTRACT 
The pyrolysis characteristics of Gbetiokun oil shale were investigated with rock-eval pyrolysis and 
thermogravimetry analysis (TGA). The Rock-Eval pyrolysis outlined the hydrocarbon potential of 
the oil shale sample via total organic carbon (TOC) value, hydrogen Index (HI) and production 
index (PI).  The TGA was investigated at different heating rates of 10, 20 and 30 oC/min in the 
temperature range of 29-950oC (Figure 1).  From the Rock-eval pyrolysis, it was deduced that the 
oil shale sample has a total organic carbon (TOC) value of 0.51wt% more than 0.5wt% which is 
the minimum standard required for the generation of hydrocarbon. The hydrogen index (HI) value 
of 208 mg HC/gTOC falls within the range of 150-300 mg HC/gTOC indicating that the sample is 
oil and gas prone. While PI value for the sample is 0.05 which is less 0.1 signifying that the 
organic matter is immature. The TGA shows the main stage of mass loss at temperature range 
of 200-620oC and higher corresponding to the release of oil and gas, further weight loss was due 
to decomposition of carbonate. It was also observed that increasing the heating rate shifted the 
weight loss to higher temperatures. It can be concluded that Gbetiokun oil shale has high potential 
to generate hydrogen and both Rock-Eval pyrolysis and TGA show that the sample is oil and gas 
prone.  
 
Keywords: Rock-Eval pyrolysis, Thermogravimetric Analysis, Total Organic Carbon, Hydrogen 
Index, Production Index, Differential Thermogravimetric Analysis. 
 
1.0 INTRODUCTION 
In this time of global market uncertainty, the world needs energy and in increasing quantities, 
since the world population is growing rapidly, which is used to support economic and social 
progress and build a better quality of life especially in developing countries (Imperial Oil Limited, 
2019). Energy is the key input in economic growth since it is essential in various production 
processes. The process of economic development requires the use of various higher levels of 
energy consumption. Almost everything in the world today can be traced to the use of energy in 
one form or another. And most of the energy is from the Sun to earth. Apart from direct solar 
energy, the sun's energy shown in different ways such as in wind power, water power, tidal 
power, fossil fuels, nuclear energy, coal, natural gas and petroleum, etc. 
 
Petroleum is a naturally occurring liquid located beneath the Earth’s surface which can be refined 
into fuel. Petroleum is a fossil fuel i.e. it has been created by the decomposition of organic matter 
over millions of years ago. Its formation is in sedimentary rocks under intense heat and pressure 
for so long. Petroleum may be used as fuel to power vehicles, heating units and machines of all 
sorts, as well as being converted into plastics and other materials (Tissot et al., 1984). Exploration 
and production of oil and gas from various 'unconventional' sources (such as methane from coals, 
shale gas, underground coal gasification, and oil shale) are most likely to have significantly 
different land-use planning impacts to 'conventional' onshore oil and gas. The alternative sources 
such as oil shale are available globally which may breach the gap developing between remaining 
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conventional resources and demand (Crown Onshore Oil and Gas, 2011). The inland basins in 
Nigeria comprises of the following; Anambra Basin, the Dahomey Basin, the Lower, Middle, and 
Upper Benue Trough, the Chad Basin, the Bida Basin, and the Sokoto Basin (Aizebeokhai, 2012). 
Nigerian is blessed with an abundant resource of crude oil and its alternatives such oil shale, oil 
sand, tar, asphaltite, shale gas which can be transformed to increase supply of energy (Kok and 
Ozgur, 2016). However, petroleum potentials of Nigeria have not been fully explored, especially 
hydrocarbon resources in the inland basins. The underutilized basins include Anambra Basin, 
Benue Trough, Benin Basin, Bida Basin, Borno Basin, Niger Delta Basin and Sokoto Basin 
(Geologin, 2012). Therefore, there is need to utilized the use of energy sources to meet huge 
energy demand.  
 
Oil shale is an organic-rich sedimentary rock that can be considered as a source of alternative 
energy. The organic matter enclosed in the oil shale is largely an insoluble solid matter referred 
to as kerogen. Thermal degradation of the kerogen at a temperature in the range of 400-600 oC 
will volatilize from oil, gas and a solid residue of coke (Tissot et al., 1978). The yield of the oil 
during pyrolysis depends on the quantity or quality of the kerogen contained in the oil shale and 
its evolution (Tissot et al., 1978). Understanding the behavior of the thermal degradation of the 
kerogen in oil shale and its geochemical features are very vital for effective exploitation of this 
natural resource as alternative source of energy. 
 
Pyrolysis is a general technique used for the decomposition of complex organic material at 
elevated temperatures in the absence of oxygen (or any halogens). In such a way that low energy 
kerogen can be transformed into high energy hydrocarbon (shale oil). Shale oil is close to oil 
crude when its composition is compared. It can be utilized as a fuel or feedstock for the production 
of derivatives of oil and chemicals. However, shale oil usually contains olefinic and polar 
heteroatomic compounds which makes it less attractive than the crude oil. However, further 
treatment to increase the content of desirable compounds in shale oil may be necessary (Akash, 
2003; Bai et al., 2015; Lai et al., 2016). The characterization of organic matter for oil shale is a 
crucial step in the evaluation of hydrocarbon potentials of oil shale. Moving on to this ground, this 
study provides insight for the hydrocarbon potential Gbetiokun oil shale sample with Rock-Eval 
Pyrolysis and TGA. 
 
2.0 Experimental 
 
2.1. Sample 
The oil shale used in this study was collected from Gbetiokun Delta South Local Government Delta 
in the southeastern part of Nigeria. The sample was treated with hydrochloric acid and rinsing 
with hot water to remove the potential contaminants from drilling mud and evaporative loss. The 
oil shale samples were grounded to particle size <100 meshes which is a standard procedure 
according to ASTM (ASTM D 2013-72). 
 
2.2 Rock-Eval Pyrolysis 
The Rock-Eval pyrolysis was performed on the Gbetiokun oil shale sample in Getamme 
Laboratories Nigerian Limited, Port Harcourt. This analysis was done in order to determine the 
hydrocarbon generative potential of the organic matter (TOC), to determine the maturity of the 
source rock (PI) and to evaluate the relative proportion of the hydrocarbon (HI) in the samples. 
The samples are then introduced into the combustion oven and the amount of carbon is measured 
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as carbon dioxide by Infra-Red Detector. The programmed temperature applied in pyrolysis mode 
is 3000C (3min) and 6500C (25min) (detected by Final Investment Decision). HI and PI can be 
deduced from the following expression in equation 1 and 2:  
 

2 100/ 		           1    
 

1/ 1 2           2 
 
Where S1 represents the quantity of free hydrocarbon present in the source rock sample that can 
be volatile with kerogen decomposition while S2 represents the number of hydrocarbons obtained 
through thermal cracking of nonvolatile organic matter. 
 
2.3 Thermogravimetry Analysis 
The TGA is an instrument used for measuring mass a sample while heating the it. A sample is 
heated, it reacts and released mass inform of gas. There are two main types of TGA. The open 
system and closed systems. An open system is exposes the sample to a sweep substance that 
constantly replaces the medium around the sample and sweeps the product away while closed 
systems have to do with isolated sample in a reaction cell and reaction products persist around 
the sample. Most systems make use of a controlled atmosphere of gases but a unique form of a 
closed TGA makes use of water as the medium and a magnetic balance commonly mass loss 
measurement, is made at either isothermal condition or constant heating rate.  
 
3.0 Results and Discussion 
 
3.1 Rock-Eval analysis 
Source rock analysis (SRA) also known as Rock-Eval analysis is a quick and conventional technique 
used in the field of petroleum exploration to assess different source rocks, their petroleum 
potential, maturity and to characterize the degree of evolution of gas/oil, type of kerogen and 
depositional environment. The standard parameters for generative potentials of source rocks are 
shown in Tables 1 and 2. The total organic carbon (TOC) serves as a measure to determine the 
amount of organic matter. S1 represents the quantity of free hydrocarbon present in the source 
rock sample that can be volatilized with kerogen decomposition (S1= 0.05). S2 represents the 
quantity of hydrocarbons obtained through thermal cracking of nonvolatile organic matter which 
is 1.04. S2, therefore, represents the existing potential of rock to generate petroleum. The Tmax 
is the measure of the organic matter potential and maturity. Tmax is equivalent to the 
temperature of the maximum production of hydrocarbon during pyrolysis (S2 peak maximum). 
Tmax value relies on the kerogen type. Tmax result of 4140C signifies immature to early mature 
stage. Tmax further gives detail explanations of where does the maturity fall in relation to oil 
generation window. It can either be immature for oil generation, mature for oil generation or 
overmatured for oil generation.  
 
HI: is the normalized hydrogen content. From the standard parameters for generative potentials 
listed in Table 2, The hydrogen index (HI) of 208 mg HC/gTOC indicates that the sample is prone 
to oil and gas. The analysis signifies that the source rock contains type II kerogen, since the HI 
fall within the range of 150 to 300 mg HC/gTOC. Production index defines the thermal maturity 
of the hydrocarbons. The PI value of 0.05 in this study is below 0.1 which signifies organic matter 
is immature. 
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Table 1. Standard geological parameters for generative potentials of immature source 
rocks (Peters and Cassa 1964) 
Petroleum 
Potential 

TOC 
(wt%) 

S1 
mg HC/g rock 

S2 
mg HC/g rock 

Tmax 

This study 0.51 0.05 1.04 4140C 
Poor <0.5 <0.5 0-2.5  
Fair 0.5-1 0.5-1 2.5-5  
Good 1-2 1-2 5-10  
Very Good 2-4 2-4 10-20  
Excellent >4 >4 >20  
Standard  

 
 
Table 2. Standard parameters for HI and PI (Peters and Cassa 1964) 
Stage of oil maturity Production Index Temp 
immature <0.1 <435 
Early mature 0.1-0.15 435-445 
Peat mature 0.25-0.40 445-450 
Late mature >0.4 450-470 
Post mature - >470 
HI generative potential Values (mgHC/gTOC) 

Standard This study 
No generative potential <50  
Gas prone 50 to 150  
Oil and gas prone 150-300 208 
Oil prone 300  

 
3.2 Thermogravimetry Analysis 
Figure 1 shows the overall profile of weight loss in oil shale. The overall profile can be divided 
into three stages: water removal (stage I), organic decomposition (stage II) and inorganic 
decomposition (stage III). Stage II can be further divided into two sub-stages I and II of weight 
loss. These two sub-stages occurring during pyrolysis process can be identified as bitumen and 
oil regimes. The first sub-stage decomposition occurs generally until 350 °C and represents 
organic decomposition; where degradation of kerogen produces bitumen (Al-Harahsheh et al., 
2011). This stage produces gas, bitumen, and carbon residue.  In the second sub-stage, the 
produced gas, bitumen and carbon residue are de-volatilized further to produce oil, coke, and 
gas. This occurs between 350 and 600 °C.  (Al-Harahsheh et al., 2009; Fang-Fang, Ze et al., 
2010; Qing et al., 2007).   
 
The third stage refers to the inorganic decomposition regime and occurs generally between 600 
°C and 800 °C. In this stage, mass loss is observed due to the decomposition of carbonates in 
the inorganic compounds of oil shale. At higher temperatures the carbon dioxide formed during 
carbonate decomposition reacts with residual coke and forms carbon monoxide. This process 
adds to the final weight loss (Qing et al., 2007). 
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Figure 1. TG/DTG profile for the oil shale sample. 
 
 
3.3 Effect of Heating Rate on Weight Loss 
Figure 2 showed the oil shale thermographs of weight loss (Figure 2) and derivative weight loss 
(Figure 3) at corresponding different heating rates of 10, 20 and 30 oC/min (Extrapolation of 
Sedimentary Basin) respectively. At higher heating rate, the curves shift to highest temperatures 
and maximum weight loss shift to higher temperatures. The heat transfers across the oil shale 
particles (at a higher heating rate) is more effective but restricted by the heat transfer resistances. 
However, at a lower heating rate, the time was sufficient enough for heat to infuse steadily into 
the oil shale particles. These observations are in agreement with what was in the literature (Idris 
et al., 2010). The corresponding peak temperatures of weight loss were 345, 401 and 430oC for 
10, 20 and 30 oC/min heating rate respectively from the derivative weight loss curves in Figure 
3. 
 
Though the oil shale undergone two stages of pyrolysis, the results of the first and second stage 
weight loss of the oil shale pyrolysis in Table 3 are compatible as in Figure 3. The twin stages of 
the shale’s deferential mass loss at the different temperature ranges showed the complex nature 
of the oil shale pyrolysis. In stage II, the broad peaks signified the high activity that rapidly 
pyrolyzed the shale through increased ability to overcome the resistance layer of mass transfer. 
The scenario can be explained by the chemical reaction that controlled the shale de-volatilization 
leading to the release of heat energy. Therefore, the stage wise decomposition activities of the 
shale particles are consistent with the literature (Wu et al., 2014).  
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Figure 2. Weight loss profile for the oil shale sample at different heating rates. 
 

 
Figure 3. Derivative weight loss profile for the oil shale sample at different heating 
rates. 
 
Conclusion 
The pyrolysis characteristics of Gbetiokun oil shale was investigated with rock-eval pyrolysis and 
TGA.  It deduces that the oil shale sample has total TOC value more than the minimum standard 
required for the generation of hydrocarbon. The HI value falls within the standard range indicating 
that the sample is oil and gas prone. While PI value was below the minimum standard signifying 
organic matter is immature. The TGA shows the main stage of mass loss corresponding to release 
bitumen and oil in the temperature range and at higher temperatures, further weight loss was 
due to decomposition of carbonate. It was also observed that increasing the heating rate shifted 
the weight loss to higher temperatures.  
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ABSTRACT 
Kinetics of alkali hydrolysis reaction of crystal violet (CV) was studied at 21°C and varying 
concentrations of NaOH. Three concentrations of NaOH were used; 0.008, 0.016 and 0.024 M. 
The study shows that the reaction rate depends largely on the concentration of NaOH and the 
rate constant is stable only at certain range of NaOH concentration. The values of rate constant 
determined were 0.32 

.
 and 0.41

.
 for NaOH concentration ranges 

of 0.008 – 0.016 M and 0.016 and 0.024 M respectively. 
Keywords: Kinetics; Alkali Hydrolysis Reaction; Rate Constant; Rate Order.  
 
1.0  INTRODUCTION 
Crystal violet is a cationic triphenyl methane dye chemically known as hexamethyl pararosaniline 
chloride. It is a highly demanded industrial raw material used in far-reaching industrial and 
medical applications. It is used as dye; in textile materials such as cotton and silk, in ternary 
materials such as leather and animal skin. It is used as an external disinfectant due to its toxic 
effect on cells. In medical and veterinary applications it is used as the active ingredient in Gram’s 
Stain, employed in classifying bacterial (Ram and Bharagava, 2016; Wu et al., 2009).    
 
Despite its huge economic benefits, crystal violet constitutes a major environmental threat as it 
is a key constituent of the waste water from the textile, ternary, and plastic industries. It has also 
been reported that uncontrolled exposure to crystal violet poses genotoxic and carcinogenic 
effects on humans and aquatic lives (Goswani et al., 2001; Mobacken et al., 1974). Hence, the 
need for effective treatment of CV in industrial waste water before disposal cannot be over 
emphasize. In waste water treatment, the removal of color from wastewaters is often more 
important than the removal of the soluble colorless organic substances, especially for industries 
using large quantities of water such as textile, leather, paint, acrylic, cosmetic, plastic and 
pharmaceutical industries, etc.  
 
The alkali hydrolysis of CV can be expressed as Equation (1). Progress of the reaction can be 
physically monitored as the deep violet CV stock solution gradually losses its colour as the reaction 
progresses. At the completion of the reaction the CV solution becomes colourless.  
 
C25H30N3Cl(aq) + NaOH(aq)             C25H31ON3(aq) + NaCl(aq)   (1) 
 
The crystal violet color is due to the extensive system of alternating single and double bonds 
which extends over all three benzene rings and the central carbon atom. This alternation of double 
and single bonding is termed hydrolysis, and molecules which have extensive hydrolysis are 
usually highly colored. Trace the hydrolysis in the crystal violet structure and note that in the 
reaction product, the three rings are no longer in hydrolysis with one another, and hence, the 
material is colorless. The stoichiometry of the complete reaction is as shown in Figure (1).
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Figure 1: Stoichiometry of the Reaction between Crystal Violet and NaOH (Ram and 
Bharagava, 2016) 
 
For the hydrolysis reaction in Eq. (1), it follows that;  

Rate = k [CV]x [OH - ]m         
(2) 

 =   = k 	[OH - ]m                                                                                               (3) 
 
where;  = the rate of reaction with respect to the reactant CV  

k = the rate constant of the reaction. 
C = [CV], the concentration of the crystal violet.  
n  = the order of the reaction with respect to CV.  
m  = the order of the reaction with respect to OH- 

In this experiment, the initial [OH-] is made much greater than the initial [CV]. Thus, the 
[OH-] change, during the time that the CV is consumed, is negligible.  
Therefore, since [OH–] >> [CV], Equation (3) can be written as follows  
 

  =   = kʹ Cx       where kʹ = k[OH - ]m                                            (4) 
 
The constant, kʹ is called a pseudo rate constant because it is a constant that relates the 
reaction rate to Cn only. Note that kʹ would have different values depending on the value of 
different [OH–]. Therefore, the actual rate constant is expressed as; 
 

  k = ʹ

‾
           (5) 

 
For the two set of experiments carried out at different values of [OH-], it follows that two sets of 
equation hold; 
 

		 ʹ  = k OH m   and 		 ʹ  = k OH m       (6) 
 
		 ʹ 	

		 ʹ
  = 	

	 	
         (7) 

 

 m = 
		 ʹ 	
		 ʹ

	          (8) 
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Literature information on the kinetics of crystal violet are scanty, although, some researchers 
have reported some information about the reaction of crystal violet with sodium hydroxide (Chen 
et al., 2008; Cho et al., 2003; Du et al., 2013; Kabir and Susan, 2008; Karayil and Sreejith, 2017), 
the depths of most of the reports are not sufficient to give extensive information on the rate law 
of the reaction. This work is aimed at defining the extensive kinetic rate law of the alkali hydrolysis 
of crystal violet at a defined reaction conditions.  
 
2.0 MATERIAL AND METHODS  
 
2.1 Materials 
The materials used include; analytic grade Crystal Violet (Sigma Aldrich, Darmstardt, Germany), 
analytic grade Sodium Hydroxide Pellets (98% Loba Chemie, Mumbai, India), distilled water was 
produced using water distiller water (SZ-96, Mon Scientific), stop watch and glassware.  
 
2.2 Calibration Curve 
A stock solution of crystal violet was prepared by weighting 0.1 g of the powder using weighing 
balance (Ohaus SP202 Scoutt Pro) and dissolved in 1000 ml of distilled water. Six (6) samples 
containing 0, 2, 4, 6, 8 and 10 mg/L of CV were prepared by diluting the stock solution with 
appropriate volumes of distilled water. The absorbance of each of the six (6) samples was 
measured with a Spectrophotometer (Zuzi; Model 4201/20, France) at a wavelength of 565 nm. 
 
2.3 Kinetic Reaction 
Runs of alkali hydrolysis at three different NaOH concentrations; 0.008, 0.016 and 0.024 M were 
carried out at 21°C in a 250 ml glass beaker used as the batch reactor. Progress of the reaction 
was monitored from the beginning to the end of the reaction by taking the spectrophotometer 
absorbance in intervals of 30 s.  
 

 
Figure 2: Image of the physical view of the decolourization associated with the 
hydrolysis reaction of CV 
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3.0  RESULTS AND DISCUSSION 
Figure 3 shows the calibration curve for the measurement of concentrations of the CV used in the 
reaction using spectrophotometer as the analytical technique. 
 

 
Figure 3: Calibration curve 
 
Using the straight line graph equation of Figure 3, it was established that; 

 
C = 7.212 x Absorbance         (9) 

 
 where C = concentration of CV 
 
Table 1 presents CV concentration variation against time for the alkali hydrolysis reaction carried 
out at 0.008 M NaOH and at 21°C. Figure 4 shows the concentration vs time curve for the 
hydrolysis reaction. Typical of concentration, time graph, it can be observed that the CV 
concentration depletes as the reaction time progresses, until the reaction was almost completed.  
 
Table 1: Concentration, time data for the alkali hydrolysis reaction of CV at 0.008 M 
NaOH  
Time 
(min) 

 x  
(mol/L) 

Time 
(min) 

 x  
(mol/L) 

Time 
(min) 

 x  
(mol/L) 

Time 
(min) 

 x  
(mol/L) 

0.00 26.35 7.00 9.36 14.00 3.58 21.00 1.56 
0.50 23.30 7.50 8.70 14.50 3.35 21.50 1.49 
1.00 21.53 8.00 8.13 15.00 3.15 22.00 1.42 
1.50 20.34 8.50 7.55 15.50 2.94 22.50 1.36 
2.00 19.05 9.00 7.03 16.00 2.78 23.00 1.29 
2.50 17.72 9.50 6.56 16.50 2.64 23.50 1.24 
3.00 16.50 10.00 6.13 17.00 2.45 24.00 1.19 
3.50 15.42 10.50 5.71 17.50 2.30 24.50 1.13 
4.00 14.30 11.00 5.35 18.00 2.16 25.00 1.10 
4.50 13.33 11.50 4.98 18.50 2.06 25.50 1.03 

y = 7.2122x
R² = 0.973
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5.00 12.49 12.00 4.66 19.00 1.95 26.00 0.97 
5.50 11.62 12.50 4.34 19.50 1.84 26.50 0.92 
6.00 10.83 13.00 4.08 20.00 1.74 27.00 0.90 
6.50 10.05 13.50 3.83 20.50 1.65   

 
 

 
 
Figure 4: Concentration, time graph for the alkali hydrolysis of crystal violet 0.008 M NaOH and 
21°C 
 
The generalized kinetic formula for nth order reaction (Levenspiel, 1999) can be written as; 

 = 
	 	

	 	
	 	           (10) 

log	  = log	
	 	

	 	
 + (1 – n) log       (11) 

Taking the F factor as 0.5, we have;  
log	 .  = log	 . 	 	

	 	
 + (1 – n) log       (12) 

Table 2 presents the variable values of  and their corresponding .  derived from Figure 4. 
Analyzing the plot of log .  against log  shown in Figure 5, it can be observed that the slope 
is zero. Therefore, from Equation (12), we can deduce that; 
 (1 - n) = slope = 0         (13) 
 n = 1           (14) 
Hence, it is established that the reaction is 1st order reaction  
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Table 2: Values of  and .  for the hydrolysis of CV at 0.008 M NaOH  
CAo x  
(mol/L) 

.  (min) Log CAo log .  

26 4.8 1.41 0.68 
20 4.8 1.30 0.68 
16 4.8 1.20 0.68 
10 4.8 1.00 0.68 

 

 
 
Figure 5: log .  vs log  graph 
 
5 FOR 1ST ORDER REACTIONS, EQUATION (4) CAN BE SIMPLIFIED AS FOLLOWS; 

  = kʹC           (13) 
    =  ʹdt         (14) 
- ln  = ʹt          (15) 

Using the raw kinetic data in Table 1, values of ln  were derived at variable time as shown in 

Table 3. A plot of -ln  against time gave a straight line graph as shown in Figure 6. From 
Equation (15), the slope of the graph is equal to ʹ, the pseudo rate constant of the alkali 
hydrolysis reaction. Hence, at NaOH concentration of 0.008 M and 21°C  = 0.146 min-1. 
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Table 3: Values of -ln  at variable times for the alkali hydrolysis reaction at 0.008 M 
NaOH 
Time 
(min) -ln  

Time 
(min) -ln  

Time 
(min) -ln  

Time 
(min) -ln  

0.00 0.00 7.00 1.04 14.00 2.00 21.00 2.83 
0.50 0.12 7.50 1.11 14.50 2.06 21.50 2.87 
1.00 0.20 8.00 1.18 15.00 2.12 22.00 2.92 
1.50 0.26 8.50 1.25 15.50 2.19 22.50 2.96 
2.00 0.32 9.00 1.32 16.00 2.25 23.00 3.01 
2.50 0.40 9.50 1.39 16.50 2.30 23.50 3.06 
3.00 0.47 10.00 1.46 17.00 2.38 24.00 3.10 
3.50 0.54 10.50 1.53 17.50 2.44 24.50 3.15 
4.00 0.61 11.00 1.59 18.00 2.50 25.00 3.18 
4.50 0.68 11.50 1.67 18.50 2.55 25.50 3.24 
5.00 0.75 12.00 1.73 19.00 2.60 26.00 3.30 
5.50 0.82 12.50 1.80 19.50 2.66 26.50 3.35 
6.00 0.89 13.00 1.87 20.00 2.72 27.00 3.37 
6.50 0.96 13.50 1.93 20.50 2.77   

 
 

 
Figure 6: -ln  vs time graph for CV hydrolysis reaction at 0.008 M NaOH  
 
Table 4 presents the concentration, time data for the alkali hydrolysis reaction carried out at 0.016 
M NaOH and at 21°C. Values of -ln  were derived and plotted against time as shown in Figure 
7. The slope of the straight line graph obtained is equal to , the pseudo rate constant of the 
alkali hydrolysis reaction. Hence, at NaOH concentration of 0.016 M and 21°C  = 0.216 min-1. 
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Table 4: Values of -ln  at variable times for the reaction at 0.016 M NaOH 

Time (min) 
 

 x  
(mol/L) 

-ln  Time (min) 
 

 x  
(mol/L) 

-ln  

0.00 26.35 0.00 8.50 3.51 2.02 
0.50 22.19 0.17 9.00 3.19 2.11 
1.00 19.74 0.29 9.50 2.89 2.21 
1.50 17.51 0.41 10.00 2.60 2.31 
2.00 15.59 0.52 10.50 2.37 2.41 
2.50 13.82 0.65 11.00 2.18 2.49 
3.00 12.30 0.76 11.50 2.00 2.58 
3.50 10.92 0.88 12.00 1.86 2.65 
4.00 9.66 1.00 12.50 1.74 2.72 
4.50 8.58 1.12 13.00 1.63 2.78 
5.00 7.65 1.24 13.50 1.54 2.84 
5.50 6.79 1.36 14.00 1.47 2.89 
6.00 6.08 1.47 14.50 1.40 2.94 
6.50 5.40 1.58 15.00 1.33 2.99 
7.00 4.84 1.70 15.50 1.29 3.01 
7.50 4.31 1.81 16.00 1.28 3.03 
8.00 3.88 1.92    

 

 
Figure 7: -ln  vs time graph for CV hydrolysis reaction at 0.016 M NaOH  
 
Table 5 presents the concentration, time data for the alkali hydrolysis reaction carried out at 0.024 
M NaOH and at 21°C. Values of -ln  were derived and plotted against time as shown in Figure 
8. The slope of the straight line graph obtained is equal to , the pseudo rate constant of the 
alkali hydrolysis reaction. Hence, at NaOH concentration of 0.024 M and 21°C  = 0.313 min-1. 
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Table 5: Values of -ln  at variable times for the reaction at 0.024 M NaOH 

Time (min) 
 

 x  
(mol/L) 

-ln  Time (min) 
 

 x  
(mol/L) 

-ln  

0.00 26.35 0.00 7.00 2.37 2.41 
0.50 21.62 0.20 7.50 2.04 2.56 
1.00 18.29 0.37 8.00 1.75 2.71 
1.50 15.42 0.54 8.50 1.54 2.84 
2.00 12.99 0.71 9.00 1.36 2.96 
2.50 10.37 0.93 9.50 1.24 3.06 
3.00 9.14 1.06 10.00 1.10 3.18 
3.50 7.67 1.23 10.50 1.01 3.26 
4.00 6.43 1.41 11.00 0.92 3.35 
4.50 5.40 1.58 11.50 0.85 3.43 
5.00 4.55 1.76 12.00 0.80 3.50 
5.50 3.85 1.92 12.50 0.76 3.54 
6.00 3.28 2.08 13.00 0.73 3.59 
6.50 2.75 2.26    

 
Figure 8: -ln  vs time graph for CV hydrolysis reaction at 0.024 M NaOH  
 
Table 6 presents the various values of the pseudo rate constant of the alkali hydrolysis reaction 
carried out at 21°C and at variable concentrations of NaOH. The values of ʹ increases generally 
with NaOH concentration. At NaOH concentration of 0.008 M ʹ value was 0.146 min-1. The value 
increased by 48% when the NaOH concentration was doubled and increased by 114% when the 
NaOH concentration was tripled. 
 
Table 6: Values of the pseudo rate constant at variable NaOH concentration 

Reaction 
run NaOH concentration ([OH - ] in M) ʹ (min-1) 

1 0.008 0.146 
2 0.016 0.216 
3 0.024 0.313 
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The actual rate constant, K, of the alkali hydrolysis reaction can be obtained from Equation (5). 
To determine this, the pseudo rate order with respect to [OH - ], m, is first of all determine using 
Equation (8). Therefore, Table 7 presents values of m and K for the alkali hydrolysis reaction at 
NaOH concentration range of 0.008 – 0.016 M and 0.016 – 0.024 M. It can be observed that ʹ 
has no constant value within a particular NaOH concentration range, but K value is constant within 
a particular NaOH concentration range. The reaction rate order of NaOH was 50% higher than 
that of CV at NaOH concentration of 0.008 – 0.016 M, and 800% higher at NaOH concentration 
of 0.016 – 0.024 M.   
 
Table 7: Values of the actual rate constant of alkali hydrolysis reaction at various 
NaOH concentration range 

[OH - ] range (M) m x K 	  
0.008 – 0.016 0.6 0.4 0.32 
0.016 – 0.024 0.9 0.1 0.41 

 
 
4.0 CONCLUSION 
The overall kinetic rate order of the reaction of alkali hydrolysis of crystal violet has been 
determined as 1st order reaction. The study shows that the reaction rate was largely dependent 
on the concentration of NaOH. The individual rate order with respect to the two participating 
reactants depend on the concentration range of NaOH. The values were 0.4 and 0.6 for CV and 
NaOH, respectively, at NaOH concentration of 0.008 – 0.016 M. And 0.1 and 0.9 for CV and NaOH, 
respectively, at NaOH concentration of 0.016 – 0.024 M. The rate laws for the reaction at the 
NaOH concentration range of 0.008 – 0.016 M and 0.016 – 0.024 M are as presented in Equations 
(16) and (17), respectively. 
 
     = 0.32

.
 . 	[OH - ]0.6          (16) 

 
     = 0.41

.
 . 	[OH - ]0.9           (17) 
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ABSTRACT  
This paper presents studies of biodegradation due to soil bacteria on polystyrene composite. The 
composite was formed from treating luffa cylindrical fiber with 10 wt% sodium hydroxide before 
using it as reinforcement in waste polystyrene foam. The loading of the luffa fiber was from 0 
wt% (unreinforced polystyrene) to 50 wt%. The composites were buried for 14 weeks and effect 
of bacteria activity on the composites’ weight loss studied. It was observed that degradation was 
highest (14.66%) for composite with highest luffa fiber (50 wt%). The microorganism identified 
in the soil was bacillus sp. which had a cell count of 4.0 × 107 CFU/gm. It can be concluded that 
reinforcing polystyrene foam with luffa, produces bio composites that are environmentally 
friendly.  
 
Keywords: polystyrene, luffa fiber, composite, soil bacteria, reinforcement.  
 
1.0 INTRODUCTION  
The use of bio-composites as a replacement to conventional synthetic composites has been 
gaining attention in recent years. This is because they degrade easily (compared to the synthetic 
ones) into the environment thereby decreasing waste management issues. Natural fillers used in 
bio composites are cheap, light weight, renewable and environmentally friendly (Bandyopadhyay-
Ghosh and Ghosh, 2015; Pickering et al., 2016; Ghori et al., 2017). They however have drawbacks 
due to compatibility issues with the matrix they are used to reinforce. Most bio fillers are 
hydrophilic while synthetic matrices are hydrophobic. This makes the materials used for 
fabricating bio composites not only incompatible but having problems of swellings thereby leading 
poor mechanical properties (Ali et al., 2016). These problems can be solved if the fillers 
morphology are treated or modified to improve the interfacial properties between the filler and 
matrix as well as filler dispersion in the matrix (La Mantia and Morreale, 2011). Treatments such 
as alkaline, maceration, benzoate, saline isocyanate, corona as well as thermal treatment have 
been studied and found to improve compatibility of natural fillers with synthetic matrices (; Li et 
al., 2007; Ponnusamy et al., 2019). The improved compatibility has also made them candidate 
materials for mechanical and structural applications as well as maintaining their low carbon 
footprint (Sanjay et al., 2017).  
 
Non-biodegradable plastics litter everywhere from blocking drains to suffocating aquatic lives. 
They have made several Environmental pressure groups to ask scientist and Engineers to help 
the planet from these excessive carbon footprints. The production of biodegradable composites 
from natural fiber and synthetic fillers will not only increase the overall biodegradability of the 
synthetic filler but also reduce waste plastic accumulations. The degradation of the composites 
by biological processes involves living organism such as bacteria, fungi and algae to breakdown 
the organic substances present in the composite into simpler and smaller structures such as 
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carbon dioxides, water, methane etc as end products (Shah et al., 2008; Pelissari et al., 2019). 
The simpler end products are easily disposed thereby reducing the menace caused by non-
biodegradable plastics which litter the environment. A reduction in plastic production is directly 
related to low carbon dioxide emission due to production synthetic matrix from fossil fuel 
byproducts (Adamcova et al., 2017).  
 
This research work therefore focuses on the study of biodegradation by burial method of a bio-
composite formed from Luffa fiber and waste polystyrene foam. The soil organism was identified 
and degradation rate due to the organism monitored and modelled.  
 
2.0 METHODOLOGY 
 
2.1 Materials, Chemicals and Equipment 
The materials and Chemicals used in this research are polystyrene foam, luffa fiber, soil sample, 
methylated spirit, distilled water, nutrient agar, cotton wool, crystal violet, iodine, ethanol, 
safranin, paper towel, foil paper, and sodium hydroxide. 
The equipment/apparatuses used are measuring cylinder, beaker, conical flask, glass rod, 
pipettes, glass slide, sterile bottle (test tubes), staining rack, culture plates (petri plates), sterile 
syringes, forceps, wire loop, digital weighting balance, electric heating mantle, Bunsen burner, 
incubator, autoclave, microscope, and humidity and temperature meter. 
 
3.0 Procedure  
 
3.2.1 Composite Preparation 
Luffa fiber sourced from Ahmadu Bello University, Dam area was first cut, dried then treated with 
10 wt% NaOH. It was then washed and dried in the oven at 60 oC for two hours. The fiber was 
then used to reinforce waste polystyrene foam in a 2 roll mill after which it was then compressed 
at 100 oC and 4psig. It was then cooled and removed. 0 to 40 wt% fiber loading at an interval of 
10 wt% was used as reinforcement as described in Table 1. Three samples each of size 25 x 30 
x 5 cm were cut from saples A to E, weighed and taken for biodegradation test using burial 
method. 
  
Table 1: Description of fabricated composite samples.  
Sample Weight percent (wt%) of luffa used to reinforce 

polystyrene matrix 
A 0;  i.e 100% polystyrene 
B 10 
C 20 
D 30 
E 40 
F 50 

 
3.2.2 Biodegradation test using burial method  
In this research, a land space of 2 × 1 x 0.1 m was cleared at Kaduna Polytechnic Demonstration 
Farm, Kaduna. A mixture of soil samples taken from the cleared ground and then taken for 
microbial analysis. The composite samples were then buried at a depth of 5 cm maintained at 
average temperature and humidity of 27 and 20% respectively by sprinkling water (Haider et al., 
2018). The cleared site and composite samples are shown in Plate 1. After seven days (a week), 
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all samples were removed, washed, cleaned and dried in the oven at 60 oC for and 4 hrs before 
calculating the biodegradation due to weight loss using equation 1: 

	

Degradation	rate	due	to	weight	loss	 % 	
	–	

100					……………………………..(1) 
where; Mo is the initial mass, and Ms is the mass of buried composite after reference days. 
 

  
Plate 1: Image showing (a) Composite samples (b) burial site for the samples 
 
2.2.3 Microbial analysis of soil sample 
Serial dilution method was used to prepare nutrient agar and poured into the petri dish. The soil 
was then plated and incubated for 24 hours after which bacteria growth was counted and 
thereafter identified by microscopic morphology. Equation (2) was used to calculated the number 
of colonies unit (CFU). Coliform count between 20-200 is usually recommended and therefor was 
used in this study (Bio Resource, 2016). 
 
NCU CFU/gm

	 	 	 	 . 	 .

	
 ……………….(2) 

 
where; CFU/gm is colonies forming units per ml, and ml plated used is 0.1 ml. 
 
A smear and gram staining process was then carried out on the coliform unit.  Shape and colour 
were observed under the microscope to identified the species of the bacteria present. The 
biodegradation analysis was carried out based on ASTM D6691, 2001 (Muller, 2005).  
 
4.0 RESULTS AND DISCUSSIONS  
 
4.1 Biodegradation analysis of the composites. 
Figure 1 shows the rate of biodegradation of the composite samples. It was observed that the 
un-reinforced composites which served as the control sample degraded by only 1.23% after 14 
weeks. It had the lowed degradation rate among all the samples. Sample E (50/50) had the 
highest degradation rate (14.66%) after 14 weeks because of its high natural fiber content. It 
was generally observed that the degradation rate increased with increase in fiber content (Gomez 
and Michel, 2013; Bello et al., 2019). This is expected before of the biodegradation nature of 
natural fibers which makes them attractive for application in production of bio degradation 
polymers (Lucas et al., 2008).    

a	 b	
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Figure 1: Degradation rate of the composites samples for 14 weeks 
 

The sample degradation rate was further analyzed using Microsoft excel, the trendline was 
generated and fitted as summarized in Table 2. The samples degradation rate easily fitted into a 
polynomial model (with R2 greater than 0.93) of order 2 (quadratic) except for sample C which 
had an order 5 polynomial. This behavior may be due to moisture diffusion in the composite 
leading to alternating increase and decrease in weight of the sample (Krauklis et al., 2019).   
 
Table 2: Modelling of degradation rate of composite samples buried for 14 weeks. 

Samples Equation  R² Model Order 
A RD = -0.0165t2 - 0.0025t - 0.5802 0.9441 Polynomial 2 
B RD = -0.0463t2 + 0.0884t - 0.7097 0.9852 Polynomial 2 
C RD = -0.04t5 + 0.7864t4 - 5.7285t3 + 

19.148t2 - 29.291t + 14.476 
0.9357 Polynomial 5 

D RD = -0.152t2 - 0.0952t - 1.7643 0.9922 Polynomial 2 
E RD = -0.4124t2 + 1.2317t - 2.3547 0.9949 Polynomial 2 
F RD = -0.2197t2 + 0.07t - 3.3656 0.9493 Polynomial 2 

     Where RD is degradation rate and t is burial time in weeks 
 
 
3.2 Microbial count in the soil 
Table 1 shows the count of the coliform forming unit (CFU) observed in the plate of incubated 
soil sample collected from the sample burial site.  
 
 
 

‐16.00

‐14.00

‐12.00

‐10.00

‐8.00

‐6.00

‐4.00

‐2.00

0.00

Week 2 Week 4 Week 6 Week 8 Week 10 Week 12 Week 14

D
eg
ra
d
at
io
n 
ra
te
 (
%
)

Burial  time (weeks)

A B C D E F



 ©NSChE 2019: EFFECTS OF SOIL BACTERIA ON LUFFA FIBER REINFORCED WASTE POLYSTYRENE FOAM 
COMPOSITE:  by Tajudeen Kolawole BELLO and Mohammed AKABE 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 476	|	P a g e 	

Table 1: Quantification Number of Colonies Forming Unit (CFU) 
Dilution 
Series 

Plate Number of 
Colonies Count 

Average of Number 
of Colonies Count 

Colony Forming 
Unit (CFU/gm) 

10-1 1 
2 
3 

+++ 
+++ 
+++ 

  

10-2 1 
2 
3 

+++ 
+++ 
+++ 

  

10-3 1 
2 
3 

+++ 
+++ 
+++ 

  

 
10-4 

1 48  
 

 
 2 63 

3 90 
 
10-5 

1 34  
40 
 

 
4.0 107 2 41 

3 45 

 
10-6 

1 18  
 

 
 2 25 

3 28 
 +++  too numerous to count 

            
 
The counts for serial dilution for 10-1 to 10-3 was neglected because the count was uncountable. 
The serial dilution for 10-4 was also neglected because of the wide variation in counts. 10-5 was 
used for the calculations because it did not have wide variations like 10-4 or a count below 20 as 
the case of 10-6 (Bio Resource, 2016). The average total number of bacteria counted of the 
colonies forming unit was calculated to be 4.0 × 107 CFU/gm of soil.  
 
3.2 Identification of Microorganisms in the Soil Sample 
The identification of the species of microorganisms in the soil sample was carried out under the 
microscopy observation. The type of microorganisms observed in the soil sample was gram 
positive bacteria, which showed the present of Bacillus because of its rod-like structure and purple 
color as shown in Plate 2.  
 
5.0 CONCLUSIONS 
The following conclusions can be drawn from this study. 

1. The degradation increased with increase in fiber content with 50 wt% (Sample F) recorded 
the highest at 14.66 % while the lowest degradation of 1.23 % was observed for the un-
reinforced composite. 

2. The degradation rate followed mostly a quadratic model. 
3. The microorganism responsible for the degradation behavior of the composite was the 

bacillus sp of bacteria. 
4. The average coliform forming unit was 4.0 × 107 CFU/gm of soil. 
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Plate 2: Rod like bacillus specie observed in the stained colonies 
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ABSTRACT 
Today, nanotechnology is gaining high recognition as a vital area of research going by its 
remarkable applications in the fields of photochemistry, engineering, medicine and pharmacy. 
This technology of nanomaterial involves the materials and their applications having one 
dimension in the range of 1–100 nm. On the other hand, biosynthesis of nanoparticles (NPs) is 
gaining much attention from researchers and has been suggested as possible replacement for 
chemical and physical methods because of the numerous challenges associated with known 
conventional methods. In this study, an active photocatalyst, dogonyaro (Azadirachta indica)-
based zinc oxide (ZnO) was biosynthesized from zinc acetate dihydrate precursor using sol gel 
and precipitation methods. The synthesized samples were characterized using FTIR, XRD, BET, 
EDS and SEM characterization techniques. The SEM and XRD analysis of the green synthesized 
and non-green synthesized ZnO demonstrated the formation of hexagonal wurtzite crystalline 
structure and agglomerated morphology. EDX analysis demonstrated the existence of Zn and O 
as the major constituents of the as-synthesized nanoparticles with traces of carbon which could 
be attributed to the carbon tape of the sample holder. The BET analysis displayed that the surface 
area of the ZnO nanoparticles increased from 23.75cm3/g to 97.08 cm3/g after the green 
synthesis. Based on the surface area values, it can be derived that neem leaf extract enhanced 
the surface area of the green synthesized sample. 
 
1.0 INTRODUCTION 
Nanotechnology could be defined as the manipulation of matter through certain physical and/or 
chemical processes to produce materials that have specific properties which can be used in 
particular applications. Nanoparticles can be defined as particles that have at least one dimension 
less than 100 nm in size (Thakkar et al., 2014). On the other hand, (Ahmed et al., 2015) defined 
“Nanomaterials” as those particles whose size lies in the dimension area of 1–100 nm. 
Nanomaterials are found to show enhanced properties based on morphology, size and 
distribution.  
 
Nanotechnology is no doubt emerging as a vital area of study with its incredible applications in 
the areas of science, engineering, medicine, catalysis, pharmacy, electrochemistry, sensors, 
biomedicines, food technology, cosmetics, textile industry, optics, electronics, space industry, 
mechanics, energy science, optical devices etc. Zinc oxide and silver NPs have attracted much 
interest in the research community among metal and metal oxide NPs, owing to their outstanding 
properties in terms of use in different areas such as antimicrobial, optical and catalytic properties 
(Espitia et al., 2016 and Khan et al., 2016). ZnO NPs have shown different physical and chemical 
properties depending on the morphology. ZnO NPs have been synthesized by different methods 
such as sol–gel method, electrophoretic deposition, laser ablation, hydrothermal methods, 
electrochemical depositions, co-precipitation, ultrasound, chemical vapor deposition, thermal 



©NSChE 2019: SYNTHENSIS AND CHARACTERIZATION OF BIO-SYNTHESIZED NEEM-BASED ZINC OXIDE (ZnO) 
PHOTOCATALYST: by Gana I. N., Ohageria V.U., Akpan U.G and Ani I.J. 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019                 480	|	P a g e 	

decomposition, and combustion method, microwave-assisted combustion method (Ahmed et al., 
2015). These physical and chemical methods have major shortcomings such as chemical 
poisoning and low surface area of the synthesized material. Therefore, any method that is 
environmentally friendly and could result to improvement in the surface area of the synthesized 
ZnO nanoparticle is urgently needed.  However, in recent researches, ZnO NPs have also been 
synthesized by biological method using biological agents as reducing agents (Madhumitha et al., 
2016 and Ahmed et al., 2015). ZnO NPs are non-toxic, semi-conducting materials having good 
photocatalytic behavior and high transparency. In addition, ZnO NPs produced from biological 
method have shown remarkable photocatalytic degradation of many dye pollutants like methylene 
blue, reactive dyes, direct dyes, disperse dyes, methyl orange,basic dyes, azo dyes, rhodamine 
blue amongst others (Ghaly et al., 2014). Worthy of note is that ZnO NPs has gained special 
attention due to environmental concerns and it ability to degrade leading water pollutants 
particularly those in industrial effluents (Bhuyan et al., 2015). 
 
Recently, (Ahmed et al., 2015) in a meta-analysis reported the use of plant extract in the green 
synthesis of photocatalysts. These extracts include those of Ziziphora tenuior (Sadeghi and 
Gholamhoseinpoor, 2015), Abutilon indicum (Ashokkumar et al., 2013), Solanum tricobatum 
(Logeswari et al., 2013), Erythrina indica (Sre et al., 2015), Ocimum tenuiflorum (Logeswari et 
al., 2013), Spirogyra varians (Salari et al., 2014), Melia dubia (Ashokkumar et al., 2013), leaf 
extract of Acalypha indica. with high antibacterial activities (Krishnaraj et al., 2010), Also, extracts 
of Sesuvium portulacastrum with nanoparticle size ranging from 5 to 20 nm (Nabikhan et al., 
2010) have been identified as a source for the synthesis of  nanoparticles as an alternative to the 
conventional methods. Azadirachta indica (Neem) leaf extract have been studied by Ahmed et 
al., (2015) and reported that the extract plays an important role in synthesis of ZnO NPs 
functioning as capping and stabilizing agent. They also noted that different capping agents can 
be used to stabilize ZnO particles imparting different properties, like size and morphology. They 
further reported that different surfactants have been employed in the synthesis of ZnO NPs, but 
the challenge with these surfactants is that they are difficult to degrade and are environmentally 
hazardous. Hence; the need to introduce green capping agents in the synthesis of ZnO NPs 
becomes imperative. Again, it’s important to bear in mind that synthesis of NPs is entirely 
dependent on biochemicals present in the precursor materials such as alkaloids, and others. 
Actually, the biochemicals present in the neem leaf extract can be a viable alternative. 
 
The ‘green’ environment friendly methods being talked about in chemical and chemistry 
technologies are becoming increasingly popular and are much needed now because of the 
worldwide problems associated with environmental health (Thuesombat et al., 2014; Ahmed et 
al., 2015). In the last ten years or more, researchers have showed interest in biological method 
to synthesize metal and metal oxide nanoparticles and the development of this biologically 
stimulated technique is growing as an important branch in the field of nanotechnology and 
nanoscience (Sharif et al., 2017). These so-called green syntheses of nanoparticles is gaining 
importance and has recently been suggested as potential alternative to physical and chemical 
methods because it is eco- friendly, non-toxic and safe reagents during the green-synthesis 
process while the use of dogonyaro (Neem) leaf extract offers a biological method for the 
controlled and precise synthesis of several metallic nanoparticles with well-defined various shapes 
and sizes.  
 
The bio-reduction of zinc ions into respective nanoparticles mediated by dogonyaro leaf extract 
is chemically complex but environmentally benign. The role of neem leaf extract as reducing and 
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mediating agent in the biosynthesis of ZnO nanostructures makes it indispensable in green 
technology (Bhuyan et al., 2015). On a general note, plant-extract-based and sodium hydroxide 
(NaOH)-enhanced simple precipitation processes are the most commonly used procedure in the 
synthesis of ZnO nanoparticles with NaOH as pH adjuster for the reaction mixture (Vishnukumar 
et al., 2018). 
 
The wide variability of metabolites present in the dogonyaro leaf extract have reducing properties 
or antioxidant that helps in the immediate reduction of the zinc ions into nanostructured ZnO 
photocatalyst. Flavones, ketones, organic acids, amides and aldehydes are the main 
phytochemicals present in the dogonyaro leaf extract which acts as bio-reductant out of which 
flavones, organic acids and quinones are water soluble phytochemicals that are actually 
responsible for the direct reduction of zinc ions into their respective nanostructures (Prathna et 
al., 2010, Bhuyan et al., 2015). Previous studies have further demonstrated that mild heating 
followed by subsequent incubation of three types of benzoquinones (namely, cyperoquinone, 
dietchequinone and remirin) present in neem (mesophyte) leaf extract end up in the activation 
of quinones which results in particle size reduction (Bhuyan et al., 2015). Green synthesis is 
employed in this research because it is cheap, eco-friendly, and highly efficient method since it 
does not use toxic precursor as compared with the physical and chemical synthesis approach.  No 
doubt, the green synthesis of (ZnO) using extract solution from Azadirachta indica will help to 
increase the surface area. This study seeks to synthesize ZnO nanoparticles through green 
synthesis, characterized and compare with the non-green synthesized one. 
 
2.0  MATERIALS AND METHODS 
Chemical and reagents such as the precursor [Zinc acetate dihydrate [Zn(CH3COO)2]-2H2O], and 
sodium hydroxide (NaOH) were of analytical grade as supplied by Panlac Chemicals Nigeria 
Limited and were used directly without further purification. 
 
2.1 Dogonyaro (Azadirachta indica) Leaf Sample Collection 
Fresh leaves of Dogonyaro (Azadirachta indica) were randomly collected from different locations 
in Gidan Kwano, Bosso Local Government Area, Minna, Niger Sate, Nigeria. The collected leaves 
were gently washed with tap water and subsequently with de-ionized water, cut into pieces, 
sundried for seven days afterward grounded using plastic mortar and pestle. The resulting 
powdered was stored in an air tight container for subsequent uses.  
 
2.2 Preparation of Dogonyaro Leaves Extract 
About thirty grams (30 g) of the powdered leaves were weighed into a beaker containing 300 ml 
of de-ionized water. The mixture was for 15 minutes at 60 °C on a heating mantle.  The extract 
was then allowed to cool at room temperature, filtered using Whatman No.1 filter paper. The 
obtained extract (filtrate) was poured into a bottle and stored in a refrigerator at a temperature 
of 4oC for further use. 
 
2.3 Non-Green Synthesis of Zinc Oxide (ZnO) Nanoparticles 
One molar (1 M) of aqueous sodium hydroxide (NaOH) was prepared by adding 40 g of the 
crystals in 1000 ml of de-ionized water. To synthesized the non-green ZnO nanoparticles; 20 g of 
the Zinc acetate [Zn(CH3COO)2]-2H2O] was added to 60 ml of de-ionized water in a beaker and 
stirred at 50 rpm for 60 min. The mixture then was divided into three equal volumes and with 
controlled drops of aqueous NaOH into each beaker, pH values of 8, 10 and 12 where measured 
using a pH meter. 20 ml of de-ionized water was subsequently added to each of the 3 beakers, 
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stirred rigorously and allowed to settle for 30 min and then decanted after which the same volume 
of water was repeatedly added twice and decanted. The gel obtained were properly dried in 
electrically heated oven over the night at 150oC and then calcined at 350oC using muffle furnace 
for 2 h, cooled and stored for use. 
 
2.4 Green Synthesis of Dogonyaro-Based Zinc Oxide (ZnO) Nanoparticles 
In the green synthesis of the dogonyaro-based ZnO nanoparticles; 20 g of the Zinc acetate was 
added to 60 ml of de-ionized water in a beaker followed by 30 ml of the dogonyaro (Azadirachta 
indica) extract and stirred for 60 min at a rotation speed of 50 rpm. The mixture then was divided 
into three equal volumes and with controlled drops of aqueous NaOH into each beaker, pH values 
of 8, 10 and 12 where measured using a pH meter. 20 ml of de-ionized water was subsequently 
added to each of the 3-beakers stirred rigorously and allowed to settle for 30 min and then 
decanted after which the same volume of water was repeatedly added twice and decanted. The 
gel obtained were properly dried in electrically heated oven over the night at 150 oC and then 
calcined at 350oC for 2 h in a muffle furnace, cooled and stored for use. 
 
2.5 Characterization of the Green Synthesized and Non-Green Synthesized ZnO 
Photocatalysts  
The morphology, elemental composition, crystallography, Surface area and adsorption bands of 
the non-green synthesized and green synthesized ZnO nanoparticles were comprehensively 
examined using SEM, EDS, XRD, FT-IR and BET characterization techniques.  
 
3.0 RESULTS AND DISCUSSION 
3.1 Surface Electron Microscopy (SEM) Analysis 
 
Synthesized ZnO and (B) Non – Green Synthesized ZnO 
SEM was employed to analyze the structure of nanoparticles that were synthesized. The SEM 
images in Figure1 (a–b) show the changes in morphology of ZnO NPs. The photocatalysts formed 
are fairly spherical in shape and agglomerated tiny rods. However, the agglomeration was less 
for the green synthesized sample as compared with the non-green synthesized photocatalyst, 
and the particle sizes are generally smaller for the green synthesized than the non-green 
synthesized photocatalyst. Similar result was also obtained by Ungula and Dejene (2016). 
 
3.2 Energy Dispersive X-ray Spectroscopy (EDXS) Analysis 
EDX analysis (Table 1, Figs. 2 and 3) was carried out to determine the elemental composition and 
stereochemistry of the synthesized zinc oxide nanoparticles. The EDS spectra in Figure 2 and 
Figure3 indicate that the synthesized samples are composed of zinc and oxygen and the route 
has pure ZnO phases. Theoretically, expected stoichiometric mass percent of Zn and O are 80.3% 
and 19.7% (Bari et al. 2009). The green synthesized sample showed a closer theoretical value of 
Zn and O as shown in Table 1. This high purity of the ZnO NPs was further confirmed by XRD 
spectra. However, some traces of carbon element were found in the sample, which could be 
attributed to the carbon tape of the sample holder. Similar result was also reported by 
Gnanasangeetha and Thambwani (2013). 
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Table 1:  Elemental Composition of the modified (M-ZnO) and unmodified (U-ZnO) 
ZnO samples 
Photocatalyst Zn O Total (%) 

G-ZnO 88.19 11.81 100 
N-ZnO 91.57 8.43 100 

G = Green synthesized, N = Non-green synthesized 
 
 

Figure1: SEM images of (A) Green  
 

 
      Figure 2: EDX Spectrum of Green synthesized ZnO 
 
 

B	B	
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Figure 3: EDX Spectrum of the non-green synthesized ZnO 
 
3.3 X-Ray Diffraction (XRD) Analysis 
XRD analysis (Figure 4) was performed to investigate the crystal structure of the synthesized 
photo catalysts. The XRD patterns of the samples were recorded in the diffraction angle range 5° 
to 80°. Figure4 displays the XRD pattern of the synthesized ZnO samples. All of the diffraction 
peaks at the characteristic planes (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2) and 
(2 0 1) can be directly indexed to a hexagonal wurtzite crystalline structure of ZnO (Otal et al., 
2011). This Wurtzite crystalline structure also matched well with the Joint Committee on Powder 
Diffraction Studies Standards (JCPDS standard Card No.: 01-036-1451). No other peaks are 
detected, indicating a high phase purity of the samples. The sharp and strong diffraction peaks 
in the XRD patterns of the zinc oxide nanoparticles synthesized confirm the high crystalline nature 
of the samples. Figure4 also shows that the peak intensity increases for the green synthesized 
ZnO sample, which indicates an increased crystallinity of the modified sample compared to the 
non-green synthesized one. Similar result was also obtained by Xing et al. (2017). 
 
3.4. BET Surface Area Analysis 
The BET surface area values of the synthesized ZnO nanoparticles are shown in Table 2. It can 
be seen that the BET surface area of 97.08 m2/g was obtained for the green synthesized (G-ZnO) 
sample, an increase of four folds compared to the value of 23.75 m2/g for the non-green 
synthesized (N-ZnO) sample. Based on the surface area values, it can be derived that neem leaf 
extract enhanced the surface area of the modified sample. 
 
3.5 Fourier Transform Infrared (FT-IR) Analysis 
To characterize stretching vibrations of the prepared samples, FT-IR spectra for the green 
synthesized and non-green synthesized ZnO samples were studied and the results are shown in 
Figure 5. 
 
The spectrum in the 459 cm-1 and 400 cm-1 identifies the bending vibration of Zn-O in the green 
synthesized and non-green synthesized samples respectively. In addition, the result clearly 
indicates that –OH stretching around 3042 cm-1 and –CH stretching around 2340 cm-1 are 
responsible for strong capping on the geen synthesized ZnO nanoparticles. This result matches 
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with the already reported result of biosynthesis of ZnO nanoparticles using Acalypha indica leaf 
extract (Gnanasangeetha and Thambwani 2013). 
 
 

 
Figure 4: XRD patterns of the green synthesized (G-ZnO) and non-green synthesized 
(N-ZnO) ZnO samples  
 
 
 
Table 2: The BET specific surface area, pore volume and pore size of the 
photocatalysts 
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Figure 5: FT-IR spectra of the green synthesized (G-ZnO) and non-green synthesized 
(N-ZnO) nanoparticles 
 
4.0 CONCLUSION  
Zinc oxide nanoparticles have been successfully synthesized via green route, an eco-friendly and 
inexpensive method for the bio-synthesis of ZnO using aqueous leaf extracts of dogonyaro 
(Azadirachta indica), and characterized using different techniques. The extracts act as reducing 
and stabilizing agents for the synthesis of shape and size controlled ZnO nanoparticles: an eco-
friendly route which would invariably eliminate the cost of buying chemical reducing agents which 
are toxic in nature.  The sharp and strong diffraction peaks in the XRD patterns of the zinc oxide 
nanoparticles synthesized confirm the high crystalline nature of the samples. The EDS result 
revealed a successful synthesis of ZnO NPs, while the FT-IR spectra indicates the presence of –
OH and –CH stretching which are responsible for strong capping on the green synthesized ZnO 
NPs. In addition, the BET characterization shows an obtained ZnO nanoparticle with improved 
surface area which is 4-folds higher than the non-green synthesized one. The improved surface 
area of the green synthesized ZnO NPs could be attributed to the effect of the neem leaf extract 
which enhanced the surface area. From the results obtained, the ZnO nanoparticle is hereby 
proposed to be applied in the degradation of organics in wastewater especially industrial effluents. 
This therefore, will be gainfully employed in environmental remediation. 
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ABSTRACT 
Pineapple leaves are agricultural wastes that are found in abundance in Nigeria but its potentials 
have not been fully harnessed. It is a natural fibre with high cellulose content and low lignin and 
hemicellulous composition which indicates its possession of high mechanical properties. This 
research was aimed at developing a biodegradable composite from pineapple leave fibre (PALF) 
by reinforcing it with low density polyethylene (LDPE) based plastic as matrix. Alkaline treatment 
based on NaOH was used to clean and modify the surface of fibre to promote enhanced fibre-
polymer adhesion. The composite was developed using compression moulding process. 
Mechanical analysis of the composites was carried out to determine its range of usefulness and 
service life expected, and thermal analysis was also carried out to determine its response on 
application of heat. Finally burial test was conducted to determine the level of biodegradability at 
various loading. The composite formed was used to produce a poor panel that can be used as 
automotive parts. The maximum tensile strength reinforced composite was obtained at 30wt% 
of PALF loading of 14.09136 MPa while composite of ratio 50:50 of LDPE/PALF was found to have 
the lowest flexural strength of 4.2 MPa. Also the FTIR results after burial showed that there was 
the shift of band from the 1033cm-1 to 1021cm-1and the peak changed from sharp to broad. Hence 
PALF is an efficient fibre for the production of biodegradable composites that can replace synthetic 
fibres, help to safe cost and other resources. 
. 
Keywords: Pineapple, Composites, Natural fibres, Polyethylene, Environment. 
 
1.0 Introduction 
Nowadays, polyethylene based plastic materials are being extensively used for commercial and 
household purposes. However, these polyethylene-based plastics are substantially resistant to 
biodegradation. Thus, their increasing accumulation in the environment is proving to be an 
ecological threat to the world (Liu et al., 2013). Pineapple is a fruit crop that can grow in every 
part of Nigeria, fibres gotten from the leaves are found to contain high cellulose content enough 
to be used as reinforcement for polymers. Pineapple leaves can be used for fibre production (Dey 
et al., 2014). The comparative value of the chemical composition of pineapple leave fibres and 
other major plant fibres indicates that pineapple leave fibres has about the same Pentosen 
contents as wood fibre. Since pineapple leave fibres has less lignin and more cellulose than wood 
fibre. Pineapple leave fibres have only a small quantity of both lignin and pectin. It can be said 
that the unique features of pineapple leave fibres are its relatively large cellulose contents and 
extremely low contents of lignin and pectin which is the major inter-cellular components. This low 
content of lignin and pectin makes it very different from other fibres. Blending PAPF with LDPE 
will increase the mechanical properties of the composites as they have satisfactorily high specific 
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strength and modulus light weight (Roshafima et al,.2017).It is therefore expected that pineapple 
leave fibres can be easily made into composite under mild treatment conditions giving good yield.  
 
Table 1: Chemical compositions of pineapple leave fibres  
 
Constituents          Percentage  
Ash Content           4.5 
Cellulose Content         66.2 
Hollocellulose Content         85.7 
Hemicellulose Content         19.5 
Lignin Content          4.2 
Moisture Content         81.6 
Hot water soluble Content        32.5 
1% NaOH Solubility Content   
 
(Faruk et al., 2012) 
 
Low density polyethylene has been used in hybrid composite formulations because it is the least 
expensive polyethylene. It was also reported that low density polyethylene has the ability to 
photodegrade in sunlight and photo-degradation is found to be important in biodegradation (Basu 
and Roy, 2007). Polymer matrix composite materials are formed into shape using different 
processing technologies such as extrusion, compression, rotational, and injection moulding 
techniques. Processing of natural short fibre reinforced polymer composites is based on mixing 
of short natural fibres and polymer matrix followed by subsequent moulding (Kim et al., 2014). 
Although composites reinforced with synthetic fibres possess superior mechanical properties, they 
have some severe drawbacks that include high cost, poor recyclability and non-biodegradability 
(Mohammed et al., 2015). 
 
Surface treatment of fibres is used to reduce their tendency for moisture absorption and thereby 
facilitates greater compatibility with the polymer matrix (Kabir et al., 2014). Mercerization is an 
economical and effective method used for improving the interfacial incompatibility between the 
matrix and the fibre. It has also proven to reduce water uptake of fibres. It improves the adhesive 
characteristics of the fibre surface by removing natural waxy materials, hemicellulose and artificial 
impurities, and produce good surface topography (Jacob et al., 2014). However, mercerization of 
natural fibres by alkali is the most popular method nowadays to improve fibre/matrix interactions 
by reducing the hydrophilicity of the natural fibre (AbdulMotalib et al., 2018). To minimize this 
threat, there is need to improve the biodegradability properties of polyethylene. This study 
focuses on the production of polyethylene reinforced pineapple leaves fibres composites. 
 
2.0 Materials and Methods 
 
2.1.  Materials 
Ten (10) kg of pineapple leaves fibre were collected from Station market in Barnawa area of 
Kaduna state, Nigeria. Low density polyethylene (LDPE) was supplied by Nigeria Institute of 
Leather and Science Technology (NILEST) Samaru-Zaria, Kaduna state, Nigeria. Sodium 
hydroxide (NaOH) pellets (98% purity, analytical grade) and distilled water (100% purity) were 
supplied by a vendor. All chemicals were used as received. 
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2.2.  Method 
 
2.2.1.  Extraction and pre-treatment of pineapple leaves fibres 
Ripe and mature pineapples were bought from the market and the leaves were removed 
mechanically using a metal cutter. The leaves were washed in a running tap water to remove 
sand and other impurities and then allowed to dry for 24h. Pineapple fibres were then extracted 
through scrapping the pineapple leaf with a sauce plate.  
 
2.2.1. Chemical treatment (Mercerization) 
The extracted pineapple leaves fibres were subjected to alkaline treatment to clean and modify 
the surface and to promote enhanced fibre-polymer adhesion. Five (5) wt% of NaOH solution 
was prepared; pineapple leave fibres were soaked in the prepared 5 wt% of NaOH solution and 
heated at 40  for 20mins on a regulated hot plate under a continuous stirring to ensure even 
modification. These concentrations were chosen to preserve the cellulose part of the fibres but 
dissolving the hemicellulose and the lignin portions (Elanga et al., 2013).   Distilled water was 
used to rinse the fibres until a neutral pH was achieved, and then the treated fibre was allowed 
to dry. 
  
2.2.2  Size Reduction 
The dried PALF fibres were subjected to size reduction by grinding using local milling machine. 
The ground fibres were sieved. Fibres with sizes of 2mm-4mm were taken for this study as the 
size was the highest amount from sieving 
 
2.2.3. Formulation and production of Composites  
The composites were produced through mixing the treated pineapple leaves fibres and low 
density polyethylene according to the composition: 10 wt%, 20 wt%, 30 wt%, 40 wt% and 50 
wt% of pineapple leave fibres with the corresponding 90 wt%, 80 wt%, 70 wt%, 60 wt% and 50 
wt% matrices of low density polyethylene. The mixing was achieved by a way of compounding 
using two-roll mill. The two-roll mill machine was heated to a temperature of 120  for 30 
minutes, which is the melting temperature of low density polyethylene. At the end of this period, 
50 wt% of LDPE was poured into the preheated two-roll mill to melt the LDPE for about 5 min, 
followed by gradual pouring of 50 wt% PALF into the melted LDPE until a complete mixing of the 
fibre with the matrix was achieved. Finally, the compounded PALF/LDPE was scraped from the 
mill to form a sheet. A total of five samples were made. After mixing, the samples were introduced 
to the extruding machine, where uniformly mixed extrudates were produced. The processing 
parameters used were: motor current = 6.5 A, melt pressure = 0.1 MPa, screw speed = 320 rpm 
and feeder speed = 25 rpm. 
 
2.2.4. Characterization of polymer composites 
The composites formed were characterized in order to have a complete understanding of their 
behaviours. Different mechanical and thermal were carried out. This includes tensile test, water 
absorption measurements and FTIR respectively to know the level of strength and functional 
group. 
 
2.2.4.1 Tensile Test 
The tensile test was conducted according to ASTM D638 using the Instron universal testing 
machine. The dimensions, gauge length and cross-head speeds are chosen according to the ASTM 
D638 standard. The test specimens were cut into dog-bone shape of dimension 150 mm × 20 
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mm × 3.2 mm using a hydraulic cutter. Five specimens were tested for each composite 
formulation with a load cell of 5 kN and crosshead speed of 5 mm/min. 
 
2.2.4.2 Flexural Test 
Flexural strength was measured under a three-point bending approach using a universal testing 
machine according to ASTM D790. The dimensions and gauge length were chosen according to 
the ASTM D790 standard. Samples measuring 127 mm × 12.7 mm × 3.2 mm were tested at a 
crosshead speed of 4 mm/min, which was determined using equation 2.1 (AbdulMotalib et al., 
2018).  
 
R =                                                                                                                                      2.1 
 
where;  
Z which is a constant, is the rate of straining of the outer fibre, while  
L is the support span, and  
d is the thickness of the sample. 
 
2.2.4.3 Impact Test 
The impact test was conducted according to ASTM D256 using the charpy V-notch impact   testing 
machine. The dimensions, gauge length and V-notch were chosen according to the standard. The 
specimen was placed between a special holder with the notch oriented vertically and towards the 
origin of impact. The specimen was struck by a “tup” attached to a swinging pendulum. The 
specimen breaks at its notched cross-section upon impact, and the upward swing of the pendulum 
was used to determine the amount of energy absorbed in the process.  
 
2.2.4.4 Hardness Test 
The hardness of the polyethylene reinforced baobab fibre composites were measured with the 
aid of Shore Duro-meter testing machine according to ASTM. The samples were indented 
following the various fibre compositions in the composites. The reading on the machine was noted 
and recorded. 
 
2.5 Biodegradability behaviours of composites (Burying Process) 
The masses of the PALF reinforced polyethylene composite samples were weighed using digital 
weighing balance before burying in the soil sample collected from the dump site. 4.4g, 5.0g and 
4.51g for 100:0, 80:20 and 70:30 sample ratios of LDPE to PALF respectively were weighed before 
burial. The mean total bacteria count (TBC) of the soil sample is 8.0 x 107cfu/g (colony forming 
unit per gram) of soil. Also, the mean total fungal count (TFC) of the soil sample is 22 x 105cfu/g 
of soil. After two weeks, the samples were removed from the soil and then cleaned. They were 
then dried inside the oven for good three (3) hours at 50	  for the removal of moisture contents 
from the samples after drying the samples were weighed again and their masses recorded. The 
same procedure was repeated for the next two weeks, and the interval of two weeks was 
continued up to the end of 90 days consecutively. The soil samples were kept moist always by 
addition of small amount of water to it, when they tend to dry. 
 
2.6 Water Absorption Test 
The samples were weighed and submerged in a 250-ml beaker containing water for 24 h. After 
the samples stayed for 24 h, they were then taken out of the water, dried and weighed according 
to ASTM D570-98. The percentage water absorbed was calculated using the Equation (2.2)  
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	–	 		

100                                       (2.2)                        
 
where,  
  
Wf is the weight of the sample after immersion in water.  
Wi is the weight of the sample before immersion in water. 
 

 
Figure 1:  Tensile strength at varying fibre loading. 

 
3.0 Results and discussion 
 
3.1 Mechanical Properties of LDPE/PALF composite. 
 
3.1.1 Tensile Strength 
The maximum tensile strength reinforced composite was obtained at 30wt% of PALF loading as 
shown in Figure 1. While 10 wt% gave the lowest tensile strength of 7.73MPa on reinforcing with 
PALF. The tensile strength of the entire reinforced composite was higher than the un-reinforced 
LDPE as shown. The maximum tensile strength obtained at 30wt% might be due to proper binding 
between the fibre and matrix and the decrease in tensile strength as shown in Figure 3.1 after 
30wt% might be due to agglomeration between the fibre and the matrix in the composite. The 
maximum tensile strength obtained at 30 wt% PALF loading is higher than 7.1 MPa obtained by 
Kuburi, (2017) for coir fibre-LDPE composite at 30 wt%. 
 
3.1.2 Flexural Strength 
The flexural strength of unreinforced LDPE composite gives the highest value of 13.69 MPa when 
compared to the other composites. The composite of ratio 50:50 of LDPE-PALF has the lowest 
flexural strength of 4.2 MPa. It was observed that on reinforcement, the flexural strength is 
reduced as the PALF loading was increased. The highest flexural strength of 13.69 MPa in the 
unreinforced LDPE is lower than 25 MPa obtained by Oluyemi et al., (2017) for unreinforced 
polyester. The nature of the two materials and their molecular structures may differ and this could 
lead to their differences in flexural strengths. The highest flexural strength of 11.84 MPa obtained 
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on reinforcing with 10 wt% fibre content is low when compared with 17 MPa at 10 wt% obtained 
by Kuburi et al., (2017) for Coir fibre-polyethylene composite. 

 
Figure 2: Flexural strength of composite at varying fibre loading 
 
 

 
Figure 3: Impact strength of composite of varying PALF loading 
 
3.1.3 Impact Test 
The impact strength is higher on virgin LDPE than the reinforced composites. The impact strength 
of 4.65 J/mm2 obtained at 10 wt% PALF loading is higher than 3.8 J/mm2obtained by Shehu 
(2016) for untreated baobab fibre loading at 10 wt%. There is enhancement in mechanical 
properties of reinforced composite when the reinforcing fibre is being treated with alkali. The 
Figure 3 above reveals that the impact on composite decreases as the percentage of PALF 
increases. Impact properties decrease due to poor interfacial adhesion between the matrix and 
the fibre. The fibre loading increases the brittleness of the composite. The error bar overlapped 
between 20 wt% and 30 wt% fibre loading shows that there is no significant change in impact 
strength between the two composites. 
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Figure 4: Hardness of composite of varying PALF loading 
 
3.1.4 Hardness Test 
Hardness is the resistance of a material to surface indentation. Figure 4 revealed the hardness of 
the PALF-LDPE composites. It was observed that the addition of fibre to polyethylene increases 
the hardness property. The lowest hardness strength of 85.5 shore D obtained at 10 wt% of PALF 
loading was lower than 86 shore D obtained by Kuburi et al, (2017) for Coir fibre loading-
polyethylene composite. The overlapped in the error bars between 10 wt% and 20 wt% shows 
that there were no significant differences in the hardness strength between them and also 
between 40 wt% and 50 wt% baobab loading shows no significant differences in the hardness 
strength between the two. 
 
 

 
Figure 3: Water absorption on different loading for LDPE/PALF composite. 
 
3.2 Water absorption analysis of LDPE/PALF composites. 
The water absorption on virgin low density polyethylene is very low due to the hydrophobic 
characteristic. While on the reinforced composite of ratio 50:50 of low density polyethylene to 
pineapple leave fibres shows the highest water absorption than the remaining composites, this is 
due to the presence of higher percentage of pineapple leave fibres in the composite than the 
rest. This is a clear indication that water absorption increases with the increase in percentage 
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fibre loading in the composite, the increase is due to the hydrophilic behaviours of the pineapple 
leave fibres. 
 
 

                      
   (a)      (b) 
Figure 4: FT-IR spectra of 100% LDPE (a) Before and (b) After burial 
 
3.3  FT-IR Analysis for LDPE/PALF composites 
It was observed from the Figure 4. which shows the FTIR spectra of 100% LDPE (a) Before burial 
and (b) After burial, that the peaks 1469 cm-1, 1375 cm-1 and719 cm-1, which were attributed to 
the stretching vibration of C=C, bending of -C-H and C-H respectively were appeared at both (a) 
before the burial and (b) after the burial, this shows no significant degradation has taken place 
throughout the period of 90 days of burial. 

                
                              (a)                                                                             (b) 
Figure 5: FT-IR spectra of LDPE/PALF of ratio 70:30 (a) Before and (b) After burial 
 
It was observed from Figure 5.which shows the FT-IR spectra of low density polyethylene to 
pineapple leave fibres of ratio 70:30 (a) Before burial and (b) After burial:  that before burying 
sample 70:30 the peak at the band of 1033 cm-1with stretching vibration of C-O was sharp. But, 
after burying the sample there was the shift of band from the 1033cm-1 to 1021cm-1and the peak 
changed from sharp to broad. And the band at 1718cm-1 with stretching vibration of C=O in 
Figure 5(a) disappeared after the burial. The changes that occurred from 1033cm-1to 1021cm-1 

before and after the burial, and also the disappearance of the 1718cm-1 in 5(b) showed that 
degradation occurred.  
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4.0 Conclusion 
Production of biodegradable composites from Pineapple leaves fibres was carried out using 
compression moulding and the following conclusions were drawn. The 30wt% and10wt% 
pineapple fibres loading exhibited the high tensile and low tensile strength of 14.09MPa and 
7.73MPa respectively. Also, it was observed that the composite with the highest percentage of 
pineapple leaves fibres has the highest level of water absorption. Consequently, from the FTIR 
result it was concluded that significant biodegradation has occurred after burial for LDPE/PALF of 
ratio 70:30. Consequently, it can be concluded that pineapple leave fibre is an effective fibre that 
can be used as reinforcement for low density polyethylene to increase its biodegradability. 
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ABSTRACT 
The quest for alternative to petroleum products for industrial feedstocks is receiving attention in 
research on biomass which are biodegradable, environmental friendly, renewable and 
sustainable. Hydroxymethyl furfural (HMF) is a very useful organic compound for the production 
of the biofuel, dimethylfuran (DMF) and other important molecules such as levulinic acid, 2,5-
furandicarboxylic acid (FDA), 2,5-diformylfuran (DFF), dihydroxymethyl furan and 5-hydroxy-4-
keto-2-pentenoic acid. It has been known to be produced from glucose and fructose with low 
yield of not more than 57%. Besides, its low yield the process is expensive hence discourage the 
commercial production of the compound. In this study, 5-Hydrxymethyl furfural was produced 
from fallen dead leaves of Cassia sieberiana by hydrolysis of the pulverized leaves with 3% 
sulphuric acid solution. 5-Hydrxymethyl furfural constituted 82.4% among the extracts. The 
process is less expensive, less labour intensive yet achieved higher production from the waste 
product. 
 
Keywords: dead leaves of Cassia sieberiana, hydrolysis, hydroxymethy furfural, sulphuric acid. 
 
INTRODUCTION 
Increasing renewable sources as chemical feedstocks has increased researches in biomass in 
recent years due to crises and prices rise in petroleum products (Gomes et al,. 2015). Wood 
comprises of cellulose, hemicellulose and lignin of which the first two components are most 
important were first considered for the production of bioethanol for fuel and other purposes at 
the beginning of 19th century (Rosatella et al., 2011). Biomass can be converted into biofuels and 
feedstocks chemicals that can replace fossil-based chemical (Zhao et al., 2015). Cellulose is 
formed by anhydro-D-glucopyranose units linked by b-1→4-glycosidic bonds while hemicellulose 
is a polymer formed by different sugar units such as glucose, galactose, mannose, xylose and 
arabinose (Rosatella et al., 2011). Both can be hydrolytic degraded into simple monomers. 
Hydrolysis of cellulose yields simple sugars (glucose) but that of hemicellulose which is faster 
yields hexoses and pentoses (galactose, mannose, xylose and arabinose) (Rosatella et al., 2011).  
Synthesis of 5-hydroxymethylfurfural (HMF) was based on the triple dehydration of hexoses and 
now include oligo- and polysaccharides as well as converted industrial wastes (Lewkowski 2001). 
HMF is a cyclic aldehyde produced by sugar degradation through the Maillard reaction (a 
nonenzymatic browning reaction) during food processing or long storage of honey (shapla et al, 
2018). HMF is also prepared from the fructose portion of the sugar molecule and can also be 
obtained by acid-catalyzed dehydration of hexoses. It can be obtained by acid-catalyzed 
dehydration of different carbohydrates such as fructose, glucose, sucrose, cellulose or inulin 
(Gumes et al., 2015). Peng and Wu [2014], reported the production of HMF from glucose and 
cellulose via an arylboronic acid-catalyzed dehydration in ionic liquid (13AJOC947). de Souza et 
al., (2012) reported that hydroxymethyl furfural can be prepared through catalyzed dehydration 
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of largely available carbohydrates, such as glucose and transformed into highly valuable 
intermediates, such as 2,5-furandicarboxylic acid (FDCA). Numerous important scientific groups 
are carrying out studies on the synthesis, and applications of HMF and its derivatives (Lewkowski, 
2001). 
 
HMF is a six-carbon heterocyclic organic compound containing both aldehyde and alcohol 
(hydroxymethyl) functional groups (shapla et al., 2018). HMF is one of the most interesting 
organic compounds from biomass. Menegazzo et al., (2018) described HMF as a multifunctional 
molecule for it is at the same time an aromatic aldehyde, an aromatic alcohol and a furan ring 
system.  de Sauza (2012) reported that, among the organic compounds that can be obtained 
from biomass, HMF is probably one of the most important platform molecules It is an organic 
compound obtained from the dehydration of hexoses (glucose and fructose) (Rosatella et al., 
2011), melts at 32-35oC and boils at 291-292oC. An organic compound known as HMF is formed 
from reducing sugars in honey and various processed foods in acidic environments when they are 
heated through the Maillard reaction (Shapla et al., 2018). It is very soluble in water and alcohol. 
It has aldehyde and alcohol functionalities which possibly makes it soluble in water. Freely soluble 
in water, methanol, ethanol, acetone, ethyl acetate, dimethylformamide; soluble in ether, 
benzene, chloroform; less soluble in carbon tetrachloride; sparingly soluble in petroleum ether. It 
has specific gravity of 1.243 at 25oC, refractive index of 1.562 at 20oC and flash point of 79.4oC. 
It has a molecular weight of 126.12 and molecular formula of C6H6O3. Figure 1 depicts the 
structural formula of HMF. In particular, HMF has been considered an important platform chemical 
in a biorefinery because it is a precursor for the production of various high-volume plastics and 
biofuels (Gomes, et al., 2015). HMF is very useful not only as intermediate for the production of 
the biofuel dimethylfuran (DMF) and other molecules, but also for important molecules such as 
levulinic acid, 2,5-furandicarboxylic acid (FDA), 2,5-diformylfuran (DFF), dihydroxymethylfuran 
and 5-hydroxy-4-keto-2-pentenoic acid [Rosatella et al].  

O CHO

OH

 
Figure 1: Structural formula of 5-hydroxylmethyl furfural. 
 
HMF can be converted to 2, 5-Dimethylfuran (DMF), which is a liquid biofuel that in certain ways 
is superior to ethanol. Oxidation of HMF also gives 2,5-Furandicarboxylic acid, which can be used 
in place of terephthalic acid for the production of plastics. It is used in the synthesis of 
dialdehydes, glycols, ethers, amino alcohols and acetals. As an aqueous acid it catalyzes ring 
opening. It has been reported by Ibrahim et al., (2017) that the blend of HMF with fossil fuel 
gave smooth engine performance with significant reduction in sooth emissions from vehicles. HMF 
is not stable for long periods and therefore it cannot be stored for extended periods (Menegazzo 
et al., 2018). 
 
In this study, HMF was produced via the acid hydrolysis of Cassia sieberiana fallen dead leaves. 
The dead leaves of cassia sieberian that fell off to the ground were collected from the premises 
of Umaru Musa Yar’Adua University, Katsina, Nigeria cleaned, pulverized, sieved and hydrolyzed 
with 3% solution of concentrated sulphuric acid at 100oC for 30 minutes. 
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MATERIALS AND METHODS 
The material used in this investigation include; pulverized dead leaves of Cassia sieberiana, 
ceramic mortar and pestle, sieve, measuring cylinder, distilled water ,weighing balance, 1000 ml 
conical flask, filter paper, Gallen kamp hot plate magnetic stirrer and thermometer. The reagents 
used was concentrated sulphuric acid.  
 
The dead leaves of Cassia sieberiana was collected from the premises of Umaru Musa Yar’Adua 
University Katsina, cleaned pulverized in a ceramic mortar. It was sieved and the fine particles 
was parked in nylon bag and labelled. 50 g of the pulverized leaves was poured into 1000 ml 
conical flask containing 500 ml 3% solution of concentrated sulphuric acid. The content was 
heated to 100oC and maintained at this temperature for 30 minutes (Ibrahim et al., 2017). The 
hydrolyzed product were filtered and the filtrates were analyzed with GCMS to determine the 
chemical components and their compositions.   
 
RESULTS AND DISCUSSION 
Table 1 presents the hydrolytic products of dead leaves of cassia sieberiana carried out with 
sulphuric acid at 100oC for 30 minutes. The component with the highest composition in the 
product was 5-hydoxymethyl furfural which constitute 82.4%. Besides the 5-hydroxymethyl 
furfural, there were 11 other component compounds as presented in Table 1.  
 

Table 1: The Acid Hydrolytic Products of Dead Leaves Cassia Sieberiana 
 Components   MF % Composition 
Furfural C2H4O2 3.6 
Furanmethanol C5H6O2 1.5 
5-Hydroxymethyl furfural C6H6O3 82.4 
3-ethy-2-methyoxylpyrazine C7H10N2O 0.2 
5-(ethoxymethylfuran)-2-carbaldehyde C8H10O3 2.4 
5.(methoxymethylfuran) 2-carbaldehyde C7H8O3 1.3 
Butric acid C4H8O2 0.5 
2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one C6H8O4 4.2 
Glycolaldehyde C2H4O2 0.6 
5-Methylfurfural C6H6O2 0.2 
4,5-Dimethyfurfural C7H8O2 1.3 
3-isobutyl-2-methoxypyrazine C6H14N2O 1.8 
Total   100 

 
Despite the versatile application profile of HMF derived intermediate chemicals, HMF is not yet 
produced on an industrial scale, mainly because of the high production costs (Gumes et al., 2015). 
Lewkowski [2001] reported that, despite numerous methods, which are being reported, no one 
has found an inexpensive and easy-to-use mode of the preparation of HMF. Going by this process 
of ours, its production cost is significantly reduced and easy to achieve. The residue from filtration 
constitutes sulphuric acid which can be neutralized with calcium oxide and use as fertilizer. The 
production of 5-HMF from glucose and fructose has been known since at end of 19th century, but 
not without difficulty (de Souza et al., 2012) and low yield. The highest yield of 5-HMF obtained 
from ionic liquid 1-H, 3-methyl imidazolin chloride and then recovered using diethyl ether was 
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85% after several methods attempted (de Souza et al., 2012). The production HMF from dead 
leaves of Cassia sieberiana is purely from lignocellulose material. This raw material of production 
does not affect the plant life as the falling dead leaves which are considered as wastes (or rather 
agricultural residue). It has been suggested that, for both commercial and sustainable issues 
efforts should focus on HMF production from lignocellulosic biomass rather than from edible 
products (Menegazzo et al., 2018). The highest HMF ever produced as reported by Lewkowski 
(2001) was that produced by Salomon and co-workers who tested catalytic properties of 
tributylstannoxane in the hydrolysis of HMF carried out in benzene for 8 hours at 80 °C and led 
to HMF in 92% yield. This method is not only expensive but harmful because it involves the use 
of benzene which is toxic. 
 
CONCLUSION  
5-Hydroxymethyl furfural was produced from cassia sieberenna leaves by hydrolysis with 
sulphuric acid yielded 82.4 %. The waste from this process constitutes sulphuric acid and the 
residue of the leaves after neutralizing the acid with calcium oxide can be used as fertilizer. The 
process we used is not only inexpensive and easy but also converts waste to wealth. Exploring 
and exploiting our forest resources would provide jobs, empower people and provide raw 
materials for our small, medium and even large scale industries. 
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ABSTRACT 
  
Synthesized chitosan from crab shell was successfully used as promising adsorbent for phenol 
removal from water. The chitosan was screened to coarse (CC, 600 µm), medium (MC, 300 µm) 
and fine (FC, 150 µm) aggregates sizes. The samples were characterized for surface chemistry, 
surface morphology and surface texture. Primary and secondary amine/amide groups with 
specific surface area ranging from 191 to 226 m2/g were displayed by chitosan characteristics. 
The effects of initial concentration, adsorbent dosage, contact time, temperature and solution pH 
were evaluated in phenol removal. The coarse chitosan (CC) displayed maximum adsorption 
capacity of 59.3 mg/g, in which mesopore filling and ionic interaction are the possible adsorption 
mechanisms. Sips model showed the best fit to the equilibrium data, suggesting the adsorption 
onto heterogeneous surface through adsorbate-adsorbent interactions. Kinetics data were best 
described by pseudo first-order model, indicating external diffusion as the significant step in 
phenol adsorption.  
 
Keywords: Adsorbent, crab shell, chitosan, equilibrium, kinetics  

 
1.0 Introduction 
The increasing toxicity of phenol and phenolic compounds mostly present in wastewater of 
pharmaceutical, paint, leather and textile, oil refinery, disinfectant and lubricant industries (Shany 
and Giora, 2018; Long-Fei et al., 2017) and their impacts on the biosphere has become a subject 
of increasing concern (El-Zokm et al., 2015; Okbah et al., 2015). This could be attributed to the 
progressing increase in the adoption of industrial lifestyle as a result of increasing world 
population. The existence of phenol in water and the environment for a long period potentially 
affects human health (Wenjue et al., 2018; Mehdi et al., 2018). Therefore, phenolic pollutants in 
wastewater must be seriously treated. Treatment methods of phenolic pollutants include ion 
exchange, precipitation, biodegradation, ozone treatment, membrane filtration, photocatalysis, 
coagulation and flocculation, oxidation, and adsorption among others (Rajasulochana and 
Preethy, 2016). However, adsorption is considered to be inexpensive, easy to operate and 
effective among these treatment methods (Chang et al., 2018; Apurva et al., 2018; Lakshmi et 
al., 2016). 
 
The quest for low cost adsorbents for effective removal of phenol at low concentrations has 
become a subject of burgeoning interest among adsorption scientists. A number of natural 
materials such as sodium zeolite (Saravanakumar and Kumar, 2013), pomegranate peels ash 
(Najafpoor et al., 2016), sewage sludge (Zhu et al., 2015), rice straw (Sarker and Fakhruddin, 
2017), banana leaf ash (Rahdar et al., 2017) and activated carbon (Anisuzzaman et al., 2016)
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have been evaluated for phenol adsorption because they are promising adsorbent candidates 
for the treatment of most wastewater contaminants (Annaduzzaman, 2015).  
 
Chitosan is among the most abundant biopolymer in nature after cellulose. It can be produced 
through deacetylation of chitin extracted from the shells or scales of shrimp, prawns, crabs, 
insects and other crustaceans (Ramasamy and Shanmugam, 2015; Hajji et al., 2015).  It is 
an effective adsorbent due to its low cost and high contents of amino and hydroxyl functional 
groups, endowing significant adsorption potential for the removal of various aquatic pollutants 
(Tondwal and Singh, 2018; Zdarta et al., 2015), and has been used in wastewater treatment 
(Pestov and Bratskaya, 2016; Wang et al., 2017). It is also biocompatible, biodegradable and 
non-toxic (Shukla et al., 2013; Lee, 2013). Recent studies showed that chitosan exhibit 
substantial removal of heavy metals, dye and phenol in batch mode. Wang et al. (2017) and 
Negm et al. (2015) reported removal of Cu2+ at 146 mg/g and 280 mg/g, respectively in batch 
mode. Liang et al. (2017) reported a 212 mg/g removal of dyes, while Nair et al. (2014) 
reported a 111 mg/g removal of remazol brilliant blue R in batch mode. Similarly, the capacities 
of 130 mg/g reactive red (Mahmoodi and Mokhtari-Shourijeh, 2015) and 190 mg/g for reactive 
black 5 (Cinar et al., 2016) was removed from their solution in batch mode. In a related work, 
about 78.4% to 90.4% of phenol solution was treated by chitosan (Moosa et al., 2016) in 
batch mode.  
    
Therefore, to broaden the existing body of knowledge on chitosan applications in wastewater 
treatment, this present work is aimed at evaluating the adsorption performance of produced 
chitosan from Pessu river crab shell on phenol. The material was characterized and the batch 
adsorption was performed at different operating conditions. The adsorption data were 
evaluated using isotherm and kinetics models, and the possible mechanisms governing the 
adsorption were discussed. 
 
2.0 Methodology 
2.1 Preparation and characterization of chitosan  
Fresh crab shell was collected from Pessu river in Warri, Delta State, Nigeria and washed to 
remove soluble organic substances, proteins and impurities. It was crushed and kept in a 
polyethylene bag at 25 °C for 24 h for partial autolysis. The crab shell chitosan was synthesized 
according to the methods described elsewhere (Moosa et al., 2016; Hossain and Iqbal, 2014; 
Toan 2009). Briefly, the shell was mixed in a 1 M NaOH solution at a ratio of 1:10 (w/v), at 
25 °C for 24 h to remove proteins. The solid was washed with distilled water to remove excess 
NaOH, and dried in an oven at 70 °C for 2 h. The dried solid had to undergo demineralization 
(mainly calcium carbonate) in 0.25 M HCl solution at a ratio of 1:10 (w/v) for 15 min at 25°C. 
The solid (chitin) was washed to remove excess acid, and dried at 90 °C for 1 h. Chitin was 
converted into chitosan via deacetylation process. It was mixed in a concentrated sodium 
hydroxide solution at 80 °C for 1 h. The residue (chitosan) was washed and dried at 80 °C for 
2 h. The crab shell chitosan was ground and sieved into 600, 300 and 150 µm aggregates 
designated as coarse chitosan (CC), medium chitosan (MC) and fine chitosan (FC), 
respectively. 
 
A Nicolet ISI 10 FTIR spectrometer (Thermo Scientific, USA) was used to characterize the 
surface functional groups of crab shell chitosan at a frequency range of 4000 to 400 cm-1. The 
elemental composition of chitosan was determined using a Brucker energy dispersive X-ray 
(EDAX) analyzer (Ghannam et al., 2016). The surface morphology of chitosan was observed 
using a Karl Zeiss scanning electron microscope (SEM). A Micromeritics ASAP 2010 analyzer 
(Thermo Scientific, USA) was used to measure the textural properties of chitosan.  
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2.2 Batch adsorption studies 
Working phenol concentrations of 10 to 300 mg/L solution were prepared by appropriate 
dilution of analytical grade phenol crystals (99%, Scharlab). A 50 mL solution of each 
concentration was added to 50 mg of crab shell chitosan in beatson bottle. The bottles were 
sealed and shaken for 72 h on SYSTECTM homogenizer at 30 °C and a speed of 110 rpm to 
attain equilibrium (Hui and Zaini, 2015). The phenol concentrations of 10, 30 and 50 mg/L 
were evaluated for adsorption kinetics. At the pre-set time interval between 0 to 120 min, the 
supernatant was withdrawn from the solution for residual concentration measurement. In 
adsorption thermodynamics, the adsorbate-adsorbent mixture was agitated in a temperature-
controlled water bath shaker at 20, 30, 40, 50, 60 and 70 °C. The residual concentrations 
were determined using a DU 8200 UV-Vis spectrophotometer (Shanghai Drawell Scientific 
Instrument) at a wavelength of 269 nm. The adsorption capacity, qe (mg/g) was calculated 
from the mass balance equation as,  
 

																																																																																																																																																 1  
 
where, Co and Ce (mg/L) are the initial and equilibrium concentrations, respectively, V (L) is 
the volume of solution and m (g) is the mass of adsorbent. 
 
3.0 Results and Discussion 
 
3.1 Adsorbent characteristics 
Figure 1 represents the FTIR spectrum of crab shell chitosan. The peaks in the region of                   
3693 - 3198 cm-1 could be attributed to hydrogen bonded O___H and N___H stretching vibration 
of primary and secondary amines/amides (Kumari et al., 2017). The peak at 2121 cm-1 is due 
to C≡C stretching. The peaks within the region of 1990 - 1826 cm-1 could be assigned to C___H 
bending of aromatic structures. Also, the C___C ring stretching is the characteristic of peaks at 
1479 - 1401 cm-1. The peaks centred in the region of 1156 - 1029 cm-1 and 902 - 869 cm-1 
signify the presence of aliphatic amines group of C___N stretching and primary/secondary 
amine of N___H wagging. Meanwhile, the peaks at 1651 cm-1 and 1402 cm-1 could be due to 
the deacetylation of chitin and the formation of α-chitosan (Al Sagheer et al., 2009; Younes 
et al., 2014; Trung et al., 2006).  
 

 
Figure 1: FTIR spectrum of crab shell chitosan 
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EDAX spectrum of crab shell chitosan presented in Figure 2 shows major peaks which 
correspond to calcium (Ca), strontium (Sr), nickel (Ni) and oxygen (O) elements. The presence 
of alkaline metals (Ca, Sr) and transition metals (Ag, Ni, Rh, Fe) is in agreement with the 
elemental composition of commercial chitosan (Shavandi et al., 2015). The presence of these 
elements within the matrix could improve the adsorptive properties of chitosan. Rehman et 
al. (2013) reported that the transition metals within the concentration range of 0.01 - 0.31 % 
could enhance the adsorption of cationic dye. 
 
 

 
 
Figure 2: EDAX spectrum of crab shell chitosan 
 
The SEM images in Figure 3 illustrate the surface morphology of crab shell chitosan. The 
images show rough surface with visible pores. The flaky particles with porous, fractured and 
fibril structures and irregularities are promising attributes of adsorbent for adsorption.  
 

 
 

 

Figure 3: SEM images of crab shell chitosan 
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The textural properties of crab shell chitosan are summarized in Table 1. The surface area of 
chitosan is in the range of 191 - 226 m2/g. Generally, there is no obvious trend of textural 
properties with respect to the particle sizes of chitosan. The material is highly mesoporous 
with pore width about 2.0 nm. The presence of mesoporous texture allows easy penetration 
of ions and macromolecules into the pore channels (Hu et al., 2003; Budsaereechai et. al., 
2012). In a related work, the mesoporous biopolymer sorbent exhibits a promising removal of 
phenol from aqueous solution (Wan et al., 2010). 
 
Table 1: Textural properties of crab shell chitosan 
 

Sample 
 

BET surface 
area (m2/g) 

Total pore 
volume 
(cm3/g) 

Micropore 
volume 
(cm3/g) 

Average pore 
width (nm) 

Mesoporosity 
(%) 

CC 191 0.126 0.037 1.85 70.6 
MC 226 0.125 0.036 2.12 71.3 
FC 209 0.130 0.039 2.14 70.0 

 
3.2 Batch adsorption study 
Figure 4 shows the effect of initial concentration on phenol adsorption by chitosan aggregates 
derived from crab shell. Adsorption capacity generally increases as the initial concentration of 
phenol increased from 10 to 300 mg/L. This is attributed to the surface affinity of chitosan 
towards phenol molecules and also the mass transfer phenomenon (diffusion) due to chitosan-
phenol concentration gradient. At low concentration, the active sites of chitosan are readily 
occupied by phenol molecules. As the phenol concentration increases, the concentration 
gradient offers a driving force for phenol molecules to overcome solid mass transfer resistance, 
resulting in a collision, thereby increasing the removal capacity (Soni et al., 2017; Kumar et 
al., 2011; Patil et al., 2011). CC displays a better removal performance than MC and FC, which 
is pronounced at concentrations between 100 mg/L and 300 mg/L. Although it is expected 
that fine chitosan particles (150 µm) could endow an improved external surface for phenol 
contact and interaction, their dispersion and agglomeration in solution may partly complicate 
the attainment of equilibrium, hence decreasing the removal performance.    
 

 
Figure 4: Effect of initial concentration on phenol adsorption by crab shell chitosan 
 
Figure 5 presents the effect of CC dosage on phenol adsorption. Increasing CC dosage would 
normally increase active adsorption sites. However, there is a decrease in phenol adsorption 
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as dosage increased from 20 mg to 100 mg. It implies the possible overlapping, swelling 
and/or aggregation of the active sites which reduces the access of phenol molecules. As a 
result, the dosage becomes the limiting factor in adsorption. Meanwhile, at low adsorbent 
dosage, the adsorbate molecules can easily lodge onto the active sites, leading to a higher 
adsorption capacity (Agarwal et al., 2013). From Figure 5, phenol adsorption capacity at a 
dosage of 25 mg is 17.3 mg/g.  
 

 
Figure 5: Effect of adsorbent dosage on phenol adsorption by CC (Co = 30 mg/L) 
The effect of contact time on phenol adsorption at a concentration of 30 mg/L is presented in 
Figure 6. Adsorption was found to increase with increasing contact time. Meanwhile, 
equilibrium was attained in about 40 min with the specified operating conditions. The 
adsorption capacity at equilibrium (qe) of CC was 7.3 mg/g. A rapid adsorption was observed 
during the first 20 min, after which the adsorption rate (slope) decreased with increasing 
contact time to a point of equilibrium. The high adsorption rate could be prompted by the 
physicochemical properties of adsorbent and adsorbate which brought about weak Van der 
walls forces and interactions for phenol removal. A progression in contact time resulted in a 
decrease of active sites, and the formation of strong bonds between the adsorbate and 
adsorbent, leading to a slowdown in the process prior to equilibrium (Villarante et al., 2017; 
Poedji et al., 2015; Manoj and Arvind, 2012).    

 
Figure 6: Effect of contact time on phenol adsorption onto CC (Co = 10 mg/L) 
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The effect of pH on phenol adsorption by CC is presented in Figure 7. Adsorption of phenol is 
poor at a pH of 2.6 and increased as the solution pH becomes less acidic to a pH of 7.8. 
Further increase in solution pH has resulted in a slight decrease in adsorption capacity. This 
could be attributed to the solubility of chitosan in acidic media as the material tends to swell, 
thereby decreasing the available adsorption sites. In excessive basic environment, amine 
groups of chitosan form hydrogen bonds with OH- ions, thereby increasing the ionic strength 
of solution and decreasing in the number and diameter of pores (Ngah et al., 2011; Al-Anber 
et al., 2011; Vucurovic et al., 2012).    

 
Figure 7: Effect of pH on phenol adsorption onto CC (Co = 10 mg/L) 
 
The removal of phenol by CC at varying solution temperatures is presented in Figure 8. The 
adsorption of phenol decreased with increasing temperature, although there is a small 
increase in adsorption from 20 ºC to 30 ºC. It implies that the adsorption is exothermic in 
nature. At this temperature range, the phenol molecules become mobile as a result of reduced 
viscosity, and interact more with the external boundary layer and internal pores, thereby 
increasing the adsorption capacity. Meanwhile, a further increase in the solution temperature 
to 70 ºC leads to the weakening of adsorptive forces between the adsorbate and adsorbent 
which resulted in a decreased of adsorption capacity (Aluigi et al., 2014; Yagub et al., 2014).  

 
Figure 8: Effect of temperature on phenol adsorption onto CC (Co = 10 mg/L) 
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Equilibrium adsorption was described using non-linear Langmuir, Freundlich, Temkin, Redlich 
Peterson and Sips isotherm models. The models were used to fit the equilibrium data. The 
equations for these models are given as follows,  
 

1	 	
																																																																																																																																																							 2  

 

																																																																																																																																																																 3  
 

ln 																																																																																																																																																					 4  
 

1	 	
																																																																																																																																																 5 	

 

1
																																																																																																																																																										 6  

 
For all isotherm models, qe (mg/g) is the equilibrium capacity, Ce (mg/L) is the concentration 
of phenol in solution at equilibrium, Qm (mg/g) and KL (L/mg) are Langmuir isotherm constants 
which are the monolayer adsorption capacity and intensity, respectively. The Langmuir model 
is based on the assumptions that the adsorbed layer is of one molecule thickness, and the 
process occurs at localized sites with no lateral interaction and steric hindrance between the 
adsorbed molecules (Vijayaraghavan, et al., 2006). The Freundlich constants, KF 
(mg/g)(L/mg)1/n and 1/n are indicative of the relative adsorption capacity and intensity of 
surface heterogeneity, respectively. The Freundlich model is applicable to low adsorbate 
concentration (Fosso-Kankeu, et al., 2014) and that which describes a multilayer adsorption 
on a heterogeneous surface (Vhahangwele and Mugera, 2015). The Temkin isotherm 
considers the interaction between the adsorbent and adsorbate based on uniformly distributed 
binding energy, where the heat of adsorption decreases linearly with increasing adsorbate 
coverage (Kavitha and Namasivayam, 2007; Wang and Qin, 2005). In Temkin model, T (K) is 
the absolute temperature, and R (= 8.314 J/mol.K) is the universal gas constant, b (J/mg) is 
a constant related to the heat of adsorption and a (L/mg) is the equilibrium binding constant. 
The Sips isotherm is a combination of Langmuir and Freundlich models that is suitable for 
predicting the adsorption on a heterogeneous surface. At low adsorbate concentration, the 
Sips model satisfies the Freundlich model, but at high adsorbate concentration, it becomes 
the Langmuir model (Elmorsi, 2011). In Sips model, KS (L/mg) is the affinity constant and nS 
describes the surface heterogeneity, wherein these parameters are dependent on pH, 
temperature and concentration (Chen, 2012). The Redlich-Peterson model is an empirical 
three parameters model which combines the features of the Langmuir and Freundlich models 
(Kolodynska et al., 2009). A (L/g), B (L/mg)β and β are the Redlich-Peterson constants. The 
Redlich-Peterson model reduces to Freundlich model at high concentration, becomes Langmuir 
model at β = 1, and follows Henry model at β = 0. 
 
Microsoft Excel Solver was applied to solve the model equations through non-linear regression. 
The fitting of isotherm models with the equilibrium data is shown in Figure 9(a) for the removal 
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of phenol onto CC, while Table 2 summarizes the models constants. The Sips isotherm is the 
best fitted model to the equilibrium data at the experimental conditions with the coefficient of 
determination (R2) value of 0.988. Hence, the equilibrium data and removal behaviour of 
phenol onto CC could be sufficiently described by Sips model, followed by Redlich-Peterson 
and Langmuir models. The close agreement of Sips model with the equilibrium data is 
visualized in Figure 9(b). Accordingly, it suggests a heterogeneous process of phenol 
adsorption onto chitosan by mesopore filling and ionic interaction. Nevertheless, the 
adsorption intensity (1/n) of Freundlich model is between 0 and 1, indicating a favourable 
physical process. The RL values from Langmuir isotherm are greater than 1 (RL > 1), 
suggesting an unfavourable shape of Langmuir isotherm to describe the chemical adsorption 
for this process (Kumar et al., 2010).   
    
 

 
 

 
Figure 9: Equilibrium adsorption of phenol onto CC (a) isotherm models fitting and 
(b) Sips equilibrium isotherm   
 
The adsorption kinetics was evaluated using non-linear pseudo-first-order, pseudo-second-
order and intraparticle diffusion models. The model equations can be expressed as follows, 
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For all models, qe and qt (mg/g) are the adsorption capacities at equilibrium and at time t 
(min), respectively, Kf  (min-1) is the rate constant of pseudo-first-order model, Ks (g/mg.min) 
is the rate constant of pseudo-second-order model and Kid (mg/g.min0.5) is the rate constant 
of intraparticle diffusion model.  
 
 
Table 2: Parameters of isotherm models fitting for phenol adsorption onto CC 
 

Isotherm model Parameters CC 

Langmuir Qm  (mg/g) 81.4 
 KL (L/mg) 0.00647 
 R2 0.975 
 RL 1.90 
   
Freundlich KF  (mg/g)(L/mg)1/n 1.97 
 1/n 0.583 
 R2 0.927 
   
Temkin b (J/mg) 163 
 a (L/mg) 0.0928 
 R2 0.953 
   
Redlich Peterson A (L/g) 0.527 
 B (L/mg)β 0.00647 
 β 1 
 R2 0.975 
   
Sips Qm (mg/g) 59.3 
 Ks (L/mg)  0.0122 
 ns  1.61 
 R2 0.988 

 
The rate of phenol adsorption by CC is shown in Figure 10 and the kinetics constants are 
summarized in Table 3. The results showed that the pseudo-kinetics models fitted the kinetics 
data well. However, the pseudo-first-order model shows better correlation with R2 ≥ 0.978 
and good agreement between the experimental (qe,exp) and predicted (qe,cal) values. 
Furthermore, the calculated error function (SSE) is relatively lower than that of pseudo-
second-order model. Therefore, it can be inferred that the external diffusion is a significant 
step in phenol adsorption by CC; hence, the rate of adsorption depends highly on the solution 
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concentration and the number of available adsorption sites. Poor regression by intraparticle 
diffusion model indicates that the rate limiting step is not solely controlled by intraparticle 
diffusion. Accordingly, it is suggested that the adsorption of phenol is governed via a weak 
interaction with reversible character (Gupta and Bhattacharyya, 2011; Maria et al., 2009).  
 

 
Figure 10: Adsorption kinetics of phenol onto CC, curves fitting by pseudo-first-
order model  
 
Table 3: Rate constants of pseudo-kinetics and intraparticle diffusion models for 
phenol adsorption 
 

 
Sorben
t 

 
Co  
(mg/L
) 

 Pseudo first order     Pseudo second order  Intraparticle diffusion 

 
qe,exp  
(mg/g
) 

qe,cal 
(mg/g
) 

Kf 

(min
-1) 

SSE R2  
qe,cal  
(mg/g
) 

Ks 
(g/mg
. 
min) 

SSE R2  

Kid 
(g/mg
. 
min0.5

) 

SS
E 

R2 

CC 10  2.20 2.13 0.16 
0.00
2 

0.99
9 

 2.16 0.436 
0.00
2 

0.99
9 

 0.27 
1.2
2 

0.73
5 

 30  7.54 7.70 0.06 
0.22
8 

0.99
5 

 8.60 0.010 
0.49
1 

0.98
8 

 0.90 
6.1
8 

0.87
8 

 50  13.2 13.9 0.04 2.88 
0.97
8 

 17.3 0.002 4.55 
0.96
6 

 1.51 
11.
7 

0.91
6 

 
3.4 Comparison with literature 
Comparison of equilibrium and kinetics results of phenol adsorption using various adsorbents 
is shown in Tables 4 and 5, respectively. The maximum adsorption capacity of phenol onto 
CC at 30 ºC as predicted by Sips model is 59.3 mg/g (Table 4). Adsorbents such as crab eye 
activated carbon (Lallan et al., 2017), heat-treated activated carbon (Saenz-Alanis et al., 
2017), granulated activated carbon (Saenz-Alanis et al., 2017) and chitosan-carbon based 
biocomposite (Soni et al., 2017) exhibit greater removal performance than crab shell chitosan. 
This could be due to the presence of aromatic-graphitic structure of activated carbon that 
prompts the π-π interaction with phenol molecules. Meanwhile, crab shell chitosan (CC) 
exhibits a higher adsorption capacity than pyrolytic tire char, powdered coconut shell activated 
carbon, granulated coconut shell activated carbon, Ca-bentonite/chitosan composite, 
activated carbon/chitosan composite and chitin. Generally, higher surface area of adsorbent 
endows greater adsorbate-adsorbent interaction probabilities for adsorption. Nevertheless, 
the physicochemical properties of adsorbent such as pore size, functional groups and surface 
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charge, and that of adsorbate such as polarity, solubility and molecular dimension could in 
some way impede the adsorption due to pore restriction and inherent repulsion. 
 
The rate constant reflects the speed of adsorption at any concentration. Normally, the value 
is higher for adsorption at lower concentration due to minimum competition to lodge onto 
active sites. Maria et al. (2009) reported that the pseudo-first-order kinetics model is the rate 
controlling mechanism of phenol adsorption. For comparison, the rate constant (Kf) value is 
0.0075 min-1 for Co = 10 mg/L that yields 0.24 mg/g of phenol removal (Maria et al., 2009). 
In this present study, the corresponding values at the same concentration are 0.16 min-1 and 
2.20 mg/g, respectively. Meanwhile, at higher concentrations, the patterns of rate constant 
varied with increased adsorption capacity. Therefore, adsorption capacity is not necessarily a 
function of rate constant, but interplay of concentration and other physicochemical properties 
of the adsorbent and adsorbate. 
 
The availability and ease of processing crab shell which is readily available and abundant with 
no market value renders it as promising chitosan source for wastewater treatment (Zwain et 
al., 2014). The processing of chitosan adsorbent is simple, cheap and requires less energy as 
compared with crab eye activated carbon, heat-treated activated carbon, granulated activated 
carbon and chitosan-carbon based biocomposite. 
 
Table 4: Comparison of adsorption of phenol by various adsorbents 

Adsorbent 
Surface 
area 
(m2/g) 

Adsorbent 
dosage  
(mg) 

Co 
(mg/L) pH Temp. 

(ºC) 
Qm 
(mg/g) Reference 

Pyrolytic tire char 135 50 2-100 6 25 51.9 Makrigianni et al. (2015) 
Crab eye activated 
carbon 265 40 50-

150 8 30 169 Lallan et al. (2017) 
Powdered coconut 
shell activated 
carbon 

1344 50 35 6 30 4.31 Latinwo and Agary (2015) 

Heat-treated 
activated carbon 619 40 10-

200 7 25 197 Saenz-Alanis et al. (2017) 
Granulated 
activated carbon 677 40 10-

200 7 25 158 Saenz-Alanis et al. (2017) 
Granulated coconut 
shell activated 
carbon 

1076 50 35 6 30 7.58 Latinwo and Agary (2015) 

Ca-
bentonite/chitosan 
composite 

- 100 50-
150 7 - 12.5 Poedji et al. (2015) 

Activated 
carbon/chitosan 
composite 

- 30 20-
250 Natural 30 37.2 Liu et al. (2014) 

Chitin - 40 10-
100 2 25 16.1 Pigatto et al. (2013) 

Chitosan-carbon 
based biocomposite - 50 200-

800 - 30 409 Soni et al. (2017) 

CC 191 50 10-
300 Natural 30 59.3 Present Study 

 
4.0 Conclusion 
Chitosan was produced from crab shell for phenol removal from simulated wastewater. The 
surface chemistry of chitosan shows the presence of N____H and hydrogen bonded O____H 
groups, with specific surface area of 191 m2/g. The adsorption study in batch mode revealed 
that phenol adsorption increased with increasing concentration to a point of saturation, 
contact time to a point of equilibrium, and pH to a value of 7.8. Meanwhile, phenol adsorption 
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decreased with increasing adsorbent dosage and temperature. Sips model fitted well the 
equilibrium data with maximum value of 59.3 mg/g. Kinetics data fitted well to pseudo-first-
order model, suggesting physical adsorption of phenol onto the heterogeneous surface of 
chitosan. Therefore, chitosan from crab shell is a promising adsorbent candidate for phenol 
removal from wastewater. 
 
Table 5: Comparison of pseudo kinetics and intraparticle diffusion rate constant of 
phenol adsorption by various adsorbents 
Adsorbent Co 

(mg/L) pH qe  
(mg/g) 

Kf    
(min-1) 

Ks   
(g/mg.min) 

Kid  
(mg/g.min) Reference 

Chitosan 
10 
30 
50 

 
0.24 
1.49 
2.33 

0.0075 
0.0033 
0.0063 

0.0243 
0.0008 
0.0005 

0.0025 
0.0110 
0.0173 

Maria et al. (2009) 

Chitosan-carbon 
based 
biocomposite 
 

100 - 33.6 3.9×10-
2 - - Soni et al. (2017) 

Crab eye 
activated carbon  

50 
100 
150 
 

8 
8 
8 

12.2 
28.9 
33.0 

0.0185 
0.0186 
0.0170 

0.0012 
0.0005 
0.0008 

0.755 
1.30 
7.33 

Lallan et al. (2017) 

CC 
10 
30 
50 

Natural 
Natural 
Natural 

2.20 
7.54 
13.2 

0.16 
0.06 
0.04 

0.44 
0.01 
0.002 

0.21 
0.90 
1.51 

Present Study 
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ABSTRACT 
The characteristics of coarse chitosan (CC, 600 µm) aggregates from crab shell as prospective 
adsorbent for phenol removal was studied in a fixed bed column. Surface chemistry of the CC 
showed characteristics attributed to the primary and secondary amine/amide groups with 
specific surface area of 191 m2/g. Surface morphology exhibited rough surface with visible 
pores, and flaky particles with porous, fractured and fibril structures. The effects of varying 
inlet concentrations, flow rates and bed heights were evaluated for phenol adsorption. 
Maximum adsorption capacity of the CC at optimum conditions was 190.21 mg/g. Thomas 
and Yoon-Nelson kinetics model showed good correlation with experimental data and best 
described the breakthrough behavior of the phenol removal. External and internal diffusion 
were the rate controlling mechanism as predicted by Thomas model, while the entire system 
kinetics as predicted by Adams-Bohart model was a simultaneous steady state process of 
intraparticle diffusion and chemical reaction. 
 
Keywords: Adsorption, crab shell, chitosan, fixed bed column, diffusion, phenol 
 
1.0 Introduction  
Wastewater from pharmaceutical, paint, leather, textile, oil refinery, disinfectant and lubricant 
industries (Shany and Giora, 2018; Long-Fei et al., 2017) mostly contain phenol and phenolic 
compounds as pollutants. A phenolic pollutant potentially affects human health because it is 
toxic, carcinogenic, teratogenic and mutagenic, and can also exist in the environment for a 
long time (Wenjue et al., 2018; Mehdi et al., 2018; Gholizadeh et al., 2013). Phenolic 
compounds are listed among priority pollutants by many Environmental Protection Agencies 
(Hameed and Rahman, 2008; Jia and Lua, 2008).Therefore, wastewater containing phenol 
should not be disposed in open water without treatment. Consequently, several conventional 
methods for their removal from aqueous solution include ion exchange, precipitation, 
biodegradation, ozone treatment, membrane filtration, photocatalysis, coagulation, 
flocculation, oxidation and adsorption (Rajasulochana and Preethy, 2016, Aslam et al., 2017; 
Aysan et al., 2016; Luo et al., 2017; Wang et al., 2017; Ihsan, 2013). Most of these methods 
are expensive, lead to the formation of hazardous by-products and require high energy (Tabari 
et al., 2012; Yazdanbakhsh et al., 2011). However, adsorption method is considered to be 
simple, highly effective, fast, inexpensive and easy to operate among the treatment methods 
(Chang et al., 2018; Apurva et al., 2018; Lakshmi et al., 2016; Aysan et al., 2016; Pathania 
et al., 2017; Tahir et al., 2017).    
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The development of a low-cost adsorption method for highly effective removal of phenol is 
increasingly becoming attractive. Adsorption of contaminants onto different solids is essential 
from environmental, purification and hazardous waste product disposal point of view (Anku et 
al., 2017; Gavrilescu, 2004; Mellah et al., 2005; Benavente, 2008). Many researchers used a 
number of materials as adsorbents, such as sodium zeolite (Saravanakumar and Kumar, 
2013), pomegranate peels ash (Najafpoor et al., 2016), solidified landfilled sewage sludge 
(Zhu et al., 2015), rice straw (Sarker and Fakhruddin, 2017), banana leaf ash (Rahdar et al., 
2017) and activated carbon (Anisuzzaman et al., 2016). However, natural products are seen 
as alternative and novel adsorbent materials for most wastewater contaminants 
(Annaduzzaman, 2015). Therefore, the search for    low-cost and easily available adsorbents 
has led many researchers to search for more economic and efficient natural and synthetic 
materials as adsorbents. 
 
Chitosan has gained wide attention as an effective biosorbent due to its low-cost and high 
contents of amino and hydroxyl functional groups which showed significant adsorption 
potential for the removal of various aquatic pollutants (Arbia et al., 2013; Tondwal and Singh, 
2018; Zdarta et al., 2015). It is also biocompatible, biodegradable and nontoxic (Shukla et al., 
2013; Lee et al., 2013). This biopolymer is the most abundant in nature after cellulose, 
produced by deacetylation of chitin extracted from the shells/scales of shrimp, prawns, crabs, 
insects and other crustaceans (Ramasamy and Shanmugam, 2015; Hajji et al., 2015) and 
widely used in wastewater treatment (Pestov and Bratskaya, 2016; Wang et al., 2017). Recent 
studies showed the removal of phenol using a fixed bed column by various adsorbents. Rocha 
et al. (2015) reported the adsorption capacity of phenol in a fixed bed column at bed height 
of 5 cm and flow rate of 18 mL/min of 86.9, 72.0, 55.8 and 46.9 mg/g at initial concentrations 
of 200, 300, 400 and 500 mg/L, respectively, using corn cobs treated activated carbon. 
Karunarathne and Amarasinghe (2013) reported the removal of phenol in a fixed bed column 
using sugarcane bagasse activated carbon at initial concentration of 20 mg/L and flow rate of 
33.3 mL/min as 12.02 and 12.34 mg/g at bed weight of 5 and 10 g, respectively. Similarly, 
Muthamilselvi et al. (2018) also reported the adsorption of phenol onto garlic peel powder at 
initial concentration of 50 mg/L and bed height of 15 cm of 21.36, 17.66 and 17.29 mg/g at 
flow rate of 15, 20 and 25 mL/min, respectively. Meanwhile, no known study on the removal 
of phenol in fixed bed column using chitosan prepared from Pessu river crab shells for phenol 
adsorption has been carried out. The availability at little cost of Pessu river crab shell waste 
which is the primary raw materials for the preparation of chitosan adsorbent in this study 
could be good alternatives to present day adsorbents. 
 
Therefore, to broaden the existing body of knowledge on phenol removal in fixed bed mode, 
chitosan synthesized from Pessu river crab shell has been applied for the removal of phenol 
from simulated wastewater at parametric conditions in fixed bed mode and the dynamic 
behaviour of fixed bed adsorption predicted and analysed using Adams-Bohart, Thomas and 
Yoon-Nelson models.  
 
2.0 Methodology 
 
2.1 Preparation and characterization of chitosan  
Fresh crab shell was collected from Pessu river in Warri, Delta State, Nigeria and washed to 
remove soluble organic substances, proteins and impurities. It was crushed and kept in a 
polyethylene bag at 25 °C for 24 h for partial autolysis. The crab shell chitosan was synthesized 
according to the methods described elsewhere (Moosa et al., 2016; Hossain and Iqbal, 2014; 
Toan 2009). Briefly, the shell was mixed in a 1 M NaOH solution at a ratio of 1:10 (w/v), at 
25 °C for 24 h to remove proteins. The solid was washed with distilled water to remove excess 
NaOH, and dried in an oven at 70 °C for 2 h. The dried solid had to undergo demineralization 
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(mainly calcium carbonate was demineralized) in 0.25 M HCl solution at a ratio of 1:10 (w/v) 
for 15 min at 25°C. The solid (chitin) was washed to remove excess acid, and dried at 90 °C 
for 1 h. Chitin was converted into chitosan via deacetylation process. It was mixed in a 
concentrated sodium hydroxide solution at 80 °C for 1 h. The residue (chitosan) was washed 
and dried at 80 °C for 2 h. The produced chitosan was ground and sieved into 600 µm 
aggregates and designated as coarse chitosan (CC). 
  
A Nicolet ISI 10 FTIR spectrometer (Thermo Scientific, USA) was used to identify the surface 
functional groups of crab shell chitosan at a frequency range of 4000 to 400 cm-1. The 
elemental composition of chitosan was determined using a Brucker energy dispersive X-ray 
(EDAX) analyzer (Ghannam et al., 2016). The surface morphology of chitosan was observed 
using a Karl Zeiss scanning electron microscope (SEM). A Micromeritics ASAP 2010 analyzer 
(Thermo Scientific, USA) was used to measure the textural properties of chitosan.  
 
2.2 The adsorption study in a fixed bed column 
The adsorption study was carried out in a 0.75 cm inner diameter and height of 56.7 cm Pyrex 
Technico, England glass column with steel sieve supported by plastic wool inserted at the 
bottom of the column. Coarse chitosan (CC) was packed into the column at required bed 
heights of 1.75 cm (0.5 g) and 3.5 cm (1.0 g). Steel sieve supported by glass wool was also 
introduced at the top of the bed in the column to avoid loss of adsorbent and to allow for 
uniform flow of the solution. Known phenol concentrations of 100 and 200 mg/L was injected 
at the bottom of the vertical column at fixed and controlled discharge rates (2.17 and 2.90 
mL/min) upward through the column by a peristaltic pump (supplied by Baoding longer, 
China). The solution was pumped upward to avoid channeling due to gravity. Treated phenol 
solution was collected at the column outlet at regular time intervals and their concentrations 
analyzed using a UV-Vis spectrophotometer (Drawell (DU 8200) Scentific, China) at 269 nm. 
The experiment was carried out at room temperature (30oC) and natural pH of adsorbate. 
Breakthrough curve which shows mass transfer zone or the interaction between adsorbate 
and adsorbent (Afroze et al., 2016), was determined from the plot of Ct/Co against t (min), 
where Ct is the effluent concentration, Co is the influent concentration and t is the service 
time. Inlet concentrations and flow rates of adsorbates were varied and the amount adsorbed 
was determined from the area under the plot by integrating the amount of phenol adsorption 
expressed as Cads (Cads = Co - Ct) for a given time t (min). The amount of phenol adsorbed in 
the fixed bed column [qtotal (mg)] was evaluated using equation 1 (Yagub et al., 2014). 
 
qtotal =  = 																																																																																																																			 1          
                          
where ttotal, Q and A are the total flow time (min), volumetric flow rate (mL/min) and the area 
under the breakthrough curve, respectively. Equilibrium uptake (qo,eq) (mg/g) is determined 
using equation 2. 
 
qo,eq = 																																																																																																																																																									 2                        
                           
where m (g) is the amount of adsorbent in the fixed bed column. The amount of phenol 
passed into the column [Mtotal (mg)] is determined by equation 3. 
 
Mtotal = 																																																																																																																																																	 3                      
                     
Percentage of phenol removed is the quotient of the maximum capacity of the column (qtotal) 
divided by the total amount of phenol sent to the column (Mtotal) expressed in equation 4. 



©NSChE 2019: Adsorption of phenol from aqueous solution onto chitosan from crab shell in a fixed bed column: by 
Asokogene Oluwadayo Francis, Idris Misau Muhammad, Surajudeen Abdulsalam, Usman Aliyu El-Nafaty and  

Muhammad Abbas Ahmad Zaini, 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019               523	|	P a g e 	
    
	

 
Total removal =  	 100																																																																																																																								 4                       
 
At equilibrium, the unadsorbed phenol concentration [Ceq (mg/g)] in the continuous flow 
system is expressed in equation 5. 
 
Ceq (mg/L) = 1000																																																																																																																		 5            
                
At equilibrium, effluent volume [Veff (mL)] collected is expressed in equation 6. 
 
Veff = Q × ttotal                                           
(6) 
 
where, Q and ttotal are volumetric flow rate (mL/min) and total flow time (min), respectively. 
 
3.0 Results and Discussion 
 
3.1 Adsorbent characteristics 
Figure 1 represents the FTIR spectrum of the chitosan. The peaks in the region of 3693 - 3198 
cm-1 could be attributed to hydrogen bonded O___H and N___H stretching vibration of primary 
and secondary amines/amides (Kumari et al., 2017). The peak at 2121 cm-1 is due to C≡C 
stretching. The peaks within the region of 1990 - 1826 cm-1 could be assigned to C___H bending 
of aromatic structures. Also, the C___C ring stretching is the characteristic of peaks at 1479 - 
1401 cm-1. The peaks centred in the region of 1156 - 1029 cm-1 and 902 - 869 cm-1 signify the 
presence of aliphatic amines group of C___N stretching and primary/secondary amine of N___H 
wagging. Meanwhile, the peaks at 1651 cm-1 and 1402 cm-1 could be due to the deacetylation 
of chitin and the formation of α-chitosan (Al Sagheer et al., 2009; Younes et al., 2014; Trung 
et al., 2006).  
 

 
Figure 1: FTIR spectrum of the chitosan 
 
EDAX spectrum of the chitosan presented in Figure 2 shows major peaks which correspond to 
calcium (Ca), strontium (Sr), nickel (Ni) and oxygen (O) elements. The presence of alkaline 
metals (Ca, Sr) and transition metals (Ag, Ni, Rh, Fe) is in agreement with the elemental 
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composition of commercial chitosan (Shavandi et al., 2015). The presence of these elements 
within the matrix could improve the adsorptive properties of the chitosan. Rehman et al. 
(2013) reported that the transition metals within the concentration range of 0.01 - 0.31 % 
could enhance the adsorption of cationic dye. 
 
 

 
Figure 2: EDAX spectrum of the chitosan 
 
The SEM images in Figure 3 illustrate the surface morphology of crab shell chitosan. The 
images show rough surface with visible pores. The flaky particles with porous, fractured and 
fibril structures and irregularities are promising attributes of adsorbent for adsorption.  
 

 

 

 
Figure 3: SEM images of the chitosan (a) 300x magnification, and (b) 1500x 
magnification 
 
The textural property of CC is summarized in Table 1. The specific surface area of CC is 191 
m2/g. The material is highly mesoporous with pore width about 2.0 nm. The presence of 

(
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mesoporous texture allows easy penetration of ions and macromolecules into the pore 
channels (Hu et al., 2003; Budsaereechai et. al., 2012). In a related work, the mesoporous 
biopolymer sorbent exhibits a promising removal of phenol from aqueous solution (Wan et al., 
2010). 
 
Table 1: Textural properties of the chitosan 

Sample 
 

BET surface 
area (m2/g) 

Total pore 
volume 
(cm3/g) 

Micropore 
volume 
(cm3/g) 

Average pore 
width (nm) 

Mesoporosity 
(%) 

CC 191 0.126 0.037 1.85 70.6 
 
3.2 Fixed bed adsorption study 
The effect of adsorbate inlet concentration at varying concentrations of 100 and 200 mg/L at 
constant flow rate (2.17 mL/min), temperature (30oC), pH of 6.2±0.4 and bed height (3.5 cm) 
is presented in sorption breakthrough curve shown in Figure 4. Phenol inlet concentration of 
100 mg/L showed prolong breakthrough curve and longer breakthrough time (140 min), hence 
larger volume of phenol treatment (1334.55 ml); meanwhile, for phenol inlet concentration of 
200 mg/L, shorter breakthrough curve and time (99 min) signifying smaller volume of phenol 
treatment (928.76 ml) was observed. Similar effect was observed by Nouri and Ouederni 
(2013). However, the values of qtotal, Mtotal, qo,eq, Ceq and percentage removal increased from 
41.89 to 59.42 mg, 128.77 to 173.15 mg, 41.89 to 59.42 mg/g, 65.10 to 122.45 mg/L and 
32.53 to 34.32 %, respectively, with increasing inlet concentration from 100 to 200 mg/L 
(Table 2). 
 

 
Figure 4: Experimental breakthrough curves (BTC) for adsorption of phenol onto 

CC at varying initial inlet concentrations  
 
The effect of varying adsorbent bed height (1.75 cm and 3.5 cm) at constant flow rate of 2.17 
mL/min, temperature of 30oC, pH of 6.2±0.4 and influent concentration of 200 mg/L is 
presented in sorption breakthrough curve shown in Figure 5. The results presented in Figure 
5 and Table 2 suggest that there was an increase in the breakthrough time from 30 to 99 min 
as the bed height was increased from 1.75 to 3.5 cm. Meanwhile, the equilibrium sorption 
capacity (qo,eq) decreased from 190.21 to 59.42 mg/g as the bed height increased from 1.75 
to 3.50 cm. This suggests that at smaller bed height, the effluent adsorbate concentration 
ratio increased more rapidly and saturates in less time than at higher bed height. Similar 
observation was reported by Nwabanne and Igbokwe (2012). 
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Figure 5: Experimental breakthrough curves (BTC) for adsorption of phenol onto 

CC at different bed height  
 
The effect of varying adsorbate flow rate (2.17 and 2.90 mL/min) at constant bed height (3.5 
cm), temperature(30oC), pH of 6.2±0.4 and influent concentration (200 mg/L) presented in 
sorption breakthrough curve (Figure 6) showed rapid initial adsorption for both flow rates due 
to possible availability of vacant active adsorption sites and ionic interactions; meanwhile, as 
adsorption proceeded, there was reduction in the rapidity of adsorption as a result of gradual 
occupancy of the vacant active sites (Afroze et al., 2016). However, the best adsorption 
capacity of phenol onto CC of 148.85 mg/g was found at the higher flow rate of 2.90 mL/min 
(Table 2). This may be attributed to higher mass transfer of the adsorbate and protonation of 
more amine group in the adsorbent (Auta and Hameed, 2012).       
 

 
Figure 6: Experimental breakthrough curves (BTC) for adsorption of phenol onto 

CC at different flow rate   
 
The mathematical description of the column adsorption parameters of phenol onto CC from 
the plots in Figures 4 - 6 are presented in Table 2. 
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Table 2: Mathematical description of column parameters for the adsorption of phenol 
at different operating conditions 

Adsorbate Adsorbent Bed 
Height 
(cm) 

Co 
(mg/L) 

Q 
(mL/min) 

qtotal 

(mg) 
Mtotal 
(mg) 

Veff (ml) Total 
removal 
(%) 

qo,eq 
(mg/g) 

Ceq  
(mg/L) 

Phenol CC 1.75 200 2.17 95.10 199.79 1041.60 47.60 190.21 100.51 
  3.50 200 2.90 148.85 295.25 1508.00 50.42 148.85 97.08 
  3.50 200 2.17 59.42 173.15 928.76 34.32 59.42 122.45 
  3.50 100 2.17 41.89 128.77 1334.55 32.53 41.89 65.10 

 
Fixed bed adsorption modeling 
Thomas, Yoon-Nelson and Adams-Bohart kinerics models have described the fixed bed column 
behavior. These models were adopted to fit experimental data and analysed the sorption 
performance of phenol. The linearized form of Thomas, Yoon-Nelson and Adams-Bohart kinetics 
models are given in equations 7, 8 and 9, respectively (Chowdhury et al., 2016).  
 
ln 1  =  - 																																																																																								 7     
 
ln = 																																																																																																																	 8     
 
ln   = 																																																																																																											 9     
 
where, KTh is Thomas rate constant (mL/min. mg), o is equilibrium adsorbate (mg/g), m is the 
amount of adsorbent packed in the column (g), KYN  is Yoon-Nelson rate constant  (min-1),  is 
the time required for 50% adsorbate breakthrough (min), kAB is Adams-Bohart rate constant 
(L/mg.min), F is the linear velocity calculated by dividing the flow rate by the column section area 
(cm/min), Z is column bed depth (cm), No is the maximum adsorption capacity (mg/L), Co is inlet 
concentration and Ct is adsorption concentration at time, t. Thomas model adsorption rate 
constant, KTH (mL/min.mg) and maximum solid phase concentration, qo (mg/g) were calculated 
from the slope and intercept of linear plot ln[(Co/Ct)-1] against t (= Veff/Q) according to equation 
7 at different flow rates (2.17 and 2.90 mL/min), inlet concentrations (100 and 200 mg/L) and 
bed heights (1.75 and 3.5 cm). Similarly, Yoon-Nelson model adsorption rate constant, KYN (min-

1) and time required for 50% sorbate breakthrough, τ (min) were determined from the slope and 
intercept of the plot of ln[Ct/(Co- Ct)] against t according to equation 8, and Adams-Bohart model 
adsorption rate constant, KAB (L/mg.min) and saturation concentration, No (mg/L) were 
determined from the slope and intercept of the plot of ln[Ct/Co] against t according to equation 
9.  
 
Breakthrough curves predicted by Thomas, Yoon-Nelson and Adams-Bohart models at different 
experimental conditions are shown in Figures 7- 9 and their calculated parameters presented in 
Table 3. 
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Figure 7: Thomas kinetics plots for the adsorption of phenol onto CC, (a) effect of 
influent concentrations (flow rate = 2.17 mL/min; bed height = 3.5 cm), (b) effect of 
flow rates (influent concentration = 200 mg/L; bed height = 3.5 cm) and (c) effect of 
bed heights (influent concentration = 200 mg/L; flow rate = 2.17 mL/min)  
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Figure 8: Yoon-Nelson kinetics plots for the adsorption of phenol onto CC, (a) effect 
of influent concentrations (flow rate = 2.17 mL/min; bed height = 3.5 cm), (b) effect 
of flow rates (influent concentration = 200 mg/L; bed height = 3.5 cm) and (c) effect 
of bed heights (influent concentration = 200 mg/L; flow rate = 2.17 mL/min)  
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Figure 9: Adams-Bohart kinetics plots for the adsorption of phenol onto CC, (a) effect 
of influent concentrations (flow rate = 2.17 mL/min; bed height = 3.5 cm), (b) effect 
of flow rates (influent concentration = 200 mg/L; bed height = 3.5 cm) and (c) effect 
of bed heights (influent concentration = 200 mg/L; flow rate = 2.17 mL/min)  
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Table 3: Model parameters for continuous adsorption of phenol at different initial 
concentrations, flow rates and bed height 

 
 
 
Adsorbate 

 
Initial 
conc. 
(mg/L) 

 
 
Flow rate 
(mL/min) 

 
Bed 
height 
(cm) 

Thomas model  
 
 
R2 

Yoon-Nelson model Adams-Bohart model 
 
KTH 

(mL/min.mg) 

 
 
qo (mg/g) 

 
KYN 

(min-1) 

 
τ 
(min) 

 
 
R2 

 
KAB 
(L/mg.min) 

 
No 
(mg/L) 

 
 
R2 

Phenol 200 2.17 3.5 1.05×10-4 2.94×104 0.942 0.020 158 0.942 4.51×10-5 552 0.767 
 200 2.90 3.5 6.84×10-5 4.82×104 0.968 0.013 246 0.968 3.37×10-5 1093 0.866 
 200 2.17 1.75 7.92×10-5 8.44×104 0.956 0.015 220 0.956 3.39×10-5 1511 0.920 
 100 2.17 3.5 1.2×10-4 2.35×104 0.916 0.012 244 0.916 5.7×10-5 445 0.855 

 
Thomas model (Table 3) shows that for phenol adsorption breakthrough analysis, increasing flow 
rate from 2.17 to 2.9 mL/min at constant inlet concentration (200 mg/L) and bed height (3.5 cm), 
led to a decrease in KTh value from 1.05×10-4 to 6.84×10-4 mL/min.mg and increased qo value 
from 2.94×104 to 4.82×104 mg/g. Similarly, increasing inlet concentration from 100 to 200 mg/L 
at constant flow rate (2.17 mL/min) and bed height (3.5 cm) resulted in decreased KTh value from 
1.2×10-4 to 1.05×10-4 mL/min.mg and increased qo value from 2.35×104 to 2.94×104 mg/g. 
Furthermore, increasing bed height from 1.75 to 3.5 cm at constant inlet concentration (200 
mg/L) and flow rate (2.17 mL/min) resulted in increased KTh value from 7.92×10-5 to 1.05×10-4 
mL/min.mg and decreased qo value from 8.44×104 to 2.94×104 mg/g. Meanwhile, the qo values 
estimated from experimental data (Table 2) are smaller than those calculated using Thomas 
model (Table 3). This could be attributed to lower diffusion of solute (Chowdhury et al., 
2015).Similar results were reported by Biswas and Mishra (2015). The correlation coefficient (R2) 
values ranges between 0.916 - 0.968. This is a good correlation of Thomas model with 
experimental data and shows that Thomas model best described the breakthrough behavior of 
phenol adsorption process in which external and internal diffusion constraints were absent 
(Biswas and Mishra, 2015). Yoon-Nelson model however suggested that increased inlet 
concentration and bed height resulted in increased KYN values and decreased τ values, while 
increased flow rate resulted in decreased KYN values and increased τ values. The correlation 
coefficient (R2) values ranges between 0.916 – 0.968. This also shows good correlation of Yoon-
Nelson model with experimental data and best described the breakthrough behavior of phenol. 
Adams-Bohart model shows that the values of KAB decreased while No increased with increased 
flow rate and inlet concentration. Meanwhile, increased bed height resulted in increased KAB and 
decreased No values. This shows that the entire system kinetics was a simultaneous steady state 
process of intraparticle diffusion and chemical reaction. Klaewkla et al. (2011), Biswas and Mishra 
(2015) and Jock et al. (2017) reported similar behavior. The poor R2 values of Adams-Bohart 
model show its lesser suitability to describe the breakthrough data.          
 
Table 4 shows comparison in fixed bed column adsorption of phenol onto CC to other adsorbents 
from selected literatures at varying inlet concentrations, flow rates and bed heights. The column 
capacity of CC is relatively lower than all adsorbents column from literatures. However, it 
possesses higher adsorption capacity at optimum conditions. Therefore, the ease and availability 
of raw materials for the synthesis of CC and its adsorption potential in this present study has 
made it promising alternative low-cost adsorbent for phenol removal from wastewater. 
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Table 4: Comparison in fixed bed column adsorption of phenol onto CC to other 
adsorbents  

Adsorbent Co 
(mg/L) 

Bed 
height 
(cm) 

Bed 
weight 
(g) 

Flow  
rate 
(mL/min) 

Adsorption 
capacity,  
qo (mg/g) 

References 

Corn cobs treated 
activated carbon 

200 
300 
400 
500 
500 
500 
500 

5 
5 
5 
5 
5 
5 
5 

- 
- 
- 
- 
- 
- 
- 

18 
18 
18 
18 
18.3 
25.6 
33.0 

86.9 
72.0 
55.8 
46.9 
104.5 
54.9 
57.1 

Rocha et al. (2015) 

Sugarcane 
bagasse activated 
carbon 

20 
20 

- 
- 

5 g 
10 g 

33.3 
33.3 

12.02 
12.34 

Karunarathne and 
Amarasinghe 
(2013) 

Modified coal fly 
ash (MCFA) 

1039.9 
1039.9 
1039.9 
1039.9 
1039.9 
1039.9 
70 
292.7 
651.2 
1039.9 

7.5 
13.5 
27.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 
13.5 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1.0 
1.0 
1.0 
0.375 
0.75 
1.0 
1.0 
1.0 
1.0 
1.0 

69.88 
84.64 
111.0 
39.38 
34.31 
21.84 
6.930 
26.81 
58.60 
77.68 

Talib et al. (2018) 

Garlic peel 
powder 

50 
50 
50 
50 
100 
150 
50 
50 
50 

15 
15 
15 
15 
15 
15 
5 
10 
15 

- 
- 
- 
- 
- 
- 
- 
- 
- 

15 
20 
25 
15 
15 
15 
15 
15 
15 

21.36 
17.66 
17.29 
21.35 
31.08 
34.69 
17.60 
16.40 
21.95 

Muthamilselvi et al. 
(2018) 

CC 200 
200 
200 
100 

1.75 
3.50 
3.50 
3.50 

- 
- 
- 
- 

2.17 
2.90 
2.17 
2.17 

190.21 
148.85 
59.42 
41.89 

Present study 

   
  
4.0 Conclusion 
Chitosan prepared from Pessu river crab shell was successfully used as potential promising 
alternative and environmentally friendly low-cost adsorbent for the removal of phenol in fixed bed 
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mode. The surface chemistry of the coarse chitosan showed the presence of N____H and hydrogen 
bonded O____H groups, with specific surface area of 191 m2/g. Results revealed that adsorption 
capacity was considerably affected by inlet concentrations, bed heights and flow rates. Maximum 
adsorption capacity was 190.21 mg/g. Breakthrough behavior kinetics models revealed external 
and internal diffusion, and simultaneous steady state process of intraparticle diffusion and 
chemical reaction as the rate controlling mechanisms. The experimental data obtained in this 
adsorption study using a fixed bed column would be beneficial for the commercialization of the 
process.  
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ABSTRACT 
This research work investigated the adsorption of some heavy metals contaminants in used 
lubricating oil using chemically activated carbon produced from palm kernel and coconut shells. 
The adsorption mechanism was able to remove heavy metals such as zinc, chromium, cadmium 
and magnesium contaminants from the used lubricating oil to appreciable levels. For instance, 
zinc from initial concentrations of 16.475±0.950 ppm before to 10.375±0.171 ppm after 
treatment processes for used lubricating oil sample A. Also, for coconut shell from an initial 
concentration of 14.575±0.272 ppm to 5.450±0.3000 ppm after treatment processes. It was 
found out that the coconut shell activated carbon was effective in the removal of lead metal while 
palm kernel cannot.  However, the activated carbons produced from palm kernel and coconut 
shells were not able to remove both copper and iron metals.   For example, after the treatment 
process with the palm kernel shell activated carbon, the mean concentration of copper metal 
increases for virgin (C) 0.001± 0.000 to 0.075±0.013 ppm and used lubricating oil samples 
(AandB) from 0.150±0.008 to 0.400±0.018 ppm and from0.220±0.096 to 0.230±0.008 ppm 
respectively. In the case of coconut shell activated carbon, the mean concentration of copper in 
virgin lubricating oil remains the same 0.001±0.000 whereas for used lubricating oils samples 
(i.e. AandB) it increases from 0.150±0.008 to 0.780±0.014 and from 0.220±0.096 to 
0.790±0.026 respectively. The equilibrium adsorption data were analysed using the Langmuir 
isotherm model. The fit of this isotherm model to the adsorption data was determined, using the 
linear coefficient of correlation (R2). The following R2 values were obtained; Copper (0.8185), 
Cadmium (0.8347), Lead (0.9349), Chromium (0.9378), Iron (0.9927), Zinc (0.9953), and 
Magnesium (0.9997) respectively. From the results obtained and statistics point of view, it can 
be concluded that the Langmuir model fit well due to the high coefficient of correlation (R2 ≈ 1). 
The recovered oil could be re-used.  
 
Keywords: Activated Carbons, heavy metals, contaminants, used lubricating oils, adsorption, 
Langmuir isotherm model, Correlation co-efficient. 
 
Introduction   
Intensive research works have proven that activated carbons are most effective, efficient, reliable 
and suitable adsorbents for the removal of contaminants from polluted gas, liquid streams, 
wastewater, dyes, used lubricating oils etc. These are made possible because of the characteristic 
nature of the activated carbon which have a large active surface area, high adsorption capacity, 
well developed porous morphology and good mechanical properties [Sumathi et al., 2009 and 
Arami-Niya et al., 2012]. Activated carbons are most extensively preferred because of its chemical 
(e.g. surface groups) and physical properties (e.g. surface area and pore size distribution). They 
are normally designed and adjusted according to their required application [Xie et al., 2014]. 
Further, the adsorption on activated carbon appears to be most common techniques because of 
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its ease of operation since the adsorbents material can be made extremely efficient, stress-free 
to handle and in some cases they can be able to be regenerated [Viswanathan et al., 2009]. 
The best substances used for the preparation of activated carbons are organic materials that have 
high carbon content. Therefore, the development of methods to recycle waste materials such as 
activated carbons is significantly desired and offers a promising future. Agricultural wastes, for 
example coconut shell and palm kernel shell can be converted into activated carbons because of 
their hardness, high strength and desired properties as a result of its high lignin, high carbon 
content and low ash content of their materials [Arami-Niya et al., 2012; Lehmann and Joseph, 
2009]. The most widely method used for the production of activated carbon is the carbonization 
of the char at high temperature in an inert atmosphere followed by the activation process. The 
activation process is divided into physical and chemical. Physical activation process involves 
treatment of char obtained from carbonization with oxidizing gases, normally steam or carbon 
dioxide at high temperature (400-1000oC) [Matali et al., 2013]. In the chemical activation process, 
the starting material is mixed with a chemical activation reagent and the mixture is heated in an 
inert atmosphere [Ioannidou and Zabanioutu, 2007; Allwar, 2012; Hidayu and Muda, 2016]. This 
process is usually done at lower temperature and relative time interval, producing higher surface 
area and better porosity compared to physical activation. The aim of this research work were to 
produce activated carbons from palm kernel shell and coconut shell using chemical activation 
from potassium carbonate (K2CO3) and sodium bicarbonate (NaHCO3) to adsorb some heavy 
metals from used lubricating oil samples. The surface area of the impregnated activated carbons 
was analyzed using Brunauer, Emmett and Teller (BET). In other to further improve the 
adsorption efficiency of the activated carbons produced, the data obtained were model to suit the 
heavy metal parameters.  
 
Materials and Methods 
 
Raw material 
Among the agriculture waste materials, palm kernel shell (PKS) and coconut shell (CS) were used 
for activated carbon preparation. PKS was obtained from a Palm oil Mill Industry that is located 
in Aluu, and CS was obtained from the Local Community Market in Choba, all suburbs in Port 
Harcourt, Rivers State, Nigeria. The materials (palm and coconut shells collected) were thoroughly 
cleaned with tap water, then further with distilled water several times to remove dust and all 
other impurities. The PKS and CS samples were later dried in the spray drying oven at 110oC for 
24h to remove any trace of surface moisture and were then ground to the desired size that can 
pass through 500 µm mesh size. 

  
Figure 1. (a) Palm kernel shell;                                                             (b) Coconut shell  
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Chemical Activation and Activated carbon preparation 
Activated carbons were produced from the palm kernel and coconut shells using a chemical 
activation method used by [Evbuomwan et al., 2013 and Boadu et al., 2018]. 30g of the powdered 
samples each (that is palm kernel and coconut shells) were impregnated with 1M solution of 
K2CO3 and NaHCO3 and left in the room temperature for 3 hours. The samples were chemically 
activated for 40 mins at a high carbonization temperature of 8000C using Carbolite Muffle Furnace. 
The activated carbons produced were treated with 0.5 M glacial acetic acid solution, then rinsed 
thoroughly with distilled water until the pH’s were within 6-7. The samples were dried in the sun 
and sieved with 500 µm mesh. Portions of the activated carbons remained on the mesh were 
dried in the oven for 1 h, then removed and stored in air-tight containers. According to the 
literature, the surface area of chemical activated carbons can range from 250 to 2500 m2 g-1, 
depending on the precursor and the type of treatment used for the production of the activated 
carbon. However, the most common values are around 600 to1000 m2 g-1 [Cabal et al., 2009; 
Olivares-Marín et al., 2009 and Magriotis et al., 2010] 
 
Characterization of the Activated Carbon Samples. 
 
Surface Area Determination by Brunauer, Emmett and Teller (BET) 
The specific surface area of the chemical activated carbons from the palm kernel and coconut 
shells were determined using the pore size distribution by means of adsorption and desorption of 
nitrogen at 77 K using the method of Brunauer, Emmett and Teller (BET) with a model ASAP 
2020 Micromeritics Analyzer (Dublin, Ireland) [Boadu et al., 2018].  
 
Oil Samples Collection, Preparation, Digestion and Elemental Analysis 
5 litres of used lubricating oil samples (Total quartz 20 W 50) that have been used for 3 and 6 
months were collected from Total Service Stations at East-West road, Port Harcourt, Rivers State, 
Nigeria. The 3 and 6 months old used lubricating oils were labels as sample A and B respectively. 
Also, 5 litres of fresh sealed lubricating oil (Total quartz 20 W 50) were purchased from the same 
source and label as control sample C. Used lubricating oil samples A and B were stored for several 
days to allow large suspended particles and small particles to settle under gravity.  
 
Preparation of Oil Samples 
Filtration of the used lubricating oil samples A and B were carried out under gravity using Buchner 
funnel and filter paper to remove contaminations such as sand, metal chips, micro impurities etc. 
that polluted the lubricating oil. The used lubricating oils were allowed to settle for 24 hours and 
samples were further filtered.  
 
Oil Samples Digestion and Elemental Analysis 
According to the acid digestion method used by [McKenzie et al, 1981 and Boadu et al., 2018], 
0.5 g each of the fine oil samples were weighed into a Kdjedahl digestion flask and 5 mL 
concentrated H2SO4 was added to each of the oil samples and heated in a fume hood until the oil 
samples started to char. Then, 10 ml of H2O2 were added to the charred mixture and were heated 
for 5 min and the mixture turned colourless when the digestion was completed. The used and 
virgin lubricating oil (control) samples were digested using the same procedure. The digested 
samples were transferred into a 100 ml volumetric flask and made up to the mark.  The samples 
were then transferred into a cleaned plastic container for AAS analyses. The digested samples 
were analysed using Perkin Elmer Atomic Absorption Spectrophotometer model number Buck 
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Scientific 210 at the Pollution Control and Environmental Management Limited, Port Harcourt, 
Nigeria. 
 
Determination of Heavy Metals Present  
Perkin Elmer Atomic Absorption Spectrophotometer model number buck Scientific 210 were used 
to determine the heavy metals that were present in the oil samples before and after analyses 
with the activated carbons.  
 
Adsorption Isotherms 
Adsorption isotherm reveals the relationship between the amount of a solute adsorbed at constant 
temperature and its concentration in the equilibrium solution. It provides essential physiochemical 
data for assessing the applicability of the adsorption process as a complete unit operation (Aydin 
and Baysal, 2006). Langmuir isotherm models are widely used to investigate the adsorption 
process (Chan et al, 2008). The model parameters can be construed further, providing 
understandings on sorption mechanism, surface properties, and an affinity of the adsorbent 
(Sagar Nayak and Kumar Singh, 2007). The Langmuir isotherm was develope on the assumption 
that the adsorption process will only take place at specific homogenous sites within the adsorbent 
surface with uniform distribution of energy level. Once the adsorbate is attached on the site, no 
further adsorption can take place at that site; which concluded that the adsorption process is 
monolayer in nature. The Langmuir adsorption model further based on the assumption that all 
the adsorption sites are energetically identical and adsorption occurs on a structurally 
homogeneous adsorbent. The linearized form of the Langmuir equation based on those 
assumptions is given as (Langmuir, I., 1918 and Xunjun Chen, 2015). 
 

 

 
Where  is the amount of solute adsorbed on the surface of the adsorbent (mmol g−1),	  is the 
equilibrium ion concentration in the solution (mmol−1),	  is the maximum surface density at 
monolayer coverage and b is the Langmuir adsorption constant (L mmol−1). The plots of 1/  
versus 1/  give a straight line and the values of  and b can be calculated from the intercept 
and slope of the plots, respectively. In general, the coefficient of correlation (R2) is between 0.0 
and 1.0, and the quality of fitting increases with the nearness of R2 to 1.0. From the statistics 
point of view, it can be concluded that the Langmuir model shows a better fit due to the high 
coefficient of correlation (R2 ≈ 1). Durbin-Watson Test (D. W. T.) is another parameter 
considering the difference between the real and model amount in every point knowing as residual. 
This parameter determines the relation adsorption on both sizes of activated carbon.  
 
Methods for Data Analysis and Presentation 
IBM SPSS version 23 statistical analysis software’s was used to analyse the data generated in the 
experiments.  The results obtained were recorded in the tables below. Also, the constants of all 
models were obtained by an ordinary correlation coefficient of the parameter (least square 
method) using the  Quantitative Micro Software LLC., Eviews 4 User’s Guide, 2002 and Jan 
15(2018), XLSTAT version.1. In both Eviews software” version 3.1 and XLSTAT version 2018.1 
software, several examinations were performed for analysing and fitting of data. The models are 
developed based on the statistical function such as coefficient of correlation (least square) 
parameter (R2) and Durbin-Watson Test (D. W. T.). 
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Results and Discussion 
Table 1: Mean, ±SD, of virgin and used lubricating oil samples before treatment 
with palm and coconut shells activated carbons.   
Samples/Parameters Control Sample A Sample B 

Cu (ppm) 0.001±0.000 0.150 ±0.008 0.220±0.096 

Fe (ppm) 1.502±0.092 4.650±0.159 3.350±0.289 

Zn (ppm) 2.833±0.034 16.475±0.950 14.575±0.272 

Cd (ppm) 0.020±0.008 0.020±0.008 0.030±0.008 

Pb (ppm) 1.000±0.093 1.045±0.478 1.525±0.222 

Cr (ppm) 0.410±0.051 0.400±0.065 0.445±0.039 

Mg (ppm) 41.900±0.258 5.450±0.265 21.475±0.650 

 
Table 2: Mean, ±SD of virgin and used lubricating oil samples after treatment with 
Palm Kernel Shell Sample  
Samples/Parameters Control Sample A Sample B 

Cu (ppm) 0.075±0.013 0.400±0.018 0.230±0.008 

Fe (ppm) 1.150±0.129 8.500±0.258 3.400±0.183 

Zn (ppm) 8.325±0.275 10.375±0.171 5.450±0.300 

Cd (ppm) 0.000±0.000 0.018±0.009 0.000±0.000 

Pb (ppm) 1.650±0.039 1.648±0.097 2.388±0.070 

Cr (ppm) 0.065±0.013 0.210±0.026 0.135±0.013 

Mg (ppm) 0.350±0.026 0.900±0.025 0.505±0.013 
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Table 3: Mean, ±SD of virgin and used lubricating oil samples after treatment with 
Coconut Shell Sample  
Samples/Parameters Control Sample A Sample B 

Cu (ppm) 0.001±0.000 0.780±0.014 0.790±0.026 

Fe (ppm) 3.650±0.625 13.500±0.942 14.125±0.618 

Zn (ppm) 0.6700±0.071 5.838±0.344  5.400±0.280 

Cd (ppm) 0.001±0.000 0.001±0.000 0.001±0.000 

Pb (ppm) 0.563±0.172 0.410±0.037 0.438±0.222 

Cr (ppm) 0.348±0.049 0.388±0.046 0.528±0.055 

Mg (ppm) 1.475±0.171 3.625±0.222 0.645±0.037 

 
Table 4: Analysis of Variance of Variables and Summary for all Y’s for the various 
Heavy Metals (Langmuir Model Parameter Results) 
S/N  (Cu) (Fe) (Zn)  (Cd)  (Pb) (Cr) (Mg) 

R² 0.8185 0.9927 0.9953 0.8347 0.9349 0.9378 0.9997 

F 15.2181 459.5948 715.9685 17.0436 48.4738 50.8595 11356.9041 

Pr > F < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Filtration 
process 

20.9543 864.8179 1058.5040 51.4600 164.4045 171.7839 26526.6506 

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Samples 13.1799 696.8264 978.8792 3.1714 17.1650 14.7779 5447.8007 

0.0001 < 0.0001 < 0.0001 0.0579 < 0.0001 < 0.0001 < 0.0001 

Filtration 
process* 
Samples 

13.3691 138.3674 413.2453 6.7714 6.1629 8.4382 6726.5826 

< 0.0001 < 0.0001 < 0.0001 0.0007 0.0012 0.0001 < 0.0001 
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Table 5: Brunauer, Emmett and Teller (BET) Summary 
Parameters  Palm Kernel shell  Coconut shells 

Surface area (m2/g) 717.142 1177.524 

Correlation coefficient (r)  0.9994 0.9963 

Slope  3.063 2.121 

Intercept 1.793e+00 8.361e-01 

Constant 2.706 3.537 

 
Discussions 
 
Adsorption of Heavy Metals in Used Lubricating Oil using Palm Kernel and Coconut 
Shells as Adsorbents.  
From the results obtained, it can be seen that both the palm kernel and coconut shells were not 
suitable for the removal of copper metal in the fresh and used lubricating oil samples. Because, 
the initial mean concentrations of copper in virgin (C) and used lubricating oil samples (i.e. A 
andB) were 0.001±0.000 ppm, 0.1500±0.008 ppm and 0.220±0.096 ppm respectively before 
treatment processes.  But after the treatment process with the palm kernel shell activated carbon, 
the mean concentration of copper metal increases for virgin (C) to 0.075±0.013 ppm and used 
lubricating oil samples (AandB) are 0.400±0.018 ppm and 0.230±0.008 ppm respectively. In the 
case of the coconut shell activated carbon, the mean concentration of copper also in virgin 
lubricating oil remains the same 0.001±0.000 whereas for used lubricating oils samples (i.e. 
AandB) it increases to 0.780±0.014 and 0.790±0.026 respectively. The increase in mean 
concentrations after the treatment processes with both the palm kernel and coconut shells 
activated carbons can be attributed to leaching of copper ions already present in the bed of the 
adsorbents as ascertain in the physio-chemical characterization analysis of the adsorbent beds by 
[boadu et al., 2018 and Odisu et al., 2019]. Though, the percentage leached in palm kernel was 
small compared to that of coconut shells. Hence, there is the need to further search for better 
and potential raw materials for the production of activated carbons that can meet industrial needs 
of removal of copper metals in both fresh and used lubricating oil samples. However, Nabil, et 
al., 2010 reported that date palm kernel can slightly reduce copper metals in used lubricating oils 
from 7mg/kg to 6mg/kg. But several works of literature have shown that chemical activated 
carbons from palm kernel and coconut shells are effective in the removal of pollutants in muddy 
water and colour from wastewater [lnegbenebor, et al., 2012 and Akpen et al., 2017]. Also, 
Kwakye-Awuah et al., 2018 reported that laboratory-synthesized zeolite types LTA and LSX 
successfully removed heavy metals, particularly lead, copper and iron that was in the spent oil. 
Also, it can be observed from the results obtained that the concentrations of iron metal increases 
after treatment processes with both the chemically activated carbons produced from coconut and 
palm kernel shells.  The concentrations of iron metal before the treatment processes were 
1.502±0.092 ppm for virgin and 4.650±0.159 ppm and 3.350±0.289 ppm for both used oil 
samples AandB. However, after treatment processes with chemically activated carbons produced 
from palm kernel and coconut shells, the concentrations of the iron metal increases. For the palm 
kernel activated carbon, the values obtained are 1.150±0.129 ppm for virgin, 8.500±0.258 ppm 



©NSChE 2019: ADSORPTION OF HEAVY METALS CONTAMINANTS IN USED LUBRICATING OIL USING PALM KERNEL 
AND COCONUT SHELLS ACTIVATED CARBONS:  by Boadu K.O   Joel O.F, Essumang D.K and Evbuomwan B.O 

Proceedings of the 49th NSChE Annual Conference, Kaduna, Nigeria, 13 -16 November, 2019               545	|	P a g e 	
    
	

for sample A and 3.400±0.183 ppm for sample B respectively. In the case of the coconut activated 
carbons, the observed values are 3.650±0.625 ppm for virgin, 13.500±0.942 ppm for sample A 
and 14.125±0.618 for sample B respectively. The level of increase was not much in palm kernel 
as compared to coconut shells. The concentration increase in iron metal after the treatment 
process with both the coconut and palm kernel shells might be due to leaching of the iron metal 
concentration already present in the adsorbent beds by [Boadu et al., 2018 and Odisu et al., 
2019]. According to their research works reported, chemically activated carbons produced from 
coconut and palm kernels contain a high amount of iron metal concentration. Though, the 
analyses of iron revealed that palm kernel shell activated carbon performed better followed by 
coconut shell activated carbon respectively. Because of this reason, activated carbons produced 
from palm kernel and coconut shells as adsorbents are not recommended for the removal of iron 
metals present in used lubricating oil samples.  
 
In general, zinc is added to fresh lubricating oil as zinc diethyl dithiophosphate (ZDDP), zinc 
dithiophosphates, and zinc dialkyl dithiocarbamates. This was added to the base oil as part of 
multi-functional additives for improving oil’s performance [Kwakye-Awuah et al., 2018].  From all 
the tests conducted on the zinc before treatment with activated carbons produced from coconut 
and palm kernel shells the results were for virgin was 2.833±0.275 ppm and used lubricating oil 
samples AandB  are 16.475±0.950 ppm and 14.57±0.272 ppm respectively. But after the 
treatment process with palm kernel shell activated carbon the values recorded were for virgin 
was 8.325±0.275 ppm and used lubricating oil samples AandB are 10.375±0.171 ppm and 
5.450±0.300 ppm. For coconut shell activated carbon, the results obtained were for virgin was 
0.670±0.071 ppm and used lubricating oil samples AandB are 5.838±0.344 ppm and 5.400±0.280 
ppm respectively.  Comparing the various results obtained, it proved that coconut shell activated 
carbon has a better adsorption capacity than palm kernel shell activated carbon. lnegbenebor et 
al. 2012, conducted similar research using activated carbons from palm kernel and coconut shells 
for purification of polluted water for drinking but reported that palm kernel was rather effective 
than coconut shells. The disparity might due to the used lubricating oils sample instead of the 
polluted water for drinking. Kwakye-Awuah et al., 2018 reported that the recycling of the used 
oil was possible with metakaolin and the zeolites. Their results led to a reduction in zinc content 
by 94.96 %, 96.76 % for zeolite LTA and 93.88 % for zeolite LSX. This shows that coconut shell 
activated carbon produced can be used effectively and efficiently as an alternative to those 
prepared by other researchers.   
 
Analysis of the heavy metal such as cadmium from Tables 1, 2 and 3 revealed that both coconut 
and palm kernel shells activated carbons are very efficient and effective in the adsorption 
processes (i.e. almost 100%). Because the concentrations of cadmium metal before the treatment 
process with palm kernel and coconut shells activated carbons were for virgin 0.020±0.008 ppm 
and used samples AandB lubricating oils are 0.0200±0.008 ppm and 0.030±0.008 ppm 
respectively. But after the treatment with palm kernel shell activated carbon the concentrations 
of cadmium metal reduces, for lubricating oils; virgin 0.000±0.000 ppm and used samples AandB 
to 0.018±0.009 ppm and 0.000±0.000 ppm lubricating oils respectively. Also, with the coconut 
shells activated carbon after the treatment processes, they all drop in the concentrations of the 
cadmium metals, with lubricating oils; virgin 0.001±0.000 ppm and used samples are AandB the 
recorded values are 0.001±0.000  and 0.001±0.000  respectively. This affirmed what Nabil, et 
al., 2010 had reported earlier that, date palm kernel powder was a good adsorbent for removal 
of cadmium metal in used lubricating oils.  
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However, Okafor et al., 2012 reported that coconut shell adsorbed Pb2+, Cu2+ Cd2+ and As3+ ions 
from aqueous solutions and the concentration of the metal ions adsorbed increased with increase 
in concentrations, increase in contact time, increase in temperature and increases in pH for each 
metal.  He concludes that coconut shell could serve as a cheap, readily available effective 
adsorbent for the removal of Pb,2+ Cu,2+ Cd,2+ and As3+ from wastewater as a way of treatment 
before discharge into the environment. From the literature findings reported earlier, it can be 
concluded that chemically activated carbons produced from both coconut and palm kernel shells 
are good adsorbents for removal of heavy metal such as cadmium from used lubricating oils. 
From the analysis of chromium metal in Tables 1;2 and 3, it was observed that concentrations of 
chromium metal before the treatment processes with both palm kernel and coconut shells 
activated carbons were, for lubricating oils; virgin 0.410±0.051 ppm, used samples AandB are 
0.400±0.065 ppm and 0.445±0.039 ppm respectively. But after treatment with palm kernel shells 
activated carbon, the values obtained were 0.065±0.013 ppm for virgin, 0.210±0.026 ppm for 
used sample A and 0.135±0.013 ppm for used sample B lubricating oils respectively. In the case 
of after treatment with coconut shell activated carbons, the values recorded are 0.348±0.049 
ppm for virgin, 0.388±0.046 ppm for used sample A and 0.528±0.055 ppm for used sample B.   
From all the results obtained, it revealed that palm kernel shell activated carbon was a good 
adsorbent compared to coconut shell activated carbon because the palm kernel shell reduces the 
concentrations of chromium metal compared to coconut shell activated carbons. Babayemi, 2017 
revealed that palm kernel shell being an agricultural waste could be converted to useful and 
efficient adsorbent through the use of activating chemicals, particularly H2SO4. Also, Nabil, et al., 
2010 reported a similar phenomenon with chromium metal.  
 
However, Hidayu and Muda, (2016) reported that palm kernel and coconut shells can be used as 
the perfect raw material to prepare activated carbon with the high surface area for CO2 adsorption 
rate. Also, Mehr et al., 2019 found out that palm kernel shell, an inexpensive and easily available 
material, was very effective to remove Cr (VI) from aqueous solutions. He reported that the tested 
activated carbon produced from palm kernel shells showed higher adsorption capacities compared 
to those of some coconut shell and other activated carbons found in the works of literature. Odisu 
et al., 2019 reported that palm kernel husks, coconut and groundnut shells could be used as an 
alternative to available commercial adsorbents for cement wastewater treatment. They also 
affirmed that the combination of physical and chemical treatment of these adsorbents could 
enhance their adsorption capabilities due to their resultant high surface area and increased depth 
of pore spaces.   
 
From the Tables 1,2 and 3, the analysis of heavy metal such as lead (Pb) concentrations before 
treatment processes with both chemically activated carbons produced from palm kernel and 
coconut shells gave the following results for the lubricating oil samples; for virgin 1.000±0.093 
ppm, used sample A 1.045±0.478 ppm and used sample B 1.525±0.222 ppm respectively. But 
after the treatment process with the chemically activated carbon prepared from palm kernel 
shells, the values recorded were as follows, for virgin 1.650±0.039 ppm, used sample A 
1.648±0.099 ppm and used sample B 2.388±0.070 ppm lubricating oils in that order. However, 
with the chemically activated carbon produced from coconut shells, the results obtained after the 
filtration process were as follows, for virgin 0.563±0.172 ppm, used sample A 0.410±0.037 ppm 
and used sample B 0.438±0.220 ppm lubricating oils respectively. From all the test results 
recorded, it shows that coconut shell activated carbon as have a better adsorption capacity for 
lead metals after the treatment processes with various types of lubricating oil samples compared 
to palm kernel shells activated carbons. This proved that coconut shell activated carbon was 
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effective and efficient adsorbent. Therefore, it can be used as a suitable adsorbent for the removal 
of lead metal concentration in used lubricating oils. Hence, coconut shell is preferred to palm 
kernel shell activated carbons because of its large surface area as shown in Table 5. 
In the case of palm kernel shell activated carbon, the concentration of lead metals increases. 
Nabil et al., 2010, also reported an increase in lead metal concentration with activated carbon 
prepared from date palm kernel.  Jodeh et al., 2015, found out that concentration of heavy metal 
lead in used lubricating oil is higher than the concentration of other metals and adsorption of lead 
increases with increase adsorbent dosage, temperature and time of contact.   
 
Finally, the adsorption results obtained for magnesium heavy metal analysed indicated that 
activated carbons produced from the coconut and the palm kernel shells can be used as a high-
performance adsorbent with higher adsorption capacity. It was worthy of note that from all the 
analysis performed, the magnesium metal contents of the used lubricating oil samples were 
generally far below the general range reported in the literature with both palm kernel and coconut 
shells activated carbons. From Tables 1, 2 and 3, the results obtained for the analysis of 
magnesium concentrations before the treatment process was as follows for the various lubricating 
oils, for virgin was 41.900±0.258 ppm, used sample A was 5.450±0.265 ppm and used sample 
B was 21.475±0.650 ppm respectively. But after the treatment process with activated carbon 
produced from palm kernel shells, the values obtained for the respective lubricating oils were, 
virgin 0.350±0.026 ppm and used samples AandB are 0.900±0.025 ppm and 0.505±0.013 ppm 
in that order. In the case of the coconut shell activated carbon, the results recorded for the 
various types of lubricating oils are as follows, virgin 1.475 ±0.171 ppm, used sample A 
3.625±0.222 ppm and used sample B 0.645±0.645 ppm respectively. Nabil et al., 2010 reported 
a similar trend of decrease in magnesium metal concentration from fresh to used lubricating oil 
samples with activated carbons prepared from date palm kernel powder. Also, Siti et al., 2015, 
found that the increase of chitosan dosage from 0.5 to 1.0 g decrease the metals such as sodium, 
magnesium, calcium and zinc removal percentage in used lubricating oils. Furthermore, they 
observed that the increase of temperature from 30 to 70°C and the increase of contact time from 
2 to 10 min resulted in a decrease of metals removal from used lubricating oils.  
 
Adsorption Model 
Table 4, shows that copper have the R2 (0.8185), DW (1.4546) and Pr > F (< 0.0001). In this 
model, the amounts of R2 are close to 1 for the adsorbate and D. W. T. is more than 1 for the 
solute which confirms the definition of modelling basis. Also, in the ANOVA, the lesser the Pr > F 
value, the more significant the results. The adsorption data obtained after the analysis fitted well 
to the Langmuir model and adsorptive surface area of 717.120 m2/g for palm kernel and 1177.524 
m2/g for coconut shells as shown in Table 5.  
 
From the results in Table 4, iron metal have R2 (0.9927), DW (2.6443) and Pr > F (< 0.0001) 
respectively. In this model, the amounts of R2 are close to 1 for the adsorbate and D. W. T. is 
more than 1 for the solute which confirms the definition of modelling basis. Also, in the ANOVA, 
the lesser the Pr > F value, the more significant the results. The iron metal revealed that it 
conforms to a straight line Langmuir adsorption isotherm [Kamal et al., 2014].  
 
The values recorded in Table 4, zinc have R2 (0.9953), DW (2.2315) and Pr > F (< 0.0001) 
respectively. In this model, the amounts of R2 (0.9953) are close to 1 for the adsorbate and D. 
W. T. (2.2315)  was more than 1 for the solute which confirms the definition of modelling basis. 
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Also, in the ANOVA, the lesser the Pr > F value, the more significant the results. Hence, the zinc 
metal was found to conform to a straight line Langmuir adsorption isotherm [Kamal et al., 2014].  
Also from the results obtained in Table 4, cadmium has R2 (0.8347), DW (2.7000) and Pr > F 
(0.0001). From the statistic point of view, R2 is the most important parameter to obtain the model 
ability in the fitting of various conditions provided based on experimental data. Therefore, these 
results showed that cadmium metal conforms to a straight line Langmuir adsorption isotherm 
[Kamal et al., 2014].  
 
In Table 4, lead recorded values of R2 (0.9349), DW (2.3732) and Pr > F (< 0.0001) respectively. 
It can be seen from the results obtained in the tables that, the Langmuir isotherm best fitted to 
the experimental data. This data has revealed that activated carbons produced from palm kernel 
and coconut which are agricultural waste, can be used as an adsorbent for lead metal [A.E. 
Ofomaja, 2010]. 
 
From the results obtained in Table 4, chromium has R2 (0.9378), DW (2.1824) and Pr > F (< 
0.0001). The results recorded showed that chromium metal conforms to a straight line Langmuir 
adsorption isotherm (Kamal et al., 2014) and it proved that activated carbons produced from the 
coconut and the palm kernel shells can be used as a high-performance adsorbent with higher 
adsorption capacity [A.E. Ofomaja, 2010]. 
 
Finally, from Table 4, magnesium recorded the following results R2 (0.9997), DW (2.4396) and Pr 
> F (< 0.0001). R2 is the most important parameter to ascertain the model ability in the fitting of 
various situations provided based on experimental data. In this model, the amounts of R2 (0.9997) 
are close to 1 for the adsorbate and D. W. T. (2.4396)  was more than 1 for the solute which 
confirms the definition of modelling basis. Also, in the ANOVA, the lesser the Pr > F value, the 
more significant the results. This revealed that magnesium metal conforms to a straight line 
Langmuir adsorption isotherm [Kamal et al., 2014]. This result obtained for magnesium proved 
that activated carbons produced from the coconut and the palm kernel shells can be used as a 
high-performance adsorbent with higher adsorption capacity [Ghorbanian et al., 2016].  
 
Conclusions 
The adsorption results obtained for some of the heavy metals analysed indicated that activated 
carbons produced from the coconut and the palm kernel shells can be used as a high-performance 
adsorbent with higher adsorption capacity. This research work further ascertained that the some 
of the heavy metal contents in the used lubricating oil samples were reduced considerably to 
appreciable concentrations through re-refining with the chemically activated carbons produced 
from both palm kernel and coconut shells. Particularly, magnesium, cadmium and chromium 
contents in the used lubricating oil samples respectively. However, the activated carbons 
produced from palm kernel and coconut shells were not suitable for the removal of both copper 
and iron metals.  From the R2 values obtained and statistics point of view, it can be concluded 
that the Langmuir model shows a better fit due to the high coefficient of correlation (R2 ≈ 1). 
Also, the recovered oil could be re-used. Finally, agriculture waste such as palm kernel and 
coconut shells can be converted to a high-performance adsorbent.  
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ABSTRACT 
Agro-wastes are the most auspicious feedstock for the production of renewable products like 
bioethanol. The enzymatic hydrolysis of these substrates is sacrosanct. In this study, lignin peroxidase 
production from microorganisms and their capacity to hydrolyze lignocellulose biomass was evaluated. 
Isolation and screening for lignin peroxidase activity from the microbial strains were done using 
standard techniques. The enzyme was produced in broth medium and purified using standard 
methods. The purified enzyme was immobilized in sodium alginate and was used for degradation of 
lignocellulose materials. Twelve microbial strains were isolated from oil contaminated soils. Among 12 
isolates, Yeast, Trichorderma sp. and Micrococcus were selected for enzyme production and 
characterization. Results revealed that the immobilized enzyme significantly hydrolyzed lignocellulosic 
biomass and showed high affinity for other biomass constituents. The findings highlight the capacity 
of local enzyme production in Nigeria and promote a cost effective means of obtaining useful products 
from locally available agro-wastes. 
 
1.0  Introduction 
Agro-wastes abundant in lignocellulose biomass are the most promising feedstock for the 
generation of renewable, carbon neutral substitutes for synthetic materials (e.g. bioethanol, 
biofuel, building materials etc.). One of the biggest renewable reservoir of potentially fermentable 
carbohydrates in the world is lignocellulose biomass, and its exploitation for bioethanol production 
lingers to be a topic of global interest (Ahmadi et al., 2010; Mtui and Nakamura, 2005). These 
lignocellulose biomasses are made up of hemicelluloses and cellulose that are very hard to convert 
to simple sugars because of their recalcitrant nature. Due to food shortages and incessant 
depletion of oil reserves, bioethanol production from cellulosic biomass still provokes a global 
interest. This has invariably made the exploitation of agro-wastes for the production of sugars by 
enzymatic hydrolysis an attractive venture. Hydrolysis of this biomass to fermentable sugars 
makes them attractive and useful as a feedstock for production of single cell protein, alcoholic 
fermentation and numerous industrial activities (Louime and Uckelmann, 2008). 
 
In bioethanol production from agro-wastes, the conversion of lignocellulose biomass to bioethanol 
involves four distinct stages: pretreatment, enzymatic degradation, fermentation and lastly the 
isolation of the produced ethanol (Amadi et al., 2017). The removal of hemicelluloses, 
deconstruction of lignin barriers and decrement of crystallinity is achieved in the pretreatment 
stage (Balat, 2011). After the pretreatment stage, the next stage which involves enzymatic 
hydrolysis of the substrate is the most significant stage because if the polysaccharides are not 
broken down to simple sugars, there would be no fermentation. When this happens, the overall 
aim of the process is defeated, relying on indigenous enzymes to hydrolyze the pretreated 
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biomass is the initial strategy used and it made the production of ethanol from agro-waste 
unattractive as a result of low yield, however, this drawback was surmounted through 
introduction of exogenous enzymes.   
 
Peroxidase enzymes expressed by microorganisms are required for the hydrolysis of lignin 
into simple sugars which can be fermented (Egwim et al., 2015). The first lignolytic enzyme 
to be discovered in the world is lignin peroxidase (Tien and Kirk, 1983). Lignin peroxidase are 
glycosylated enzymes containing two calcium ions, a single heme with a molecular weight 
ranging from 27 to 50 kDa (Egwim et al., 2015; Hammel and Cullen, 2008). They breakdown 
lignin with the help of hydrogen peroxidase with a catalytic cycle common to all peroxidase 
enzymes (Wong, 2009; Hammel and Cullen, 2008). This enzyme is treasured in the industry 
because it has numerous applications. 
 
Presently, industrial enzymes are not produced in Nigeria commercially. Consequently, lots of 
diverse enzymes are imported yearly to satisfy the demand of indigenous industries. The 
indigenous industrial sectors in Nigeria had increased enormously in the last decade, thus, it 
is a demand of time to locally produce industrial enzymes to cut down expenses on importation 
and at the same time boost export earnings. In this study, we isolated and produced lignin 
peroxidase locally and evaluated the applicability of the enzyme in the degradation of cellulosic 
biomass. 
 
2.0 Methodology 
 
Sample collection 
Oil contaminated soil samples were collected from Tai Local Government Area in Ogoni, River 
State Nigeria using an Auger as described by Osuoha et al. (2018). 
 
Isolation and Identification of Lignolytic Microorganisms from Oil Contaminated 
Soil 
A tenfold serial dilution of the soil sample was done till a 103 dilutions was obtained according 
to the technique previously illustrated by Agu (2017). The method reported by Osuoha et al. 
(2019) was used to isolate the microorganisms under aseptic conditions after serial dilution. 
In brief, 1 mL from serially diluted 103 test tube was inoculated into a molten Saubourand 
dextrose agar petri dish. The plates were allowed to solidify after mixing on the bench before 
incubation. Afterwards, the petri dishes were incubated for three days at a temperature of 25 
ºC to 28 ºC. The petri dishes were monitored for production of colonies and they produced 
colonies were distinguished based on their appearance, elevation, opacity, size, color, and 
shape. In other to obtain pure cultures, the separated colonies were sub-cultured into different 
Saubourand dextrose agar. The petri dishes were incubated as described earlier after sub-
culturing until the isolates became pure. The obtained pure cultures were reserved in bijou 
bottles after due identification via the macroscopic and morphological characteristics. 
 
Screening for Lignin Peroxidase Producing Microorganisms 
Preliminary screening for lignin peroxidase production of all microbial isolates was done based 
on the zones of clearance produced by the organisms on the solid media (Osuoha et al., 
2019). All the isolated and identified organisms were cultured on petri dishes containing 
Saubourand dextrose agar media supplemented with 1 v/v of olive oil as substrate for lipase. 
The petri dishes were incubated for 72 h as described earlier and then screened for the 
formation of zones of clearance around the colonies. Organisms that showed zones of 5 mm 
and above were selected and used for further studies (Osuoha et al., 2019). 
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Enzyme Production from Selected Strains 
Microbial isolates for lipase production were selected based on the magnitude of zones of 
clearance formed around the colonies. Standard inoculums of the identified microbial isolates 
were aseptically inoculated into 500 mL conical flasks containing 500 mL of broth productive 
medium which contain the following: peptone 5 g, yeast extract 5 g, glucose 10 g, 
MgSO4.7H2O (0.6g), FeSO4.7H2O (0.4g), CuSO4.5H2O (0.4g), glycine (0.4g), NH4.SO4 (0.6g) 
and progallol (1 g) for lignin peroxidase production. They were incubated at 25 ºC to 28 ºC 
on a rotary shaker (150 rpm) for 4 days. The broth was centrifuged to remove viable cells at 
3000 rpm for 10 min before used for analysis and purification. 
 
Lignin peroxidase activity 
Lignin peroxidase activity was determined by measuring the rate of H2O2-dependent oxidation 
of the substrate pyrogallol to purpurogallin (Egwim et al., 2015). The reaction mixture 
contained 2 mL of Sodium acetate buffer (10 mM) pH 5.0, 0.8 mL of pyrogallol (2 mM) and 
0.1 mL of enzyme source. The reaction was initiated through the addition of 0.1 mL of H2O2 
(0.15 M). The initial absorbance was recorded at 450 nm using a spectrophotometer and the 
reaction mixture was incubated at 30 ºC for 30 min, after which the final absorbance was 
recorded at 450 nm (Jhadav et al., 2009). Distilled water was used instead of the enzyme 
source in the blank.  
 

Enzyme	activity	in	U/secs	
	Final	Absorbance	of	sample Initial		Absorbance	of	sample

Time	 secs
 

 
 
The amount of enzyme needed to oxidize 1 μmol of pyrogallol is defined as one unit of lignin 
peroxidase. Lignin peroxidase activity in U/mL was extrapolated using the molar coefficient of 
pyrogallol (2470 M-1cm-1). 
 
Purification of Lignin peroxidase enzyme 
The crude lignin peroxidase enzyme was purified through ammonium sulfate precipitation, 
dialysis and Sephadex G-75 column chromatography as described by Osuoha et al (2019). 
During all stages of enzyme purification, enzyme activity and total protein concentration were 
assayed periodically. Twenty fractions were obtained during the chromatographic separation, 
and the fractions that had low protein concentration and high enzyme activity were pooled 
together and used for subsequent experiments (Osuoha et al., 2019). 
 
Stabilization studies 
The optimum pH for lignin peroxidase activity was established by varying the pH of buffer (3, 
3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7) while the influence of temperature on the activity of lignin 
peroxidase was established by incubating the reaction medium comprising of 2 mL of Sodium 
acetate buffer (10 mM) pH 5.0, 0.8 mL of pyrogallol (2 mM) and 0.1 mL of enzyme at diverse 
temperature ranges (20, 25, 30, 35, 40, 45, 50), for 30 min. Other reaction conditions were 
kept constant and the lignin peroxidase activity was determined as described earlier. 
 
Immobilization of lignin peroxidase on sodium alginate using entrapment 
technique 
The produced purified lignin peroxidase enzyme was immobilized following the protocol 
reported by Osuoha et al. (2019). In brief, sodium alginate (0.1g) was dissolved in 10 mL of 
distilled water with continuous stirring to obtain sodium-alginate solution. Then exactly 10 mL 
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of the purified lignin peroxidase enzyme was mixed with the prepared solution for 20 min in 
a ratio of 1:1. Afterwards, the resultant solution was gradually introduced drop-wise into 50 
mL of calcium chloride (100 mM) resulting to the formation of calcium alginate beads. The 
beads were allowed to harden, and was subsequently rinsed with phosphate buffer and 
distilled water (Osuoha et al., 2019).  
 
Hydrolysis of lignocellulosic biomass using the immobilized lignin peroxidase 
Different agro- wastes of lignocellulose origin (plantain pseudo stem waste, pumpkin pod) 
were used as substrate for lignin peroxidase activity. Other reaction conditions were kept 
constant as described earlier. 
 
3.0 Results and Discussion 
Microorganisms can easily thrive in oil contaminated environments and utilize the hydrocarbon 
present in the medium as a source of carbon for growth and development because of their 
chemotactic capacity (Osuoha et al., 2019). Oil contaminated environments could harbor some 
beneficial microorganisms that can be utilized for the production of novel secondary 
metabolites, hence the proponent for the exploration of this biodiversity in this study. In this 
study, we isolated and identified ten different microorganisms based on their morphological 
and macroscopic characteristics. The identified isolates were primarily screened for possible 
lignin peroxidase production based on the magnitude of the zones the expressed. Three 
isolates: Yeast, Trichorderma sp. and Micrococcus were selected among the twelve isolates 
as demonstrated in (Table 1).  
 
Table 1 Zone of clearance produced around microbial colonies for lignin peroxidase 
production 
S/N Name of organism Zone of clearance (mm) 
1 Aspergillus flavus 3.8 
2 Yeast* 11.3 
3 Aspergillus niger 3.4 
4 Micrococcus lutes* 8.7 
5 Staphylococcus aureus 3.7 
6 Penicillum sp. 4.3 
7 Trichorderma sp*  9.4 
8 Lactobacillus sp. 2.1 
9 Verticillium sp. 4.5 
10 Bacilus subtilis 2.6 

*selected for enzyme production 
 
The expression of zones of clearance around the colonies of microorganism was used by 
previous authors (Dajanta et al., 2009; Roy et al., 2014; Osuoha et al., 2019) as the initial 
screening for microbial enzyme production because it has been established to have a direct 
relationship with enzyme production by the microorganism (Roy et al., 2014). The lignin 
peroxidase enzyme was produced in broth and lignin peroxidase activity was evaluated to 
corroborate the presence of lignin peroxidase enzyme using pyrogallol as the substrate. After 
examination of lignin peroxidase activity, the isolate Yeast, Trichorderma sp. and Micrococcus 
lutes that revealed the highest lignin peroxidase expression was selected for enzyme 
production and characterization. 
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The final screening of the identified isolates was achieved based on the magnitude of the 
lignin peroxidase activity. Pyrogallol is the prevalent substrate utilized for the evaluation of in 
vitro lignin peroxidase activity (Egwim et al., 2015). In the lignin peroxidase determination 
assay, lignin peroxidase expressed by Yeast demonstrated the highest enzyme activity (Table 
2) in comparison to the other organisms. Based on that, it was selected for enzyme purification 
and further characterization. 
 
Table 2 Final screening for lignin peroxidase production from identified isolates 
S/N Name of organism Lignin peroxidase activity 

(U/sec) 
1 Trichorderma sp. 5.6 
2 Yeast* 8.5 
3 Micrococcus lutes 4.9 

*selected for purification and further characterization 
 
On the basis of the results obtained during the final screening of lignin peroxidase activity, 
the lignin peroxidase enzyme expressed by Yeast was selected for further characterization. 
The crude lignin peroxidase enzyme was partially purified using ammonium sulfate 
precipitation and sephadex G-75. The data recorded during the purification steps are 
presented in Table 3. The specific activity of lignin peroxidase was initially 1.59 but was 
observed to improve to significantly 9.83 after purification as demonstrated in Table 3. 
 
From the results in Table 3, the lignin peroxidase enzyme was purified to obtain a purification 
fold of 2.27 and a total yield of 52.29 %. Furthermore, twenty fractions were obtained during 
the column chromatographic separation, and the fractions 3, 6, and 16 (Figure 1) which were 
observed to have low total protein concentration with high lignin peroxidase activity were 
joined together and used for further characterization (Osuoha et al., 2019). 
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Figure 1: Elution profile of fractions collected during chromatographic separation 
 
When the fractions that were joined together were characterized, we observed that the lignin 
peroxidase enzyme further purified to get a specific activity of 9.81 with a yield of 33.61 % 
and purification fold of 6.18.  
 
More so, the expression of enzymes by microorganism has been reported by Osuoha et al. 
(2019) to be regulated by temperature, pH and the availability of enzyme inducers. One of 
the unique properties for fascinating industrial biotechnological utilization of microbial 
enzymes is their capacity to retain activity at different environmental conditions. Hence, the 
optimum conditions for lignin peroxidase activity were optimized. The optimum pH recorded 
for liginin peroxidase expressed by Yeast is 5 (figure 2). The optimum pH of 5 recorded in this 
work is in consonance with the work of Egwim et al. (2015), who also recorded optimum pH 
of 5 for lignin peroxidase expressed by Bacillus subtilis. However, it was vaguely lower than 
those established by Bibi and Bhatti (2012) who reported the optimum pH of 6.8 for partially 
purified lignin peroxidase. Microbial enzymes that can resist extreme pH are valuable in several 
industries (Singhal et al., 2012). 
 
Table 3 Purification steps of lignin peroxidase enzyme expressed by Yeast 

Stages  Volume 
(mL) 

Tyrosinase 
activity 
(U/sec) 

Protein 
concentration 

(mg/mL) 

Total 
enzyme 
activity 

Total 
Protein 

Concentration 

Specific 
activity 
(U/mg) 

Purification 
fold 

Yield 
(%) 

Crude enzyme 200 9.4 5.89 1880 1178 1.59 1 100 
Ammonium 

sulphate 
precipitation 

12 11.18 3.08 134.15 36.96 3.62 2.27 52.29 

Sephadex G-75 
column 

chromatography 

10 19.47 1.98 194.7 19.8 9.83 6.18 33.61 

 

 
 
 
Figure 2 Optimum pH for lignin peroxidase activity 
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The optimum temperature recorded for lignin peroxidase in this study is in contrast with the 
report of Ekrem et al. (2008) and was slightly lower than those 40 °C and 45 °C reported by 
Asgher et al. (2007) and Bibi and Bhatti (2012) respectively for lignin peroxidase. However, 
the optimal temperature of 35 °C (figure 3) established in this study is in agreement with 
those reported by Egwim et al. (2015) who reported an optimum temperature of 35 °C for 
lignin peroxidase. 
 

 
Figure 3 Optimum temperature for lignin peroxidase activity 
 
The immobilization of enzymes provides the enzyme with diverse advantages for its 
application for different industrial purposes because the stability and catalytic rate of the 
enzyme is usually improved. Furthermore, the immobilized enzyme can be reused and this 
alone gives the enzyme a wide advantage when compared to free enzymes. Numerous 
protocols have been used for lignin peroxidase immobilization viz a viz. adsorption, covalent 
binding, encapsulation and entrapment. In this study, the produced lignin peroxidase was 
immobilized via entrapment technique using sodium alginate. The immobilized lignin 
peroxidase enzyme was characterized and used for the hydrolysis of lignocellulose biomass 
for enhanced bioethanol production. Immobilized enzymes show improved efficacy regarding 
the issue of reusability, stability and viability (Bevilaqua et al., 2002; Molina et al., 2003; 
Kameda et al., 2006). The utilization of available and cost effective support for immobilization 
is economical and essential for industries (Osuoha et al., 2019). For this reason, sodium 
alginate was used to immobilize the produced lignin peroxidase enzyme in order to improve 
the efficacy of the enzyme for the hydrolysis of lignocellulosic biomass. In this study, the 
breakdown of the polysaccharides present in the agro-waste was monitored within 4 h. the 
agro-wastes utilized for the enzymatic hydrolysis were plantain pseudo stem (PSM) and 
pumpkin pod (PP). Due to the heterogenous nature of the compounds in the agro-wastes, the 
had very low reducing sugar content after pretreatment. The pretreatment must have induced 
the presence of indigenous enzymes that was able to release the sugars in low concentration. 
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After the introduction of the immobilized lignin peroxidase, the concentration of the reducing 
sugars increased drastically and was highest after four hours as demonstrated in (Figure 4). 

 
Figure 4: Total reducing sugar content of plantain pseudo-stem waste (PSM) and 
pumpkin pod waste (PD) before and after addition of immobilized lignin 
peroxidase, at different time intervals  
 
The high presence of reducing sugars in the agro wastes as a result of the immobilized enzyme 
highlights the suitability of the enzyme for bioethanol production because the presence of 
reducing sugars at high concentration will improve the ethanol yield when Yeast is introduced 
into the medium for fermentation. The activity of yeast completes the biochemical process of 
bioethanol production. Interestingly, after the enzymatic hydrolysis, the immobilized lignin 
peroxidase still retained activity, which shows that the enzyme can be reused for further 
hydrolysis of other biomass. 
 
4.0 Conclusion 
In conclusion, the microorganism Yeast isolated from oil contaminated soil were established 
to be potent lignin peroxidase enzyme producers.  The produced lignin peroxidase 
demonstrated high catalytic activity and was very stable at diverse temperature and pH. 
Immobilization of lignin peroxidase in sodium alginate improved the catalytic rate, reusability 
and stability of the enzyme. The immobilized lignin peroxidase was successful in the hydrolysis 
of lignocellulose biomass to simple sugars. These findings promote the utilization of 
indigenous microorganism for local enzyme production and advocate for a cost effective 
means of local bioethanol production from agro-wastes. 
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ABSTRACT 
Eco-friendly polymers are used as viscosifier or fluid loss control agent in drilling mud due to 
positive impact in the environment but have limitations in modifying viscosity in thermal 
environment. This study reports the potential of using Terminalia mantaly (TM gum) biopolymer 
as a viscosifier in water based drilling mud. The rheological properties of water-based drilling mud 
modified with the biopolymer were studied. The effect of concentration and temperature on the 
rheological properties of mud formulation with this biopolymer was reported. The mud was 
compared with conventional polymers. Result obtained show that as polymer concentration 
increased from 0.5v/w to 2v/w, the drilling mud rheological properties; apparent viscosity 
increased by 23.1%, plastic viscosity increased by 25% and yield point increased by 25.6%. Also, 
an increase in temperature (299.82 K – 333.15 K) slightly decreased the rheological properties of 
the mud. The mud was found to obey Hershel Bulkley model. The polymer in the mud had 
comparable rheological properties with conventional polymers and proved to be a good viscosifier 
in a water-based mud.  
 
Keywords: max. Rheological properties; Agro Waste; Drilling Mud; Viscosifier 
 
1. INTRODUCTION 
Water based drilling mud are still preferred more that than the oil-based mud because of the 
negative impact of oil based mud on the environment. In recent years, some reports have 
been conducted on the effective use of water-based mud in drilling fluid (Abduo et al, 2016; 
Udoh and Okon, 2012; Behnamanhar et al, 2014). A good number of these reports have 
revealed the uses of polymers in water-based mud to improve viscosity and control fluid loss 
(Akeem et al., 2018). Experimental examination at several API standards, temperature and 
pressure are used to explain the practical behaviour of polymers in the mud.  
 
The composition of water based drilling mud contains a base fluid, suspended solid particles 
and chemicals. The suspended solid particles react chemically with the base fluid to control 
the properties of the mud (Annis and Smith, 1996). Some of the major additives like polymers 
are used in water-based mud to improve the rheological properties (apparent viscosity, plastic 
viscosity, yields point) or control the loss of fluid in the mud. These rheological properties are 
used to define the flow behaviour of the mud.  
 
The molecular size and shape of polymers are responsible for their ability to absorb water and 
turn viscous. (Nwosu & Ewulonu, 2014). The viscosity in a solution is influenced by polymer 
chain entanglement and polymer solvent interaction which can be described by hydrodynamic 
volume (HDV). HDV of a polymer is determined by the polymer structural parameters such as 
chain toughness, chain length and polymer-solvent interactions and polymer associations or 
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repulsions which depend on the concentration, temperature, molecular weight and 
deformation rate of the polymer (Kong and Ziegler, 2014). 
 
Terminalia mantaly gum is a non-food agricultural waste gotten from the incised of the bark 
of the tree. It is seen as an agricultural waste because its economic values are less than 
processing it for human benefit. The aim of this work is to study the effect of the concentration 
and temperature on the rheological properties of drilling mud formulation with terminalia 
mantaly gum and compare with mud formulation with conventional polymers such as Xanthan 
gum and Polyanionic cellulose. 
 
The uses of terminalia mantaly gum in pharmaceutical industries as binding agent in tablet 
have been studied. Studies have shown that the molecular structure of this water soluble gum 
contain highly branched polysaccharides consisting of galacturonic, glucuronic and 4-O-
methylglucuronic acids, as well as galactose, arabinose, rhamnose, mannose and xylose but 
neutral sugars and total uronic acid content may vary with different type of Terminalia gum 
(Oluyemisi et al., 2012; Michael et al., 2017). The physicochemical properties is presented in 
Table 1. 
 
Table 1. Physicochemical properties of Terminalia mantaly exudate (Michael, 
Babatunde, and Oluyemisi, 2017). 
 
  Parameters Terminalia mantaly exudates   
Particle diameter (μm) 263.10 
Angle of repose (°) 57.80 
Particle density 1.32 
Bulk density (g/cm3) 0.090 
Tapped density (g/cm3) 0.139 
Hausner’s ratio 1.54 
Carr’s index 35 
Swelling index 8.4 
Water absorption capacity 10.71 

 
2. MATERIALS AND METHODS 
 
2.1 Purification of Terminalia Mantaly Gum 
The purification of TM exudates was first reported by (Michael et al., 2017). TM gum was 
collected from the incised of the tree and allowed to dry for five days. 100.0g of dried gum 
was washed with deionized water to remove the initial foreign bodies from its body surface. 
The washed gum was kept in a hot air oven at a temperature of 50OC for 50 hours. The gum 
was hydrated in a double strength chloroform and water mixture in the ratio of 0.5%:95.5% 
for 5 days to soften and extract the mucilage. A straining exercise was carried out with use of 
a white muslin cloth to further remove the remaining viscous mucilage from the gum. 
Precipitation of the gum was conducted with use of an absolute ethanol for extra purification 
process. 100ml of Dimethyl ether was used to wash the precipitated gum after that the gum 
was kept at a temperature of 50OC in a hot air oven for 10 hours. The precipitated gum was 
pulverized with the use of blender into powdery form. 50.0g of the powdery TM gum was 
stored in an air tight container.     
 
2.2 Drilling mud formulation  
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Formulations of water-based mud with few additives were performed in this section. The 
following additives were used for the water-based drilling mud formulation: Pre-hydrated 
bentonite, soda Ash, caustic soda, terminalia mantaly gum, xanthan gum, potassium chloride, 
low viscosity poly anionic cellulose and barite.  Table 2 presents drilling mud formulation 
components and their functions. Water-based mud were formulated according to API 
American Petroleum Institute) standard.  
 
Table 2 Component of drilling mud formulation 
  Component Functions  
Deionized water 
Pre-hydrated Bentonite 
Soda Ash 
Caustic Soda 
Xanthan gum 
Terminalia mantaly gum 
Potassium chloride 
PAC L 
Barite 

Base fluid 
Viscosifier, Filtration Control 
Treat contamination 
Alkalinity control 
Viscosifier 
- 
Inhibition Source of K+ion 
Filtration control  
Weighing material 

 
2.3 Rheological measurement 
Rheological properties were performed to describe the flow behavior of the mud at different 
concentrations and temperature. 22.5 g of bentonite was put in a weighing plate and weighed 
with electronic balance. The weighed material was added to a 350 ml of deionized water in a 
mud cup and Hamilton beach mixer was used to stir the suspension for 20 minute in which a 
spatula was used to scrap the mud on the walls of the cup making sure that proper mixing is 
carried out. The same procedure was used to prepare four other pre-hydrated muds. Pre-
hydrated mud functions better in the presence of salt (Annis and Smith, 1996). Water-based 
drilling mud formulation was carried by first adding 155.6 ml of pre-hydrated bentonite (PHB) 
in a mud cup containing 194.4 ml of deionized water and stirred for five minutes using 
Hamilton beach mixer. Soda Ash and caustic soda of 0.1g each were added to the mixture 
every five minutes. Xanthan gum, PAC L and TM gum of 1.7g were added in the order 
presented in Table 3 together with 10.5g of potassium chloride, and 19g of Barite.  
 
Table 3 Different drilling mud formulation 

Rheological properties were calculated from 600 and 300 rpm readings using the following 
equations 1, 2 and 3 from API Specification for drilling fluid material. 
 
 

  Mud A Mud B Mud C 
Deionized water 
Pre-hydrated Bentonite 
Soda Ash 
Caustic Soda 
Xanthan gum 
- 
Potassium chloride 
PAC L 
Barite 

Deionized water 
Pre-hydrated Bentonite 
Soda Ash 
Caustic Soda 
- 
Terminalia mantaly 
gum 
Potassium chloride 
- 
Barite 

Deionized water 
Pre-hydrated Bentonite 
Soda Ash 
Caustic Soda 
- 
- 
Potassium chloride 
- 
Barite 
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Apparent Viscosity (AP) = ½ θ600                                                                         (1) 
 
Plastic Viscosity (PV) = θ600 – θ300                                                                      (2) 
Yield point (YP) = θ300 – PV                                                                               (3) 
 
where,  
Apparent Viscosity in equation (1) is measured in centipoise (cp) 
Plastic Viscosity in equation (2) is measured in centipoise (cp) 
Yield Point or Yield Stress in equation (3) is measured in lb/100ft2 
θ600 is the dial reading at 600 rpm and θ300 is the dial reading at 300 rpm 
 
2.4   Shear stress and shear rate 
Shear stress and shear rate relationship data obtained were described using Bingham plastic 
model and power law model and Herschel Bulkley mode;l 
 
Bingham plastic model 
The Bingham model is a two parameter model used to describe flow characteristics in many 
types of muds. This model can be expressed mathematically as; 
 

	                                                                                                                           (4) 
 
where,  is the shear stress in lb/100ft2,  is the yield point with the unit lb/100ft2,  	 is the 
plastic viscosity in (centipoise (cp)) and the     is the shear rate in sec-1 (Per second). 
Power law model 
 
The Power law model or Ostwald-De-Weale model is another two parameter model that are 
used to describe fluids with pseudo-plastic behavior in which the relationship between the 
shear stress and shear rate of a fluid is easily presented; 
 

                                                                                                                                  (5) 
 
where, K and n are consistency index and flow indices respectively,  is the shear stress and 
 is the shear rate in sec-1. The logarithm of the equation is obtained by the following; 

 
log log log	 	                                                                                                           (6) 
 
From the equation, n = slope and K = intercept 
 
Herschel-Bulkley Model  
The Herschel-Bulkley describes the behaviour of pseudo-plastic fluids using three parameter 
model  
 

	                                                                                                                          (7)                     
 
where,  is the shear stress,  is the yield stress,  is the consistency index,  is the shear 
rate,  and is the flow index. 
 
2.5 Rheology Test on Temperature 
Mud formulation with TM gum was subjected to rheology test for different concentration (0.5g, 
1g, 1.5g, 2g) in the mud. The mud sample of each concentration was poured into the 
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viscometer cup to the mark inscribed inside the cup. The viscometer cup was kept inside a 
thermocouple and placed on the viscometer stand and lifted to immerse the rotating sleeve. 
The thermometer was inserted into the viscometer cup allowed to heat up to the specified 
temperature. Thereafter, the respective dial reading for each temperature was recorded.  At 
every concentration, rheology test was conducted for different temperatures (299.82 K – 
333.15 K) 
 
3 RESULTS AND DISCUSSION 
 
3.1 Rheological Characterization 
The shear stress and shear rate plot is presented in Figure 1. From the figure, there was an 
initial high stress which later reduced as the shear increased. This type of behavior indicates 
a pseudo-plastic fluid behavior described by the Herschel Bulkley model. Fluids that allow 
initial stress to kick-start the flow but less shear as it increases are described by Herschel-
Bulkley (Nwosu and Ewulonu, 2014). Equation 7 was used to fit in the experimental data. The 
result achieved from Figure1 is in agreement with Khalil and Jan, 2012. As TM gum increased, 
the yield stress of the drilling mud also increased with an increase in the resistance to flow. 
An increase in shear stress increased the yield stress with concentration which resulted in 
breaking the gel structure of the mud before flow started.  
 

Figure1 Shear stress flow behavior for concentration of TM gum in Drilling mud 
 
Table 3 Rheological Properties of Water Based Drilling fluid with TM gum 

 
3.2 Effect of Concentration of TM gum  

 
 

 
Concentrations of TM gum 0.5 g 1 g 1.5 g 2 g 
Apparent Viscosity (cp) 26 27 30 32 
Plastic Viscosity (cp) 4 4 5 5 
Yield Point (lb/100ft2) 43 46 50 54 
Flow index, n 0.19 0.14 0.10 0.24 
Consistency index, k 12.53 20.37 17.69 6.75 
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Drilling mud rheological properties were studied on drilling mud as a function concentration 
of the TM gum. TM gum was the additive used to improve the properties of the mud. From 
the result shown in Figure2, it can be seen that the apparent viscosity, plastic viscosity, and 
the yield point of the drilling mud gradually increased by 23.1%, 25%, and 25.6% respectively 
with increase in concentration of the TM gum in the mud. As the concentration of the mud 
increased, the rheological properties of the drilling mud increased slowly showing 
concentration-dependence behavior which is mostly attributed to the chain entanglement 
density and gel formation as polymer network is formed in the drilling mud.  
 
 

 
 
Figure 2 Rheological Properties as function TM Concentration of Drilling Mud 
 
3.3 Effect of Temperature on the Rheological properties of TM gum  
The studies of the effect of temperature on the rheological properties of TM gum in the drilling 
mud were presented in Figure3 to 5. The rheological properties slowly decreased as 
temperature increased. This could be attributed to the degradation of the polymer in the mud 
as heat is applied. The degradation of the polymer caused the clay platelets to dehydrate and 
link each other so closely thereby making the attractive forces dominate resulting in a state 
of dispersion with edge to face contacts of the platelets (Makinde et al., 2010). Therefore, an 
increase in temperature increased the intermolecular distanced of the molecules of the 
polymers in the mud which lead to a state of degradation and flocculation of clay platelets 
resulting to decreased flow properties. In Figure 3, the apparent viscosity of higher polymer 
concentration decreased slowly with increase in temperature showing favorable thermal 
stability. In Figure 4, Sharp decrease in the plastic viscosity was observed with different 
concentration as temperature increased while in Figure 5, a slow decrease in yield was 
observed as temperature increased also showing encouraging resistance in thermal 
environment. 
.  
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Figure 3 Effect of Temperature on the Apparent Viscosity of TM gum Drilling Mud 
 

 
 
Figure 4 Effect of Temperature on the Plastic viscosity of TM gum Drilling Mud 
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Figure 5 Effect of Temperature on the Yield point of TM Drilling Mud 
 
3.4 Effect of TM gum on the Rheological Properties of the Mud 
 
In this section, the rheological properties of three different muds were studied. Mud A, Mud 
B and Mud C. Mud A was prepared with Xanthan gum as the viscosifier and PAC L as the fluid 
control agent. Mud B was prepared with only Terminalia mantaly gum. This agricultural waste 
was used as a viscosifier and fluid loss control agent while Mud C was prepared with only pre-
hydrated bentonite. From Figure 6, Mud B had better rheological properties than Mud A and 
Mud C. Terminalia mantaly gum used for the formulation of Mud B acted as a good viscosifier 
and fluid control agent. It was observed that Mud B had a lower plastic viscosity and a higher 
yield point. In drilling, the plastic viscosity is a vital function of the viscosity of the liquid and 
volume of solids found in the mud. It tells how the mud behaves around the bit. Higher plastic 
viscosity is never desirable because an increase in plastic viscosity can increase pressure drop 
down the drill string which can hinder the rate of flow and offset any increase in lifting ability. 
Higher yield point favors good hole cleaning and pressure control capability especially during 
the initial stages of drilling operation. 
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Figure 6: Rheological Properties of Three (Mud A, Mud B and Mud C) Different 
Drilling Mud 
 
4.0 CONCLUSIONS 
This work has demonstrated the potential use of terminalia mantaly biopolymer in the 
formulation of water based drilling mud. Drilling mud formulation with Terminalia mantaly 
gum exhibited shear thinning behavior and obeyed the Herschel Bulkley model. The 
rheological properties increased with increase in polymer concentration in the mud. The effect 
of temperature on the apparent viscosity and yield point of the mud initially decreased sharply 
and gained slight thermal stability as temperature increased. The new Terminalia mantaly 
gum drilling mud acted as a better viscosifier owing to the negative charges it possesses with 
good rheological properties. Comparing drilling mud with terminalia mantaly gum with 
conventional polymers confirms the potential use of Terminalia mantaly gum as a good 
viscosifier in water-based drilling mud.  
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ABSTRACT 
The effect of particle size and extraction time on the solvent extraction of ginger oleoresin was 
investigated to obtain data for process control and optimization. The extraction was carried out 
using ethanol as solvent at a constant temperature of 40°C and solid-liquid ratio of 10g/100ml and 
various extraction times of 10, 20, 30, 40, 50, 60, and 70 minutes. Ginger particle sizes of 1200, 
850, 600, 425 and 250 microns were considered. Experimental data generated were fitted into 
Patricelli’s model equation to determine the kinetics parameters. It was found out that, for each 
particle size the yield of oleoresin increases with increasing extraction time up to 70mins after 
which the yield remained constant. Also, the maximum oleoresin yield was found to be dependent 
on the particle size; smaller particle size range of 250 microns favored greater yield (10.4% at 
70min). These results were reflected in the constants of the Patricelli equation (K and τ). The 
optimum k and τ values were 10.29 and 6.315 respectively. Fitting the data to the Patricelli’s model 
indicated a goodfit of the model as represented by the R2 value of 0.9622.  
 
Keywords: Extraction, Ginger, Particle size, Oleoresin, Modeling.  
 
INTRODUCTION  
Zingiber officinale Roscoe, commonly known as ginger, is a member of Zingeberaceae family. 
Ginger is the underground rhizome of the ginger plant with a firm, striated texture. Most 
Zingiberaceae family spices are fibrous rooted perennial herb which is widely cultivated in 
some tropical regions such as India, China, Nigeria, Australia and Jamaica (Bartley and Jacobs, 
2000).  
 
Ginger species possesses aromatic properties. There are two extracts of ginger, essential oil 
which varies as 0.8–4.2% and oleoresin in the range of about 5-8% depending on its origin 
habitat and agronomic treatment of culture (Azian et al., 2001). The pungent taste of ginger 
rhizome is due to its oleoresin content, which is an oily viscous liquid containing oxymethyl 
phenol like shagoal, zingerone and gingerol that are probably responsible for its antioxidant 
property (Mbaeyi-Nwaoha et al., 2013). 
 
Oleoresin compounds, such as 6-gingerol and its derivatives obtained from the root of ginger 
possess high antioxidant activity (Stoilova et al., 2007). The antioxidants are micronutrients 
that have gained interest in recent years due to their ability to neutralize the actions of free 
radicals (Carenas and Packer, 1996). Mbaeyi-Nwaoha et al., (2013) states that free radicals 
are potentially harmful products generated during a number of natural processes in the body, 
and are associated with the ageing of cells and tissues. Ginger oleoresin has widely reproduced 
the character of the ginger and ginger oil fully. It contains the volatile and the non-volatile 
constituents of the ginger. It can replace whole ground ginger without impairing any flavor 
and aroma characteristics. Ginger oleoresin has widespread uses as a flavoring agent in foods, 
beverages, and medicines. The increased prominence of oleoresins over natural spices is due 
to increased economy in use, more uniform flavor and concentration, and lack of microbial 
contamination.
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Solvent extraction is a widely employed technique designed to separate soluble polyphenols 
from plant tissue using a solvent. Commonly used solvents for extraction of oleoresin from 
plant tissue are water, ethanol, methanol; acetone etc. (Jakopic et al., 2009). Research has 
shown that there is a scientific curiosity and certain popularity with regard to screening 
essential oils and extracts from plants to detect natural compounds characteristics and 
antioxidant activity as well as antimicrobial activity, used medicinally all over the world 
(Hassan et al., 2012). 
 
Although many studies have been carried-out on the determination of the active compounds 
of ginger and on the development and implementation of the different operating conditions 
for ginger oleoresin recovery, little attention seems to have been given to the optimization of 
the various extraction variables. This gives the motivation for the present study; to focus on 
ginger which is abundant in Nigeria and also considering its benefits to the pharmaceutical 
and food industry. Hence, the aim of this research is to determine the effect of particle size 
and extraction time on the extraction yield of oleoresin from ginger rhizome and also modelling 
of prediction equation for the process using principle of curve fitting with the aid Matlab 
software. 
 
METHODOLOGY 
The ginger rhizomes used for the extraction of oleoresin was sourced from Kachia local 
government in southern part of Kaduna state, Nigeria. The samples were identified at 
Biological Science Department of Ahmadu Bello University (ABU) Zaria. Proximate analysis 
was carried out on the ginger rhizome at Agronomy Department ABU Zaria. Other materials 
used such as distilled water, ethanol, and ethyl acetate were sourced from Chemical 
Engineering Department of ABU Zaria, Nigeria. 
 
Ginger Pre-treatment 
Ginger rhizomes were washed thoroughly with tap water to remove sand and dirt. The ginger 
was cut into tiny pieces using a knife. All samples so prepared were then dried in an air-
circulating oven at a temperature of 40 0C in the laboratory and grinded manually into power, 
using a grinder and screened into different particle size ranges using a set of sieves (1200, 
850, 650, 425 and 250μm). The grinded samples were stored in an air-tight polythene bag as 
stock sample in a cool dry place until required for extraction.  
 
Extraction of Ginger Oleoresin  
Ten grams (10g) of 1200μm powdered ginger was placed directly into a round bottom flask 
containing 100ml of the solvent (95% ethanol); the round bottom flask was placed in a hot 
water bath which sat on a combined hot plate and stirrer. The solvent and ginger was stirred 
throughout the extraction time of 10min. The temperature was kept constant at 40±2oC and 
the system was operated at atmospheric pressure. After the extraction, the solvent was 
recovered by distillation method using a soxhlet extractor to obtain a solvent free oleoresin. 
The recovered oleoresin was then cooled and weighed. The same procedure was repeated 
using various time of 20, 30, 40, 50, 60 and 70 minutes.  The extraction was carried out for 
other particle size ranges 850, 600, 425 and 250μm of the ginger powder using the same 
conditions and procedure to study the effect of particle size.  
 
Kinetic Studies 
The mass transfer of oleoresin during solvent extraction can be described by a first order 
model (Ozkal et al., 2005). The kinetics model equation is: 
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    (i) 
Where; 
Y = g of oleoresin extracted per 100 g dry ginger (initially at time, t= 0, Y = 0) 
K = the maximum g of oleoresin which can be extracted in the process per 100 g dry ginger 
t = the extraction time (min), and τ is the time constant for the process (min). 
This model is a lumped form of Fick’s Law of Diffusion (Halim et al., 2012). Solving the 
differential equation gives: 
 

1      (ii) 
 
The maximum yield (K) and time constant (τ) depend on the solvent used and the ratio (R, 
amount of solvent used per g dry ginger used). This equation matches Patricelli et al. (1979) 
model without a washing stage. 
 
An algorithm in Matlab software was used to write an algorithm to curve fit the experimental 
data collected into the theoretical models stated in Equation ii. From which the curve fitted 
was then subjected to statistical analysis, the validity and accuracy of the model developed 
were examined using R-squared and Adjusted R-squared value. This was done for different 
sets of experimental data collected for the different particles sizes. 
 
The oleoresin extracted was then characterized using FTIR (ABB3000) at the Center for 
Mineral Research and Development, Kaduna Polytechnic, Kaduna, Nigeria. 
 
RESULTS AND DISCUSSIONS 
The ginger was identified as zingeber officinale (card number: 2261). Proximate analysis of 
the ginger rhizome is as shown in Table 1. 
 
Table 1: Proximate Analysis of Dry Ginger Rhizome  

Nutrients  Composition 
(%) 

Moisture content 6.41 
Crude Carbohydrate 59.76 
Dietary fiber 9.74 
Crude Protein  9.82 
Crude Fat 8.81 
Ash  5.46 
Values are average of three replications.  

 
The proximate composition of the dry ginger rhizome (Table 1) compares favourably with 
those in literature, with a slight variation. These variations could actually be attributed to the 
species of the ginger, season, climate and storage condition. The dry ginger sample has a 
high total carbohydrates content of 59.76% and crude fiber content of 9.74%. It showed a 
moisture content of 6.41% which is lower compared to that obtained by El-Ghorab et.al. 
(2010), but closely similar to that obtained by Otunola et al. (2010). It has a protein content 
of 9.82%, the protein content is very important from the nutritional point of view. The works 
of Mbaeyi-Nwaoha et al. (2013) and Otunola et al. (2010) showed a relatively low protein 
content compared to this value, while some others Latona et al (2012) showed higher value. 
It should be noted that the low moisture content of the ginger samples significantly raises the 
other constituents. The crude fat content of the dry ginger sample was 8.81%, whereas the 
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ash content is 5.46%, which is comparable to values obtained in literature 6.1% (El-Ghorab 
et al. 2010). 
 
Effects of Extraction Time and Particle Size on Oleoresin Extraction from Ginger 
The effect of particle size (Y) and extraction time (x) were evaluated with the aid of the 
statistical plot represented on Figure 1 which shows the relationship between various 
variables.  

 
Figure 1: Plot of Yield against Time 
 
The extraction curves in Figure 1 indicated the exponential increase of extraction rate for all 
the examined particle classes (range 250 to 1200 microns). The highest yield of extracted 
oleoresin was obtained during extraction from the smallest particle class (250 microns) in the 
amount of 10.4% at 70mins; this could be attributed due to the large surface area possessed 
by the smaller particle size. The lowest yield of 8.6% was obtained in the case of the biggest 
particle size class (1200-850 microns) at 70mins. It was observed that the yield of 5.7, 6.2, 
7.9, 8.3 and 9.5% were obtained for 1200, 850, 600, 425 and 250 microns respectively after 
10 minutes of extraction which confirms that the lower particle size class of 250 microns gave 
a highest yield.  
 
In addition to that, high initial rate of oleoresin extraction (first 10 min) can be seen from 
extraction curves, followed by slower extraction rate, and asymptotically approaching the 
equilibrium concentration. This could be due to the concentration gradient of solute and the 
viscosity of the solvent.  
The results of the coefficients of the model developed, R-squared value and Adjusted R-
squared value from the model validation analysis carried-out in Matlab are presented on Table 
2. 
 
Table 2: Model Parameters for Different Particle Size of Ginger using Ethanol as 
solvent 

Particle size 
(microns) 

K  τ R-Square Adj. R-Square 

1200 8.457 10.22 0.9259 0.9111 
850 9.192 9.851 0.9309 0.9171 
600 9.686 7.03 0.9437 0.9324 
425 10.29 6.315 0.9622 0.9546 
250 10.32 4.031 0.8519 0.8223 
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From the results presented in Table 2, it can be deduced that the K (the maximum g of 
oleoresin which can be extracted in the process per 100 g dry ginger) decreases as the particle 
sizes of the ginger increase which agrees with curve presented on Figure 2 (showing the effect 
of particle size on yield). It was found that 250 micron recorded the highest maximum 
extractable oleoresin from a 100 g of dry ginger as 10.32  while 1200 micron recorded the 
least as 8.457  oleoresin per 100 g of dry ginger. 
 
Also, it was deduced from Table 2 that the higher the particle size of the ginger, the larger 
the time constant (τ) becomes. That is, as the particle size rises from 250, 425, 600, 850 to 
1200 microns, their time constant values increases from 4.032, 6.315, 7.030, 9.851, to 10.22 
minutes respectively. From which it was concluded that 1200 microns recorded the highest 
time constant while 250 microns recorded the least time constant. 
Moreover, Table 2 shows that the extraction yield model for 1200, 850, 600, 425 and 250 
microns shows R-squared values of 92.6, 93.1, 94.4, 96.2 and 85.2% while the adjusted R-
squared values were 91.1, 91.7, 93.2, 95.5 and 82.23% respectively.  
 
Based on the R-squared and adjusted R-squared values in Table 2, it can be concluded that 
model for the extraction of oleoresin from 425 microns ginger will give a best prediction and 
its output will be reliable due to its high R-squared and adjust R-squared value recorded as 
96.2 and 95.5 % respectively. Although, other models for 1200, 850 and 600 microns will also 
give good predictions but it cannot be compared to that of 425 microns. 
 
FTIR Analysis 
The characteristic absorption bands in the infrared absorption spectrum of gingerol is shown 
in Figure 2 and a summary of the description of the characteristic IR bands for gingerol are 
described in Table 3. Similar results were reported by Purnomo et al. (2010) and Jayanudin 
and Rochmadi (2017) on FTIR analysis of ginger extract. 
 
 

 
Figure 2: FTIR spectra of the ginger oleoresin. 
 
CONCLUSION 
This work showed that for each particle size, yield of oleoresin increases with increasing 
extraction time up to an optimum time after which the yield remained constant. Also, the 
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optimum extraction was found to increase with decreasing particle size: thus, the Patricelli’s 
parameter K was found to be particle size dependent, i.e. smaller particle size range (< 250 
microns) favored greater yield with K-value of 10.32 and a lower τ value of 4.031, the kinetics 
of extraction showed a good fit of the model used with an R2 value of 0.9622. The kinetics of 
the extraction showed a good fit to the Patricelli equation. 
 
Table 3: Functional groups of ginger oleoresin analyzed using FTIR 

No. Wavelength 
(cm-1) 

Vibration 
type 

Functional 
groups 

1 633 O-H bend Phenol 
2 926 =C-H bend Alkene 
3 1265, 1049 C-O stretch Ether (R-O-R) 
5 1373 C-O bend Alkanes 
6 1404 CH stretch C=C aromatic 
7 1636 C=O Stretch Ketones 
8 2924 OH stretch; H-

bonded 
Carboxylic acid 
(RCOOH) 

9 3348 OH stretch; H-
bonded 

OH 
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ABSTRACT  
The study aim to maximize the extraction of oleoresin from ginger (Zingiber officinale) through 
the statistical optimization of three influential process parameters temperature (°C), extraction 
time (min) and solid-liquid ratio (g/100ml using ethanol as solvent. Response Surface 
Methodology (RSM) was employed to design experiments and study the interaction effects of 
these parameters on the extraction process. Analysis of Variance (ANOVA) was used for the 
analysis of regression coefficient, prediction of equation and case statistics. The optimum 
conditions for the maximum yield of oleoresin from each gram of ginger were found to be 
43.25 °C, 42.1 minutes and 11.30g/100ml respectively. The order of relative importance of 
these three parameters was: solid-liquid ratio > temperature > time. Total phenolic content 
of the extracted oleoresin using optimized parameters was 126mg/l determined using Folin-
Ciocalteau colorimetric method. 
 
Keywords: Extraction, Ginger, Optimization, RSM, Oleoresin, Yield, Phenolic.  
 
Introduction  
Ginger is well known spice for its medicinal properties and health benefits through ages in 
almost all system of medicines against many diseases and infections. Ginger is the 
underground rhizome of the ginger plant with a firm, striated texture. Most Zingiberaceae 
family spices are fibrous rooted perennial herb which is widely cultivated in some tropical 
regions such as India, China, Nigeria, Australia and Jamaica (Bartley and Jacobs, 2000).  
 
Ginger species possesses aromatic properties and has a commercial importance. There are 
two extracts of ginger, essential oil which varies from 0.8–4.2% and oleoresin in the range of 
about 5-8% depending on its origin habitat and agronomic treatment of culture (Azian et al., 
2001). The pungent taste of ginger rhizome is due to its oleoresin content, which is an oily 
viscous liquid containing oxymethyl phenol like shagoal, zingerone and gingerol that are 
probably responsible for its antioxidant property (Mbaeyi-Nwaoha et al., 2013). Oleoresin 
compounds, such as 6-gingerol and its derivatives obtained from the root of ginger possess 
high antioxidant activity (Stoilova et al.,2007).  
 
The antioxidants are micronutrients that have gained interest in recent years due to their 
ability to neutralize the actions of free radicals (Carenas and Packer, 1996). Mbaeyi-Nwaoha 
et al., (2013) states that free radicals are potentially harmful products generated during a 
number of natural processes in the body, and are associated with the ageing of cells and 
tissues. Ginger oleoresin reproduced the character of the respective ginger and ginger oil fully. 
It contains the volatile and the non-volatile constituents of the spices. It can replace whole 
ground ginger without impairing any flavor and aroma characteristics. Ginger oleoresin has 
widespread uses as a flavoring agent in foods, beverages, and medicines. The increased 
prominence of oleoresins over natural spices is due to increased economy in use, more 
uniform flavor and concentration, and lack of microbial contamination.
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Research has shown that there is a scientific curiosity and certain popularity with regard to 
screening essential oils and extracts from plants to detect natural compounds characteristics 
and antioxidant activity as well as antimicrobial activity, used medicinally all over the world 
(Hassan et al., 2012).  
 
Solvent extraction is a widely employed technique designed to separate soluble polyphenols 
from plant tissue using a solvent. Commonly used solvents for extraction of oleoresin from 
plant tissue are water, ethanol, methanol; acetone etc. (Jakopic et al., 2009). The poly-
phenolic components in ginger are proven beneficial in treating health problems. But recovery 
of the poly-phenolic components at the same time has not been possible by conventional 
separation processes, because of longer contact time of extraction and thermal degradation 
of the active components. 
 
Response surface methodology (RSM) is a statistical technique used to determine the optimum 
values of the independent variables to achieve the maximum response, and enables the user 
to investigate the interaction of the individual variables, which is considered more efficient 
than the traditional single parameter optimization because of the saving in time, space, and 
raw materials. Jung-Hoon et al.,(2014). For these reasons, RSM has been employed in the 
extraction of chemical compounds from herbal medicines (Hossain et al., 2011). 
 
In this research, Solvent extraction was adopted for extraction of oleoresin from ginger 
rhizome. The effect of temperature, time, and solid-liquid ratio was investigated using ethanol 
as solvent. The extraction process was optimized in terms of oleoresin yield using statistical 
analysis. Implementation of optimized process parameter will lead to effective extraction 
process. 
 
Design of Experiments for Extraction 
The experimental design was chosen to study the optimization of three selected parameters: 
temperature, time and solid/liquid ratio. Yield optimization was carried out based on the 
experimental matrix defined using Box-Behnken Design approach (BBD). The experimental 
design was developed using STATISTICA 7 software. The design has 3 factors, 1 block and 
15 runs. The coded and uncoded levels of the independent variables were shown in Table 1.  
 
Table 1: Box-Behnken Design Variables for Ginger Oleoresin Extraction. 

Independent variables Symbol Coded levels 
Coded Uncoded -1 0 1 

Temperature, oC X1 Z1 30 40 50 
Time, min. X2 Z2 20 40 60 

Solid-Liquid ratio, g/100ml X3 Z3 10 20 30 
The relationship between the output response and the input process variables (temperature, 
time and solid/liquid ratio) are defined using RSM modeling approach. 
 
Materials and Methods 
The ginger rhizomes used for the extraction of oleoresin was sourced from Kachia local 
government area in southern part of Kaduna state, South-Central region of Nigeria. The ginger 
sample was identified at Biological Science Department of Ahmadu Bello University (ABU) 
Zaria. Other materials used were distilled water, ethanol, and were sourced from Chemical 
Engineering Department of ABU Zaria Nigeria. 
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Ginger pre-treatment 
Ginger rhizomes were washed thoroughly with tap water to remove sand and dirt. The ginger 
rhizome was cut into tiny pieces using a knife. The sample so prepared was then dried in an 
air-circulating oven at a temperature of 40OC in the laboratory and ground manually into 
power, using a mortar and pestle. The powdered ginger was sieved using a set of sieves to 
obtained different particle size range. A particle sized range of 425- 250µm was used. The 
sample was stored in an air-tight polythene bag as stock sample in a cool dry place until 
required for extraction. 
 
Extraction of Oleoresin 
The dry ginger powder was put directly into the solvent (95% ethanol) and heated under 
reflux inside a round bottom flask. The round bottom flask was placed in a hot water bath 
which sat on a combined hot plate and stirrer. A water bath makes temperature control easy 
and it ensured uniform heating. The solvent and the ginger mixture were stirred throughout 
the extraction. The round bottom flask had three ports. The water cooled condenser was 
connected directly to the round bottom flask using one of the ports. The other ports were 
used to insert/remove a thermometer for checking the temperature. The system was operated 
at atmospheric pressure. The operating conditions for the extraction are done according to 
the design of experiment shown in Table 1.  After extraction, the round bottom flask was 
allowed to cool down, the ginger oleoresin were then separated using filtration. Whatman 
number 1 filter paper was used for the filtrations. After filtering, the oleoresin and solvent 
were recovered using a soxhlet extractor. The mass of oleoresin recovered were determined 
and used to calculate the extraction yield. 
 
Determination of Total Phenolic Contents 
The total phenolic content of oleoresin was determined using Folin-Ciocalteu reagent as 
described by Singlaton and Rossi (1965). Sample was inserted into a test tube and mixed 
thoroughly with 5ml Folin-Ciocalteu reagent (pre-diluted 10 times with distilled water). After 
5 min, 4 ml of 7.5% sodium carbonate (Na2CO3) was added and allowed to react for 2hrs at 
room temperature. The absorbance was measure at 765 nm using spectrophotometer (6061 
Jenway, England). Determination of total phenolic compounds was carried out in a duplicate 
and calculated from the calibration curve obtained with gallic acid, which was used as a 
standard and results were expressed as mg GAE/l.  

 
RESULTS AND DISCUSSION 
The ginger sample was identified as zingeber officinale (card number: 2261).  
 
Response Surface Methodology Modeling of Ginger Oleoresin Production 
The result of optimization of yield of oleoresin produced for each experimental run of the input 
parameters (temperature, time and solid/liquid ratio) using ethanol as a solvent are shown in 
Table 2. The experimental and predicted values for the response parameter (yield) at the 
design points and all the three variables in coded form are shown. 
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Table 2: Input Parameter for Oleoresin Extraction at Various Runs and Yield  
Run Temperature(o 

C) 
Time 
(min) 

Solid/liquid ratio 
(g/100ml) 

Experiment
al yield 

Predicted 
yield 

1 30 20 20 7.10 7.16367 
2 50 20 20 7.95 8.88617 
3 30 60 20 7.00 7.71117 
4 50 60 20 9.57 9.43367 
5 30 40 10 9.00 9.74492 
6 50 40 10 12.20 11.46742 
7 30 40 30 5.60 5.12992 
8 50 40 30 5.870 6.85242 
9 40 20 10 10.00 10.33242 
10 40 60 10 10.50 10.87992 
11 40 20 30 5.80 5.71742 
12 40 60 30 5.97 6.26492 
13 40 40 20 9.30 8.29867 
14 40 40 20 9.32 8.29867 
15 40 40 20 9.30 8.29867 

The predicted values obtained from the model fitting technique were seen to be sufficiently 
correlated to the observed values. 
 
 Figure 2 Presents the plot of observed verses predicted values of the model. 

 
Figure 2: Plot of predicted values versus actual (observed) values of oleoresin yield 
 
Multiple Regression Summary of Optimum input Parameter for Ethanol Extract  
The input values of temperature (A), time (B) and solid-liquid ratio (C) in coded and uncoded 
term are presented in Table 3.  
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Table 3: Multiple Regression Summary of Optimum input Parameter for Ethanol 
Extract 

Factor Coded optimum 
parameter(X) 

Uncoded optimum 
parameter(Z) 

Temperature 0.324914 43.2491 
Time 0.103275 42.0655 

Solid/ Liquid Ratio -0.870526 11.2947 
 
The general model equation in term of the actual (uncoded) factor is shown in Equation (1) 
  

	 8.19083 0.6672 	 0.08610 	 00.27408 	 0.00215 	 0.00733
0.00041 	 0.00651 0.00188 0.00488    (i) 
 
Analysis Of Variance for Ethanol Extract 
Statistical analysis of the model was performed. ANOVA is used to check the adequacy of the 
empirical model. The results of ANOVA for fitting the quadratic response surface model by a 
mean square method are summarized in Table 4.  
 
Table 4: ANOVA for Response Surface quadratic Model 
Factor SS DF Mean 

Square 
F-value  P-value 

A-Temp   5.93401 1 5.93401 137.4303 0.000079 
A2 1.56400 1 1.56400 36.2219 0.001821 
B-Time  0.59951 1 0.59951 13.8846 0.013624 
B2 2.08154 1 2.08154 48.2080 0.000952 
C- S/L Ratio  42.59645 1 42.59645 986.5237 0.000001 
C2 0.88050 1 0.88050 20.3922 0.006307 
AB 0.73960 1 0.73960 17.1290 0.009008 
AC 2.14622 1 2.14622 49.7061 0.000887 
BC 0.02723 1 0.02723 0.6305 0.463166 
Lack of Fit 0.21563 2 0.07188 59.1 0.42600 
Pure Error  0.00027 3 0.00013   
Total SS 56.20957 14    
R2= 0.99616         R2adj =0.99925 

 
The significance of each of the coefficients are checked from p-values (probability of error 
value), which also indicates the interaction strength of each parameter. According to Table 4 
the p-value of the model is <0.05, demonstrating high significance in predicting the response 
values and the suitability of the model. The high F-value with very low p-value indicated the 
high significance of the fitted model. The value of regression coefficient R2 for the model was 
0.99616 and adjusted R2 is 0.99925 both indicating good fit of the model with an insignificant 
lack of fit. 
 
Figure 3 presents the Pareto chart of the standardized effect for oleoresin yield response.  
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Figure 3: Pareto Chart of Standard Effects.  
 
From Figure 3 it can be observed that all the linear effect, all the quadratic effect and all the 
interactive effect are significant because the p-values are less than 0.05. The largest effects 
are linear terms of solid-liquid ratio and temperature because they extend the farthest. The 
quadratic effects of solid-liquid ratio, temperature and time are less significant.  
The Response surface plots in Figure 4, 5 and 6 Show the variation of the percentage oleoresin 
yield with respect to the variables for extraction using ethanol. 
 

 
Figure 4: Effect of temperature and time on oleoresin Yield  
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Figure 5: Effect of S/L ratio and temperature on oleoresin Yield  
 

 
Figure 6: Effect of Solid/Liquid ratio and Time on oleoresin Yield 
 
The response surface plots shown in Figure 4-6 show the optimal condition between 
independent variables in different fixed parameters. The 3D plots shows the effect of 
interaction among the variables, extraction time and temperature, solid-liquid ratio and 
temperature and solid-liquid ratio and extraction time on yield of oleoresin respectively. From 
the Figures, it can be seen that the oleoresin yield increases with decrease in solid-liquid ratio 
and increases with increase in temperature and extraction time. 
 
Table 5: Physical Properties of Oleoresin  
Properties Oleoresin Extracted Oleoresin Requirement 

(BIS)  
Odour Spicy and aromatic Spicy, sweet and aromatic 
Colour Dark brown Dark brown or reddish brown 
Appearance Viscous liquid Viscous liquid 
Density  0.8579 - 
Specific Gravity at 30oC 0.8604 0.8640 – 0.8758 
Refractive Index at 
27oC 

1.4879 1.4880 – 1.4970 

Phenolic Content 
(mg/l) 

126 - 

 
From Table 5 all the values of the physical properties fall within the requirements for ginger 
oleoresin reported by the Bureau for Indian standard (1996). The ginger oleoresin has a total 
phenolic content of 126mg/l compared to 136 mg/l reported by (Ercan et al., 2016). This 
study showed that the ginger oleoresin demonstrated effective antioxidant properties and its 
consumption may reduce or delay the progression of diseases that oxidate stress to take place 
due to lack of antioxidant supplement. 
 
CONCLUSIONS 
The optimal values of the parameters that maximizes the oleoresin yield are; temperature, 
extraction time and solid-liquid ratio; 43.25°C, 42.1min and 11.30g/100ml using ethanol 
solvent with an optimum yield of 11.4110% respectively. The most significant effect is the 
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linear effect. The quadratic effect and the interactive effects of all the parameters are less 
significant. The order of relative importance of these parameters are Solid-Liquid Ratio > 
Temperature > Time.  
 
REFERENCES 
Azian N.M., Sazalina M. S. and Rizan H. M. R.(2001). Essential Oil and Active Ingredients 
Extraction from Ginger Plants. Annual Progress Report Centre of Lipids Engineering and 
Applied Research. Kuala Lumpur, Malaysia 
Bartley J.P. and Jacobs A.L.(2000). Effects of drying on flavor compounds in Australian- grown 
ginger (Zingiber officinale). J. Sci. Food Agric. (80): 209–215 
Bureau of Indian standards (1996). Indian standard specification for ginger oleoresin, Zafar 
Marg,  New Delhi, India 
Carenas E. and Packer L. (1996). Hand Book of Antioxidants. Plenum, New York. 127-131 
Ercan B., Ekram K. and Ilhami G. (2016). Antioxidant activity and phenolic compounds of 
ginger (Zingiber Officinale rosc.) root determined by holc and ms/ms. Journal of food 
measurement and characterization. Doi: 10.1007/s11694-016-9423- 
Hasan H.A., Rasheed R AM, Abd Razik B.M, Rasool Hassan B.A (2012). Chemical Composition 
and Antimicrobial Activity of the Crude Extracts Isolated from Zingiber Officinale by Different 
Solvents. Pharmaceut Anal Acta (3): 184 
Hossain M.B., Barry-Ryan C., Martin-Diana A.B., Brunton N.P.(2011). Optimization of 
Accelerated Solvent Extraction of Antioxidant Compounds, From Rosemary (Rosmarinus 
officinalis L.), Marjoram (Origanum majorana L.) and Oregano (Origanum vulgare L.) using 
Response Surface Methodology. Food Chem, (126): 339–346. 
Jakopič, J., Veberič, R., Štampar, F. (2009): Extraction of phenolic compounds from green 
walnut fruits in different solvents. Acta Agriculturae Slovenica, 93 (1):11 – 15. 
Jung-Hoon K., Hyeun-Kyoo S., and Chang-Seob S., (2014). Optimization of the Extraction 
Process for the Seven Bioactive Compounds in Yukmijihwang-Tang, An Herbal Formula, using 
Response Surface Methodology, Pharmacogn Magazine. 10(3): S606–S613. doi: 
10.4103/0973-1296.13979 
Mbaeyi-Nwaoha, I.E., Okafor, G.I. and Apochi, O.V., (2013). Production of oleoresin from 
ginger (Zingiber officinale) peels and evaluation of its antimicrobial and antioxidative 
properties, African Journal of Microbiology Research, 7(42): 4981-4989, DOI: 
10.5897/AJMR2013.6125 
Mukherjee S., Mandal N., Dey A., and Mondal B. (2014). An approach towards optimization of 
the extraction of polyphenolic antioxidants from ginger (Zingiber officinale), J Food Sci 
Technol. 51(11): 3301–3308. 
Singlaton V. and Rossi J. (1965). Colorimetry of Total Phenolic Compounds with 
Phosphomolybdic-Phosphotungstic Acid Reagents. American Journal of Enology and 
Viticulture. (16): 144-158 
Stoilova I., Krastanov A., Stoyanova A., Denev P. and Gargova S., (2007). Antioxidant Activity 
of a Ginger Extract (Zingeber Officinale). Food Chem, (102): 764—770. 



Proceedings of the 49th NSChE Annual Conference  
KADA 2019: pp 587-593 

©Copyright: Nigerian Society of Chemical Engineers 
All Rights Reserved. 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              587	|	P a g e 	
	
	
	

P3B-03: STUDY ON THE EFFECTS OF PARTICLE SIZE ON THE YIELD OF 
ESSENTIAL OIL EXTRACTED FROM EUCALYPTUS (CITRIODORA) USING PILOT 

PLANT STEAM DISTILLATION TECHNIQUE 
*1Akuso, S. A., 1Kabiru M., 1Victor O., 1Abubakar, G., 1Nwobi, B. E., 2Apugo-

Nwosu, T. U., and 1Batari, M. L. 
1National Research Institute for Chemical Technology (NARICT), Zaria, Kaduna State 

2Department of Chemical Engineering, Michael Okpara University of Agriculture, Umudike, 
Abia State 

*Corresponding author: alkaliakuso@gmail.com or alkalisamuel1962@yahoo.com  
  
ABSTRACT 
The effect of particle size on volume and yield of oil extracted from eucalyptus leaves 
(citriodora) with time was studied using steam distillation technique via a pilot plant. The 
effect of particle sizes of 10, 20, 30, 40 and 50 cm of the eucalyptus leaves were used to find 
the best particle size that could achieve maximum oil yield. The results showed that particle 
size of 10 cm for 60 minutes extraction gave the highest percentage yield of oil (0.6177 wt 
%) compared to particle size of 50 cm with percentage yield of oil (0.3291 wt %) for the same 
extraction time of 60 minutes. The results showed that, increasing extraction time beyond 
sixty minutes had no effect on the amount and yield of the oil as long the capacity of the tank 
remains constant. Physicochemical properties of the extracted oil revealed that; refractive 
index at 25oC was 1.4425, specific gravity at 25oC was 0.9015 and acid value was 19.465 
ml/gram. 
 
Keywords: Essential Oil, Eucalyptus (citriodora) leaves, Extraction, Oil yield, Particle size, 
Steam Distillation Technique,  
 
INTRODUCTION 
Essential oils are volatile, natural base products, which are found in spices, aromatic and 
medicinal plants. The extraction of essential oils is well known from ages when pure essential 
oil and crude extract of essential oil bearing plants, herbs and grasses were in use for various 
medicinal and fragrances, flavors, preservatives and insect repellants purposes [1-2], flavoring 
chemicals, aromatic in pharmaceutical products, food, perfume and industrial [3]. Eucalyptus 
plant is commonly grown in tropical and sub-tropical regions because of its resistance to many 
pest and adaptability to various climatic conditions. These include South Africa, China, Congo 
Republic, Angola, India and West Africa.  The plant has up to 700 species and can grow as 
high as 40 m tall in an altitude of 600 m. The principal component of the essential oil extracted 
from eucalyptus citriodora leaf is cineola which is up to 70 - 80%.  The oil is mainly used in 
medicinal, industrial and perfumery applications. The yield of essential oil is naturally 
constrained (usually less than 2 %) but with high market value [4]. Eucalyptus oil has many 
biological effects such as, antiviral, antifungal and antibacterial components and also uses 
against the effect of influenza, cold, arthritis and other respiratory infection, rhinitis and 
sinusitis [3, 5]. 
 
Inspite of the abundant deposit of untapped raw materials for the production of essential oils, 
Nigeria is still importing essential oils to meet the demand of the end users of the product. 
This study aimed at investigating the effect of particle size on the yield of essential oil from 
plant material eucalyptus (citriodora) leaves by steam distillation using pilot plant. 
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MATERIALS AND METHODS 

 
Material Sourcing and Preparation 
Fresh eucalyptus citriodora leaves were obtained from National Research Institute for 
Chemical Technology (NARICT) plantation in Zaria, Kaduna State, Nigeria. The leaves were 
pretreated and freed from foreign (dirt) materials. 15 kg each of the eucalyptus leaves of 
particle sizes of 10, 20, 30, 40 and 50 cm were weighed for five batch operations. Figure 1 
shows picture of eucalyptus citriodora leaves plant. 

 
Figure 1: Eucalyptus citriodora leaves 

 
Extraction of Essential Oil 
The experimental pilot plant set-up for steam distillation extraction as shown in Figure 2 is 
situated at National Research Institute for Chemical Technology (NARICT), Zaria-Kaduna 
State, Nigeria. The plant consists of cylindrical tank still, condenser, steam generation and 
cooling water units. 25 litres of water was charged into the steam generation unit of the tank 
still which is situated directly at the bottom of the tank still. The oil extraction chamber is 
separated from the boiler section by a stainless steel weir mesh.  15 kg of the leaves was then 
charged into the tank still from the top and the lid was properly tight to avoid steam-oil 
leakage. The fuel used is fire wood as source of energy to generate the steam used in the 
extraction. The extraction time of the process was sixty minutes per batch operation. 
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          Figure 2: Essential oil extraction pilot plant set-up 
  
The steam generated from the boiler section travelled across the packed bed of leaves and 
ruptured the plant cell and extracted the oil which was carried away by the stream of steam 
to the condenser. The flow of steam-oil mixture in the condenser and cooling water was 
counter current for effective condensation. The condensate (oil-steam water mixture) was 
collected in a separating flask at various time intervals and separated through decantation 
process as shown in Figure 3. The volume of oil collected were determined every sixty minutes 
and recorded.  

 
 

Figure 3: Separating process of essential oil and water 
 
The block diagram for the extraction of essential oil using steam distillation pilot plant is as 
shown in Figure 4 below. 
 
Determination of Physicochemical Properties of the Extracted Oil 
Physicochemical properties of the extracted essential oil from eucalyptus leafy plant such as 
refractive index, specific gravity, solubility in ethanol and acid value were determined 
according to the methods described by [3, 6]. 
 
RESULTS AND DISCUSSION 
Effect of Particle Size on Oil Volume 
The effect of particle size was studied for five different samples of 10, 20, 30, 40 and 50 cm 
per batch of production cycle of sixty minutes until equilibrium was reached. As seen from 
Table 1 below that the amount of essential oil extracted was higher for particle size of 10 cm 
when compared to the largest particle size of 50 cm. This shows that particle size has a 
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significant effect on the amount of oil extracted as long the capacity of the tank still remains 
constant. The higher the particle size the more the packing density of the plant material in 
the tank still which results in resistance to flow of steam and oil across the packed bed. In 
each extraction circle, the oil collected, extraction time, weight and yield of oil were all 
recorded as shown in Table 2 below. The same procedure was repeated for 20, 30, 40, and 
50 cm of particle sizes of leaves. The weight (wt) and percentage yield (%) of the extracted 
oil was calculated using Equations (1) and (2) below.  
 

 
  

Figure 4: Block diagram of essential oil extraction 
 
  Table 1: Oil volume (ml) extracted at various particle sizes 

S/N Time 
(minute) 

Oil volume (ml) at various particle sizes of leave  
10 cm 20 cm 30 cm 40 cm 50 cm 

1 10 21 17 13 11 9 
2 20 55 48 31 27 21 
3 30 78  67 44 40 37 
4 40 95 84 56 52 48 
5 50 105 91 66 61 56 
6 60 107 93 67 62 57 

 
 

Weight	of	oil density	of	oil volume	of	oil                                             (1) 

Oil	Yield	 % 	
Weight	of	oil		
Weight	of	leaves

	x	100																																																												 2  
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 Table 2: Oil yield (%) extracted at various particle sizes 

S/N Time 
(min) 

Weight and oil yield at various particle sizes of leave (%) 
10 cm 20 cm 30 cm 40 cm 50 cm 

  Wt Yield Wt Yield Wt Yield Wt Yield Wt Yield 
1 10 18.18 0.1212 14.72 0.0981 11.26 0.0751 9.53 0.0635 7.79 0.0520 
2 20 47.63 0.3175 41.57 0.2771 26.85 0.1790 23.38 0.1559 18.19 0.1212 
3 30 67.55 0.4503 58.02 0.3868 38.10 0.2540 34.64 0.2309 32.04 0.2136 
4 40 82.27 0.5485 72.74 0.4850 48.50 0.3233 45.03 0.3002 41.57 0.2771 
5 50 90.93 0.6062 78.81 0.5254 49.50 0.3810 52.83 0.3522 48.50 0.3233 
6 60 92.66 0.6177 80.54 0.5369 58.02 0.3868 53.69 0.3579 49.36 0.3291 

 
Effect of Particle Size on Oil Yield 
The results presented in Figure 5 shows that the yield of the oil extracted decreases with 
increase in particle size. There was an increase in the oil yield to a maximum value of 0.6177 
wt % due to reduction in particle size. Further increase in the particle size resulted in a 
decrease in the oil yield. It was also observed from Figure 5 below that the minimum particle 
size of 10 cm has maximum oil yield whereas the larger particle size of 50 cm has minimum 
oil yield of 0.3291 wt %. This could be attributed to the fact that the smaller particle size has 
greater interfacial surface area between the leaves and surrounding space within the tank still 
and therefore the rate of diffusion of the oil-steam mixture was higher as compared with 
larger particle size that are high in packing density which resulted to less amount of oil being 
transferred from inside the larger particle to the surrounding tank still. The results were in 
agreement with the report obtained by [5-6].  

 

 
Figure 5: Effect of particle size on oil yield as a function of time. 

 
Physicochemical Properties of Eucalyptus Oil Extracted 
The physicochemical properties of eucalyptus oil extracted using steam distillation pilot plant 
were as shown in Table 3 below as determined according to the methods described by [3-4]. 
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The results from this study indicated that refractive index was 1.4425, specific gravity was 
0.9015 and acid value was 19.465 ml/g which are in agreement with the results obtained by 
[6-7]. 
Table 3: Physicochemical properties of eucalyptus oil extracted values and unit 

Physical properties Results Unit Standard values 
Colour Pale yellow - Pale yellow 
Odour Aromatic - Aromatic and camphoraceous 
Taste Spicy - Spicy 

Solubility in alcohol Soluble - Soluble in alcohol 
Molecular formula C10H18O - C10H18O 
Refractive index at 

25oC 
1.4425 - 1.4550 – 1.4670 

Specific gravity at 25oC 0.9015 - 0.9060 – 0.0.9250 
Acid value 19.465 ml/gram 19.635 

 
CONCLUSIONS 
The results showed that the yield of oil was more with smaller particle sizes of eucalyptus 
leaves and vice versa. Particle size of 10 cm gave oil yield of 0.6177 wt %, while particle size 
of 50 cm gave less oil yield of 0.3291 wt % all within the same amount of time sixty minutes. 
Smaller particle sizes has high diffusion rate of the oil from inside the packed bed of materials 
compared with the larger particle sizes which resulted in low oil yield. From Figure 5, we can 
see that increasing time of extraction beyond sixty minutes has little or no effect on the 
amount and yield of the oil extracted. Physicochemical properties of the extracted oil were 
determined among other parameters has refractive index at 25 oC was 1.4425, specific gravity 
at 25 oC was 0.9015 and acid value was 19.465 ml/gram, these are in agreement with 
literature values obtained by [6-7]. 
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RECOMMENDATION 
A further study on the quality of extracted essential oil from the eucalyptus using GC-MS 
and HPLC should be investigated.  
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ABSTRACT 
The primary objective of the study was to simulate and analyse low-temperature CO2 removal 
process with an integrated gas power plant using Aspen HYSYS. The energy efficiency of the 
process as well as sensitivity analysis of the operating conditions and economics of the process 
were also examined. The simulation result indicated that concentration of CH4 increases from 
60.233to95.848 mol. % with a recorded 0.0062% CH4 loss, while CO2 increases from 37.467 
to99.815 mol.% in the liquid CO2 stream. Also, the net power generation of the process is 
23035.97kW with a thermal efficiency of 47.387%. The sensitivity analysis of the operating 
conditions showed that fuel pressure, temperature and compressor exit pressure affect quantity 
of power generated.Furthermore, the specific investment cost of the combined low temperature 
biogas upgrading technique and the integrated power plant is US$ 1,661,705.53/MW of power 
generated, which showed that biogas utilization for power generation is a viable option to mitigate 
power challenges in Nigeria. 
 
1.0 INTRODUCTION 
Globally, energy is recognized to be an indispensable part of any developed economy. It has been 
a fundamental factor in the poverty alleviation effort of any society (Aderemi et al., 2009). The 
availability and access to energy are ingredients of national development and improvement in the 
standard of living of any nation. However, global energy demand has continued to rise due to 
economic and population expansion, while availability and access to energy are dwindling. The 
present energy system is greatly dependent on fossil fuels such as coal, oil and gas. The 
dependence on fossil fuels and derivatives as the main source of energy has led to global warming 
and its attendant adverse climatic changes which have led to ice melting and sea level rise, 
environmental degradation and pollution with its adverse effects on public health (Eze and Agbo, 
2010). These challenges have led to global efforts on sustainable, “green” energy.  
 
In the global push for sustainable energy alternatives, Africa cannot be left behind due to the 
energy challenges to its socio economic development. It is indeed unfortunate that less than 43% 
of the total population of 21 sub-Saharan African countries have access to electricity (Moussa and 
Malcolm, 2019). Thus, the need for sustainable energy generation from renewable local resources 
cannot be over emphasized. In addition to its considerable deposits of fossil fuels, the continent’s 
floral diversity and abundance, sunshine and winds give it potential for the production of 
sustainable energy. Nigeria, the most populous country on the African continent remains stunted 
economically due to inadequate and epileptic electrical energy supply.  
 
Nigeria recorded 6803 MW generating capability in 2017 and a wheeling capacity of 6700 MW 
by the Transmission Company of Nigeria (TCN) while less than 4,000 MW of the over 6803 
MW generated in 2017 get in to Nigerians (Olawoyin, 2017). However, as at 2016, the 
estimated energy demand of the country is put at over 98,000 MW while supply is about 6% 
of estimated demand (Wijeratne and Omontuemhen, 2016). This shows that the demand is 
far greater than the supply which is gotten from fossil fuels and hydro power. This resulted in 
the need to seek alternative sources of power by turning towards sustainable and renewable 
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sources. One key and possible alternative source of power generation is the use of biogas 
resources. However, biogas utilization in Nigeria is on the low side despite huge reserves of 
biogas feedstock from agricultural and animal waste with biogas potential of 25.53 billion m3 
biogas and potential to produce 169541.66 MWh and 88.19 million tons of bio fertilizer per 
year (Ngumah et al., 2013). This implies that a large proportion of Nigeria’s power requirement 
can be sourced from biogas. 
 
Biogas, a renewable and sustainable source of energy can be produced from several readily 
available waste materials such as sewage sludge and agricultural waste by anaerobic 
degradation. Biogas comprises mainly of methane (45 – 75% vol.), carbon dioxide (25 – 55% 
vol.) and traces of other compounds including hydrogen sulfide, water, nitrogen, carbon 
monoxide as well as volatile organic gases (Zhao et al., 2010). Carbon dioxide and carbon 
monoxide generated from biogas are a potent greenhouse gas (GHGs) if emitted into the 
atmosphere. Therefore, in order to upgrade raw biogas to a higher purity of methane to 
ensure environmentally friendly and energy efficient power generation, the more potent GHG 
and lower heating value gas, CO2 needs to be removed.  
 
The main biogas upgrading techniques which are Pressure Swing Adsorption (PSA), absorption 
with water (water scrubbing), Amine based absorption, membrane separation and cryogenic 
separation have been reported by several authors (Rochelle, 2009; Cheng-Hsiuet al., 2012; 
Bauer et al., 2013; Alhassanet al., 2017; Sutanto et al., 2017). Amine based absorption is the 
most applicable technique for CO2 removal. However, studies have shown that amine-based 
absorption of CO2 are associated with several drawbacks which include high regeneration 
energy requirement, high equipment corrosion, degradation of amines and large absorber 
volume requirement (Rochelle, 2009; Murshid et al., 2011; Cheng-Hsiuet al., 2012). In 
addition, although, membranes separation technique has a low thermal energy usage, it 
requires power for compression of feed and/or permeate gas. Furthermore, limited selectivity 
of membranes towards CO2 leads to methane being emitted along with the CO2. This issue 
can largely be overcome by the use of a line-up with two or more stages, but comes with 
additional costs for permeate recompression (Sutanto et al., 2017).  
 
The upgrading of biogas by a low temperature CO2 removal processes have been reported by 
Berstad et al. (2011), Mori and Forsyth (2013), Sipöcza et al. (2013) and Yousef et al. (2016), 
as an interesting energy-efficient, high capacity alternative to conventional upgrading 
technologies. However, no studies have been in relevant current extant literature on the 
techno-economic analysis of an integrated low temperature CO2 removal biogas upgrading 
and power generation plant. Therefore, this study aims to fill this gap.The objectives of the 
study are simulation of a low-temperature CO2 removal process with an integrated biogas 
power plant, analysis of CO2removal and upgraded biogas, evaluation of the energy efficiency 
of CO2 removal and power generation of the integrated power plant, sensitivity analysis of the 
operating conditions and economic analysis of the integrated process. 
 
1. METHODOLOGY 
Aspen HYSYS 8.8 and Microsoft Excel 2013 software packages were used in the course of this 
study for the simulation and analysis of the biogas upgrading technique and the power plant. 
The feed composition used in this study was adopted from Rakican (2007) and Abdulsalam 
(2018) as presented in Table 1 for the raw biogas composition used for the low temperature 
biogas upgrading process. 
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Table 1: Compositions of raw biogas produced. 
Component Value  
Methane (CH4), mol. % 55.68 
Carbon (IV) Oxide (CO2), mol. % 34.62  
Carbon monoxide (CO), mol. % 1.26 
Oxygen (O2), mol. % 8.39 
Hydrogen Sulphide (H2S), mol. % 0.05 
Flowrate, kmol/hr 1000 
Temperature, oC 30 
Pressure, kPa 220 

 
2.2 Process Simulation of Low Temperature CO2 Removal Process and 
Integrated Power Plant 
Aspen HYSYS Process Simulator was used for the process simulation of the low-temperature 
CO2 removal integrated with a power plant. To assess the technical and economic feasibility 
of the proposed low temperature CO2 removal process, a complete modeling and simulation 
of the process was carried. The process simulation software package used is Aspen HYSYS 
V9.0. This is because Aspen HYSYS provides reliable and comprehensive thermodynamic 
packages, vast component library and advanced calculation techniques. The procedure for the 
simulation mainly involves component and thermodynamic model selection, and design basis 
as well as the temperature, pressure and mass flow rates of the input streams. Figure 1 
present the simulated model of the low temperature biogas upgrading technique. The 
upgraded biogas from the low-temperature CO2was fed into an integrated combine cycle 
power plant for power generation. The power plant was simulated using data presented in 
Table 2. 
 
Table 2: Power plant Process for Power Plant  

Parameter Value 
Air Compressor Exit Pressure, bar 15 – 23 
Fuel Concentration (% CH4) 92 – 100 
Fuel Temperature, ºC 20 - 30 
Fuel Pressure, bar 20 – 30 
Combustion Temperature, ºC ≤ 1500 
Steam Pressure Cycle, bar ≤ 150 
Gas Turbine Exit Temperature, ºC 600 – 800 
Gas Turbine Exit Pressure,atm 1 
Steam Turbine Exit Pressure, bar 1 
 
The CO2 removal plant model was simulated in Aspen HYSYS and consists of 2compressors 
with inter-stage cooler that receives raw biogas at 30 oC and 220 kPa to deliver an exit 
pressure of 4900 kPa and temperature of 108oC. The resulting compressed was cooled by 
exchanging heat with the upgraded biogas from the distillation column. The compressed raw 
biogas was further cooled by exchanging heat in a chiller to – 50 oC before entering the 
distillation column. The cooled and compressed raw biogas was then upgraded to 95.848% 
CH4and the higher purity liquid CO2 stream (99.815%) from the bottom of the distillation 
column. Figure 1 shows the simulated CO2 removal plant. 
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Figure 1: Model and Simulation of Low Temperature Biogas Upgrading 

 
The power plant model was simulated in Aspen HYSYS and consists of a compressor that 
receives air at ambient conditions to deliver an exit pressure of 18 bar. The resulting 
compressed air is introduced together with pressurized fuel at 25 bar (upgraded biogas) into 
a Gibbs reactor that simulates the combustion chamber of the gas turbine. The gases leaving 
the combustion chamber are introduced into the gas turbine where they are expanded to 
atmospheric pressure. The work generated by the gas turbine is used to move the compressor 
and to generate electricity which is simulated by an energy balance. The exhaust gases are 
sent to a Heat Recovery Steam Generator (HRSG) that is used to generate more steam, and 
simulated as a regular heat exchanger. The steam generated at 125 bar is introduced into the 
steam turbine where they are expanded to a pressure of 1 bar. Figure 2 shows the simulated 
combine cycle power plant. 

 
Figure 3: Simulated Combine Cycle Upgraded Biogas Power Plant 

 
3.0  RESULTS AND DISCUSSION 
 
3.1 Analysis of CO2 Removal and Upgraded Biogas 
The low temperature CO2 removal technique and the integrated power plant simulated are 
shown in Figures1and 2. Data used for the simulation are presented in Tables1 and 2. The 
feed pressure and temperature to the distillation column are established as 4800kPa and–
50oC, respectively, to avoid freeze-out of CO2 which is often a challenge encountered with low 
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temperature CO2 removal. From the CO2 freeze-out analysis carried out, it was established 
that at a pressure of 4800kPa, CO2 will freeze-out to solid at-63.9962oC, thus at 4800kPa, a 
significant decrease in the feed temperature beyond 223 K (-50oC) will increase the risk of 
CO2 freeze-out(Berstad et al., 2013; De-Guido et al., 2014; Babar et al., 2018). However, for 
this study, the low temperature process is designed to operate at a temperature that does not 
poses any risk of CO2 freeze-out, as there is a wide margin between the operating temperature 
and the freeze-out temperature. Table 3 presents the distillation column results. 
 
Table 3: Distillation Column Result 
Parameters Value 
CO2 Removal Efficiency, % 99.002 
Liquid CO2 (mol. %) 99.815 
Methane Loss, % 0.0062 
Upgraded Biogas (mol. %) 95.848 
Number of Stages 9 
Feed Stage 5 
Feed Pressure (kPa) 4800 
Feed Temperature (K) 213 
Condenser Pressure, kPa 2950 
Reboiler Pressure, kPa 2970 
 
From Table 3, it can be seen that the concentration of CH4 increases from 60.233 to 95.848 
mol% for the upgraded biogas. The purity of 95.848 mol% upgraded biogas obtained is higher 
than 94.5 mol% CH4 reported by Yousef et al. (2016) for similar a low temperature 
CO2removal. However, the value obtained in this study is slightly lower than 98 mol% CH4 
purity of upgraded biogas reported by Bauer et al. (2013) for a four column Pressure swing 
adsorption (PSA) unit, 97 mol% CH4reported by Ryckebosch et al. (2011) for pressurised 
water absorption and 97 mol% upgraded CH4 from Cryogenics process (Warren, 2012), while 
high CH4 purity of almost 100 mol% has been reported for chemical absorption processes 
(Warren, 2012). Although, the most common technologies are PSA, pressurized water 
absorption and chemical absorption due to their higher product purity, the 95.848 mol.% CH4 
purity obtained in this study qualifies it for use as natural gas fuel in gas-fueled plant or gas 
fueled power plant as well as injecting to the national gas grid. The process at the established 
condition recorded 0.0062% CH4loss (Table 3), which is low when compared to 0.3% CH4 loss 
reported by Yousef et al.(2016) and 0.8% for a three stage membrane-based biogas 
upgrading plants in Austria (Miltner et al., 2016). The concentration of CO2 increases from 
37.467 mol% in raw biogas to 99.815mol% in the liquid CO2 stream at the simulated column 
condition. The high purity of 99.815mol% liquid CO2 obtained in this study is slightly higher 
than 99.7 mol% liquid CO2 reported by Yousef et al. (2016). The high purity liquid CO2 
obtained in this process is the primary advantage of the process compared to other 
conventional technologies, since high purity liquid CO2 is a valuable by-product. The simulated 
low temperature biogas upgrading process was able to remove 99.002% of the CO2 from the 
raw biogas feed stream (Table 3), with the column designed to operate at acceptable column 
internal hydraulic condition. 
 
Unlike other conventional upgrading technologies where CO2 are recovered in gaseous form 
and requires intensive energy to regenerate and transport the CO2 gas by compression, the 
low temperature processes recovers liquid CO2which can be pressurized and transported by 
pumping at substantially lower energy cost. Furthermore, removal and recovery of CO2 in 
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liquid form as a by-product rather than releasing same to the atmosphere as in the case of 
some conventional technologies make the low temperature upgrading process more 
environmentally friendly. The recovery of high purity liquid CO2 (Table 3) is highly economical 
as it found a lot of usage, such as a sterilant with several potential benefits in sterilization of 
implants to prevents infections (Zhang et al., 2006). Liquid CO2found wide usage in the food 
industry for freezing meats, poultry, vegetables, and fruits, as well as to increase recovery 
from oil and gas wells (Air Products and Chemicals, 2014). The produced liquid CO2, can be 
used for algae production for renewable and high valued fuels, chemical and fertilizers, as 
well as fire extinguisher because it is heavier than air and extremely stable. Liquid CO2, also 
offers the ease of transportation to locations of its utilization which is a crucial advantage of 
the low temperature CO2 removal technology. 
 
3.2 Energy Analysis and Efficiency  
Table 4 presents the energy requirement of the low temperature biogas CO2 removal process. 
From the table it can be observed that the LHV and HHV rises from 20.5983MJ/m3 to32.7178 
MJ/m3 and 22.8702MJ/m3 to 36.3268 MJ/m3, respectively, which is slightly lower than 21.5 
MJ/m3LHV and 23.5 MJ/m³ LHV for raw biogas reported by Ilaboya et al. (2010) and Burkard 
(2009), respectively. Similarly, the HHV of the upgraded biogas which increased to 36.3268 
MJ/m3after treatment compared closely with 40 MJ/m3reported by Burkard (2009) and Ilaboya 
et al. (2010).  
 
Table 4: Energy Requirement of the low temperature CO2 removal process 
Parameters Value 
Power Consumed in terms of Raw Biogas (kW.hr/m3) 0.1861 
Power Consumed in terms of Upgraded Biogas(kW.hr/m3) 0.2962 
Power Consumed in terms of CO2 Captured(kW.hr/m3) 0.5009 
LHV of Raw Biogas (MJ/m3) 20.5983 
HHV of Raw Biogas (MJ/m3) 22.8702 
LHV of Upgraded Biogas (MJ/m3) 32.7178 
HHV of Upgraded Biogas (MJ/m3) 36.3268 
 
The power and energy requirement of the low temperature CO2 removal and biogas upgrading 
technique is depicted in Figure 4. From the figure, it can be seen that the total utilities energy 
requirement of the 1000 kmol/hr biogas plant is 6680.89 kW, with cooling utilities accounting 
for 5059.22 kW (75.74% of total utilities). This is because the process is a low temperature 
technology which requires more cooling to lower the operating temperatures at adjourning 
plant units. The established total utilities energy requirement of 6680.89 kW, is comparable 
to 5000 kW – 8000 kW reported by Beil et al.(2013) for chemical absorption technologies with 
organic solvents. 
 
The power requirement of the established low temperature CO2 removal process requires a 
total power consumption of 4401.05 kW (Figure 4), with the raw biogas compression 
accounting for 67.78% (2983.05 kW) of the total power required for the operation. This value 
is lower than the total power consumption of 6148 kW and biogas compression power 
consumption of 3598kW reported by Yousef et al.(2016) for same low temperature CO2 
removal technology. The operating conditions established in this work reduces the total power 
consumed by 28.41% when compared to that reported by Yousef et al.(2016). Also, from 
Figure 4, it was observed that the power requirement for the refrigeration cycle in this study 
is 1368 kW. This gives 45.50% reduction when compared to 2510 kW for the same 
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refrigeration cycle (Yousef et al., 2016). However, the power consumption for liquid CO2 
pumping to 110 bar, which is the targeted export pressure for transport, is 50 kW for this 
study. This is higher compared to 40 kW reported by Yousef et al.(2016) to accomplish the 
same purposes. The power consumed by the liquid CO2 account for 1.14% of the total power 
consumed by this low temperature technique.  

 
Figure 4: Energy Requirement for 1000 kmol/hr Low Temperature CO2 Removal 
and Biogas Upgrading. 
 
The specific power consumption by the process for both raw biogas and upgraded biogas are 
also presented in Table 4. This study shows that the specific power requirement for low 
temperature CO2 removal and biogas upgrading technique is 0.1861 kW.hr/m3 of raw biogas 
(Table 4). Yousef et al.(2016) reported the specific power consumed by the same process as 
0.26 kW.hr/m3 of raw biogas. The specific power consumption of 0.1861 kW.hr/m3 of raw by 
the low temperature CO2 removal and biogas upgrading technique compared favourably with  
0.15 – 0.3 kW.hr/m3 of raw biogas for PSA, 0.20 – 0.30 kW.hr/m3 of raw biogas for membrane 
separation and 0.18 – 0.2.8kW.hr/m3 of raw biogas for physical absorption processes by the 
manufacturers (Bauer et al., 2013; Miltner et al., 2016). However, 0.1861kW.hr/m3 of raw 
biogas established for the low temperature biogas upgrading technique is higher than 0.12 – 
0.14 kW.hr/m3 of raw biogas for amines based absorption processes and 0.05 – 0.10 kW.hr/m3 
of raw biogas for water scrubing processess, but lower than 0.76 kW.hr/m3 of raw biogasfor 
cryogenic separation (Bauer et al., 2013), this shows that the low temperature upgrading 
technique compared favourably with existing processes. The variation in these processes are 
due to operation at lower and high plant capacity. 
 
From Table 4, it can be seen that the power consumed by the low temperature biogas 
upgrading technique in terms of the upgraded biogas is 0.3228 kW.hr/m3 of upgraded biogas. 
The power consumption of 0.3228 kW.hr/m3 of upgraded biogas established in this study is 
lower compared to 0.41kW.hr/m3 of upgraded biogas reported by Yousef et al.(2016). The 
0.2962kW.hr/m3 upgraded biogaspower consumption compared favorably with 0.2 – 0.46 
kW.hr/m3 upgraded biogas for water scrubbing, 0.13 – 0.56kW.hr/m3 upgraded biogas for 
chemical absorption process, 0.32 – 0.67kW.hr/m3 upgraded biogasfor physical absorption 
process, 0.21 – 0.46 kW.hr/m3 upgraded biogas forPSA process and 0.19 – 0.43 kW.hr/m3 
upgraded biogas formembrane separation (Niesner et al., 2013). Similarly, the power 
consumed in terms of the reported CO2 captured or removed by the low temperature biogas 
upgrading technique in this study is 0.5009 kW.hr/m3 CO2 captured, which is lower compared 
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to 0.6590 kW.hr/m3 CO2 captured (Yousef et al., 2016). From the energy analysis carried out 
in this study, it can be established that low temperature biogas upgrading technique is feasible 
and compared favorably with other available technologies in terms of energy and power 
requirement and consumption of the process.  
A comparison of energy requirement of existing biogas upgrading technologies with the low 
teperature CO2 removal technology considered in this study was carried to examine the 
technicalities of its operation in comparison to existing technologies. From Table 5, it can be 
seen that the Low Temperature CO2 Removal (LTCR) technology compete favorably with other 
existing technology with the lowest CH4 loss and heat requirement. However, the LTCR 
technology requires high pressure operation which is due to the raw biogas compression to 
liquid. Despite the high pressure operation, power requirement and heating requirement is 
one of the lowest, which make the LTCR technology technically viable and energy efficient. 
Table 5 futher shows that biogas upgrading using chemical absorption requires less power 
but has a high heat demand (particularly, with amine scrubber) which none of the other 
technologies have. 
 
Table 5: Comparison of energy requiremet of biogas upgrading technologies 

Parameters LTCR PSA PWS PA CA MS CS 
Power Requirement (kW.hr/m3 
BG) 

0.1861 0.2 – 
0.25 

0.2 – 
0.3 

0.23 – 
0.33 

0.06 – 
0.15 

0.18 – 
0.25 

0.18 – 
0.33 

Heating Requirement (kW.hr/m3 
BG) 

0.07 NA NA 0.3 0.5 – 0.8 0 0 

Process Pressure (bar) 1 – 49 4 – 7 5 – 10 4 – 7 0.1 – 4 4 – 10. 8 – 80  
CH4 Loss (%) 0.0062 1 – 5 0.5 – 2 1 – 4 0.1 2 – 8 NA 
Chemical Requirement No No No Yes Yes No No 

LTCR= Low Temperature CO2 Removal, PSA= Pressure Swing Adsorption, PWS= Pressurized 
Water Scrubing, PA = Physical Absorption with organic solvent, CA = Chemical Absorption 
with organic solvent, MS= Membrane Separations, CS= Cryogenic Separation, NA= Not 
Available 
 
The energy consumption and power generated from the integrated power plant are presented 
in Table 6.  The energy requirement of the compressor and the net power generated from 
the integrated power plant are 8985.67kW and 23035.97 kW (23.036 MW), respectively. 
Furthermore, the total utilities requirement of the power plant is 9216.08 kW (9.216 MW). 
Conversely, the thermal efficiency of the power plant is 47.387%, which is higher than 39.02 
– 41.08% reported by Paoli (2008) and 40 – 45% for Olorunsogo Thermal Power Plant in 
Nigeria reported by Okoye et al. (2017) for similar combine cycle gas power plant. Similarly, 
the efficiency of the modeled power plant is comparable to 36.78 – 56.49% for GateCycle 
combined cyclegas power plant (CCGT) in Singapore (Liu and Karimi, 2018). However, the 
slightly low efficiency of the power plant (47.387%) compared to acceptable standard of 35 
– 50 for thermal power plant could be attributed to the presence of 4.15 per cent of other 
non combustible gases in the the upgraded biogas. Therefore, the thermal efficiency of the 
modeled power plant is comparable to that of existing combine cycle power plant. 
 
3.3 Sensitivity Analysis  
Sensitivity analysis was carried out using the case study tool in Aspen HYSYS software 
package. The effect of fuel (Upgraded Biogas) temperature and pressure on power generated 
by the gas turbine were investigated. The temperature effect was examined between 20 – 
120oC and pressure in the range of 1000 – 4000 kPa. Figure 5(a) depict the effect of fuel 
(biogas) preesure on gas turbine power generated. It can be seen from Figure 5(a) that the 
power generated increases rapidly as pressure increases from 1000 – 2000 kPa maximum. 
However, from 2000 – 4000 kPa, there was no any change or effect on the power 
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generated.Figure 5(b) depict the effect of fuel (biogas) temprature on gas turbine power 
generated. It can be seen from Figure 5(b) that the power generated decreases rapidly and 
linearly as temperature increases from 20 – 120oC. This implies that increase in fuel (biogas) 
temperature have negative implication on the power generated by the gas turbine. 
 
 
 
Table 6: Energy Utilized and Generated from The Power Plant 

Parameters kW MW 
Compressor Work 8985.67 8.986 
Gas Turbine Power Generated 28993.12 28.993 
Steam Turbine Power Generated 3028.52 3.029 
Net Power Generated 23035.97 23.036 
Pump Power 73.37 0.073 
Total Utilities 9216.08 9.216 
Overall Efficiency of Power Plant, % 47.387 47.387 
 
  

  
Figure 5: Effect of Fuel (Biogas) Preesure (a) and Temperature(b) on Gas Turbine 
Power Generated. 
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Also, the effect of air compressor exit pressure on gas turbine power generated was 
investigated in this study. From Figure 6(a), it was observed that as the air compressor exit 
pressure increases from 1000 – 1800 kPa, the power generated increases to a maximum and 
remain almost constant till 2400 kPa. Howeevr, as the pressure increases beyond 2400 kPa, 
the power generated reduces rapidly and linearly, this can be attributed to the fact that 
increase in pressure above 2400 kPa, rises the pressure ratio which inturn lower the efficiency 
of the gas turbine.This signifies that the  best exit pressure for the air compressor is 1800 
kPa, as presure below or above reduces the power genearated by the gas turbine (Figure 6b). 
Figure 6(b) depicted the effect of cycle water pressure on steam turbine power generation. 
From Figure 6(b), it can be seen that the power generated remain almost constant as the 
water pressure increases from 8000 – 13000 kPa and then decreases rapidly from 3017.108 
– 1376.670kW as the water pressure increases from 13000 – 15000 kPa. However, the power 
generated remain constant as the water pressure increases to 17000 kPa. This signifies that 
the best cycle water pressure for maximum power output is in the range of 10000 – 12000 
kPa, as presure above reduces the power genearated by the gas turbine. 

  
Figure 6: Effect of Compressor Exit Pressure (a)and Cycle Water Pressure(b) on 
Gas Turbine Power Generated 
 
3.4 Economic Analysis  
The economic evaluation of low temperature CO2 removal and biogas upgrading technology 
was carried out to analyse the investment and economic fesibility of the process. The 
economic evaluation was carried by comparing the captial cost estimate (CAPEX) and 
Operating cost estimate (OPEX) with those of other available technologies. Table 7 present 
the economic evaluation of the low temperature CO2removal and biogas upgrading 
technology. It can be seen that the total capital investment cost (CAPEX) needed for the 
project is estimated asUS$12,352,000, while the total operating cost (OPEX) is US$4,234,590 
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per year. The Operating cost makes up the cost of the total of raw material, utility, operating 
labor, maintenance, operating charges, plant overhead and the general and administrative 
costs associated with engineering, materials, and construction work. 
 
Table 7: Parameters for Economic Evaluation of Low Temperature CO2 Removal  

Parameter Cost (US$) Cost (N) 
Total Project Capital Cost 12,352,000 3,952,640,000 
Total Operating Cost(USD/Year) 4,234,590 1,355,068,800 
Total Utilities Cost(USD/Year) 2,421,420 774,854,400 
Desired Rate of Return (%) 20 20 
Economic life 20 yrs. 20 yrs. 
Total Cost of Project (CAPEX + OPEX) 16,586,590 5,307,708,800 
 
The viability of the economics of the low temperature biogas upgrading technology was also 
carried and compared to other available technologies in terms of the the specific investment 
cost (comprises of  total project capital cost and total operating cost). Figure 7 present a 
comparative analysis of the of low temperature biogas upgrading with other available 
technologies. From the figure, it was observed that water scrubbing technology has the lowest 
specific investment cost, followed by the low temperature biogas upgradingtechnology. 
However, amine based absorption has the highest specific investment cost, followed by 
physical absorption, membrane separation and PSA technology.Baueret al. (2013), also 
reported that, amine based absorption is higher in specific investment cost in the lower to mid 
capacity, and the membrane technology is slightly lower in specific investment cost in the 
lower to mid-scale range capacity, however, at higher throughputs the investment costs tends 
to slightly reduce. It can also be seen from the figure that there is little difference from an 
investment point of view between the PSA, membrane separation and the physical absorption 
technologies. Therefore, it can be concluded that the low temperature biogas upgrading 
technology is compared favourably with other available technologies and can be said to be 
economically competative and feasible. 

 
Figure 7: Comparative Analysis of the Economy of Low Temperature Biogas 
Upgrading and Other Available Technology 
 
Table 8 presents the investment analysis of the integrated power plant. It can be seen from 
the table that the investment cost for the generation of 23035.97 kW (23.036 MW) is US$ 
25,927,000.00 (N8,296,640,000.00). This gives a specific investment cost of US$ 
1,125,500.65/MW (N 360,160,206.62/MW). The specific investment of the modelled 
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integrated and upgraded biogas combined cycle power plant of US$ 1,125,500.65/MW is 
slightly higher than US$ 1,000,000.00 US$ 1,094,000.00/MW and slightly lower than US$ 
1,150,000.00/MW recommended by National Electricity Regulatory Commission, International 
Energy Agency (IEA) and American Energy Organization (AEO) respectively in 2017 for 
combined cycle gas turbine power plant (Roche et al., 2017). Thus, the obtained investment 
cost in this study compared favorably with internationally recommended cost per megawatt 
of combined cycle power plant.  
 
Table 8:Economic Evaluation of the Integrated Power Plant 

Parameter Cost ($) Cost (N) 
Exchange Rate 1 320 
Total Capital Cost 25,927,000.00 8,296,640,000.00 
Total Operating Cost/Year 8,861,900.00 2,835,808,000.00 
Total Utilities Cost/Year 6,455,000.00 2,065,600,000.00 
Desired Rate of Return /Year 20.00 20.00 
Equipment Cost 15,814,300.00 5,060,576,000.00 
Total Installed Cost  18,556,200.00 5,937,984,000.00 
Specific Investment Cost/MW 1,125,500.65 360,160,206.62 
 
A comparative study of the investment cost of the modelled power plant with other existing 
technologies was carried out. Figure 8 presents the result of the comparative analysis of the 
various sources of power generation. It can be seen from the figure that the combined cycle 
gas power plant (CCPP) has the lowest investment cost (CAPEX) of US$ 1,063,000.00/MW 
and could range from 0.76 – 1.51 million US$/MW. This shows that combined-cycle gas power 
plants are much cheaper and easier to build than coal and nuclear plants and are therefore 
more acceptable to local populations and if the economics are right, much more investable 
(WEC and BNEF, 2013; Roche et al., 2017). The modelled power plant in this study is a CCPP, 
with a US$ 1,125,500.65/MW, which compared favorably with the CAPEX cost for the CCPP. 

 
Figure 8: Comparative Analysis of Specific Investment Cost of The Modelled Power 
Plant With Other Power Generation Sources 
FC=Fuel Cells, GPP =Geothermal Power Plant, OnWPP= Onshore Wind Power Plant, 
OfWPP=Offshore Wind Power Plant, HPP=Hydropower Plant, RPP= Renewable/ Biomass 
Power Plant, STP=Solar Thermal Plant, SPP=Solar Photovoltaic Plant, SPCP= Standard 
Pulverized Coal Plant, CCPP=Combined Cycle Power Plant, NNPP=New Nuclear Power Plant, 
MPP=Modelled Power Plant. 
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The capital cost of a power generating plant can vary widely depending upon the 
technology.Of the established and conventional technologies presented in Figure 8, including 
nuclear, fossil fuel and hydropower-based generating plants the cheapest by a wide margin is 
the CCPP. On the higher side of the CAPEX, a modern nuclear plant is likely to cost over US$ 
6,350,000 – US$ 8,375,000/MW and US$7,350,000.00/MW on average. Of all the advanced 
and renewable/biomass technologies, geothermal power plant stands to be the cheapest at 
US$1,666,000.00 on average, with wind power plant close behind(WEC and BNEF, 2013; IEA 
and NEA, 2015; Roche et al., 2017). Therefore the integrated biogas power plant is 
economically feasible and compared favourably with the developed process. 
 
Table 9 present the economic analysis of the low temperature biogas upgrading and an 
integrated power plant. From the table, it can be seen that the combined CAPEX of the low 
temperature CO2 removal and the integrated power plant is US$ 1,661,705.53/MW which is 
comparable with the cost of other power generation technologies presented in Figure 8. 
Therefore, biogas generation for power generation in Nigeria is a viable option to meet the 
power availability challenges in Nigeria especially with the high biodegradable waste 
generated across cities and communities in Nigeria. 
 
Table 9: Economic Analysis of the Low Temperature CO2 removal with the 
Integrated CCPP 

Parameter CO2 Removal Power Plant 
CO2 Removal 

and Power Plant 
Total Capital Cost [US$] 12,352,000 25,927,000.00 38,279,000.00 
Total Operating Cost [US$/Year] 4,234,590 8,861,900.00 13,096,490.00 
Total Utilities Cost [US$/Year] 2,421,420 6,455,000.00 8,876,420.00 
Equipment Cost [US$] 3,565,100 15,814,300.00 19,379,400.00 
Total Installed Cost [US$] 5.957,100 18,556,200.00 24,513,300.00 

Specific Investment Cost, $/MW  1,125,500.65 1,661,705.53 
 
4.0 CONCLUSION  
Low temperature CO2 removal technique was successfully simulated and the feed pressure 
and temperature to the distillation were established as 4800 kPa and 223 K (–50oC) 
respectively to avoid freeze-out of CO2 which is often a challenge encountered with low 
temperature CO2removal.The concentration of CH4 increases from 60.233 mol.% in raw biogas 
to 95.848 mol.% in upgraded biogas at the simulated column condition with a recorded 
0.0062% CH4 loss, while the concentration of CO2 increases from 37.467 mol.% in raw biogas 
to 99.815 mol.% in the liquid CO2 stream. The high purity liquid CO2 obtained in this process 
is the primary advantage of the process compared to other conventional technologies, since 
high purity liquid CO2 is a valuable by-product used as sterilant, freezing meats, vegetables 
and fruits, algae production for renewable and high valued fuels, chemical and fertilizers as 
well as to increase recovery from oil and gas wells, which makes the process more 
environmentally friendly. 
 
The low temperature CO2 removal technique rises the LHV and HHV from 20.5983 MJ/m3 to 
32.7178 MJ/m3 and 22.8702 MJ/m3 to 36.3268 MJ/m3, respectively with a specific power 
requirement of 0.1861 kW.hr/m3 of raw biogas and 0.3228 kW.hr/m3 of upgraded biogas, 
which compared favorably with the other available biogas upgrading technologies in terms of 
power requirement and consumption of the process. Similarly, the net power generated from 
the integrated power plant is 23035.97 kW (23.036 MW) with a thermal efficiency of 47.387% 
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that comparedcompetatively with existing combine cycle power plants.The sensitivity analysis 
of the operating conditions showed that power generated is maximum at 2000 kPa fuel 
(Biogas) pressure, decreases rapidly from 20 – 120oC fuel temperature, maximum at 1800 
kPa air compressor exit pressure and maximum between 12000 – 13000 kPa. 
 
The economic evaluation of low temperature CO2 removal technology showed that the specific 
investment cost (comprises of  total project capital cost and total operating cost) is US$ 
1457/m3/hr and compared favourably with other available technologies for CO2 upgrading, 
while the specific investment cost for the integrated power plant is US$1,125,500.65/MW of 
power generated which also compete favorably with internationally recommended cost per 
megawatt of combined cycle power plants. Conversely, the specific cost of the combined low 
temperature biogas upgrading technique and the integrated power plant is US$ 
1,661,705.53/MW of power generated, which showed that biogas utilization for power 
generation in Nigeria is a viable option to meet the power availability challenges in Nigeria 
especially with the high biodegradable waste generated across cities and communities in 
Nigeria. 
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ABSTRACT 
Mixture of Ferric sulphate and Calcium oxide supported with alumina were employed as 
catalysts in this study. Calcium Oxide was synthesised from cow bone and supported with 
alumina for single step simultaneous esterification and transesterication of jatropha curcas oil 
and the result was compared with commercial Calcium oxide (CaO). Effect of Fe2(SO4)3: 
CaO/Al2O3 was studied using 1:1, 2:1, 3:1 and 4:1 at 5 weight % catalyst loading, 15:1 
methanol to oil mole ratio, 60 oC reaction temperature and 2 hour reaction time. Ratio of 4:1 
Fe2(SO4)3: CaO/Al2O3 gave optimum conversion as indicated by gas chromatography and mass 
spectrometry (GCMS) analysis. The catalyst was analysed using BET machine while produced 
biodiesel were analysed using FTIR and GCMS machine respectively. The GCMS gave a fatty 
acid methyl ester (FAME) conversion of 96.72% for biodiesel from CaO derived from cattle 
bone and 97.01% for commercial CaO at optimum condition. Mixture of Fe2(SO4)3 and 
CaO/Al2O3 was found to produce high biodiesel yield in a one-step esterification and 
transesterification process. 
Keywords: Biodiesel; Jatropha curcas; Calcium Oxide; Aluminium Oxide; Transesterification  
 
1.0 INTRODUCTION 
Fossil fuel has played a very vital role as energy in our day to day activities. Due to the 
depletion of fossil fuel reserve and the adverse effect of fossil fuel in the environment, there 
is need for a renewable source with no negative effect to the environment. Biodiesel is a 
renewable fuel which serves same purpose as conventional diesel fuel. Biodiesel is 
environmental friendly because it has low carbon dioxide emission, biodegradable fuel, high 
cetane number and combustion efficiency, lower aromatic and sulphur content unlike 
petroleum diesel (Gemma et al., 2004). Addition of Alumina support is to affect its surface 
area and increase the basic sites. Biodiesel is usually produced through esterification and 
transesterification reactions of vegetable oils and/or animal fats with an alcohol. Methanol or 
ethanol is usually the alcohol for biodiesel preparation in the presence of either homogeneous 
or heterogeneous catalyst. The use of CaO for transesterification of oil with high FFA (above 
1%) is difficult.  The amount of free fatty acid (FFA) is important in order to select the 
appropriate catalyst (Fangrui et al., 1999). 
 
One step simultaneous esterification and transesterification is a method of producing biodiesel 
in just a single reaction. The conventional method of biodiesel production requires a first step 
reduction of high FFA content of oils by acid-catalysed esterification followed by an alkali-
catalysed transesterification which is the second step(Zhang et al., 2003).  Homogeneous 
catalysts are difficult to recover, hence increasing the cost of biodiesel production (Endalew 
et al., 2011). Heterogeneous acid catalysts are an alternative to avoid the alkaline pathway 
for producing alkyl esters from oils with a high content of free fatty acids (Policano et al., 
2016). In the conventional two steps, Sulphuric acid which is a homogeneous catalyst and not 
easily recoverable is often used in the first step because of its high conversion and low cost 
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(Zhang et al., 2003). These disadvantages and high cost of metal oxides have caused research 
for different sources of heterogeneous catalysts (Sabat et al., 2017).  Bones among other raw 
materials are several sources of calcium such as eggshells and mollusks. Bone consists of 
organic and inorganic materials (Sabat et al., 2017).  Bones consists of inorganic materials 
such as calcium phosphate (65-70%), protein and collagen matrix (30-35%). Inorganic 
materials of natural sources contain the main components of calcium phosphate and calcium 
carbonate, with little magnesium, fluoride, and sodium, phosphorus, manganese, tin and 
copper (Prasuna et.al, 2004). 
 
Ferric sulphate is a substitute for sulphuric acid for the esterification of FFA since it is 
heterogeneous hence, easy to recover (Wang et al., 2006). It is environmental friendly and 
easy to separate. Ferric sulphate has much higher catalytic activity compared to sulphuric acid 
(Wang et al., 2006). Jatropha Curcas is an oil bearing plant that has high oil yield compared 
to other non-edible plants and it is drought resistant (Achten et al., 2007 and Becker et al., 
2008). Jatropha Curcas is non-edible and can grow in non-arable land without causing food 
crisis since its non-edible (Ibrahim et al., 2014). In this study, one step esterification and 
transesterification of Jatropha curcas oil and methanol was carried out using ferric sulphate 
and cow bone ash as source of CaO. Result was compared with commercial calcium oxide 
bought from Cardinal scientific supplier Zaria. The products obtained were analyzed with GC-
MS and FTIR for esters yield and viscometer for viscosity. Also the acid value, iodine value, 
saponification value, cloud point, pour point and density were analyzed. 
 
2.0 METHODOLOGY 
 
2.1  Materials/ Equipment 
The Jatropha Curcas oil (JCO) used for this research were supplied by National Research 
Institute for Chemical Technology (NARICT). Cow bones were sourced from Abattoir, Zango, 
Zaria, Kaduna State. Methanol, Calcium Oxide and Ferric Sulphate were obtained from 
Cardinal Chemicals, Zaria. Alumina was collected from the Chemical Engineering Departmental 
store. Equipment used are gallenkamp hot plate magnetic stirrer, 500 ml one neck flat bottom 
flask, funnel, filter paper and thermometer.  
 
2.1 Preparation of Cow Bone Ash (CBA) 
Calcium Oxide was prepared from cow bone collected from Abattoir, Zango, Zaria, Kaduna 
State. The Cow bones were first washed with water to remove dirt from the bones. The bones 
were boiled with water for 1 hour at 120 oC to aid the removal of oil, fats, tissues and flesh 
from the bones. The cow bones were oven dried at     105 oC for 24 hour, crushed using an 
electric crushing machine and further ball milled and sieved with 125 µm. The sieved cow 
bone was calcined at 900 oC for 2 hour.  
 
2.2 Preparation of CBA/Al2O3 Catalyst 
The wet impregnation method was employed for the preparation of CBA/Al2O3 catalyst. 
Alumina was used as support on the prepared catalyst because of its high surface area and 
high thermal stability. 80 % Alumina was mixed with 20 % CaO in 40ml distilled water. The 
solution was first evaporated at 70 0C for 60 min on a water bath and oven dried at 120 0C 
for 90 minutes and calcined at 700 oC for 90 minutes 
 
2.3 Determination of FFA 
1.0 g of Jatropha Curcas oil sample was dissolved in 25 ml of propan-2-ol with addition of two 
drops of phenolphthalein to the solution. The solution was titrated against 0.1M potassium 
hydroxide till pink colour is seen.  A separate titration (blank) was performed by titrating 25 
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ml of propan-2-ol against 0.1M potassium hydroxide. The difference of the two titre values 
(V) was used to determine the FFA of the oil.  
 
FFA . 	 	 	 	 . 	 /

. 	
………………………………………………………. (1) 

 
%FFA ……………………………………………………………………. (2) 
 
2.4 One Step Esterification and Transesterification  
One step esterification and transesterification was carried out for methyl ester production from 
Jatropha Curcas oil. The use of one step as against the conventional two step is to reduce the 
overall time of reaction, reduce cost of materials and energy consumption. In this work, 
reaction temperature of 60 oC, 120 minutes reaction time, 15:1 methanol to oil ratio (mole 
ratio) and agitation rate of 400 rpm were kept constant while Ferric Sulphate: CaO/Al2O3  ratio 
were varied.  50 g of oil was weighed and placed in a 500 ml flat bottom flask and was heated 
using a gallenkamp hot plate magnetic stirrer at 60 oC for 60min. Mixture of Fe2(SO4)3 and 
CaO/Al2O3 with methanol was added to the oil, magnetic stirrer was dropped into the reactor 
and the reaction mixture was allowed to react for 120 minutes. After the end of each reaction 
time, the catalyst was filtered off and the filtrate was transferred into a separating funnel and 
allowed to separate overnight. The glycerol which is denser than the biodiesel was collected 
at the bottom while the biodiesel was washed with hot water to remove impurities after which 
it was taken for FTIR and GCMS analysis.  
 
2.5 Catalyst characterization and biodiesel analysis 
The catalyst CaO/Al2O3 was characterised for BET surface area, pore size and pore volume 
using a NOVA 4200e BET machine. FTIR and GCMS were used for analysis of the biodiesel 
produced. 
 
3.0 RESULTS AND DISCUSSIONS  
 
3.1.  BET Surface Area of Calcined Cow Bone Supported with Alumina 
The catalyst surface area was analysed using NOVA 4200e BET machine. The multipoint BET 
surface area of the supported cow bone with alumina was found to be 533.9 m2/g with pore 
volume of 0.2722 cc/g and width of 2.647nm. The high surface area of the supported catalyst 
was due to high ratio (80% alumina) of alumina on the precursor catalyst. Kouzu et al, (2009) 
and Zabeti et al, (2010) reported that high surface area reduces leaching of precursor to 
medium and produced a high fatty acid methyl ester conversion. The high fatty acid methyl 
ester conversion is due to alumina’s large specific area which enhances high dispersion of 
active sites (Theodoro et al., 2017). Xie et al (2006) reported that alumina-supported 
potassium iodide gave the highest catalytic activity and highest conversion compared to non-
supported catalyst. Zabeti et al, (2010) used an alumina support on heterogeneous catalyst 
and confirmed the supported catalyst has the highest conversion.  High surface area, large 
pore volume and smaller pore sizes allow triglycerides of different sizes to enter the pores of 
the catalyst, which gives a large surface for proper transesterification (Sulaiman N.B, 2017).  
 
3.2.   Transesterification  
The FFA of the raw Jatropha curcas oil was calculated to be 6.3 using equation 1 above hence 
%FFA is 3.15. FTIR and GCMS were used to analyse the biodiesel produced for conversion 
obtained.  GCMS analysis gave  FAME conversion of 96.72% for CaO from cattle bone ash and 
97.01% for commercial CaO at 2 hour reaction time, 15:1 methanol to oil ratio, temperature 
of 60oC and 5wt% catalyst at 4:1 Ferric sulphate: CaO/Al2O3 ratio. 
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One step transesterification of JCO using CaO/Al2O3  and ferric sulphate as catalyst was done 
using CaO sourced from cow bone ash and commercially sourced CaO. The FTIR peaks of JCO 
at 1744.4 confirm the presence of Fatty acid methyl ester. These methyl esters were also 
confirmed in a GCMS analysis where all the esters and the masses of the esters present were 
listed as shown in table 2. The biodiesel samples had specific gravity of 0.89 and 0.88 which 
are within range of 0.86-0.9 EN standard (Barabás and Todoruţ, 2011). Their viscosity was 
4.78 also fall within the range 3.5 -5.0 EN standard and 1.6-6.0 ASTM standard (Barabás and 
Todoruţ, 2011). 
 
Table 1.  Physical Properties of Jatropha Curcas oil Biodiesel 

 
 
Their acid values are lower than the minimum standard for both EN and ASTM 0.5 mg KOH/g 
(Ibrahim et al, 2018); hence they are suitable for use in any diesel engine.  The 
physicochemical properties are shown in Table 1. The GCMS analysis gave a FAME conversion 
of 97.01% for biodiesel using commercial CaO and 96.72% biodiesel using cow bone ash 
supported on alumina. The biodiesel produced from synthesized cow bone and commercial 
CaO meets minimum ASTM standard of 96.5 % for conversion. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: FTIR analysis of JCO at optimum 
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ASTM D6751 -02  
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3.3. FTIR analysis 
The presence of fatty acid methyl esters can be detected by the FTIR analysis. The spectra of 
raw oil and biodiesel produced using CaO/Al2O3 and CBA/Al2O3 is shown in Figure 1. The most 
intense and broad peaks occur at 2922 cm-1, 2855 cm-1, 1744 cm-1, 1461 cm-1, 1162 cm-1 and 
723 cm-1. From the plot, the peaks corresponding to presence of metal carboxylates were 
absent as depicted by a flat profile within the expected range of 1580 – 1541cm-1. Tanwar et 
al., (2013) independently reported that peaks corresponding to 1750 – 1730cm-1 represent 
the presence of fatty acid methyl esters which are essentially biodiesel. Peaks at 1744 cm-1 is 
the case of produced biodiesel which has low peak for the raw oil. The differences observed 
between the spectra of raw oil and biodiesel is small since the product of the transesterification 
process (FAME) is chemically similar to its precursor (Jatropha curcas oil). The peaks at 1461 
cm-1 corresponds to the asymmetric stretching of -CH3 present in the biodiesel spectrum and 
absent in the raw oil spectrum (Soares et al., 2008). The stretching of O-CH3, represented by 
the absorbance at 1162 cm-1, is typical of biodiesel. Region between 1075–1100 cm-1 is 
present only in the raw oil spectrum and absent in biodiesel. This findings are similar to 
previous ones for products of biodiesel. 
 
3.4. Effect of ferric sulphate:CaO/Al2O3 ratio on conversion 
The effect of ratio of ferric sulphate to supported calcium oxide was studied on conversion of 
biodiesel at reaction condition of 60 0C reaction temperature, 120 min reaction time and 15:1 
methanol to oil ratio. At 5 wt % catalyst loading, ratio of ferric sulphate to CaO/Al2O3 at 1:1 
gave a conversion of 89.72% for biodiesel using commercial CaO and 88.23% using CaO 
synthesized from cow bone. Ratio of ferric sulphate to CaO/Al2O3 was adjusted to 2:1 and a 
noticeable increase in yield of biodiesel was confirmed and soap formation was reduced from 
product formed. The optimum conversion was at 4:1 ferric sulphate to CaO/Al2O3 ratio as 
shown in figure 3. Alumina supported CaO with ferric sulphate enhanced high fatty acid methyl 
ester conversion for single step transesterification. These findings concurs with Theodoro et 
al., (2017) who reported that alumina has very large specific area which enhances high 
dispersion of active sites. 
 
 

 
Figure 3: Effect of Ferric Sulphate:CaO/Al2O3 Ratio on Conversion 
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Table 2: GCMS Analysis for Produced Biodiesel 
CMS result for biodiesel using cow bone 
derived  CaO catalyst on alumina support as 
catalyst 

GCMS result for biodiesel using commercial  CaO 
catalyst on alumina support as catalyst 

S/N Compound Molecular 
Formula 

Conversion 
       %  

S/N Compound Molecular 
Formula 

Conversion 
       %   

1 *Methyl 
hexadecanoate 

C17H34O2 5.47 1 *Methyl 
heptadecanoate 

C8H10O3 5.46 

2 2-Methyl-Z,Z-
3,13-
octadecadienol 
NE          

C19H36O 
 

0.63 2 * Methyl Linoleate C19H34O2 4.75 

3 * Methyl 
Palmitate 

C17H34O2 21.69 3 Ethylene glycol 
monooleate NE          

C20H38O3 0.78 

4 *Methyl 
Margarate  

C18H36O2 2.17 4 *Methyl 
pentadecanoate 

C21H42O2 4.06 

5 *Methyl 
Tridecanoate 

C14H28O2 0.78 5 * Methyl Oleate C19H36O2 12.09 

6 *Methyl 
Behanate 

C23H46O2 1.65 6 *Methyl Myristate C15H30O2 5.90 

7 *Methyl 
Arachidate 

C21H42O2 0.12 7 * Methyl Palmitate C17H34O2 10.56 

8 * Methyl Oleate C19H36O2 17.06 8 * Methyl Stearate C19H38O2 11.19 
9 *Methyl 

Myristate 
C15H30O2 0.21 9 * Methyl 

hexadecanoate 
C24H4802 6.36 

10 n-OctacosaneNE  C28H58 0.76 10 *Methyl 
Heneicosanoate  

C22H44O2 3.27 

11 * Methyl 
Stearate 

C19H38O2 17.22 11 *Methyl trans-9-
octadecanoate 

C25H48O2 21.05 

12 * Methyl 
Tetracosanoate 

C24H4802 2.23 12 *Methyl 9-
octadecenoate 

C18H36O2 12.32 

13 *Methyl 
Heneicosanoate  

C22H44O2 5.31 13 Hexadecanenitrile 

NE          
C16H31N 1.04 

14 *Methyl 
Eicosadienoate  

C21H38O2 4.34 14 2,6-
Dimethoxyphenol 
NE          

C8H10O3 1.17 

15 *Methyl trans-
9-
octadecanoate 

C25H48O2 15.12 - - - - 

16 *Methyl  
Margarate 

C18H36O2 2.56 - - - - 

17 *Methyl 
Melissate  

C31H62O2 0.79 - - - - 

18 Tetracosane NE  C24H50 1.17 - - - - 
19 Z-8-Methyl-9-

tetradecenoic 
acid NE 
 

C15H28O2 
 

0.72 - - - - 

 
4.0 CONCLUSIONS 
One step simultaneous esterification and transesterification method using heterogeneous 
catalysts (ferric sulphate, commercial calcium oxide and synthesized calcium oxide from cow 
bone) both anchored on alumina was carried out on Jatropha curcas oil. High biodiesel quality 
of 97.01 and 96.72 % methyl esters yields were obtained from that catalysed by commercial 
and synthesized calcium oxide catalysts respectively. These were achieved at 2 hours with 
mole ratio of 15:1 methanol to oil at 60oC. This method reduces cost and time as the catalysts 
used are recoverable by simple filtration. Biodiesel of high ester yield was successfully 
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produced using One step simultaneous esterification and transesterification with ferric 
sulphate:CaO/Al2O3 at 4:1. 
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ABSTRACT 
Oil from Albizia lebbeck was successfully extracted considering three factors (particle size, 
solvent volume and time of the extraction) at three levels. Response Surface Methodology 
(RSM) with Box-Behnken Design (BBD) was performed using STATISTICA v10 software to 
determine the optimum operating conditions for the oil extraction process using oil yield as 
the response. The maximum predicted percentage yield was 26.86% at particle size of 0.17 
mm, solvent volume of 262 ml and 4.8 hrs extraction time. Analysis of variance (ANOVA) 
indicates that the model was significant as evidenced from R2 of 0.99998. Hence the model 
can be used for prediction of Albizia lebbeck seed oil yield in essential oil extraction.  Analysis 
on physicochemical properties of the oil showed that the oil has a pH, refractive index, acid 
value, iodine value and saponification value of 7.28, 1.474, 13.46mgKOH/g, 65.7g/100g, and 
223mgKOH/g respectively The results of GCMS analysis of the extracted Albizia lebbeck seed 
oil shows that the oil majorly contain linoleic acid (41.9%). 
Key words: Albizia lebbeck, Essential Oil, Response Surface Methodology (RSM), Box-
Behnken Design (BBD). 

 
1. INTRODUCTION 
The extraction of essential oil for consumption and medicinal use in Nigeria is still inadequate 
in view of a huge gap between demand and supply of such oil. Trading Economics (2019), 
reported that Nigeria’s import of essential oils, perfumes, cosmetics was at $327.2 million in 
2018 according to the United Nations COMTRADE data base on international trade.  
Oil from plants source especially their seed have recently gained prominence and attention 
because of their wide range of applications. In addition to them being the major source of 
essential oils, they are also good source of raw materials for industries for the production of 
lubricants, fuels for paraffin lamps, additives for paint formation and soap production 
(Attenberger et al., 2005,  Rozzi et. al., 2002 and Fadel et. al., 1999). 
 
Albizia lebbeck (L.) Benth. (Mimosaceae) is a medium- sized deciduous tree native to India 
(Tripathi et al., 1979; Lowry et al., 1998). The trees have compound leaves, flat oblong fruits, 
round cream colored seeds (Ghani, 2003). It can grow five meters (5m) in one year and 
produce 100-120 kg edible dry matter per year (Lowry et al.,1998). A. lebbeck is a fodder tree 
for semi-arid regions in the tropics and subtropics (Orwa et al., 2009). The seedlings develope 
to a long stout taproot at an early age and are drought-tolerant. A. lebbeck has many common 
names such as  Lebbeck, Karana,  Walnutt;  Siris  tree,  Kokko,  fry  wood,  woman’s  tongue 
and  Rattle  tree. It is commonly known in Nigeria as “eshegeshege”  in  Bini  and “igbagbo”  
in  Yoruba dialects. The bark is used for tanning fishing nets, treating boils, as a soap, 
anthelmintic, anti-inflammatory and in treatment of bronchitis, toothache and leprosy 
(Rashid et. al., 2003; Kirtikar and Basu, 1980); leaves and seeds were used for eye problems 
(Orwa et. al., 2009).  
 
In Nigeria, A. lebbeck is planted on road sides as shade trees, in village as forests for fuel 
wood production and in front of schools or college premises as ornamental tree. (Lawan et. 
al., 2017 and Mohammed et. al., 2007).
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Design of experiment (DOE) is a systematic method to determine the relationship between 
factors affecting a process and the output of the process. This information is needed to 
manage process input in order to optimize the output (response) (Rahman et. al., 2007, Box 
et. al., 1978 and Dong et. al., 2009). 
 
Current literature markedly lacked enough data and information about the oil content and 
composition of Albizia lebbeck  widely grown in Nigeria; this study aimed to identify the 
physicochemical properties of oil extract from the seed of A. lebback through statistical 
optimization of the extraction process. 
 
2.0  METHODOLOGY 
 
Seed Pre-treatment 
Albizia lebbeck seed was obtained from the trees in Kaduna polytechnic main campus, Kaduna 
state, Nigeria. The pod was broken to obtain the seeds that were washed thoroughly to 
remove dirt and impurities. These seeds were decorticated by winnowing to remove the hull 
from the seeds. The weight of the seeds (W1) was measured and then placed in an oven at 
50 oC for drying until constant weight (W2) was obtained. The dried seeds were grounded 
and the sample was expressed on a standard sieve screen of 0.154 mm, 0.30 mm and 0.45mm 
to obtain the different particle sizes. 
 
Experimental Procedure   
Oil extraction was performed using soxhlet apparatus and was performed at least twice to 
minimize error, with ethanol as solvent. Fifty gram of dried Albizia seed sample (0.154 mm) 
was measured and placed in a filter paper. The prepared sample was inserted into the thimble 
and placed in the inner tube of the soxhlet apparatus. The apparatus was fitted with a 250 ml 
round bottom flask containing 150 ml of the solvent. The setup was then placed on a heating 
mantle and then boiled for 4 hrs at 80oC and then the flux was trapped in the condenser. The 
oils were obtained after refluxing at 80oC so as to remove any excess solvent used for the oil 
extraction. The extracted Albizia lebbeck oil was isolated from the solvent (Ethanol) using the 
same soxhlet extractor but with the leachate removed. The same procedure was repeated for 
other runs from the design of experiment presented in Table 1. 
 
The amount of solvent recovered was measured using a measuring cylinder as well as the 
mass of the oil was also measured. The percentage of oil yield was calculated and tabulated 
for each round. 
 
Design of Experiment 
Box-Behnken Design (BBD), with three factors (Particle size, Solvent volume, and Time) and 
percentage oil yield as response, was chosen for the experimental design. The coded and un-
coded levels of the independent variables were shown in Table 2. For statistical analysis, the 
relationship between the coded and actual (un-coded) variables can be represented by 
Equation (1).  
 

ᵢ
ᵢ 


                                                  
 
Where Xᵢ = the coded ith variable, Zᵢ = the actual ith variable, Z = step change of Z variable, 
 Z = center point values for the ith variable, Number of variable, i= 1 – 3 
 

(1) 
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The design of the experiment based on Box-Benkhen Design having 3 factors and 15 runs is 
shown in Table 1 using STATISTICA Version 10.0 Software package for implementing RSM 
methodology. The percentage oil yield for each experimental run of the input parameters (i.e., 
particle size, time and solvent volume) are also shown in the same table. 
 
Table 1: Box-Behnken Design for the Extraction of  Albizia lebbeck Seed Oil 

 
 
 
 
 
 
 
 
 
 
 

Table 2.1: Coded and Un-coded Level of the Independent Variables 
Factors Low (-1) Centre (0) High (1) 
Particle size (mm) 0.154 0.30 0.45 
Solvent Volume (ml) 150 250 300 
Reaction Time(hr) 2 4 6 

 
Polynomial Modeling of oil extraction from Albizia lebbeck seed 
The 15 designed experimental runs were conducted and the results (response) was analysed 
with STATISTICA V10. The following quadratic model equations (Equation 2 and Equation 
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3), in uncoded terms, are the equations that correlates the oil yield to various process 
parameters. The intercept and coefficient of the linear effects, quadratic effects and 
interaction effects are presented in Table 3. 
 
 
Table 3: Regression Coefficient of Predicted Quadratic Polynomial Model for Oil 
Yield  

 
The oil yield (OY) equation in terms of significant parameters for the un-coded factors is given 
in Equation 2 as:  
 
OY = 26.4636 – 87.6593*A + 0.0198*B + 1.2005*C +129.2939*A2 + 0.1184*C2  

               – 0.0654*A*B – 2.6199 *A*C - 0.0005*B*C                                                                   (2) 
Where A = Particle size, B= Solvent volume, and C=Time 
 
Both the quadratic and linear terms of the Particle size have significant effect on the response 
parameter with p-value < 0.05 so as the interactive effect between the linear terms of particle 
size and solvent volume. The linear and quadratic effect of both solvent volume ant time of 
extraction appears to have no significant effect on the response with p-values > 0.05. Also, 
the interactions between the linear terms of particle size and solvent volume, and that of 
solvent volume with time are also non-significant on the yield of oil. This can further be 
visualized in Figure 1 Pareto chart where the linear effect of particle size is the most significant. 
This is followed by the linear effect of time. Other significant terms in hierarchy of being more 
significant are quadratic effect of particle size, linear effect of solvent volume, then the 
interactive effects of the particle size and solvent volume. 
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Pareto Chart of Standardized Effects; Variable: Yield (%)
3 3-level factors, 1 Blocks, 15 Runs; MS Residual=.5066982

DV: Yield (%)
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Figure 1: Pareto Chart of the Standardized Effects of variables on Oil yield. 
 
To further confirm the validity of the model, residual analysis and normal probability plot was 
done. Figure 2 shows the plot of predicted values against observed values. This shows how 
closed the assumed model is to the predicted values as all observed values are fitted. This is 
also the reason behind the high R2 value observed. 
 
Analysis of Variance (ANOVA)  
Statistical analysis of the model was performed to evaluate the ANOVA and check the 
adequacy of the empirical model. The result of ANOVA for fitting the quadratic response 
surface model by a mean square method are summarized in Table 4. The coefficient of the 
response surface model as provided by Equation 2 in the un-coded factor were also evaluated. 
The significance of each of the coefficient are checked from P-value (probability of error value) 
which also indicate the interaction strength of each parameter. According to Table 4, the p-
values of the investigated parameters are all less than 0.05, demonstrating high significance 
in predicting the response values and the suitability of the model. The high F-values with 
corresponding very low probability value indicate the high significance of the fitted model. 
Table 4 presents the significance of all coefficient established by p-values.The value of the R2 

was 0.99215 and adjusted R2 was 0.97803 which shows model significance. 
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Figure 2: Predicted Values Vs Observed Values 
 
Analysis of Variance (ANOVA)  
Statistical analysis of the model was performed to evaluate the ANOVA and check the 
adequacy of the empirical model. The result of ANOVA for fitting the quadratic response 
surface model by a mean square method are summarized in Table 4. The coefficient of the 
response surface model as provided by Equation 2 in the un-coded factor were also evaluated. 
The significance of each of the coefficient are checked from P-value (probability of error value) 
which also indicate the interaction strength of each parameter. According to Table 4, the p-
values of the investigated parameters are all less than 0.05, demonstrating high significance 
in predicting the response values and the suitability of the model. The high F-values with 
corresponding very low probability value indicate the high significance of the fitted model. 
Table 4 presents the significance of all coefficient established by p-values.The value of the R2 

was 0.99215 and adjusted R2 was 0.97803 which shows model significance. 
 
Response Surface Analysis  
The effects of process variables on the response variable can be further elaborated by 
visualization using response surface plots. Figure 3a shows the effect of particle size and 
solvent volume on oil yield, as the particle size decreases with increasing volume of solvent 
as oil yield increases. Thus, the curve nature of the graph indicates the significance of the 
quadratic terms. In Figure 3b a similar trend was observed for the effects of particle size and 
the time of extraction. Oil yield increases with a decreasing particle size as the time of 
extraction increases.                                                                                                        
 
Whereas Figure 3c, the effect of the quadratic terms on oil yield is of less significance as 
compared to Figure 3a and 3b. As time increases, oil yield increase but a little change was 
noticed for an increase in solvent volume oil yield.  Thus, the interactive effect of time and 
solvent volume is more dominant by the linear terms. 
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Table 4: ANOVA for response surface quadratic model 
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Figure 3(a): Effect of Particle Size (mm) and Solvent Volume (ml) on Oil Yield 
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Figure 3(b): Effect of Time (hr) and Particle Size (mm) on Oil yield       
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Figure 3(c): Effect of Solvent Volume (ml) and Time (hr) on Oil Yield 
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Optimization and Validation of the Model 
Multiple regression analysis was employed for the prediction of the optimum parameters from 
the experimental result. From the regression analysis result generated by STATISTICA V10 
software, the  optimum  input  values  of particle size (A), solvent volume (B) and  time (C) 
are given in coded and uncoded terms as presented in Table 5. The uncoded variables were 
evaluated using Equation.  (1). 
 
Table 5: Coded and Uncoded values for the three Optimum Variable Factors. 

Factors     Coding          Xi   Z*   ∆Z   Zi 
Particle Size (mm)    A          -0.8450   0.3 0.15   0.1733 

             Solvent Volume (ml)  B             0.1243 250 100 262.43 
Time (hr)                C         0.3886 4 2 4.78    

 
 
 
 
 
The optimum parameters of 0.1733, 262.43 and 4.78 are substituted into Equation 2 to obtain 
the optimum values of the response (Oil Yield) as 15.35%. Confirmatory experiments were 
conducted in triplicate using the optimum values, to confirm the validity of the model, and the 
average OY from the confirmatory test was calculated to be 15.02%. 
 
Physicochemical Properties of extracted oil 
The oil extracted was analysed so as to characterize it. The physicochemical properties of the 
oil are given in Table 6. 

Table 6: Physiochemical properties of the extracted Albizia lebbeck seed oil 
Properties Extracted Oil Literature Values (Ajay, 

2014 and Maryam et. al., 2009) 
Acid Value, mgKOH/g 13.46 12 – 15 
Free Fatty Acid (FFA), % 6.73 < 7.0 
Saponification value, mgKOH/g 223 201 – 235 
Peroxide Value, mg/100g 57.3 30– 70 
Iodine value, g/100g 65.7 57 – 113 
Specific gravity, 28oC 0.964 0.850 – 0.969 
Density, mg/ml 0.903 0.890 
Refractive Index, 28 oC 1.474 1.3 – 1.67 
Viscosity, cp 4.800 4.600 – 4.900 
pH 7.28 7.0 – 8.0 

 
CONCLUSION 
The optimization of oil extraction through the application of response surface methodology 
from locally grown Albezia lebbeck seeds was successfully carried out. A quadratic model was 
developed and the effect of parameter interactions was also examined. Optimum model 
parameters such as particle size of 0.1733 mm, solvent volume of 262.43 ml and time of 4.78 
h were established for the extraction of oil from seeds of Albizia lebbeck within the 
experimental limits. The oil extracted at optimum conditions shows characteristics and 
properties such as acid value of 13.46 mgKOH/g, FFA of 6.73%, saponification value of 223 
mgKOH/g and iodine value of 65.7 g/100g similar to that essential oils.  
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ABSTRACT 
The present study focused on optimizing process parameters for cotton seed oil (CSO) epoxidation 
via Taguchi approach. The epoxidation process was carried out with peroxy acid generated in situ 
by using hydrogen peroxide and acetic acid. The epoxidation process was conducted by varying 
the input variables which include temperature, mole ratios of hydrogen peroxide to double bond 
concentration (DBC), acetic acid to DBC and amount of catalyst. The optimum parameters’ setting 
obtained was 50°C temperature, mole ratio of hydrogen peroxide to DBC of 1.5:1, mole ratio of 
acetic acid to DBC of 0.75:1 and 3 wt% of catalyst.  The maximum relative per cent conversion to 
oxirane (RPCO) achieved was 72.20 %. This agreed closely with the predicted value identified 
(68.173 %). The epoxidized cotton seed oil (ECSO) was characterized by Fourier transforms 
infrared (FTIR) and 1H NMR spectra. Similarly TGA/DTA and cooling curve analyses on ECSO was 
carried out to ensure the attainment of improved oxidative stability and cooling characteristics 
respectively. The result of FTIR and 1H NMR analyses confirmed the formation of oxirane in the 
ECSO. Furthermore, the ECSO produced was found to have superior heat transfer rate compared 
to raw cotton seed oil (RCSO).  
Keywords: Epoxides, heat transfer coefficient, optimization, Taguchi, acetic acid, hydrogen 
peroxide, temperature, cotton seed oil 
 
1.0 Introduction 
Bioquenchants (vegetable oils and animal fats) have been in use for many centuries ago as 
quenchants for hardening steels. However, when mineral oils were discovered in the late 
1800s, the use of these liquids as quenchants rapidly decreased. This was mainly due to, but 
not exclusively, their usually high thermal-oxidative instability and the difficulty in formulating 
them with differing consistent quenching performance (Otero et al., 2014). Nonetheless, in 
the recent years, vegetable oils have started regaining its lost position in the industry due to 
its environmental friendliness (biodegradable and non-toxic nature); but then their high 
thermal oxidative instability which lead to low heat transfer ability still remain a major 
challenge in their usage in heat treatment industries. In addition, by modifying the molecular 
structure of the oils through chemical means, in which the unsaturated fraction of the fatty 
acids molecules is epoxidized; a quenchant with high resistance to oxidation and thermally 
stable is anticipated to be developed capable of extracting heat from the hot component at 
high rate, and at the same time satisfies nearly all the desired requirement of a quenchant. 
Epoxidation is one of the effective chemical modification processes used by many researchers 
in improving oxidative stability of vegetable oils (Darfizzi and Jumat, 2014; Liew et al., 2015). 
Efforts have been made to improve the low oxidative stability of the soybean oil for quenching 
application by epoxidation process (Otero et al., 2014). Additionally, many attempts have been 
made to improve the oxidative stability and high temperature performance of cottonseed and 
rapeseed oils by the same process (Dinda et al., 2008; Milchert and Smagowicz, 2009). 
 
In the synthesis of bio-based quenchant, the double bonds in the vegetable oils, after 
epoxidation, are converted to epoxy group which eventually raises the oxidative stability of 
the oils. However, in the epoxidation process, the peroxy acid generated in situ spontaneously 
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reacts with the oil’s double bonds, forming an epoxy group and releasing carboxylic acid. 
Besides the main reactions of peroxidation and epoxidation, the acid catalysed side reactions 
of the epoxy group opening with nucleophilic agents also occur during the process (Arumugam 
et al., 2014; Goud et al., 2011). The conversion of double bonds to epoxides and selectivity 
of the process are strongly influenced by the process parameters, therefore, their optimization 
is needful regardless of which carboxylic acid or catalyst is used in the process. Hence, the 
optimal operating condition in the epoxidation process must be clearly defined to achieve high 
content of epoxy groups.  Consequently, in the present study, optimization of epoxidation 
process parameters for cotton seed oil (CSO) based on Taguchi method is reported.   
 
2.0 Materials and Methods 
 
2.1 Epoxidation Process  
In the present investigation, epoxidation reaction was used to convert the unsaturated 
fractions of fatty acids in CSO into oxirane rings (epoxide).  The degree of conversion of 
double bonds to oxirane rings is determined by per cent of oxirane oxygen content (OOC). 
From the oxirane oxygen content, the per cent relative conversion to oxirane (RPCO) was 
determined using Equation (1): 
 

	 	100          (1) 
 
Where: OOex is the experimentally determined per cent content of oxirane oxygen  
OOth is the theoretical maximum per cent content of oxirane oxygen in 100 g of oil, which was 
calculated using Equation (2) 
 

	 	100          (2) 

 
Where: IVo = Initial iodine value of the oil 
 Ai = Atomic weight of iodine = 126.9 g/mol 
 Ao = Atomic weight of oxygen = 16.0 g/mol 
 
The experimental design for the epoxidation process parameters using the L9 orthogonal array 
and RPCO results are illustrated in Table 1. Subsequently, Taguchi method was used to find 
the mean S/N ratio response for each process parameter at each level. The RPCO results were 
converted into S/N ratio using MINITAB 16 software based on the larger-the-better 
characteristics. 

 
Table 1: DOE Results for Epoxidation process of CSO 

Expt. 
No. 

Factors Response 
Temperature 

(oC) 
H2O2 

(ratio) 
Acetic Acid 

(ratio) 
Catalyst 
(wt %) 

RPCO (%) 

1 50 1.5 0.50 2 63.11 
2 50 3.0 0.75 3 64.23 

59.00 3 50 4.5 1.00 4 
4 60 1.5 0.75 4 60.09 
5 60 3.0 1.00 2 52.33 
6 60 4.5 0.50 3 62.51 

63.11 7 70 1.5 1.00 3 
8 70 3.0 0.50 4 57.92 
9 70 4.5 0.75 2 59.53 
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The amounts of each level for all the epoxidation input variables were calculated based on 
the double bond concentration of the CSO. The calculated amount is depicted in Table 2. 
 

Table 2: Calculated Amount of Parameters for CSO 
Amount 

(g) 
**DBC 
    (mole) 

Hydrogen peroxide Acetic acid Catalyst 
(H2SO4) 

(%) 
Ratio Amount 

(g) 
AI30S 

(g) 
Ratio Amount 

(g) 
40 0.103152 1.5 5.2608 17.536 0.50 3.095 2* 

3.0 10.5215 35.072 0.75 4.642 3* 
4.5 15.782 52.607 1.00 6.189 4 

Where: DBC is acronym for double bond concentration 
 AI30S is acronym for amount in 30% solution 
Note: * is the total mass of hydrogen peroxide and acetic acid. For example, raw 1 and 2 
will have 2% catalyst (2% of [5.2608+3.095]) and 3% catalyst (3% of [10.5215+4.642]) 
respectively. 
 ** the Gas-liquid chromatographic analysis done revealed that the oil contains 59.1 
and 13.2 % linoleic and oleic acids respectively. Therefore, the DBC was determined as 
follows: 
 
DBC = total number of moles of double bond =  =  
 
For 40 g of oil, 

	

59.1
100 40

280
0.0844286	  

13.2
100 40

282
0.0187234	  

	0.103152 ؞  
 
280 and 282 are the respective molar mass (in g/mol) of linoleic and oleic acids. 
 
In the optimization event, the epoxidation process was carried out as follows: 
The epoxidation reaction was performed in a 2000 ml glass beaker on a heated magnetic 
stirrer using peroxy acetic acid produced in situ. In the epoxidation process, the experimental 
factors shown in Table 1 were used. The calculated catalyst mass (H2SO4) was slowly added 
to the measured acetic acid drop wise and then the mixture was poured into the oil sample. 
At a steady speed of 450 rpm, the mixture was stirred continually; the required quantity of 
hydrogen peroxide was added slowly. The mixture was heated to the desired temperature 
gradually. Mixing acetic acid with hydrogen peroxide simultaneously generated peroxide acid 
in situ. The mixture was poured into a separate funnel after 2.5 hours and the aqueous layer 
was immediately drained. With 15 per cent NaOH solution, the product was neutralized, 
washed carefully with hot water and lastly dried by evaporation. 
 
2.2 Characterization Techniques  
The spectra of the FTIR were obtained using the technique outlined by Dodo et al., (2019a). 
Likewise, the cooling curves and the corresponding coefficient of heat transfer (HTC) for the 
oil were obtained according to the method adopted by Dodo et al. (2019a). On the other 
hand, 1H NMR spectrum was generated at 125.77 MHz in CDCl3 solvent using an Ascend NMR 
spectrometer (model 500) with a 5 mm broad band inverse probe head fitted with protected 
z-gradient accessories. 
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The oxidative stability of ECSO and RCSO was investigated in the ambient to 600oC 
temperature. In the TA instruments Q500 TGA model, the non-isothermal thermogravimetric 
analysis was performed. Oxygen atmosphere at a flow rate of 100 ml / min was used as a 
reactive gas together with nitrogen as a purging gas. Different amounts of samples (in mg) 
were used in the analysis, but in an open silica crucible (less than 10 mg), TG curves and 
derivatives curves were used for identifying the oxidation start temperatures. 
 
3.0  Results and discussion 
 
3.1 Effect of reaction conditions on the epoxidation  
 
Table 3: S/N ratios response Table for RPCO of CSO 

Level Temperature H2O2 Acetic Acid Catalyst 
1 35.86 35.86 35.73 35.29 
2 35.29 35.26 35.74 36.03 
3 35.58 35.61 35.26 35.42 

Delta 0.57 0.60 0.48 0.73 
Rank 3 2 4 1 

 
Table 3 demonstrates the mean S/N ratio response for RPCO on epoxidation of CSO. The 
Table presents the ranking which shows that conversion to oxirane is influenced by catalyst, 
hydrogen peroxide, temperature and acetic acid in decreasing order of significance of the 
process parameters. Rank 1 indicates that catalyst substantially affected the conversion to 
oxirane followed by rank 2 which means that hydrogen peroxide also has a considerable effect 
on the process. Rank 3 and 4 in the same table indicate that temperature and acetic acid had 
less effect on the process. On that account, the most influencing epoxidation parameter is the 
catalyst and least is the acetic acid. The catalyst increases the rate of epoxidation reaction 
rapidly because of the active moieties (H+) present in it. The result supports the finding of 
Dinda et al., (2008) who reported that sulfuric acid do have a great influence on the 
epoxidation process and boost the formation of the oxirane. The result further reveals that 
conversion to oxirane oxygen is almost independent of acetic acid concentration. This is similar 
to the result of investigation done by Ferra et al., (2012). 
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Figure 1: Influence of epoxidation process parameters on RPCO for CSO 
 
The main effects plot of S/N ratio for RPCO of CSO is shown in Figure 1. The graph infers that 
mean conversion to oxirane oxygen was found to decrease dramatically before a gradual rise 
with the increase in reaction temperature and hydrogen peroxide. Nevertheless, a gentle 
increase and then a considerable decline were observed in the conversion with acetic acid 
concentration whereas more catalyst addition led to marked increment and decrement in the 
conversion. From main effects plot, it is clearly evident that the reaction temperature (50 oC), 
H2O2 to DB (double bond) molar ratio (1.5:1), acetic acid to DB molar ratio (0.75:1) and 
catalyst concentration of 3 wt% are the promising conditions to maximize RPCO for CSO. This 
is close to the observation of Dinda et al., (2008) who concluded that reaction conditions 
favourable for epoxidation of cottonseed oil catalysed by inorganic acids are temperature (50 
to 60 oC), molar ratio between peroxide to unsaturation in the oil (1.5 to 2.0) and about 2% 
of catalyst loading. 
 
3.2 Confirmation of Experimental Results 
Confirmation experiment was carried out in this study to validate the experimental results 
obtained during the optimization analysis and at the same time to verify the Taguchi models’ 
prediction. The confirmation experiment was conducted by running a new experiment using 
the best experimental conditions obtained for optimum RPCO. The optimal parameter 
combinations were used to predict S/N ratios and mean values of RPCO through the following 
prediction model equations (3-4): 
 

	 	 	 	 	 	 	 	    (3) 
 

	 	 	 	 	 	 	 	    (4) 
 
Where:  and    represent the predicted RPCO S/N ratio and mean value at optimum 
conditions.   
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 , , , and , , ,  are the mean responses of S/N ratio and mean values for 

factors at designated optimum levels respectively. 
 and   demonstrate the average of the S/N ratios and mean values.   

 
The predicted epoxide conversions as per the obtained model are shown in Table 4. In order 
to make comparison between the predicted values and the experimental results, the Table 
illustrated the two values. Additionally, the per cent errors of the Taguchi-predicted results 
with respect to the experimental values as reference are also presented in the Table. 
 
Table 4 Analysis of confirmation Experiment for DB conversion to oxirane  

Best 
parameter 
combination 

Prediction Experimental Prediction 
Error (%) 

Improvement 

Mean 
value 
(%) 

S/N 
ratio 
(dB) 

Mean  
value 
(%) 

S/N 
ratio 
(dB) 

Mean 
value 
error 

S/N 
ratio 
error 

Value (%) 

T1H1A2C2 68.173 36.753 72.200 37.171 5.578 1.125 7.970 13.238 
 
Where TiHiAiCi represent the respective amount (degree) of temperature, hydrogen peroxide, 
acetic acid and catalyst at level i. 
 
The calculated predicted conversion at the optimum conditions based on the model was found 
to be 68.173% and the experimental observations were 72.200% conversions. Also, from 
Table 4, the average deviation between experimental and predicted epoxide conversion values 
were found to be less than 10%. For this reason, the proposed models are validated and 
confirmed. Furthermore, a substantial improvement in the conversion to oxirane was observed 
from the confirmation experiments. 
 

 
Figure 2: FT-IR spectrum of ECSO 

 

 
Figure 3: FT-IR spectrum of RCSO 

(Source: Dodo et al., 2019b) 
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3.3 characterizations Result 
In Figures 2-3, the spectra of ECSO and RCSO showed an overtone stretching vibration peak 
of C=O for ester at wavenumber 3473.9 cm-1. Based on the comparison between ECSO and 
RCSO FTIR, there is stretching vibration peak of C–H bond attached to unsaturation bond 
(3011.7 cm-1) and unsaturation peak of HC=CH at wavenumber 1650 cm-1 in Figure 3. 
However, the characteristic peaks (Figure 2) that indicate the presence of epoxide groups in 
the ECSO can be observed at 823 cm-1 (Venu and Vaibhav, 2014). Furthermore, the 
unsaturation and stretching vibration peaks of =CH are completely absent in Figure 2. This 
confirmed a near complete conversion of unsaturation in RCSO to epoxides. 
 

 
Figure 4: 1H-NR spectrum of RCSO 

 

 
Figure 5: 1H-NMR spectrum of ECSO 

 
The peak assignments of the proton NMR spectra of the RCSO and ECSO are shown in Figures 
4-5. Two sets of peaks from 4.10-4.28 ppm were generated as a result of the glycerol four 
methylene protons while the glycerol β-methine proton gave rise to peaks at 5.21-5.25 ppm. 
Due to the protons on the double bonds, peaks at 5.30-5.38 ppm were produced. The 2.2-
2.3 ppm peaks show the existence of methylene groups next to carboxyl group. Peaks in the 
2.7-2.8 ppm region belong to groups of methylene surrounded by double bonded atoms of 
carbon. Furthermore, the peaks at 1.97-2.04 show the presence of methylene groups next to 
double bonded carbon atoms. The 1H NMR spectrum of the ECSO shows that there is no 
double allylic proton of =CCH2C= (2.7-2.8 ppm), however, a new band of around 1.7 ppm is 
produced which is attributable to epoxy -CH2 -epoxy in the ECSO (Figure 5). In the same 
manner, the peak at 0.97 ppm indicating the presence of linolenic acid (attributable to terminal 
methyl homoallylic in linolenate glyceride) present in the RCSO is absent in the ECSO while a 
new peak occurs at 0.98-1.0 due to terminal methyl of a diepoxystearate (Figure 5). The 
epoxidized oil has no olefinic proton signals in the region 5.2-5.3 ppm, but shows the epoxy 
protons in 2.8-3.2 ppm region. Epoxide with single unsaturation (epoxy-octadecenoic) as 
remnant of double bond generated a peak at 5.4 ppm. The solvent used (chloroform) is shown 
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by a chemical shift peak of about 7.26 ppm in Figures 4 - 5.  The 1H NMR spectra observed 
are close to the report of Akintayo (2007). 
  

(a) (b) 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 6: TGA-DTA thermogram of a) ECSO, b) RCSO, c) *SAE40 in O2 atmosphere 
(*Source: Dodo et al., 2019b) 

 
Table 5: Oxidative stabilities (onset temperatures) of the oils 

Bioquenchants Oxidative stability (Under 
O2) 
Tonset (oC) To (oC) 

ECSO 240a 300a 
RCSO 155 180 
*SAE40 255 320 

a There is second thermal event with 460 and 510 oC for Tonset and To respectively.  
(*Source: Dodo et al., 2019c) 
 
The oxidative stability of the oils was analyzed by extrapolated onset Temperatures for the 
initiation of the oxidative events according to ASTM E2550 – 17 standards. The oxidative 
stability was identified from the oxidative onset temperatures under oxygen atmosphere 
(reactive atmosphere). TGA and DTA curves of the oils are illustrated in Figure 6. During the 
analysis, large degradation was observed for all the samples. Oxidation onset temperatures 
(Tonset) were inferred from the corresponding TGA/DTA curves (Figure 6) and shown in Table 
6. It can be noted that ECSO resist oxidative deterioration up to 240 oC. Nevertheless, RCSO 
and SAE40 were stable up to 155 and 255oC respectively. After the onset temperature with 
gradual increase in temperature, temperature at which maximum mass loss rate (To) occurred 

 
(c) 
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was observed. From the TGA curves, it was observed that process of oxidative deterioration 
of ECSO started and ended within a temperature range close to that of SAE40. The improved 
oxidative stability could be linked to the removal of unsaturation in the fatty acid composition 
of ECSO. Alike observations were reported by Venu and Vaibhav (2014). 
 

 
Figure 7: Cooling curves of the oils using INCONEL 600 probe 

(Source: *Dodo et al., 2019a, **Dodo et al., 2019b) 
 
In Figure 7, it is evident that ECSO have the shortest stage I (vapour blanket stage); which 
was estimated to last for three seconds, whereas stage II was observed to complete at 13 
seconds. Notwithstanding, vapour blanket ruptured at longer time in RCSO. Accordingly, the 
data suggests that epoxidation of the RCSO significantly speed up vapour blanket collapse. In 
a similar occurrence, Simêncio, et al., (2016) recorded shorter vapour blanket in palm oil due 
to improved thermal-oxidative stability as a consequence of antioxidant addition. SAE40 
mineral oil presented a longer vapour blanket and boiling stage enabling it to have slower 
cooling than ECSO and RCSO. This is in line with what was established by Komatsu et al. 
(2009). 
 

 
Figure 8: HTC as a function of time for the oils(*Source: Dodo et al., 2019c) 
 
In contrast to RCSO and SAE40 (Figure 8), it is evident that ECSO has outstanding heat 
transfer ability. HTC of the ECSO rise rapidly. However, after reaching peak value at 5 seconds 
of immersion, HTC decreases considerably. Similarly, Figure 8 revealed that RCSO offered 
maximum HTC at around 18 seconds which is lower compared to that exhibited by ECSO. 
Additionally, SAE40 exhibited maximum peak HTC at about 15 seconds. The superior heat 
transfer ability displayed by ECSO is attributable to the improved oxidative stability because 
product of oil oxidation which results to sludge has poor HTC (MacKenzie, 2013). 
 
4.0 Conclusions 
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Synthesis of epoxidized cotton seed oil via Taguchi approach has been carried out successfully. 
The promising experimental conditions for optimum conversion of unsaturation to oxirane was 
found to be at temperature of 50 oC, 1.5:1 molar ratio of hydrogen peroxide to DBC, 0.75:1 
molar ratio of acetic acid to DBC and 3 wt% catalyst. Among the process parameters tested, 
amount of catalyst has largest influence. Second in significance is amount of hydrogen 
peroxide. Confirmation experiment gave 72.2 % conversions. However, the error recorded 
with reference to the predicted conversion value was 5.578 %. Therefore, the model equation 
developed for predicting optimum RPCO is reliable. FT-IR and 1H NMR analyses confirmed the 
formation of epoxides in the ECSO produced using the best combination of experimental 
parameters. TGA-DTA thermograms indicated the improved oxidative stability achieved in 
ECSO. Furthermore, from the cooling curves and HTC graphs; ECSO exhibits superior heat 
transfer ability compared to RCSO and SAE40. Thus, ECSO is recommended to be used as fast 
quenching oil, since it shows splendid heat extraction ability. 
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ABSTRACT 
There is need for deeper understanding of the variables with significance affects oil yield from 
food crops such as almond seeds. This study seeks to examine the effects of temperature and 
time on oil yield from almond seeds. Using hexane, the solvent method of extraction was used 
to separate the oil from seeds. At constant temperature and time of 40 0C and 40 minutes, 
the highest yield of oil extracted were 61.46 % (43.02 g) and 68.64 % (48.05 g) respectively. 
Therefore, this result reveals that oil yield increases with temperature and time. This implies 
that oil yield can be maximized at higher process conditions of temperature and time. 
Keywords: Hexane, almond seed, temperature, time. 
 
Introduction 
Almond (Prunus dulcis, family: Rosaceae) is a common tree nut and oil source which is 
characterized by large seed size and high oil content. It has several applications such as in 
cosmetics, as food source, medication and health promoting properties because of its bioactive 
compounds (Fernandes et al., 2017; Rabadan et al 2018). Almond seeds are commonly found 
in the Middle East countries such as Iraq and Iran, Spain, North America, Mediterranean 
countries, California, Northwest Mexico, Australia (FAO 2015; Fernandes et al., 2017). Almond 
seeds are made up of several components such as fibre, soluble sugars, phytochemicals and 
mineral fraction (Roncero et al 2016). Commercial production process of almond seed oil has 
been in the USA (62 %), Spain and Australia (5 %) (Fernandes et al., 2017). The oil obtained 
from these countries generally differs due to several factors including conditions of processing.  
Samples of almond seeds and its’ fruits are shown in Plates 1 and 2. 
 
Research has shown that factors such as temperature, time duration on fatty acid and phenolic 
compositions, antioxidants, time of harvest significantly affects the oil yield and quality of 
almond seeds (Kazantzis et al 2003; Piscopo et al 2010; Rabadan et al., 2018). Also, the 
effects of storage conditions and atmosphere have been investigated (Raisi et al 2015; Lin et 
al 2016). Therefore, it is evident that the effects of process variables have attracted significant 
research attention. While more recent studies have explored the production processes of 
biodiesel production from almond seeds as well as determination of physico-chemical 
properties (Fadhil and Mohammed 2018; Esonye et al., 2019a; Esonye et al 2019b), attention 
has also being given to the different methods of extraction (Roncero et al, 2016; Fernandes 
et al, 2017; Ojolo et al, 2018).  
 
Studies have shown that differences in methods of oil extraction significantly affect the oil 
yield of such plants (Gomez et al, 1996). More research is needed to examine this idea since 
previous research has only highlighted the use of extraction methods in oil production. To this 
end, this study will examine the influence of hexane solvent extraction method while 
determining the effect of time and temperature variables on the oil yield from almond seeds. 
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Plate 1: Almond fruit                                                                 Plate 2: Almond seeds 
 
2.0 Methodology 
 
2.1 Pre-Treatment of Samples. 
The almond seed was sun dried for three days to remove moisture from it and thereafter was 
oven dried at 100oC for an hour. Moisture removal is significant because it determines the 
time that will be required for drying, and this consequently affects oil yield as investigated in 
this study. Because of the need to determine effect of temperature variation, this study applied 
sun-drying and oven to examine the effect on oil yield since they provide different temperature 
conditions. The almond seeds were grinded into fine particles. 
 
2.2 Extraction of Almond seed oil. 
Solvent extraction method was used to extract oil from Almond seed, using hexane as the 
extracting solvent and Soxhlet extractor as the extracting medium. This method has previously 
been illustrated by Roncero et al, 2016. 
 
2.3 Characterization of Almond Oil 
The following properties were characterized for in the almond oil: density, specific gravity, 
viscosity, acid value, saponification value, peroxide value and iodine value. These methods of 
characterization are detailed in literature (Esonye et al, 2019). 
 
3.0 Results and Discussion 
 
3.1 Extraction of Almond Seed Oil at Varying Temperature 

 
Table 1 Effect of temperature on oil yield at 40 minutes 

Temperature (oC) Yield (g)        Yield (%) 
30 0.00 0 
40 43.02 61.46 
50 38.94 55.63 
60 36.69 52.41 
70 34.77 49.67 
80 32.08 45.83 
90 30.96 44.23 

 
Heating temperature has a significant effect on oil yield. From the effect of extraction 
temperature on the yield of oil from almond seed at a constant time of 400C shown in Table 
1, the highest yield of oil extracted was at 40oC was 61.46 % (43.02g). It is observed that as 
temperature increased, the oil yield was found to reduce. The findings of Gomez et al (1996) 
corroborate this result. Though previous studies have shown that oil yield from almond seeds 
depends on the extent of moisture content in the seeds (Ajibola et al 1993; Olajide et al 2014) 
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and on the heating time duration (Adeeko and Ajibola 1990), the results from this present 
study indicate that the method of oil extraction may also have contributed to the increase in 
yield at a low temperature value of 400C. This view is supported by Aremu et al (2016). From 
their experiments, they discovered that the oil content of African oil bean seeds was 86.8% 
using a soxhlet extractor. Similarly, Sodiq (2012) reported a 60.6% oil yield using solvent 
extraction. In their experiment, Gomez et al (1996) revealed that differences in methods of 
oil extraction have a significant effect on oil extraction yields. They also found that the use of 
hexane solvent in conventional extraction guarantees maximum extraction efficiency. At 30oC 
no extraction occurred, this could be because there is insufficient heat for the extraction to 
occur. 
 
3.2 Extraction of Almond Seed Oil at Varying Time 
 

Table 2: Effect of time on Oil Yield at 40oC 
Time (minutes) Yield (g) Percentage yield 

30 36.67 52.39 
35 40.72 58.17 
40 43.23 61.76 
45 45.95 65.64 
50 46.72 66.74 
55 47.32 67.60 
60 48.05 68.64 

 
The effect of extraction time on the yield of oil from almond seed at constant temperature of 
40oC is shown in Table 2. Within the time range examined in this study, the highest oil yield 
is found to be 68.64% (48.05g) at 600C. It is evident from these results that the time of 
extraction increases with the oil yield. Ajibola et al (1993) and Adeeko and Ajibola (1990) also 
showed from their research that increase in time brings about a corresponding increase in oil 
yield. Heating time duration is a factor that has been shown to have a directly affect oil yields 
irrespective of the type of extractor utilized (Adeeko and Ajibola 1990). 
 
4.0 Conclusion 
The effect of temperature and time has been reported in this study. Though different 
feedstock has previously been investigated, this study has examined the effect of common 
process variables – temperature and time on the oil yield of almond seed. It is evident from 
these results that the temperature and time of extraction increases with oil yield. Besides, the 
results confirms that the extent of oil yield is determined by corresponding process conditions 
of temperature and time. Future studies can explore the effect of other process variables on 
oil yields of non-edible plants to examine their potential for biodiesel production.   
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ABSTRACT 
Microcrystalline cellulose (MCC) is described as purified, partially depolymerised cellulose 
prepared by treating α-cellulose, obtained as a pulp from fibrous plant with mineral acids. 
Groundnut husk of 1.00mm particle size was selected for the alkali treatment using sodium 
hydroxide. Response Surface Methodology (RSM) was used to optimize the extraction of alpha 
cellulose from groundnut husk known as Arachis hypogaea. Sodium Hydroxide was for this 
extraction. The independent variables time, concentration and temperature were optimized 
using central composite design (CCD). Analysis of variance (ANOVA) showed that temperature 
was the most influential factor for hydrolyzing the amorphous sections of cellulose. Under 
optimal conditions, the percentage yield and percentage purity of the alpha cellulose obtained 
were 76.44 % and 40.89 % respectively. The theoretical values for the percentage yield of 
the extracted alpha cellulose were close to the experimental one, resulting in small error 
percentages of 2.73 % and 0.18 %, respectively. Thus, it can be concluded that the RSM 
technique based on CCD design is suitable for optimizing the variables influencing the 
hydrolyzing and extraction of alpha cellulose.   
 
Key words: Groundnut husk (GH), microcrystalline cellulose (MCC), groundnut husk (Arachis 
hypogaea)  
 
1.0 INTRODUCTION 
Microcrystalline cellulose is a purified, partially depolymerised non-fibrous form of cellulose. It 
is widely use in cosmetic, pharmaceutical and food industry as fat substitute, stabiliser, 
thickener, filler-binder, anticaking agent and adsorbent (Matrosovich et al, 2006) are used for 
counting viruses, as an alternative to carboxymethyl cellulose (Hindi, 2016).  Microcrystalline 
cellulose are obtained from both softwood and hardwood which has different chemical 
composition (cellulose, hemicelluloses, and lignin) and structure. Sources of cellulose and its 
derivatives obtained from Agricultural waste are: cotton linters, orange peel, rice husk, corn 
cob, groundnut husk, sugar cane bagasse, calabash, bark of palm nut trees (Chukwuemeka, 
2012).  
  
The chemical composition of groundnut husk is 14.7- 18.7% of hemicellulose, 37.5 - 40.5% 
cellulose, 26.4 - 30.2% lignin and 0.4 – 5.9% of ash contents. The process of extraction of 
microcrystalline cellulose utilizes the removal of hemicellulose and lignin which constitutes the 
matrix for cellulose micro fibrils. The isolation and characterization of microcrystalline cellulose 
from different sources like corn stalk (Reddy et al. 2005), rice husk (Reddy and Yang, 2005), 
wood (Orts, 2005), sugar cane bagasse (Sun, 2005), coconut husk (Rosa, 2010), etc. have 
been previously reported. However, the optimization of alpha cellulose from groundnut husk 
has not been reported.  
 
This work aim to study the effect of process variables for the extraction of alpha cellulose 
from groundnut husk. Response surface methodology (RSM) base on the central design 
composite will be used to optimise the process variables. Statistical significance of the 
experimental observations shall be investigated in terms of Analysis of Variance (ANOVA).
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2.0 METHODOLOGY 
2.1 Materials: Groundnut husk was obtained from Institute of Agricultural Research A.B.U 
Zaria, Nigeria and then identified in Biological Sciences Department and Biochemical 
Laboratory as the raw material. The chemicals used was NaOH.  
 
2.2 Proximate Analysis: 
1 g of the treated groundnut husk was used to examine the percentages of Acid Detergent 
Fiber (ADF) and Neutral Detergent Fiber (NDF) to calculate percentages of cellulose, 
hemicellulose, lignin and ash content as shown in Table 1. 
 
2.3 Production of Alpha Cellulose 
Groundnut husk was washed with distilled water and dried for three days at room 
temperature. The dried groundnut husk was ball milled and sieved to obtain 1.00 mm particle 
size. The groundnut husk were measured for 25 g and treated with Sodium Hydroxide (500 
ml distilled H2O, 0.5 M of NaOH) for twenty runs. The factors obtained from the Central 
Composite Design (CCD) as presented in Table 2 were the temperature, time and 
concentration that were used to optimize the process. The dark slurry obtained was then 
filtered and washed several times with distilled water until pH 7 was recorded and then oven 
dried at 700 C for 2 hrs. Finally, the dried alpha cellulose was stored in plastic containers. The 
responses of the percentage yield of the extracted alpha cellulose and the percentage purity 
were recorded as shown in Table 2. 
      
Table 1: Coded Values for the Central Composite Design 

Coded 
Symbols 

Variables Levels 
Low High -Alpha +Alpha 
-1 1 -α + α 

X1 Time (hr) 1 2 0.659104 2.3409 
X2 Temperature (0C) 80 98 73.8639 104.136 
X3 Concentration (g/ml) 0.25 0.9 0.0284173 1.12158 

 
 
2.3 Percentage Yield 
Percentage yield was calculated using the following equation: 
 
Percent yield (%) =  X 100 ………………   Equation (1) 
 
Where: 
W3 is the weight of oven dried treated sample (alpha cellulose).  
W1 is the weight of oven dried untreated sample. 
 
2.4  Central Composite Design 
Research Surface Methodology was employed to maximize the production of alpha cellulose 
from groundnut husk by optimization of operational factors. The interaction among process 
variables was determined by statistical techniques. Central composite design was employed 
to investigate the effect of critical parameters; temperature, time, and concentration of the 
process. The yield and purity percentages of the alpha cellulose were selected as the response 
variables as shown in Table 1 
 
The three variables and their value range were selected based on preliminary studied. Three 
dimensional surface were applied to investigate and validate the influence on process variables 
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on the treatment of alpha cellulose. The reaction time (1 to 2 hours), temperature (80 to 
980C) and sodium hydroxide concentration (0.25 to 0.90 g/ml) were the input variables. The 
percentage alpha cellulose and percentage purity of the alpha cellulose were coded Y1 and Y2 
in the statistical analysis as the response values. The factors were coded in values (-1 and 1).  
 
2.5  Statistical Analysis 
The data were analyzed using Design Expert Software version 10.0.7.0(Stat- Ease 
Minneapolis, MN, USA). The mathematical relationship between the response of these 
variables and the independent variables can be expressed as the second order polynomial 
equation (Li et al, 2014): 
 

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	  ............................... (2) 
 
Where Y is the predicted value, b is the constant, χ1 is the time, χ2 is the temperature and 
χ3 is the concentration 
 
3.0 RESULTS AND DISCUSSION 

  
3.1 Proximate Analysis 
The Chemical composition of the untreated groundnut husk was investigated using a 
gravimetric method to determine the proximate properties. Table 2.0 presents the results 
obtained. 
 
  Table 2: Proximate Properties of Untreated Groundnut Husk  

S/No. Parameter Value 
(%) 

1 Ash 6.1 
2 Hemicellulose 9.48 

3 Lignin 35.78 

4 Alpha 
Cellulose 

44.16 

5 Moisture 
Content 

2.3 

 
3.2 Actual Design of the Experiment 
The Central Composite Design (CCD) is based on factorial design (time, temperature and 
concentration) which was used to investigate the responses of percentage yield and purity of 
the alpha cellulose as shown in Table 3. 
 
3.3 Percentage Yield of Alpha Cellulose 
Table 3 shows the statistical analysis of the response of the percentage yield of alpha cellulose 
after alkaline treatment. The results indicated an extensive extraction of alpha cellulose using 
equation 1 and the response recorded as presented in Table 3. These values were feed into 
the design of experiment (DOE) using central composite design (CCD) to compute for the 
results and the model equation of the ANOVA shows that the model is significant having the 
probability value of 0.0027 which is less than 0.0500. The lower the p- value the higher the 
significant of the corresponding p-value coefficient. The coefficient of variation (CV) indicated 
the degree of precision with which the treatment was compared. A relatively low value of CV 
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(1.98 %) indicate a better precision and the reliability of the experiment (Hon et al., 2018). 
The time represented by (A), temperature (B) and concentration (C) are the factors of interest 
for the model equation. However in this case, the time (A), time and temperature (AB), 
doubled temperature (B^2) and doubled concentration (C^2) are significant model terms AS 
SHOWN IN Table 4. The statistical analysis indicates that the model is adequate, possessing 
no significant lack of fit and with a satisfactory value for the R-Squared (0.8631) indicating 
that a statistical model can explain 86.31 % of the variability of the response. Normally a 
regression model with an R-Square higher than 0.90 (90 %) is considered to have a higher 
correlation (Jinbao et al,. 2014). The closer the value to unity, the better the empirical model 
fits the actual data (Sathavornvichit, 2006). Therefore, the proposed model fit the 
experimental data and the independent variables or parameters has considerable effects on 
the response.  
 
 
Table 3: The Actual Design of the Experiment and Response of Percentage Yield 
and Percentage Purity of the Alpha Cellulose 
 

ACTUAL DESIGN 
 

Std Run 
 

Factor 1 
A:Time 
 (hr) 
 

Factor 2 
B:Temperature 
(0C) 
 

Factor 3 
 C:  
Concentration 
(g/750ml) 
 

Response 1 
Percentage Yield 
of Alpha 
Cellulose (%) 
 

Response 2 
Percentage Purity 
of Alpha Cellulose 
(%) 
 

9 1 0.66 89.00 0.57 73.00 45.45 
16 2 1.50 89.00 0.57 70.00 45.66 
18 3 1.50 89.00 0.57 72.19 37.65 
19 4 1.50 89.00 0.57 74.00 50.93 
3 5 1.00 98.00 0.25 73.00 47.80 
10 6 2.34 89.00 0.57 68.00 47.86 
17 7 1.50 89.00 0.57 72.00 46.60 
7 8 1.00 98.00 0.90 70.00 35.85 
6 9 2.00 80.00 0.90 75.00 44.98 

2 10 2.00 80.00 0.25 70.00 43.57 
8 11 2.00 98.00 0.90 75.00 53.20 

4 12 2.00 98.00 0.25 74.00 44.65 
5 13 1.00 80.00 0.90 80.00 43.30 

12 14 1.50 104.00 0.57 76.00 38.08 
13 15 1.50 89.00 0.28 74.00 49.32 

14 16 1.50 89.00 1.12 76.00 43.35 
1 17 1.00 80.00 0.25 78.00 45.68 
11 18 1.50 73.86 0.57 75.00 39.30 
15 19 1.50 89.00 0.57 73.00 43.03 

20 20 1.50 89.00 0.57 73.00 41.07 
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Table 4: Statistical ANOVA Analysis of Response for the Percentage Yield of Alpha 
Cellulose 
 
ANOVA for Response Surface Quadratic model 
Analysis of variance table [Partial sum of squares - Type III] 

Source Sum of 
Squares df Mean 

Square 
F 
Value 

p-value 
Prob > F  

Model 133.26 9 14.81 7.01 0.0027 Significant 
A-Time 17.39 1 17.39 8.23 0.0167  
B-Tempt 6.36 1 6.36 3.01 0.1135  
C-Conc 5.12 1 5.12 2.42 0.1506  
AB 45.13 1 45.13 21.35 0.0009  
AC 6.13 1 6.13 2.90 0.1195  
BC 10.12 1 10.12 4.79 0.0535  
A2 4.00 1 4.00 1.89 0.1992  
B2 22.20 1 22.20 10.50 0.0089  
C2 16.33 1 16.33 7.73 0.0195  
Residual 21.14 10 2.11    

Lack of Fit 11.90 5 2.38 1.29 0.3939 not 
significant 

Pure Error 9.24 5 1.85    
Cor Total 154.40 19     

Std.Dev--------- 1.45         R-Square ---------------- 0.8631 
Mean    --------- 73.56       Adj-Square ------------- 0.7399 
C.V. % --------- 1.98         Pred R-Square --------- 0.3276 
PRESS --------- 103.82     Adeq Precision -------- 10.196 
  
 
The Model Equation 
The mathematical relationship of the second order polynomial equation in terms of coded 
factors were used to make predictions about the response for given levels of each factor. By 
default, the high levels of the factors are coded as +1 and the low levels of the factors are 
coded as -1. The coded equation is useful for identifying the relative impact of the factors by 
comparing the factor coefficients. Equation 3 presents the predicted response (72.34 %) 
which is the percentage yield of the alpha cellulose.  
Percentage Yield = 72.34 
-1.13A - 0.68B + 0.61C + 2.38AB + 0.88AC - 1.12BC - 0.53A2 + 1.24B2 + 1.06C2........... (3) 
 
 
3.4 Percentage Purity of Alpha Cellulose 
Proximate Analysis method was used to obtain the response for the percentage purity of 
alpha cellulose as tabulated in Table 2. The response was computed using ANOVA and 
presented in Table 5. The p-value is 0.2433 which is greater than 0.050 indicating a non-
significant model. This means that the independent variables time, concentration and 
temperature has no considerable effect on the response in the term of purity. The R- square 
is 0.5869 also indicating that a statistical model can explain 58.69 % of the variability of the 
response. While the coefficient of variation (CV) 8.91 shows a fair precision and reliability of 
the experiment.  
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Table 5: Statistical ANOVA Analysis of Response for the Percentage Purity of 
Alpha Cellulose 
ANOVA for Response Surface Quadratic model 
Analysis of variance table [Partial sum of squares - Type III] 
 Sum of  Mean F p-value  
Source Squares df Square Value Prob > F  

Model 221.81 9 24.65 1.58 0.2433 not 
significant 

A-Time 23.26 1 23.26 1.49 0.2503  
B-Tempt 0.27 1 0.27 0.017 0.8981  
C-Conc 15.21 1 15.21 0.97 0.3470  
AB 26.75 1 26.75 1.71 0.2198  
AC 73.75 1 73.75 4.72 0.0549  
BC 0.74 1 0.74 0.047 0.8323  
A2 17.27 1 17.27 1.11 0.3177  
B2 42.71 1 42.71 2.74 0.1292  
C2 13.88 1 13.88 0.89 0.3679  
Residual 156.14 10 15.61    

Lack of Fit 48.90 5 9.78 0.46 0.7955 not 
significant 

Pure Error 107.24 5 21.45    
Cor Total 377.95 19     

  
Std.Dev--------- 3.95         R-Square ---------------- 0.5869 
Mean    --------- 44.37       Adj-Square ------------- 0.2151 
C.V. % --------- 8.91         Pred R-Square --------- -0.5360 
PRESS --------- 580.52     Adeq Precision -------- 4.417 
 
The Model Equation 
The second order polynomial equation (eq. 2) is used to express the predicted percentage 
purity of the alpha cellulose. Equation 4 presents the predicted response of the percentage 
purity of the alpha cellulose given as 44.12 %. Which compares favourable with the 
experimented value. 
 
Percentage Purity = 44.12 
1.13A + 0.14B - 1.06C + 1.83AB + 3.04AC - 0.30BC + 1.09A2 - 1.72B2 + 0.98C2........... (4) 
 
3.5 Plots on Percentage Yield and Percentage Purity of the Alpha Cellulose 
The plots presents the interaction between the process parameters; Time, Temperature and 
Concentration on the percentage yield and percentage purity of the alpha cellulose. 
 
The Perturbation plot in Figure 1 shows that at Point A (time) decreases while points B 
(temperature) and C (concentration) increases. However, at deviation from reference point 
0.00 (coded units) both Point A, B and C coincided to give optimal percentage yield of 72.6% 
of alpha cellulose which is slightly above the predicted response (72.34 %). The different 
between the experimented and predicted response is 0.26 %. Similarly, the optimal 
percentage purity of the alpha cellulose is 44% as shown in Figure 2. However the predicted 
response from equation (4) was 44.12 % having the different between the experimented and 
predicted response as 0.12 %.  
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Figure 1: Perturbation Plot showing the effect of time, temperature and 
concentration on the percentage yield of alpha cellulose 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Perturbation Plot showing the effect of time, temperature and 
concentration on the percentage purity of alpha cellulose 
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The Predicted versus Actual Plot  
The predicted against actual plot shows the effect of the model and compares against the null 
model. For a good fit the points should be close to the fitted line, with narrow confidence 
bands. The experimented percentage yield 72.6% and the predicted 72.34 % of alpha 
cellulose are very close. This is clearly seen from the plots on Figure 3 that the points on the 
left and right are close to the regression line. The R- Square value of 0.8631 (86.31%) and 
73.99% adjusted R- Square value are also close. The outliers points affect the fit (Garvasio et 
al. 2008). 
However, in Figure 4 the R- Square value for the percentage purity is 0.5869 (58.69%) and a 
low adjusted R- Square value of 21.51%. However, some of the points are a bit far from the 
line of regression. Also, the variables have no significant effect to the response. 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Plot of Predicted verses Actual on the percentage yield of the alpha 
cellulose 
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 Figure 4: Plot of Predicted verses Actual on the percentage purity of the alpha 
cellulose 
 
The 3-Dimensional Design  
 
In Figure 5, the 3-Dimensional plot shows the response surface of percentage yield of alpha 
cellulose. The percentage of alpha cellulose is the function of temperature and time. The 
optimal percentage yield of alpha cellulose is greatly influenced by temperature. Therefore, 
increase in temperature greatly increase the percentage yield of the alpha cellulose at a lower 
time. However, in Figure 6, the percentage purity of alpha cellulose is not affected by the 
independent variables. 
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       Figure 4: 3D plot of percentage yield and percentage purity of alpha cellulose 
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Figure 5: 3D plot of percentage purity and percentage purity of alpha cellulose 
 
 
In Table 6, the responses were computed and analyzed which present the optimized solutions. 
However, these conditions were used to validate the optimized data and recorded in Table 7. 
Therefore, under optimal conditions, the percentage yield and percentage purity of the alpha 
cellulose obtained were 76.44 % and 40.89 % as seen in Table 7 of number 1. This optimal 
value as seen present the most favourable result. 
 
Table 6: Solutions of the optimization of the extraction of Alpha Cellulose 
OPTIMIZE SOLUTION OF ALPHA CELLULOSE 
Number Time 

(hr) 
Tempt 
(0C) 

Conc 
(g/ml) 

Percentage 
yield (%) 

Percentage 
purity (%) Desirability  

1 1.00 80.00 0.90 79.17 41.07 0.93 Selected 
2 1.01 80.00 0.90 79.15 41.07 0.92  
3 1.00 80.00 0.89 79.13 41.09 0.92  
4 1.02 80.00 0.90 79.11 41.08 0.92  
5 1.00 80.08 0.90 79.10 41.08 0.92  

 
Table 7: The validated Solutions of the optimized of Alpha Cellulose 
OPTIMIZE SOLUTION OF ALPHA CELLULOSE 

Number Time 
(hr) 

Tempt 
(0C) 

Conc 
(g/ml) 

Percentage 
yield (%) 

Percentage 
purity (%) Desirability  

1 1.00 80.00 0.90 76.44 40.89 0.93 Selected 
2 1.01 80.00 0.90 76.40 39.75 0.92  
3 1.00 80.00 0.89 77.16 38.28 0.92  
4 1.02 80.00 0.90 78.60 36.56 0.92  
5 1.00 80.08 0.90 76.16 39.13 0.92  
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4.0 CONCLUSION  
The Analysis of variance (ANOVA) showed that temperature is the most influential factor for 
alkali treatment and extraction of alpha cellulose. Under optimal conditions, the percentage 
yield and percentage purity of the alpha cellulose obtained were 76.44 % and 40.89 % 
respectively. The theoretical values for the percentage yield of the extracted alpha cellulose 
were close to the experimental results having an error difference of 2.73 % percentage yield 
and 0.18 % percentage purity respectively. Therefore, RSM technique based on CCD design 
is suitable for optimizing the variables influencing the extraction of alpha cellulose. 
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ABSTRACT 
Wastes and Emissions from chemical plants have over the years contributed to the 
environmental pollutions. End-of-pipe treatments alonecannot effectively mitigatethe effects 
of chemical processing facilities because of their complexity, it is important for pollution 
prevention to be considered from the beginning of chemical process synthesis steps. 
Therefore, this study focuses on the determination of optimal mass separating agent(MSA) 
for the removal of a pollutant from industrial wastes using mass exchanger networks 
synthesis(MENS). Pinch y-y* tool was used to determine the most suitable external MSA for 
MENS problem with multiple MSAs (S3, S4, S5 and S6) and to target for capital cost and total 
annual cost (TAC) for the network before actual design. From the result of the designs, MSA 
(S3) shows to be the most suitable and economical, followed by S6, S4 and S5 respectively.  It 
can be inferred from the results that these methods can be used to screen and select MENS 
problems with multiple MSAs options quickly and effectively. This also reduces the design cost 
as well as minimising the emission of pollutants into the environment. 
 
Keywords- Capital cost targets; Mass exchanger networks; Mass separating agent; Pinch 
technology, Pollution 
 
1.0 INTRODUCTION 
Research in process synthesis over the years has been driven by the desire to enhance process 
performance and profitability while reducing the environmental impact. The effort to improve 
yield and profitability will have to be simultaneously achieved along with reductions in energy 
consumption, impressive process flexibility, process and environmental safety, product quality 
enhancement,waste recycling and reuse and pollution prevention (Keller and Bryan, 
2000).Industrial wastewater can be used for irrigation to increases agricultural production, 
thus contributing to food safety. The nutrients that arepossibly contained in wastewatercan 
thus allow for savings on purchase of fertiliser. Nevertheless, the risks of industrialwaste water 
re use in agriculture and other activities can be extensive in terms of public health problem if 
necessary steps are not taken before and after re use. The prevention of pollution can 
therefore, be a greatbenefit associated with industrial waste reuse but necessary steps will 
have to be taken to ensure safety of public health. 
 
Chemical processing facilities vary from simple connections of units to complex networks of 
units of equipments and streams.The environmental issues emanating from such complex 
system cannot be effectively mitigated by just end-of-pipe treatments.Pollution prevention 
through system integrationshould be taken into account from the beginning of process 
synthesis steps. The environmental performance and cost effectiveness of a process will 
depend on the performance of the various unit operations and process integration. Achieving 
global insights into the nature of heat and mass flow of processing facilities enable pollution 
reduction at the source as well as cost effectiveness of the process(Linnhoff and Ahmad, 1989; 
Agrawal and Sikdar, 2012; Azeez, 2011).
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Chemical process synthesis involves the systematic development of process flow sheets that 
can effectively transform available raw materials into desired products that will meet specified 
performance criteria of minimum cost of productions, energy efficiency, maximum raw 
material recovery, minimum waste production and excellent operability (Smith, 2016). It 
answers the question of which unit operation should be used and the way it should be 
approached in order to provide the best possible solution to a synthesis problem. One of the 
design approaches that have been adopted in recent times is the integration of the systems 
that make up the processes. Process integration is a tool that have been used to accomplish 
some of the goals in process optimization. Some of the task that have been accomplish using 
the process integration include improved sustainability by reducing the process waste 
discharge, effective use of raw materials,reduction in the purchase of external energy utilities 
and mass separating agents and minimising the generation of emissions and wastes 
(Kaggerud et al, 2006). It is a system-oriented, thermodynamics-based, integrated approach 
to the analysis, synthesis and retrofit of process plants. (El-Halwagi, 1997; Linnhoff et al., 
1982; Linnhoff and Ahmad, 1989).  
 
There are two main approaches to process integration; the pinch technology approachandthe 
mathematical optimization approach. In pinch technology, the designer uses physical and 
thermodynamic concepts to set up and optimise the task to be synthesised (Linnhoff and 
Vredeveld, 1984).Mathematical programming approach involves setting up a mathematical 
framework which is supposed to embed all possible alternative structures using different types 
of mathematical constraints. The framework is subsequently optimised subject to the 
constraints in order to obtain the optimum structure (Azeez, 2011; Isafiade, 2008). 
 
In theapplication of process integration, several optimisation techniques have been developed 
in order to reduce the usage of material and energy resources as well as discharge of wastes 
(Wang and Smith, 1994; Hallale and Fraser, 2000aandb; Tjan et al., 2010; Ponce-Ortega et 
al., 2010;Papalexandri et al.,1994; Azeez, 2011 ; Foo et al., 2005). 
 
Heat Exchanger Network Synthesis (HENS) had been given more attention over MENS;this 
was due to the rising cost of energy in the seventies (Gundersen andNaess, 1988; Linnhoffand 
Ahmad, 1989; Yee and Grossmann., 1990). Also, concern has been raised by various 
regulatory bodies on the effect of process industries emissions into the environment.This has 
necessitated the development of integration methods for mass exchange network synthesis 
(El-Halwagi, 1997; Hallale and Fraser, 2000aandb).Mass exchanger networks has now become 
parts of the separation networks of the chemical plants, MENS seeks to clean the emanating 
process streams before they are released to the environment. MENS reduces the amount of 
external MSAs required for cleaning and the cost of the end-of-pipe waste treatments. It 
serves as a direct pollution prevention goalsuch as removal of phenol and many other harmful 
wastes that may be present in streams coming out of industrial processes. 
 
Mass-exchange operation is common in industrial processes, a mass exchanger is any direct-
contact mass-transfer unit that employs a mass-separating agent (MSA) or a lean phase (such 
as solvent, adsorbent, stripping agent, ion exchange resin) to selectively remove specific  
components (pollutants, products, byproducts) from a rich phase (a waste or a product) 
(Isadfiade, 2008; Hallale, 1998; El-Halwagi, 1997). Mass-exchange operations include 
absorption, adsorption, stripping, solvent extraction, leaching, and ion exchange. Multiple 
mass exchange operations can be involved in many industrial situations, and several candidate 
MSAs may have to be considered especially where there are several rich streams from which 
mass has to be transferred through the employment of MSAs for the removal of the targeted 
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species. Therefore, applying the mass exchanger networks synthesis approach can provide 
both technical and economic benefits. In this research, approach of Hallale (1998) and those 
of Hallale and Fraser (2000a and b) are investigated in the screening and optimising the use 
of external mass separating agents in the removal of phenol from waste streams. 
 
The MENS problem statement can be stated as follows (El-Halwagi, 1997; Isafiade, 2008; 
Hallale, 1998): 
Available are a number of rich streams and a number of lean streams, otherwise known as 
the mass separating agents, the requirements is to synthesise a cost-effective network of 
mass exchangers thatcan transfer certain materials from the rich streams to the lean streams. 
Available also are the flow rate of each rich stream as well asthe supply and target 
composition.Also, the supply and target compositions are given for each MSA. The mass 
transfer equilibrium relations are also made available for each MSA. The flow rate of each lean 
stream is not given and will have to be calculated 
 
The process MSA is already available on the plant and can be used for the removal of certain 
materials at a low or no cost (often free).The flow rate of each process MSA available for mass 
exchange is bounded by the availability in the plant. On the other hand, the external lean 
stream can be purchased from the market and their flow rates are subject to economic 
considerations.  
 
The design questions to be addressed in the research includethe following; MSAs to be 
selected, the optimal flow of such MSAs, stream pairings to be selected and the optimal system 
configuration? 
 
BACKGROUND 
The mass exchanger networks analogue of the pinch synthesis method for heat exchanger 
networks was developed in El-Halwagi and Manousiouthakis (1989) and extended to El-
Halwagi (1997). The authors targeted for the minimum MSA required to accomplish a 
separation task and also presented design methods needed to meet these targets. Hallale 
(1998) and Hallale and Fraser (2000a and b) developed the y – y* tools for targeting the mass 
exchange area and capital cost for both stage-wise and continuous contact columns that were 
not available in the studies of El-Halwagi and co-worker. One of the important areas of MENS 
problems which have not been given much attention is the optimal selection of MSAs in MENS 
when there are multiple MSAs.This constitutes the purpose of this studythrough the use of 
the tools developed by the aforementioned researchers in this background. 
 
2.0 METHODOLOTY  
Pinch analysis as applied to MENS, involves targeting before actual design which include; 
minimum mass separating agent (MSA) targeting, the minimum number of units targeting (El-
Halwagi, 1997), capital and total cost targeting (Hallale and Fraser, 2000a and b), then 
network designs.Hallale, (1998)’s y-y* tool will be employed in solving a problem with multiple 
external MSAs. The following factors will be used to determine the most suitable MSA to be 
used; the lowest overall cost of removing mass load of the contaminant, the minimum flow 
rate required for the selected MSAs, operating cost of the MSAs, capital and total cost targets 
and also the capital and total costs of the design network will be accounted for to enable 
proper selection between the multiple external MSAs. 
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2.1 Mass Separating Agent Targets 
Pinch technology strives to optimize the use of the process MSAs to recover mass from the 
process before employing the external MSAs. If the mass removed with process MSAs is 
maximized, lesser external MSAs will be required. The pinch diagram approach for targeting 
the minimum external MSA requirement is an analogy to that of the pinch in HENS.A composite 
of all the rich streams is obtained by plotting each rich streamcontaining the mass to be 
removed against its supply and target compositions on a single graph (Isafiade, 2008). 
Addition of the mass loads of the rich process streams in the synthesis task in each 
concentration intervalis accomplished and a new line drawn across the interval equivalent to 
the sum of the mass load (El-Halwagi and Manousiouthakis, 1989). Lean streamswere treated 
the same wayusing the same steps. Both composite curves were drawn on the same axes as 
presented by El-Halwagi and Manousiouthakis, and it is shown in Figure 1. 
 

Rich Composite Curve 

Lean Composite Curve 

Excess capacity of process MSAs

Load for External MSA

Mass transfferred Kg/s 

y 

Integrated Mass Exchange

Mass Transfer
      Pinch

x x 12

 
 
Figure 1: Mass exchange composite curves(El-Halwagi and Manousiouthakis, 
1989).  
 
The point at which the rich and lean composite curves have contact is known as the mass 
transfer pinch. The two curves touch each other not because there is zero or no driving force 
but the ε valueis built into the lean stream compositions using the equilibrium relation shown 
in Equation (1) (Hallale and Fraser, 1998).  
 

		 ε 	 																																																																																																	 1  
 
where y and x are the rich and lean stream compositions, mj is the mass transfer equilibrium 
relation for MSAs, εj is minimum allowable composition difference, which is also the driving 
force and bj is the equilibrium constant. 
 
According to Hallale and Fraser (2000a), for a MENS problem where each lean stream has 
separate composition scales, it is important to point out that they are not equivalent because 
of the different equilibrium relations.For all MSA compositions to have a common basis 
therefore, an MSA composition, xj, will have to be expressed as the rich stream composition 
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with which it would be in equilibrium, y*.  The equilibrium relations transformation is as 
follows; 
 

∗ 	 	 2  
 
The driving forces for exchanger sizing is expressed in terms of y and y* values. The minimum 
composition difference between y and y* is represented as ∆ymin and is related to the 
composition difference in the MSA, ∆x, through the equilibrium constant.The authors then 
constructed the lean composite curve in terms of y* values correspond to the xs and xt values 
for the MSAs.Both the rich and lean streams composite curves were then presented on the 
same axes against mass transfer load and shifted together until a pinch was noted (Figure 2). 
Plotting lean streams in term of y* values prevented thecomposite curvesfromtouching at the 
pinch but now separated by a composition difference of ∆ymin (Hallale and Fraser, 2000a). 
 
 

Rich Composite Curve Lean Composite Curve 

Excess capacity of process MSAs

Pinch 

Load for external MSA
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Figure 2: Mass transfer composite curves with lean stream compositions y* 
(Hallalae and Fraser, 2000a) 
 
The region ofcomplete vertical overlap of the rich composite curve over the lean composite 
curve in Figure 2 shows the optimum amount of species that can be removed by the process 
MSAs. The overshoot of the lean composite curve over the rich composite curve indicates the 
excess capacity of the process MSAs that can remove load available. Details of the process is 
contained in Hallale (1998). The external MSAs flow rate targets is established by drawing y-
y* composite curves for these MSAs. 
 
2.2 Capital Costs Targets 
To determine the capital cost of a mass exchanger network, factors like the number of mass 
exchangers, the size, number of transferunit or number of stages of the exchangers, and the 
material of construction have to be accounted for as these contribute to the capital cost of a 
mass exchange network (Hallale, 1998).  
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2.3 Number of Transfer unit Targets 
Targeting for the capital cost of mass exchange networks include factors such as: the target 
for the number of equilibrium stages in the network, total number of transfer unit, exchanger 
diameters, transfer height, inactive heights, distribution of units between streams and other 
relevant information regarding number of staged are contained in Hallale, (1998). The mass 
transfer composite curves which represent the entire network do not show the composition 
differences that can be used for the number of transfer unit targetingand to predict equipment 
sizes. A new plot, y-y* composite curve developed by Hallale (1998) and used in Hallale and 
Fraser (2000a) which shows the composition differences and still representing the entire 
network was seen to be useful and will be used in this work. The tool as developed in Hallale 
(1998) is shown in Figure (3).  
 
 

y*

y

Pinch 

INTERVAL I

INTERVAL 4

INTERVAL 3

INTERVAL 7

INTERVAL 5
INTERVAL 6

INTERVAL 2

Composite Operating 
           line

Psoude-equilibrium
     line    y=y*

 
Figure 3: The y-y* composite curve of Hallale, (1998). 
 
The y-y* composite curve plot developed by Hallale (1998)shows the profile for vertical mass 
transfer andmanyothermaterialsneededfor mass exchanger sizing. The plot presents the 
analogy between HENS and MENS using pinch technology. The ratio of the composite 
operating line slope to the equilibrium line slope is the removal factors A, and the differences 
between the operating line and the pseudo- equilibrium line is ∆y values (driven force). The 
detail of the tool is contained in Hallale (1998).The number of stages can be determined for 
each composition interval using graphical approach or Kremser equation for stage wise 
exchanger while for continuous contact columns transfer unit approach used for the height 
targeting. In this study, the continuous contact exchanger is used and the minimum network 
height, Hmin, was determined for each interval as follows (Hallale and Fraser 2000b): 

 

H 	 HTU

	

	 NTU
∝

		 H 3  

 
where NTU and HTU are number and height of theoretical units respectively. NTU is a 
function of Δymin is given as: 
 



©NSChE 2019: DETERMINATION OF OPTIMAL MASS SEPARATING AGENT FOR THE REMOVAL OF POLLUTANT 
FROM INDUSTRIAL WASTES USING MASS EXCHANGER NETWORKS SYNTHESIS: by G.B. Adebayo O. S., Azeez 

and  A.S., Abdulkareem 
	

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              662	|	P a g e 	
	
	
	

	
	 ∗ 4  

Δylm is the log means rich-phase composition differences, given by: 
 

	 ∗ 	
∗ ∗

log
∗

∗

5  

Δyin and Δyout are driving forces, the differences between the operating line and equilibrium 
line. 
2.4 Capital Cost and Total Annual Cost Estimation 
Hallale (1998) targeted for total number of exchangerheight by summing up the contributions 
from each rich stream using a method similar to that of shell targeting in HENS (Ahmad and 
Smith, 1989). Because of the pinch division, the author subdivided the rich stream 
contributions in to contributions above and below the pinch. The total target as presented by 
Hallale,(1998) is thus: 
 

	 , 	 	 , 	 6 	

 
 2.5 Minimum Number of UnitTargets 
The minimum number of units is also required for capital cost targeting for the purpose of 
practicality and operability. Minimum number of stages is assumed to be achievable in the 
minimum number of units. The minimum number of mass exchanger Nunit is simply one less 
than the total number of streams in the network as presented by Hallale (1998). For network 
where there is pinch division, this should be applied to each side of the pinch separately as 
done by Hallale (1998): 
 

N N 	N 	1 	 N 	N 	1 	 	 														 7  
 
where NR and NS are the number of rich process streams and MSAs, respectively.  
 
Capital and total annual cost target are estimated as follows; 
 

	 	 	 	 																																																										 8  

 
Where Cij, is the annual cost of each column plate and its value depends on the mass 
exchanger’s type and size. Nij is the number of transfer height. 
 

	 	 	 	 																					 9  
 
2.6 Network Design 
In order to meet the MSA cost targets in design, stream matching should start at the pinch 
since this is the most constrained part of the network (El-Halwagi and Manousiouthakis, 1989). 
For capital cost targets, Hallale, (1998) recommends that a low number of units should be 
used to approach as closely as possible the ideal profile. The feasibility criteria applicable to 
pinch matches presented by El-Halwagi and Manousiouthakis, (1989) and Hallale, (1998): 
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2.7 Stream Population: This recommendation of Hallale (1998) was observed in the 
stream population technique. 
 
2.7 .1 Operating line versus equilibrium line: This was also observed as recommended 
by Hallale (1998) 
 
2.7 .2 The Driving Force (y-y*) Plot 
The driving force plot is constructed from the y-y* composite curve plot as done for MENS in 
Hallale (1998), the selected matches between rich and line stream is evaluated on the y-
y*composite curve by comparing the operating line of each potential match with the 
composite operating line. 
 
2.7 .3 Remaining Problem Analysis 
A selected match is evaluated based on the penalty incurred when the remaining problem is 
analysed. Penalty means the use of more stages above the target in design, and it is expressed 
in terms of efficiency, αmatch. 
 
The methodology outlined above is applied to an industrial problem for the purpose of 
pollution prevention, removal of pollutant from wastes generation by the plant to a satisfactory 
level in the most economical way and selection of most suitable external MSA for the removal 
of the pollutant. 
 
2.0 Problem Specification 
This problem specified here involves the removal of phenol from two aqueous streams, R1 and 
R2 by solvent extraction. Removal of phenol from the waste streams is necessary because of 
its harmful effects when released into nearby streams or rivers. Two process MSAS gas oil (S1) 
and lube oil S2 are available. It is specified in the problem that the entire gas oil stream should 
be used. Four external MSAs (S3, S4, S5 and S6) which are activated carbon, ion exchange 
resin, air and light oil respectively are available also available for phenol removal.  
 
Stream and cost data for the problem are given in Tables 1 and 2, with all compositions in 
mass fractions. S1 and S2 are available free and the cost of the external MSAs are given in 
Table 2. The annual operating time for the plantwas assumed to be 8600h. The capital cost 
of mass exchangers for a continuous contact mass exchanger is assumed to be $4245 per 
year per height (Papalexandri and Pistikopoulos, 1994). The minimum composition difference, 
∆ymin is specified to be 0.001. 
 
Table 1: Rich Streams Data (Isafiade, 2008) 

Stream G (kg/s) ys yt 
R1      2 0.05 0.01 
R2      1 0.03 0.006 

Giin Table 1 is the flow rate of process stream i, ysi and yti are the supply and target 
concentrations (mass fractions) of the pollutants respectively. Lc is the upper bound on the 
flow rate of process MSA j, xsj and xtj are the supply and target concentrations of the MSAs, 
respectively. mj is the mass transfer equilibrium relation for MSAs while εj is minimum 
allowable composition difference as earlier mention in this paper. 
 
 
 



©NSChE 2019: DETERMINATION OF OPTIMAL MASS SEPARATING AGENT FOR THE REMOVAL OF POLLUTANT 
FROM INDUSTRIAL WASTES USING MASS EXCHANGER NETWORKS SYNTHESIS: by G.B. Adebayo O. S., Azeez 

and  A.S., Abdulkareem 
	

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              664	|	P a g e 	
	
	
	

Table 2: Lean Streams Data (Isafiade, 2008) 
Strea
m 

Lc(kg/
s) 

xsj xtj mj bj Cost($/k
g) 

S1     5 0.005 0.015 2 0 0 
S2     3 0.01 0.03 1.53 0 0 
S3     ∞   0 0.11 0.02 0 0.081 
S4     ∞   0 0.50 0.09 0 2.55 
S5     ∞   0 0.029 0.04 0 0.06 
S6     ∞ 0.0013 0.015 0.71 0.71 0.01 

 
3.0 RESULTS AND DISCUSSION 
 
3.1 Determination of the Minimum Mass Separating Agent 
Hallale (1998) analysed this problem for S6 scenario using the stagewise column but the 
problem will now be analysed for all the external MSAs in this paper. In the problem 
specifications above each lean MSA has its individual composition scales as mentioned in the 
introduction and are not equivalent due to different equilibrium relations. Then the MSA 
composition xi is stated as rich stream equilibrium composition, y*, as expressedin equation 
(2), this allows all the MSAs composition to be transformed to a general basis as shown in 
table (3) corresponding scale for y* (Hallale and Fraser. 2000a).  
 
Table 3: Rich Streams Data shown (∆mi)capacity flow rate  

Stream G (kg/s) ys yt ∆mi(kg/s) 
    R1      2 0.05 0.01     0.08 
    R2      1 0.03 0.006     0.024 

 
Corresponding Scale for y* and process MSAs capacity flowrate 

Stream ( Lc j /m j)(kg/s) y*s  y*t ∆mj(kg/s) 
S1 2.5 0.01 0.03 0.05 
S2 1.961  0.0153 0.0459 0.06 
S3   ∞ 0 0.0022    - 
S4 ∞ 0 0.0459    - 
S5 ∞ 0 0.00116    - 
S6  ∞ 0.00192 0.01165    - 

 
Following the steps in Figure (2), Mass transfer pinch point wasseen to be at y and y* values 
of 0.0163 and 0.0153 respectively which were the values obtained in the work of Hallale 
(1998). The minimum external MSA duty is 0.00964kg/s and the excess capacity flow rate of 
S2 is 0.0156kg/s. Excess capacity flow rate can be eliminated by lowering the flow rate or the 
outlet compositions of process MSA. In this case, only the capacity flow rate of the process 
MSA S2 was reduced from 1.961 to 1.451kg/s.The target capacity flow rate (Lj/mj) for external 
MSAs were determined to be 4.382kg/s for S3, 0.630kg/s for S4, 8.31kg/s for S5 and 0.992kg/s 
for S6. The MSAs actual flow rate (Lj) targets are: S1, 5kg/s, S2, 2.22kg/s, S3, 0.0876kg/s, S4, 
0.0567kg/s and S6, 0.704 kg/s. 
 
The first criterion to be considered in screening, of MSAs is their allowable concentration 
range, both the supply and the target composition. Pinch rule implies that no external MSA 
should be used above the pinch; that means y*pinch 0.0153 is the target composition for all the 
MSAs. MSA with target composition below this is thermodynamically feasible; MSA with supply 
composition below pinch but target composition above can be reduced to pinch composition. 
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While MSA with supply composition above pinch, composition is thermodynamically and 
economically inferior. In this problem S3, S5 and S6 have target composition below pinch 
0.0022, 0.00116 and 0.1165 respectively, while S4 with 0.0459 target composition was 
reduced to y*pinch 0.0153, which is corresponding to 0.17 x4 values. 
 
The second criterion for selecting MSA is based on the cost of removing 1kg of mass load of 
phenol, which depends on both the cost of the MSA and its allowable concentration range as 
follows (Fraser et al. 2005). 

Cost	of	removing	mass	load	 C 	
Cost	of	the	MSA	 C

y∗ 	y∗
 

 
The removal cost of the MSAs S3, S4, S5, and S6were calculated to be: $0.730kg, $0.736kg, 
$1.5kg and $2.069kg respectively.  
 
Also, operating cost is another criterion for screening external MSAs, the flow rate of MSAs 
can be used to determine their minimum operating cost (MOC) as follows: 
 

Operating	cost, cost cost	of	MSA	 flow	rate	 operaring	hours			 
 
For 8600 operating hours per year, S3MOC was determined to be $219,680yr, $447,635yr for 
S4, 617,466for S5, and $217,958yr for S6. 
 
4.0 Capital and Total Cost Targets 
Capital cost targetswere estimated for all the MSAs using the target for the number of transfer 
unit (NTU)in the network (Equations 4 and 5).In this problem specification, the cost of the 
exchanger had been given, thus, there is no need for targeting for the height of theoretical 
units (HTU).The number of transfer unitfor each MSA is represented on a grid diagram in Figure 
(4). Notice that Figure 4d was similarly obtained in Hallale (1998) which implies that the method 
is correctly applied in this study. The intervals are represented as the vertical line with pinch 
marked with a dotted line. The rich streams are shown running from right to left on the diagram, 
while the lean streams run from left to right with their corresponding compositionsas shown in 
the figures below.  
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Figure 4a: Grid diagram showing external MSA S3 
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Figure 4b: Grid diagram showing external MSA S4 
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Figure 4c: Grid diagram showing external MSA S5 
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Figure 4d: Grid diagram showing external MSA S6.  
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The targets for the total number of units for all MSAs were obtained by summing up the 
contributions from each rich stream using Equation (6).The total number of units targeting 
for the MSAs are: for S3, 27, S4, 26, S5, 27 and S6, 26. 
 
4.1 Targeting for Minimum Number of Mass Exchanger Units(Nunit) 
Targeting for minimum number of mass exchanger unit, capital and total annual cost target 
are estimated using Equations (7) (8) and (9), respectively in manners similar to that of Hallale 
(1998). The results are shown in Table (4) as follows: 
 
Table 4: Capital and Total Cost Targets   
MSA       Capital cost  

($/yr)                     
Total cost 
($/yr)    

S3 110,370       330,050 
S4 114,615       562,250 
S5 110,370       727,836 
S6 114,615       332,525 

 
 
4.2 Network Design 
The whole network design is obtained by combining the designs in the two regions using the 
feasible criteria and the techniques of Hallale (1998), these were used to obtain the minimum 
MSA target, the number of unitsand the corresponding capital costs of the networks. The 
network designs are presented in Figures 6a to d, matches between streams connected by 
vertical lines represent the exchangers.Figure 6d was similarly obtained where Hallale (1998) 
applied the tool to S6. The number of units for each match was calculated using Equation (4 
and 5) and the total number of units for each design is the sum of the number of units for 
each match as shown in Table (5). 
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Figure 5a: Network design featuring external MSA S3 
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Figure 5b: Network design featuring external MSA S4 
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Figure 5c: Network design featuring external MSA S5 
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Figure 5d: Network design featuring external MSA S6 
The total number of units used in the actual design are; 30, 28,28 and 27units for S3, S4, S5 
and S6 respectively.Capital cost and total annual cost for the networks design, were estimated 
using the same approaches for targeting (Table 5); 
 
Table 5: Capital and Total Cost of Networks Design 
MSA       Capital cost  ($/yr)   Total cost 

($/yr)    
S3 118,860 338,540 
S4 118,860 566,495 
S5 114,615 732,081 
S6 127,350 345,310 

 
The table (6) below gives the summary of the MSAs; the cost of each MSAs, removal cost of 
1kg of phenol, the flow rates, capital cost and total annual cost targeting and networks design 
and their discrepancies. 
 
Table 6: Summary of the MSAs details 
MSA MSA Cos

($/kg 
MSA) 

Removal 
Cost 
($/kg 
phenol) 

Flow Rat
(kg/s) 

Operating 
Coast ($/yr

Target 
TAC 

Actual 
TAC 

Discrepancy 
Target/Actual 

Discrepancy 
 MSAs 

S3     0.081     0.736 0.0876 219,680 330,525 338,540      +2.6%     0.00% 
S4     0.255     1.5 0.0567  447,635 562,250 566,495      +0.76%     67.3% 
S5     0.06     2.069 0.3324  617,466 727,836 732,081      +6%     116.2% 
S6     0.01     0.730 0.704  217,960 332,525 345,310      +3.8%     2.0% 
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From the detailsanalysesin the table (6) above, for the cost of each MSA that can remove 1kg 
of phenol and their minimal operating cost MOC, S6 with the smallest MSA cost of $0.01kg 
has the lowest removal cost and MOC of $0.730kg and $217,960yr respectively. Followed by 
S3 with MSA cost of $0.081 has $0.736kg and $219,680yr. S4 with MSA cost of $0.255kg has 
$1.5kg and $447,635yr, while S5 with $0.06kg has $2.069kg and 617,466yr, respectively. 
These results show S6 with the cheapest cost of MSA to have the lowest removal cost and 
MOC. S5 the second cheaper MSA has the highest removal cost and the MOC of about 183.4% 
and 183.3% respectively while S4 with the highest cost of MSA has 105.5% and 105.4% of 
removal cost and MOC respectively, was discovered to be better and preferable to S5. The 
Screening and selection of suitable external MSA for this particular problem based on the 
removal cost and MOC of the MSAs as analysed above, S6 is preferable followed by S3 with 
removal cost and MOC of 0.6% and 0.8% respectively above S6. 
 
Total annual cost (TAC) was another criterion used for ranking external MSAs which is a 
function of the operating cost and the capital cost of the mass exchangers used in the design. 
For this problem specification, TAC of the MSAs S3, S4, S5 and S6, were calculated to be 
338,540, 566,495, 732,081, and 345,310($/yr) respectively. From these results, S3 has the 
lowest TAC, followed by S6 with 2.0%, S4 with 67.3% and S5 with 116.2% respectively above 
S3. 
 
5.0 CONCLUSION 
In this study, pinch technology using the graphical approached together with y-y* tool had 
been employed in solving MENS problem with multiple external MSAs in order to determine 
the most suitable and economical external MSA for the removal of phenol from the rich 
streams below the pinch point. From the results of this study, it can be concluded that 
selection of external MSA to be used for MENS problem with multiple MSAs should not be 
based on the MSA with lowest cost. Although S6 with the lowest cost of MSA was found to be 
the cheapest based on the removal cost and the minimum operating cost of the MSA while S5 
with lower cost was discovered to be the most expensive among all the external MSA. It can 
also be inferred from the analysis of the results that the selection of MSA should be better 
based on the  TAC of the network design as capital cost of the network also contribute 
significantly to the TAC. This can be deduced from the TAC of S3 which was more expensive 
among the MSAs but was discovered to be thelower TAC at the end of the network design. 
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ABSTRACT 
Nigerian bentonitic clays are lower grade due to high calcium oxide. However, rheological 
properties would be improved when activated with soda ash. In this work, organophillic clay was 
developed from locally sourced Nigerian bentonitic clay sourced from Sabon Garin Ngalda and an 
API grade Wyoming bentonite. An emulsion based drilling mud was formulated using the three 
clay samples with oil to water ratio of 90:10 and drilling mud formulated from organophillic clay 
developed from API grade Wyoming bentonite was used as standard for comparison. The drilling 
mud developed from organophillic clay developed from locally sourced bentonitic clay has shown 
poor rheological and thixotropic properties but was seen to improve after soda ash pre-treatment. 
The developed drilling mud using the raw local organophyllic clay has shown plastic viscosity (PV) 
and apparent viscosity (AV) of 11 cP and 11 cP respectively but was seen to improve to 17 and 18 
cP respectively after soda ash pre-treatment and viscosifier treatment. The 10 s and 10 min   gel 
strength for the raw local organophillic formulation was 1 lbf/100 ft2 but improved to 5 lbf/100 ft2 
after soda ash pre-treatment and viscosifier treatment these properties compare very well with 
API grade organophillic clay formulation. 
  
Key Words: rheological, thixotropic, API, organophillic clay and emulsion 
 
1.0 Introduction 
Drilling mud is fluid used in drilling operation in which the mud is circulated from the surface, 
down the drill string, through the bit and back to the surface via the annulus with objective 
removal of cuttings, cooling and lubricating drill bit, supporting some portion of the drill bit 
and controlling corrosion. Drilling mud is divided generally into three that is, water- based 
mud where water is the continuous phase, oil-based mud where oil is the continuous phase 
and emulsion-based mud where oil and water are mixed to form a single phase in the presence 
of an emulsifier (Bourgouyne et al., 1991). 
 
Drilling muds in use are made up of fluid components such as water, oil, chemical additives 
like viscosifiers and fluid loss control additives such as clay, dispersants and weighting agents 
such as barite. Sodium-based bentonitic clays have shown better viscosity control and fluid 
loss with good cutting carrying capacity or gel strength. The calcium-based type has shown 
low swelling capacity and consequently poor rheological and thixotropic properties 
 
North eastern Nigeria is blessed with more than 700 million metric tonnes with the average 
consumption of 100 000 tones drilling fluid development alone (RMRDC, 2010). Organophillic 
clay is a material formed from treatment of the bentonic clay with the cationic surfactant. 
Organophillic clay is characterised by good swelling capacity when mixed with oil or emulsion. 
It has the advantage of being oil-wet, low fluid loss and lower vulnerability to structural 
collapse when used as drilling mud constituent.   
  
In this study, organophyllic clay was developed by introduction of quaternary ammonium 
surfactant to a pre-treated soda ash calcium based-bentonite. The effect was investigated by 
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formulating an emulsion-based mud, testing the resultant mud and comparing its properties 
with properties of mud formulated from organophyllic API grade Wyoming bentonite. 
 
2.   Materials Equipment and Methods 
 
2.1 Materials Equipment  
The materials used are bentonitic clay sourced from Sabon Garin Ngalda in Fika formation, 
API grade Wyoming bentonite, Hexadecyltrimethyl ammonium bromide (CTAB), Sorbitan 
mono Oleate, water, diesel, 200 mesh size sieves and homogeniser, FANN35SA viscometer 
and thermometer.   
The modified clay sample was developed by adding an equivalent weight of the cationic 
surfactant (CTAB) based on Cation Exchange Capacity (CEC) of the clay, and the resultant 
clay was sun-dried, ground to required particle size, and characterised. 
 The clay sample was then beneficiated by adding 12 wt% soda ash (Bilal, 2015) and allowed 
to stand for 24 hours (Ibrahim, 2016) 
The CEC of the clay samples was determined using the ammonium acetate saturation method 
The mud was formulated by adding the 1 wt% of oil as viscosifier to 90 %vol followed  by 
adding 7 wt% of the total fluid phase as modified clay to the  oil followed 10 %vol of water 
(Schmidt et al 1987). The volume of oil and water was taken to be 350 ml.  
 
3.0   Result and Discussion 
 
3.1 Result 
Variation of dial readings with dial speed for 90:10 formulations is shown in Figure 1 

 
Figure 1: Variation of dial readings with dial speed for 90:10 formulations 
 
Comparison of rheological and thixotropic properties for 90:10 formulations is shown in Figure 
2. 
 
3.2 Discussion 
Figure 1 shows the variation of dial reading with dial speed for drilling mud formulated from 
raw local organophyllic clay without prior treatment with soda ash or viscosifier, modified API 
grade Wyoming bentonite and that with soda ash activated sample. The 12 wt% soda ash 
activated sample treated with 1 wt% viscosifier was seen to compare very well with the 
modified API grade Wyoming bentonite as shown by the light green line in Figure 1  
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In all the formulations it was observed that the dial readings increased with increase in dial 
speed. This implies that at higher dial readings there would be higher shear stress with a 
corresponding increase in shear rate, this property characterises shear thinning drilling mud 
which is an an important property for drilling mud. This increase in dial reading with dial speed 
agrees with the findings of Bilal (2015) and Ibrahim (2016) 
 

    
Figure 2: Comparison of rheological and thixotropic properties for 90:10 
formulations 
 
Comparison of properties of modified API grade, raw local organophyllic clay and soda ash 
pre-treated sample formulation is shown in Figure 2. It can be seen that the soda ash pre-
treated sample compares very well with the organophillic API grade in terms plastic viscosity. 
This agrees with the findings of Shuwa (2010) that soda ash activation of calcium based 
bentonite improves its rheological properties. There was also an increase in AV of the raw 
organophyllic clay from 11cP to about 18 cP attributed to increase in dial readings at 600 rpm. 
Both the soda ash pre treated and the API grade organophyllic clay formulations have shown 
almost equal gel strength of 5 lbf/100 ft2 hence, the cutting suspension potential for the two 
formulations is the same 
 
4.0    Conclusions  
From the research carried out, it can be concluded that soda ash pre-treatment of raw local 
sample before conversion to organophyllic clay improve the rheology and thixotropic 
properties of the formulated mud making it compare well with organophillic (modified) API 
grade Wyoming bentonite. 
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ABSTRACT 
Crude oil fired heaters are associated with considerable fire and explosion hazards. The heaters 
present higher risks at later operational life due to ageing, wear and obsolescence. It is therefore 
important to re-evaluate such heaters to determine the adequacy or otherwise of the existing 
safeguards. This paper presents results of studies on hazard levels in aged fired heaters through 
quantitative consequence modeling method. A number of credible failure scenarios were 
considered. In particular, characteristics of potential jet fires due to Liquefied Petroleum Gas (LPG) 
leaks from hole sizes: 15, 30, 50 and 100 mm were investigated. For the 100 mm hole size, it was 
found that thermal radiation level of up to 37.5 KW/m2 could be experienced within 25 m radius 
of the heater, which is enough to affect nearby operators severely and could also adversely affect 
critical pieces of equipment around. Fireball potential with peak thermal density of about 12.5 
KW/m2 was also observed within 2 m radius. For the 100 mm hole size, lower flammability limit of 
the fuel could be attained within 16 m downwind which poses flash fire risks. Overpressures of 
1.02, 1.14 and 1.21 bar could be experienced at 30, 6 and 4 m respectively away from the fired 
heater which could result in partial demolition of structures that are within the radius. Overall, the 
results indicate that the risk profile is very sensitive to leak sizes, operating and atmospheric 
conditions as well as the fuel quantity being held, among others. For the chosen case study, higher 
integrity protection layers, in form of safety instrumented systems, relief, blow down and alarm 
systems, are recommended.  
 
Keywords:  Downwind distance; Consequence modeling; Radiation intensity; Flame 

length; Overpressure; Liquefied Petroleum Gas. 
 
INTRODUCTION 
Fire is the most frequently reported process-related incident in Nigerian petroleum industry 
(DPR annual report, 2017). Fire may result in no damage/loss, medium to catastrophic 
damage/loss, depending upon the fire characteristics (type of fire, mode of occurrence and 
potential of escalation). Leakage or spillage of flammable material can lead to a fire that is 
triggered by any number of potential ignition sources (sparks, open flames, etc.). Depending 
upon the types of leakage scenarios, fires are mainly categorized into four types, jet fire, pool 
fires, flash fires and fire balls, therefore there is need to study the risk associated with fire 
(Usama et al. 2016).  Figure 1 is a schematic flowchart showing a typical risk assessment 
process. 
 
Consequence analysis predicts magnitude, direction vulnerability zones of negative effects of 
incidents. Once these zones are identified, the risk analysis suggests measures of mitigation 
or prevention that can be proposed to eliminate damage to plant and potential injury to 
personnel. Estimation of vulnerability zone of such an incident plays an important role in 
preparing a realistic emergency plan (Ravichandran et al., 2010). Table 1 gives the effect of 
various radiation intensities. Consequence modelling refers to the calculation or estimation of 
numerical values (or graphical representations of these) that describe the credible physical 
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outcomes of loss of containment scenarios involving flammable, explosive and toxic materials 
with respect to their potential impact on people, assets, or safety functions (Risk Assessment 
Data Directory 2010).  
 
 

 
Figure 1. Typical risk assessment procedure (Abubakar et al., 2017) 

 
Estimation of vulnerability zone due to credible scenarios via consequence analysis would play 
important role in preparing realistic preventive and mitigative measures- including emergency 
response and evacuation plan. Physical models can be used to estimate hazards zones in case 
of accidents (Osman et al., 2015). For these reasons, it is important to determine 
consequences due to accidental leak or rupture of a component at various locations around 
the heater. The following section highlights the methodology involved in this study.  
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Case Study of Kaduna Refinery 
The most Hazardous unit of the crude distillation column (CDU1) is the crude heating section 
(Fired Heater 10H01) where the crude is heated to distillation temperature before it is finally 
sent to fractionator. This is because the fired heater contains a naked flame and handles crude 
in the pipe which is highly flammable. In this work our emphasis will be on hazard resulting 
from fire that is associated with crude discharge fired heater (10H01) of Kaduna Refining and 
Petrochemicals Company (KRPC) Crude distillation unit (CDU).  
 
The fired heater is an exchanger that transfers heat from the combustion of fuel to fluids 
contained in tubular coils within an internally insulated enclosure. The fired heaters are an 
essential component of CDU (I), KRPC. The functions served by fired heaters in chemical 
plants are many ranging from simple heating or providing sensible heat and raising the 
temperature of the charge to heating and partial evaporation of the charge, where equilibrium 
is established between the unvapourised liquid and the vapour. The charge leaves the furnace 
in the form of a partially evaporated liquid in equilibrium. Fired heaters may also be used to 
provide the heat required for cracking or reforming reactions. Fired heaters process fluids 
flowing inside tubes mounted inside the furnace, the fluid is heated by gases produced by the 
combustion of a liquid or gaseous fuel. The major advantage of fired heaters is the 
achievement of continuous operation (Garg, 1997). These heaters are widely used for heating 
purposes in petroleum refining, petrochemical plants and other chemical process industries. 
Fired heaters present high safety risks as the process streams contain highly flammable 
hydrocarbons with potential catastrophic fire incidents. Due to ageing (over 30 years after 
commissioning of the refinery), wear and obsolescence, the fire risk profile of the crude charge 
fired heater (10H01) of KRPC CDU needs to be reevaluated. For instance, in the year 2017 
there was explosion at fired heater 12H01 of CRU KRPC due to tube rupture which led to the 
breakdown of the unit for about two years. Therefore, it is important to determine the 
vulnerability zone of other heaters in the company. 
 
METHODOLOGY  
The calculation of risk is dependent on the Probability of failure (Pf) combined with the 
expected Consequence E(C) of failure and can be estimated from: 
 

          Eqn. 1 
 
The overall risk may be fully quantitative (reported as number), qualitative (e.g. graded as 
low, medium or high) or semi quantitative (e.g.in form of a risk matrix). The risk is usually in 
terms of health and safety, environment and/or assets. Determination of the parameters such 
as flame dimensions, release rates, heat flux and distances to radiation levels is an important 
aspect of the risk assessment process (Abubakar et al., 2017). 
 
PHAST (Process Hazard Analysis Software Tool) is a quantitative risk assessment tool that is 
widely used in the chemical process industry and has shown good agreement with 
experimental results in validation exercises (Spouge and Pitblado, 1998). The tool is able to 
simulate various release scenarios such as leaks, line rupture, long pipeline releases and tank 
roof collapse in pressurized and unpressurised vessels or pipes (Nishant et al., 2014). This 
software is used to account for a range of practical factors such as pipeline location, 
geographical coordinates, prevailing atmospheric conditions and leak source characteristics. 
Key data used for the study are: 
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Table 1 gives the effect of various radiation intensities: 

Table 1. Effect of Various Radiation Intensities 
Intensity of heat radiation 
kw/m2 

Various effect 

1.6 Insufficient to cause discomfort for long exposure 

2.2 Threshold pain. No reddening or blister 

4.2 First degree burn 

8.3 Second degree burn 

10.8 Third degree burn 

15.0 Piloted ignition of wood 

25.0 Spontaneous ignition of wood 

4.0 Glass crack 

12.0 Plastic melt 

19.0 Cable insulation degrade 

37.5 Damage to process equipment 

100.0 Steel structure fail 

Source: (Alche/CCPS, 2000) 
 
Table 2 gives various overpressure effects of explosion 

 
Table 2: Overpressure Effects of Explosion 

Pressure (psig) Damage 
0.02  Annoying noise (137 dB if of low frequency 10-15 Hz).  
0.03  Occasional breaking of large glass windows already under strain.  
0.04  Loud noise (143 dB), sonic boom glass failure.  
0.1  Breakage of small windows under strain. 
0.15  Typical pressure for glass breakage.  
0.3  “Safe distance” (probability 0.95 no serious damage beyond this value). 
0.4  Limited minor structural damage.  
0.5-1.0  Large and small windows usually shattered; occasional damage to window. 
0.7  Minor damage to house structures.  
1.0  Partial demolition of houses, made uninhabitable.  
1-2  Corrugated asbestos shattered; corrugated steel or aluminium panels, fastenings. 
1.3  Steel frame of clad building slightly distorted.  
2  Partial collapse of walls and roofs of houses.  
2-3  Concrete walls, not reinforced, shattered.  
2.3  Lower limit of serious structural damage.  
2.5  50% destruction of brickwork of houses.  
3  Heavy machines in industrial building suffered little damage; steel frame. 
3-4  Frameless, self –framing steel panel building demolished; rupture of oil storage.  
4  Cladding of light industrial buildings ruptured.  
5  Wooden utility poles snapped; tall hydraulic press in building slightly damaged.  
5-7  Nearly complete destruction of houses.  
7  Loaded train wagons overturned.  
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7-8  Brick panels, 8-12 in. thick, not reinforced, fail by shearing or flexure.  
10  Probable total destruction of buildings, heavy  machines  tools  moved and badly 

damaged, very heavy machine tools (12,000lb)  survived  
  

 (Source: M/s. SV Enviro labs and consultants) 
 
 
Table 3: Required input parameters and specification 

Parameter Specification  
Location under consideration:  KRPC 
Location coordinate:   10.41159N,7.49065E 
Time:   10:44 am 
Material:        LPG 
Wind speed:  5 m/s maximum 
Wind direction:  SSW/208.150 upper angular limit 
Solar radiation flux:  1 KW/m2 
Ambient temperature:  28 0C maximum 
Pasqual stability:  Assumed to be neutral/D 
Humidity:  78 % 
Cloud cover:  67 % cloud level 
Terrain/Ground roughness:  Assumed 30 mm-open flat terrain, grasses, few isolated 

objects 
Pipe diameter:   0.16 m 
Height/elevation:  2.65 m 
Temperature at burner:  45 0C 
Pressure at burner: 1.5 bar 
Phase/state of release:  Vapor 
Inventory/consumption rate:  0.35 kg steam/kg oil 
LPG Composition:  85 % Butane, 15 % Propane 
Radius of interest:  200 m 
Outdoor release direction:  Assumed to be horizontal 
Leak sizes identified (from field data): 15 mm, 30 mm, 50 mm, and 100 mm 
Scenario:  Pipe leak 
Intensity levels:  4, 12.5 and 37.5 KW/m2 
Lethality levels:  0.01, 0.1 and 0.99 fractions 

 
These input data were used in the identified scenario i.e. LPG leak as shown in Figure 2 and 
was simulated. After the simulation, the result of the different fire models was selected and 
analyzed considering wind speed and atmospheric stability. 
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Figure 2. Research Methodology (adopted from Usama et al., 2016) 

 
 
RESULTS AND DISCUSSIONS  
Table 4 gives the jet fire downwind distance to experience 4, 12.5 and 37.5 KW/m2 radiation 
intensities and scenarios flame length. 
 
Table 4: Jet fire downwind distance to experience defined radiation levels, for 
Weather 

              Category 5/D 

Scenario 

Down Distance [m]to Radiation Levels 
and Flame Length 

  

Flame 
length 4 KW/m2 

  
12.5kw/m
2  

          37.5 KW/m2  

15mm Leak 5.219 n/a n/a n/a  
30mm Leak 9.956 10.95         n/a                   n/a  
50mm Leak 15.7 20.65         15.53                   n/a  
100mm leak 27.26 40.77         32.55                25.41  

 
Figure 4 gives the radiation levels and respective downwind distance for jet fire. 
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Figure 3: Radiation vs Distance for Jet fire 
 
For Jet Fire, using PHAST the radiation level was plotted for the leakage sizes of 15, 30, 50, 
and 100 mm in 5/D climate weather as shown in Figure 3, the result of the flame length, 
radiation levels and calculated distance in downwind direction are presented in Table 4. As 
depicted in Table 4, the 100 mm leak size has the highest flame length followed by 50 mm, 
30 mm and least 15 mm leak size. 4, 12.5 and 37.5 KW/m2 intensity could not be experienced 
at 15 mm leak size, 12.5 and 37.5 KW/m2 intensity could not be experienced at 30mm leak 
size, 37.5 KW/m2 could not be experienced at 30 mm leak size and all the defined radiation 
levels could be experience at 100 mm leak size.   
 
The following equipment; tank, LAB flare knockout drum, VDU heater, NHU heater, CRU 
heater, column, column, desalter, and heat exchangers were identified to be surrounding the 
heater at approximate and respective distances of 80, 55, 30, 150, 181, 16, 43, 92, 166 and 
200 m away from the heater (10H01) as shown in Plate 3. These fall within the defined 
distance (200 m) of interest. Hence 10C01 fractionator that is in the wind direction could 
experience 37.5 KW/m2 radiation at 100 mm leak size which could result in catastrophic 
damage of the column while 10C07 may experience 4 KW/m2 radiation intensity which could 
result in first degree burn on the personnel around as highlighted in Table 1. It can be 
observed that radiation consequences are concentrated more toward the downwind direction 
due to flame tilt caused by the wind as equally reported by (Ravichandran et al., 2010). Table 
5 gives the fireball downwind distance to experience 4, 12.5 and 37.5 kw/m2 radiation 
intensities and fireball diameter. 
 
Table 5: Fireball downwind distance to experience defined radiation levels, for 
Weather 

Category 5/D 

Scenario 

Down Distance [m]to Radiation Levels 
and Fireball Diameter 

  

4 kw/m2 12.5 kw/m2 
  
37.5kw/m
2  

  Fireball Diameter  

15mm Leak 7.128 1.756 n/a                4.607  
30mm Leak 7.128 1.756         n/a                4.607   
50mm Leak 7.128 1.756         n/a                4.607  
100mm leak 7.128 1.756         n/a                4.607  

 
Figure 4 gives radiation levels and respective downwind distance for fireball 
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Figure 4. Radiation vs Distance for Fireball 
 
For the fireball, 15, 30, 50 and 100 mm leak size show the same fire ball diameter of 4.607 
m also the same downwind distance of 7.128 m to 4kw/m2 intensity level, and 1.756 m to 
12.5 kw/m2 intensity. 37.5 kw/m2 intensity could not be experienced for the different leak 
sizes as shown in Figure 4 and Table 5. The 12 KW/m2 radiation intensity which could be 
experienced up to a distance of 1.756m from the epicenter may result in damaging of plastic 
materials and second degree burn to operators that are within the radius.  
Table 6 gives scenarios downwind distance to lower and upper flammability limit of flash fire 
 
Table 6: Flash fire downwind distance to defined concentrations, for Weather 

                 Category 5/D 

Scenario 
Down Distance [m]to LFL, LFL Fraction 

and UFL 
 LFL[m] LFL[Fractions]      UFL 

15mm Leak 3.211 5.644 0.6181 
30mm Leak 5.17 10.45     1.224 
50mm Leak 9.92 16.15     2.026 
100mm leak 16.25 22.46     4.01 

 
Figure 5 shows the flash fire envelope downwind distance for different scenarios at 
concentration of 8000 ppm 
 
 
 

Figure 5. Flash Fire Envelope 
 
Table 6 and Figure 5 shows that 15, 30, 50 and 100 mm leak sizes have the maximum 
downwind distance to lower flammability limit (LFL) of 5. 644, 10.45, 16.15 and 22.46 m 



©NSChE 2019: MODELING AND SIMULATING THE CONSEQUENCES DUE TO LIQUEFIED PETROLEUM GAS 
LEAKAGE FROM FUEL PIPE SUPPLYING A FIRED HEATER: by H., Jamilu, U. Abubakar Zaria1, *, and S. M. Shuwa 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              685	|	P a g e 	
	
	
	

respectively with 100 mm leak scenario having the highest distance, the increase of LFL is 
due to increase in leak size. The LFL gives the idea of where the ignition will started 
 
Plate I gives the flash fire envelope at concentration of 8000 and 16000 ppm for different 
scenarios  
 
 

 
 

Plate I. 10H01 LPG Fuel Pipe Flash Fire Envelope 
 
 
Plate I show that 15, 30, 50 and 100 mm leak sizes have the maximum downwind distance 
to lower flammability limit (LFL) of 5. 644, 10.45, 16.15 and 22.46 m respectively at 8000 
ppm concentration with 100 mm leak scenario (contour) having the highest distance and been 
clearly captured in table 6 and figure 5.  
 
Table 7 gives downwind distance to defined explosion overpressure for the different scenarios 
 
 

Table 7: Late explosion overpressure downwind distance to experience defined 
overpressures, for Weather Category 5/D 

Scenario 
Max. Distance [m]to Overpressure  

1.02068 bar  1.1379 bar  1.2068 bar  
15mm Leak 0 0 0 
30mm Leak 25.15 12.94 12.21 
50mm Leak 29.01 13.7 12.77 
100mm leak 0.0 0.0 0.0 
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Figure 6 gives downwind distance to defined explosion overpressure 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 6. Late Explosion Worst Case Radii 
 
Table 7 and Figure 6 shows that at overpressure of 1.2068 bar 30, and 50 mm leak sizes 
scenarios has the overpressure downwind distance of 12.21 and 12.77 m respectively with 15 
and 100 mm leak size scenario having no overpressure hazard at this pressure. For the 15 
and 100 mm leak size, all the overpressure scenarios ((1.02068-1.2068 bars)) may be 
experienced right at the epicenter. The 1.2068 bar overpressure could result in minor damage 
to structures, partial demolition of houses and shattering of corrugated asbestos as 
highlighted in Table 2. 
 
Table 8 gives downwind distance to defined explosion overpressure for the different scenarios 

 
Table 8: Maximum overpressure distance to experience defined overpressures, 

for Weather Category 5/D 

Scenario 
Max. Distance [m]to Overpressure  

1.02068 bar  1.1379 bar  1.2068 bar  
15mm Leak 0 0 0 
30mm Leak 30.3 5.9 4.4 
50mm Leak 38.0 7.4 5.5 
100mm leak 0.0 0.0 0.0 

 
For leak size 30 mm, overpressures of 1.02, 1.14 and 1.21 bar could be experienced at about 
30, 6 and 4 m respectively away from the fired heater which could result in partial demolition 
of structures that are within the radius as highlighted in Table 2. For the15 and 100mm leak 
size, all the overpressure scenarios (1.02 - 1.21 bars) may be experienced right at the 
epicenter. It can be concluded that, physical models can be used to estimate hazards zones 
in case of accidents as equally reported by (Osman et al., 2015). 
 
CONCLUSION 
After analysis of the result it was observed that the flame length and downwind distance to 
radiation intensity of a jet fire increase with increase in leak size and for 100 mm leak size, 
any equipment or personnel that is within the downwind distance of 25 m could experience a 
catastrophic damaged. For fire ball, the leak size does not affect the fire ball diameter and 
downwind distance to radiation intensity, and any personnel or plastic material within a 
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downwind distance of about 2 m could be damaged. Radiation consequences are concentrated 
more toward the downwind direction due to flame tilt caused by the wind. Overpressures of 
1.02, 1.14 and 1.21 bar could be experienced at 30, 6 and 4 m respectively away from the 
fired heater which could result in partial demolition of structures that are within the radius. 
Leak size plays a significant role in fire accident. Therefore, leak should be prevented by 
minimizing number of joints, elbows, bend, using corrosion resistant pipe and proper 
maintenance practice. Ignition sources, such as like sparks, heat surfaces and open flames 
should be eliminated. Mitigative measures such as bund/dike and emergency response 
arrangement such as fire fighters, high integrality protection layers, such as safety 
instrumented systems, relief, blow down and alarm systems, should be put in place to reduce 
the negative outcome in case the accident happened.  
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ABSTRACT 
The aromatization process of light alkanes is one of the major ways of adding value to the lower 
saturated hydrocarbons obtained from the refining process and Liquid Petroleum Gas, LPG. The 
thermodynamic analysis based on Gibbs free energy minimization subject to certain constraints 
was used to reduce the number of proposed species from thirty-six to thirteen at reaction 
conditions of 550 oC and 1 bar. The process of minimizing the Gibbs free energy equation was 
done using Aspen Plus software in a carbon-free atmosphere. Influence of temperature, pressure 
and flow rate was studied on product distribution in the form of selectivity, yield and conversion 
of propane. It was observed that the formation of aromatics was least favoured as seen from the 
yield at various temperature. The hydrocarbon selectivity and yield were reported on a carbon 
basis. It was discovered that methane formation was most favoured. Yield and selectivity of 
aromatics were found to be independent of pressure at 1 to 10 bar, and m-xylene was found to 
be the most favoured of the isomers of xylene. This work also presented the computational 
justification for assuming that isomers of products obtained from propane aromatization are in 
quasi-equilibrium. The temperature which determines the maximum yield of the desired product 
was determined. 
 
Keywords: Aromatization, Chemical-thermodynamics, Aspen Plus, Carbon-free, Selectivity, 
Conversion 

 
INTRODUCTION 
The aromatization process has been studied both industrially and academically with the aim  
of transforming abundant and relatively low-cost LPG to  more valuable products in the form 
of benzene, toluene and xylene (BTX) (Lmutairi, 2013). 
 

3 8 6 6 10 8 2, ,...C H C H C H H          (1)  
Industrially, Cyclar process developed by Universal Oil Petroleum (UOP) together with the 
British Petroleum (BP), the M2-forming process by Mobil, the Alpha process developed by a 
Japanese company, Sanyo and Asahi, and Aroforming process by IFP Salutec  have been used 
successfully for commercial transformation of light alkanes using a modified Zeolite   into 
aromatics (Baradaran et al., 2015). The mentioned processes use modified ZSM-5 with metals 
such as Gallium, Zinc and Platinum. It was reported that a modified ZSM-5 increased selectivity 
towards the formation of aromatics, which are used as either feedstock in the chemical and 
petrochemical industries or as finished products (Muteib, 2013). The aromatization of light 
alkanes being a complex reaction,  the  nature of the metals  used for modifying ZSM-5  has 
been the subject of intense research during the last three decades (Nguyen et al., 2006). To 
reduce the complexity of the light alkanes aromatization reaction, many authors have broken 
it down into several key steps. Nguyen et al.,(2006) divided into different steps: 
dehydrogenation, cracking, oligomerization, cyclization and aromatization. The products from 
the reaction may be produced from more than one process of the reaction (Lukyanov et al., 
1994).The author reported forty-two components from the kinetic model for  ethene and 
propene aromatization over  HZSM-5 and Ga-ZSM-5. Another author reported thirteen 



©NSChE 2019: THERMODYNAMIC ANALYSIS OF PRODUCTS DISTRIBUTION FOR PROPANE AROMATIZATION 
PROCESS: by E.E. Peter, A.Y. Atta, B.Mukhtar, B.O. Aderemi, B.J. El-Yakub 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              689	|	P a g e 	
	
	
	

components from kinetic studies of propane and n-butane aromatization over H-ZSM5 at 500 
oC (Nguyen et al., 2006). The number of species may be reduced by considering product 
distribution at equilibrium. Some of the species may be constrained by thermodynamics to 
eliminate reactions that occur in a trace amount. The investigation of chemical distribution 
has been studied for many types of reactions, e.g. simultaneous partial oxidation and steam 
reforming of natural gas (Chan, 2000; Zhu, Zhang and King, 2001; Aishah, Amin and Peng, 
2009; Ávila-Neto et al., 2009). For Fischer-Tropsch synthesis, the thermodynamic molecular 
weight distribution was observed to correlate well with experimentally determined product  
distribution (Stenger and Askonas, 1986). Though most chemical reactions are often carried 
out far from equilibrium, which is an interesting area of research to find impacts of 
thermodynamics on the kinetics of chemical reactions. Chemical reactions in  non-equilibrium 
thermodynamics bring thermodynamics and kinetics into a common point (Walz and Caplan, 
1995; Rao and Esposito, 2016). 
 
However, the thermodynamic equilibrium calculation of chemical reaction helps in 
investigating the maximum possible conversion of reactant, selectivity and yield that can be 
attained at specified external variables of temperature and pressure (Mazzotti, 2015; Soto et 
al., 2016). Though for practical purpose, the reaction pathway can be altered for selectivity 
and yield of desired products using a catalyst. Equilibrium constant estimation has been the 
traditional approach for simple problems. For a complex reaction which occurs simultaneously, 
a more sophisticated calculation is required. These complex reaction requires energy 
minimization of the Gibbs function subject to constraint by incorporating Lagrange multiplier 
(Ebel et al., 2000; Lwin, 2000; Silva and Heck, 2008; Koukkari, 2014). Few studies had been 
reported on the thermodynamic analysis of light alkanes aromatization which may show the 
equilibrium conversion and product distribution and the possible maximum yield of desired 
products at pre-determine temperature. (Moghimpour;Sohrabi ;Sahebdelfar, 2014) studied 
the effect of water, carbon-monoxide and carbon-dioxide on product selectivity from propane 
aromatization. His work was limited to studies of both saturated hydrocarbon and olefins.  
This study focuses on energy maximization to investigate products distribution subject to the 
prevailing external conditions such as temperature and pressure. In this study, an emphasis 
was placed on benzene, toluene and isomers of xylene distribution and the temperature to 
obtain the maximum quantity of the said products. Also,computational investigation of the 
assumptions made by several researchers on the quasi- equilibrium of isomers was studied. 
 
METHODOLOGY 
The first step was to propose several chemical species obtained from the aromatization of 
light alkanes (Lukyanov et al.,1994; Bhan and Delgass, 2008). In this work, about thirty-five 
chemical species were proposed, and the reaction was carried-out under carbon-free 
atmosphere which is a realistic condition for propane aromatization. The proposed chemical 
species and their molecular formula is presented in the appendix: 
 
Thirty-five products suspected to be obtained from aromatization of propane were 
investigated to determine the equilibrium contribution, which was used as a parameter for its 
reduction to about thirteen components. The process was achieved based on energy 
minimization of Gibbs free energy at constant temperature and pressure, subject to a 
constraint of elemental balance 
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The chemical thermodynamics may be written as a function of composition, temperature and 
pressure 
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The assumption of a single-phase was made. This was justified by the fact that the overall 
aromatization of light alkanes is an endothermic reaction and requires a temperature of about 
500 oC for the formation of aromatics (Hassanusi, 2013). 
For a single-phase, the total Gibbs free energy is: 
 
   1 2 3,
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NT P
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For a gas phase reaction: 
^ ^

i iif y P            (6) 
For a standard state of pure gas at 1 bar, the fugacity of pure component equals the pressure. 
The standard Gibbs free energy, 0

iG   for each element, equals zero. Then for a compound,
0 0
i iG G    

The general expression of  , ,isnG n T P  as a function of temperature, pressure and 
composition becomes: 

 
^
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The main objective here is to find the nis which minimizes the objective function at constant 
temperature and pressure subject to a constraint of elemental balances: 
 

i ik kn a A      (k=1,2, 3, …, z)         (8)                       
Where subscript k stands for an identity of the atom, aik is the number of atoms of the kth 
element present in each molecule of chemical species i. 
The next step was to introduce Lagrange multipliers k  implemented by multiplying each 
element by k  : 
 

  0k i ik kn a A                         (9)                      
A combination of equations 5 and 9 resulted in a new formation which changes with the 
number of moles. The resulting equation was minimized to obtain 
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                     (10)                               

P0 is usually 1bar, though the operating reaction condition was at high temperature and low 
pressure of 1bar, Peng-Robinson thermodynamic package was used to calculate the 
compressibility factor so that fugacity coefficient can be found for determination of the molar 
flowrates of the proposed compounds. 
 
These procedures were implemented using an R- Gibbs reactor from the Aspen Plus 



©NSChE 2019: THERMODYNAMIC ANALYSIS OF PRODUCTS DISTRIBUTION FOR PROPANE AROMATIZATION 
PROCESS: by E.E. Peter, A.Y. Atta, B.Mukhtar, B.O. Aderemi, B.J. El-Yakub 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              691	|	P a g e 	
	
	
	

The Aspen Plus simulation was initially carried out at the reacting temperature of 550 oC and 
pressure of 1 bar. The basis for the calculation was 1 molar flow rate of the reactant, propane. 
The equilibrium molar flowrate calculated was used to reduce the number of species to about 
thirteen. The Selectivity and yield were calculated based on carbon balance, 
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 and sensitivity analysis were carried out to see the effect of varying temperature, pressure 
and flow rate was investigated. 
 
RESULTS AND DISCUSSION 
The reduction of the components from thirty-five to thirteen at a temperature of 550 oC and 
a pressure of 1bar  was based on the reported output from AspenPlus. The molar flowrate of 
less than 1.0 x10-7 was reported as a trace. The conversion was almost 100% at this 
temperature. This is the constraint by thermodynamics which means that higher molecular 
weight of straight-chain hydrocarbon obtained from propane as a reactant seems to be 
insignificant. The higher olefins which were formed by oligomerisation occur in traced 
quantity. The higher olefins which are secondary products are highly reactive and react to 
form cyclo compounds which undergo hydride transfer to form the aromatics. Several 
investigators had always assumed that isomers are at equilibrium, justifying the reason for 
ignoring the isomers (Lukyanov et al., 1994). However, no known work had presented 
quantitative data to justify the claimed. In this work, the mole fraction of n-butane and i-
butane is of magnitude 10E-9. The same trend can also be seen from the isomer of 2,4 and 
2,5 dimethyl-2,4-hexadiene. The formation of methane is most favoured thermodynamically 
because the Gibbs free energy of methane is -50,460J /mol K at 298. 15K (Liu et al., 2004). 
Methane is formed from different reaction steps, mainly cracking of propane and higher 
olefins, and dealkylation of toluene and xylene. 
 
The selected components were investigated to see the effect of temperature on its molar 
flowrate as shown in Figure 1 
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Figure 1: Effect of temperature on molar fraction of components at 1 bar 
The molar fraction of methane is seen to decrease as temperature increases. This may be 
attributed to the decomposition of methane to form several radicals as the temperature 
increases to form other products. This assumption is justified by the fact that the molar 
fraction of hydrogen is seen to increase with the increase in temperature to about 920 oC, 
where methane and hydrogen molar fraction is at equilibrium. Beyond this temperature, 
hydrogen is seen to grow exponentially with temperature. Hassanusi (2013) reported similar 
findings of hydrogen production varying with operating temperature. This result established 
that propane decomposed to its elemental components at 920 0C. The relationship for other 
components which may not be clearly interpreted from Figure 1 can be observed clearly by 
expanding the cluster region as seen in Figure 2. 
 
Benzene and naphthalene are observed to be the dominant components of propane 
aromatization (Figure 2). The molar fraction of naphthalene, which is seen to be almost 
independent of higher temperature indicates the beginning of the formation of carbon soot, 
which, in this case, is in a gaseous phase. Benzene is seen to increase with temperature as 
higher oligomers that are formed react readily to form the simplest aromatic (benzene). This 
information is important, if the objective of the researcher is to produce more benzene which 
is thermodynamically favoured among the BTX. Catalyst, such as a modified ZSM-5 may be 
used to change the reaction pathway, if toluene, xylene and ethylbenzene are to be produced 
in significant quantity. The molar fraction of other aromatics with temperature which is not 
clearly illustrated in Figure 2 due to its low molar fraction is illustrated in Figure 3. 
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Figure 2: Equilibrium distribution of Aromatics at the various temperature at 1 
bar 
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Figure 3: Equilibrium distribution of aromatics (excluding benzene) at various 
temperatures at 1 bar. 
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The molar fraction of m-xylene is most affected by temperature as the curve slides downward 
as the temperature increases. Other components such as ethylbenzene, ortho and para-xylene 
are less affected by temperature. The molar fraction of ethylbenzene is seen to be almost 
independent of temperature. This pattern may be attributed to the stability of the 
intermediates.  The decrease in molar fractions of the aromatics (Figure 3) may be due to 
dealkylation which may be justified by an increase in the molar fraction of benzene (Figure 
2). 
The effect of temperature and pressure on the yield of aromatics was also studied as 
illustrated in Figure 4 
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Figure 4: Effect of temperature on aromatics distribution at 1bar 
  
Benzene and naphthalene are observed to be the dominant components. The yield of 
naphthalene was noticed to increase slightly and later dropped linearly as the temperature 
increased. Benzene yield is seen to increase to some extent with temperature, with its 
maximum yield at 800 0C. Beyond this temperature, the yield is seen to decrease as the 
temperature increases. The yield of other components which are not so significant may be 
observed by expanding the scale of the lower portion of Figure 4. 
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Figure 5: Effect of temperature on the yield of selected aromatics 
 
The yield for m-xylene was observed to drop significantly as the temperature increased. At  
higher temperature (> 900 oC), the yield of m-xylene, O-xylene, p-xylene and ethylbenzene 
is similar. The yield for toluene increased gradually until it exceeded that of m-xylene, the 
maximum yield occurred at 700 oC. At much higher temperature, the yield starts to slide 
downward. The sudden decrease in the formation of m-xylene may be due to dealkylation 
leading to the increase in the yield of toluene and benzene (Figure 5).The Effects of 
temperature on the selectivity of the aromatics were also studied (Figure 6) 
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Figure 6: Effect of temperature on the selectivity of aromatics. 
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The selectivity for naphthalene is the most favoured thermodynamically, though it seems to 
be independent of temperature up until 600 oC. Beyond 600 oC, the selectivity increases 
exponentially. The selectivity for benzene increases linearly with temperature. From this 
observation, it is clear that there is a correlation between yield and selectivity. For o-xylene 
m-xylene, p-xylenes, toluene and ethylbenzene, the relationship is shown in Figure 7 
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Figure 7: Effect of temperature on the selectivity of some aromatics 
 
The selectivity for toluene is seen to be thermodynamically favoured. The maximum selectivity 
was obtained at 800 0C. The lower portion (Figure 7) is expanded  (Figure 8). 
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Figure 8: The selectivity of selected aromatics component with temperature 
 
The selectivity of isomers of xylene and ethylbenzene shows that m-xylene is strongly affected 
by temperature. The selectivity of ethylbenzene is almost similar to that of p-xylene at 900 oC 
The effect of changing the flow rate of propane on product distribution at 550 oC was also 
studied thermodynamically as shown in Figure 9. 
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Figure 9: Product distribution due to changes in the molar flowrate of propane at 
550 oC 
 
The product distribution shows linear relationship at a temperature of 550 oC and a pressure 
of 1 bar with Naphthalene having the highest molar flowrate. The formation of naphthalene 
may indicate the formation of soot which may have to be taken into consideration during 
catalyst formulation. This assumption may be deduced from the formation of hydrogen which 
designates that cracking of propane to form various radicals is the dominant reaction  
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Figure 10: Yield of aromatics in response to changes in propane flowrate at 550 oC 
and 1bar. 
 
It was observed that the yield of Naphthalene increased exponentially with the reactant 
flowrate at 550 oC. The yield of benzene shows little response in a linear pattern with propane 
flow rate. Other aromatics show almost zero yield but the lower portion can be expanded to 
study the relationship as shown in Figure 11. 
 
With the exception of ethylbenzene, the aromatic yield shows an exponential relationship as 
the molar flowrate of the propane increases. The yield of toluene is lower than m-xylene with 
increase in propane flowrate. The reverse is the case when temperature was used as 
parameter to study products distribution (Figure 2).  
 
The distribution of benzene as the flowrate of the reactant changes at various temperatures 
was also studied (Figure.12). 
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Figure 11: Yield of aromatics in response to changes in propane flowrate at 500 oC 
and at 1bar. 
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Figure 12: Yield of benzene with changes in molar flowrate of reactant(propane) 
at several temperature and 1bar 
 
The formation of benzene is seen to be significant at a higher temperature as the flowrate of 
propane increases. Electrons are highly delocalised at higher temperature and this account 
for the stability of benzene. At lower flowrate, the yield of benzene is insignificant and 
independent of temperature. At lower flowrate, there may be lower formation of cyclic 
compounds which undergo protonation and dehydrogenation to form benzene. 
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The yield of toluene with an increase in propane flow rate at various temperature was also 
studied (Figure 13) 
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Figure 13: Toluene yield with changes in propane molar flowrate at various 
temperature and 1bar. 
 
Changes in temperature have little effect on the yield of toluene as the molar flowrate of the 
reactant increases. Due to the stability of benzene at high temperature as explained previously 
(Figure 12), temperature may play little effects on the yield of toluene. 
 
The effect of varying pressure on the yield of selected aromatics at 550 oC was also studied. 
This justified the reason why Pen-Robinson thermodynamic package was used. 
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Figure 14: Effect of pressure on the yield of selected aromatics at 550 oC 
 
The yield of m-xylene was observed to increase almost linearly with pressure. For instance, 
at a pressure of 10 bar, the yield of m-xylene to o-xylem is 2 to 1. The ratio was observed to 
even-out at a pressure of 1-bar. The formation of toluene is strongly affected by pressure as 
its yield to m-xylene is seen to be in the ratio of 1 to 4 at a pressure of 10 bar. It may be 
assumed that the formation of the carbocation is favourable at the meta position of toluene 
which abstract the reactive methyl group from the gaseous phase to form m-xylene. This 
claimed may be seen from Figure 14 which clearly shows low yield of toluene with pressure. 
The lower yield of ethylbenzene may be due to low concentration of ethylene. 
 
Benzene was chosen as a representative of the aromatics to see the effect of pressure change 
of reactant on its molar flowrate at various temperature (Figure15). 
 
Though the flowrate of benzene is seen to increase with increased in temperature, it was 
observed that changes of reactant pressure at various temperature has little or no effect on 
the molar flowrate of benzene. The fugacity of benzene within the specified pressure interval 
may be insignificant from the ideal pressure which reduces the fugacity coefficient to one. 
This may be the reason why aromatics formation is favourable at a lower pressure and a 
higher temperature. 
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 Figure 15: Effect of pressure changes of reactant on benzene flowrate at different 
temperature. 
 
CONCLUSION 
The study of light alkanes aromatization by energy minimization has helped to reduce the 
number of proposed products from thirty-five to thirteen. Though Nguyen et al (2006) had 
reported thirteen components from propane and n-butane aromatization from kinetic studies, 
this research investigated thirteen components from propane aromatization after using 
thermodynamic analysis at equilibrium. The effect of temperature on product distribution at 
equilibrium was found to have effect on the formation of methane and hydrogen. Though 
aromatization of light alkanes involves several reaction processes, it was observed that the 
cracking process was the domineering reaction process. The effect of pressure at various 
temperature on the molar flow rate of benzene was studied. It was found that pressure had 
little or no influence on aromatic distribution. The assumption of the isomers of certain product 
being in quasi-equilibrium was quantified computationally. To alter the reaction pathway 
towards the formation of desired products, for instance, to produce more of p-xylene, which 
is in high demand, a search for the right metal for the modification of the ZSM-5 must be 
intensified which would alter the reaction pathway. 
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ABSTRACT 
In this work, an investigation has been made on the effect of attrition on the particle size 
distribution of a commercial-grade catalyst used forindustrial Fluid Catalytic Cracking (FCC) 
operation. It considers the technical evaluation of a commercial FCC unit in Nigeria using both 
design and production data drawn from 5 continuous run operations from where the catalyst loss 
due to attrition was evaluated. Furthermore, physicochemical property test of the catalyst was 
used to analyse the effect of attrition on them. The attrition rate of the catalyst was modelled with 
an empirical model, whereas, the specific attrition rate has been modelled with an exponential 
decay model. Analysis of the particle size distribution, total surface area (118 m2/g) and apparent 
particle size (75 μm) all indicate the effect of attrition on the catalyst. The least sized particles 
were most attrited. The attrition indices for the fresh and spent catalyst were found to be 58.9 
and -2.50 respectively. The specific attrition rate had R2 value of 0.999, Standard Error of 0.000908 
and RSS value of 1.403 ∗ 10 . These results show that the exponential decay model presents a 
suitable description of attrition of this catalyst and that catalyst attrition is dependent on particle 
size. 
 
Keywords: Fluid Catalytic Cracking, Catalyst Attrition, Particle Size Distribution, Mathematical 
Modelling 
 
1.0 INTRODUCTION 
Attrition is a significant source of catalyst deactivation in the fluid catalytic cracking (FCC) 
process. It occurs due to particle motion and inter-particle collision resulting from gas flows 
and the bed-to-wall impact on the process. Although these collisions are required for the 
efficient performance and operation of fluidised-bed reactors, the resulting attrition is a major 
drawback in the operation of these units. The main consequence of catalyst attrition is the 
generation of fines which eventually pass as dust leading to the loss of valuable catalytic 
materials (Wu et al., 2015, Wei et al., 1977). This loss has both operational and economic 
implications on the running of the FCC units. Loss of catalyst particle fines increases the 
coarseness of the bed particle size distribution hence the need for addition of makeup catalyst 
in order to keep the system at a required level of fines (Kramp et al., 2011; Wether and 
Hartge, 2003). While an increased coarseness is undesirable, having large amount of particle 
fines within the system could give rise to a fluidised-bed whose particle size distribution may 
be too fine to achieve the desired result.  
 
Various models have been used to describe attrition in the FCC unit. Wei et al., (1997), Wether 
and Hartge (2003),  Puttmann et al., (2006), Hartge et al., (2010), Kramp et al., (2011), Thon 
et al., (2013), Wu et al., (2016) among others have all made various predictions on the effect 
of particle size distribution on the attrition process based on different lab-scale investigations. 
Because particle size is of significant consideration in the attrition process, it is necessary to 
investigate the extent to which attrition could affect the size distribution of catalyst particles, 
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especially,  in an industrial scale FCC operation. This investigation will give a proper guide on 
the material strength and their ability to withstand attrition. It will also be of great significance 
to predict the rate of attrition of these catalysts using some available models so at understand 
the relationship between the particle size distribution and the attrition process. The aim of 
this work is therefore, to evaluate the effect of attrition on the particle size distribution of a 
commercial-grade catalyst for an industrial process and condition. 
 
2.0 METHOD 
The methods used in this work include: technical evaluation, catalyst characterisation, data 
analysis and mathematical modelling. 
 
2.1 Technical evaluation 
Technical evaluation of the design and operation of a selected FCC unit in Nigeria was done. 
Data from 5 continuous run operations were used to study the effect of attrition on the 
commercial-grade catalyst under consideration. The catalyst level inside the regenerator 
during the operation was evaluated from the pressure exerted by the catalyst at each point 
in time and recorded on a 6 hr interval while the amount of the makeup catalyst was deducted 
to evaluate the catalyst loss in the process. 
 
2.2 Catalyst Characterization 
The commercial-grade catalyst used in this work consists mainly of Y-zeolite with an Alumina 
base built on Nickel support. Its length and bulk density were 3 – 6mm and 
0.8g/cm3respectively. Particle size and total surface area analyses were used to characterise 
the fresh and spent catalysts. These analyses were done using mechanical sieves and BET 
water adsorption method respectively.  
 
2.3 Attrition measurement 
Using the data obtained from the technical evaluation of this FCC process as reported in the 
work of Okwonna et al., (2019), the rate of catalyst attrition was predicted using the model 
presented by Wu et al., (2015) while parameter estimation was done using Data Fit version 
(9.0). Rate of attrition on the unit was assessed from the change in mass of the catalyst bed 
within the regenerator where attrition was assumed to be solely responsible for the catalyst 
loss within the unit. The catalyst which comprises of various particle size distributions (as 
shown in Table 2) was considered with the assumption that there was no form of interaction 
among these particles. Hence, predicting the mass of the full-sized sample implied a linear 
combination of these fractions with the correlation of Equation 1. 
 

∑ ∗           (1) 
 
Where:  
M = Mass of catalyst;  = mass fraction of various particle sizes;  = average mass of the 
particle at time t; n = particle class size 
Therefore, the attrition rate is given by Equation 2: 
 

∑ ∗ ∑ ∗        (2) 
 
The specific attrition rate of the catalyst particles which is a ratio of attrition rate to the change 
in mass of the catalyst bed as shown in Equation 3. 
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∑ ∗

∑ ∗
         (3) 

 
Where: 

= Attrition rate;  = specific attrition rate;  = attrition rate for particle  
Note:  was obtained from particle size analysis (Table 2), whereas  was determined during 
the operation (see Section 2.1).  
 
Furthermore, the specific attrition rate was modelled with the exponential decay model of 
Equation 4 as presented by Wu et al., (2016) 

          (4) 
 
Where:  = steady-state specific attrition rate;  = total decay value of the specific attrition 
rate;  = decay time parameter 
 
Where  and  were obtained from a least-square nonlinear fit of the technical data.  
The initial specific attrition rate (at time   = 0) is given by Equation 5 
 

           (5) 
 
Also, the percentage error values between the observed and predicted values for the 
specific attrition rate would be obtained using Equation 6. 
 

%
∑ 	∑

∑
∗ 100    (6) 

 
3.0  RESULTS AND DISCUSSION 
The results obtained from the technical evaluation, catalyst mass loss, catalyst 
characterisation and attrition study have been presented and discussed as follows: 
 
3.1 Catalyst loss on the system 
The mass of catalyst within fluid bed was evaluated from the pressure exerted by the catalyst 
inside the regenerator and monitored from the control unit. The catalyst loss for the runs1 
and 4 are shown in Figure 1, whereas plots for run 2, 3 and 5 are shown in Figure 2.  

 
Figure 1: Catalyst Mass Vs Time for  Run 1 and 4 
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Figure 2: Catalyst Mass Vs Time for  Run 2, 3 and 5 

 
Figures 1 and 2 show a general decline in the mass of the catalyst bed inside the regenerator 
for all the cases considered. In this study, the amount of makeup catalyst 3000kg/day 
(3tons/day) was first deducted. The sharp decline observed in the 4th run could be due to the 
high pressure of the operation which might have had some consequence on the catalyst loss 
and attrition process.  This decline could also be indicative a technical fault in the unit; 
although a gradual decline in mass was observed in the 1st, 2nd, 3rd and 5th run operations. 
The gradual decline in the mass of the catalyst implies a steady loss of elutriated fines within 
this unit which Wu et al., (2016) had ascribed to characteristic loss of smaller fines in the 
catalyst bed and according to Kramp et al., (2011) also leads to increased coarseness of the 
fluid-bed. With continuous removal of the surface layer from the parent material, these coarse 
particles could undergo further attrition over time (Chiranjeevi et al., 2014). The initial sharp 
decline could infer the unsteady state process described by Wu et al., (2010). Moreover, 
whereas increased pressure within the regenerator could have a significant impact on the 
catalyst loss and attrition process, the same cannot be said of temperature. In other words, 
mechanical stress rather than thermal stress could be responsible for attrition in this unit; 
although there is need for further research in this area.  Also, considering the performance of 
this unit in terms of catalyst loss, data from the first run operation have been used to model 
the attrition rate of the catalyst. 
 
3.2` Catalyst Characterization 
Particle size and surface area analyses were used to characterise the fresh and spent catalyst 
samples. As stated earlier, analyses on the particle size and total surface area of the catalyst 
were done using mechanical sieves and BET water adsorption methods respectively and the 
results presented in Table 1 as shown. 
 
Table 1: Catalyst particle analysis 
Property Fresh Catalyst Spent Catalyst 
Apparent Particle Size (μm) 71 75 
Total Surface Area (m2/g) 251 118 
Attrition Index 58.9 -2.5 

Note: values for the spent catalyst were the average from 5 run operations 
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Table 1 shows that there were variations in the properties of the fresh and spent catalysts. 
Increase in the apparent particle size of the catalyst from 71 μm for the fresh catalyst to 75 
μm for the spent catalyst is an evidence of the attrition of the smaller sized particles thereby 
leading to an increment in the coarseness of the catalyst bed and hence corroborates the 
work of Kramp et al., (2011). An increase in apparent particle size gave rise to a corresponding 
decrease in the reaction surface area from 251 to 118 m2/g, and this could affect the product 
yield as suggested by Meyer et al.,(2018) and Fiske (2013).  
 

   
Figure 3: Effect of catalyst attrition on the Particle size distribution 

 
The particle size distribution of the catalyst before and after the FCC operation is shown in 
Figure 3. This figure shows a reduction in the mass fraction of the 0 - 60 μm sized particles 
of the spent catalyst as compared to the fresh catalyst. These results, therefore, show that 
the least sized particles were more attrited than the larger sized particles in line with the work 
of Thon et al., (2013) and therefore a further proof to the increased coarseness of the catalyst 
bed due to attrition. According to Coco et al., (2010), the resistance of this catalyst to attrition 
can be predicted by the ratio of the attrition indices (AI). AI (20) and AI (44) corresponding 
to the weight of particles generated by attrition below 20μm and 44μm. Therefore, the 
attrition indices for the fresh and spent catalyst from Figure 6 were found to be 58.9 and -
2.50 respectively. 
 
The mass fraction of the particle size fractions retained on each sieve was obtained and 
presented in Table 2. 
 
Table 2: Particle size analysis for fresh catalyst and spent catalyst 

Particle Diameter 
(μm) 

Nominal Average Diameter 
(μm) 

Mass fraction  
Fresh (wt%) Spent (wt%) 

1 0 – 20 - 2.69 0 
2 0 – 30 25 4.54 1.052 
3 0 – 40 35 9.644 3.97 
4 0 – 45 43 12.05 5.2449 
5 0 – 50 47 13.25 7.34 
6 0 – 60 55 16.87 13.78 
7 0 – 80 70 18.079 25.21 
8 0-100 90 22.89 43.41 
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Note: values for the spent catalyst were the average from 5 run operations 
Between the fresh and spent catalysts, a reduction in the mass fraction of Class 1 - 6 (0 - 
60μm) particles and an increase in that of Class 7 - 8 (81 - 100μm) particles were observed 
from the particle size distribution shown in Table 2. These results show that the least sized 
particles were more attrited than the larger sized particles. This attrition pattern provides 
further proof on the increment in the coarseness of the catalyst bed due to attrition in line 
with the work of Wei et al., (1977). Sadeghbeigi (2000) further corroborated this view and 
also reported an adverse effect of  increased coarseness of the fluid-bed on the fluidization 
process.  
 
3.3 Rate of attrition  
The rate of the attrition of the catalyst particle has been evaluated by employing Equation 2, 
and the resultant time dependence of this rate is presented in Figure 4. 
 
 

 
Figure 4: Time dependence of the catalyst attrition rate. 

 
From Figure 4 it can be seen that the rate of attrition of the catalyst increased within the first 
6 hours after which a decline was observed. The initial increase could be attributed to early 
non-steady state stage of attrition as well as the amount of small-sized particles contained in 
the catalyst composition which are easily lost as microfine due to attrition. According to 
Sadeghbeigi (2000), catalyst particles of 0 - 40μm size distribution are easily lost at this stage 
and in addition to the inherent properties of the catalyst; this loss could also be a function of 
the cyclone efficiency. An unstable process was observed within the first 30hrs of operation 
after which a steady-state process emerged.  
 
A plot of the specific attrition rate obtained from Equation 3 is shown in Figure 5. 
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Figure 5: Specific attrition rate vs Time 

 
The specific attrition rate as proposed by Wu et al., (2015) is a property used to study attrition 
behaviour of catalysts which describes how the attrition rate changes with continuous change 
in the mass of the catalyst bed. Figure 5 shows that there was also a sharp decline in this 
property during the early turbulent-phase of this process, after which the decline became 
gradual and almost constant in the steady-state stage of attrition. The non-linear fitting of the 
technical data to Equation 4 was used to model the specific attrition rate. The estimated 
statistical parameters of the regression coefficient, standard errors, T-ratio, residual sum, and 
residual average were also determined. 
 
Table 3: Parameter estimates for the prediction of specific attrition rate of FCC 
catalyst 

Rc(kg2/hr) D R0 (kg2/hr) R2 Standard Error Residual Sum Residual Average RSS 

1.08115 -1.08251 -0.00136 0.9994 0.000908 -1.77983E-15 -9.36751E-17 1.40304E-05 

(0.0059) (0.0061)       

182.1219# -176.9888#       

        

 
Hence for the attrition time considered, the modelled equation predicting the specific 
attrition rate on this unit is as shown in Equation 7: 
 

1.08115 1.08251         (7) 
 
Where:  t is the attrition time (h).  
 
Table 3 presents the results of parameter estimates of model fittings for the specific attrition 
rate. The fittings gave high correlation coefficient of determination, R2, of 0.999 whereas low 
values of the standard errors across the parameters implies that the exponential decay model 
adequately describes the specific attrition rate of the catalyst. The R2 value from this work 
was higher than 0.989 reported in the work of Wu et al., (2016). From the model fitting, the 
attrition rate on this unit at steady state was found to be 1.08115 kg2/hr; this could be 
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attributed to the loss due to activities at the bubble phase, particle motion, inter-particle 
collision and gas flows necessary to keep the bed fluidized in accordance with the works of 
Thon et al., (2013) and Werther and Reppenhagen (1999). The initial specific attrition rate 
was -0.00136kg2/hr, whereas a total decay of 1.08251kg2/hr was recorded for this unit over 
this operation. Standard Errors of 0.0059 and 0.0061 were obtained for the parameters 

	and	 	respectively. T-values 182.1219 and -176.9888 respectively give the ratio of the 
sample regression coefficient to the standard erroracross these parameters. Also, the 
Standard Error of 0.000908 over the unit indicates the statistical accuracy of the model 
prediction. RSS value of	1.403 ∗ 10  shows very low discrepancy between the data and the 
estimation model hence a proof of the extent of its accuracy. Moreover, the percentage error 
of 7.90 ∗ 10 shows the closeness of the observed and predicted specific attrition values and 
therefore provides further confirmation of the precision and accuracy of these modelled 
parameters.  
 
4.0 Conclusion 
FCC unit operation results in catalyst attrition and this work have successfully evaluated the 
effect of attrition on the particle size distribution of a commercial-grade catalyst in an industrial 
operation. The changes observed in the particle size distribution and surface area of the 
catalyst both indicate the effect of attrition on the catalyst particle by this process. Attrition 
indices of 58.9 and -2.50 for the fresh and spent catalysts respectively are indicative of the 
material strength of these catalyst samples. Modelling of the specific attrition rate using the 
exponential decay model gave R2 value of 0.999, SE 0.000908 and RSS value of	1.403 ∗ 10 . 
The percentage error between observed and predicted models of the specific attrition rates 
was 7.90 * 10-3. These results show that the exponential model adequately predicted the rate 
of attrition of this catalyst grade. This study also shows that the least-sized particles were 
more attrited than the larger sized particles and hence a proof that catalyst attrition leads to 
an increased coarseness of the catalyst bed inside the regenerator. 
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ABSTRACT 
A critical issue faced by today’s paint formulators is the rising cost and stringent quality standards. 
This has generated renewed interest in improving quality of the paint at an affordable cost. Thus, 
the need to study the parameters that affect the quality of paint for better formulation. In this 
paper, parameters that affect quality of paint in the production of emulsion paint were 
investigated. Six paint samples were produced based on difference in quantity of titanium dioxide, 
polyvinyl acrylic and sequence of mixing. The pH, drying time, viscosity and opacity of the samples 
as quality control parameters were analyzed and compared with the standard given by the Nigerian 
Industrial Standard (NIS). The main difference in the mixing sequence was indicated in the 
methodology. Results revealed that samples A to F had range of values for pH (9.5 – 10), drying 
time (45 – 50 min), viscosity (24 – 25 cP) and opacity (5.1 – 7.01 m2/L), which were all within the 
(NIS 278) limit. However, sample F had the highest coverage area due to unique sequence of 
mixing. 
  
Keywords: Opacity; viscosity; drying time; pH; sequence of mixing; binding power 
 
1.0 INTRODUCTION 
Paint is any liquefiable or mastic composition that, after application to a substrate in a layer, 
converts to a solid film. It is commonly used to protect, colour or provide texture to objects. 
Paint can be made or purchased in many colours and in many different types, and it is typically 
stored, and applied as a liquid, but dries into a solid (Benedson, 1989). 
 
Paint was first used as a protective coating by the Egyptians who applied pitches and balsams 
to exposed wood of their ships. During the middle ages, some inland wood also received 
protective coatings of paint, but due to the scarcity of paint, this practice was generally limited 
to store front and signs. Around the same time, artist began to boil resin with oil to obtain 
highly miscible (mixable) paint and artist of the fifteenth century were first to add drying oils 
to paint, thereby hastening evaporation. They also adopted a new solvent, linseed oil, which 
remained the most commonly used solvent until synthetics replaced it during the twentieth 
century (Benedson, 1989). 
 
Paint generally exist in two forms; water-based paint and solvent-based or oil-based paint. A 
water-based paint is a type of paint in which the solvent is mainly water, it is classified into 
an emulsion paint (smooth paint) and a texture/texcoat paint. While oil-based paint is a form 
of paint in which the solvent is kerosene related, example of this paint is gloss finish paint and 
matt finished paint. 
 
Emulsion paint is a water-based paint principally used for internal and external surface 
coatings, mostly in buildings for appearance and protection. The processes involved in paint 
production, and quality of emulsion paint depend largely on the properties of its constituents 
and the ratios of these constitutions. The constituents generally used for the production of 
emulsion house paints include; prime pigments, solvents, extenders pigments, binders and 
additives (Surajudeen and Yahaya 2010). Solvent is used to mix the other components and 
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blend it together in order to have a uniform solution while extender is used for improvement 
of adhesion, ease of sanding and film strength, example is calcium carbonate. Binder is used 
to hold the pigment particles together and help them to adhere to the surface, it is also largely 
responsible for the protective qualities and durability of the paint (Douglas, 1989). Pigments 
give colour and opacity to paints. Amongst the organic pigments, particularly important are 
anthraquinone derivatives while the most inorganic pigment is Titanium dioxide. Additives are 
used to modify the properties of the paint, depending on the type of paint and intended use. 
Additive may include, ammonia, kalgon, formaline and genepurl. 
  
 Abdullah (1997) reported that titanium dioxide which is a major ingredient in paint 
manufacturing is imported. Nigeria only provides 25% of the paint industry Kaolin and lime 
stone (calcium carbonate). Most of the chemicals needed for paint production in Nigeria are 
imported with the fright rates and import duties, increasing the prices of paint raw materials. 
Abdullah (1997) noted that Nigeria paint manufacturing has been highly dependent on foreign 
equipment, machinery and raw material partly sue to technological backwardness and the 
industrialization policies particularly import substitution, of the raw materials. In recent times, 
with the fluctuating economy people now appear to patronize locally made products, including 
paints produced with a high percentage of local raw materials (Opara, 2014). Therefore, it is 
important to investigate the quality parameters of emulsion paint  
 
The quality of an emulsion paint depends solely on the quality of ingredients, composition of 
the formulation and sequence of mixing. All ingredients used in the production of emulsion 
paint play a vital role in ensuring the quality of the paint. In this paper, the most important 
ingredients which include, titanium dioxide, polyvinyl acrylic and calcium carbonate were 
considered. In the constituents for production of emulsion house paints, binder (PVA) usually 
takes between 17 to 33% total cost of production depending on the paint type and this raw 
material is not available locally, therefore imported. Hence the high cost of this raw material 
(PVA – binder) leads to high cost of paint production (Surajudeen and Maiwada 2015). This 
has generated renewed interest in improving quality of the paint at an affordable cost. Thus, 
the need to study the parameters that affect the quality of a paint for better formulation.  
 
2.0 MATERIALS AND METHOD  
 
2.1 Material: The raw materials were obtained from EMMYBIZ chemicals, Sabon Gari, Zaria. 
 
Table 1. Materials and their brand name 
Material Brand 
Calcium Carbonate Calco, freedom groups 
Titanium dioxide Du Poun Ti Pure 
Polyvinyl Acetate (PVA) Pexi Chem Private Lmtd. New 

Delhi 
Natrosol (thickner) Natrosol performaxTM Ashland 
Defoamer SAF 130 
Ammonia (28%) Bird brand Ammonia 
Water Laboratory tap water 
Kalgon    Kalgon 

 
Equipment: Some of the equipment used are; Digital weighing balance HZ-2003, AI521 
PH800 Laboratory Benchtop pH Meter, Rotary Viscometer Viscosity Tester (NDJ-1), Beakers, 
measuring cylinders, Plastic containers, Brush, stop watch, Wall and Ceiling board. 
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The quality control parameters were pH, drying time, viscosity and opacity. 
 
2.2 Procedure for the Production of the Emulsion Paint Samples 
For sample A, B, C, D and E, required amount of water was initially measured and put into a 
mixer with a mechanical stirrer, measured amount of Calgon was dispersed into the mixer and 
the stirrer was switched on. Required quantity of calcium carbonate was gradually added into 
the mixer and stirring was continued at 420 rev/min.  Then measured quantity of Titanium 
dioxide was gradually added into the mixer and allowed to grind, measured quantity of 
Natrosol was gradually added and the resultant mixture was stirred continuously for about 20 
min (Opara, 2014) to be well mix after which PVA and other ingredients were then added 
orderly as itemized in Table 2 in their measured quantity and the mixture was allowed to mix 
properly before packaging. For sample F, the sequence of addition of ingredient was as 
itemized in Table 3 and the same procedure was applied as in Sample A. Different colours 
were however formed by different choices of colour paste.   
  
Table 2: Materials (in order) used in Production of 0.5 L Sample A paint 
S/N Material Quantity 
1 Water  0.27 L 
2 Calgon 0.0027 kg 
3 Calcium carbonate 0.34 kg 
4 Titanium dioxide 0.0125 kg 
5 Natrosol 0.0025 kg 
6 PVA 0.025 L 
7 Genepur 0.0005 L 
8 Ammonia 0.001 L 
9 Yellow Iron Oxide 0.004 kg 
10 Deformer 0.00042 L 

 
2.2.1 Production of 0.5 L of Sample A 
Applying the same procedure as in Sample A paint, Samples B and C were produced with the 
same quantity of materials as itemized in Table 2 except that the quantity of titanium dioxide 
was replaced with 0.0120 kg, 0.0130 kg respectively, sample C and D were also produced 
with the same quantity of materials as itemized in Table 2 except that the quantity of PVA 
was replaced with 0.020 L and 0.030 L respectively. Different sequence of mixing was used 
in the production of sample F as it is orderly itemized in Table 3 but the same formulation as 
in Sample A in Table 2. 
 
Table 3. Materials (in order) used in production of 0.5 L Sample F paint 
S/N Material Quantity 
1 Water  0.27 L 
2 Ammonia 0.001 L 
3 Genepur 0.0005 L 
4 Calgon 0.0027 kg 
5 Titanium dioxide 0.0125 kg 
6 Calcium carbonate 0.34 kg 
7 PVA 0.025 L 
8 Deformer 0.00042 L 
9 Yellow Iron Oxide 0.004 kg 
10 Natrosol 0.0025 kg 
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. 
 
2.3 Analysis of Paint Properties 
 
2.3.1 pH Test 
Fifty (50) ml of the paint produced was poured into a beaker and the pH was determined 
using a pH meter. The same procedure was also used to determine the pH of the other 
samples, the measurement were taken six times. 
 
2.3.2 Drying Time  
One hundred (100) ml of the paint produced was painted on a wall and allowed to dry at room 
temperature recoding the time it took for the paint sample to dry. The same procedure was 
also used to determine the drying time of the other samples. 
 
2.3.3 Viscosity Test 
Fifty (50) ml of the paint produced was poured into a beaker and the viscosity was determined 
using viscometer. The same procedure was also used to determine the viscosity of the other 
samples. 
 
2.3.4 Opacity Test 
One hundred (100) ml of paint was poured on to a beaker. It was used to paint the wall and 
the area of the painted surface was measured to find the opacity of the paint. 
 
Opacity (m2/L) = area of painted surface/volume of paint used 1 (Flick, 1989) 
 
3.0 RESULTS 
 
3.1 Measured Parameters 
 Table 4 gives the values for the measured quality parameters. 
 
Table 4. pH, drying time, viscosity and opacity of different samples 
S/N Sample pH Drying time 

(min) 
Viscosity 
(cP) 

Opacity 
(m2/L) 

1 NIS 8-10 30-50 15-25 5-8 
2 Sample A 9.5 45 24.5 5.2 
3 Sample B 9.8 46 24 5.1 
4 Sample C 9.9 49 25 5.6 
5 Sample D 10 48 24.5 5.2 
6 Sample E 9.5 49 24.5 5.2 
7 Sample F 10 50 24 7.0 

 
From Table 4, the six different samples of paint produced had pH values within the range 
approved by the Nigerian Industrial Standard as in SON (2005). Even though all the pH values 
are within the NIS range, there was a slight variation in the pH values among the paint samples 
produced which was due to difference in formulation. 
 
The paint is usually basic because most of the materials used in the formulation are basic in 
nature and should by any means the paint happens to be acidic it will not stay properly on 
the surface on which it is applied because it will affect the binding ability of the binder (Talbert, 
2008).  
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The drying time from Table 4 shows that the paint produced with sequence of ingredient 
addition indicated in Table 3, sample F, took longer time to dry than the paint produced with 
sequence of ingredient addition indicated in Table 2, sample A, even though all the values 
were within the NIS range. Low drying time is preferred because, should it fail to dry fast 
there is tendency that dust, insect, and possibly rain (when used outside) may affect the 
appearance of the paint (Bently, 1990). 

 
Sample A has viscosity of 24.5 cP while sample B and C had viscosity of 24 and 25 cP 
respectively, which was due to increase and decrease in quantity of titanium dioxide used. 
Sample F had viscosity of 24 cP, this was due to difference in the sequence of mixing used. 
In satin emulsion paint the higher the quantity of titanium dioxide used the higher the viscosity 
of the paint and the higher the coverage. In this research work, the calcium carbonate content 
was kept constant, therefore the higher the viscosity the better the paint. Water can be used 
to reduce the viscosity during application, but it is applied only to high quality paint. 
 
Opacity refers to the ability of a coat of paint, when applied at a given thickness, to hide the 
substrate. From Table 4 it can be seen that the paint produced with higher quantity of titanium 
dioxide as in sample C had lager coverage than the samples with low quantity titanium dioxide 
as in sample A and B. However, sample F had the highest coverage even though small quantity 
of titanium dioxide was used most probably due to the difference in its formulation sequence. 
The opacity was measured without any application of water to the paint. However, it can be 
increased by addition of water to the paint. All the parameters measured are in conformity 
with that of NIS  
 
3.0 CONCLUSION 
From the findings of this study on the production of different samples of emulsion paint it was 
noted that, sample F had the highest coverage area followed by sample C, sample E, sample 
A, sample D and then sample B with the following opacity values 7.01, 5.6, 5.23, 5.2, 5.2, 
and 5.1 m2/L respectively. The variation in the quantity of titanium dioxide used resulted in 
the change in opacity and viscosity of the paint and led to sample C to have higher opacity 
and viscosity than sample A, B, C, D and E. Even though sample F had less quantity of titanium 
dioxide than sample C and less volume of PVA than sample E, due to difference in the 
sequence of mixing it produced paint with higher coverage/opacity and higher binding power. 
Though the binding power was not experimentally measured but it was assessed by the use 
of hand on the applied paint. Conclusively, it is more qualitative and cheaper to produce 
emulsion paint using the formulation and sequence of mixing applied to sample F as it required 
less PVA and titanium dioxide which are expensive to yield a desired product. Finally, sequence 
of mixing/addition of raw materials play a significant role in the production of emulsion paint. 
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ABSTRACT 
Enormous amount of energy is dissipated in pumping oil-water emulsion along pipelines over a 
long distance especially in petrochemical industries. Energy loss in form of pressure loss occurs 
due to skin friction and turbulence in the flow. The use of drag reducing polymers (DRPs) in 
transporting fluids is known to offer large economic advantage in maintenance and transportation 
cost. This research focused on comparing the performances of synthetic (polyethylene oxide 
(PEO), MW = 8 x 106) and natural (okra mucilage with MW = 1.76 x 106) drag-reducing polymers 
in horizontal produced water (a depleted dispersed oil-water mixtures) flows in 12- and 20-mm ID 
horizontal pipes. The dispersed oil-water flows here refer to tap water mixed with Bonny Light 
crude oil of fractions α = 0, 0.005, 0.01 and 0.02, respectively. The piping network for the 
experimental flow rig was made of unplasticized polyvinyl chloride (uPVC). Master solutions of the 
polymers in water were prepared with the following compositions: 1000 ppm of PEO and 2000 
ppm of okra mucilage. More dilute solutions were subsequently achieved when these master 
solutions were injected at controlled flow rates during the flow experiments. Drag reductions (DRs) 
were measured at different oil-water emulsion flowrates in the range 10 – 40 liters/min. The results 
showed maximum DRs of 75.23 % with 30 ppm of PEO and 66.44 % with 400 ppm of okra 
mucilage for undiluted tap water (α = 0). Furthermore, analyses of the results for depleted oil-
water emulsions (α = 0.005, 0.01 and 0.02) showed that drag reduction with the synthetic PEO 
was about 10- 15.2% higher than that for the natural okra mucilage. 
 
Keywords: Oil-water emulsion, drag reduction, PEO, okra mucilage 
  
1.0 INTRODUCTION 
Transporting oil-water emulsions in pipelines is ubiquitous in chemical and petroleum industry 
operations. These include long distance fluid transport, petroleum products loading and 
offloading in refineries, and fire-fighting. All these have associated energy losses. Drag 
reducing agents reduce these losses consequently increasing pipeline capacity and power 
savings. 
 
Even though the concentrations of the oil- water emulsion affect the pumping energy loss 
because higher concentrations have higher viscosities and thus higher viscous losses when 
transported through pipelines, more of the pumping power is dissipated in overcoming and 
suppressing the turbulence structures in the flow. Therefore, oil viscosity, concentrations and 
droplets size in pipes are essential in understanding any drag reduction investigation in oil-
water or water-oil emulsion. Extensive investigations have been reported mostly on 10 – 98% 
water-oil/oil-water emulsions (Angeli and Hewitt, 1998; Lum et al., 2004; Al-Yaari et al., 2009; 
Al-Sarkhi, 2010; Al-Wahaibi, 2012; Al-Wahaibi et al., 2013; Al-Yaari et al., 2013; Al-Wahaibi 
et al., 2014). The need to further study the produced water emulsion in the drag reduction 
phenomena is of great importance. The work, which is still ongoing, seeks to compare the 
drag reduction of two types of polymers in depleted or dilute oil-water emulsions (0 – 2 %), 
investigate the mechanism(s) involved and consequently suggest possible applications of drag 
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reducing agent (DRA) in produced water (a depleted oil-water emulsion) flows. Also, factors 
affecting DRA in turbulent flow and types of drag reducing agents will be discussed. Most 
importantly, the effect of PEO and okra mucilage polymer in produced water (water separated 
from the oil during oil exploration) in horizontal pipe will be investigated. However, this paper 
only compares the performances of two polymers (PEO and okra mucilage) in reducing 
pressure drops in the depleted oil-water emulsions. 
 
Drag-reducing agents are polymeric chemicals which when added in minute quantity 
drastically reduces turbulent mode of transporting fluids. The different categories of these 
agents are surfactants, polymers and fibers (Edomwonyi-Out, 2014). There are different 
theories that described their mechanisms of action. Lumley (1969), postulated that the 
increased extensional viscosity due to the stretching of randomly coiled polymers to give rise 
to the drag reduction. De Gennes (1990) argued that the elastic energy stored in the 
macromolecules causes drag-reduction. 
 
 
The effectiveness of a DRA can be quantified by Equation 1 below 
 

% 	
without DRA with DRA

without DRA
1 

 
where ΔPwithout DRA = Pressure drop without   DRA, ΔPwith DRA   = pressure drop with DRA 
 
The pipe flow Reynolds number whose magnitude indicates whether the flow in the pipe is 
laminar or turbulent is given by Equation 2:  
 

	 2 

 
where  = Reynold number,  = fluid density,  = average flow velocity,  = pipe diameter 
and  = fluid viscosity. 
 
2.0 MATERIAL AND METHODS 
 
2.1 Materials 
The experimental flow facility consists of three sections (Figure 1). The storage section 
consists of 250-liter capacity of separation tank and 200-liter capacity each of water and oil 
tanks. The drag reducing polymers used were synthetic polyethylene oxide (PEO) and natural 
Okra mucilage and the testing fluids were tap water and Bonny light crude oil. A centrifugal 
pump (model Jet102M/N.31227) was used for the circulation of the oil-water emulsion 
throughout the loop facilities. A 1-m long acrylic pipe with two pressure ports of 0.5 m apart 
was inserted along the PVC pipe for taking the pressure drop using u-tube manometer. A port 
just before the Y-junction was used for polymer injection. 
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Figure 1: Schematic diagram of experimental flow loop facility 
 
2.2 Methods 
The produced water of oil fractions 0, 0.005, 0.01 and 0.02 were prepared in the water tank, 
and circulated through the flow system via the testing section, where pressure drop 
measurement was taken. To achieve stable oil-water emulsion, a mixer (HM-20) of 12400/rpm 
was used to agitate the mixture for 30-40 minutes in order to ensure dispersion of oil evenly 
into the water. A master solution of 1000 ppm PEO were prepared where 5g of polymer were 
sprinkle in 5 litres of distilled water and stirred until completely form a clear viscous solution. 
Similarly, a master of 2000 ppm of okra mucilage were prepared by soaking 10 gram of 
chopped okra in 5 litres of distilled water, warmed and allowed to stay overnight. The extract 
from the okra were sieved and a clear thick viscous colour called mucilage were produced. 
Calibration of flow meter (LZM-20J) and polymer injection pump (Ne-9000) were conducted 
to ensure accurate delivery of the require amounts of testing fluid and polymer solutions along 
the flow system. The experiment was initially run at 0 oil fraction (i.e. water only) at 10-50 
ppm concentrations of PEO between and 30 ppm recorded the maximum DR and at 100-500 
ppm concentrations of okra mucilage and 400 ppm gave a maximum DR. Each pressure drop 
was taken before and after polymer addition at a corresponding flowrate. The DR was 
calculated using Equation (1). Then the same procedure was repeated on the produced water 
of oil fractions of 0.005, 0.01 and 0.02 from which the effectiveness of natural and synthetic 
polymers on drag reduction were noted and compared.           
 
3.0 RESULTS AND DISCUSSION  
The effects of synthetic (PEO) and natural (okra mucilage) drag-reducing polymers in 
simulated produced water in horizontal pipe flows with different oil fractions in the range 0 to 
2%, and pipe IDs of 12 and 20 mm are presented in Figures 2 – 5. 
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FIGURE 2: DRAG REDUCTION IN PRODUCED WATER AGAINST REYNOLDS 
NUMBER AS A FUNCTION OF OIL FRACTION FOR 12-MM ID PIPE USING PEO  
 

 
FIGURE 3: DRAG REDUCTION IN PRODUCED WATER AGAINST REYNOLDS 
NUMBER AS A FUNCTION OF OIL FRACTION FOR 20-MM ID PIPE USING PEO  
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FIGURE 4: DRAG REDUCTION IN PRODUCED WATER AGAINST REYNOLDS 
NUMBER AS A FUNCTION OF OIL FRACTION FOR 12-MM ID PIPE USING OKRA 
MUCILAGE 
 

 
FIGURE 5: DRAG REDUCTION IN PRODUCED WATER AGAINST REYNOLDS 
NUMBER AS A FUNCTION OF OIL FRACTION FOR 20-MM ID PIPE USING OKRA 
MUCILAGE 
 
In Figures 2 and 3, increase in DR with PEO concentration was observed until maximum drag 
reductions were achieved. In Figure 3 in particular, further addition of additives does not have 
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any significant effect on the drag reduction because the produced water had become 
saturated with respect to the polymer at that point (Lumley, 1969). With produced water 
emulsion of oil fraction 0.005 – 0.02, drag reduction decreased at same Reynold number and 
30 ppm polymer concentration.  This is because the concentration of the emulsions is 
increased with oil droplets and thus increased the pressure drop.  
 
In Figures 4 and 5, the addition of natural polymer (okra mucilage) exhibit slightly lower drag 
reduction compared with that of the PEO in produced water emulsion. For instance, in Figures 
3 and 5, about 66.44% maximum drag reduction was produced by okra mucilage as compared 
to the 75.23% produced by PEO at the same 20-mm ID pipe diameter and 0 oil fraction. The 
lower effectiveness of okra is due to its lower molecular weight and probably its degradability 
as reported by Al-Wahaibi et al. (2014).  
 
4.0 CONCLUSION 
The drag reduction by the two polymers studied on produced water pipe flows was 
pronounced in the polymer concentration range studied in this work. However, measures show 
a 10 – 15 % DR advantage of PEO over okra mucilage. This is attributable to possible 
degradation of okra mucilage and its lower molecular weight compared to PEO.  
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ABSTRACT 
A study was carried out on the naphthenic acid oxidation of steels in crude oil refining units. 
Weight loss techniques was used to examine the kinetics of corrosion of steel coupon (Cs and 
type 305 (Cr18)) in an aromatic naphthenic acid of benzoic acid. The finding indicates type305 
(Cr18) steels are suitable for crude distillation units (CDU) and vacuum distillation units (VDU) 
at high concentration and temperature of naphthenic acids. The corrosion rate on the steel 
samples shows that the mechanism obeys the Arrhenius type equation, with temperature 
exhibiting a higher impact on the corrosion rate than concentration. Austenitic stainless steel 
of type305 (Cr18) is observed to be resistant to naphthenic acid corrosion due to the presence 
of high chromium (17.6 weight percent) and molybdenum (0.319 weight percent) compare to 
carbon steel. The SEM analysis identified forms of corrosion, which includes general corrosion, 
hydrogen blistering corrosion, erosive corrosion and pitting form of corrosion on the steels 
surfaces. 
 
1.0 Introduction 
 
1.1   Background of the Study  
Corrosion is the deterioration of metal as a result of its interaction with the environment. 
Deterioration of the metal is caused by chemical or electro chemical reaction with the 
environment, whereas, destruction is mainly caused by mechanical wear or abrasion (Fontana, 
1910). Fundamentally all crude oils consist of sulfur compounds, inorganic salts, water, 
organic acids and oxygen that initiate corrosion (Jayaraman et al., 1993). Among these 
impurities, carboxylic acids, commonly known as naphthenic acids create corrosion problems 
during high temperature operations in petroleum refinery. Blount suggested that crude oils 
contained three distinct sources of corrosion in distilling equipment: Naphthenic acids, Sulfur 
and Magnesium Chloride (Derungs, 1956). Naphthenic acids are present in many crude oils in 
varying amounts and provide a class of corrosion such as pitting. With naphthenic acid 
constituting 50 weight percent of the total acid in crude oil (Sami, 2001). Naphthenic acids 
are saturates, mono-aromatics and di-aromatics (Derungs, 1956). 70% of naphthenic acid are 
composed of saturated ring compounds (Sarkar, 2009). The term “Naphthenic acids”, as used 
in the petroleum industry, refers collectively to all of the carboxylic acids present in crude oil 
(The American Petroleum Institute Petroleum HPV Testing Group, 2012). Naphthenic acids 
describe a collection of organic acids containing at least one carboxylic group (COOH) 
(Jauseau and Nesic, 2016). 
 
Figure 1 shows examples of different naphthenic acid compounds of ring families (Z), alkyl 
(R) and Carbonyl (m) side chains.
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Figure 1: Example of different naphthenic acid compounds (source: Frank et al., 
2008). 
 
The general mechanism accepted by the corrosion community can be expressed by the 
following reaction: 
 
Fe (s) + 2RCOOH (oil) ⇄ Fe(RCOO)2 (oil) + H2 (g) …………………… (1)     
 
The Naphthenic Acid (NA) corrosion mechanism in reaction (1) describes the attack of 
naphthenic acids (RCOOH) on the iron metal (Fe) producing iron naphthenates (Fe(RCOO)2), 
which are soluble in oil (Jauseau and Nesic, 2016). 
 
1.1.1 Factors Affecting Naphthenic Acid Corrosion. 
Naphthenic acid corrosion intensity is defined by the following factors: kind of acids or types 
of naphthenic acids, Total Acid Number (TAN) or concentration (in some cases), temperature, 
flow velocity, type of alloy and its surface condition (presence of passive layers), and duration 
(Groysman et al., 2017). 
 
Concentration of Naphthenic Acid. 
The naphthenic acid content is commonly determined by titration with potassium hydroxide 
(KOH). The value obtained is referred to as neutralization number or Total Acid Number (TAN), 
expressed in milligrams of KOH required to neutralize the acid constituents present in 1g of 
sample. Crude with TAN higher than 0.5 are considered as potentially corrosive (Speight, 
2014a).  Values of TAN in the range of 0.1 to 3.5 mg/KOH are common but findings have 
shown TAN values in excess of 10 mg/KOH (Kane and Cayard, 2002). As the distributions of 
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naphthenic acids within crude blends varies widely, and the corrosivity of individual acids vary, 
primarily, with the molecular weight (Slavcheva, et al., 1998). TAN measures not only the 
organic acids but also the acidity generated by other compounds contained in the oil such as; 
H2S, CO2, MgCl2, and CaCl2 (Turnbull et al., 1999).  Thus, prediction of crude corrosivity based 
on TAN could be misleading in assessment of plant corrosion effects, the naphthenic acid 
content needs to be determined in order to predict exact corrosion rate (Shalaby et al., 1996). 
 
Temperature of the Refining Crude. 
Naphthenic acids are corrosive within the temperature range of 220-400 °C (Jauseau and 
Nesic, 2016). Resulting to corrosion at process temperatures (248.8⁰C-398⁰C) within 
distillation columns (Speight, 2014a). However, above 400⁰C no naphthenic corrosion is found 
due to decomposing or coking (Derungs, 1956). 
 
Flow Rate 
The effect of fluid flow has been emphasized as an important controlling factor of naphthenic 
acid corrosion in transfer lines of oil refineries. At high-velocity fluid flow areas, severe acid 
corrosion occurs within the crude distillation units at temperature ranges of 220⁰C to 400⁰C 
(Speight, 2014b). Often very severe corrosion is found in areas with high turbulent streams, 
whereas at neighboring places free from extensive turbulence only little corrosion occurs. This 
fact is most clearly demonstrated in return bends and tube inlets of furnaces (Derungs, 1956). 
Figure 2 shows the process flow diagram of the laboratory corrosion monitoring rig. 

 
 
Figure 2: Process Flow Diagram (PFD). 
 
The feed is charged from the feed tank D-1 and the quantity charged is controlled by the 
valve V1 as the feed passes through the Tubular electric furnace TF, which raises the feed 
temperature from room temperature to above 200⁰C. The feed flows through the reaction 
chamber R where metal steel coupons are hung within the reaction chamber and are in contact 
with the feed passing through at varying flow rate via a pump P. T-2 is a tap used to collect 
samples of mock crude within the loop to confirm temperature and analytically confirm the 
flow within the loop. In addition to the schematic representation of laboratory corrosion 
monitoring rig in Figure 2. The orthographic view of the setup of the system is photographed 
in Plate I showing the fabricated mini laboratory corrosion monitoring rig of borosilicate glass 

Key:       
D1=Feed tank 
T1&T2 = Taps 
FT=Tubular Electric Furnace 
V1&V2= Valves 
----- =Electrical Signals 
R=Reactor Vessel 
P= Pump 
TF=Tubular furnace 
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material piping (other than metal piping to avoid contamination/interference with the results 
of the metal steel coupons). That was built and connected to a pump equipped with a flow 
regulator to vary flowrate around the loop. The process pipe was then channeled through an 
Electric tube furnace, which generates the thermal heat that raises the temperature of the 
fluid (naphthenic acids) within the corrosion monitoring rig to the experimental process 
temperatures. Since in the refining industries, the influence of factors (such as temperature, 
TAN, fluid velocity, and material) tend to work simultaneously and cumulatively (Speight, 
2014b). 
 

 
Plate I: Orthographic view of corrosion monitoring rig set-up.             
 
2.0   Materials and Method 
The test fluid of naphthenic acid (Benzoic acid) was prepared in concentrations of 0.05 Mol/dm
3 , 0.15 Mol/dm 3 , 3.5 Mo/dm 3 , 4.5 Mol/dm 3 ,  at a varying temperature of 220⁰C, 280⁰C, 
320⁰C and 360⁰C . Since naphthenic acids are particularly reactive between 220⁰C and 400 °C 
(Turnbull et al., 1999). Noting that above 400°C naphthenic acids undergoes thermal 
decompositio. Mineral oil/white oil (paraffin) is used as a major solvent to simulate a 
hydrocarbon solution that can persist at liquid state at temperatures higher than 370⁰C in this 
research. Two different experimental metal steel coupons were used, cut into dimensions of 
1.5×1.5 by 0.2 inch, a Carbon steel (denoted as Cs) and type305 austenitic stainless steel 
denoted as (Cr18) sourced from Kaduna local metal scrap market also known as Pantaker 
were used to evaluate corrosion rate. All metal steel coupons surfaces were grounded using 
sand paper/emery paper, cleaned and degreased in ethanol and acetone then air dried and 
weighed immediately before corrosion tests. The original metal steel coupon weights were 
recorded as (Wo). Four coupons made from carbon steel (Cs) and four coupons made from 
type 305(Cr18) steel. Three coupons from each steel were used to measure weight change 
that is to determine the corrosion rate, while the fourth metal steel coupon was used as 
control for surface and cross-sectional analysis. After each test the coupons were removed 
and mechanically scrubbed with a stiff plastic brush, cleaned with ethanol and rinsed with 
acetone to remove lose scales (Naphthanates), the metal steel coupons were allowed to dry 
at atmospheric conditions and weighed again, this weight (Wf) was recorded as an average 
of at most three coupons with electronic weighing balance of 0.0000g. This last step of 
weighing was repeated if needed a few minutes until no change in the weight was recorded. 
The coupons re-immerse in a fresh solution, this procedure was done for a period of 7days 
(168hrs) on each metal steel coupons (at varying temperature, concentration) for a total of 
672 hours (4weeks) to observe the corrosion rate at both short and long term exposure 
periods on experimental coupons. The observations were recorded, photographed and 
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Scanning Electron Microscopy (SEM) were done on each of the test metal steel coupons. 
Corrosion rates were calculated based on ASTM Standard G31-72. 
 
The rate of corrosion is calculated as;  
 

⍴
24	 365                 ……… (2) 

 
Where: CR= Rate of Corrosion in mm/yr, Wο= Original Coupon, Weight in g Wf= Final coupon 
weight in g  = Area in mm 2 , t = test duration in hours, ⍴Steel = Steel density in g/mm. 3  
 
3.0 Results and Discussion 
XRF analysis was done prior to the exposure of the experimental metal steel coupons in order 
to identify the types of steels to be used on this research. This is to confirm that the steel 
coupons are the conventional steels applied in design and fabrication of crude distillation units, 
bubble caps, sieve caps, transfer lines, and pumps. Figure 3 is a carbon steel (Cs) XRF. From 
the chart it reveals a balanced spike of iron ( ) content from 0.00count/sec – 
603.00count/sec at 5.10Kev- 5.13Kev, with infinitesimal/little presence of molybdenum from 
0.00count/sec-0.01count/sec and 15.30Kev-15.05Kev, with no trace of chromium and nickel, 
which are good corrosion resistant element in refinery metal steels. 

 
Figure 0: XRF chart of Carbon steel (Cs). 
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Figure 4 a type305 (Cr18) austenitic stainless steel XRF. From the chart it shows a balanced 
spike of iron ( ) from 0.00 count/sec.–301.00count/sec. at 5.10 keV -5.15 keV. Significant 
Chromium (Cr) content from 0.00 count/sec. -140.30 count/sec. at around 5.10 keV -5.12 keV 
with a good presence of Molybdenum (Mo) from 0.00 cont/sec. – 0.40 count/sec. at 15.10 
keV -20.40 keV and significant amount of Nickel from 0.00count/sec-30.10count/sec at 
5.15Kev-5.18Kev. 

 
Figure 4:  XRF of Type 305 (Cr18) Austenitic Stainless steel. 
Molybdenum in the stainless steels limits the Fe-rich active spots and decreases 
the possibilityof Fe or Fe

2

 bound with the RCOO¯ to form stable complexes (Wu 
et al., 2004). 
 
Table 1: XRF weight percentage of elemental composition of metal steel coupons. 
Components 
(W%)  

Mn Cr Ni Fe Mo 

Carbon steel(Cs) 0.485 - - 65.144 0.021 
Type 305(Cr18) 1.339 17.951 8.858 72.921 0.319 

 
Chromium is a reactive element, its alloys passivate and exhibit excellent resistance to many 
environments. molybdenum has good corrosion resistance and is used for high temperature 
applications hence a good additive to stainless steels (Roberge, 2000). Plate II and III reveals 
the experimental steels before and after exposure to corrosive media. 
 
 
   
             
 
 
 
 
 
     Plate II: Type305 (Cr18)                  Plate III: Carbon steel (Cs)                                         
 
Plate II and Plate III: Steel coupons before and after corrosion experiments. 
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3.1 Effect of Temperature:  
The Table 2 shows increase in corrosion rate among steel coupons in naphthenic acids 
(Benzoic acid) at constant flow rate of 3.37 m 3 /s and concentration of 0.15 Mol/  the 
corrosion rate increased from 2.9226 mm/yr to 18.6472 mm/yr on carbon steel (Cs), from 
0.04988 mm/yr to 7.3824 mm/yr on type305(Cr18) respectively. Revealing type 305 (Cr18) is 
the most resistant steel between the experimental steels in this present research.   
 
Table 2: Effect of temperature on corrosion rate of steels in naphthenic benzoic 
acid. 

T Temp ⁰C corrosion rate r (mm/year) 
S/No Cr 18 Cs 
1 220 0.04988 2.9226 
2 280 1.7628 4.8597 
3 320 2.7196 12.9941 
4 360 7.3824 18.6472 

 
Corrosion of most steels approximately triples with each 55⁰C increase in temperature 
according to a field report by Gutzeit (Slavcheva et al., 1998). The corrosion rate on steel 
coupons in Table 2 did not completely tripled but, agrees with Gutzeit. Figure 5 Shows linear 
increase in corrosion rate of steel coupons with increase in absolute temperature. 

 
Figure 5: Variation of In K against 1/T x10-3 
 
A general correlation of the trend of the graph with other works done by researchers such as 
Yu et al., 2008 on carbon steels and austenitic stainless steels of type 304 and type 316 shows 
agreeable similarity, supporting the field studies by Gutzeit as the corrosion kinetics obeyed 
the Arrhenius equation.  
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3.2 Evaluated kinetic parameters  
Using the Arrhenius equation 

RT

E a

Aek


  ………………………… (3)  
 
or       

A
RT

E
k a lnln   ....................................(4) 

 
Gutzeit suggested that the corrosion kinetics can be represented by an Arrhenius equation, 
with an activation energy of 68.5kJ/mol for carbon steel and proposed that the process is 
controlled by chemisorption likewise Turnbull et al., 1999 reported the corrosion kinetics could 
be represented by an Arrhenius-type equation and with an activation energy of 31.8 kJ/mol 
for carbon steel. However, the activation energy in this present research is 9.6 kJ/mol for 
carbon steel (in benzoic acid), which indicating a higher corrosion rate.  
 
Table 3: Correlations of the Ea and R 2 in this present research with literature 
reviewed 
steelsModels  2R  2R Yu

et al 
Ea(kJ/ml Yu et. al  

Ea(kJ/ml) 
Gutzeit 
Ea(kJ/ml) 

Turnbull 
Ea(kJ/ml) 

Cs Ink = -2.1344×1/T + 5.8882 0.9957 0.9798 9.6 33.8 68.5 31.8 
Cr18 Ink = -2.5496×1/T+ 6.0689 0.9971  70.6 22.98   
 
The R2 values agree with the result of Yu et al., 2008 as it ranges within ninety percent for 
both carbon steel and austenitic stainless steel. The Ea of 70.6 kJ/mol and 2R  a value of 
0.9971 for type305 compared to  Yu et al., 2008  on type 316 recorded activation energy of 
22.98 kJ/mol and 2R 0.9714. Despite the difference in acid type there is a good level of 
similarities. Note: the lower activation energy for carbon steel, compared to the austenitic 
stainless steels, indicated that increased temperature accelerated the corrosion rates of 
carbon steel to a greater extent than the case for the stainless steels. 
 
3.3 Effect of Concentration:  
Table 4 Shows effect of varying concentration on corrosion rate of metal steel coupons in 
naphthenic acids of Benzoic acid at constant flow rate of 3.37 m 3 /s and temperature of 320⁰C. 
 
Table 4: Effect of varying concentration of benzoic acid on corrosion rate of metal 
steels in. 

Conc. 
C 
Mol/dm 3  

corrosion rate r(mm /year) 

S/No Cr18 Cs 

1 0.05 0.0264 2.2851 
2 0.15 2.9147 5.3572 
3 3.5 4.4650 8.7195 
4 4.5 5.5184 13.5397 
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Varying concentrations of aromatic naphthenic acid of benzoic acid, the corrosion rate 
increased from 2.2851 mm/yr. to 13.5397 mm/yr. for carbon steel (Cs), from 0.0264 mm/yr. 
to 5.5184 mm/yr. on type305 (Cr18). Showing high corrosion resistance in type305 (Cr18) 
compare to the carbon steel in this present research. Figure 6 plot of corrosion rate against 
concentration, where the values of n and k can be obtained from the slopes and intercepts of 
these lines. The plot showing the linear dependence of corrosion rate on metal steels coupons 
to acid concentration.  

 
Figure 6: Variation of In r against In C. 
 
3.7 Evaluated Kinetic Parameters: 
The general order rate equation was used to evaluate the kinetics of the corrosion among the 
steels with regard to changes in the concentrations. 
 
                     r = k C n ………………………………… (5) 
	
                   → kr lnln  + cn ln …. ………………………….. (6) 
 
where, n is the slope of reaction k is the reaction constant C is the concentration of the acids 
and r is the rate of the reaction. 
 
Table 5 displays models, n, and R2 values derived from the corrosion rate data applying 
conventional rate order equation of reaction.  
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Table 5: Evaluated kinetic parameter 

Steel Models    R2 n  K 

Cs Inr = 0.099 InC2 + 0.1912
InC + 2.3273 

 0.9352  0.445403  
 
 

 2.3273 

Cr18 Inr = 0.8854 InC2 - 0.2421
InC + 3.6618 

0.9784 0.879943  
 

 3.6618 

 
The Kinetics of corrosion rate in aromatic naphthenic acid of benzoic acid showed second order on 
both carbon steel (Cs) and type305 (Cr18) with an R2 value of 0.9352 for carbon steel and 0.9784 
for type305(Cr18) stainless steel respectively indicating it fits the model. The scanning electron 
microscopy (SEM) were done on carbon steel (Cs) and austenitic stainless steel type305 (Cr18), 
which reveals in details the morphology of the nature of the type of naphthenic acid corrosion on 
the metal steel coupons of carbon steel and austenitic stainless steel used in this research. See 
Figure 7. 

 
 

   
  Figure 7: SEM morphology of carbon steel (a) before    and (b) After       
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   Figure 8: SEM morphology of type 305 (a) before and (b) after. 
 
4.0   Conclusion 
Using weight loss methodology and characterization of the experimental steel coupons by XRF 
analysis and examining the surface morphology of these steels by SEM analysis, the following 
conclusions were drawn: 
1. At increasing temperature and concentration and flow rate, naphthenic acid corrosion 

increases among the carbon steel (Cs) and type305 (Cr18) stainless steels with carbon 
steel as the most susceptible to corrosion. The corrosion kinetics observed obeys the 
Arrhenius equation. 

2. Models were generated to predict the corrosion rate at every varying 
parameter/conditions on each metal steel based upon the naphthenic acids (Benzoic 
acid).  

3. The type305 (Cr18) stainless steel exhibit better resistance due to a high percentage of 
molybdenum of 0.319 w%, which form a protective passive film containing   MoO 4

2

 
ions, in synergy with hydrated Cr oxyhyroxide that  acts as an inhibitor thus improved 
the naphthenic acids corrosion resistance of the type305 (Cr18) stainless steel. 

4. General forms of corrosion was observed on all the metals but the most obvious forms 
of corrosion are: pitting corrosion, erosive form of corrosion, and uniform type of 
corrosion on all the experimental metal steel coupons as revealed by the scanning 
electron microscopy (SEM) analysis. 
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ABSTRACT  
This research focused on studying the rheological properties of water-based drilling fluid 
formulated from blended locally sourced Sabon Garin Ngalda bentonite (SGN) and 
conventional bentonite (American Petroleum Institute (API) standard). Five different 
formulations were considered by blending SGN and conventional bentonite with ratios of A 
(60:40), B (65:35), C (70:30), D (75:25) and E (80:20) mixed each one with 350 mL of water 
and 1.5g of poly anionic cellulose. The rheological properties (apparent viscosity, plastic 
viscosity and yield points) as well as the mud weight of the formulated drilling fluids were 
determined. The results revealed that the best formulation is formulation “A” having mud 
weight of 8.167 lb/gal and apparent viscosity, plastic viscosity and yield point of 20 cP, 13 cP 
and 14 lb/100ft2 respectively. The results are relatively close to API standard formulation. 
Therefore, it can be concluded that the formulated drilling fluid has a very good capacity for 
drilling application but still requires enhancement. 
 
Key words: Rheological Properties, Bentonite, plastic viscosity, yield point 
 
INTRODUCTION 
Nigeria has the second largest oil reserves in Africa after Libya and is the continent’s primary 
oil producer. Nigeria’s 37.2 billion barrels of oil reserves also places it among the top 10 
countries in terms of reserves on a global basis (KPMG, 2013). Drilling techniques are required 
to access oil and gas reserves at the extremities of existing production zones (Doug and Daryl, 
2007). There was no single oil well drilled without using drilling fluid having Bentonite as a 
major constituent (Arabi et al., 2011). 
 
Drilling is the process of creating a passage for the discovered hydrocarbon to be produced 
at the surface. It involves the penetration of the earth’s crust to several thousand feet where 
the hydrocarbons are accumulated in the reservoir using rotary drilling process. So far, from 
the era of cable tool rig to the use of rotary drilling rigs, a lot of technological advancements 
have been put forth on how best drilling operations can be carried out in the best economic 
and environmental possible way (Francis and Anietie, 2012). 
 
Drilling fluids are heterogeneous mixture of chemical, water or oil and clay materials that aid 
drilling operations. They are vital in successful well drilling as they have common properties 
that facilitate safe and satisfactory completion of the well such as bottom hole cleaning, 
controlling high pressure zones and removal of cuttings to the surface. The importance of 
drilling fluid, otherwise known as ‘drilling mud’ cannot be over emphasized as the knowledge 
of drilling fluid is a requisite in the rotary drilling operation in the petroleum industry (Francis 
and Anietie, 2012). The drilling companies operating on the shores of the Niger Delta import 
bulk drilling fluid materials to carry out their respective operations. This has been a great 
burden and major concern to the industry since some of these drilling fluid materials cannot 
be recycled. Secondly, the foreign exchange involved and the high cost of drilling fluid 
materials also constitute a problem for the petroleum industry (Odumugbo (2005); Francis 
and Anietie, 2012).



©NSChE 2019: Studying the Rheological Properties of Water Based Drilling Fluid Formulated from Blended Locally 
Sourced Sabon Garin Ngalda Bentonite and Conventional Bentonite: by Sabiu Bilal, M.S. Adamu, Mustapha S. 

Ingawa and Bala Usman 
 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              740	|	P a g e 	
	
	
	

 
The effectiveness of the drilling fluid to perform its primary functions is based on its properties, 
which are formulated continuously to meet the formation conditions encountered during 
drilling operations. Failure of the drilling fluid to meet its designed function can prove 
extremely costly in terms of materials and time, may jeopardize the successful completion of 
the well and even result in major problems such as stuck pipe, kicks or blowouts (Rabia, 
2000).  
 
The establishment of Nigerian Local Content Initiative in the Oil and Gas Sector by the Federal 
Government of Nigeria has necessitated the need for local substitutes to foreign drilling fluid 
materials. Thus, it is imperative to source for locally available drilling fluid materials and 
evaluate their various characteristics, then formulate fluids that can be used in drilling process 
(Francis and Anietie, 2012). 
 
The search for better products for well bore drilling that will achieve a good level of 
performance particularly with local materials is being intensified. Although, substantial strides 
have been made in the development of environmentally friendly, sound performance 
chemistry for corrosion inhibition, etc, much has not been done in the development of such 
mud systems with local materials. Drilling operations rely heavily on the use of water based 
drilling muds. These are mixtures of solids, liquids and chemicals. Water is the continuous 
phase. Active solids like bentonite are added to the water (Ekeigwe et. al., 2013). 
 
Bentonite is the commercial name of a whole range of natural clays with a high water 
absorption capacity causing it to expand and swell. Bentonite predominantly consists of 
montmorillonite: a clay mineral belonging to a class of phyllosilicates called smectites. 
Bentonites may contain a variety of accessory minerals in addition to montmorillonite. These 
may include lesser amounts of other clay minerals such as kaolin, mica, illite, as well as non-
clay minerals like quartz, feldspar, calcite, and gypsum. Bentonite quality, and, consequently, 
its applications, depend on whether it contains any of these other minerals. (Mike and Kelvin, 
1998). 
 
Bentonite acts mainly as the dispersed phase providing the main gel structure. Chemical 
additives are added in various proportions to control the fluid properties. The chemical 
additives are commonly used for the control of pH, viscosity, weight, fluid loss. The major 
success of every drilling operation depends solely on the performance of its drilling fluids 
(Ekeigwe et. al., 2013). 
 
This research work is aimed at studying the rheological properties of water-based drilling fluid 
formulated from a blend of locally sourced Sabon Garin Ngalda bentonite and conventional 
bentonite for oil and gas drilling application. 
 
MATERIALS AND METHODS 
The materials used for the research are Sabon garin Ngalda (SGN) bentonite, 
conventional/standard bentonite, viscosifier (poly anionic cellulose) and distilled water. The 
local bentonite obtained from Sabon Garin Ngalda of Yobe State and the 
conventional/standard bentonite obtained from Centre for Energy and Training (CERT), were 
blended together into five different formulations as A, B, C, C, D and E with each formulation 
containing 24.5 g of bentonite in the ratio of A (60:40), B (65:35), C (70:30), D (75:25) and 
E (80:20) for SGN and conventional/standard bentonite respectively. Table 1 depicts the 
blending ratio in grams and the total amount of the bentonite clays used for the research. 
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Table 1 The blending ratio SGN and Conventional Bentonite in grams 

Sample Type A (g) B (g) C (g) D (g) E (g) Total Quantity of 
Used Bentonite (g) 

SGN bentonite 14.800 16.075 17.350 18.625 19.900 86.750 
Standard bentonite 9.700 8.425 7.150 5.875 4.600 35.750 
Total 24.500 24.500 24.500 24.500 24.500 122.500 

 
Each blended sample was mixed with 1.5g of poly anionic cellulose and 350ml of distilled 
water in a plastic container continuously stirred with an electric agitator for 30 minutes to 
have a homogenous mixture. After achieving homogeneity, the samples were allowed to age 
for 24 hours before taking the rheological properties as well as the respective mud densities 
of the formulated drilling fluid. The viscosity readings were recorded at 40oC using Fann 
viscometer 35S at 3, 6, 100, 200, 300 and 600 revolutions per minutes (rpm). 
 
RESULTS AND DISCUSSION 
The viscosity consistency curves the various formulations are shown in Figure 1. The result 
indicates that formulation A was relatively close to the API standard, then followed by 
formulation B, D, E and then C, in that order. 

 
Figure 1: Viscosity consistency curve of formulated drilling fluids. 
 
Formulation A seems to be the best with blending ratio of 60:40 which is 15.30g and 10.20g 
of Sabon Garin Ngalda bentonite and conventional bentonite respectively. 
The mud densities of the formulated drilling fluids for the formulations A, B, C, D, E and 
conventional bentonite were 8.167 lb/gal, 8.58 lb/gal, 8.51 lb/gal, 8.42 lb/gal, 8.42 lb/gal and 
8.60 lb/gal respectively as depicted in Figure 2. The mud density in g/cm3 shown in the figure 
can be converted to mud weight in lb/gallon as API standard unit. The conversion factor is 
multiplication by 8.33 as explained by Bilal (2016). 
 
The results indicate that the mud densities of the various formulations are slightly lower than 
API specifications (8.60 lb/gal), hence there is need to add weighing agent such as barite to 
enhance the density of the fluid. 
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Figure 2: The mud weight/density of formulated drilling fluids 
 
Table 1: Table showing the rheological properties of the formulated drilling fluid 

Rheological  
Properties 

Sample 
A 

Sample 
B 

Sample 
C 

Sample 
D 

Sample 
E 

Raw SNG 
Bentonite 

Conventional/ 
Standard 

    Bentonite 
Apparent 
viscosity (cP) 

20.0 17.5 15.0 17.0 16.5 1.6 17.0 

Plastic 
viscosity (cP) 

13.0 11.0 9.0 12.0 10.0 0.9 9.0 

Yield point 
(lb/100ft2) 

14.0 13.0 12.0 10.0 13.0 1.3 22.0 

 
Rheological properties of the formulated fluid 
Table 2 shows rheological properties of the formulated drilling fluids; apparent viscosity (20 
cP, 17.5 cP, 15 cP, 17 cP, 16.5 cP, 1.6 cP and 17.0 cP), and plastic viscosity (13 cP, 11 cP, 9 
cP, 12 cP, 10 cP, 0.9 cP and 9.0 cP), yield point (14 lb/100ft2, 13 lb/100ft2, 12 lb/100ft2, 10 
lb/100ft2, 13 lb/100ft2, 1.3 lb/100ft2 and 22 lb/100ft2) for sample A, B, C, D, E, raw SNG 
bentonite and standard/conventional bentonite respectively. Initially, the raw SNG bentonite 
has low rheological properties compared to the conventional/API standard. After blending the 
raw sample with the conventional bentonite there was significant increase in the rheological 
properties. The plastic viscosities of all the formulated samples revealed that the values 
obtained are higher than the value for the standard bentonite with the exception of sample 
C, which has similar value to standard as 9cP. This means that samples A, B, D and E have 
better plastic viscosity than the standard/conventional bentonite. For the yield point it was 
observed that the standard/conventional bentonite has higher yield point compared to all the 
formulations. This means in practical terms, an increasing yield point means a good and stable 
mud which helps in removing cuttings from the hole, while a reducing yield point means a 
bad and unstable mud (Adeleye et al., 2012).  
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CONCLUSION 
In conclusion, the generated results ranging from the rheological properties (apparent 
viscosity, plastic viscosity, yield point) and mud weight of the formulated water-based drilling 
fluid from blended Sabon Garin Ngalda (SGN) bentonite and conventional bentonite samples 
revealed that the blended samples have almost similar properties compared to the standard 
conventional bentonite. The best formulation is Formulation “A” having mud weight of 8.167 
lb/gal and apparent viscosity, plastic viscosity and yield point of 20 cP, 13 cP and 14 lb/100ft2 
respectively. The blending ratio of “A” is 60:40 which is 15.30g and 10.20g of Sabon Garin 
Ngalda bentonite and conventional bentonite respectively, 1.5g of PAC and 350 mL of clean 
water. The information revealed that the local SGN bentonite still requires more modification 
for it to meet all the API specification. 
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P01: EVALUATION OF NATURAL GAS TRANSPORTATION APPROACHES TO MEET 
THE END USE DEMAND IN NIGERIA 
 Ogulu, E.O, Oji, A and Nwosi, H.A 

World Bank Africa Centre for Excellence, Centre for Oilfield Chemical Research, 
University of Port-Harcourt 

Choba, Port-Harcpourt, P.M.B 2, UniPort, Rivers State. Nigeria 
ABSTRACT  
This study is on the various approaches by which natural gas can be transported from the 
point of production to the destination for end usage. With the recent revelation by Nigeria 
Liquefied Natural Gas (NLNG) company, on decrease in profit of about 13 % which was as a 
result of large offshore discovery in East Africa and shale gas emergence in United State. This 
paper surmises that NLNG company should diversify into Compress Natural Gas (CNG) i.e., 
gas at high pressure (typically 1800 psig for a rich gas to approximately 3600 Psig for a lean 
gas mainly methane) for the transportation sector and Liquefied Petroleum Gas (LPG) which 
is liquid form of natural gas that is being used in homes and offices as source of energy for 
cooking and other domestic activities. In achieving the essences of this paper, several 
computer software applications such as Aspen Hysys version 7.1 that was used in ascertaining 
the gas diversification capacity, Finite Element Analysis (FEA) was applied in determining the 
pressure distribution of the pipeline through Computational Fluid Dynamic (CFD). Carbon steel 
pipe of 24’’ was designed with the aid of Auto-CAD Software application due to its 
accessibilities, cost and coating options. Simulation and Process separation of heavy 
hydrocarbon present in the natural gas stream like C3 and C4 was achieved through HYSYS 
separation process and PandID Column. From this paper, it can be seen that 30 % local 
utilization either industrially or for domestically will enhance the growth of Nigeria GDP. 
 
Keyword:  Hysys, FEA, GDP, LPG, CNG, CFD, NLNG Company and Auto-CAD  
 
1.0 Introduction/Background of the study 
The natural gas business internationally has experience a robust response over years and Nigeria 
as a country have received her own share in the business transaction. Nigeria ranks as the largest 
holder of natural gas proven reserves in Africa and ninth largest holder in the globe (NNPC, 2011). 
The nation produced 1.2 trillion cubic feet (Tcf) of dry natural gas in 2012 and a reserve of an 
estimated 187 trillion cubic feet (Tcf) as of June, 2013, the production rate is increasing on daily 
basis making it world's 25th largest natural gas producer. The production of natural gas is 
restricted by lack of framework to monetize natural gas that is currently being flared. (United 
State, Energy Information Administration, 2017). Nigeria as a country exports to mainly Asia, 
Europe and America of which is being threatened Due to rising shale gas production, it is 
forecasted that the United State America, will be a major exporter of natural gas by the year 
2020 and beyond. This may lead to LNG supplying surplus in the market and likely reduction in 
LNG delivery price to Asia and Europe, Nigeria’s main destinations of LNG export. (Whither 
Nigeria’s global LNG market share Business Day, 2015).Apart from the threat from the United 
State and Singapore, experts believe that East Africa’s closeness to Asia may likely be easy access 
in good destination for LNG exports. The futures of Tanzania and Mozambique becoming LNG 
exporting nations are expected to present an alternative for Asian buyers because of the proximity 
compared to Nigeria. East Africa, in particular Mozambique, could be a new trending LNG exports 
due to its current large offshore discoveries, according to British maritime classification society, 
Lloyd’s Register, in its ‘Global Marine Trends 2030’ report. This will eventually lead to decline in 
income generated by the LNG business in long-run and therefore leaving the company with limited 
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options such as prolonging the contract of long  term duration to many years of LNG supply 
on demanding nations and developing a model for local usage of natural gas. 

 
The first and second options are advisable for the NLNG, as the Asia nations are already 
complaining about the high price they are subjected to pay and would see shale gas and other 
eastern African’s gas as a real alternative. Crashing down the exporting gas would not be a 
remedy either. With approximately 170 million citizens, Nigeria is the most populous country in 
Africa and eight most populous in the world, (Uzoh, 2011), her needs for energy is increasing 
and so would be preferable for natural gas to be used locally as a better option.  Natural gas has 
great importance for transportation, industrial, commercial and cooking. To achieve this, new 
programs have to be develop, a good pipeline network and storage facilities have to be installed 
and diversification of natural gas has to be implemented as these are some of the objectives of 
the PIB bill. 
 
Chronological Realization of Transporting Natural Gas 
The storage of has been of numerous difficulties and so need to me move instantaneously,so as 
to reach its destination after being produced from a reservoir(Cranmore and Stanton,2000). 
Different approaches exist for transporting natural gas from oil and gas field or facilities to 
market(Catania,2004).These approaches includes pipelines, liquefied natural gas(LNG) and 
compressed natural gas(CNG). 
 
Pipelines 
Research has shown that pipelines are very suitable approach of transporting natural gas but is 
not flexible as the gas may leave the source of transportation and arrive at its destination. If 
political and economic stability can be guaranteed by the government, pipeline can become very 
effective and efficient in transporting natural gas. 
 
Liquefied Natural Gas 
This technology has been proved to be successful since the late 20th century. LNG is the gas that 
is liquid in nature and be transported in liquid form from the point of production to process plants. 
However, technology for liquefied natural gas need multifaceted state of the art equipment with 
locomotive parts and special refrigerated ship fitted for transporting the LNG to market 
 
Compressed Natural Gas 
Natural gas can be moved in containers constructed with high pressure. Scientifically 1800 psig 
for a rich gas to approximately 3600psig for a lean gas (mainly methane). A special dedicated 
transport ship transporting vast diameter in a non-conductor in a non-conductor refrigerated 
storage cargo package. The natural gas will be cooled, dried and compressed for storage on 
board. 
 
Utilization of Natural Gas 
Natural gas in Nigeria is widely used in varieties of ways such as powering of electricity, cooking 
at home like LPG, for preservation of food through refrigeration, cooling of homes and stadium 
in form of air-conditions and retrofitting of cars. It can also be used industrially in welding etc. 
 
2.0 Materials and Method 
Materials used for this dissertation are gas samples obtained from an associated well in Soku 
field, of which can be described as wet gas due to the presence of condensable gases contained 
in the natural Gas stream. The gas compositions were obtained through the application of gas 
chromatography technology at the Petroleum Testing Laboratory in Department of Petroleum 
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Engineering, Rivers State University, Port-Harcourt. The mole fraction of the different natural gas 
composition constituents were then recorded below in Table 3.1. 
  
 
 
                Table 3.1- Natural Gas Composition Constituents form an Associated well  

COMPONENTS  MOLE 
FRACTION 

Methane 0.8339 
Ethane 0.0706 
Propane 0.0395 
i-Butane 0.0078 
n-Butane 0.0115 
i-Pentane 0.0038 
n-Pentane 0.0031 
n-Hexane 0.0031 
n-Heptane 0.0023 
n-Octane 0.0008 
n-Nonane 0.0001 
n-Decane 0.0001 

CO2 0.0143 
Nitrogen 0.0091 

Total 1.0000 
 
2.1.1 Pipeline Parameters and Pressure drop Models.  
The transmission of fluids through pipelines requires many considerations in terms of material 
usage, process variables (which explicitly define the operating conditions of the fluid), the design 
and the topographical setting of the route. 
The pipeline material used for this research, (through the various Computer software applications) 
is carbon steel due to its accessibility, cost, and coating options.  For a 24inch pipeline, the outside 
diameter is 610mm, having a thickness of 6.35mm according to the ASME B36.10M19M-2004 
Specification. Below is a table of different pipe size. 
 
Table 2.1.1- Schedule of Different Pipe Sizes (ASME B36.10M19M-2004) 

S/N Sizes(Inches) 24” 28” 36” 48” 

1 Outside Diameter (millimetre
(OD) 

610 711 914 1219.2 

2 Inside Diameter (millimetre
(ID) 
~~ 

597.30 695.16 898.14 1199.10 

3 Thickness (millimetres) 6.35 7.92 7.92 10.05 

 
The relationships used in the design of the pipeline are as follows: 

 
4

2
ID

A


              2.1 

Where A =Cross section of the pipeline  
Di= Inside Diameter of the pipeline  
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The gas is expected to have a certain flow rate which is most times based on the supply 
of gas (scf) per day. The relationship between the flow rate and the cross section of the 
pipe helps in determining the velocity of the gas stream.  

AvQ       2.2 
Substituting gas supplies to NLNG from the NNPC (APPENDIX 2), if 20-50% of the gas 
supplies is diverted for domestic use and taking the highest observation then it means that we 
can decide that the gas flow rate to be transported will be 200m3/s maximum and 30 m3/s as 
minimum, neglecting year 2010, if that is to be considered. 
equation 3.1 into 3.2 gives   

                                         

 
v

D
Q I

4

2
                                 2.3  

As the gas flows inside the pipeline, it experiences a decrease in pressure owing to the rough 
surface of the pipeline. The pan Handel A, pan Handle B and the Weymouth equation helps in 
describing this effect. This depends strictly on the material of construction as the roughness factor 
varies with material types of the inner wall of the pipe, the diameter of the pipe, the length of 
pipe, compressibility factor, pressure and temperature of the fluid. But before this can be 
established the Reynolds’s No, the friction factor and the relative roughness must be determined.  

Reynolds No,   
Du

Re      2.4 

D: pipe ID (inside diameter), ft 
u: fluid velocity, ft/sec 
: Fluid density, lbm/ft3 
: Fluid viscosity, lbm/ft.sec 
 

Friction factor, (f):   





 

9.0Re

25.21
log214.1

1
De

f
  2.5 

Where relative roughness: eD = 
D


     2.6 

    = Roughness of the internal wall section, carbon steel (0.0046) 
 
The pan Handel B equation is stated as thus:                                           
 
 

 
2.7 

	
	
	
 
        2.8 

The pan Handel A Equation............ 
        2.9 
 
        2.10 

 
The Weymouth Equation............ 

01961.05.0

7.16
1








 









D

Q

f
g

1461.0

52
1








 


D

Q

f
g

6182.2

4604.05394.02
2

2
1

07881.1
1

87.435 D
LTZ

pp

p

T
Q

gb

b 




































©NSChE 2019: EVALUATION OF NATURAL GAS TRANSPORTATION APPROACHES TO MEET THE END USE 
DEMAND IN NIGERIA: by Ogulu, E.O, Oji, A and Nwosi, H.A 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              748	|	P a g e 	
	
	
	

33.0

00235.0

d
f                 2.11 
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Where: QSC= flow rate,  

TSC= Temp standard condition        P1 = Pressure in  
    PSC = Pressure standard condition       P2 = Pressure out  
    K = Sand grain- roughness      L = length of pipe  
    D= diameter of the pipe              Tm = mean temperature of the gas  
  = specific gravity of the gas            Zm   = Mean compressibility factor 

      f = moody friction factor. 
 
 
Using the pan Handel’s A, B or Weymouth’s equation, we can predict the operating inlet pressure 
that will be required having known the critical pressure and temperature of the stream and other 
parameters that determine whether or not how many compressor stations will be needed for the 
whole process. Various results will be gotten also as the diameter of the pipe changes.  

 

  
 

Figure2.1- Pipeline Design with ASME B36.10M Specification 
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As the pressure changes, the compressibility factor will also decrease, hence the natural gas 
stream is keeping other variables constant. The pressure and compression in connection with the 
specific gravity is given in table below. This was achieved with the setting of the temperature at 
45oC and flow rate of 200m3/s using the Peng-Robinson’s fluid package in Hysys. Following this 
approach, the natural gas properties (both physical and chemical) changes instantly as the 
pressure differs. This design of the pipe was actualize with the application of Automated Computer 
Aided Design (Auto-CAD) 3-D, i e  3-Dimension. 
 
   Table 2.1.3- Relationship between pressure, Compressibility and Specific Gravity    

(P) 
(Kpa) 

Compressibility(Z) specific 
gravity (y) 

7000 0.3363 0.674 
6000 0.2888 0.672 
5000 0.2411 0.6715 
4000 0.1932 0.6702 
3000 0.1452 0.6689 
2000 0.097 0.6676 
1000 0.0486 0.6663 
500 0 0.6631 
50 0 0.00541 
10 0.9952 0.0003253 
5 0.9976 0.0001623 

 
   
   

2.1.2 De-Propanizer and De-Butanizer Models  
Before the natural gas is compressed and transported for domestic utilization, it must be 
separated of its heavier hydrocarbon components and impurities removed. This will help in 
reducing the possibility of hydrate (water) formation in the pipeline (Ikoku,1988). This can be 
achieved by de-butanizing (removing C4) and de-propanizing (removing c3) from the natural 
gas stream with the aid of PandID Column as shown in figure below(Figure3.1.2) or a heat 
exchanger, as such will decrease the critical temperature and pressure between liquid and 
vapour phase of the natural gas. The Propane liquefies at -42.1° C while butane liquefies at -
0.5° C 
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Figure2.2- Column PandID for de-Propanizer and de-Butanizer 
 

Methods 
The approaches (methods) applied in achieving the aim and objectives of this research followed 
series of Computer Software applications, such as Finite Element Analysis that was used in 
ascertaining the pressure distribution of  the pipeline, through Computational Fluid Dynamics, 
which regulate the pressure of  the fluid flowing in the pipe. 
 
In ascertaining the composition of the natural gas constituents with their mole fractions, Liquid 
Gas Chromotography at the Petroleum Testing Laboratory (of Rivers State University, 
Portharcourt) was applied to ensure accuracy and precision of results. That is, different mole 
fractions of the natural gas composition constituents were obtained and recorded as in table 3.1. 
The diversification capacity of the natural gas was determined through hysys version 7.1, 
Computer Software Application, that also separate impurities  present in natural gas stream, to 
avoid hydrate formation in the pipeline before transporting it to its market destination for 
utilization or consumption. Automated Computer Aided Design (Auto-CAD) 3-D, was applied to 
design the 24inch pipe with ASME. B36. 10M-2004, specification, with all information fully stated 
in the figure (Figure 2.1) above.   
 
3.0 RESULTS AND DISCUSSION 
 
Gas Descriptions  
 
Natural Gas Quality and Measure 
The gas characterization was achieved through the use of HYSYS (7.1) package. The components 
were defined as thus in table 3.1 and the fluid package used was the Peng-Robison of Equation 
of state. In the oil manager and environment tab, the assay data type was chromatography. The 
software now simulate and calculates the stream after all the components have been inputted 
based on molecular weights. The blend cuts the stream into hypo-components. This gives the 
critical pressure and temperature at which the fluid requires to function.  
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Fig3.1- Boiling point of the natural gas fractions with respect the mole % 

 
From the diagram it shows that the highest critical pressure is 3400kpa, will bring the formation of 
hydrates in the pipeline, the compressor needed should compensate for the pressure. The second 
figure depicts the maximum temperature required of gas in the pipeline which is about 175oc, this 
temperature is relatively high and so needs some separation to avoid hydrate formation during 
transportation and utilization. 

 
Figure3.2- Boiling point of the natural gas fractions with respect the mole % 

 
 

Table 3.1- The properties of the Natural Gas Stream 
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3.1.2- Potential Natural Gas separation (de-Propanizer and de-Butanizer) 
Since NLNG operates in liquefying natural gas form, at a low temperature, Liquefied Petroleum 
Gas(LPG) can be obtained through simple separations in columns, of which are set at the 
boiling points of butane and propane through  addition of heat energy. Using the Hysys 
software package, after cooling the temperature of the Natural Gas stream, such configuration 
can be set to separate the heavier components of the natural gas stream. Aiming the 
separations to take place at Propane liquefying  at -42.1° C and butane liquefying at -0.5° C, 
the whole process flow diagram can be designed as follows: 

 
Figure3.3- A figure of the De-Propanizer and the conditions for separation 
 
 
        To increase the temperature to that of the boiling point of propane, a duty of about 6.9360 

x 1010KJ/h of energy will be applied to accomplish it. 
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The over head product being rich of methane and the bottom product more of the condensate. 
The mole fractions between these streams as well as the properties are also shown below: 
 

Figure3.4-properties and mole fraction of the overhead and bottom products 
 
The result of the simulation is displayed on the excel spread sheet, presenting it in tabular form 
give clarity to the result achieved and for effective analysis. Separation of heavier components 
was done by the use of the De-butanizer simulation process of which is thus tabulated as it is on 
the excel spread sheet. Due to the flow rates of the two streams having the overhead stream 
very close to the feed, the overhead product will hence be further separated of its heavier 
component through the use of a De-Butanizer, this will be achieved through the same column 
separator as before but the set temperature will be at -0.5oC. Non-return valves will be installed 
along the streams to prevent any form of back flow into the initial column. Also expanders were 
installed to help reduce pressure as well as the temperature to enable even further separation of 
the stream. 
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Figure3.4- Flow Diagram of De-Propanizer and De-Butanizer Configuration Separation 
Method 

 
After the simulation with the use of hysys, the bottom and overhead products were determine 
which can be seen in the figure below, showing the De-Butanizer column is mostly contained with 
methane gas and its composition with a flowrate of 9.630x107 kg/hr (3.12x105m3/hr) 
Presenting the mole fraction in a tabular form after the simulation details has been given below 
thus gives. 
 
4.0 CONCLUSION 
The domestic transportation project via pipelines and other parameters (approaches) such as 
LNG, and CNG can be seen as a viable solution to the many challenges faced by the NLNG in 
transporting natural gas. It would be of great benefit to Nigeria economy if NLNG company can 
invest in domestic transportation and utilization of natural gas. Domestic utilization and 
transportation of natural gas will promote employment to the teaming unemployed youths. It is 
now known that transporting natural gas from the point of production to market involved various 
approaches as discussed above so as to meet the aspiration of the populace. Natural gas usage 
cut across varieties of ways that can help boost the economy of the nation, thereby increasing 
the GDP. Agricultural production and other traditional occupation can be enhance through natural 
gas transportation for local utilization. 
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ABSTRACT  
Globally, investigation on bioethanol production has grown rapidly due to high energy demand 
and has steadily become research area of interest to government, academia and private sectors. 
Ethanol at the present is the most common renewable energy and it can be produced from many 
sources. With the availability of agricultural resources, bioethanol can be produce less expensively 
from agricultural base biomass. Raw materials used in the production such as sucrose base, starchy 
base and perennial grasses were reviewed. This paper surmises various processes at which this 
renewable source of energy can be produced from agricultural base biomass which includes 
pretreatment(physical and chemical), hydrolysis, direct fermentation and saccharification. Theses 
constitute the key steps in bioethanol production from agricultural base biomass which were 
considered. The paper also reviewed various generations of bioethanol with their component which 
also explained composition of some agricultural and forest residues. The agricultural sector rely 
on energy for effective and efficient output production that is a major component of the Nigerian 
economy of which bioethanol will boost the sector through energy utilization. 

 
Keywords: Production, Bioethanol and Agricultural Biomass   
 
INTRODUCTION 
Bioethanol and biodiesel are the two main form of biofuels. Among those bioethanol produced 
by conversion of lignocellulosic biomass is being seen by analyst as the most promising 
alternative biofuel to replace fossil fuel (Ahmadyet al, 2014). Biomass are biological materials 
obtained from living organisms (Ikenyiri and Oghu, 2016). It is most times refer to as plant-
based materials. Biomass can be converted to other useful form of energy such as bioethanol, 
biogas, biodiesel and other chemicals combining both biological and chemical principles which 
are scientific(Ahmady et al,2014). The need for renewable, sustainable, cost effective and 
environmental friendliness is at highest rate, Shan andRahan (2014).The use of trees, crops, 
agricultural and forestry waste to make fuels, chemicals and generate electricity is already at 
advance stages in most developing and developed nations. Energy production will not only 
add to overcome global energy crises and environmental challenges but will also result in 
creating market opportunities for economic viabilities (ChumandOverand, 2001).The 
agricultural crops that have these biomass characteristics are sugar-based substances like 
sugar cane juice, sweet beets, sweet sorghum and molasses as well as starch-based materials 
like wheat, corn, cassava and potatoes, which are classified under first generation bioethanol 
materials, while second generation bioethanol materials are produced from sustainable 
feedstock that cannot be used directly for production. These materials are perennial grasses, 
agricultural waste and forest residue. The third generation bioethanol materials are direct 
cellulose fermentation (cellulose production, substrates hydrolysis and fermentation are 
accomplished in a single process steps y cellulolytic microorganism). These three generation 
of bioethanol materials will be extensively discuss in the literature review of this thesis. The 
development of alternative to fossil fuels and energy sources, has thus become a global 
research priority in recent time. The production of fossil fuel is capital intensive, due to high 
cost of refinery operating equipment (Adesuyi, 2015).The economic viability/accessibility of 
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these raw-materials for bioethanol production also gives high premium value to the energy 
sources. Bioethanol are transportation fuels that are produced from rotten garbage, 
agricultural and human waste which releases methane(CH4) gases that adsorb moisture 
(Ogoni, 2006). Scientifically, these raw materials have high yield and selectivity in producing 
bioethanol due to their high moisture contents. 
 
As it is well known, one major challenge facing the world is energy; it has being deliberated 
in different conferences, symposium and forums. The energy crises has affected the globe 
with varieties of imparts that has to do with human daily activities. This piece of crude oil 
dramatically has increase and decrease at some point , Energy consumption has also increase 
with rapid increase  in human population, Due to the fact that petroleum is non-renewable 
resources , there is an urgent need to  seek alternative energy source that are inexhaustible. 
With the international awareness on increasing Co2 concentration in the atmosphere and 
concern for global worming that is causing climate charge, the development of alternative fuel 
to fossil has become imperative (El-Nagger, 2014) , This fuel is biofuel which are produced 
from biomass. Biomass are biological materials obtained from living organisms, In some cases, 
They are agricultural materials that are either cultivated by human or existing natural forms. 
Bioethanol that are produced from biomass is one of the most promising biofuel to replace 
fossil fuel like gasoline for future transportation vehicle, (El-Nagger, 2014). These biomasses 
are essential raw materials for bioethanol production. Agricultural activities involves 
cultivation, planting, harvesting of which biomass is part of their process. In Nigeria, the 
agricultural sector has suffered neglect as a result of underutilization of its potentials and bye 
products that serves as raw materials for the production of major products like bioethanol. 
The quest for renewable, sustainable, cost effective and environmental friendly source of 
energy for human consumption is on the increase. The source of energy independence 
requires strict measures for making and using such renewable source to prevent the 
environment. Use of trees, crops and agricultural / forestry wastes to produce fuels, chemicals 
and electricity is at advance stage in developed and some developing countries like Nigeria. 
The energy production from this source will not only help in overcoming the energy crises, 
but also bring in emerging market opportunities for investors, lowering environmental impacts, 
increasing energy security and diversity, reduce Co2 emission 
(ChamsandOverend,2001).Formulation of policy for production of renewable energy sources 
can greatly help in overcoming environmental / energy crises facing today’s society. Various 
renewable fuels are produced from agricultural  
 
Sources such as; sugar base, starchy base and lignocellulose wood straw and grasses. The 
aim of this research is to review bioethanol production from various biomasses of agricultural 
products that will help solve the world energy crises. Several renewable fuels are produced 
from waste of different agricultural sources such as; cassava, sugarcane, and wood straws.  
Bioethanol is one most renewable energy source whose prospect is promising for green energy 
revolution. It is often used as blender with gasoline to reduce emission of Co2, Nox and 
hydrocarbon after combustion. (Balan et al., 2013; Chandol et al; 2017). Developmental stride 
in agriculture can be attributed mostly to energy availability in either making food for green 
plants in form of photosynthesis (thermal energy), storage of harvested products or 
production of other syntheses such as fertilizer etc of which makes bioethanol an important 
ingredient in 21st century advancement. The researchers identified the linkage between 
agriculture and bioethanol as simple as interaction between same species. In Nigeria, were 
occupation of the populace is centered around agriculture, there is need to vigorously 
formulate an energy-agro policy for the growth of the economy. 
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Generation of Bioethanol Materials 
 First Generation or Conventional Bioethanol  
These are generation of bioethanol produced from sugar-base substances such as sugar cane 
juice, sugar beets and molasses as same as starch base biomass materials like corn, potatoes 
and cassava. Though the production of ethanol from starch biomass materials represent the 
most convenient and technically advance alternatives for bioenergy, which will result in 
competitiveness between energy and food supply. The raw-materials account for 40-70% of 
total ethanol production cost is based on current sugar or starch containing feedstock. 
Reduction on the production cost will make biofuel (bioethanol), compete with fossil fuels. 
 
Second Generation Bioethanol 
These are generation of bioethanol produced from sustainable feedstock, that can be applied 
directly for food production. Example are waste that can be potentially converted into 
bioethanol are perennial grasses, agricultural waste and forest residues. The conversion of 
these potential sources of feedstock for bioethanol offer several benefits of global waste 
reduction and development of valuable transportation fuels. 
 
Third Generation Bioethanol 
The third generation bioethanol is produced via direct cellulose fermentation (cellulose 
production, substrate hydrolysis and fermentation) are accomplished by a single process step 
by cellulolytic microorganism. 
 
2.3 Lignocelluloses 
By-products from the cultivation of corn (corn stover),wheat(wheat straw),rice straw, 
sorghum(sorghum stalk),barley (barley straw) and sugar cane juice(sugar bagasse) are major 
sources of agro-based lignocellulosic, which contains high content of cellulose and 
hemicellulose as described in table below(1.0). It is significant issue to dealwith agricultural 
waste both for comprehensive of lignocellulosic resources and for prevention of environmental 
pollution. One technique to overcome these challenges is the biological and chemical 
conversion of agricultural waste to biofuels. Production of bioethanol from renewable 
lignocellulosic resources (biomass) is a promising means to reduce the accumulation of green-
house gases and alleviate pressure on fossil shortage(Gale and Zacchi, 2002). The main 
constituents of lignocellulosic nbiomass are hemicellulosic, cellulose and lignin(Kumar et 
al.,2009).Minor components includes ash and extractives such as waxes. On a dry weight 
basis, lignocelluloses contain 40-50% cellulose, 20-35%hemicellulose and 15-20% lignin. 
These components represent approximately 90% of dry weight of most plant materials 
(Brown, 2003).The cellulose chain is a linear, unbranched polymer of glucose monomers 
linked by β-1, 4-glucose bonds. 
 
Table 1.0: Composition of some common and Forestry Residue 
Source              Cellulose(%)          Hemicellulose(%)           Lignin(%) 
Hardwood          40-55                        24-40                              18-25 
Softwood            45-50                        25-35                              25-35 
Corn Stover         38-40                          28                                  7-21 
Corn cob                45                              35                                    15 
Bagasse               32-48                       19-24                               23-32 
Wheat straw       33-38                       26-32                               17-19 
Rice Straw           28-36                        23-28                              12-14 
Sorghum stalk      27                               25                                    11 
Barley straw         31-35                      27-38                               14-19 
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Leaves                   15-20                      80-85                                   0 
Sources: Kumar et al (2009) 
 
 

 
Figure 2.2: Constituents of Lignocellulose biomass 

   
1. Materials and Methods:  

Bioethanol is produced from several cheap materials which are mostly agricultural base 
raw material such as Starchy, sucrose and lignocellulose. These materials are wheat, 
corn cassava, sugar beet, sweat sorghum, sugar cane, wood straw and grasses. (Balat 
and Balat 2009). These materials are classified according to generation which are first, 
second and third generations respectively. In the production of ethanol several 
methods are involved such as direct fermentation, hydrolysis and simultaneous and 
saccharification and fermentation (SSF). The production of bioethanol using modern 
technological techniques is steadily undergoing innovation on daily bases due to high 
efficiency on thermodynamic equipment. The various materials considered in this 
paper essential for bioethanol production from biomass that involves some 
applications. These constitute majorly of agricultural characteristics and properties 
making suitable for this purpose. The raw-materials are Starchy-base substances such 
as wheat, corn, potatoes  and cassava. Sucrose-base substances like sugar cane juice, 
sweet sorghum and molasses. Lignocellulose biomass such as wood straw and grasses. 
 
Methods 
The methods involved in the production of bioethanol from various agricultural 
biomass are thus described below. 
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Lignin

Ash
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Direct Fermentation; 
This is usually carried out for starch base biomass because; it must be first hydrolysis 
to glucose before being fermented by yeast through the application of saccharomyces 
cerevisea. Hydrolysis process;Though acid hydrolysis of cellulose biomass is an ancient 
practice of converting biomass into sugar like glucose and then ethanol. This is always 
achieved by simple fermentation process. The flow chart for hydrolysis is given below 
 
 
 
 

  

Biomass	

Biomass	

Biomass Fuels

Biomass

Biomass	

	
Biomass	Hydrolysis	

Fermentation	

Bioethanol	



©NSChE 2019: PRODUCTION OF BIOETHANOL FROM VARIOUS ARICULTURAL BIOMASS: Trends and 
Developments: by Ogulu, E.O, Oji, A and Nwosi, H.A 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              761	|	P a g e 	
	
	
	

    Simultaneous, Saccharification and Fermentation; 
Bioethanol Production from several biomass sources (mostly agricultural) always requires 
pretreatment and saccharification which is mostly converted to bioethanol by simultaneous 
fermentation and saccharification process. It is always biological in nature because it is done 
by strains of yeast and bacteria’s (Cao et al; 2014, Cheng et al; 2017). The selection this 
strains for production of bioethanol, is mostly achieve by considering their productivity, 
tolerance to ethanol, fermentation inhibitors and severe PH including temperature condition 
(Cao et  al; 2014). S. ceravisiae is normally in the fermentation process. Direct cellulose 
fermentation is also used in a single process step by cellulolytic micro-organism. It involves 
cellulose production, substrate hydrolysis and fermentation in SSF which is achieve in one 
step. 
 
Pretreatment Phase Involved in the Production of Bioethanol 
The pretreatmentphase involved in the production of bioethanol are 
 
Physical Pretreatment 
This process increase the accessibility of the surface and size of the pore decrease the 
crystallinity and degree of polymerization of the cellulose. Different type of physical processes 
such as milling  and irradiation will be applied to improve the enzymatic hydrolysis of 
lignocellulose waste materials.  

a) Milling(cutting the lignocellulose biomass into smaller sizes) will be adopted to alter 
the inherent structure of lignocelluloses and degree of crystallinity and consequently 
make it more amenable to cellulose. Milling can improve enzymatic degradation of 
lignocellulose materials toward ethanol by reducing the size of the materials (Cheng 
and Holtzapple, 2000.,Zenget al.,2007). The reduction in particle size lead to increase 
of specific surface and in degree of polymerization(Palmowski and Muller,1996). 

b) Irradiation by example gamma rays and microwaves can can improve enzymatic 
hydrolysis of lignocelluloses.The combination of irradiation and other approaches such 
as acid hydrolysis(Mamar and Hajadj, 2000). Irradiation will enhance enzymatic  
degradation of cellulose into glucose. Kamara and Kaetsu(1998) research the effect of  
irradiation for pretreatment bagasse prior to its enzymatic hydrolysis. 

 
Chemical Pretreatment 
This treatment involves the following: 
 
a) Dilute Acid Treatment 

Treatment of lignocellulose materials with acid at high temperature can effectively and 
efficiently improve the enzymatic  hydrolysis. Sulphuric acid (So2) is the most acid to 
be use while acids such as hydrochloric (HCl), nitric etc have also reported (Taherzadeh 
and Karimi,2007). The acid pretreatment can operate under either high temperature, 
for example 1800C for low  concentration temperature(1200C for 30-90 minutes) with 
high acid concentration(concentration acid pre-treatment). This is the most common 
approach among the chemical pre-treatment methods. It should be noticed that 
chemical pre-treatment have dual effect on biomass crystallinity. These effect includes 

1) They remove amorphous lignin and hemicellulose components to increase to increase 
biomass crystallinity 

2) They loosen the high packed crystalline structure through swelling to decrease 
crystallinity (Gharpurayet al.,1993). 

 
The main benefit of dilute-acid pretreatment is the possibility to recover high portion(e.g 90%) 
of hemicellulose sugar. However, the main disadvantage of this pretreatment approach 
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(technique) is the necessity of neutrality of pH for downstream enzymatic hydrolysis 
(Charpurayet al.,2002). 
 

b) Alkaline Pretreatment 
Alkaline pretreatment refer to the usage of alkaline solution  such as NAOH, Ca(OH)2(lime) 
and NH3 to  remove lihgnin and part of hemicellulose and efficiently increase the accessibility 
of enzyme to the cellulose. This pretreatment can be performed at low temperature with 
relative  long time and high concentration of the biomass. 
 
Ozonolysis Pretreatment 
Pretreatment of lignocellulosic materials can be performed with ozones, popularly ozonolysis 
pretreatment. This approach can effectively degrade lignin and part of hemicellulose. This 
pretreatment is usually performed at room temperature and does not lead to inhibitory 
compound(Sun and Cheng, 2002). The main parameter in ozonised pretreatment are moisture 
content of the sample, particle size and ozone concentration in the gas flow. 
 
Physio-Chemical Pretreatment 
This is the pretreatment approach that combine both physical and chemical process which 
result in electrochemical process (Chandra et al., 2007). 
 
Ammonia Fibre Explosion(AFEX) 
This is an alkaline physio-chemical treatment process. The biomass will be liquid ammonia at 
relative high temperature(90-1000C), for a period of 30 minutes, for example, followed by 
immediate reduction on pressure. The effective parameters in AFEX process are NH3, loading, 
temperature, water loading blow down the pressure and time (Holtzappleet al., 2000). 
 
Discussion 
The various steps involved in bioethanol production can be evaluated using chemical reactions 
to show the mechanism with a specific weight of cellulose and sugar including carondioxides. 
It was shown that intracellular hydrolysis minimized glucose repression of xylose fermentation        
allowing co-consumption of cellubiosse and xylose that improve ethanol yields. The reaction 
at the theoretical maximum yield is 0.51 and 0.49kg of ethanol kg -1 of C6 or C5 sugar (Qui, 
2010)  

 
C6H12O6 Saccharomyces Cerevisae   2C2H5OH+2Co2          
     Glucose 1kg                                                                                  Ethanol     
Carbondioxide, 

  0.5kg                0.49kg 
 

3C5H1OO5            5C2H5OH + 5CO2 
Pentose          Ethanol      
carbondioxide 

0.49           O0.49kg       0.5kg 
 
It is of note many processes are involved in the production method at bioethanol, which is: 
  
-Physical pretreatment; this can increase the accessible surface and size of pore and 
increase the crystallining and degree of polymerization of the fermented biomass (cellulose). 
This is achieve through direct applications. 
 

	

				Pentose	fermenting	micro‐
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-Chemical Pretreatment: This is achieved by dilute acid treatment, alkaline treatment and 
ozonolysis. 
This processes that are involved in production of bioethanol from biomass are achieved 
through biological and chemical principles. The Ammonia Fibre Explosion(AFEX) involves liquid 
ammonia in the process, but the process is not common due to the capital intensive nature 
of its operation.  
 
Conclusion 
With the increasing demand for renewable energy resources, bioethanol is considered as one 
of the most suitable and economic fuel for the future. The environmental hazard caused by 
the biomass can be decreased by utilizing them into useful product and generate wealth for 
economic empowerment. Various pretreatment processes yeast and strains of bacterial are 
used to convert biomass into bioethanol. In renewable processing of biomass or direct biomass 
production, the cost effective technologies requires further research, development and 
diffusion of Commercialized new technologies. The conversion of biomass into bioethanol not 
only can accomplish the demand for energy resources but also have positive effect on the 
environmental and socio economic position of Nigeria as a country. Further research and 
technologies development are required in the discipline of bioethanol production from 
biomass, so as to replace and ride the society of fossil fuel that is causing environmental and 
economic burden to the Nigerian society. This study will bring to the fore-burner crucial needs 
of seeking alternative fuel and energy sources other than fossil fuel that is a major pollution 
agent to the atmosphere, which threaten human existence. Furthermore the study will 
advance the quest for competitive energy market. The conversion of biomass to bioethanol 
will diversify the over dependence on crude oil that has resulted in several negative impact in 
society such as insecurity, laziness and neglect of other sector of the economy. Pollution which 
is a major threat to human health will be curtailed with the conversion of biomass to 
bioethanol, due to its carbon neutrality. This study will also help in encouraging Foreign Direct 
Investment (FDI) that will promote employment and economic growth with increase in the 
nation’s GDP. 
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ABSTRACT  
This paper provides an overview of the ongoing TETFUND National Research Fund project " 
Phase Change Material as Energy Augmentation Source for Solar Powered Ammonia-Water 
Absorption Refrigeration System for Agricultural Produce Storage" The goal of this project is to 
prove the feasibility of augmenting the power source of a solar powered ammonia-water 
refrigerating system by incorporating a phase change material energy storage process. This 
project intends to develop a holistic approach for the experimental and numerical evaluation of 
the thermal behavior of new thermal energy storage (TES) materials suitable for Ammonia water 
solar powered refrigeration system. The project also intends to construct a prototype which will 
be numerically and experimentally optimized.  The specific research goals are to, to evaluate the 
usage of phase change materials as additional energy source for solar powered ammonia water 
absorption refrigerating system; demonstrate that phase change material energy storage system 
is capable of heating the working fluid (ammonia-water) up to an operating temperature of 110oC; 
design, fabricate and test a solar powered Ammonia-water absorption refrigerating system with a 
phase change material energy storage process incorporated; demonstrate that the prototype, 
when fully coupled, is capable of producing cooling at 5oC and below, and generate data that can 
be used to produce commercial solar powered ammonia water cooling systems with energy source 
augmented by phase change materials. 
 
The TETFUND National Research (NRF) Project "PCM Solar Powered Refrigeration Project" 
is a challenging project involving researchers from different scientific backgrounds, namely 
Chemical, civil, and mechanical Engineering.  
 
Keywords: Phase Change Material, Solar Powered, Ammonia-Water Absorption, Energy 
Storage, Thermodynamic analysis, modeling, Design and Fabrication 
 
Introduction 
The recent revelation that the country imports over 70 metric tons of tomatoes at an estimated 
cost of N11 billion annually while tomatoes go to waste in rural areas is not acceptable for the 
Nigerian economy (http://agronigeria.com.ng/unnecessary-waste-of-agricultural-produce/). 
In Nigeria, a considerable amount of produce is wasted because of poor transportation 
systems and poor marketing procedures. Much produce is spoiled because it is stored beyond 
its inherent shelf life before marketing is completed. The challenge of feeding Nigeria’s ever 
growing population is not really about agriculture and food production but getting the food to 
the people. The biggest contributors to waste are the lack of refrigerated transport and 
adequate high quality cold storage facilities for farmers, food manufacturers and food sellers 
(retailers).  
 
Agricultural products cannot be stored indefinitely. The maximum storage duration (the shelf 
life) of agricultural products varies and can be only a few days for some fruits and vegetables, 
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a couple of months for most tubers and bulbs, and over a year for dried food grains or other 
seeds. The shelf life of agricultural products depends, first of all, on the product itself.  
Generally, fruits and vegetables perish faster than tubers and bulbs while grains and seeds 
last longer. 
 
Controlling the levels of waste is beyond the capability of individual farmers or consumers. 
The problem is wider and involves market schemes, availability of power supply, quality of 
roads and focused government intervention as well as a need for a more pronounced 
investment in the sector. What Nigeria lacks and needs is a well-developed cold chain 
infrastructure. Without it, Nigeria’s problems are vast and likely to grow. As an example, waste 
is responsible for 50 per cent of the current cost of vegetables and fruits in Nigeria 
(http://agronigeria.com.ng/unnecessary-waste-of-agricultural-produce/).While the cold 
storage may be the solution, the infrastructure in Nigeria is not adequate to support it. Lack 
of electricity in the rural areas means cold storage must be achieved by other means. 
 
Solar powered systems have found increasing use in urban areas in Nigeria but its application 
to cold storage has been limited. The reasons for this are not farfetched. Solar power is 
intermittent and to use it efficiently, solar power storage systems must be incorporated so 
that the system can operate 24 hours. There is the additional challenge of low solar intensity 
at some periods of the year which must be solved. Furthermore, the rural electrification 
situation in the country is very pathetic. With the never ending threat of increase of the cost 
of electricity from electric power distribution companies, very few farmers can afford to pay 
for cold storage facilities for their produce. 
 
The use of solar energy as alternative energy source to power refrigerating systems is well 
documented (Mumah, 1994; Ioan and Sebarchievici, 2015; Siddiqui and Saad, 2015). The 
limitation is obvious, operating alone, they can only provide cooling during periods of peak 
sunshine. To ensure that such systems have all day use, augmentation systems must be 
incorporated. 
 
Two types of absorption refrigerating systems are commonly used, the Ammonia-Water 
(NH2/H2O) and the Lithium Bromide-Water (LiBr2.H2O) absorption systems (Mumah, 1991; 
Mumah, 2008; Chung et al., 2014). Since the storage of most agricultural produce can be 
achieved at 5oC or less, ammonia-water absorption water system will be the system best 
suited for this purpose. 
 
The main trust of this work is to investigate the feasibility of incorporating phase change 
materials as energy storage media into a solar powered ammonia-water absorption 
refrigerating system. The phase change material circuit is to provide additional heat energy 
to the refrigerating circuit during the night and other periods when the solar intensity is low, 
after storing heat energy during periods of high solar radiation. This will enable the 
refrigerating system to operate day and night. Phase Change Materials (PCM) are substances 
that absorb and release thermal energy during the process of melting and freezing. When a 
PCM freezes, it releases a large amount of energy in the form of latent heat at a relatively 
constant temperature (TingXian et al., 2014). 
 
The specific objectives of the project are to; 
a. carry out detailed studies to determine the appropriate phase change material  to 

incorporate into a solar powered ammonia water absorption refrigerating system to ensure 
continuous performance; 
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b. perform analysis on absorption refrigeration system using ammonia and Water as 
refrigerant and to find out the influence of operating temperatures on the thermal loads 
of components and their coefficient of performance; 

c. come up with the operating conditions where it can run by effectively utilizing both solar 
energy and phase change material storage systems; 

d. design and fabricate a prototype to investigate the outcome of the theoretical studies; 
e. evaluate and optimize the system for maximum performance; 
f. generate relevant data required for the full commercialization of the project. 
 
Conceptual framework of the Study 
In solving the agricultural produce wastage problem in the country, various methods can be 
applied such as developing better roads infrastructure, acceleration of rural electrification or 
developing storage facilities that can operate efficiently in rural areas. Providing wide roads 
infrastructure and providing electricity to all homes in the rural areas are presently not 
achievable because of the huge funds required and the country lean financial resources. 
 
The basic assumption underlying this research is that proving solar powered refrigeration can 
be the solution to this problem and that the ammonia-water absorption system is the system 
of choice based on past studies (Mumah, 1991, Mumah et al., 1994, Mumah, 2008, Ioan and 
Sebarchievici, 2015). Many cooling systems have been designed and fabricated that operate 
on solar energy. The major challenge with all of these systems is their intermittent nature – 
they can only operate during sunlight hours. Such systems must be turned off in the night. 
 
This proposal is an attempt to solve the intermittent challenge affecting solely solar powered 
systems with the aim of preserving agricultural produce in rural areas where electricity power 
access is a challenge.  We intend to solve this problem by researching on the use of phase 
change material as energy storage bank for ammonia-water refrigerating system.  
 
After a critical evaluation of phase change materials as energy storage bank, there will be the 
need to test the outcome of our theoretical analysis. This will be achieved by designing and 
fabricating a prototype of a solar powered ammonia-water absorption system with a phase 
change material storage component incorporated. To effectively design, fabricate and 
evaluate such a system, there is the need to carry out extensive thermodynamic modeling 
and analysis of the various phase change materials that exist to determine the best one to 
use.  After such determination, proper design, fabrication of individual components of the 
prototype will be done and then coupled. There is the need to incorporate various instruments 
like pressure gauges, temperature measuring devices, flow meters, etc, to aid in the analysis 
of the system. 
 
The trust of this work is that we will be contributing to solving the food security challenge of 
the nation by developing a product that runs day and night without the use of electric power. 
Another thrust of this work is that incorporating phase change materials as heat source for 
solar powered ammonia-water refrigerating system has not been carried out before and in 
performing this study, we will be contributing something new to knowledge. The knowledge 
gained from this research can be translated to developing solar powered phase change 
material cooling devices for vaccines storage in the rural areas which is also a serious 
challenge in the country. 
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Literature Review 
Reducing Nigeria’s fuel dependency and environmental impact requires the development of 
renewable energies such as wind, hydropower biomass or solar. Thermal solar power plants 
represent a huge opportunity in areas where solar irradiation is of at least 2,000 kWh/m2/year 
(Cavallaro, 2010). This is so in Nigeria. However, this technology has a critical limitation which 
is its intermittence. This inhibits the regular cooling and therefore decreases equipment 
performance. For this reason, it is essential that economical and effective energy storage 
systems are developed to augment the system. 
 
 In solar thermal generation, thermal storage is the suitable storage mode. There are three 
methods to storage thermal energy: sensible, latent and chemical heat. Latent heat storage 
systems have the potential of storing a large amount of energy per unit mass. Moreover, 
latent heat storage could store fusion heat at a constant temperature which is the phase 
transition temperature of the phase change materials (PCMs).  
 
Unfortunately, most of the PCMs possess a low thermal conductivity (around1W/mK) which 
limits their deployment in large scale applications like thermal solar power plants (Pincemina 
et al., 2008). This is the reason that has enhanced the development of different solutions 
whose target is improving the heat transfer from PCMs.  
 
In sensible heat storage, the temperature of the storage material varies with the amount of 
energy stored. The amount of thermal energy that is stored depends on its specific heat and 
on the temperature variation. It has been implemented in thermal solar power plants through 
thermocline or two tanks systems using molten salt as storage medium (Pincemina et al., 
2008).  Latent heat thermal energy storage is attractive due to its high energy storage density. 
When compared to conventional sensible heat energy storage systems, latent heat energy 
storage system requires a smaller weight and volume of material for a given amount of energy 
(Agyenim et al., 2010). 
 
Furthermore, latent heat storage stores fusion heat at a constant or near constant 
temperature which correspond to the phase transition temperature of the PCMs. In practice, 
solid-liquid phase change is preferred because of simultaneous slight volume variation and 
high enthalpy variation (Mumah, 2008). 
 
Latent heat storage through PCMs has the advantage of compactness because the fusion heat 
of PCMs is quite larger than their specific heats. The PCMs could be classified into two groups: 
organic and inorganic compounds. Inorganic compounds show a volumetric latent thermal 
energy storage capacity thrice that of organic compounds. Nevertheless, organic substances 
present advantages such as their ability to melt congruently, their self-nucleation and their 
non-corrosive behaviour (Pya et al., 2001). 
 
An analysis of heat transfer problems in the phase change processes is complex as the solid-
liquid boundary moves depending on the speed at which the latent heat is absorbed or lost at 
the boundary. The position of the boundary is unknown and forms part of the solution ( Kurklu 
et al.,1995; Agyenim et al., 2010). These types of problems are referred to as a moving 
boundary problems or Stefan’s Problem.  
 
Solutions to phase change problems include analytical, experimental and numerical methods 
using one-dimensional, two-dimensional or three-dimensional models to solve energy 
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formulated equation (Agyenim et al.,2010). A theoretical model of a shell-and-tube PCM 
storage unit was reported by Ismail and Alves (1986). An energy equation for the PCM was 
written in terms of the enthalpy. The numerical results showed the effects of the Biot number, 
the relative diameters of the tubes and the inlet fluid temperature on the thermal performance 
of the unit.  
 
Yimmeret al. (1989) developed a numerical model for optimising a basic one-dimensional, 
shell-and-tube TES system. Lacroix (1993) developed a theoretical model to predict the 
transient behaviour of a shell-and-tube storage unit with the PCM on the shell side and the 
Heat Transfer Fluid (HTF) circulating inside the tubes. Parametric studies were performed to 
assess the effects of various thermal and geometric parameters on the heat transfer process 
and on the behavior of the system.  
 
Many modelling publications on the problem of phase change of a PCM remain complex and 
require much calculation (Jian-You, 2008). Kang et al. (1999) used a simple analytical model 
to solve a heat transfer problem of conduction of a PCM in the shell, conjugated with the 
convection of Heat Transfer Fluid flowing in the tube. The conservation of energy method is 
developed for an analysis of PCM solidification and melting processes. The outlet temperature 
of HTF from the heat exchanger is evaluated over different periods and the solidification front 
of the PCM in the shell determined at different positions along the tube. This analytical method 
was applied and tested by Jian-You (2008). The thermal energy storage unit involved a triplex 
concentric tube with PCM filling in the middle channel, with a hot HTF flowing through the 
outer channel during the charging process and a cold HTF flowing through the inner channel 
during the discharging process. To test the validity of the numerical results, an experimental 
apparatus was designed and built by which the effect of the inlet temperature and the flow 
rate of a HTF on the TES were studied. Comparison between the numerical predictions and 
the experimental data showed good agreement.  
 
Dincer and Rosen (2002) dealt with the problems of heat transfer with PCM in simple and 
complex geometries and around isothermal finned cylinders. The results were presented and 
validated with actual existing data. He and Zhang (2001) numerically solved a mathematical 
model describing the unsteady freezing problem coupled with forced convection. The method 
of finite difference was used to solve the equations. In their results they noted the importance 
of PCM thickness.  
 
Michels and Pitz-Paal (2007) presented a numerical model to simulate different cascaded 
Latent Heat Storage configurations. “Dynmola/Modelica” was used to conduct the simulation 
using the standard library Tech-thermo. They used assumptions to simplify the heat transfer 
problem; the PCM was considered as a lumped mass with a uniform temperature throughout. 
In this work, natural convection was also considered as a type of flow regime. With their 
simulated results they presented experimental data to validate the model. Experimental results 
compared well with simulated results.  
 
Yuksel et al. (2006) proposed a theoretical approach predict time and temperature during 
heat charge and discharge processes in the LHS, by using the average value of the mean 
specific heat capacities for the PCM. Analytical solutions were obtained. It was shown that the 
decrease of the entry temperature of the working fluid had a dominant and effect on PCM 
solidification time.  
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A PCM needs to have a set of characteristics to be selected as storage medium (Agyenim et 
al., 2010): 
a. Melting point in the desired operating temperature range. 
b. High fusion latent heat per unit mass. 
c. High specific heat. 
d. High thermal conductivity. 
e. Small volume changes during phase transition. 
f. Little or no sub-cooling during freezing. 
g. Chemical stability. 
h. Contain non-poisonous, non-flammable and non-explosive elements/compounds. 
i. Available in large quantities at low cost. 
 
Although latent heat thermal energy storage offers a huge opportunity due to its heat storage 
density and there are a huge variety of PCMs whose melting point is suitable for large scale 
solar thermal electricity plants (Hoshi et al, 2005), the PCMs has not been up to the expected 
level and the large-scale utilization in latent heat thermal storage (LHTS) (Jegadheeswaran 
and Pohekar, 2010). This is because most of PCMs have a low thermal conductivity (around 
1W/mK), which prolong the charging and discharging period. 
 
Refrigerating system can be broken down into three basic stages: evaporation, absorption, 
and regeneration. The main components of an absorption cooling system are the absorber, 
pump, expansion valve, regenerator, and generator. Systems can be made more efficient by 
adding a stage to increase heat transfer efficiency; known as double-effect. The common 
refrigerant –absorbent used are ammonia/water and LiBr/water. 
 
A single-effect refrigerating has a Coefficient of Performance (COP) of 0.6for NH3/H2O and 
0.7 for LiBr/H2O while a double-effect chiller can have COP’s ranging from 0.8 to 1.2 
(Mumah,1991, Mumah et al., 1994). Absorption Cooling has the advantages of a relatively 
high COP for solar thermal applications, as well as mature technology with several 
commercially available products. A disadvantage of these systems is that they are 
complicated, with moving parts. The process requires several different working fluids, 
including a cooling tower to dissipate heat. 
 
Research Methodology  
 
Why Absorption Refrigeration System? 
Absorption refrigeration systems can be powered by solar energy. There are however obvious 
limitations. There are challenges during the night or period of low solar radiation. To resolve 
this challenge, PCM Energy Storage system can be incorporated into absorption Refrigeration 
Systems to provide the energy during off periods. 
 
There is no need for electric energy from the national grid in this design. The only moving 
parts are three 0.5 kW pumps, two for the Refrigerating system and the System and the other 
for the PCM energy storage system. This will be also be powered by Solar Photovoltaic System 
 
Why Ammonia Water System? 
Today, Ammonia remains the refrigerant of choice for large industrial applications. In today’s 
large refrigeration systems ammonia has many advantages. Ammonia(R-717) costs less. Not 
only is ammonia significantly cheaper than the least expensive halocarbons fluorocarbons, but 
because the density of ammonia is half of all halocarbons, only half as much material is 
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required in the system. Ammonia is more efficient since the mass flow rate of a given capacity 
is one-seventh that of HCFC-22(http://www.haphillips.com/ammonia.html; Ammonia 
Hazards; Gaps Guidelines Gap.7.2.1.2, A Publication of Global Asset Protection Services LLC, 
https://axaxl.com › media › gaps). This means that only one-seventh of the liquid needs to 
be pumped for a given refrigeration capacity. The heat transfer and thermodynamic properties 
are highly advantageous and provide cost savings. Ammonia requires smaller vapor line pipe 
sizes for large systems spread over a large area due to less drop in saturation temperatures 
compared to Freon Ammonia Hazards; Gaps Guidelines Gap.7.2.1.2, A Publication of Global 
Asset Protection Services LLC, https://axaxl.com › media › gaps). Ammonia systems are more 
tolerant of water contamination than Freon systems. Water concentrations of less than 100 
ppm cause no adverse effects to ammonia system operation. 
 
Ammonia /Water Absorption Refrigerating System 
Details on the Ammonia-water refrigerating system are well documented (Mumah, 1991, 
1994). Figure 1 shows the schematic block diagram of a simple absorption refrigeration 
system. It consist of an absorber, a pump, a generator and a pressure reducing valve to 
replace the compressor in vapour compression refrigeration system. The other components 
of the system are the same (condenser, evaporator and expansion valve). In this system the 
NH3is used as a refrigerant and the water is used as an absorbent. In this system the low 
pressure ammonia vapour refrigerant leaving the evaporator enters the absorber, where it is 
absorbed by the cold water in the absorber. The water has the ability to absorb a very large 
quantity of ammonia vapour, and the solution thus formed is known as aqua ammonia 
solution. The absorption of ammonia vapour in water lowers the pressure in the absorber 
which turn draw the more ammonia vapour from the evaporator and thus raised the 
temperature of the solution. Some form of cooling arrangement (usually water cooling) is 
employed in the absorber to remove the heat of solution evolved here, this is necessary in 
order to increase the absorption capacity of water, because of higher temperature water 
absorb less ammonia vapour, the strong solution thus formed in absorber is pumped to the 
generator by the liquid pump. The pump increases the pressure of solution up to the 10 bar. 
The strong solution of ammonia in the generator is heated by some external source such as 
gas, steam, solar energy. During the heating process ammonia vapour is driven off from the 
solution at higher pressure and leaving behind the hot weak solution in the generator. The 
weak ammonia solution flows back to the absorber at low pressure after passing through the 
pressure reducing valve. The high pressure ammonia vapour from the generator is condensed 
in the condenser to high pressure liquid ammonia thus liquid ammonia is passed to the 
expansion valve through the receiver and then to the evaporator. This is the complete working 
of simple vapour absorption refrigeration cycle.  The heat source for the generator Qg will be 
generated from solar energy (parabolic solar collector) and phase change material energy 
storage system. 
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Figure 1: Schematic Diagram of Simple Vapour Absorption Refrigeration System 
 
The process that will be executed in this project is divided in six main sections. First, 
establishment of the thermodynamic theories necessary for proper formulations and modeling, 
plus bibliographic search. Second, investigate which phase change material is appropriate for 
the ammonia-water absorption system. Third, gather relevant details necessary for a proper 
design of the various components shown in Figure 1and then perform a computer simulation 
of the best design of the various components. Fourth, design of the various components of 
the prototype. Fifth, construction and experimental modelling, with all possible scenarios taken 
into consideration.  Sixth, test-run and gather relevant data that will assist in the fabrication 
of a commercial version. Typical conditions for NH3/H2O Absorption Refrigeration System are 
shown in Table 1. 
 
Table 1: Typical Conditions for an NH3/H2O Absorption Refrigeration System 

Capacity of system 3.0kW 
Concentration of NH3 in refrigerant Xr= 0.98 
Concentration of NH3 in Solution Xs = 0.42 
Concentration of NH3 in absorbent Xw= 0.38 
Temperature of the evaporator TE =2ºC 
Generator or condenser pressure PH = 10.7 bar 
Evaporator pressure PL = 4.7 bar 
Temperature of the Condenser TC=54ºC 
Temperature of the Absorber TA=52ºC 

Temperature of the Generator TG=120ºC 
 
PCM Selection 
The selection of an appropriate PCM requires the PCM to have a melting temperature within 
the practical range of application; so the selection was dictated by the temperature required 
for efficient operation of the hot side of the absorption air conditioning system. 
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Selection Criteria for Phase Change materials (PCMs) 
The following criteria are important when selecting PCMs (Sharma et al., 2009; Agyenimet al., 
2010): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Potential fields of application of PCMs: (i) temperature control and (ii) 
storage and supply of heat with high storage density in a small quantity of material 
(Soares et al., 2018). 
 
Thermodynamic properties: 
a. Large enthalpy of transition with respect to the volume of the storage unit; 
b. High change of enthalpy near temperature of use; 
c. Phase change temperature fitted to application; 
d. The latent heat should be as high as possible to minimize the physical size of the heat 

storage; 
e. High latent heat of fusion per unit mass so that a lesser amount of material stores a given 

amount of energy; 
f. A melting point in the desired operating temperature range; 
g. Fixed and clearly determined phase change temperature (freeze/melt point); 
h. Congruent melting point to avoid segregation; 
i. Lower change of volume during phase change; 
j. High density, so that a smaller container volume holds the material 
k. High thermal conductivity (both liquid and solid phases) would assist the charging and 
l. High thermal con the freezing process; 
m. Sufficient crystallization rates. 
n. conductivity (both liquid and solid phases) would assist the charging and discharging of 

the energy storage high specific heat that provides additional sensible TES effect and also 
avoid sub-cooling. 

 
Kinetic properties: 
a. Little or no under cooling during phase change 
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Chemical properties: 
a. No chemical decomposition, so that the latent TES system life is assured; 
b. Non-corrosiveness to construction material; 
c. Long term chemical stability; 
d. Non-poisonous; Non-toxic; 
e. Non-explosive, non-dangerous; 
f Non-flammable. 
 
Physical properties: 
a. Limited changes in density to avoid problems with the storage tank; 
b. High density with low density variation; 
c. Small units size; 
d. Low vapour pressure, 
e. Favourable phase equilibrium. 
f. Economic properties: 
g. Available in large quantities; 
h. Cheap in order to make the system economically feasible 
 
Since Ammonia/water absorption systems operate with generator temperatures in the range 
of 80 to 130oC, the PCM melting temperature should be higher than the inlet generator 
temperature. Among the different PCMs which were summarized by Mumah(2008), Mumah 
et al (1994) and. Sharma et al.(2009), some PCMs are selected for investigation in this project. 
Those selected are listed in Table 2. 
 
Table 2: Selected PCMs for application in solar NH3/ water absorption systems with 
melting temperature in range of 80 - 150 oC 
Heat storage material Type Melting 

point 
(oC) 

Heat of 
Fusion(kJ/kg) 

Density 
(g/cm3) 

Methyl fumarate Organic(Fatty 
acid) 

102 242  

MgCl2.6H2O Inorganic 115 165  
Erythritol Organic 118 339.8  
HDEP Organic 100-150 200  
RT110 Organic (Paraffin) 112 213  
Acetanilide Organic (non-

Paraffin) 
118.9 222  

Succinic anhydride Organic (non 
Paraffin) 

119 204  

α-Naphthol (99%) Sigma-
Aldrich® 

Organics 96 163 N.A. 

Xylitol ( 99%) Sigma-
Aldrich® 

Organics 94 263.3 N.A. 

D – Sorbitol (98%) Sigma-
Aldrich® 

Organics 97 185 N.A. 

Acetamide(̴99%) Sigma-
Aldrich® 

Organics 81 241 1.159 

KAl(SO4)2∙12H2O Inorganics    
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( 98%)Sigma-Aldrich® 
(CODE: APSD) 

/     Hydrated 
Salts 

91 184 N.A. 

(NH4)Al(SO4)2∙12H2O 
( 99%)Sigma-Aldrich® 
(CODE:AASD) 

Inorganics 
/     Hydrated 
Salts 

 
95 

 
269 

 
1.640 

Plus-ICE S83 
PCMprodcucts®  

Inorganics 
/     Hydrated 
Salts 
(Commercial) 

83 141 1.600 

Plus-ICE S89 
PCMprodcucts® 

Inorganics 
/     Hydrated 
Salts 
(Commercial) 

89 151 1.550 

Plus-ICE A82 
PCMprodcucts® 

Organic 
(Commercial) 

82 155 0.850 

 
 
The selected phase change materials obtained from Table 2 will be investigated to determine 
their appropriateness. 
 
Design, Fabrication and Evaluation 
When the appropriate phase change material has been selected, all the components of the 
system will be designed and fabricated. Specifically, the components to be designed to achieve 
3kW of cooling are the evaporator, condenser generator, absorber, phase change material 
exchanger, flat plat collector dephlegmator, and the parabolic solar collector. Schematics of 
the various components of system obtained from preliminary design are shown in Figures 2 
to 10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Evaporator 
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Figure 3: Front View of Evaporatpor (cooing Chamber) 
 
 

 
 
Figure 4: The Absorber 
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Figure 5: Generator Assembly 
 
Figure 6: Dephlegmator Assembly 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Dephlegmator Assembly 
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Figure 7: Condenser 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Flat Plate Solar Collector 
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Figure 9: Concentric Solar Collector  
 
 
Figure 8: Concentric Solar Collector 
Figure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Phase Change Material Heat Exchanger 
 
INSTRUMENTATION 
Key issues to be considered under instrumentation include; 
1. Temperature, pressure and flow rate are the main parameters measured during 

experimentation 
2. Chromel-alumel thermocouples (K-type) will be connected to a data acquisition system 

and used to record temperatures. 
3. Pressure transducers will be used to record pressure data directly through the 

data acquisition system. 
4. Pressures Gauges will be are used in place of transducers while they were being 

repaired or for double checking. 
5. Flow meters shall be installed to measure the flow rates of the interested positions. 
6. Liquid level gauges shall be installed in major system components. 
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7. A flow indicator connects the storage tank with the system in order to monitor 
8. whether liquid or vapor is flowing. 
9. The solar radiation on the collector surface will be measured by a ±5% 

W/m
2 

accuracy pyranometer and pyrheliometer. 
10. Personal computer will be used as a data logger. 
11. Measurement devices will be connected to a data acquisition board to 

obtain simultaneous readings. 
12. All readings will be recorded automatically and monitored by the computer. 
13. All instruments and devices used for data acquisition shall be calibrated. 

14. Thermocouples shall be calibrated within ±0.5 
o
C using constant temperature 

bath. 
15. Pressure gages shall be calibrated within ± 0.3bar using dead weight pressure tester. 
16. The flow rates of the interested positions shall be measured with an accuracy of ±3% 

and liquid level gauges shall be calibrated within ±2%accuracy. 
 
Project Impact 
The long term Impact of the projects can be considered in the following areas: 
Quality of life: By developing solely solar energy powered alternatives for cooling for rural 
areas, the Project will be contributing to the improvement of quality of life in the rural 
areas.  First, solar energy cooling equipment or storage facilities will be directly linked to the 
development of rural communities and the country as a whole.  It is also important to 
emphasize that solar energy cooling systems can be used in other areas like vaccine storage 
which is crucial in upgrading health facilities in rural communities. This will not only help create 
a greater sense of cohesion amongst communities but it will most importantly provide hope, 
a sense of progress and an interest in consolidating peace and accomplishments 
to those communities.  
 
Energy security: Dependence on imported fossil fuels despite being a top producer of the 
crude oil leaves Nigeria vulnerable to disruption in supply and the accompanying economic 
and development impact. Increased use of efficient and renewables systems such as solar 
energy improves energy security, by boosting resource productivity, avoiding excessive 
dependence on imported fuels, developing local sources and diversifying energy portfolios and 
suppliers. 
 
Economic development: Lack of access to sustainable energy constrains opportunities for 
economic development and improved living conditions. Renewables and energy efficiency 
systems support a sustained GDP growth by improving economic and environmental 
performance, enhancing technological innovation and creating new commercial opportunities. 
 
Social equity: Access to and use of energy is marked by an uneven distribution in Nigeria, 
and between the rich and poor within them. Developing distributed energy generation and 
sustainable renewable systems can enable more equitable access to energy services and 
create new job opportunities, especially in rural areas. 
 
Environmental protection: Most current energy generation and use results in serious 
health and environmental impacts at local and national levels – including climate change – 
which threatens human well-being and ecosystems. Accelerating energy efficiency 
improvements and deployment of sustainable renewable energy results in significantly lower 
environmental pollution. 
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CONCLUSION 
Thermal energy storage is imperative to make solar energy more reliable and competitive. 
Further research in phase changing material can improve the efficiency of energy storage 
especially in Refrigeration System. Proper Design, simulation and evaluation of the system is 
also important in optimizing energy storage. The prospect of this project to contribute to the 
Nigerian Economy is great. The project is out to bring solution to a national challenge. -
Agricultural produce spoilage. The project outcomes can also be applied to health care such 
as the storage of medicines and vaccines where constant electricity supply is a challenge. 
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ABSTRACT 
Carbon nanotubes (CNTs) was produced by catalytic vapour deposition (CVD) technique The 
synthesized CNTs was then purified by acid treatment and modified by polyethylene glycol (PEG) 
to give CNTs/PEG composite. The developed composite was characterized by High Resolution 
Transmission Electron Microscope (HRSEM), Brunnaer Emmett Teller (BET) and Fourier Transform 
Infrared (FTIR) respectively. The developed CNTs/PEG was used as an adsorbent to remove iron, 
nickel and cadmium from battery wastewater via batch adsorption process. .Results of analysis 
shown that the CNTs/PEG composite produced is highly crystalline with specific surface area of 
970.81 m2/g. The batch adsorption studies revealed that the optimum conditions to achieve 93.79 
% were contact time of 60 minutes, adsorbent dosage of 0.3 mg and temperature of 50oC. 
Freundlich model and the pseudo-second order model best described the adsorption isotherm and 
adsorption kinetics. The thermodynamic study preformed shows that the adsorption process was 
endothermic and spontaneous.  
 
Keywords: Carbon nanotubes, Polyethylene glycol, Functionalized carbon nanotubes, 
Adsorption. 
 
1.0 Introduction 
Wastewater for the most part contains numerous poisonous and toxic substances, for 
example, heavy metals and organic contaminants. They are emitted from different industrial 
activities, drinking water containing these substances causes many chronic or acute diseases; 
therefore, these harmful substances should not be allowed in wastewater and therefore must 
be treated prior to discharging. The known existing strategies for water treatment incorporate 
coagulation, flocculation, chlorination, sedimentation, filtration, reverse osmosis and 
distillation just as adsorption utilizing adsorbents, for example, fly debris, silica gel, zeolite, 
lignin, and seaweed. 
 
These techniques requires high energy and enormous area of land, they are likewise less 
viable as none of these techniques have effectively evacuate substantial metals and improve 
the physiochemical properties of water at the same time (Turkar et al., 2011). Nanoparticles 
have numerous potential applications in water treatment (Aliyu et al, 2016), hydrogen 
storage(Yoshinori and Xinluo, 2006), drug release, medicine (Tasis et al, 2006), optics and 
electronics (Sharma et al, 2015), so much that the U.S National Nanotechnology activity offers 
government financing concentrated on nano particle research, particularly carbon nanotubes 
(CNTs) which has gotten impressive consideration among researchers and explored because 
of its distinct tubular nanostructure (Tasis et al, 2016). Nanoparticles have electrical and 
thermal properties, just as mechanical strength in the field of material science. Among
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nanoparticles carbon nanotubes (CNTs) is of great interest, because of its astounding 
mechanical and electronic properties, yet in addition have well-characterized hollow interiors 
and biocompatibility with living systems. 
 
CNTs is viewed as excellent candidates for some potential applications, including yet not 
constrained to: catalyst  and catalyst supports (coville, 2011), composite materials, sensors 
and actuators (Balasubramanian and Burghard, 2005), field producers, tips for scanning probe  
microscopy, conductive films, bio-nanomaterials, energy storage mediaand nanoelectronic 
devices. (Physicsworld.com, 2009) 
 
Carbon nanotubes incorporate single walled CNTs (SWCNTs), and multi walled CNTs 
(MWCNTs), recognized by their number of layers. Fundamentally, their large specific surface 
area , hollow and layered structure makes them a perfect adsorption material (Aliyu et al, 
2016). The surface structure of CNTs can be improved by functionalization. This should be 
possible by oxidation treatment or surfactant treatment, the close tip can be opened, and 
their surfaces can be attached by metals, metal oxides and natural ligands, which substantially 
increase the dispersability and reactivity of the CNTs for application in environmental 
protections (Coville, 2011).Therefore, CNTs adsorbent is a promising adsorbent; because of 
it tubular structure which is a perfect trap for heavy metal and simultaneously improve the 
physiochemical properties of the water with less area of land requirements (Coville, 2011). 
 
In this experiment, bimetallic Fe/Ni catalyst supported on kaolin was synthesized through wet 
impregnation method; this catalyst was used in the production of carbon nanotubes via 
catalytic vapor deposition (CCVD). The structure of the MWCNTs produced was modified by 
acid treatment and functionalized through polyethylene glycol (PEG) and Dimethyl 
formamide..Purified and functionalized CNTs were used for the removal of Iron (Fe), Nickel 
(Ni), and Cadmium (Cd) from battery industry wastewater. It also covers the investigation of 
effect of equilibrium contact time, adsorbent dosage, and temperature. The study also covers 
adsorption isotherm, kinetic and thermodynamic study, which describe the adsorption 
mechanism of MWCNTs. 
 
2.0 EXPERIMENTAL METHODOLOGY 
 
2.1. Materials 
The Kaolin used in this method was sourced from Lagos state, Nigeria and without any 
treatment or modification.All the chemical and gases used in this study are of analytical grade 
with percentage purity in the range of 98 – 99.99 % . These chemical includes: Nickel nitrate 
hexahydrate (Ni(NO3)2.6H2O), Kaolin, Iron nitrate nonahydrate 
(Fe(NO3)3.9H2O),Tetraoxosulphate (vi) acid (H2SO4), Trioxonitrate (v) acid (HNO3), Dimethyl 
formamide(DMF) were supplied by Sigma Aldrich. Acetylene and argon gases were supplied 
by BOC Nigeria. The wastewater was analysedusing Atomic Absorption Spectroscopy (Perkin 
Elmer Analyst 700-AAS}for the iron and magnesium determination. Various CNTs were all 
characterized by BET method (Nova 4200), HRSEM (Tecnai G2 F20-Twin), and Fourier 
Transform Infra-Red (Frontier FTIR model).  
 
2.2 Synthesis of Bimetallic Fe-Ni/Kaolin Catalyst 
The Fe-Ni bimetallic catalysts supported on kaolin was prepared using a wetChemical 
impregnation methods described as follow: 5.05 g of Fe (NO3)3.9H2O and 3.64 g Ni 
(NO3)2.6H2O were weighed and mixed in a beaker. Thereafter, the weighed was grinded to 
fine powder and later dissolved in 50ml distilled water to make a 0.25M Fe-Ni (50:50w/w) 
solution. The 50ml solution was added to separately weighed 8g kaolin. The mixture was 
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allowed to age for 30minutes on a magnetic stirrer at a speed of 300rpm. The resulting slurry 
was partially dried at room temperature and later oven dried at a temperature of 140 degree 
Celsius for 10 hours. The mixture were later cooled to room temperature, ground and finally 
sieved with a 150-micrometer sieve. The catalyst powders were then calcined at 600 oC for 
14 hours in a furnace to decompose the nitrates.   
The yield of the catalyst was determined using the relation 
 

100%			       (1) 

	 	 	100%    (2) 
(Aliyu et al. 2016) 
 
2.3 Synthesis of CNTs 
The synthesis of the multiwall CNTs was carried out by the decomposition of acetylene (carbon 
source) on the Fe-Ni bimetallic catalyst, with kaolin as support through the CCVD (catalytic 
chemical vapor deposition) method. The catalyst placed in a tubular quartz tube was placed 
horizontally in the furnace, with the temperature maintained at 750 degree Celsius, and 
acetylene flow rate of 200ml per minute in the presence of Argon as the carrier gas flowing 
at 100ml per minute.This process continued until the reaction time of 45 min was attained 
.The acetylene gas (C2H2) flow was then stopped and the argon flow was adjusted back to 20 
mL/min. The CVD machine was allowed to cool and the CNTs removed from the reactor was 
weighed to know the deposited synthesized CNTs.  
 
2.3.1 Purification of CNTs 
The purification of the as-synthesized CNTs were  performed using the liquid phase chemical 
oxidation by treating the as-synthesized CNTs with H2SO4 and HNO3 acid with volume ratio 
1:3.. The CNTs was dissolved into 100ml of distilled water and sonicate for 90minutes at 40 
oC. Suction filtration using a suitable filter was then carried out to obtained wet cake CNTs 
containing trace of acids. The CNTs ware then washed with deionized water. The washing 
continued until pH of 7 was attained. 
 
2.3.2 Functionalization of CNTs 
The dried purified CNTs was functionalized with Polyethylene Glycol (PEG) and Dimethyl 
formamide (DMF).5g of oxidized CNTs was mixed with 20 % PEG solution and 100ml of 10 % 
DMF. The solvent mixture was stirred for 8 hours at 30 oC and then centrifuged at 2000 rpm 
for 5 minutes.After centrifugation; the black solid obtained was washed with distilled water 
until the wash water was clear. The remaining black solid was retained after oven dried at 
120oC for 12 hours. 
 
2.4 Batch adsorption 
The wastewater sample gotten from Fogo battery manufacturing company in Ilorin, Kwara 
State was stored in an amber bottle and corked. The batch adsorption of manganese and  iron 
, which incorporates: effect of contact time, adsorbent dosage and temperature on battery 
wastewater were performed in this study. To carryout the effect of contact time, 0.1 g of 
nano-adsorbent were dissoved into 100 ml glass stoppered conical flask on a rotatory shaker 
at 125 rpm containing 50 mL of the battery wastewater under room temperature and at pH 
of 1.2 The contact time was carried out at 10, 20, 30, 50 .60, 90 and 120 min respectively. 
The effect of dosage was performed by adding varying amount of nano adsorbents: 0.1, 0.2, 
0.3, 0.4 and 0.5 g to 50 mL of battery wastewater at equilibrium time (90 min) under room 
temperature at 125 rpm. The effect of temperature on iron and manganese were carried out 
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by adding 0.1 g of nanoadsorbents in 50 mL of battery wastewater. The temperature effect 
was performed from 303 to 343 o K at a pH of 6 for 90 min. Each of this effect was performed 
in duplicate and the mean values are recorded. 
 
3.0 Results and discussion 
 
3.1 Characterization of Carbon nanotubes (CNTs) 
The infrared spectra of the as-synthesized, purified and functionalized CNTs are shown in 
Figure 1. The FT-IR is used to identify the existence or absence of functional groups on the 
surface of the CNTs 

 
Figure 1: FTIR spectra of (i) As-synthesized CNT (ii) Purified C(iii) PEG 
functionalized CNT 
 
As presented in Figure 2, an absorption band at 1081 cm-1observed for the as-synthesized 
CNTs correspond to –OH (hydroxyl group). The band at 1445cm-1for as-synthesizd CNTs show 
the presence of C-C stretching. The peak at 2148 cm-1 of as-synthesized-CNTs is assigned 
C=C bond.While the band at 3010 cm-1 shows the presence of –OH.After purification with 
acid, the band observed at 1586 cm-1 and 3114 cm-1 correspond to carboxylic functional group 
(-COOH) and hydroxyl group (-OH) on the surface of purified CNTs. Thefrequency band 
around 838 and 1069cm-1represents out of plane deformation vibrations of the alkyl group 
and hydroxyl group attached on purified CNTssurface. After grafting PEG on CNTs surface, a 
new absorption bands – C= O of ester group was noticed at 1154 cm-1, and also a peak at 
2561 cm-1 which corresponds to the C-H stretching vibrations of the alkyl group of PEG . Also, 
an increase in the intensity of hydroxyl group on the surface of PEG-CNTs was noticed after 
chemical treatment, this peak was observed at 3135 cm -1. 
 
3.2 Scanning Electron Microscopy (SEM) analysis of CNTs 
The surface morphology and the elemental composition of the CNTs sample were analysed 
using High Resolution Scanning Electron Microscopy couple with Energy dispersive 
spectroscopy (EDS). Figure 2 show the HRSEM images of P-CNTs and PEG –CNTs. 
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(a)                                                                                       

(b) 
Figure (2): Scanning Electron Microscopy (SEM) for (a) Purified CNTs and (b) 
Functionalized CNTs 
 
As shown in Figure2 (a), the CNTs array were erect and long to form a uniform diameter tube 
which can be attributed to reduction of catalytic particles and amorphous carbon deposition 
that hinders catalyst deactivation. Similarly, the micrograph of PEG-CNTs shown in Figure 2 
(b) exhibit excellent purified nanotubes by the polymer matrix after functionalization indicating 
dispersion of PEG on the CNTs.The diameter of the CNTs obtained slightly increased after 
functionalization with PEG. 
 
3.3 Brunauer Emmett Teller (BET) surface area analysis of CNTs 
The specific surface area of as-synthesized-CNTs, purified- CNT and PEG-CNTs was analyzed 
by BET method and is presented in Table 1 
 
Table 1: BET surface area of as-synthesized, purified CNTs and PEG-CNTs 
 As-synthesized 

CNTs 
Purified CNTs  PEG-CNTs 

BET surface area 
(m2/g) 

583.31 781.88 970.81 

Pore volume (cm3/g) 0.2963 0.325 0.346 
Pore size (nm) 2.983 3.098 3.251 

 
It was observed from the Table 1 that acid treatment lead to an increase in specific surface 
area,pore volume and pore size for purified CNTs. This is because the acid treatment process 
opens the end-caps and sidewall of CNTs, thereby enhancing the surface area.It can be 
observed that incorporation of PEG onto lattice structure of CNTs has improved surface area, 
pore volume and pore size as compared to as-synthesized and purified CNTs. 
 
3.4   Adsorption Parameter 
 
3.4.1 Effects of contact time 
 
Figure 3 illustrates the effect of contact time on metal ions adsorption on the two adsorbents. 
The nanoadsorbents exhibited similar adsorption patterns, perhaps, the rate of adsorption 
differs. The adsorption process was first rapid for the three metals until equilibrium time of 
90 minutes for purified CNTs and 60 minutes for PEG functionalized CNTs due to availability 
of active sites on CNTs surface. In other words, fast initial adsorption rate may be due to the 
higher driving force ,thus leading to fast transfer mechanism between the adsorbed metals  
and the active sites of the adsorbents. The functionalized CNTs shows high adsorption capacity 
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of 93.79%, 83.09% and 94.93% removal for Ni, Cd and Fe than P-CNTs which has removal 
efficiency of 92.79%, 77.7% and 78.62% for Fe, Cd and Ni respectively. This shows that PEG 
-CNTs successfully removed more of iron compared with other metals suggesting greater 
interaction between the adsorbent than the later. 
 

 
Figure 3: Effect of contact time on metals ion adsorption on (a) purified CNTs (b) 
PEG functionalized CNTs 
 
3.4.2 Effect of adsorbent dosage 
The effect of adsorbent dosage on the adsorption rate ofboth purified and functionalized CNTs 
showed similarity. As illustrated in Figure 4.3., when the mass of adsorbent was increased to 
0.3grams, there was removal of 95.47, 66.67 and 95.36 % of Ni, Cd and Fe respectively. An 
increase in adsorbent dosage beyond 0.3grams showed slight increase in the %removal when 
0.5grams of purified CNTs adsorbent was used to remove 96.918, 89.22 and 95.371 % of Ni, 
Cd and Fe respectively. Increase in adsorbent dosage shows a corresponding increase in 
adsorption rate. This is as a result of increase in adsorption capacity of the adsorbents, as 
more adsorbent provides wider surface area of active sites for adsorption to take place. The 
cessation in the percentage removal of metals beyond equilibrium isassociated with the 
overlapping of sorption sites due to excess of adsorbent particles (Jethaveet al, 2017). It 
implies that till a certain range of initial metal concentrations, the metalremoval is associated 
with the soil sorption capacity. This is in correlation with the report of (Chungsying et al, 
2004). 
 
Similarly, for functionalized CNTs, 96.26, 92.89 and 95.07 %removal was recorded when 
0.3grams of adsorbent was used for Ni, Cd and Fe respectively. Further increase in the dose 
of adsorbent showed an increased removal of up to 94.3627 and 98.70% removal of Cd and 
Ni at an adsorbent dose of 0.5grams of CNTs. However there was no significant effect of 
increase in dosage beyond 0.3grams for Fe uptake. 
 
3.4.3 Effect of temperature 
The effect of temperature on metal removal efficiency of iron and manganese from 
pharmaceutical wastewater was carryout and the result is shown in Figure 5.It was observed 
that the rate of iron, nickel and cadmium removal for the nanoadsorbents increases with 
increasing temperatures, indicating the endothermic nature of adsorption process.. Moreover, 
an increase in temperature resulted in a swelling effect within the internal and external 
structure of the adsorbent, which invariably increased the rate of penetration of the active 
sites on the adsorbent by the metals. The more effective uptake of metals experienced using 
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the functionalized CNTs can be attributed to the solubility nature of the adsorbent, and 
relatively larger pore space for the adsorbent to capture the metals when compared to the 
purified CNTs. 
 

 
Figure 4: Effect of adsorbent dosage on metals ion adsorption on (a) purified CNTs 
(b) PEG functionalized CNTs 
 

 
Figure4.2:(a) graph of %removal against temperature for purified CNTs.  (b) 
Graph of %removal against temperature for functionalized CNTs. 
 
3.5 Adsorption isotherm 
The isotherm of both Lagmuir and Freundlich for the nano adsorbent are shown in Table2 and 
Table 3 respectively. 
 
Table 2  :Langmuir Adsorption isotherm parameters 
             Purified CNTs                         functionalized CNTs 
Metals  Qm Kl    R2        Qm       Kl                           R2 
Ni       0.760    4.787       0.898         0.228        51.04          0.935 
Fe       66.67    670.0      0.730         5.058       0.370          0.897 
 Cd        0.007   281.3       0.747                         0.025                  95.28                       
0.839 
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Table 3: Freudlich Adsorption isotherm parameters 
             Purified CNTs    functionalized CNTs 
Metals   n      Kf            R2            n         Kf                     R2  
Ni       1.626       0.843           0.946             2.371          0.537               0.984 
Fe       1.275       2.725   0.830             1.592          3.133                 0.964 
 Cd      3.303       0.020          0.611                        2.501         0.052                 0.864 
 
Comparing Langmuir (Table 3) and Freudlich ( Table 4) adsorption isotherms parameters, it 
was observed that the value of R2 for Freudlich isotherm model is higher than that of Langmuir 
for the adsorption of Ni on purified CNTs. hence, a value of 0.8480 and 0.9489 for Langmuir 
and Freudlich isotherm were accomplished respectively. Additionally, the take-up of Fe and 
Cd likewise takes action accordingly, with R2 values of 0.73 and 0.747 for Langmuir, likewise 
0.830 and 0.611 for Freudlich isotherm respectively. Another significant parameter to consider 
before concluding if the Freudlich isotherm fits the adsorption system better is the value of n. 
adsorption is considered as favourable when the value of Freudlich constant n falls within the 
scopes of 1 to 10. On the off chance that n rises to 1, this implies the adsorption process is 
straight; n more  than 1 shows adsorption to be chemical  process and n less than 0 
demonstrates that the adsorption process is a physical process (Desta, 2013). 
 
Freudlich constant "n"values of 1.626, 3.303 and 1.275 gotten for Ni, Cd and Fe show that 
the Freudlich model is acceptable. Also, it portrays the adsorption process better. 
Functionalized CNTs adsorbent likewise fits more with the Freudlich isotherm model than the 
Langmuir isotherm, as the value of n for Ni, Cd and Fe are 2.371, 2.501 and 1.592  
respectively, which falls  within the scope of 1 to 10, demonstrating that the model is 
acceptable. R2 values for Freudlich isotherm are 0.984, 0.864 and 0.964 for Ni, Cd and Fe 
respectively, which is higher than 0.935, 0.839 and 0.899 for Ni, Cd and Fe respectively, when 
the Langmuir model was utilized. Chungsyinget al, (2004) revealed that Freudlich model 
accept that multilayer adsorption happens. This recommends why the Freudlich isotherm fits 
the adsorption process on the multiwall CNTs walls which has numerous layers for adsorption. 
 
Table 4:Pseudo first order parameters. 
  Purified CNTs              functionalized CNTs 
Metals    R2     K1           Qe   R2         K1         Qe 
Ni         0.005      0.001         0.845    0.1                 0              0.740 
 Fe       0.788      0.028         14.58    0.12                 0.420           0.011 
Cd 0.179    0.040            0.016   0.403             0.039       0.0109 
 
Table 5 Pseudo second order parameters. 
 Purified CNTs                 functionalized CNTs 
Metals R2    K2     Qe    R2        K2                   Qe 
Ni       0.969   0.012       3.509              0.953        0.013        3.984 
Fe     0.999   0.003      100               0.999        0.01         100 
Cd 0.954    0.089  0.310               0.954      0.090          0.310 
 
3.6 Adsorption kinetics 
The different adsorption isotherm parameters were determined from the plots of the kinetic 
model equation and outlined with correlation coefficients (R2) in Table 4 and 5.The moderately 
higher value is the more relevant model to the kinetic of heavy metals adsorption onto 
adsorbent. For looking at the adsorption kinetic, the pseudo first order and pseudo second 
kinetic models were utilized. As outlined in Table 4, utilizing the purified CNTs adsorbent, the 
first order model have a correlation coefficients (R2) of 0.005, 0.788 and 0.179 for Ni, Fe and 
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Cd respectively, which shows that the first order model is not appropriate for fitting the 
adsorption process, as the values are not near 1. So also, utilizing the functionalized CNTs 
adsorbent, the values of R2 are 0.1, 0.12 and 0.403 for Ni, Fe and Cd, this demonstrates the 
second order model does not fit the adsorption kinetic process for both the purified and 
functionalized CNTs adsorbents. 
 
In Table 5, the second order parameters gotten when the second order kinetic  model was 
utilized shows great correlations . 0.969, 0.999 and 0.954 were gotten as the R2  value for Ni, 
Fe and Cd respectively when the purified CNTs adsorbent was utilized. In like manner for the 
functionalized CNTs adsorbent, R2 value of 0.953, 0.999 and 0.954 were gotten for Ni, Fe and 
Cd separately. This shows great relationship as the values are near 1. The values of Qe 
likewise show great correlation with the empirical  values of Qe which demonstrates that the 
pseudo second order kinetic model fits the adsorption kinetic  more than the pseudo first order 
kinetic model. 
 
3.7Adsorption thermodynamics 
 
TABLE 6: Thermodynamics parameters of heavy metals adsorption on Purified  
CNTs 
 Metals                   ∆G (J/mol)																						                  							∆H(J/mol)                    ∆S (J/mol 
K) 
    Temperature (K)   
               303          313          323         333         343 
Ni  -2254.5   -3475.6   -4696.8    -5917.9   -7139.1   34747       -122.12 
Fe  -6258.0   -7064.0    -7870.0   -8676.0   -9481.9   18164        -
80.599 
Cd  -2438.2   -3731.4    -5024.7   -6317.9   -7611.2    36747          -
129.32 
 

 
According to Table 6 and Table 7 shows that the values of Gibbs free energy (DG)) were both 
negative. The negative values of (∆G) show that the adsorptions of Ni, Fe and Cd on the 
nanoadsorbents are spontaneous. This implies that the process will proceed at this 
temperature range. As can be seen in Table 6and Table 7 that the negative values of 
(∆G)increases with increase in temperature and therefore favours the adsorption process. 
Also, the positive values of ∆H observed on the nanoadsorbents for the adsorption of Ni, Fe 
and Cd indicates the endothermic nature of the adsorption In addition, the negative values of 
∆S for the adsorption of heavy metals on both purified and functionalized CNTs shows that 
there wasdecreasing irregular randomness as the adsorption process proceeds. 
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4.0 Conclusions 
The present study confirmed that P-CNTs and PEG-CNTs are effective adsorbents for the 
removal of iron and manganese from pharmaceutical wastewater. As a function of contact 
time, nano-adsorbents dosage and temperature; the removal efficiency of iron, nickel and 
cadmium was in order of PEG-CNTs > P-CNTs and the performance of the adsorbent is surface 
area specific. In addition, the adsorption equilibrium data followed Freudlich model. The 
kinetic study revealed that pseudo second order model is fit for describing the experimental 
data. The thermodynamics indicated that the adsorption of the iron and manganese from 
battery wastewater was feasible, endothermic and spontaneous process in nature and is more 
favorable with increasing temperatures. 
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ABSTRACT  
The pinch analysis of the heat exchanger networks in an Industrial Ammonia plant for the 
production of urea fertilizer was carried out in this work using Aspen Energy Analyzer. Process 
data of the heat exchanger networks (HENs) were obtained from the plant and used to formulate 
a thermal table after the data were entered into the software for pinch analysis of the networks. 
The analysis is aimed at ascertaining the energy efficiency and of the heat exchangers used in the 
ammonia plant. The software produced the composite, balanced, grand composite curves, the grid 
representation and target reports. From the results of the analysis, the following were obtained: 
minimum heating and cooling requirements of the entire network, the process streams not 
properly matched and the heat exchangers not properly placed. The analysis indicated that a total 
of 3.281 10  kJ/hr cold utility and 3.217 10  kJ/hr hot utility were not utilized within the 
network which is as a result of poor process stream matching and wrong arrangement of the heat 
exchangers. Hence, the heat exchangers in the Industrial ammonia plant need to be retrofitted to 
ensure adequate heat recovery, process to process integration and efficient energy utilization 
within the heat exchanger network. 
 
Key words: Heat Exchanger Networks, Pinch Technology, Aspen Energy Analyzer and 
Ammonia Plant. 
 
1.0 INTRODUCTION 
The cost of produced products largely depends on the amount of energy consumed in the 
plant during production of the products. The more the amount of energy consumed in a 
process plant, the higher the cost of products produced from the plant and vice versa. So, 
energy consumption is an important factor to be considered in any process plant to reduce 
the cost of products for consumers’ sake and to gain more profit for the company. Therefore, 
minimization of energy is highly important in any process plant. In the reality, it is difficult to 
determine the minimum amount of energy required by a process plant by using the traditional 
chemical engineering design (mass and energy balance, rules of thumb, good engineering 
judgment and creative ability of designing) without including Pinch Technology. Pinch 
Technology was discovered in the late 1970s and was used industrially in 1980, so it is obvious 
that process plants before 1980 was built and designed without performing pinch analysis on 
them. Therefore, the amount of energy consumed in these plants will probably be higher than 
required, which will lead to wastage. Pinch technology is a complete methodology based on 
thermodynamic principles that can be used to design new plants with reduced energy and 
capital costs and for existing processes; to ascertain efficiency and provide potential design 
modifications to improve performance. A fundamental strength of pinch analysis is that it 
determines the most appropriate set of heat exchange stream matches. In doing so, it 
minimizes energy loss, reduces the cost of hot and cold utilities and can be used to determine 
the minimum requirement for both hot and cold utilities in a process and thus, enhance 
process integration (Anozie and Odejobi, 2007). Pinch Technology can also be considered in 
the design of a new process plant to determine the process conditions of the core equipment 
of a process plant in which energy can be minimized. Heat exchanger network (HEN) is a 
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system of several heat exchangers connected together. It enables several process streams to 
exchange sufficient amount of thermal energy so they can attain their respective desired set 
temperature values (target), (Akpa and Okoroma, 2012). The production of Urea fertilizer 
requires reaction between ammonia (NH3) and carbon dioxide (CO2), therefore a urea fertilizer 
cannot be produced without an ammonia plant. The industrial ammonia plant has a production 
capacity of 2300 tons per day of ammonia from natural gas. The plant involves production of 
ammonia by first passing natural gas through the desulphurizing unit to reduce the sulphur 
content to below 280µg/m3 to prevent poisoning the nickel catalyst used in the primary 
reformer using activated carbon or zinc oxide. The activated carbon could be regenerated by 
passing super-heated steam through the bed of carbon. The desulphurized natural gas is then 
fed into the reformer with simultaneous inflow of steam to produce carbon monoxide (CO) 
and hydrogen (H2), CO is mixed with more steam to produce CO2 and more hydrogen, the 
produced hydrogen from the primary reformer is then mixed with N2 (air) to produce ammonia.  
Some works have been done on different sections of various plants; Akpa and Okoroma, 
(2012) performed pinch analysis on the heat exchanger networks of the crude distillation unit 
of Port Harcourt refinery and discovered pinch penalty of about 98916.1 kW hot utility and 
8298.7 kW cold utility. Lukman, et al., (2018), performed evaluation of Naphtha Hydro treating 
Unit (NHU) of Kaduna refinery using pinch technology in  identification of areas requiring 
improvement in the heat exchanger networks of the NHU with the aim of minimizing total cost 
and they discovered the optimal total cost to be $263.115 from the initial target cost of 
$298.815 and also observed the target heating and cooling to be 1.395x107kcal/h and 
1.440x107kcal/h respectively while the design heating and cooling are 1.228x107 kcal/h and 
1.273x107 kcal/h. In this work, Pinch Technology was used to evaluate the heat exchanger 
network in Industrial Ammonia plant. The analysis will ascertain design efficiency of the 
existing heat exchangers network; determine appropriate number of heat exchangers and 
identify improper stream matching within the selected network. 
 
2.0 MATERIALS AND METHODS 
 
2.1 Materials 
The materials used include: Aspen Energy Analyzer version 8.6 (used to produce the 
composite curve, balanced composite curve, grand composite curve and grid representation 
of the heat exchanger networks), Industrial fertilizer plant process data and process flow 
diagram showing the inlet and outlet temperatures, mass flow rates, specific heat capacities, 
enthalpy per unit temperature and enthalpy of each process streams and utilities. 
 
2.2 Methods 
The Aspen Energy Analyzer version 8.6 process tool was employed to perform a detailed and 
accurate pinch analysis of the heat exchanger networks in Industrial Ammonia plant. To do 
this, the thermal data obtained by data extraction were fed as input to the software to 
construct the composite curve, balanced composite curve, grand composite curve and grid 
representation of all networks. The following pinch rules were employed in order to achieve 
the minimum energy targets for the crude preheating process: 
i. Heat must not be transferred across the pinch 
ii. There must be no external cooling above the pinch and no external heating below the 

pinch (heaters must be placed above and coolers below the pinch). 
 
Violating any of these rules will lead to cross-pinch heat transfer resulting in an increase in 
the energy requirement beyond the target. Any heat transfer across the pinch is excess heat 
which is wasted, and expressed as a pinch penalty. 
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2.2.1 Steps in Pinch Analysis 
The pinch analysis of the industrial ammonia plant was achieved through the following 
steps: 
 
a) Data Extraction 
This involves extraction of the data from the process flow diagram to form thermal problem 
table. The data to be extracted is stated in the materials required for the work. 
 
b) Formation of Thermal Data Table 
The data table was formed from the extracted data by Aspen energy analyzer. 
 
c) The use of Aspen Energy Analyzer Software Version 8.6 
The extracted data were fed as input into Aspen energy analyzer software to complete the 
thermal data table.  
 
d) Analysis of the Composite Curves and Grid Diagrams to meet the Objective 
of the Work 
To formulate and complete the thermal data table, equation (1) was used: 
 
Q	 	MCp∆           (1) 
 
where: M is the mass flow rate of the stream (kg/hr). 
 Cp is the specific heat capacity of the process streams / . 
 ∆ 	is the temperature difference between inlet (supply) temperatures and the target 
(outlet) temperature of each stream ( ) 
 

∗           (2) 
 
Cp is the heat capacity flow rate / 	and measured as enthalpy change per unit 
temperature difference (kJ/C-h). 
 
2.2.2 Configurations of the Heat Exchangers and Streams 
The preheating of the natural gas used for the reaction that leads to the production of 
ammonia was accomplished via thirteen (13) heat exchangers using hot streams from other 
units within the plant. For the purpose of this evaluation the thirteen heat exchangers were 
sectioned into two Heat Exchanger Networks (HENs), HEN-1 and HEN-2. The configurations 
of the two networks obtained from the Process Flow Diagram (PFD) are represented in Figures 
1 and 2. 
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Figure 1: Flow Chart for Heat Exchanger Network 1 (HEN-1)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Flow Chart for Heat Exchanger Network 2 (HEN-2) 
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Table 1: Thermal Data Table for Heat Exchanger Network 1 (HEN-1) 

Name Inlet 
Temperature 

 

Outlet 
Temperature 

 

 

 
Flowrate 

 

Stream 1 375.0 242.0 2.467*10^9 1.479*10^9 
Stream 2 105.0 8.0 3.125*10^9 1.479*10^9 
Stream 3 70.0 116.0 7.133*10^9 1.479*10^9 

 13.0 35.0 5.681*10^7 2.594*10^7 
Stream 4 68.0 -21.0 1.808*10^10 - 
Stream 5 68.0 40.0 5.74*10^10 - 

 1 68.0 35.0 5.185*10^10 - 
 2 13 12.0 5.681*10^7 2.594*10^7 
 3 -8 -12.0 5.450*10^7 2.433*10^7 

 
2.2.3 Construction of Composite Curves  
A composite curve of a Heat exchanger network is a plot of enthalpy of cold streams and 
enthalpy of hot streams against temperature on the same graph sheet. The plot is obtained 
by addition of the enthalpies of the streams with respect to temperature change for both hot 
and cold composite curves. The composite curves determine if hot or cold utilities or both are 
required, and the minimum energy requirement (from the areas covered by the cold and hot 
composite curves) in the grand composite curves. 
 
2.2.4 Construction of Grid Diagram 
This involves the representation of heat exchanger network of a given process on a grid. The 
grid diagram shows all the streams on the heat exchanger network with the hot streams above 
the cold streams. It indicates hot streams with red color having direction from right to left and 
with their supply and target temperatures specified. In the grid representation the user merge 
two streams together with the aid of heat exchanger. Two streams are merged together based 
on two conditions above the pinch (Cc≥Ch) and below the pinch (Ch≥Cc). After the merging, 
the temperatures required by the software for the grid representation are put in by the user. 
Also, in the grid representation you can also check if hot utility or cold utility is the required 
target menu and HP/LP is commonly added for hot utility while cooling water is added as best 
cooling utility. This diagram serves as the proper measure for connecting process streams of 
heat exchanger network of process plant.  Also, while connecting heat exchangers of a 
network on grid diagram, the three rules of pinch are applied which include; there must be 
no external heating below pinch (right hand side of the grid diagram) because it serves as 
heat source, no external cooling above pinch because it serves as heat sink and heat must 
not be transferred across pinch. If any of these rules is violated, there will be cross pinch heat 
transfer which will increase the minimum energy required beyond target.  
 
3.0 RESULTS AND DISCUSSION 
The results of the heat exchanger networks 1 and 2 are presented in this section. The results 
are shown in the composite, balance and grand composite curves for the HENs. The plots 
show the variation of the of enthalpy at varying temperature. The red line represents the hot 
stream while the blue line represents the cold stream.  
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3.1 Analysis of Heat Exchanger Network-1 (HEN-1) 
 

 
Figure 3: Composite Curve for HEN-1 
 
From Figure 3, the left end of the cold composite and hot composite curve matches at the 
same enthalpy values showing that no heating utility is needed and right end of the composite 
curves (cold and hot) does not match at the same enthalpy value showing that cooling utility 
is required. The difference between the right end enthalpy value of both the hot and cold 
composite curves gives the minimum amount of heating utility ,  required and the 
difference between the left end enthalpy value of both hot and cold composite curve gives 
the minimum amount of cooling utility	 , . From the curve, it could be seen that excess of  
3.019 10  KJ/hr hot duty were not utilized and all the cold duty were fully utilized in the 
HEN-1, these values could also be seen in the utility targets of the software where the cooling 
utility was the hot duty not utilized and the required heating utility was the cold duty not 
utilized. The minimum allowable temperature difference is found to be 10°C. 
 
Figure 4 shows the balanced composite curve of the heat exchanger network when both hot 
and cold utilities have been added. The both ends of the cold and hot composite curves 
have the same enthalpy value in the curve meaning the cold utility required in the 
composite curve have been accounted for. 
 
Figure 5 shows the amount of energy that is efficiently utilized. When a straight line is drawn 
from the upper end of the curve downward, the area to the right of this curve shows the 
amount of heat energy that was efficiently utilized while the area to the left of this curve 
shows the total amount of heat energy that was not utilized in the heat exchanger network. 
 
 

Hot	Stream	

Cold	
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Figure 4: Balanced Composite Curve for HEN-1 
 
 

 
Figure 5: Grand Composite Curve for HEN-1 
 
 Table 3: Utilities used for Analysis  
Name Inlet 

Temperature 
Outlet 
Temperature 

Cost index HTC Target load 

Refrigerant 1 -25 -24.0 2.739*10^6 4680 3.019*10^11 
 
 

Hot

Col
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Figure 6: Grid Representation of HEN-1  
 
From Figure 6, Heat Integration (HI) Project is used to design the grid diagram because it 
was discovered that there were no cold and hot pinch temperatures, so it will be so hard to 
design it manually or without using HI project. Since pinch temperatures were not found it 
shows that the streams in the network cannot be matched. HI project provides more designs 
near optimum design but the design that gives the lowest cost and lowest heat exchanger 
area is the best grid representation. 
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3.2 Analysis of Heat Exchanger Network-2 
 

 
Figure 7: Composite Curve for HEN-2 
 
From Figure 7, the curve shows that no heating utility was required since the right end of 
both hot and cold composite curves have the same enthalpy value and also that large amount 
of cooling utilities was required since the left end of the hot composite curve was far from the 
cold composite curve while enthalpy difference between the left ends gave the minimum 
amount of cooling duty required in the heat exchanger network. Also, from the composite 
curve, it could be seen that all the cold duty was fully used up in the network and excess of   
3.215 10  KJ/hr hot duty was not utilized. The minimum allowable temperature difference 
is found to be 10°C. 
 

 
Figure 8: Balanced Composite Curve for HEN-2 
 
Figure 8 shows the balanced composite curve of the heat exchanger network 2 when both 
hot and cold utilities have been added. The both ends of the cold and hot composite curves 
have the same enthalpy value in the curve meaning no utility requirements. 
 

Ho

Col

Hot	

Cold	
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Figure 9: Grand Composite Curve for HEN-2 
 
Figure 9 is a plot of the grand composite curve and depicts that little amount of heat energy 
was efficiently utilized in the heat exchanger network.  
 
 Table 4: Utility used for the Analysis 
Name Inlet 

Temperature 
Outlet 
Temperature 

Cost index HTC Target load 

Refrigerant 1 -40 -39.0 3.739*10^6 4680 3.019*10^11 
 

 
Figure 10: Grid Representation HEN-2 
 



©NSChE 2019: PINCH ANALYSIS OF HEAT EXCHANGER NETWORKS OF AN INDUSTRIAL AMMONIA PLANT FOR 
FERTILIZER PRODUCTION: by Dagde, Kenneth K., Iregbu, Precious O. and Tijani, Olamilekan E. 

 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              805	|	P a g e 	
	
	
	

In designing the heat exchanger network 2, Heat Integration (HI) project was used and it 
gave different scenarios close to optimum design. Showing the pinch lines for all the scenarios, 
the stated rules of pinch principles was violated which would increase the energy requirement 
beyond target for the network. The grid diagram shown in Figure 10 shows the scenarios that 
minimally violate the rules of pinch principle and with optimal cost. Therefore, it can be 
concluded that the streams in heat exchanger network 2 cannot also be matched. 
 
4.0 CONCLUSION 
Pinch analysis using Aspen Energy Analyzer has been carried out on Industrial Ammonia Plant 
to ascertain the efficient energy utilization and process-process heat integration. The heat 
exchangers in the ammonia plant was divided into two heat exchanger networks (HEN-1 and 
HEN-2) to ascertain efficiency of heat exchanger arrangement and effective process to process 
heat integration and energy utilization in the networks. It was discovered that the process 
streams in the heat exchanger networks could not be matched because their matching violated 
the rules of pinch principles. The results from the analysis showed that an excess of   3.019
10   KJ/hr hot duty was not utilized and all cold duty was utilized in the HEN-1 and excess 
of   3.215 10  KJ/hr hot duty was not utilized in the HEN-2. Proper design of the heat 
exchanger network can ensure efficient utilization of energy in the plant. This as shown in this 
work can be achieved using the grid representation techniques which can give the best 
arrangement of heat exchangers in any process plant. Retrofit should be carried out for both 
heat exchanger network 1 and heat exchanger network 2 to properly match process streams 
so as to reduce the minimum energy requirement which would thereby reduce cost of 
production of products. 
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ABSTRACT 
Conversion of light alkanes catalytically to aromatic compounds is an important research 
area of interest. This is because aromatic compound are the major feedstocks for 
petrochemical industries.  Zn/ZSM-5 has been found to improve aromatic selectivity of HZSM-
5 but unstable. Hence the need for stabilizing Zn with another metal. The interaction of Zn 
with Co and Ni on ZSM-5 shows a higher selectivity towards aromatics over 85%. This 
improved Zinc stability on ZSM-5 as compared to only Zinc with dwindling selectivity to 50% 
and HZSM-5 of 10% at TOS of ten hours. Catalyst physicochemical properties were analysed 
with XRD, BET, N2-adsorption, FTIR, FTIR-Pyridine, SEM, and TEM. The XRD and FTIR 
characterization showed that the modified catalysts were still crystalline after metal 
impregnation. The products distribution also showed reduced light gases formation and 
formation of more aromatics. The synergistic interaction between Ni and Co with Zn metal 
improved the catalytic performance of Zn-Co/ZSM-5 and Zn-Ni/ZSM-5 catalysts by promoting 
and sustaining the dehydrogenation step and suppressing protolytic cracking step in the 
reaction series resulting in the recorded significant improvement in aromatic yield over the 
monometallic Zn/ZSM-5 catalyst. 
 
1.0 INTRODUCTION 
The conversion of propane to aromatics has been a subject of interest to industrialists and 
academia within the last two decades. This is not unconnected with the rising cost of 
naphtha, while many nations in the world like Nigeria are being declared to be more of gas 
rich nation.  It is becoming more important and imperative to start considering ways to 
transform these abundant gas resources (light alkanes such as propane) to aromatic 
compound which are building block and feedstock to petrochemical and chemical process 
industries. Propane exists in large deposits in natural gas reservoirs, gas condensate, and 
refinery gases (Derouane et al., 2006: Asaftei et al., 2009). 
 
Lots of researches have been conducted over time to understudy the kinetics and mechanism 
of propane transformation to aromatics (Fechete et al., 2012:  Armor, 2011). It was found 
that the reaction steps majorly includes: Protolysis, hydride transfer, beta-scission, 
alkylation-dealkylation, dehydrogenation, oligomerization, olefin adsorption and desorption, 
alkanes adsorption and desorptions, cyclization and aromatization. Most related researches 
from kinetic and thermodynamic views have revealed that propane protolytic cracking step 
is the rate limiting step and the hydride transfer which is recombination of the abstracted 
hydrogen with the radical intermediates further limits the progression of the reaction to form 
aromatics (Lindström and Lars, 2003: Bhattacharya and Sivasanker, 1996: Rane et al., 2006: 
Xu et al., 2013) 
 
Modification of catalyst by metal anchoring on ZSM-5 catalyst had made up part of the efforts 
applied to solve this challenge. These include developments of monometallic zeolitic catalysts 
i.e. Pt/ZSM-5, Ga/ZSM-5, Zn-ZSM-5, Mo/ZSM-5 aimed at promoting protolytic scission over
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C=C cracking and improve cyclization to aromatization (Bhan and Nicholas, 2008: Choudhary 
et al., 1996: Choudhary et al., 2006: Guisnet et al., 1992: He, 2015) Zn/ZSM-5 emerged as 
the most promising catalyst considering cost effectiveness, selectivity toward aromatics, 
minimization of light gases production and environmental friendliness when compared to Ga 
or Pt based ZSM-5. However, it is unstable at aromatization process operating temperature 
and its loss is irreversible (Jiang et al., 1988). Also, all attempts to correct this ZSM-5 Zn-
based catalyst modification can only help to enhance aromatic selectivity, but cannot inhibit 
severe coke formation on the catalyst which is another challenge that can be generated rather 
than improving the whole reaction process. These put limit to industrial application and 
commercialization of the process. 
 
The need to enhance Zn/ZSM-5 catalyst stability and activity at reaction operating condition 
thus call for the introduction of the second metal to make bimetallic stable and active catalysts. 
Other approaches to mitigate this challenge include incorporating the Zn into the zeolite intra-
framework or create hierarchical structure in the zeolite (Ogunronbi et al., 2015). 
 
Therefore, this work studied the effect of the addition of cobalt and Nickel as a second metal 
due to their atomic size similarity, same oxidation states and closer electronegativity on zinc 
activity, aromatic selectivity and catalyst lifespan on stream on bimetallic catalyst for propane 
aromatization. 
 
2. METHODOLOGY 
 
2.1. Catalyst Preparation 
NH4-ZSM5 (Si/Al=50) was sourced commercially from Sigma Aldrich and calcined to HZSM-5 
at 550oC for five hours. Aqueous solutions containing 2 wt. % of ZnO from Zn(NO3)2 as 
precursor 2 wt. % of Co3O4 from (Co3(NO3)2 as precursor and 2 wt. % of NiO from Ni(NO3)2 
as precursor were co-impregnated by introducing them at the same time dropwise on solution 
of H-ZSM5 catalysts while stirring for effective mixing, and dried at 70 oC. The samples were 
further dried at 80 oC for 16 hours and then calcined by temperature programmed furnace at 
550 oC (4 oC per minute ramping) for five hours. 
 
2.2 Catalyst Characterization 
The metallic content in the catalyst were determined by a handheld XRF machine, 
Thermofisher Scientific NITON XL3t Waltham, Massachusetts USA. FTIR spectra 
measurements were performed using Shimadzu FTIR-8400s Spectrophotometer instrument 
with a MCT detector (64 scans, 4cm−1) at National Research Institute of Chemical Technology, 
Zaria. Pyridine-adsorbed Fourier Transform Infrared Spectroscopy (Py-FTIR) was used to 
determine the amount of Brønsted and Lewis acid sites using Shimadzu FTIR-8400s 
Spectrophotometer equipment. 20 mg of each catalyst was degased at 200oC in an oven and 
then put in a desiccator for pyridine adsorption at atmospheric temperature. The suction was 
allowed for about thirty minutes after which the catalyst were re-weighed to measure the 
increment in mass due to pyridine adsorption and then pressed into a regular wafer and put 
in an infrared cell, and this spectrum was used as background for the 95 adsorbed pyridine 
experiments. Pyridine was then adsorbed to a 5.0×10-2 Pa equilibrium pressure at 30 °C. 
FTIR spectra were recorded. 
 
The powder X-ray diffraction (XRD) patterns were obtained on a Siemens D500 X-ray Powder 
Diffraction (XRD) using Cu Kα. The anode was operated at 40 kV and 40 mA. X-Ray. The 
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catalysts were scanned in continuous mode at wavelength Kalpha1= 1.540598, Kalpha2= 
1.544426 and Kbeta=1.392218 2=10o-80o at scanning speed of 12°/min°. 
 
Nitrogen adsorption and BET analyses were performed at 77 K using Micromeritics ASAP-2020 
unit at Jubilee Campus University of Nottingham, UK. Catalyst samples were vacuum-
degassed at 3000C for 10 hours to remove surface humidity and pre-adsorbed gases before 
exposure to adsorption gas. The specific surface areas of the catalyst samples were calculated 
from the Nitrogen isotherm data using the Brunauer–Emmett–Teller (BET) model. The 
micropore volumes and micropore areas were measured using t-plot analysis Brunauer, et al., 
1938: Lippens et al., 1964: Ahmad et al., 2016) 
 
Morphology of the catalyst samples surface were obtained using Scanning Electron 
Morphology Machine HITACHI S4800. Resolution ： 1.0 nm (15KV) Tanning Electron 
Morphology TEM images of the catalyst samples were obtained on a FEI Tecnai G2 Spirit 
STEM. 
 
2.3 Performance Test 
Performance tests of the prepared catalysts were carried out in a stainless-steel fixed bed 
continuous flow reactor with internal diameter of 9 mm. 0.5 g of the catalyst samples was 
mixed with 0.5g of silica glass beads. The catalysts were degassed under inert nitrogen flow 
environment as the temperature rose through the reactor to 540oC for two hours before the 
flowing in propane into the reactor. Propane was introduced to flow through the reactor. 
Aromatization reaction was carried out at 540°C and Gas Hourly Space Velocity (GHSV) of 
1200 mL/g-h, pure propane and nitrogen of ratio 1:2 under atmospheric pressure. The 
gaseous products were analysed in-situ by an online Buck Scientific GC 910 gas 
chromatograph equipped with a Thermal Conductivity Detector TCD having a Molsieve 13X 
packed column for hydrogen, nitrogen and hydrogen detection and a flame ionization detector 
(FID) connected to Restek MTX1 and HAYESEP D oven packed column for hydrocarbon and 
aromatics detection analysis. Aromatic and other hydrocarbon selectivities were calculated 
based on the total carbon moles with a unit of Carbon-mole, that is ratio of each product with 
respect to the total moles of Carbon-containing products and carbon balance.  
 
3.0 RESULTS AND DISCUSSIONS 
 
3.1 Characterizations 
Figure 1 shows the FTIR spectra of the catalyst sample. Peak intensities at 450 and 550 cm-
1 show pentasil ring of ZSM-5 while 1100 and 1225 cm-1 correspond to bridged silanol 
Brönsted acid sites (Si-OH-AL) and Lewis acid sites (AL-OH) respectively. The bands at 3400 
and 1700 cm-1 = stretching and bending vibration of hydroxyl (OH¯) group of physically 
absorbed water on the surface of HZSM-5 zeolite. The FT-IR spectra in the OH stretching 
region suggested that HZSM-5 contained Brönsted acid groups also on 3610 cm–1 associated 
with the framework aluminium [Si(OH)Al], isolated external silanol groups (3740 cm–1), free 
internal silanol groups (3730 cm–1), and delocalized hydrogen-bonded groups (3500 cm–1) 
of lattice defects. For Zn/HZSM-5, the introduction of Zn species has little effect on the OH 
groups associated with 3500 and 3740 cm–1. The silanol groups characterized by 3730 cm–1 
decreased slightly, which was attributed to the interaction between the internal silanol groups 
and Zn (OH)+ and other loaded metal cations located in cationic positions of the zeolites. The 
Brönsted acid peak (3610 cm–1) decreased obviously, suggesting the replacement of the 
zeolite protons by the impregnated Zn and other metals (Ni and Co). 
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Figure 1: FTIR spectra of the catalyst samples.       Figure 2: Pyridine-IR spectra of 
catalyst sample. 
 
Figure 2 shows the Pyridine-FTIR spectra of zeolitic catalysts. Three characteristic peaks 
around 1450,1540 and 1490cm−1 are observed in all of the catalyst though there were little 
shifts, they represent the amount of Lewis acid sites, Bronsted acid sites and both Bronsted 
and Lewis acid sites respectively (He et al., 2015). Lewis acid sites enhance the process of 
dehydrogenation and aromatization (Ni et al., 2014: Cihanoglu et al., 2015). 
  
Figure 3 shows the XRD patterns of the synthesized catalysts together with ZSM-5 as control 
catalyst. This analysis revealed that the loading of Zn, Ni and Co oxides in accessible positions 
inside the zeolite matrix had no influence on its crystallinity. However, intensities of 
characteristic peaks were changed due to filling of metallic oxides into the zeolite matrix of 
ZSM-5. The characteristic peak intensities were suppressed as the X-ray absorption was 
fevered by the presence of Zn Co and Ni oxide particles (Wu et al., 2009: Li et al., 2009: El-
Shall et al., 2009: Yanming et al., 2016). 
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Figure 3: XRD analysis of parent and metal cation-loaded ZSM-5 zeolites 
 
The Textural physical properties of the catalyst samples are provided in Table 1. Addition of 
metal oxides via co-impregnation of their precursor and their thermal decomposition during 
calcination had a little effect of specific surface area reduction. This decrease is attributed to 
the filling of the metallic oxides inside the pores and also on the surface of the matrix and 
decreased the pore volume, and specific area in turn. Metal co-impregnation on ZSM-5 did 
not affect the micro porosity of the zeolite structure (Wu et al., 2005). Thus, from the XRD 
and BET results of the metal incorporated catalysts compared to the parent HZSM-5, it follows 
that the oxides of Zn, Co and Ni might have been deposited on the outer surface of the zeolite. 
 
Nitrogen adsorption and desorption isotherm plots are shown in Figure 4 for all the prepared 
catalysts. All the plots for the catalysts represent a Type I isother with high level microporosity 
as revealed in the BET surface area. The summary of the surface area and micropore analysis 
is shown in Table 1. Addition of Zn to the parent    HZSM-5 decreased the total surface area, 
including the micropore area and the external (mesopore) surface area of the catalyst. As Co 
was added to Zn/ZSM-5 further decrease in the external surface area resulted.  
 
However, their micropore area did change slightly compared to Zn/ZSM-5, suggesting that 
the Co metal particles did not diffuse much into the micropore structure of the zeolite. The 
addition of Ni to the Zn/ZSM-5 catalyst showed increased surface area. This may suggest that 
some Ni particles occupies sideway attachment to the external acid sites on the ZSM-5 
structure while some on the surface.  
 
The SEM and TEM study of synthesized catalyst are presented in Figure 5. The morphology 
of the parent ZSM-5 Figure 5 a and b was significantly changed after the addition of metallic 
oxides and as the loading increased as seen in a, b, c and d. The evenness of metallic oxide 
dispersion could be observed clearly in images in Figure 5 a-h 
 
This also has been explained that large amount of Zn-Lewis acid sites (ZnOH+ species) for 
dehydrogenation and aromatization, are produced more than ZnO with the introduction of Ni 
and Co species. This enhanced effective dispersion of the active ZnOH+ as shown by TEM and 
SEM images thereby bringing it to tighter interaction of ZnOH+ with the zeolite framework 
making it difficult to drain it out from the surface of zeolite as compared to ZnO. This made 



©NSChE 2019: IMPROVED SELECTIVITY EFFECT OF COBALT AND NICKEL SECOND METALCO-IMPREGNATION 
WITH ZINC ON ZSM-5 FOR AROMATIZATION OF PROPANE: by 

G.G. Oseke, A. Y. Atta, B. Mukhtar, B. J. El-Yakubu and B. O. Aderemi 
 

Proceedings of the 49th NSChE Annual Conference Kaduna, Nigeria, 13 -16 November, 2019              812	|	P a g e 	
	
	
	

more sites available for dehydrogenation and aromatization thus improving the catalysts’ 
selectivity towards aromatics and stability. 
 
Zn-Ni/ZSM-5 has greater stable and sustain selectivity towards aromatics because of its unique 
properties of same oxidation state similar atomic size and electronegativity with Zinc. Zn-
Co/ZSM-5 has improved selectivity toward toluene among other aromatics in the product 
distribution. This is attributed to more alkylation of toluene from methane dehydrogenation. 
Figures 8, 9 and 10 show the effect of Ni and Co on product distribution. 
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Figure 4: N2-adsorption of parent and metal cation-loaded ZSM-5 zeolites 
 
The remarkable increase and sustained selectivity towards aromatics as seen in Figure 9 and 
10 are as a result of enhanced primary aromatization through dehydroaromatization as well 
as suppressed cracking and subsequent H-transfer reaction. 
 
4.0 CONCLUSION 
In summary, Zinc based bimetallic catalyst containing Cobalt and Nickel were prepared and 
tested for propane aromatization. All physicochemical properties in characterizations revealed 
that the crystallinity and structure of the zeolite were preserved. The modified catalysts had 
strong influence on activity, aromatic selectivity and product distribution with minimized 
undesired products when compared to already existing catalyst. The promotional and 
stabilizing effect of Cobalt and Nickel on Zinc instability were observed with sustained 
improved and sustained selectivity towards aromatics. The introduction of these metals help 
to disperse zinc making more sites available for dehydrogenation reaction step and as a result 
improving aromatic selectivity and minimize catalyst deactivation. The developed bimetallic 
catalyst will contribute to the development industrial catalysts with high activity and superior 
stability for desired aromatic production for petrochemical and chemical process industries. 
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Abstract 
Several research efforts  were made in the  past to study annular flow for both vertical and 
horizontal pipes, but the attention was mainly on small diameter pipes ( diameter less than 
100mm) with little or no emphasis laid on large diameter pipes. However, in this research 
work an attempt is made to develop an empirical model that can predict liquid film fraction 
across a vertical large diameter pipe (D = 127mm). The empirical model was based on some 
dimensionless numbers such as liquid and gas Renolds number and also liquid and gas Weber 
Number.  The empirical model developed in this work for the prediction of liquid film fraction 
is ε = 1.9x107ReG-1.4688 ReL0.0701 WeG-0.2276 WeL-0.0099. There was good agreement between the 
predicted liquid film fraction and the experimental values when measured at different vertical 
positions across the vertical riser (i.e. 8.1m, 8.3m, 8.4m and 8.5m). Using the Pearson product 
moment correlation coefficient, the predictions were 90.6%, 84.7%, 81.1% and 98.3% 
respectively.  
 
Keywords: Dimensionless number; Empirical model; Liquid film fraction; Superficial velocity. 
 
1.0  INTRODUCTION 
Annular gas-liquid two phase flow is a very important flow configuration that occurs in many 
relevant applications such as in nuclear reactors, power plants, petroleum and process 
industries. It is a flow regime that is characterized by a high velocity gas flowing within the 
core of the pipe carrying some entrained liquid droplets and  a thin liquid layer stationary 
positioned and/or moving along the internal wall of the pipe (Kaji and Azzopadi, 2010). 
Typically, annular gas-liquid flow are usually encountered in heat exchangers, deepwater 
risers in hydrocarbon production, gas condensates transport pipes, air conditioners and steam 
boilers used in nuclear and thermal power plants. Accurate prediction of the flow behaviour 
such as film fraction is very important for the safe and efficient design of heat transfer 
equipment, oil and gas pipelines and other process transport equipment. 
 
Several research works  have been done in the past decades on upward and downward two-
phase air-water annular flow using smaller diameter pipes (i.e diameter less than 100mm) 
and a lot of mechanistic and empirical models have been developed to characterize the flow 
behaviour, however for large diameter pipes ( i.e diameter greater than 100mm) not much 
research effort have been made as compared to the former leading to dearth of information 
in the literature for large diameter pipes. Consequently, data and models for small diameter 
pipes have been extrapolated for use in the design and operation involving large diameter 
pipes (Abdulkadir et al., 2019) which in most cases do not yield accurate results. However, it 
has been observed by other researchers such as Omebere-Iyari (2006), Kaji and Azzopadi 
(2010), Aliyu (2015), Lao et al. (2012) among others that the flow structures in large diameter 
pipes are different when compared to the small diameter pipes for instance the conventional 
slug flow characterised by bullet shaped Taylor bubbles does not manifest in large diameter 
pipes instead, there is a gradual transition from bubbly to churn flow (Aliyu, 2015). 
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Meanwhile, an attempt is made in this research work to develop an empirical  model to predict 
film fraction in an annular air-water flow across a vertical large diameter pipe. The film fraction 
is a very important hydrodynamic parameter and is useful in determining the pressure drop 
and in the design of separation equipment in the petroleum industry (Ternyik et al, 1995).The 
models and empirical correlations that currently exist in open literature used in predicting film 
fraction were developed using data from small diameter pipes and cannot be applied correctly 
in the design of systems involving large diameter pipes such as risers used in petroleum 
production. There is therefore the need to develop a new film fraction correlation based on 
data from large daimeter pipes and this forms the gap that this research effort tries to address. 
 
2.0 METHODOLOGY  
In this research, a systematic procedure for developing an empirical dynamic model as 
proposed by Ljung, (1999) was used. The procedure consists of the following steps: 
 
2.1 Formulation of model objectives 
The primary objective of the empirical model to be developed is for the model to be able to 
predict liquid film fraction in an annular flow across a vertical large diameter pipe (127mm) 
using the superficial velocity, density, viscosity and surface tension of both the air and water 
as the input parameters. However, these input parameters were used to determine the Weber 
number and the Reynolds number for both phases and these dimensionless numbers were 
used in the model formulation.  
 
2.2 Selection of the input and output variables for the model 
The experimental data used in this research work were obtained from the work performed by 
Abdulkadir, (2011) at the L3 Laboratories of the Department of Chemical and Environmental 
Engineering at the University of Nottingham. The experiments were performed using the 
127mm diameter riser where the film fraction measurements were carried out at positions 
8.1m, 8.3m and 8.4m respectively along the vertical direction. Abdulkadir,(2011) reported in 
his work that the temperature of the air and the mains tap water were all maintained at 25oC. 
 
2.3 Evaluation of available data 
The experimental data obtained from the work of Abdulkadir (2011) where measurements of 
film fraction were done at different combination of gas and liquid superficial velocities was 
analysed using the Microsoft excel. In the analysis, the Weber Number and the Reynolds 
Number for both the liquid phase (water) and the gas phase (air) were computed. The physical 
properties of the phases were obtained at the experimental conditions of 25oC temperature 
and pressure of 2.0 bar. The density of air and that of water are 3.53kg/m3 and 986kg/m3 
respectively. The surface tension was also obtained as 0.07199 N/m and the viscosity of air 
at 25oC is 8.90 x 10-4 Pa.s 
 
The gas Weber number was computed using equation (1) as stated below: 

 Weg = ∆       (1) 
 
But the liquid Weber Number was computed using the equation below: 
 WeL =           (2) 
 
The liquid and gas Reynolds Number will be computed using the equation below: 
 Re =      (3) 
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Where ρ = Density, kg / m3 (subscript ‘g’ and ‘l’ for both gas and liquid respectively) 
U = superficial velocity, m/s (subscript ‘g’ and ‘l’ for both gas and liquid respectively) 
D = Pipe diameter, m 
σ = Surface tension, N/m 
µ = Viscosity, Ns/m2 

 
The plot of the film fraction with each of these dimensionless numbers will be made using the 
power law to determine the functional relationship between them. 
 ε = (Weg)a           (4) 
 
 ε = (Wel)b          (5) 
 
 ε = (Reg)c          (6) 
 
 ε = (Rel)d          (7) 
 
where ε is the film fraction, Weg, Wel, Reg and Rel are the Weber Number and the Reynolds 
Number for both the gas and liquid phase. The exponents a, b, c, and d are determined 
graphically when the plot of these dimensionless numbers are made with the film fraction. 
The exponents from the equations were entered into a Microsoft Excel program called SOLVER 
as the initial values for iteration. The SOLVER is a Microsoft Excel add-in program used for 
‘what if’ analysis. It is used to find an optimal (maximum or minimum) value for a formula in 
one cell called the objective cell subject to constraints or limits, on the values of other formula 
cells on a worksheet. SOLVER works with a group of cells, called decision variables or simply 
variable cells that are used in computing the formulas in the objective and constraint cells. 
SOLVER adjusts the values in the decision variable cells to satisfy the limits on constraint cells 
and produce the result you want for the objective cell. In this work, the exponents on each of 
the dimensionless numbers are the decision variables, the formula is the empirical model 
consisting of the gas and liquid Weber number and the gas and liquid Reynolds number to 
predict film fraction while the constraint cell is the sum of the squares of the difference 
between the experimental and predicted film fraction. The goal is to minimise the constraint 
cell as much as possible in order to improve the predictive ability of the empirical correlation. 
 
2.4 Selection of the model structure and level of model complexity 
Based on the description of the physics of the system adequately represented by the Weber 
Number and the Reynolds Number for the gas and liquid phases, the functional form of the 
empirical model to predict film fraction across a vertical pipe in an annular flow can be 
obtained as: 
 
ε = (Weg)a (Wel)b (Reg)c (Rel)d (8) 
 
The proposed empirical model is a simple model to use because the input parameters (the 
superficial velocities for both the gas and liquid phase and their physical properties) can easily 
be obtained from laboratory measurements. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Dependence of liquid film fraction on the gas superficial velocity at constant 
liquid superficial velocity 
From the Figure 1, it can be observed that as the superficial velocity of the gas increases from 
950m/s to 1,500m/s while keeping the superficial velocity of the liquid constant (40m/s), the 
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liquid film fraction which is essentially the fraction of the liquid in the riser existing as a thin 
film layer along the internal wall of the riser decreases from 0.06857 to 0.03382 along the 
8.1m measuring position in the vertical riser and the same applies to other measuring locations 
in the riser. The reduction of the film fraction at constant superficial liquid velocity and 
increasing gas velocity is as a result of the increasing inertia force created as a result of 
increasing superficial velocity which potentially peels off a portion of the liquid film along the 
interface between the film layer and the gas core thereby increasing the amount the liquid 
entrained in the gas core while reducing the liquid film fraction as alluded to by other 
researchers such as Thome and Cioncolini (2009). 
 

 

Figure 1: Gas superficial velocity versus liquid film fraction at constant superficial 
liquid velocity. 
 
3.2 Dependence of the liquid film fraction on the liquid superficial velocity. 
From Figure 2, it can be observed that as the superficial liquid velocity increases from 40m/s 
to 150m/s and at constant superficial gas velocity, the liquid film fraction increases from 
0.039103 to 0.060516 though the film fraction remained almost constant between 60m/s and 
150m/s superficial liquid velocity. The increase in the liquid film fraction as the superficial 
liquid velocity increases is as a result of the increased amount of liquid available within the 
measuring location which essentially increases as the superficial liquid velocity increases. 
 
3.3 Dependence of the liquid film fraction on the gas Reynolds number (ReG) 
Figure 3 shows the plot of the liquid film fraction and the gas Reynolds Number. In order to 
understand the variation of the liquid film fraction as the fluid velocity increases, there is a 
need to understand the nature of forces at play in forming the liquid film thickness and 
entrained droplets within the gas core. Some of the forces include the inertia force and the 
viscous force. The competition between these forces determines the amount of liquid that will 
form the thin liquid film and equally the liquid that will be entrained into the gas core. The 
dimensionless number that captures the interplay between these forces is the Reynolds 
Number. In the Figure 4.3 above, it can be observed that as the gas Reynolds Number 
increases from 478,533 to 755,578 which implies a highly turbulent flow regime, the liquid 
film fraction decreases from 0.068568 to 0.03382. The decrease in the liquid film fraction as 
gas Reynold number increases is a result of the increase in the inertia force which tend to 
convert some layer of the liquid film into droplets in the gas core, thereby reducing its 
thickness and invariable the overall liquid film fraction (Berna et al, 2014). 
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Figure 2: Liquid superficial velocity versus liquid film fraction at constant 
superficial gas velocity. 
 

 

Figure 3: Liquid film fraction versus the Gas Reynolds Number. 
 
2.4 Dependence of the liquid film fraction on the liquid Reynolds Number (ReL) 
Figure 4 shows the relationship between the liquid film fraction and the liquid Renolds Number. 
From the chart, it can be observed that the liquid film fraction increases from 0.039103 to 
0.060516 as the liquid Reynolds Number increases from 5,627,955 to 21,104,831. The 
increase in the liquid film fraction as the liquid Reynolds Number increases is as a result of 
the increase in the superficial velocity of the liquid which tends to increase the quantity of the 
liquid moving into the measuring location thereby increasing the thickness of the liquid film 
around the internal wall of the riser and inadvertently increasing the liquid film fraction.  
 

 
 
Figure 4: Liquid film fraction versus the Liquid Reynolds Number. 
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3.5 Dependence of the liquid film fraction on the gas weber number (WeG) 
Figure 5 shows the relationship between the liquid film fraction and the gas Weber Number. 
The Weber Number is the dimension number that captures the interplay of inertia force and 
surface tension force which according to Ju (2015) governs the formation of the liquid film 
thickness. In fact, according to Ju (2015), the inertia force tends to break the liquid at the 
interface (i.e. to form droplets) while the surface tension force tends to keep the liquid at the 
interface (i.e. thin liquid film thickness). From Figure 5, it can be observed that as the gas 
Weber Number increases from 5,600,101 to 13,961,470, the liquid film fraction decreases 
from 0.068568 to 0.03382. The decrease in the liquid film fraction as the gas Weber Number 
increases is as a result of the increase in the inertia force which tends to break the thin liquid 
layer into tiny droplets thereby reducing the thickness of the thin liquid film and the overall 
reduction of the liquid film fraction.  

 
Figure 5: Liquid film fraction versus the Gas Weber Number 
 
3.5 Dependence of the liquid film fraction on the liquid weber number (WeL) 
Figure 6 shows the relationship between the liquid film fraction and the Liquid Weber Number. 
From the chart, it can be observed that as the liquid Weber Number increases from 2783098 
to 39137311, the liquid film fraction equally increases from 0.039103 to 0.060516. The 
increase in the liquid film fraction as the liquid Weber Number increases is as a result of the 
increase in the superficial velocity of the liquid which tends to move a large quantity of the 
liquid and at constant gas superficial velocity, increases the thickness of the liquid film along 
the internal wall of the riser thereby increasing the film fraction. 
 
The overall relationship between the liquid film fraction and the various dimensionless 
numbers can be summarized below: 
For the gas Renolds Number: 
 
ε = 2x108ReG-1.68        (1) 
 
For the liquid Reynolds Number: 
 
ε = 0.0006ReL0.2829        (2) 
 
For the gas Weber Number: 

ε =	28283WeG‐0.84
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ε = 28283WeG-0.84        (3) 
 
For the liquid Weber Number: 
 
ε = 0.0056WeL0.1414        (4) 
 
 

 
Figure 4.6: Liquid film fraction versus the Liquid Weber Number. 
 
On combining all the dimensionless numbers to determine the overall relationship between 
them and the liquid film fraction, we have: 
 
ε = 1.9x107ReG-1.68 ReL0.2829 WeG-0.84 WeL0.1414    (5) 
 
The final correlation for the liquid film model can be represented as: 
 
ε = 1.9x107ReG-1.4688 ReL0.0701 WeG-0.2276 WeL-0.0099 

 

4.0 CONCLUSION  
In this research work, the relationship between the liquid film fraction and the superficial gas 
and liquid velocities was investigated. It was observed that the liquid film fraction decreases 
as gas superficial velocity increases while it increases as the liquid superficial velocity 
increases. Similarly, the relationship between the liquid film fraction and the various 
dimensionless numbers that adequately describe the physics of the system were investigated. 
The dimensionless numbers include the gas and liquid Reynolds Number and gas and liquid 
Weber Number. It was observed that as the gas Reynolds Number and gas Weber Number 
increases, the liquid film fraction decreases and the reverse occur when the liquid Reynolds 
and Weber Numbers increases. Based on the relationships between these dimensionless 
numbers and the liquid film fraction, a new correlation that can predict liquid film fraction was 
developed, i.e. ε = 1.9x107ReG-1.4688 ReL0.0701 WeG-0.2276 WeL-0.0099.  
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