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ABSTRACT

The need for bioethanol production arises from drawbacks of fossil fuel such as non-
renewable feedstock and emission of dangerous gases during combustion. However, the
recalcitrant nature of bioethanol feedstock as well as high cost of hydrolytic enzyme and
incomplete fermentation of sugars have been major challenges. The research was aimed at
optimizing microwave-alkaline (MA) pre-treatment conditions for the effective delignifica-
tion of some selected locally available agrowastes and co-immobilization of cellulase,
xylanase, and as well co-immobilize yeast and fungi for optimal production of bioethanol.
Microwave-alkaline pretreatment conditions, generated using Box-Behnken of design expert
software version 11, were optimized for the pretreatment of sugarcane bagasse (SB), plantain
pseudostem biomass (PS), and corncob (CC). The pre-treated agrowastes were characterized
using Fourier Transform infrared spectroscopy (FTIR), X-Ray crystallography (XRD), and
Scanning electron microscopy (SEM). Microorganisms were isolated from different soil
sources, palm wine and fermented food to produce enzymes and for fermentation process.
Biochar made from sugarcane bagasse was mixed with chitosan to co-immobilize xylanase,
cellulase, and fermentation organisms for simultaneous saccharification and co- fermentation
(SScF). The functional properties of co-immobilized enzymes and co-immobilized
fermentation organisms were characterized. Results showed the optimal MA pre-treatment
conditions for plantain pseudostem biomass (1.97% NaOH, 70W, 5 min), sugarcane bagasse
(3% NaOH, 96W, 5 min), and corncob biomass (2.8% NaOH, 86W, 4.4 min). Characteristics
of pre-treated agrowastes differed from unpre-treated ones. Aspergillus flavus (OP107821)
and Aspergillus niger (OP107822) produced cellulase and xylanase, respectively, while
Saccharomyces cerevisiae (OP107824) and Mucor indicus (OP107823) fermented glucose
and xylose respectively. Free cellulase, free xylanase, and co-immobilized enzymes had
optimal temperatures of 50, 60, and 70 °C respectively and pH values of 5, 6, and 5-7
respectively. Free cellulase, free xylanase, and co-immobilized enzymes had Km values of
0.008 mg/mL, 0.028 mg/mL, and 0.022 mg/mL respectively and Vmax values of 129.87,
119.05, and 114.94 uMmin? respectively for plantain pseudostem biomass substrate.
Likewise, the Km values for free cellulase, free xylanase, and co-immobilized enzymes were
0.017, 0.006, and 0.018 mg/mL, respectively, and the Vmax values were 333.33, 555.47, and
227.25 pMmin? for sugarcane bagasse substrate. Free cellulase, free xylanase, and co-
immobilized enzymes had activation energies of 15.899, 29.218 and 3.450 kJ/mol,
respectively, and deactivation energies of 48.235, 39.596, and 52.145 kJ/mol respectively.
After 10 usages, the co-immobilized enzymes retained 55.13% of its activity. Co-
immobilized enzymes released 32.47 + 0.89 mg/mL, 36.62 + 1.90, and 17.42 + 0.41 mg/mL
from PS, SB, and CC, respectively. Co-immobilized enzymes and co-immobilized
fermentation organisms yielded the most bioethanol, 68.93+0.33g/L from PS and
76.09+0.15¢/L from SB. GC-MS profile of distillate showed other valuable products, but SB
and PS had 80.84 and 71.15 percent ethanol, respectively. This study showed that
microwave-alkaline pre-treatment reduces recalcitrance of lignin, releasing more cellulose
and hemicellulose for hydrolysis. The study also found that locally-sourced enzymes and
organisms co-immobilized on locally produced matrix can produce high-yield of bioethanol,
which may make relatively cheap and eco-friendly fuel for domestic and industrial uses.
Considering the seasonal availability of different agrowastes based on harvesting times, it is
recommended that in a future study, a mixture of different agrowastes that are available at
the same time be optimized for bioethanol production.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background to the Study

Energy is an essential commodity for human development, modernization and
industrialization has elevated the need for energy (Singh et al., 2012a). Most rural community
in developing countries have shortage of good sources of energy therefore they mostly rely
on traditional means of cooking such as wood and charcoal burning (Simonyan and Fasina,
2013). Modern energy are being supplied by non-renewable sources such as fossil fuel ( Lei
et al., 2020) which releases dangerous compounds of sulfur, Nitrogen and carbon to the

environment (Bergthorson and Thomson, 2015).

The large consumption of non-renewable fossil fuel may likely lead to its depletion in the
nearest future (Abas et al., 2015). As a result of this and its disastrous effect on the
environment at combustion, there is a search for an ideal substitute (Abas et al., 2015).
Although some other energy supplies such as nuclear, solar and wave energy are also
available, but they have a high initial cost of creation, a complex maintenance process, the

possibility of contamination, and inconsistent feedstock supplies.

Biofuels such as bioethanol, biodiesel, biomethane, biohydrogen, and bio-butanol reduce the
total reliance on petroleum-based fuels as they supplement energy demand (Rasool and
Hemalatha, 2016). The consciousness to have a clean energy has made biofuel appealing to
many people thereby reducing reliance on non-renewable petroleum (Gao et al., 2021). The
entire process involved in biomass to produce fuel has immense benefit in both rural and
urban development as well as enhancing international policy positively (Tock et al., 2010;

Santa-Maria et al., 2013). The use of bioethanol as replacement or enhancement for fossil



fuel has been going on in Brazil and USA for a very long time (Nikas et al., 2022; Bilgili et
al., 2022), with United States leading the global production with 59.5 million m? out of the

total 117.5 million m3and Brazil producing 27.8 million m®,

Aside from increasing the availability of fuel, the mixture of bioethanol with liquid fossil
fuel gives a better octane rating to the fuel, it also enhances complete combustion especially
in vehicles that are too old (Farkade et al., 2012). The ease with which bioethanol can be
integrated into the existing road transportation fuel system is a plus. For example, 5%
bioethanol can be blended with conventional fuel without requiring engine modifications
(Najafi et al., 2015). Since 1970, ethanol has been used as an alternative energy source, but
this anciently produced ethanol is mostly from starch and sugar-based feedstock such as corn,

cassava, potato, and sugarcane (Wyman, 2001).

This bioethanol that is produced from starch and sugar products is called first generation
bioethanol. Although the techniques for the production of bioethanol is well understood and
tend to be economically viable, the use of food-based feedstock is a major challenge coupled
with the fact that it cannot meet up with the over 12 billion tons of oil required globally each
year (Abas et al., 2015). Many of these issues can be addressed by producing second-

generation biofuels from Lignocellulose, which is abundant.

The countries which are known to produce and use the first kind of bioethanol most are
United States and Brazil. The United States produces 47% of global bioethanol with
approximately 385.94 metric tons of corn, while Brazil produces 43% of global bioethanol
with approximately 659 megatons of sugarcane. One ton of sugarcane yields 65 litres of
bioethanol, while one ton of corn yields 135.4 gallons of bioethanol (Behera et al., 2019;

Gatdula et al., 2021).



Obtaining bioethanol from lignocellulose establishes a clear link between energy access and
poverty reduction and development. Apart from helping to alleviate poverty, it also promotes
social and economic development while ensuring energy security. Because of its superior
counterbalance capacity, bioethanol solves the problem of energy supply with little or no

release of dangerous gases in the process of re-synthesizing biomass (Sims et al., 2010).

Despite the promising window of lignocellulosic bioethanol production, it is characterized
by several challenges. Such challenges include recalcitrance of lignocellulose materials to
activities of enzyme, exorbitant means of producing enzymes as well as inability of native
Saccharomyces cerevisiae to ferment all the available sugar to ethanol (Mu et al., 2010).
Bioethanol could be produced biochemically or thermochemically. Biochemical approach is
most promising because it has high selectivity and conversion efficiency (Mu et al., 2010).
In the biochemical method, recalcitrant lignin will be reduced or removed to give access to
enzyme which will act on the exposed polysaccharides to release fermentable sugars which

will be eventually converted to bioethanol during fermentation (Wyman, 2007).

Pre-treatment is the most important and likely the most difficult step in lignocellulose
bioethanol production because it affects virtually all other operations and is costly on its own
(Wyman, 2007). During pre-treatment, the feedstock is split into its individual constituents
which are cellulose, hemicellulose and lignin. There are many treatment methods with their

consequent advantages and disadvantages (Ezeoha et al., 2017).

Following pre-treatment, cellulose and hemicellulose (collectively known as holocellulose)
components of the biomass are saccharified by different enzymes (either produced or
purchased externally), which typically convert them into fermentable sugars. Enzyme costs
have accounted for a very good proportion (30%) of the total cost required to produce
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bioethanol (Kadhum et al., 2019). Furthermore, free enzyme tends to be lost with the product,
necessitating the use of fresh enzyme for each production. However, when enzymes are
produced locally and immobilized to ensure re-use, the cost of bioethanol production is
drastically reduced. The formed sugars are then used to produce bioethanol by
microorganisms through the fermentation process. In this scenario, various methods of
hydrolysis-fermentation combinations are used. This method includes separate hydrolysis
and fermentation (SHF) and simultaneous saccharification and fermentation (SSF), have
been proposed (Vohra et al., 2014; Jambo et al., 2016; Olofsson et al., 2017). simultaneous
saccharification and co-Fermentation (SSCF) and consolidated bioprocessing are two other
strategies (CBP) for fermentation. The downstream fermentation of the reducing sugar
produced after hydrolysis is also difficult because the wild Saccharomyces cerevisiae strain,
which has traditionally and industrially been used to produce ethanol from sugar, cannot

ferment the pentose sugar (Subtil and Boles, 2012).

Some native microorganisms capable of fermenting pentose sugar, such as Pichia stipitis,
Zymomonas mobilis, and Candida tropicalis, have low ethanol yields and cannot withstand
the fermentation conditions. Recently, the ability of zygomycetes to produce ethanol was
investigated. Mucor indicus (formerly M. rouxii), a zygomycete which thrive with or without
oxygen on so many kinds of carbon sources, including simple sugars has been shown to
produce bioethanol and is also able to tolerate ethanol as much as Saccharomyces cerevisiae
(Karimi and Zamani 2013; Lennartsson et al., 2014). It’s very high tolerance to fermentable
sugar, ethanol, as well as various potential inhibitors suggests that it has industrial potential
(Abtahi et al., 2011). Therefore, its industrial potential has been explored for bioethanol

production.



The total dimension of land owned by Nigeria is 923, 768 km?with close to 200 million
occupants and a growth rate of 2.7% (Adegoke et al., 2017). This land can be divided into
arable (33%), permanent crop (3.1%) permanent pasture (44%), forest and woodland (12%),
and 0.3% is under irrigation. The resources available in Nigeria makes it possible to
sufficiently produce biofuels and as well supply feedstock such as plantain biomass, corn

residues as well as sugarcane bagasse to other countries (Agbro and Ogie, 2012).

Nigeria is among the leading producers of plantain, with an annual output of over 3 million
metric tons (Olumba and Onunka, 2020). However, most of the plantain produced are being
consumed within the country due to increasing crave for fast food especially in the urban
centres (Udomkun et al., 2021). Out of the three million metric tons generated annually in
Nigeria, one hundred metric tons of plantain produced can be generated per hectare (Saraiva
et al., 2012). Plantain pseudostem contains 47%, 23%, and 13% of cellulose, hemicellulose
and lignin respectively which makes it a good candidate for bioethanol production (Olumba

and Onunka, 2020).

Sugarcane (Saccharum officinarum) is a perennial, tall grass that resembles a bamboo cane
and thrives in tropical climates. Sugarcane can be grown in almost every state in some West
African countries, including Nigeria, but it is commercially produced in Katsina, Taraba,
Adamawa, Kebbi, and Sokoto (Issa et al., 2020). Sugarcane bagasse is the remnant or leftover
shaft remaining after the liquid part of sugarcane stem has been removed. It contains
approximately 40% cellulose, 25% hemicellulose, and 21% lignin which made it a good

candidate for bioethanol production.

Nigeria is among the ten largest producers of corn, also known as maize, and the second
highest producer in Africa after South Africa (Abdoulaye et al., 2018). Nigeria produced 11.6
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million metric tons of corn in 2021. However, local demand continues to outstrip supply. In
2020, the Central Bank of Nigeria encouraged increased local corn production by prohibiting
the issuance of forex for corn importation. Maize cobs are leftovers of maize crops after the
grains are removed. It contains approximately 35% cellulose and 25-40% hemicellulose,
making it an excellent candidate for bioethanol production (Raja, 2018). Each ton of maize

shelled yields approximately 180 kg of cobs (Atoyebi et al., 2019).

1.2 Statement of the Research Problem

Fossil liquid fuel, which is mostly utilized for modern energy supplies releases dangerous
gases at combustion thereby causing environmental pollution. Secondly, Fossil liquid fuel is
produced from non-renewable sources like petroleum which is fast depleting due to constant
use. Also, the commercially available bioethanol is being produced from food-based
feedstock and this is posing a challenge to food security. For instance, United States produces
about 385. 94 metric tons of corn out of which 40% is used to produce bioethanol (Saini and
Sharma, 2021). Nigeria produced about 11.6 metric tons of corn as at 2021, yet its local
demand continues to surpass supply by about 4 million metric tons annually (Alabi and
Safugha, 2022). Also, the present sugarcane (1.5 million metric tons) and plantain (3 million
metric tons) produced in the country are not enough to meet the country local demand. Aside
from the fact that these crops are not enough for local consumption talk less of converting
them to bioethanol, the waste generated from these crops are being underutilized and mostly
constitutes nuisance to the environment. Therefore, there is need to produce bioethanol from
non-food lignocellulosic feedstock such as corncob, plantain pseudostem biomass, and
sugarcane bagasse. However, production of lignocellulosic bioethanol from non-food-based

feedstock at a commercial level is still challenging due to the recalcitrant nature of lignin and



the high cost of hydrolytic processes. Alkaline such as sodium hydroxide has been shown to
be very effective in lignin removal while still preserving the cellulose and hemicellulose
contents (Sun et al., 2016), However, using alkaline pre-treatment alone takes hs or even
days to effectively remove lignin. Studies have shown that combination of alkaline with
microwave power reduces the process time and at the same time remove lignin effectively.
Therefore, there is need to optimize the conditions at which microwave-alkaline pre-
treatment method is being carried out for effective delignification of some selected locally
abundant agrowaste. The incomplete fermentation of hexose sugars (Ce) and pentose sugars
(Cs) has limited the ethanol yield from lignocellulosic materials due to inability of the
industrially preferred Saccharomyces cerevisiae to ferment pentose sugars. Therefore, the
inclusion of organism which is capable of fermenting pentose sugar in the fermentation
process will enhance higher bioethanol yield. The use of cellulase, xylanase and fermenters
differently and in free form increases industrial process and consequently increase the cost
of bioethanol production. Therefore, there is need to co-immobilize these moieties for an

easier and cheaper fermentation process.

1.3 Aim and Objectives of the Study
The aim of this research was to optimize microwave-alkaline (MA) pre-treatment conditions
for the effective delignification of some selected locally available agrowaste and co-
immobilization of cellulase, xylanase, and as well co-immaobilize yeast and mucor for optimal
production of bioethanol.
The objectives of this research are to:

I. determine optimal conditions for agrowaste pre-treatment using microwave —

assisted-alkaline pre-treatment methods;



ii. screen microorganisms from suitable sources for the production of xylanase and
cellulase;
Ii. develop suitable immobilization technique for co-immobilization of xylanase,
cellulase, and suitable pentose and hexose sugar fermenters;
iv. evaluate enzymatic properties, storage stability and re-usability of free and
immobilized moieties developed from objective iii; and
V. evaluate production of ethanol using immobilized moieties from objective iii and
its quality
1.4 Justification for the Study
Production of cheap and environmentally friendly bioethanol will break the monopoly of
fossil fuel and also address its environmental threat. Out of 11.6 million metric tons of corn
produced in Nigeria annually as reported by Alabi and Safugha (2022), 2.088 million metric
tons of corncob biomass is generated. Also, out of about 1.5 million metric tons of sugarcane
produced annually in Nigeria, 30% (454.2 metric tons) of bagasse is generated. Likewise,
about 100 metric tons of plantain pseudostem is being generated per hectare in Nigeria.
Therefore, the abundant availability of renewable waste biomass in Nigeria for the production
of bioethanol justifies its sustainability. Microwave-assisted-alkaline pre-treatment
conditions has been widely studied for its effective delignification potential (Arpia et al.,
2021), however its optimization for the pre-treatment of locally abundant agrowaste is a step
towards cheap bioethanol production. The use of microorganism which can ferment pentose
sugars and as well have the same industrial properties like S. cerevisiae will enhance high
ethanol yield from lignocellulosic. The immobilization of cellulase, xylanase and fungi on
suitable supports will enhance stability and re-usability of enzyme and fermenter in a

simultaneous saccharification and fermentation process, which will save time and cost of
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production. Therefore, this study focused on alkaline delignification of selected agrowaste
and the co-immobilization of cellulase, xylanase and fermenters on suitable supports to
produce bioethanol. This will enhance maximum lignin removal and ensure efficient
hydrolysis of cellulose and hemicellulose. It will also reduce time and cost of production due
to stability and re-usability of enzyme and fungi in simultaneous saccharification and
fermentation thereby making bioethanol available and affordable for a cleaner and safer

environment.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Definition of Bioethanol

Bioethanol is an alcohol containing two carbon atoms which is also called ethyl alcohol. It
can be produced biochemically by microbial fermentation unlike some ethanol that is being
produced chemically. It is produced by distilling an ethanolic product derived from the
fermentation of biomass-derived sugars (Gavahian et al., 2019). Bioethanol being the most
widely used liquid biofuel can be used alone or combined with fossil fuel in combustion
engine. Currently, ethanol accounts for about 85% of the total fuel produced in the world
(Kim and Kim, 2014). The bulk of the total production (about 90%) is done in Brazil and
United States of America while other countries like Canada, China, India, and France take

the rest proportion (Gavahian et al., 2019).

2.1.1 Bioethanol generation
Depending on the source, bioethanol produced has been classified into various generations.

This includes first, second, third and fourth generations.

2.1.1.1 Bioethanol of the first generation

First-generation bioethanol is made directly from food-based crops via fermentation. Corn
and sugar are the most commonly used feedstock for first generation bioethanol production.
However, there are a number of issues with first generation bioethanol. Some of the
contentions on the first-generation bioethanol is negative net energy such that the amount of
carbon released during its production tend to be higher than the amount released during the
growth of the feedstock, thus making their benefits in reducing greenhouse gas doubtful
(Dutta et al., 2014). However, the most important concern is the use of food-based feedstock
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which has resulted into the scarcity of food due to higher demand for bioethanol in recent

years (Chiaramonti et al., 2012).

2.1.1.2 Bioethanol of the second generation

Second-generation bioethanol, otherwise called lignocellulosic bioethanol, was created to
address the shortcomings of first-generation bioethanol. This is because they are produced
from non-food based feedstock such as wood, waste from food crop as well as some crops
like switchgrass grown specifically for energy (Aditiya et al., 2016). Lignocellulosic
bioethanol has other added advantages, such as emission of little or no greenhouse gases,
positive energy gains as well as no threat to food security (Chiaramonti et al., 2012). It is
challenging to effectively produce bioethanol from lignocellulosic biomass because of the
need to pre-treat the biomass to release the inherent holocellulose (cellulose and
hemicellulose), which also has to be converted to simple sugars before fermentation to

ethanol can take place (Singla et al., 2012).

2.1.1.3 Bioethanol of third generation

The third generation of bioethanol is intended on improving on second generation bioethanol
in the sense that it is produced using specially engineered crops such as algae which is
specifically grown for energy (Chisti, 2007). Algae are grown to be cheap and always
available sources. According to predictions, algae is able to produce more fuel per acre than
any other crop and it can be grown on land and in water that would otherwise not support
food-base crops. Another advantage of using algae for fuel production is that it can be used
to produce any kind of fuel including diesel, gasoline, and jet fuel (Jambo et al., 2016).
However, third generation biofuel production has disadvantages such as reliance on sunlight

in addition to the fact that many microalgal species cannot fit into industrial process (Siaut
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et al., 2011). Furthermore, the costs of photobioreactor or open pond cultivation, biomass
harvesting, and the means of extracting oil from algal biomass are still very high (Grima et

al., 2013).

2.1.1.4  Bioethanol of the fourth generation

This generation of bioethanol is not intended to make energy sustainable but to capture and
store CO2 Although, the processes involved is similar to that of second-generation bioethanol
but the main difference is to target the capturing of carbon dioxide at every stage of
production (Niphadkar et al., 2018). Carbon dioxide can then be stored in old oil and gas
fields or saline aquifers to be preserved. It is a carbon negative process since it actually
prevents carbon dioxide from getting to the environment (Lu et al., 2011; Shokravi et al.,

2019). Meanwhile, fourth generation is still in its infancy.

2.1.2 Lignocellulose as a bioethanol feedstock

Lignocellulose is generally given to plant-based biomass because they contain cellulose,
hemicellulose and lignin. These set of biomasses are in three categories: virgin biomass.
waste biomass and energy crops (Nanda et al., 2018). Virgin biomass includes all naturally
occurring plants grown on land while waste biomass is low-value by-product from industries,
farms and even houses whereas some special crops grown specifically for energy production

are called energy crops (Saini et al., 2015).

2.1.3  The advantages of lignocellulosic bioethanol

The production of ethanol from lignocellulosic biomass has many advantages over
production from other sources, the most notable of which is the little or no greenhouse gas
emissions during its production and use (Ozdingis and Kocar, 2018). Bioethanol production
is also important for boosting economic growth, particularly in developing countries where
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more energy is required to improve living standards of people (Steckel et al., 2013). It is a
way to discourage rural-urban migration because it creates jobs in all areas and provides an
appealing way to dispose of agricultural waste. It also increases income for the farmers,
ensuring long-term agricultural sustainability. Aside from increasing fuel supply, adding
ethanol to gasoline raises octane and adds oxygen to aid complete combustion in the engine,

especially in older vehicles (Nwangi et al., 2015).

2.2 Composition of Natural Lignocellulosic Feedstocks

Lignocellulose is a complex matrix made up of numerous polysaccharides, phenolic
polymers, and proteins (Jonsson and Martin, 2016). It is made up of 40-50%, 25-30% and

15-20% of cellulose, hemicellulose and lignin respectively, as shown in Figure 2.1.

Lignin
; 'QO%
y : ' Hemicellulose
‘ 25-30 %
i |
{ Cellulose
40-50 %

Figure 2.1: Major Lignocellulose Constituents
Source: Jonsson and Martin (2016)
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2.2.1  Cellulose

Cellulose is the most abundant part of lignocellulose biomass and one of the most extensively
researched chemical compounds on the planet (Xu et al., 2016a). Cellulose is a structural
constituent of plant cell wall and it is made up of linear -1,4-linked D-glucopyranose residues
with a polymerization degree of at least 15000. The hydrogen bonds which are located within
the cellulose molecules enables nearby parallel or anti-parallel linear chains to condense so
as to form very long and thin structure resulting into major microfibrillar phase (Limayem
and Ricke, 2012). The crystalline network structure of the cellulose chain results in high
tensile strength, making it water soluble and less flexible, it is also relatively resistant to

biological attack which is a major setback for cell wall hydrolysis (Zhang et al., 2015).

2.2.2 Hemicellulose

The second most abundant polysaccharide in plant cell walls is hemicellulose, accounting for
approximately 20-35% of plant materials (Pauly et al., 2013). Unlike cellulose, which has a
relatively uniform composition, hemicellulose varies greatly from cell to cell. Furthermore,
the level of branching and the properties of the sugars within hemicellulose in different plants
vary However, for a given plant, one type of hemicellulose is usually dominant. The most
abundant hemicellulose in agricultural residue is xylan (Limayem and Ricke, 2012). Xylan
has a backbone made up of B-1, 4-linked xylose residues. a-linked 4-O-methylglucuronic
acid on C2, a-linked arabinose, or acetyl esters on C2 or C3 of some xylose residues can
occasionally substitute for this structure (Pauly et al, 2013). Hemicellulose non-covalently
bonds to cellulose via hydrogen bonds and its asymmetric C-5 sugar ring aid celluloses in
the formation of liquid crystalloid. However, xylan lacks crystalline structure due to its

inability to link with its neighboring polysaccharide chains by hydrogen bonds. Few plant
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cell walls contain nearly equal amounts of cellulose and xylan; however, because xylan can
form hydrogen bonds only on one side, only one half of xylan could be found to directly
interact with cellulose, assisting in the construction of the structural backbone of plant cell
wall (Rennie and Scheller, 2014). This type of intersection is sometimes referred to as
cellulose sheathing by hemicellulose, which is also considered an impediment to cellulose

digestion.

2.2.3 Lignin

Lignin is naturally most abundant aromatic polymer that form the foundation during cell
elongation and typically accounts for 10-25% of plant material (Vanholme et al., 2010).
Hydroxyphenyl alcohol, guaiacyl alcohol, and syringyl alcohol are the major alcohol linked
together to form the final phenolic network in lignin (Moreno et al., 2015). Furthermore, as
long as the precursors are available, the lignin network expands, filling in the gaps left by
other components and significantly taking the place of water. The presence of lignin gives
strength to the hydrogen bonds within the complex meshwork of polysaccharides making
cellulose-hemicellulose complex more stable and stronger (Mood et al., 2013), while also

limiting enzyme access to the internal polysaccharides.

2.3 Ethanol Production from Lignocellulosic Biomass

Although different bioconversion processes have been employed to make bioethanol from
lignocellulose, four general processes mostly practiced are: pre-treatment, hydrolysis,
fermentation, and distillation (Nanda et al., 2018). The benefit of pre-treatment is that it
makes cellulose and hemicellulose available for enzymatic action by removing the lignin
seal. The enzyme in turn breaks down the cellulose and hemicellulose to sugars which are
then fermented to bioethanol. Finally, purification through distillation and dehydration is
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required to meet fuel market demands. Basically, the most important steps in the conversion

of lignocellulosic materials to ethanol is shown in Figure 2.2.

/ Lignocellulosic SR Teast

\_  Biomass / l

Pretreatment | gl |  Enzymatic Hydrolyas mmm) | Fermentation s | Dustillation

Simultaneous Saccharification and Fermentation I _L
w
Heat and slectnoity generation

Figure 2.2:  Bioethanol Production from Lignocellulosic Materials
Source: Maurya et al. (2015)

The primary components of interest during pre-treatment. are cellulose and hemicellulose on

which chemicals or enzymes can act to produce fermentable sugars

2.3.1 Pre-treatment

The first step involved in bioethanol production is pre-treatment. At this stage, major
components (hemicellulose, cellulose, lignin) of biomass are dissolved and separated for easy
accessibility (Rezania et al., 2020). It also modifies or removes any impediments to
hydrolysis for effective accessibility, improves enzyme hydrolysis rate, and enhance yields
of intended products (Moreno et al., 2015). As a result, pre-treatment exposes cell wall
materials to enzymatic attack, increases substrate surface area and porosity, increases

cellulose crystallinity index, and disrupts the heterogeneous structure of cellulosic materials
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( Breig et al., 2021). The relative position of lignin, hemicellulose and cellulose before and

after pre-treatment is shown in Figure 2.3.

Hemicellulose

Pretreatment

Hemicellulose

Lignin

Cellulose

Figure 2.3:

‘elhilose

Effect of Pre-treatment on Lignocellulosic Materials

Source: Mosier et al. (2004)

An effective pre-treatment must be capable of preserving both pentose (hemicellulose) and

hexose (cellulose) fractions and as well be able to avoid, to the barest minimum, formation

of toxic components which can negatively affect the growth of fermentative microorganisms

(Balasundaram et al., 2022.). However, there is no known perfect pre-treatment method

because the suitability of one method for different materials varies (Wyman et al., 2005).

Pre-treatment methods are in the category of physical, chemical, physicochemical and

biological pre-treatment as shown in Figure 2.4.
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Figure 2.4:  An Overview of Various Pre-treatment Processes

Source: Dias et al. (2011)

2.3.1.1 Physical pre-treatment

Physical pre-treatment includes mechanical pulverization, steam explosion, microwave,

radiation and so on (Karimi and Taherzadeh, 2016). Here are a few examples:

i. Mechanical pulverization

Mechanical pulverization can bring about a noticeable change in the physical properties of

biomass. These changes may include reduction in particle size, and smaller degree of

crystallinity as well as polymerization. It is a common method used in the corn-ethanol

conversion process, enabling efficient enzymatic action on corn kernel (Yu et al., 2019).

However, lignocellulosic biomass requires significantly more mechanical energy than corn.

18



ii. Steam explosion (autohydrolysis)
The rapid thermal expansion provided by steam explosion enabled the opening of target
biomass structure. It has been shown to work more effectively for hardwoods and agricultural

residues, but less so for softwoods (Yu et al., 2019).

iii. Microwave

The impact of temperature is a major determining factor in microwave pre-treatment method.
The fact that the required temperature is mostly more 180°C makes it very effective in
softening cell wall and reduce cellulose crystallinity. Previous research on rice agricultural
residue has confirmed that microwave has a good record of removing lignin and changing
the crystalline structure of cellulose, thereby granting easy access to enzyme (Lai and Idris,
2013). In contrast to conduction/convection heating, microwave heating generates heat by
direct interaction between a heated target and an electromagnetic field. When microwave is
used to treat lignocellulosic materials, the heating is volumetric and rapid. It is assumed that
this unique heating feature has an 'explosive effect' among particles and improves disruption
of recalcitrant structure of lignocelluloses. Furthermore, the electromagnetic field of
microwave may cause non-thermal effects that accelerate the destruction of crystalline
structures. Some authors have also reported that microwave/alkali pre-treatment can remove
more lignin and hemicellulose from rice straw in less time than alkali alone. For example,
combining microwave treatment with alkali (NaOH) has been shown to be more effective
than using the alkali alone for lignin removal (Egwim et al., 2015). Microwave-based
technologies have other benefits such as reduction in energy needed in the process, uniform

and specific processing and also the equipment is user friendly (Lai and Idris, 2013).
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2.3.1.2 Pre-treatment with chemicals

I. Pre-treatment with acid

It is a long-time practice to use concentrated acid, particularly sulphuric acid, to degrade
cellulose (Wyman and Yang, 2017). Dilute acid pre-treatment has recently been well
developed to cater for the intense effects of concentrated acid such as corrosion and extra
effort needed to recover the acid (Sun and Cheng, 2002; Yildirim et al., 2021). The primary
function of dilute acid pre-treatment is to effectively remove the hemicellulose sheathing

over cellulose while loosening the lignin structure (Wyman and Yang, 2017).

Ii. Pre-treatment with alkaline

Alkali pre-treatment is performed under milder conditions with lower temperature and
pressure. However, alkali pre-treatment takes much longer depending on the operation
temperature chosen (Wyman et al., 2005; Lai and Idris, 2013). For biomass pre-treatment,
bases such as NaOH, KOH, and NH4OH can be used (Kim et al., 2016). The main function
of alkali is to saponify the ester bonds linking lignin and carbohydrates thereby resulting into
increased porosity and internal surface area of the material (Taherzadeh and Karimi 2008).
NaOH is more effective than the other bases studied (Sun et al., 2016; Kumar et al., 2009).
However, the effect of dilute NaOH on softwood is not felt when lignin content is higher
than 26% (Kumar et al., 2009; Zhu et al., 2010; Wang et al., 2020). Singh and Trivedi (2013)
conducted a comparative study between acid and alkaline pre-treatment effect on
lignocellulosic biomass. After pre-treatment with 3% sulphuric acid, cellulose was found to
be in the range of 55-62%, while hemicelluloses and lignin were found to be in the ranges of
6-12% and 15-31%, respectively. A comparison of different alkaline pre-treatments was also

made, and it was discovered that NaOH is more effective than KOH and Ca(OH)2. The

20



percentage of glucose produced by alkali pre-treatment with NaOH was found to be 58%,
which was higher than the percentages produced by KOH (54%) and Ca(OH)2 (40%). Sun et
al. (1995) investigated the efficacy of various alkaline solutions by examining its effect on
lignin and hemicellulose in wheat straw. They discovered that 60% lignin and 80%
hemicellulose were released by the use of 1.5% sodium hydroxide for 144 hs at 20 °C. Zhao
et al. (2008) also reported that sodium hydroxide pre-treatment was very effective on
hardwoods, wheat straw, switchgrass, and softwoods which has less than 26% lignin content.
Pre-treatment with sodium hydroxide is also effective to increase biogas production from

corn stover by 37% when compared to untreated cellulose (Zhu et al., 2010).

Lime [Ca(OH)2] is another common alkali which removes acetyl groups and the lignin-
carbohydrate ester, as well as improve cellulose digestibility (Mosier et al., 2004). It has been
successfully used to pre-treat wheat straw, poplar wood, switchgrass, and corn stover (Kim
and Holtzapple 2006; Rodrigues et al., 2016). In addition, compared to NaOH or KOH pre-
treatments, this pre-treatment has lower reagent costs, more user friendly, and it can be easily
re-collected after use when the hydrolysate is reacted with CO2 (Mosier et al., 2004;
(Carvalheiro et al., 2008). Alkaline pre-treatment takes a longer time when done at low
temperature, combining it with other methods such as microwave irradiation has been shown

to shorten the process time. (Meng and Ragauskas, 2014; Wang et al., 2020).

iii. Pre-treatment with cellulose solvent

Another chemical additive used for pre-treatment are chemicals that are capable of dissolving
cellulose (Mosier et al., 2004). These solvents work by disrupting the structure of cellulose
in biomass feedstocks and increasing enzyme digestibility during hydrolysis. Examples of

such solvents are alkaline H202, ozone, and glycerol, can (Satari et al., 2019).
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2.3.1.3 Pre-treatment with biological agents

In order to remove lignin from the plant cell wall in biological pre-treatment, gene are
modified and enzymes are used. Biological pre-treatment is more time-consuming and
involves more complicated reactions than physical or chemical processes (Moreno et al.,

2015).

2.3.2  Hydrolysis

The effectiveness of hydrolysis is determined by the outcome of the pre-treatment operation
(Alvira et al., 2010). Sugars are released which are then fermented and converted to
bioethanol. Acidic (sulfuric acid) hydrolysis and enzymatic hydrolysis are the two main types

of hydrolysis processes (Xie et al., 2021).

2.3.2.1 Acidic hydrolysis

Hydrolysis can be carried out using either dilute or concentrated acids. To disrupt cellulose
crystals in dilute acid hydrolysis (about 3% v/w) a high temperature of 200 °C to 240 °C. is
required. The disadvantage of dilute hydrolysis is the generation of harmful compounds such
as HMF (Hydoxylmethyfurfural) and phenolic, which can obstruct effective saccharification

(Lenihan et al., 2010).

Concentrated acid hydrolysis is widely used because it is more practical producing higher
yield of sugar and lesser concentrations of inhibitors. The disadvantage of this approach is
that it necessitates large amounts of acid, which makes the cost of production high as a result
of recycling of the acid. To this end, it is not commercially viable, and much water molecules
are being removed from the formed monosaccharides, resulting in aldehydes and other types
of unwanted substances (Zhou et al., 2021). The difficulties in acid hydrolysis have led to
the advancement of research into cellulolytic enzymes.
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2.3.2.2 Enzymatic hydrolysis

The use of enzyme in hydrolyzing biomass is thought to be critical to long-term cost-effective
bioethanol production. The benefits that enzyme hydrolysis has over acid are that it
eliminates corrosion problems, has higher substrate specificity, and lowers maintenance costs
while producing high yields under mild processing conditions (Maitan et al., 2015).
Mechanical milling and grinding can increase the external surface area of lignocelluloses.
More recently, the addition of xylanase has been shown to improve cellulase effectiveness
(Morais et al., 2010; Hu et al., 2011; Prajapati et al., 2018).

i. Cellulases

Cellulases are responsible for the hydrolysis of  -1,4 -glucosidic bonds in cellulose thereby
releasing the monomeric glucose as shown in Figure 2.5. The effect of the three major
enzymes (endoglucanase [EC 3.2.1.4], exoglucanase [EC 3.2.1.91], and glucosidase [EC
3.2.1.21]) contained in cellulase results in cellulolytic activity (Sharma et al., 2016).
Cellulases are used in a variety of industrial applications, including the biofuel industry for
biomass hydrolysis, as well as textile industry, animal feed industry, food industry, detergent
industry (Ejaz et al., 2021). These enzymes belong to the category of enzymes glycosyl

hydrolase families based on similarity in sequence and cluster analysis.

Cellulase is a valuable commercial enzyme that can be isolated, extracted, and produced
locally through fermentation, saving the country money on importation (Oyeleke et al.,
2012). Commercial cellulase preparations from Trichoderma reesei are popular because they
have high exo-glucanase and endo-glucanase activities but low levels of B-glucosidases,
hence other organisms like Aspergillus species are being explored (Bansal et al., 2012). The

cellulase produced by Aspergillus fungi is more preffered in industry because it has high
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activity when compared to the enzyme produced by yeast and bacteria (Shah et al., 2017).
As a result, this genus has the potential to rule the enzyme industry. Aspergillus niger has
been widely used because it contains all three essential components of the cellulase system

(Salihu et al., 2015).

The entire hydrolysis process is divided into two steps as shown in Figure 2.5. Primary
hydrolysis is a depolymerization process which occurs on the surface of a solid substrate and
involves endoglucanase and exoglucanase activities, it releases soluble sugars of up to 6 units
into the liquid phase (Houfani et al., 2020). The most important step in the process involved
in the hydrolysis of cellulose is depolymerization. The next stage of hydrolysis which is
secondary hydrolysis occurs in the liquid phase, with  -glucosidases primarily hydrolyzing

cellobiose to glucose.
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Figure 2.5:  Mechanism of Action by Cellulase Enzyme
Source: Seiboth et al. (2011)
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ii. Xylanases

Cellulose, hemicellulose, and lignin form the major part of plant cell wall (Rodrigues Mota
et al., 2018). Hemicelluloses in agrowaste residues are majorly xylan which are primarily
composed of D-xylose, D-mannose, D-galactose, and L-arabinose (Qaseem et al., 2021). The
majority of xylan are heteropolysaccharides with various substituent groups (e.g., acetyl,
arabinosyl, and glucuronyl residues) in the rachis and side chains (de Carvalho et al., 2019).
The decomposition of hemicelluloses to their constituent sugars is required for the conversion
of xylan into useful end products (Biely et al., 2016). Xylanases break down the linear
polysaccharide B-1,4-xylan into xylose, thereby disrupting hemicellulose which is a major

constituent of plant cell walls (Uday et al., 2016).

Xylanases have received so much attention in recent years because they have uses in
bleaching and pulping processes that use cellulose-free combinations, in the food processing
industry, textile processes, enzymatic pre-treatment of lignocellulosic materials, and organic
waste treatment (Shah and Vishwa, 2019). Using xylanases during enzymatic hydrolysis also
aid the activity of cellulase since xylan which could block cellulase activity would have been
removed by xylanase (Morais et al., 2010). Some industrial sources of commercial xylanases
include Aspergillus niger, Trichoderma reesei, Bacillus, and Humicola insolens, with
optimum temperatures ranging from 40 °C—-60 °C (Chadha et al., 2019). Filamentous fungi
are more useful xylanase producers because they can produce high levels of extracellular
enzymes and are easier to cultivate than bacteria and yeast (Pal and Khanum, 2010; Chadha

etal., 2019).
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Complete xylan hydrolysis brings multiple enzymes into action with overlapping but distinct
roles (Biely et al., 2016). These enzymes are made up a variety of hydrolytic enzymes (Figure

2.6), that work together to convert xylan to its constituent sugars (Uday et al., 2016; Malgas

etal., 2019).
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Figure 2.6: Mechanism of Action of Xylanase Enzyme; a-Araf, a-arabinofuranose;
a-4-O-Me-GIcUA, a-4-O-methylglucuronic acid.
Source: Antil et al. (2015)
2.3.3 Immobilization of enzymes and cells
The process of immobilization generally involves locking up of an enzyme or cell
physically in a specific defined region of space while they are still retaining their activities,
and ability to be used repeatedly and continuously (Guzik et al., 2014). This confinement of
microbial cells and enzymes has both technical and economic benefits such as higher product
purity, cleaner processes, and lower operational costs, but it also makes the use of enzymes
or cells more cost effective and simple to manage (Brena et al., 2013). Aside from making
the enzyme easier to handle, it also improves the stability of enzyme under both storage and
operational conditions (Hernandez and Fernandez-Lafuente, 2011; Saifuddin et al., 2013). It

is possible to conclude that enzyme immobilization reduces or eliminates protein
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contamination of the products, increases biocatalyst productivity and improves their
properties, making them more appealing for a variety of applications (Nguyen and Kim,

2017).

2.3.3.1 Co-immobilization of enzymes and cells

The confinement of two or more enzymes or cells in the same space is known as co-
immobilization. Economic and environmental constraints are making way for the
development of co-immobilized multiple-enzymatic systems. This approach mimics the
biological nature in that, the desired products is formed within a cell thereby improving
stability and also reaction kinetics by optimizing catalytic turnover due to the effect of
substrate channeling and synergistic effects of the co-immobilized moieties (Saifuddin et al.,

2013).

Co-immobilized enzymes are used for three main reasons: to improve the efficacy of one of
the enzymes as it produces its substrate in-situ, to make complex processes simple by
carrying it in a single step, and also to eliminate unwanted by-products which may be
produced during enzymatic reactions. As a result, the advantages of co-immobilization
cannot be over emphasized ranging from biotechnological applications, to molecule

biosensing.

2.3.3.2 Immobilization techniques

The enzyme and the matrix are very important in the immobilization set up but the way the
enzyme is being attached to the matrix is also crucial for better efficiency. Improving enzyme
stability, increasing enzyme loading, simplifying the recycling method are the driving forces
behind enzyme immobilization (Liese and Hilterhause, 2013). The immobilization methods
take advantage of the different types of amino acids present in proteins (Cantone et al., 2013),
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and that each amino acid has functional groups which can bind to the support in different
manners depending on the linkages and interactions. The four methods mostly use for
enzyme immobilization are shown in Figure 2.7, namely (1) non-covalent adsorption, (2)
physical entrapment, (3) covalent attachment, and (4) cross linking (Brena et al., 2013;
Nguyen and Kim, 2017). Although there are many more methods, but these are combination
of the methods listed above or very specific to a given support of enzyme In any case, no
single method or support is completely optimal for all enzymes and applications. This is due
to the wide range of chemical properties and compositions of enzymes, as well as the unique

properties of substrates and products, and the target applications of the products.
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Figure 2.7: A Schematic Representation of the Various Methods of Immobilizing
Enzymes or Cells. Source: Nguyen and Kim (2017)

2.3.3.3 Matrix or support for immobilization of enzymes
Confinement of enzymes on solid support makes the enzyme cost efficient in addition to

other benefits such as repeated enzyme use and experimental control (Chapman et al., 2018).
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The emerging potential of this technology has necessitated the search for materials which
can serve as support for enzyme immobilization. Many materials, including organic,
inorganic, and hybrid materials, are involved in the formation of matrice which serve as
support for enzyme immobilization (Zdarta et al., 2018). The properties of the matrix are
critical for good efficiency of immobilized enzyme system (Zdarta et al., 2018). Some of the

desirable properties of enzyme support are as shown in Figure 2.8.
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Figure 2.8:  The Main Characteristics of Enzyme Immobilization Support
Materials.
Source: Zdarta et al. (2018)
2.3.3.4 Porous biochar as support for enzyme immobilization
Lately, the choice of support has tended toward using environmentally friendly materials.
Examples of such supports are, natural clays (Naghdi et al., 2019), gels (Avnir et al., 1994;
Chen et al., 2017), and porous materials. Natural materials are very compatible and also

contain the needed functional groups for enzyme immobilization but their low surface area

limits their application. Porous materials, on the other hand, possess enough specific surface
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area which may conveniently occupy enzyme in immobilization. Popular supports in enzyme
immobilization include mesoporous silica (Mehta et al., 2016), metal-organic framework
materials (Xu et al., 2018), and zeolites (Cha et al., 2016). These materials are difficult and

expensive to prepare. Moreso adequate precision is also required.

The heating of biomass at a very high temperature in the absence of air (pyrolysis) results
into biochar production. There is no combustion of carbon due to oxygen-limited conditions,
and the materials that can be produced through this means include syngas, bio-oil, and

biochar (Cha et al., 2016).

The European Biochar Foundation (EBC) defined biochar as substance consisting of various
proportions of aromatic carbon and minerals which is produced under controlled conditions
using clean technology of pyrolysis sustainably obtained from biomass. Biochar can then be
considered as a carbon storehouse (Smith, 2016), which has potential applications in a variety
of fields due to its high carbon content. For instance, it is used as a soil supplement to
increase soil fertility and nutrient retention capacity (Mohan et al., 2018). It is also used to
generate renewable energy such as thermal energy, bio-oils, and electricity (Waqas et al.,

2018; Regkouzas and Diamadopoulos, 2019).

2.3.3.5 Activation of biochar for enzyme immobilization

Biochar is a solid byproduct of biomass pyrolysis. After the pyrolysis, the biomass (bagasse,
straw, and forest residue) is decomposed but retains the majority of the carbon content
(Lehmann et al., 2011; Cea et al., 2019). It requires variation in temperature for each
component of biomass to be decomposed. As a matter of fact, the temperature has a direct
relationship with the specific surface area and carbon content and an inverse relationship with
hydrogen/carbon and oxygen/carbon ratios (Weber and Quicker, 2018). This in turn results
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in reduction of functional groups on the surface of the biochar, which makes it not very
appropriate for enzyme immobilization. Although, biochar typically has pores and specific
surface area, this needs to be improved to increase its specific surface area and pore fraction
or to form reactive functional groups before it can be used as an immobilization support. The

various methods of support activation that can be used are shown in Figure 2.9.
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Figure 2.9:  Methods of Activating Biochar for Enzyme Immobilization
Source: Pandey et al. (2020)

2.3.3.6 Biochar-chitosan composite preparations for enzyme immobilization

The lack of reactive and hydrophilic groups on porous biochar limits its use in the
immobilization of water-soluble enzymes (Mo and Qui, 2020). Chitosan is a non-toxic
biocompatible deacetylated chitin which has high affinity for proteins. It is cheap and also
possesses some useful functional groups such as amino, hydroxyl, and hydroxymethyl groups
(Krajewska, 1991; Guzik et al., 2014; Zdarta et al., 2018). Given these advantages, chitosan

can serve as an ideal support for enzyme immobilization. Various chitosan-based supports in
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various forms, such as beads, membranes, microspheres, fibers, or sponges, have been
developed (Jesionowski et al., 2014; Zargar et al., 2015). Chitosan is soluble in acidic
solutions due to its primary amino groups, which have a pKa value of 6.5, indicating that it
is protonated below pH 6.5. Furthermore, chitosan can provide amino groups for covalent
binding of porous biochar with enzymes (Sanchez-Ramirez et al., 2017). The functional

porous biochar--chitosan can then be used as an immobilization support for enzymes.

2.3.4 Ethanol production

Ethanol is produced through fermentation. Yeasts ferment sugars in the absence of oxygen
to produce ethanol (Raj et al., 2014). The conversion of sugars to ethanol and carbon dioxide
in fermentation does not require oxygen, therefore it is called anaerobic fermentation.

Alcoholic beverages and fuel ethanol are produced through anaerobic fermentation.

2.3.4.1 Principles of ethanol production through fermentation

Pyruvate is produced from glucose through Embden-Meyerhoff-Parnas pathway (EMP)
Pyruvate, is a very important intermediate metabolite for most living organisms. The EMP
pathway is divided into three stages: activation of glucose, division of hexose, and energy

extraction.
2 ATP + glucose + 4 ADP + 2 Pi + 2 NAD* (2.2)

The EMP pathway produces ethanol as a byproduct (Seol et al., 2016). A single glucose
molecule is first broken down into two pyruvates in an energy releasing reaction. The
released energy can then bind inorganic phosphates to ADP and convert NAD™ to NADH
resulting into the breakdown of the two pyruvates into two acetaldehydes, which emit two

COz2 as a byproduct. Finally, using the hydrogen ions from NADH, the two acetaldehydes
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are converted to two ethanol, converting NADH back into NAD*. Lactic acid, in addition to

ethanol, is a byproduct of microbial fermentation as shown in Figure 2.10
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Figure 2.10:  Processes of Ethanol Fermentation
Source: Seol et al. (2016).
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2.3.4.2 Microbes for fermentation

Lignocellulosic material which is so abundantly available for ethanol production contains
polysaccharides that can be converted to various hexoses and pentoses such as glucose,
mannose, galactose, xylose, and arabinose. One of the major ways of obtaining high
bioethanol yield from lignocellulose biomass is by the fermentation of both hexose and
pentose sugars to ethanol (Maurya et al., 2015). As a result, the chosen microorganism should
have the potential to ferment both hexoses and pentoses, otherwise, microorganisms that can
ferment each of the pentose or hexose can also be combined in fermentation. Ability to
tolerate various toxic compounds found in the hydrolysate is also very important (Sues et al.,

2005; Methner et al., 2022).
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2.3.4.3 Fermentation of hexose and pentose sugars

Currently, S. cerevisiae is used primarily in the industrial production of ethanol (Dmytruk et
al., 2016). It is used because of its exceptional qualities of growing at high sugar
concentrations and producing ethanol with high yields (Favaro et al.,, 2019). One
disadvantage is that it can only use glucose and other hexose sugars as substrate and cannot
use pentose sugars (Dmytruk et al., 2016). Non-Saccharomyces yeasts such as pichia and
candida spp, like S. cerevisiae, can be used to produce bioethanol and are capable of
fermenting hexose sugars; however, they have a low tolerance to ethanol yield when
compared to S. cerevisiae (Padilla et al., 2018). Recently, the ability of zygomycetes such as
Mucor indicus to produce ethanol was investigated. Mucor indicus (formerly M. rouxii) has
the ability to grow with or without air utilizing simple sugars such as glucose and xylose to
produce bioethanol the same way Saccharomyces cerevisiae does in terms of yield and
productivity (Karimi and Zamani, 2013; Molaverdi et al., 2019). Its potential to tolerate high
sugar concentration, ethanol, and a variety of potential inhibitors suggests that it may have
industrial applications (Christia et al., 2016; Molaverdi et al., 2022). This class of
filamentous fungi are saprophytic organisms which are capable of producing a variety of
metabolites, including ethanol. Millati et al. (2005) reported ethanol yield of 0.39, 0.22, and
0.44 g/g from glucose, xylose, and dilute-acid hydrolysate of spruce respectively at 37 °C by
M. indicus under aerobic conditions. Under aerobic and anaerobic conditions, M. indicus
have several industrial advantages over S. cerevisiae, including (a) the ability to utilize
xylose, which is the major part of hemicellulose, and (b) S. cerevisiae's optimum temperature
is in the range of 28-35 °C, whereas M. indicus demonstrated ethanol production which is

relatively high at 37 °C (Sues et al., 2005); (c) it is resistant to several inhibitory compounds
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found in pre-treated hydrolyzates, including furfural, hydroxymethylfurfural (HMF), acetic
acid, and vanillin (Millati et al., 2005; Karimi and Karimi, 2018). Furthermore, the fungus

is easily cultured, requires only basic nutrients, and is safe for humans.

2.4 Strategies for Bioethanol Production

Several integrated methods employed for the conversion of lignocellulosic material to
ethanol have been proposed as shown Figure 2.11. This involves Separate Hydrolysis and
Fermentation (SHF); Separate Hydrolysis and Co-fermentation (SHCF); Simultaneous
Saccharification and Fermentation (SSF); Simultaneous Saccharification and Co-

fermentation (SSCF); and Consolidated Bioprocessing CBP).
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Figure 2.11: Bioethanol Production Strategies.
Source: Mejia-Barajas et al. (2018)
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2.4.1 Separate hydrolysis and fermentation (SHF)

Separate hydrolysis and fermentation (SHF) involve two different stages of first breaking
down the pre-treated biomass into monomeric sugars (glucose and xylose) by enzymatic
saccharification, and secondly, the sugar released are then converted into ethanol (Zabed et
al., 2017) as shown in Figure 2.12. The fact that these two steps are done differently makes
it very effective. However, this has the disadvantage of accumulation of hydrolysis products
in the hydrolysis vessel, thereby preventing enzyme to function well which makes the

reaction rate generally slow.

In the case of Separate Hydrolysis and Co-fermentation, the hydrolysis is done first in a
separate vessel after which both hexose and pentose sugars are fermented together in another
vessel. This has the advantage of higher ethanol yield since more sugars are being fermented
at the same time but the disadvantage of product inhibition is also present here just as in

separate hydrolysis and fermentation.
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Source: Taherzadeh and Karimi, (2008)
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2.4.2  Simultaneous saccharification and fermentation (SSF)

Simultaneous saccharification and fermentation (SSF) is another method used to
compensate for the shortcomings of SHF. In SSF, the first stage of releasing simple
sugars (saccharification) from biomass is done together with fermentation of the released
sugars at the same time in the same compartment as shown in Figure 2.13. As a result,
once the sugar is released, it gets converted to ethanol, reducing the tendency of the sugar
to accumulate in the medium. Furthermore, because ethanol is present in the medium,
there is less possibility of contamination (Zabed et al., 2017; Vohra et al, 2014).
Nevertheless, making use of the best conditions for each stage of reaction is challenging
because both enzymes and microorganisms must work simultaneously. However, the two
types of sugars (hexose and pentose) are fermented in two different bioreactors with
different organisms only hexoses are converted to ethanol, whereas pentoses can be

fermented in another bioreactor with different microorganisms (Mood et al., 2013).
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2.4.3 Simultaneous saccharification and co-fermentation (SScF)
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Figure 2.13: Process Flow Diagrams for Simultaneous Saccharification and
Fermentation

Simultaneous Saccharification and Co-Fermentation (SSCF) is an integrated process that
aims at utilizing all the sugars released during hydrolysis after pre-treatment of the
biomass has taken place, which are then converted to ethanol in a single vessel (Sindhu
et al., 2016) as shown in Figure 2.14. One strategy is to use mixed cultures of organism
that have the potential to ferment both hexose and pentose sugars, or to use a single

organism capable of utilizing the two kinds of sugars together. The only challenge with



this method is that organisms fermenting hexose sugars tend to grow faster than the
organisms which ferment pentose, resulting in higher hexose-to-ethanol conversion. This
method has several advantages, including a shorter operation time, lower costs, as well
as little or no contamination of medium and fewer generation of inhibitory products

during enzymatic hydrolysis.
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Figure 2.14: Flow Diagram for Simultaneous Saccharification and Co-
fermentation (SScF)
Source: Taherzadeh and Karimi, (2008).
2.4.4 Consolidated bioprocessing (CBP) or Direct microbial conversion (DMC):
In this most recent approach called consolidated bioprocessing or direct microbial
conversion, all of the steps involve in the production of bioethanol are done in a single

reaction vessel at the same time (Tanimura et al., 2015). Consolidated bioprocessing is a

process in which a single microorganism produces enzymes, hydrolyzes cellulose, and
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ferments it (Figure 2.15). In addition to being capable of carrying out fermentation, the

microorganisms chosen for CBP must be capable of producing enzymes for hydrolyzing

cellulose (i.e. cellulases) as well as enzymes for converting xylose to ethanol. The kind

of microorganism that will do such consolidated process is not common naturally,

therefore such organisms can be cloned genetically (Jouzani and Taherzadeh, 2015).
Hexoses and pentoses

fermenting and cellulytic producing  Nutrients and Solid
microorganism(s) antifoam (mainly lignin +microorganism biomass)

CO2 (to gas scrubber)

Hemicellulose hydrolyzate
CBP

bioreactor

and pretreatedlignocellulose o
Liquid to ethanol

Cooling water in distillation

Cooling
water out Centrifuge

Figure 2.15: Flow Diagram for Simple Consolidated Bioprocessing (CBP)

Source: Taherzadeh and Karimi, (2008).
2.5 Alcohol Recovery
Distillation is the most common method for recovering ethanol from fermented media
(Vane et al., 2013). Alcohol distillation is the process of recovering alcohol from
fermented broth or other alcohol-based mixture by taking advantage of their differences
in boiling points. Distillation has many advantages, recovery of near absolute ethanol

concentration ( >99%), sufficient energy efficiency at moderate feed concentrations, and
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possibility of using computer to simulate the process using process simulation software
(Zentou et al., 2019).
2.6 Selected Agricultural Wastes

The agrowastes of interest in the present study are discussed in the following section.

2.6.1 Maize plant

Maize, which has its scientific name as Zea mays, is also known generally as corn, is a
cereal that indigenous people in southern Mexico first domesticated around 10,000 years
ago. In Nigeria, maize began as a non-commercial crop but has now become a commercial

crop which many agro-based industries use as raw materials.

2.6.1.1 Description

The leaf of the plant stalk produces pollen inflorescences as well as ovuliferous
inflorescences (ears) which are produced separately. The ear produces fruits in form of
kernels or seeds. Maize is one of the most consumed foods in many parts of the world,
and it is cultivated more than rice. Nigeria is currently the world's tenth largest maize
producer and Africa's largest maize producer with an average production of about 10
million tons as of 2013 as shown in Figure 2.16 (Abdoulaye et al., 2018). By estimated
calculation, it was found that 70% of farmers operate a small-scale maize farming, and

these are majority of total farm output (Cadini and Angelucci, 2013).

W MAIZE PRODUCTION (Millicn
tonnes)

Production (Milion tonnes)

Figure 2.16: Maize Production in Nigeria (million tonnes) Between 1994 and 2013
Source: Umar et al. (2015)
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2.6.1.2 Corncobs

Corncobs, also known as maize cobs, are a byproduct of the maize crop that consist of
the female inflorescence's central fibrous rachis (the maize "ear"). Each ton of maize
shelled yields approximately 180 kg of cobs, with the majority of them being left on the
field (Adebayo et al., 2016). The most generated by-product in many maize-producing
countries is corncob. Despite their low economic value, they are used in agriculture as
fuel, beddings for poultry and other animals, mulch and soil conditioner, and fodder for

ruminants (Jansen and Lubberstedt, 2011).

Figure 2.17 Corncobs Obtained from Shelled Corn
Source: Umar et al. (2015)

Maize cobs have recently been reported as a potentially cheap and promising source of
sustainable energy production (Jansen and Libberstedt, 2011). Maize cobs are available

at every site that maize is cultivated and, in all households, where maize is consumed.
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2.6.2 Plantain (Musa paradisciaea)
Plantain, also known as cooking bananas, is a member of the Musaceae family and the
genus Musa. Plantain cultivation is appealing to farmers because it requires less labor

than cassava, maize, rice, and yam.

2.6.2.1 Description

This is a tree-like perennial herbaceous plants that grow to be 2 to 9m tall which has as
an underground rhizome or corn. The most common species are Musa paradisciaea
(French plantain), M. acuminate (Gross plantain) and M. corniculata (Horn plantain).
Nigeria is a major producer of plantain in Africa and ranks sixth in the world, producing
3,164,878 metric tonnes in 2017 as shown in Figure 2.18 (Akinyemi et al., 2017). After
harvesting the edible fruit, the plantain stem generated per hectare is approximately 100
metric tons (Tripathi et al., 2021). Ondo, Ogun, Osun, Oyo, Cross River, Imo, and Abia
State are among the producing states (Akinyemi et al., 2017). In Nigeria, the availability
of banana/plantain of good quality is primarily from October to February each year,

despite the fact that there is a year-round demand for banana/plantain.
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Figure 2.18: Plantain Production (tons) in Nigeria from 1961 to 2017.
Source: www.factfish.com .
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2.6.2.2 Plantain pseudostem

Plantain pseudostem (Figure 2.19) is the trunk-like part of the plantain plant which is generated
when the overlapping leaf sheaths are tightly packed. Despite the fact that the pseudostem is
very fleshy and contains majorly moisture, it is still very strong and can support the heavy weight

of the bunch of plantain.
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Figure 2.19: Plantain Pseudostem Biomass Obtained from Plantain Farm

Source: Ai et al. (2021)
Plantain pseudostem biomass is a potential lignocellulosic biomass that could be used to
produce biofuel due to its high concentration of holocellulose (72%) and relatively low
percentage of lignin content (about 10%) (Ai et al., 2021) The plantain pseudo-stem has
a high cellulosic content (42.2 — 63%), which can be used to produce fermentable sugars

for bioethanol.

2.6.3 Sugarcane (Saccharum officinarum)

It is a perennial crop that resembles a bamboo cane and thrives in tropical climates.
Sugarcane has traditionally been grown at subsistence level (typically 0.2 to 1.0 ha) for
consumption and preparing livestock feed. However, as the demand for sugar in the
country rises, the crop is being grown on a large scale and now used as raw material for

the sugar industry.
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2.6.3.1 Description

The stalk is fibrous and stoutly joined, and it is high in sucrose, which accumulates in the
internodes of the stalk. Sugarcane can be grown in almost all West African states,
including Nigeria, but it is commercially produced in Kastina, Adamawa, Kebbi, and
Sokoto (lIssa et al., 2020). Sugarcane was introduced to Nigeria by European sailors
through the country's eastern and western coasts in the fifteenth century (Galadima et al.,

2011).

According to national statistics, more than 400,000 hectares of land in the country could
support high yield sugarcane operations (Newton et al., 2017). Sugarcane and cassava are
clearly identified as the primary raw materials for the bioethanol production programmee

by the NNPC (Galadima et al., 2011).

2.6.3.2 Sugarcane bagasse

Bagasse, as shown in Figure 2.20, is the material that remains after sugarcane juice is
extracted from a cane stalk and from a ton of sugarcane, about 270-280 kg of bagasse
can be obtained (Lachos-Perez et al., 2016). Usually the bagasse is left to decay, or
sometimes burnt to generate the energy required for the process of sugar production

(Mokhena et al., 2018; Motta et al., 2020)
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Figure 2.20: Sugarcane Bagasse Obtained from Sugarcane Stem after Extracting
the Juice from the Stem
Source: Alokika et al. (2021)
Sugarcane bagasse contains cellulose (32-45%), hemicellulose (20-32%), and lignin (17-
32%), as well as 1.0-9.0% ash and some extractives (Alokika et al., 2021). The trend of
bagasse production in Nigeria between 1990 to 2016 is shown in Figure 2.21. With the
vast agricultural resource in Nigeria, biodiversity and suitable climate for sugarcane
cultivation, the country could direct her focus at producing highly productive type of

sugarcane for sugar and ethanol production through conventional breeding and using the

tools of biotechnology
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Figure 2.21: Production of Sugarcane Bagasse in Nigeria
Source: www.factfish.com
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CHAPTER THREE
3.0 MATERIALS AND METHOD
3.1 Materials
3.1.1 Agrowaste samples
Samples of plantain pseudostem biomass, sugarcane bagasse, and corncob biomass were

collected from farms and dumpsite in Bosso, Minna, Niger State, Nigeria.

3.1.2 Equipments

The equipment used are: Domestic thermocool microwave oven with model frequency of
2450 MHz. Gene Amp 9700 PCR System Thermal cycler (Applied Biosystem Inc.,
USA), Bruker AXS D8 X-ray diffractor, Zeiss Auriga HRSEM, FTIR Thermo Nicolet,
Avatar 370, Big Dye terminator version 3.1 cycle sequencing kit, TGA-4000;
PerkinElmer, Quantachrome (model: NOVA4200e) BET analyzer, Agilent 6890 N gas
chromatography system (Agilent, Santa Clara), Agilent 5973 N mass spectrometer
(Agilent, Santa Clara). The Centre for Genetic Engineering and Biotechnology, Federal
University of Technology, Minna, Niger State, Nigeria, kindly provided an autoclave
machine, industrial oven, rotary shaker, Shimadzu ultraviolet spectrophotometer (1800

series), and furnace for the research

3.1.3 Reagents and chemicals
Industrial grade NaOH (caustic soda) was a product of Global Chem Tech, was obtained

from chemical vendors in Minna, Niger State, Nigeria.
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3.2 Methods

3.2.1 Overall process description

The flowchart for overall methodology in cellulosic bioethanol production using
agrowaste biomasses is as shown in Figure 3.1. The process includes biomass
preparations, microwave-alkaline pre-treatment, enzyme production, simultaneous

saccharification and co-fermentation, ethanol distillation and characterization.
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Figure 3.1:  Flowchart of Methodology for the Production of Cellulosic
Bioethanol by Simultaneous Saccharification and Co-fermentation.

3.2.2  Preparation of agrowaste samples
The selected agrowaste samples were thoroughly washed, cut into pieces, and then dried

in atmospheric conditions until constant weight was achieved. The dried sample was
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pulverized and weighed. The samples were then kept in tightly covered containers at room

temperature until needed for further analysis (Asikoko et al., 2023).

3.2.3 Microwave-Alkaline (MA) pre-treatment of biomass

The experimental runs for Microwave -Alkaline pre-treatment of the agrowaste samples
was generated by Box-Behnken model of Design Expert software (Version 11). The
chosen variables were NaOH solution concentration (A), the microwave power (B) and
the treatment time of the pre-treatment process (C) and the process conditions are as
shown in Table 3.1. The dried pulverized agrowaste samples was first soaked in 0.5%,
1%, 1.5%, 2%, 2.5% and 3% NaOH solution in the ratio of 10:1 of liquid to solid (v/w)
for 10 min (Hu and Wen, 2008). The mixture was then placed in a microwave oven for 1,
2, 3, 4 and 5 minutes at power levels ranging from 70 W to 700 W.

Table 3.1: Variable Factors and Runs Generated by Design Expert Software

For the Optimization of Microwave-alkaline Pre-treatments of
Agrowaste

Factorl Factor2 Factor3 Responsel Response2 Response 3

Std Run A:Conc. B: C: Delignifica Cellulose Hemicellulo
NaOH Power Time -tion content -se content
% Watts Min % % %
1 1 2 70 5
2 2 3 70 3
17 3 2 385 3
12 4 2 700 5
10 5 2 700 1
7 6 1 385 5
6 7 3 385 1
14 8 2 385 3
15 9 2 385 3
13 10 2 385 3
5 11 1 385 1
1 12 1 70 3
3 13 1 700 3
8 14 3 385 5
9 15 2 70 1
16 16 2 385 3
4 17 3 700 3

Key: Std -Standard
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These variables were experimented in the laboratory by using the software-generated
process conditions as a guide. The mixture was then filtered, the residue was washed
thoroughly with clean water so as to obtain a neutral pH, and then put in an oven to dry
at 60 °C so as to remove moisture and then weighed (Singh et al., 2020). The remaining

dried biomass was safely stored for further experiment.

3.2.4 Compositional analysis
The cellulose, hemicellulose and total lignin contents of the untreated and biomass pre-

treated under different process conditions were determined as follows:

3.2.4.1 Determination of total lignin content

All the sum of lignin present in the residue was determined by the addition of lignin
that is not soluble in acid (also called Klason lignin) and lignin that is soluble in acid
which are present in the unpre-treated and pre-treated agrowaste according to the method
of Sluiter et al. (2012). In summary, about 1.5 g of dry pre-treated biomass was
thoroughly mixed with 15 mL of 72% (w/v) tetra-oxo sulphate (V1) acid and stirred for
one hour; then 420 mL of distilled water was also added to the mixture and then
autoclaved at 121 °C for 1 h and filtered. The filtrate was read at 320 nm using UV
spectrophotometer to quantify the acid soluble lignin portion present therein. Acid soluble
lignin (ASL) concentration was also determined by using the following formulae (Sluiter

etal., 2012).

ASL = SZEXZEER X100 (3.1)
where; Abs = average UV-VIS absorbance for the sample at 320 nm;
¢ = Absorptivity of lignin at specific 320 nm wave-length (30 L/g-cm);
W = total weight of sample in milligrams.
The residue was placed in the oven to dry at 105 °C for 4 h until a uniform weight was

attained, ashed at 300 °C for 1 h (Plate 4) and then placed in a desiccator to cool before
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weighing and then the quantity of Acid Insoluble Lignin (AIL) was calculated using the

following equation

AlL: weight of sample at 105°C—weight of sample at 300°C

x 100 (3.2)

initial weight of dried sample

Total Lignin = ASL+ AIL (3.3)
3.2.4.2 Determination of cellulose and hemicellulose content
The composition of cellulose and hemicellulose of unpre-treated and pre-treated
agrowaste was determined by Chesson-Datta gravimetric method (Maryana et al., 2014).
In summary, 150 mL of distilled H2 O was added to 1 g (a) of the dried unpre-treated and
pre-treated agrowaste sample. This was refluxed at 100 ° C inside water bath for 1 h and
then filtered. The residue was washed with hot water (300 mL), dried in an oven at 100
° C until constant weight (b) was attained. Then, 150 mL of 0.5 M H2 SOswas added to
the dried residue and also refluxed in a water bath at 100 °C for 1h. The liquid portion of
the mixture was removed through filter paper while the residue was washed with 300 mL
of hot water and later dried at 60 °C to a constant weight (c). Afterwards, 10 mL of 72%
H2SO4 was added to the already dried residue and then placed at room temperature for 4
h to soak before adding 150 mL of 0.5 M H2SOa. It was then refluxed in water bath for 1
h after which the residue was removed and thoroughly washed with hot H20 to attain
neutral pH, then it was dried in an oven at 105 °C for 6 h and weighed (d).

The cellulose and hemicellulose contents were calculated using the following formula:

Hemicellulose content = 2=¢x100% (3.4)
a
Cellulose content = <=2 x100% (3.5

a

However, the percentage of total lignin removed was calculated as percentage of lignin

removed when compared to the unpre-treated biomass using the following equation:
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Percentage Total lignin removed (delignification) =

lignin content in unpre—treated agrowaste—lignin content in pre—treated agrowaste
g p g g p g %100 (36)

lignin content in unpre—treated agrowaste

3.3 Analysis of Data Generated by Design Expert for Pre-Treatment of
Agrowaste

Design Expert statistical software version 11 was used in generating the analysis of

variance (ANOVA) as well as model equation. Also, three-dimensional response surface

plots were developed by the same software. Optimization of the results obtained was

done using the numerical and graphical methods provided by Design-Expert statistical

software in order to get the optimum values for the combination of the variable factors

for the desired goal.

34 Characterization of Pre-Treated Agrowaste

For the present study, the agrowaste pre-treated at optimal conditions using microwave-
alkaline pre-treatment were characterized using three analytical techniques. These
characterization techniques included: X-ray Diffraction (XRD), high Resolution
Scanning Electron Microscopy (HRSEM) and Fourier Transform Infrared Spectroscopy
(FTIR). The method for each of the analytical techniques are provided in the following

sections.

3.4.1 X-ray diffraction analysis (XRD)

X-ray diffraction analysis (XRD) is One of the powerful and safe non-destructive
technique mostly used in the analysis of solid-state chemistry and material science. It is
based on bombardment of a single crystal powder sample with X-rays photon to produce
diffraction pattern (Okolo et al., 2015). The patterns of the diffraction were recorded and
analyzed so as to determine the nature of the crystal structure. For this study, the percent

crystallinity was determined from the integrated peak intensities of the [D1], [11] and
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[002] diffraction planes in the 26 range of 0°- 90°. The conditions at which the analysis

was done is as shown in Table 3.2
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Table 3.2: Bruker D8 Advance XRD Operating Parameters

Operating Parameters Condition
Time constant 05s
Radiation Cu.Ka
Wavelength 1.5420
X-Ray Operating voltage 40 Kv
X-ray Operating current 40 Ma
Scanning angle Range 20°<20<90°
Scanning Step 0.2°
Scanning speed 60s/step

The crystal size from half height peak width was determined using scherer equation as

shown below

kA
D_BCOSG (37)

Where D is crystalline size in nanometer, K= 0.94, X is the wavelength of the X-ray which

is 0.1541 nm @ is the half-diffraction angle, g is the full width at half-maximum in radian.

The crystalline index of cellulose, Crl, was determined based on the empirical Segal

method as reported by Jamaldheen et al. (2018) in the equation below:

Icrystalline — lamorphous)x100
Crl (%) = phous) (3.8)
Icrystalline

Where, Icrystalline is the intensity at 20 = 22 .5° corresponding to crystalline fraction and

lamorphous is the intensity at 26 = 18.7° corresponding to amorphous fraction
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3.4.2 High resolution scanning electron microscopy (HERSM)

High Resolution Scanning Electron Microscopy (HERSM) is a tool used to characterize
samples. It produces high-resolution images of a sample surface which reveals
information on surface structure and morphology as well as the degree of aggregation of
micro and macro materials. (Egerton, 2016). Morphology and microstructure of the
synthesized products ware determined using Zeiss Auriga HRSEM. The conditions at

which the analysis was done is shown in Table 3.3

Table 3.3: Experimental Parameters for High Resolution Scanning Electron

Microscopy
Operating parameters Condition
Current 10 mA
Magnification Varies
Aperture 0.4 mm
Resolution 1 nm but not constant
Emitter Thermal field emission type
Working Distance 4-10.4 mm
Voltage 5kv
Signal A Inlens

3.4.3 Fourier transform infrared (FT-IR) spectroscopic analysis of pre-treated
and untreated samples

This technique provides information about the chemical bonding or molecular structure

of either material. The bonds and group of bonds vibrate at characteristic frequencies

which is read at a spectral range 4000-400 cm™ and 4 cm-! resolution. The pre-treated

and untreated samples were subjected to FTIR spectroscopic analysis (Thermo Nicolet,
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Avatar 370), equipped with KBr beam splitter with DTGS (Deuterated triglycine

sulphate) detector (7800- 350 cm-1).

35 Screening of Fungi for Enzyme Production and Fermentation Process

Fungi for enzyme production and fermentation process were isolated from different soil
samples in Minna, Niger State, Nigeria. The sources for enzyme producers were: refuse
dump site, sewage sludge, corncob biomass dump site, rice husk dump site, decayed
plantain soil, decayed corncob biomass soil and decayed sugarcane soil; while the
fermenters were isolated from palm wine, rice husk dump site, fermented food, and
termite hill. The organisms were isolated by preliminary screening where the dilution
plating technique of Montenecourt and Eveleigh, as reported by Chamekh et al. (2019)
was used. Furthermore, these organisms were screened qualitatively and quantitatively to
select the best organisms for the purpose in view. Furthermore, the selected organisms

were identified by molecular characteristics.

3.5.1 Screening of fungi for enzyme production

3.5.1.1 Qualitative screening of the isolated microorganisms for cellulase and
xylanase production using agrowastes as carbon source

Agrowastes of interest (corncob biomass, plantain pseudostem biomass, and sugarcane
bagasse) which has been treated with microwave-assisted sodium hydroxide were chosen
as the only source of carbon for the screening of isolated microorganism for cellulase and
xylanase activities. The pre-treated agrowaste samples were milled into powder and used
as the sole carbon source for enzyme production. The medium comprises the following
items (in g/l): peptone, 5.0; yeast extract, 5.0; KoHPOs, 0.2; agar 20.0 and 10.0 of
agrowaste as carbon source. Birch wood xylan and carboxyl methyl cellulase (CMC)
were also included as carbon source into a similar media to serve as control for xylanase

and cellulase activities respectively. The media were put into the autoclave at 121 °C for
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15 min. and then poured into petri dishes when they were cooled to about 30 °C so that
they could form gel. Afterwards, each plate was inoculated with pure fungi isolate and
incubated for 48 h at 25 + 2 °C. Cellulolytic enzyme producing organisms hydrolysed the
carbon source in the medium to form a zone of clearance. Detection of positive isolates
was achieved when zones of clearance appeared on the agar plates after flooding the
plates with 0.1% aqueous Congo red followed by repeated washing (to de-stain) with 1M
NaCl as reported by Sukmawati et al. (2018). Organisms which have clear zones of
hydrolysis around their colonies were selected and stored on Sabouraud Dextrose Agar

(SDA) slant for further studies.

3.5.1.2 Quantitative screening of the selected organisms for cellulase and xylanase
production using agrowaste as a carbon source
This involved:

1. Inoculum preparation

The cultures for inoculum preparations were prepared by subculturing the most hydrolytic
organisms from organisms previously stored as slant cultures on SDA. A loopful of the
revived organism which was inoculated into sterile 100 mL Sabouraud Dextrose Broth
(SDB) and incubated at 30 °C in an orbital shaker at 125 rpm, was used as the inoculum
after 48 h of incubation

2. Enzyme production

Enzymes were produced under submerged fermentation condition using microwave-
alkaline pre-treated agrowaste as sole carbon source. Five gram (5 g) of each substrate
(sugarcane bagasse, corncob biomass, plantain pseudostem biomass, CMC or xylan)
was placed in Mandels and Weber basal media salt (250 mL) (Ismaiel et al., 2022). The
media were initially autoclaved at 121 °C for 15 min and allowed to cool down to 28 + 2
°C before been aseptically inoculated with 10% of fungi inoculum (Antil et al., 2015).
The Mandel’s medium consisted of following composition (g/l): urea, 0.3; peptone, 0.3;
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yeast extract, 0.75; (NH4)2S0a, 1.4; KH2PO4, 2.0; CaClz, 2.0; MgS04.7H20, 0.3; NaNOs,
3.0; CaClz, 0.3 and trace elements (mg/l): FeSO4.7H20, 0.5; MnS04.4H20, 1.6;
ZnS04.7H20, 1.4 and CoCl2.6H20, 20.0 and Tween-80, 0.1% (v/v) pH 5.5. Inoculated
flasks were incubated at 28 £ 2 °C under static conditions for 5 days. Sample was
aseptically withdrawn at 24 h interval to check the enzyme activity. The culture medium
was initially filtered using Whatman no.1 filter paper, and the filtrate was centrifuged at
8000 rpm at 4 °C for 20 min. The clear supernatant was used as the crude extracellular

enzyme source.

3. Assay for crude enzyme activity

Optimal activity of the enzymes produced were assayed as follows:

i. Assay for crude xylanase activity

The measurement of the quantity of xylanase produced was done by using birch wood
xylan (1% ) as the substrate (Meddeb-Mouelhi et al., 2014). A total of 1.0 mL reaction
mixture, consisting of 0.5 mL of crude extracellular enzyme source and 0.5 mL of 1%
birch wood xylan (prepared in 0.05 M Na-acetate buffer, pH 4.8), was used to assay for
xylanase activity. The reaction mixture which was incubated for 10 min at 50 °C was
stopped by the addition of 1.0 mL of 3, 5- dinitrosalicylic acid (DNS) and the contents
were boiled for 5 min as reported by Whangchai et al. (2021). Xylose standard curve
(Appendix A, Figure 2) was used to quantify the amount of reducing sugar released at
540 nm, which is a measure of glucose equivalent of the reducing sugar released. A unit
of xylanase activity was defined as the amount of enzyme required to liberate 1 pmol of

xylose per minute under the assay conditions (Valliammai et al., 2021).
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ii. Assay for crude cellulase activity

The method of Wood and Bhat was used to assay for the activity of cellulase as cited by
Valliammai et al. (2021). A total of 1.0 mL reaction mixture consisting of 0.5 mL of
crude extracellular enzyme source and 0.5 mL of 1% carboxyl methyl cellulose (prepared
in 0.05 M Na-citrate buffer, pH 5.0) was used to assay for cellulase activity. The reaction
mixture which was incubated for 10 min at 50 °C was stopped by the addition of 1.0 mL
of 3, 5- dinitrosalicylic acid (DNS) and the contents were boiled for 5 min as reported by
Whangchai et al. (2021). Glucose standard curve (Appendix A, Figure 3) was used to
quantify the amount reducing sugar released at 540 nm, which is a measure of glucose
equivalent of the reducing sugar released. A unit of cellulase activity was defined as the
amount of enzyme required to liberate 1pumol of glucose per minute under the assay

conditions (Valliammai et al., 2021).

3.5.2  Screening of fungi for fermentation process
3.5.2.1 Qualitative screening of the isolated microorganisms for fermentation (sugar
fermentation test)

The ability of organism to ferment a specific carbohydrate/sugar was determined by the
presence of acid or gas produced from fermentation of the carbohydrate. Reaction
medium containing 1% each carbohydrate source (glucose, lactose, xylose, sucrose,
fructose or maltose) and 0.01% phenol red (indicator) was prepared and sterilized in the
autoclave at 121 °C for 15 min (Hemraj et al., 2013). The medium was kept at 30 °C for
seven days after being inoculated with a loopful of 24 h old culture of the organisms under
investigation. There was a production of acid, consequently leading to reduction in the
pH of the medium, during the reaction which is detectable by a pH indicator (phenol red)

which was also added to the medium. Also, an inverted Durham tube which was

63



immersed into the reaction medium collected the gas (carbon dioxide) produced during

the reaction (Varghese and Joy, 2014).

3.5.2.2 Quantitative screening of the isolated microorganisms for fermentation
process

Inoculum for fermentation was prepared by growing fungi cells in 250 mL sterilized YPD
broth containing (g L—!): yeast extract (10), peptone (20), dextrose (20), with pH 5.0 at
30°C (Fakruddin et al., 2012) on an orbital shaker (150 rpm) for 16 h. After centrifugation
at 8000 rpm for 15 min, the sediment which are the cells were resuspended in normal
saline (0.85% NaCl) and diluted until an optical density (ODeoo nm) Of 2.0 was reached
(Reis et al., 2013) and this was used as inoculum for fermentation. Ten percent of
inoculum was added to sterilized fermentation medium containing extra 20% dextrose.
The experiment was performed at room temperature (27 = 2.0 °C) (Tayel et al., 2010)
and a pH of 5.0 (Narendranath and Power, 2004; Germec et al., 2023). The medium was
agitated at 150 rpm so as to supply the initial oxygen needed for yeast growth (Sriputorn
et al., 2020). Agitation ensured the fermentation media was adequately aerated and
maintained at the optimum temperature for fungi growth. Fermentation was allowed for
10 days and samples were aseptically withdrawn at 24 h intervals for analysis. The pH of
the medium was maintained at 5.0 throughout the reaction with drops of 10% NaOH
solution. Glucose was analyzed by DNS method (Ghose, 1987) , xylose was analyzed
using bial’s reagent (Pham et al., 2011) and the concentration of ethanol in the fermented
medium was determined by dichromate method (Anwar et al., 2012). The amount of
ethanol (g/L) in the samples was extrapolated from ethanol standard curve (Appendix A,
Figure 5) which was initially prepared in different concentrations (0 — 10%). Acidified

potassium dichromate was added to each concentration of ethanol and left for 30 min to
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develop a greenish colour in a dark place at room temperature which was read at 590 nm.

The organisms which had the best results were selected for further studies.

3.5.2.3 Determination of ethanol tolerance of the fermentation organisms

The method described by Zainab et al. (2019), with a slight modifications, was used to
check for ethanol tolerance of the ethanogenic fungi. The turbidity of the medium which
is an indication of the viability of the organisms was determined optically at 600 nm. The
organism was grown in a basal medium containing 4 g/L (NH4)2SOq4; 2 g/L K20; 0.7 g/L
MgSOa4-7H20; and 200 g/L glucose. Various concentrations of absolute ethanol (2% to
16% (2%, 4%, 6%, 8%, 10%, 12%, 14%, and 16%) were autoclaved at 121 °C for 15 min
in a tightly corked bijou bottles and transferred to a water bath (30 °C). The sterile media
was inoculated with actively growing fungi cells at an initial optical density (ODeoo nm) of
2. The suspension was incubated at 30 °C for 48 h and the number of surviving cells was
determined by checking the final OD at 600 nm after 48 h. The initial optical density of
media with no added ethanol was taken as 100%, the turbidity corresponded directly to
the organism biomass in the medium. The amount of ethanol in percentage at which the

growth of microbe was just inhibited was asserted as its ethanol tolerance level.

3.5.3 Molecular characterization of organisms used for enzyme production and
fermentation process

The organisms used for the production of enzyme and fermentation process were

identified and molecularly characterized as described by Nilsson et al. (2019). The

methods are explained as follows:
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3.5.3.1 Molecular identification and characterization of organisms

i. Fungi DNA extraction protocol

The mycelia of fungi were grinded with Dellaporta extraction buffer (100 mM Trls pH 8,
51 mL EDTA pH 8, 500 mM NacCl, 10 mM mcrcaptoethanol) and the DNA was extracted
as described by Nilsson et al. (2019). Prior to vortexing and incubating the sample
mixture at 65 °C for 10 min, 40 pl of 20% SDS was added to it in a sterile Eppendorf
tube. Furthermore, 160 pl of 5 M potassium acetate was then added to the resultant
mixture which was vortexed and centrifuged at 10000 g for 10 min and the supernatant
were collected in another Eppendorf tube. Cold iso propanol (400 pl) was then added to
the mixture and kept at -20 °C for 60 min. Then, the DNA was precipitated from the
mixture at 13000 g for 10 min, and washed with 500 ul of 70% ethanol by centrifuging
at 10000 g for 10 min. The DNA was air-dried at room temperature to remove every trace
of ethanol and then re-suspended in 50 pl of Tris EDTA buffer for preservation and

suspension of the DNA.

ii. Polymerase Chain Reaction (PCR) analysis of fungi

Characterization of fungi was done using the internal transcribed spacer (ITS) universal
primer set which flank the ITS1, 5.8S and 1TS4 region. PCR sequencing preparation
cocktail consisted of 10 pl of 5x GoTaq colourless reaction, 3 pl of 25 mM MgClz, 1 pl
of 10 mM of dNTPs mix, 1 pl of 10 pmol each ITS 1: 5 TCC GTA GGT GAA CCT
GCG G 3’and - ITS 4: 5> TCC TCC GCT TAT TGA TAT GC 3’primers (Asgin and
Degerli, 2019) and 0.3 units of Taq DNA polymerase (Promega, USA) made up to 42 pl
with distilled water and 8 ul DNA template. PCR was carried out in a Gene Amp 9700
PCR System Thermal cycler (Applied Biosystem Inc., USA) with a PCR condition which

included a cycle of initial denaturation at 94 °C for 5 min, followed by 35 cycles of each
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cycle comprising of 30 sec denaturation at 94 °C, 30 sec annealing of primer at 55 °C, 1.5

min extension at 72 °C and a final extension for 7 min at 72 °C.

iii. Purification of amplified gene product from organisms

In order to remove the remnants of PCR reagents, the amplified fragments were purified
with ethanol, and was allowed to dry in the fume cupboard at room temperature for 10-
15 min, after which it was resuspended with 20 ul of sterile distilled water and kept at -
20 °C prior to sequencing. In order to confirm the presence of the purified products, it
was checked on a 1.5% agarose gel ran on a voltage of 110 V for about 1 h as previously

indicated, and then quantified using a nanodrop of model 2000 from thermos scientific.

iv. Sequencing of the gene product from fungi and construction of phylogenic tree

The amplified fragments were sequenced using a Genetic Analyzer 3130xI sequencer
from Applied Biosystems using manufacturers’ manual while the sequencing kit used
was that of Big Dye terminator v3.1 cycle sequencing kit. Bio- Edit software and MEGA
x1 were used for all genetic analysis. The 16S rRNA gene sequence of the four isolates
was used to carry out BLASTN with the database of NCBI GenBank. The ITS rDNA
region was sequenced using two primers (ITS1 and ITS4) for every strain. Molecular
characteristics of organisms that are closely related to the sample organisms was shown
in Table 3.4, the pairwise alignment of each sample organism with the most closely
related four organisms were done for each organism based on maximum identity score as
shown in Appendix H (iii). Multiple alignment software programme (Clustal omega) was
used to select the closely related organisms. The aligned ITS-rDNA gene sequences were
then used to construct a phylogenetic tree by neighbor-joining (NJ) method using MEGA

x1. (Zhang et al., 2019b).
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Table 3.4: Molecular Characteristics of Organisms that are Related to the
Sample Organisms

sample Scientific Max Total Query E Per. Accession  Accession
ID Name Score Score Cover Vvalue Ident Length Number
Aspergillus 1098 1098 100% O 99.83% 600 MN844036
flavus
Aspergillus 1086 1086 100% O 99. 642 MN844036
FBL flavus 50%
Aspergillus 1086 1086 100% O 99.50% 642 MN238861
flavus
Sample 1103 1103 100% O This 597 OP107821
organism study
Aspergillus 1033 1033 99% 0 99.82% 577 MW548412
niger
Aspergillus 1031 1031 99% 0 99.82% 576 MT628904
niger
RDS Aspergillus 1031 1031 99% 0 99.82% 603 MT6200753
niger
Aspergillus 1031 1031 99% 0 99.82% 603 MT597823
niger
Sample 1040 1040 100% O This 563 OP107822
organism study

Mucor indicus 1068 1068 100% O 99.49% 664 0Q660484

Mucor indicus 1068 1068 100% O 99.49% 907 KT359356
RB Mucor indicus 1068 1250 100% O 99.49% 759 KY425744

Mucor sp 1068 1068 100% O 99.49% 630 KU571498

Sample 1083 1083 100% O This 586 OP107823

organism study

Saccharomyces 1362 1362 99% 0 99.47% 752 NR111007

cerevisiae

Saccharomyces 1349 1349 99% 0 99.20% 773 795942
PP cerevisiae

Saccharomyces 1347 1347 99% 0 99.07% 819 MF375634

cerevisiae

Saccharomyces 1347 1347 99% 0 99.07% 814 MF276989

cerevisiae

Sample 1384 1384 100 0 This 749 0OP107824

organism study
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3.5.3.2 Molecular identification of enzyme gene extracted from characterized
organisms
Molecular investigations of enzyme-producing gene extracted from characterized

organisms are described below.

i. Molecular identification of endo-beta-1,4-glucanase gene from Aspergillus flavus
strain FBL

Molecular investigations of cellulase-coding gene in the Aspergillus flavus by simple
PCR on the extracted DNA using endo-beta-1,4-glucanase B gene -coding regions
specific primers. Reaction cocktail used for PCR included (Reagent VVolume in pl) - 5X
PCR SYBR green buffer (2.5), MgCl2 (0.75), 10 pM DNTP (0.25), 10 pM of each forward
ACCACGGTAAGTTGCTCATC and backwards CCGACCTTCTTGTTGTCCTT
primer (0.25), 8000 U of tag DNA polymerase (0.06) and made up to 10.5 pl with sterile
distilled water to which 2 pl of DNA template was added. Buffer control was also added
to eliminate any probability of false amplification. PCR condition included a cycle of
initial denaturation at 94 °C for 5 min, followed by 35 cycles with each cycle comprising
of 30 sec denaturation at 94 °C, 30 sec annealing of primer at 50 °C, 30 sec extensions at
72 °C and a final extension for 7 min at 72 °C. PCR was carried out in a GeneAmp 9700
PCR System Thermal cycler (Applied Biosystem Inc., USA) using the appropriate profile

as designed for each primer pair.

ii. Molecular identification of endo-beta-1,4-xylanase 1gene Aspergillus niger strain

RD5

Molecular investigations of xylanase-coding gene in the Aspergillus niger by simple PCR
on the extracted DNA using endo-beta-1,4- xylanase gene -coding regions specific

primers. Reaction cocktail used for PCR included (Reagent Volume in pl) - 5X PCR
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SYBR green buffer (2.5), MgCl2 (0.75), 10 pM DNTP (0.25), 10 pM of each forward
GATCATCACGTCACCCGATAAA and backward AACTCTCCTCAGGCCGAATA
primer (0.25), 8000 U of tag DNA polymerase (0.06) and made up to 10.5 with sterile
distilled water to which 2 ul DNA template was added. Buffer control was also added to
eliminate any probability of false amplification. The PCR condition included a cycle of
initial denaturation at 94 °C for 5 min, followed by 35 cycles with each cycle comprising
of 30 sec denaturation at 94 °C, 30 sec annealing of primer at 47 °C, 30 sec extensions at
72 °C and a final extension for 7 min at 72 °C. PCR was carried out in a GeneAmp 9700
PCR System Thermal cycler (Applied Biosystem Inc., USA) using the appropriate profile

as designed for each primer pair.

3.5.4 Production of support for enzyme immobilization

Support for enzyme immobilization was prepared using sugarcane bagasse as described
by Wu et al. (2020) and shown below.

3.5.4.1 Preparation of porous biochar as support for immobilization

Sugarcane bagasse was used to prepare the porous biochar as described by Wu et al.
(2020) with modification to obtain a larger surface area as shown in Figure 3.2.
Sugarcane bagasse was first cut in bits and heated in distilled water for a period of 8 h at
90 °C. The boiled sample was dried in the oven at 80 °C for 24 h. Secondly, 1 g each of
boiled sugarcane bagasse and KOH were poured into 12 mL of absolute ethanol which
was stirred for 6 h The KOH activated bagasse was kept in oven to dry at 60 °C for a
period of 12 h The activated sugarcane bagasse was calcined at 450 °C for 40 min
(protected with nitrogen at a heating rate of 10 °C/min), it was later cooled at room
temperature. The impurities such as ash and alkali in the pyrolyzed bagasse was removed

by the addition of 12.5 mL of 1.5M HCI. In the end, the residue remaining after the
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removal of ash and alkali was washed with distilled water until there was no trace of acid

in the sample, then it was dried at 60 °C for 24 h

Sugarcane bagasse

Boiled at 90 ° C for
8h

Activated with
KOH

Pyrolyzed under N,
at 450 ° C for 40 min

Porous biochar

Figure 3.2: Preparation of Porous Biochar from Sugarcane Bagasse
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3.5.4.2 Preparation of biochar-chitosan composite for enzyme immobilization

Biochar- chitosan composite bead was prepared by the method of Bird et al. (2008) with
some modifications. A mixture of porous biochar (2% w/v) and Chitosan (2% wi/v) was
dissolved in an aqueous solution of acetic acid (1% v/v) and mixed thoroughly for 30 min
to form a paste. The paste was extruded in drop through a syringe into a gently stirred
coagulation liquid (A mixture of 10% CaClz and 1 N, sodium hydroxide in 26% wi/v
ethanol) and left for 30 min to form beads. The obtained biochar-chitosan beads were
filtered, washed with 1% acetate buffer thrice and then with distilled water until it attained
neutral pH. Portions of the freshly prepared beads were dried at different temperatures
(room temperature, oven-dried and freeze-dried) as shown in Figure 3. 3, so as to compare
the activities of enzyme loaded on each support as well as to facilitate the ease of
separation from the reaction medium. These beads were characterized to choose the best

preparations for further studies.
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Air dried at 25 °C
for 24 h

Freeze-
dried at
-20°C

Fresh biochar-
chitosan beads Oven dried at
50°C for 24 h

Figure 3.3: Biochar-chitosan Beads Prepared at Different Drying Conditions

3.5.5 Characterization of biochar-chitosan beads for enzyme immobilization
Biochar-chitosan beads prepared for enzyme immobilization were characterized as
discussed below:

3.5.,5.1 Determination of the sizes of biochar-chitosan beads prepared at different
drying temperatures

The average of the diameter of 10 biochar-chitosan beads dried at different temperatures
were measured with micrometer screw gauge as described by Jadhav and Nagarkar

(2022).
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3.5.5.2 Determination of the swelling behaviours of biochar-chitosan beads prepared
at different drying temperatures

The ability of the biochar-chitosan composite beads to swell were determined by

immersing in 10 mL of 50 mM citrate (pH 6) buffer at room temperature (25 °C) for 6 h

(Parin et al., 2020). The rate of swelling was checked at 30 min interval by weighing on

analytical weighing balance. The swelling ratio was calculated by the following equation:

Swelling ratio = ~ mfzmi (3.9)

where mi and mf are the weights of the initial bead and final wet bead, respectively.

3.5.5.3 Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
of biochar-chitosan beads
Thermogravimetric analyzer (TGA-4000; PerkinElmer) was used to determine the

thermal stability of samples

I. Procedure:

Small quantities (5 mg) of the sample were placed into the sample holder and placed in
the analysis chamber, then it was covered and allowed to cool to 15 degrees Celsius. All
the information about the sample were inputed into the computer and the nitrogen flow
was opened at the rate of 20 mL/min with heating rate of 10 °C/min between 30 °C to 800
°C, then finally the start button was clicked on to commence the analysis. The sample
mass was recorded continuously by an analytical scale that was connected with a
computer. The temperature of the gas was also noted at various segments by
thermocouples. The result obtained appeared as a continuous chart record of temperature

against time (Rasam et al., 2020).
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3.5.5.4 Determination of pore size, pore volume, and surface area of the biochar-
chitosan beads prepared at different temperatures

The specific surface areas (SSA), total pore volume Vp, and average pore size of the

biochar-chitosan composites were determined by Brunauer Emmett-Teller (BET)

nitrogen adsorption—desorption method at the Centre for genetic engineering and

biotechnology, Minna, Niger State, Nigeria. Quantachrome (model: NOVA4200e) BET

analyzer was used for the analysis. The analysis involved:

ii. Procedure

Dewar was filled to the internal upper mark with liquid nitrogen, and the sample cell
containing an out gassed and weighed sample was placed into the analysis station and all
the fields/selections on the start analysis ‘’Sample’” menu was inputted. Also, point
selection tagging and Equilibrium menu Fields were completely selected for BET
measurements. Then, *Start’” was clicked to begin the analysis. The specific surface area,
particle size distribution and average pore diameter were obtained through the Barrett-

Joyner-Halenda (BJH) method of the Brunauer Emmett-Teller.

3.6 Co-immobilization of enzyme

After characterization, the bead with the best characteristics was selected for co-

immobilization of cellulase and xylanase for further studies.

3.6.1 Determination of activities of free and enzyme co-immobilized on beads
prepared at different drying conditions

The enzymes were loaded in different categories on freeze-dried biochar-chitosan support

to determine the loading method for further studies as described by Shi et al. (2011);

Egwim et al. (2014); and Zawawi et al. (2020). The loading involved functionalization

of support by soaking in 25% glutaraldehyde and then incubated on orbital shaker (150

rpm) for 24 h to functionalize the biochar-chitosan bead. The functionalized beads were
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rinsed with distilled water to remove the excess glutaraldehyde before cross-linking the
biochar-chitosan bead with the enzymes. Crosslinking of enzymes to the functionalized
beads was done by soaking one gram of activated biochar-chitosan bead in 10 mL
xylanase (38.63 IU/mL) and 10 mL cellulase (15.61 1U/mL) solution in 50 mM citrate
buffer, pH 6.0, then it was incubated at 100 rpm and allowed to crosslink with the
functionalized beads for 3 h. The activity of each constituent enzyme was determined by
DNS method. Xylan was used as substrate for xylanase while carboxyl methyl cellulose
was used as substrate for cellulase. The activities for cellulase and xylanase were recorded
as micromole of reducing sugar released per milliliter of reaction volume per minute per
gram of biochar-chitosan bead (IU/mLg™). The categories of loading were:
1. Xylanase was added to 1 g functionalized biochar-chitosan bead for 1 h before
adding cellulase then, both were left to crosslink with the bead for 3 h
2. Cellulase was added to 1 g of functionalized biochar-chitosan bead for 1 h before
adding xylanase then, both were left to crosslink with the bead for 3 h
3. Both xylanase and cellulase were added at the same time to 1 g functionalized

biochar-chitosan bead and left to crosslink with the bead for 3 h
The category with the best total activity of loaded enzymes was selected for further study

3.6.2 Determination of total protein concentration, specific activity and
immobilization efficiency of the co-immobilized crude enzyme

The protein concentration, specific activity and immobilization efficiency of the co-

immobilized crude enzyme was determined as described by Bindu et al. (2018). The total

protein contents of the free and co-immobilized enzymes were also determined by

Bradford method at 595 nm to evaluate the specific activity of the enzyme. Bovine Serum

Albumin (BSA) was used as standard to determine the protein concentration. The amount

of bound enzyme was determined indirectly from the difference between the amount of
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total protein in enzyme introduced (AEI) and the amount of total protein in enzyme

remaining after immobilization (AER) (Egwim et al., 2014).

Total protein concentration = % x 100 (3.10)

AEI = total protein in enzyme introduced
AER = total protein in enzyme remaining after immobilization

The concentration of protein was calculated from the BSA standard curve (Appendix A)

Specific Enzyme activity, activity yield and immobilization yield were calculated for the
free and co-immobilized enzymes by the following equations (Bindu et al., 2018). Co-
immobilized enzyme with the highest immobilization efficiency for both cellulase and

xylanase was chosen for further study.

Specific activity =  Enzyme activity (3.11)
Total protein

Ioading efficiency _ Total amount of protein in immobilized enzyme _, 100 (3.12)

Total amount of proteinin free enzyme

ACtiVity yleld — activity' of immobilized enzyme % 100 (313)
activity of free enzyme
Immobilization efficiency = —Activity vield w10 (3.14)

loading ef ficiency

3.6.3  Effect of reaction temperature on the activity of free and co-immobilized
enzymes

The enzymatic activity was assayed for free enzymes and co-immobilized enzymes (CIE)

at the following reaction temperatures 20, 30, 40, 50, 60, 70, 80, and 90 degrees Celsius.

The optimum temperature obtained at this stage was used for subsequent test
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3.6.4 Effect of pH on the activity of free and co-immobilized enzymes

The optimal activities of free and co-immobilized enzymes were determined at a pH range
from 2 to 9 as described by Nguyen and Kim (2017), with some modifications. The
buffers used were Sodium acetate buffer, (pH 3.0-6.0); Phosphate buffer, (pH 6.0-7.0);
citrate phosphate (pH 8.0) and Carbonate buffer, (pH 9.0- 10.0). The optimum pH

obtained at this stage was used for subsequent test.

3.6.5 Effect of substrate concentration on the activity of free and co-immobilized

enzymes

The activities of free (Cellulase and xylanase) and co- immobilized cellulase and xylanase
(CIE) were determined at different substrate concentrations using agrowaste samples at
0.25%, 0.5%, 1.0%, 2.0%, and 3.0% (w/v) in 50 mM sodium citrate buffer at pH 6.0 as
described by Nguyen and Kim (2017). These were used to plot Michaelis-Menten and

Line-weaver Burk plot so as to determine Km and Vmax.

3.6.6 Determination of half-life for free enzyme and enzyme co-immobilized on
freeze-dried biochar-chitosan bead

The time it took for free and enzyme co-immobilized on freeze-dried biochar-chitosan

bead to lose 50% of their activities was determined by incubating the enzymes at optimum

temperature and pH without substrate for ten days. The residual activity was determined

by DNS method using carboxyl methyl cellulose as substrate. Samples taken at 24 h

interval was used to calculate the rate constant and half-life of free and co-immobilized

enzymes.

3.6.7 Re-usability test for co-immobilized enzymes

In order to determine the operational stability of enzymes co-immobilized on freeze-dried

support, it was reacted with agrowaste and reused repetitively for 10 times as described
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by Nguyen and Kim (2017). The operational stability was evaluated by the percentage
of residual enzyme activity from each cycle. The enzyme activity in the first cycle for the

immobilized enzyme was taken as the control and correspond to 100% activity.

3.6.8 Determination of thermal stability of free and co-immobilized enzymes

The free (Cellulase and xylanase) and co-immobilized enzymes were incubated at varying
temperatures between 40 °C and 90 °C for 3 h without substrate to determine the thermal
stability as described by Weng et al. (2022). Samples were taken at 30 min interval to
determine the residual enzyme activity by DNS method using carboxyl methyl cellulose
as substrate.

Activation and Deactivation energy of free and co-immobilized enzymes was also
determined from Arrhenius plot (Appendix I). Likewise, the half-life of the free and co-

immobilized enzymes was determined for each Temperature.

3.6.9 Determination of storage stability of free and co-immobilized enzymes

The stability of the free (Cellulase and xylanase) and co-immobilized enzymes (CIE)
were analyzed when stored at 25 °C and 4 °C as described by as described by Weng et al.
(2022). The enzymes were incubated in 50 mM sodium citrate buffer at room temperature
(25 °C) for 10 ten days and refrigerator (4 °C) for 45 days. The activity of each enzyme
was measured at intervals of 24 h. Furthermore, the half-life of enzymes was also

determined when stored at 25 °C and 4 °C.

3.7 Enzymatic hydrolysis of agrowaste using free and co-immobilized enzymes
Enzymatic hydrolysis of pre-treated and unpre-treated agrowaste samples were carried
out in 250 mL Erlenmeyer flasks at 55 °C shaken at 150 rpm. Six grams of the agrowaste
biomass was soaked in 100 mL of 50 mM sodium citrate buffer (pH 6.0) so as to maintain

a pH of 6 (Gunam et al., 2020). Cellulase was added at an enzyme loading of 13.63 1U/g
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dry biomass, while xylanase was added to biomass in 50 mM acetate buffer (pH 5.0) at
an enzyme loading of 27.61 IU/g dry biomass. Also, 1g/g dry biomass of co-immobilized
enzyme (CIE) containing 9.5 IU/mL of cellulase and 19.3 1U/ mL of xylanase was used
for the hydrolysis. In order to prevent microbial growth during the reaction, Sodium azide
(0.02% (w/v)) was added to the mixture. The hydrolysis reaction was done for 96 h during
which the samples were taken at 24 h intervals. The hydrolysate was boiled for 5 min at
100 °C to deactivate the enzymes, after which the sample was centrifuged so as to
determine the reducing sugar content using DNS method. The experiments were repeated
twice (duplicate) and the average reducing sugar value was reported as mg of equivalent

glucose units per mL of hydrolysate (indicated as mg/mL).

3.8 Immobilization of Fungi

The immobilization of the fungi was made by encapsulation in biochar-chitosan beads as
described by Sierra Solache et al. (2016), and Hutchinson et al. (2020), with some
modifications. Briefly, 2.4 mL of biomass suspension (ODsoo = 2) of fungi was added to
the mixture of 30 mL solution of porous biochar (2% w/v) and Chitosan (2% wi/v) which
were dissolved in an aqueous solution of acetic acid (1 v/v%) and then mixed thoroughly
for 30 min. The biomass suspension was in three categories: yeast only, mucor only, and
equal volume of yeast and mucor. A 10 mL syringe was used to drop the mixture into a
coagulating medium (A mixture of 10% CaCl2and 1 N sodium hydroxide in 26 v/v%
ethanol) and left for 30 min. After encapsulation, the biochar-chitosan beads which
contained fungi biomass was then thoroughly washed with sterile distilled water to attain
pH of 7 which was later preserved in saline (0.9% NaCl solution) at 4 °C until needed for

further analysis.
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3.9  Production of Bioethanol
3.9.1 Experimental design for simultaneous saccharification and co-fermentation
(SScF)

The SScF experiments were performed in 750 mL glass flasks with air-tight lid. The
medium used for fermentation contained the same content as used for inoculum
preparation except glucose that was swapped for 6% (w/v) of pre-treated sugarcane
bagasse or plantain pseudostem biomass as carbon source. Therefore, the fermentation,
medium consisted of: Yeast extract (10 g/L); Peptone (20 g/L) and pre-treated agrowaste
(60 g/L). The medium was maintained at pH 5 throughout the experiment. Six percent
free enzyme and ten percent (v/v) fungi inoculum was introduced to the medium after
sterilization to commence the SScF. However, one gram of loaded bead per gram of dry
agrowaste sample was used in the case of co-immobilized enzyme, immobilized yeast;
immobilized mucor and co- immobilized yeast and mucor. Initially, pre-hydrolysis was
performed at 50 °C, using the enzyme loading earlier reported ( Section 3.6.1), before the
fermentation organisms were introduced (Adeniyi et al., 2022 ). Then, the reaction
mixture was incubated for 24 h in aerobic conditions, which is favorable for the growth
of yeast cells and this was done by shaking the bioreactor on orbital shaker at 30 °C. After
this process, anaerobic conditions were provided to the reaction media for the production
of ethanol in static condition at room temperature for additional 72 h as described by

Bhuyar et al. (2020).

The set up for the simultaneous saccharification and fermentation is as shown in Table

3.5. while the pictures for fermentation set-up are shown in Plates 6 and 7 (Appendix E).
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Table 3.5: Constituents of Each Reaction Vessel for Bioethanol Production

Bioreactor SScF medium

1 Free enzyme plus free yeast

2 Free enzyme plus free mucor

3 Co-immobilized enzymes plus free yeast

4 Co-immobilized enzymes plus free
mucor

5 Co-immobilized enzymes plus
immobilized yeast

6 Co-immobilized enzymes plus
immobilized mucor

7 Co-immobilized enzymes plus co-

immobilized yeast and mucor

The category with the best ethanol production was chosen for further studies.

3.9.2 Re-usability test for co-immobilized fungi and mucor

After the completion of the first fermentation cycle, biochar-chitosan beads were
separated from the fermentation flasks using a sterile strainer and rinsed with distilled
water. Subsequently, the biochar-chitosan beads were inoculated into flask containing
fresh media and substrate and the SScF was repeated until the ethanol yield was below

50% of the initial yield and the number of cycles was noted.

3.10 Distillation of Fermented Broth

Distillation of the fermented broth was done in the laboratory by using distillation
apparatus as described by Oyeleke and Jibrin (2009). After the fermentation process, the
sample mixture was filtered to remove the solid biomass debris from the fermented
mixture. The mixture was then distilled at a temperature of 78 °C which was the boiling

point of ethanol. Then the ethanol was collected as the distillate.

3.11  Estimation of Ethanol Concentration

The concentration of distillate collected was measured in percentage ethanol content by
dichromate method. Furthermore, the ethanol concentration was also determined in gram
per litre (g/L) as described by Oyeleke and Jibrin (2009) by using a measuring cylinder
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to measure the volume of the distillate and then multiplied the value by 0.8033 g/mL,

which is the density of ethanol, to give the value of ethanol concentration in g/L.

3.12  Ethanol Characterization

The components of the bioethanol produced was profiled by GC-MS at Central
Instrumentation Research Facility, Covenant University, Ota-Canaan land, Nigeria. An
Agilent 6890 N model gas chromatography system which was coupled to an Agilent 5973
N model mass spectrometer containing an electron impact ion source was used for the

analysis. Operating parameter and conditions for GC-MS analysis are shown in Table 3.6

Table 3.6: Operating Parameter and Conditions for GC-MS Analysis

Parameters Operating Conditions
temperature T1 [time] 35 °C [10 min]
temperature ramp 1 10 °C min™!

[T1 -T2 [35-100 °C]
temperature ramp 2 20 °C min™!

[T2 — T3] [100—225 °C]
temperature T2 [time] 225 °C [10 min]
injector temperature 250 °C

Split 1:10

detector temperature 250 °C

carrier (helium) gas flow rate 1.3 mL min!

Model J&W DB-624 (Agilent)
stationary phase 6% cyanopropyl-phenyl—94%

dimethylpolysiloxane cross-linked

3.13 Cost Estimation for the Production of 1.5 L of Bioethanol

The production cost of ethanol depends on several factors such as the cost of raw
materials, labour, energy, and capital. The cost of production can be calculated by adding
up all the costs involved in producing ethanol such as production cost, maintenance cost,
labour cost, administrative cost and capital cost. Production costs, include both variable

(feedstock and plant operation) while capital expenses involve fixed capital and working
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capital. In the present study, the production process took about 12 days from collection
of samples to obtaining the products as shown in Figure 3.4. For each of the box in the
process flowchart, someone will be manning the operation in a large-scale production.
The costs were estimated approximations of the values of the items while assumptions
were made for the other items such as maintenance because they were either not bought
or the items were not applicable for the present production. However, the contribution (in

percentage) to the overall cost by each of the process was analyzed by Tao et al. (2014).
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Figure 3.4: Flowchart for the Production of 1.5 L of Cellulosic Bioethanol

Although, the media components used for the present production were laboratory grade,
the media component costs were calculated through the market prices and estimated in

accordance to the amount used in the required volume.

Sixty gram of beads was used to co-immobilize enzyme and 30 g of biochar-chitosan
beads containing encapsulated co-immobilized S. cerevisiae and M. indicus were added
to 60 g of pretreated biomass in 1000 mL of YPD broth for simultaneous saccharification

and co-fermentation to produce 1.5 L of bioethanol. This entails:
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i. 10mL each of enzyme (cellulase: 9.5 IU/mL; and xylanase: 19.3 U/ mL) loaded
on 1 g of biochar-chitosan bead.
ii. Sixty grams of loaded beads were added to 60 g of pretreated biomass in 1000mL
of YPD broth for SSCF to yield 150 mL of 81% bioethanol.
e Cost of bead production of biochar chitosan beads
Chitosan (2g) = ~ 1000
Biochar (2 g) =~ 300
Coagulating medium =~ ¥ 200
e Cost of mineral salts used to produce 1 L of enzyme ~ ¥ 500

e Cost of yeast extract and peptone water per 1 L of fermentation medium = ¥ 300

Immobilized moieties were used ten times in fresh fermentation medium, therefore cost

of yeast and peptone water for ten times fermentation equals ¥ 3000.

3.14  Statistical Analysis

Analysis was conducted in duplicate. Values were analyzed using excel version 21, R
software statistical package and Statistical Package for Social Science (SPSS) version 21
(IBM SPSS Incorporation, Chicago, USA). Results were presented as means + SE of the
mean. Comparison of data was done using One Way Analysis of Variance (ANOVA) and

Duncan Multiple Range Test (DMRT). Data were considered significant at P < 0.05.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1 Results

4.1.1 Composition of dried native (unpre-treated) agrowaste

The composition of dried raw unpre-treated agrowaste samples used for this research is
shown in Table 4.1. Sugarcane bagasse was shown to have the highest concentration
(percentage) of cellulose which was 48%, while plantain pseudostem biomass was shown
to have the lowest concentration (percentage) of cellulose which was 35%.
Hemicellulose content is highest in corncob biomass (35%) and lowest in sugarcane
bagasse (24%). However, plantain pseudostem biomass contained the lowest percentage

of lignin while sugarcane bagasse contained the highest percentage of lignin

Table 4.1: Cellulose, Hemicellulose and Lignin Content of Dried Unpre-treated

Agrowaste
Agrowaste Cellulose Hemicellulose Lignin
Content (%0) Content (%) Content (%)
Plantain pseudostem 35 30 11.49
Sugarcane bagasse 48 24 21.5
corncob biomass 42 35 19.3
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4.1.2 Solid yield and composition of microwave-alkaline pre-treated agrowastes
The composition by weight and the total lignin content in the solid yield of agrowastes
after microwave-alkaline pre-treatment are shown in Table 4.2 (a-c) for plantain
pseudostem biomass, sugarcane bagasse and corncob biomass at different process
conditions generated by design expert software. The tables show variation in sizes of the
solid yield obtained at various process conditions. The reduction in sizes for all the
agrowastes has a direct relationship with the percentage of total lignin content remaining
after the biomass has undergone pre-treatment. For instance. In the case of plantain
pseudostem biomass (Table 4.2a), the lowest solid biomass yield (1.85 g) which also
corresponds to the lowest total lignin content (2.69%) was observed at run 15 while the
highest solid biomass yield (3.64 g) was obtained when the highest percentage of total
lignin (7.58%) after pre-treatment was retained at run 10. Likewise, in Table 4.2b, the
lowest biomass yield (1.96 g) as well as lowest percentage of lignin (4.90%) remaining
after the pre-treatment of sugarcane bagasse was at run 14, whereas, the highest solid
biomass yield (4.16 g) as well as the highest percentage of total lignin retained (12.64%)
after the pre-treatment of sugarcane bagasse was observed at run 7. Same trend can also
be observed in the biomass yield and lignin retained after the pre-treatment of corncob
biomass as shown in Table 4.2c. The lowest biomass yield (2.73 g) and lowest lignin
retained (6.58%) was observed at run 15 while the highest biomass yields (4.14 g) and

highest lignin remaining (14.30%) was observed at run 10
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Table 4.2a: Effect of Microwave-alkaline Pre-treatment on the Weight and
Percentage of Lignin in Plantain Pseudostem Biomass

Weight (g)
Treatment oefore Weight (g) after % total

Run conditions delignification delignification Lignin retained

Unpre-treated 5.00 5.00 11.49
1 2%/70 W/5 min  5.00 3.49 5.33
2 1%/385 W/5 min  5.00 3.03 4.66
3 1%/700 W/3 min  5.00 2.69 3.56
4 3%/70 W/3 min  5.00 3.30 4.49
5 2%/385 W/3 min  5.00 2.63 4.69
6 2%/385 W/3 min  5.00 2.66 4.69
7 2%/70 W/1 min  5.00 3.16 6.78
8 3%/700 W/3 min  5.00 2.13 4.23
9 2%/700 W/1 min 5.00 3.04 4.66
10 1%/70 W/3 min  5.00 3.64 7.58
11 2%/385 W/3 min  5.00 2.61 4.25
12 2%/385 W/1 min 5.00 2.87 4.88
13 2%/385 W/3 min  5.00 3.51 4.71
14 2%/700 W/5 min  5.00 2.62 3.17
15 3%/385 W/5 min  5.00 1.85 2.69
16 1%/385 W/1 min 5.00 3.00 6.52
17 2%/385 W/3 min  5.00 2.62 4.69
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Table 4.2b: Effect of Microwave-alkaline Pre-treatment on the Weight and

Percentage of Lignin in Sugarcane Bagasse

Weight (g)

Treatment before Weight (g) after % total Lignin
Run conditions delignification  delignification retained

Unpre-treated 5.00 5.00 21.50
1 2%/70 W/5 min 5.00 3.40 8.88
2 1%/385 W/5 min  5.00 3.15 7.07
3 1%/700 W/3 min  5.00 3.23 6.84
4 3%/70 W/3 min 5.00 3.24 9.74
5 2%/385 W/3 min  5.00 2.00 8.56
6 2%/385 W/3min  5.00 2.85 9.70
7 2%/70 W/1 min 5.00 4.16 12.64
8 3%/700 W/3 min ~ 5.00 2.91 6.21
9 2%/700 W/1 min  5.00 3.51 9.01
10 1%/70 W/3 min 5.00 3.85 11.35
11 2%/70 W/5 min 5.00 3.49 8.99
12 2%/385 W/1 min  5.00 3.81 10.69
13 2%/385 W/3 min  5.00 3.53 9.44
14 2%/700 W/5 min  5.00 1.96 4.90
15 3%/385 W/5 min ~ 5.00 2.82 6.04
16 1%/385 W/1 min  5.00 3.81 11.31
17 2%/385 W/3min  5.00 2.72 8.56

Table 4.2c: Effect of Microwave-alkaline Pre-treatment on the Weight and
Percentage of Lignin in Corncob Biomass

Weight (g)

Treatment before Weight (g) after %o total Lignin
Run  conditions delignification  delignification  Retained

Unpre-treated 5.00 5.00 19.30
1 2%/70 W/5 min  5.00 3.92 9.11
2 1%/385 W/5 min  5.00 3.84 10.36
3 1%/700 W/3 min  5.00 3.84 8.61
4 3%/70 W/3 min  5.00 3.93 7.66
5 2%/385 W/3 min  5.00 3.42 9.61
6 2%/385 W/3 min  5.00 3.92 9.48
7 2%/70 W/L min  5.00 3.69 13.07
8 3%/700 W/3 min  5.00 3.13 8.97
9 2%/700 W/1 min  5.00 3.71 10.52
10 1%/70 W/3 min  5.00 4.14 14.30
11 2%/70 W/5 min  5.00 3.63 9.92
12 2%/385 W/1 min 5.00 3.40 10.79
13 2%/385 W/3 min  5.00 3.11 10.48
14 2%/700 W/5 min  5.00 2.97 7.78
15 3%/385 W/5 min  5.00 2.73 6.58
16 1%/385 W/1 min  5.00 3.71 12.08
17 2%/385 W/3 min  5.00 3.23 9.65
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4.1.3 Process variables and responses for microwave-alkaline pre-treatment of
Agrowaste

The variable factors and the corresponding responses (percentages lignin removed,
cellulose and hemicellulose retained) after microwave-alkaline pre-treatment of plantain
pseudostem biomass, sugarcane bagasse, and corncob biomass are shown in Table 4.3
(a-c) respectively. After the pre-treatment of plantain pseudostem biomass (Table 4.3a)
at different process conditions, the highest percentage of lignin (76.58%) was removed at
run 15, the highest cellulose (65.70%) was retained at run 8 while the highest
hemicellulose (25.54%) was retained at run 7. Also, as shown in Table 4.3b, for
sugarcane bagasse, the highest percentage of lignin (77.2%) was removed at run 14, the
highest cellulose (75.0%) was retained at run 4 while the highest hemicellulose (22.0%)
was retained at run 1 and run 10. Likewise, Table 4.3c shows that after the exposure of
corncob biomass to pre-treatment conditions, the highest percentage of lignin (65.9%)
was removed at run 15, the highest cellulose (65.0%) was retained still at run 15 while

the highest hemicellulose (34.0%) was retained at run 9 and run 16.
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Table 4.3a: Process Variables and Responses for Microwave-alkaline Pre-treatment
of Plantain Pseudostem Biomass

Factor 1 Factor  Factor 3 Response Response 2 Response

2 1 3
Run A:NaOH B:Power C:Reaction Lignin Cellulose Hemicellulose
Conc Time removed retained retained
% Watts Min % % %
1 2 70 5 53.61 61.00 21.00
2 1 385 5 59.43 63.00 16.00
3 1 700 3 69.00 55.00 21.00
4 3 70 3 60.91 60.00 25.00
5 2 385 3 59.21 62.00 18.00
6 2 385 3 59.21 61.45 17.00
7 2 70 1 41.00 60.00 25.54
8 3 700 3 63.21 65.70 13.40
9 2 700 1 59.46 59.00 20.00
10 1 70 3 34.00 62.65 21.00
11 2 385 3 63.00 59.90 19.00
12 3 385 1 57.53 65.00 20.00
13 2 385 3 59.00 60.00 17.60
14 2 700 5 7241 61.00 16.00
15 3 385 5 76.58 59.00 18.00
16 1 385 1 43.28 53.00 23.00
17 2 385 3 59.21 60.00 20.00
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Table 4.3b: Process Variables and Responses for Microwave-alkaline Pre-treatment
of Sugarcane Bagasse

Factor1  Factor2 Factor Responsel Response2 Response 3

3

Run A:NaOH B:Power C:Time Lignin Cellulose Hemicellulose

Conc removed retained retained

% Watts Mins % % %
1 2 70 5 58.7 60 22
2 1 385 5 67.1 61 21
3 1 700 3 68.2 70 18
4 3 70 3 54.7 75 20
5 2 385 3 60.2 65 19
6 2 385 3 54.9 64 19
7 2 70 1 41.2 63 21
8 3 700 3 71.1 57 15
9 2 700 1 58.1 62 14
10 1 70 3 47.2 52 22
11 2 385 3 58.2 63 20
12 3 385 1 50.3 63 15
13 2 385 3 56.1 63 19
14 2 700 5 77.2 70 19
15 3 385 5 71.9 69 21
16 1 385 1 47.4 63 21
17 2 385 3 60.2 65 19
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Table 4.3c: Process Variables and Responses for Microwave-alkaline Pre-treatment
of Corncob

Factorl Factor2 Factor3 Responsel Response?2  Response 3

Run A:Conc. B:Power C:Time Lignin Cellulose Hemicellulose
NaOH removed retained retained
% Watts Min % % %

1 2 70 5 52.8 60 18

2 1 385 5 46.3 52 23

3 1 700 3 554 47 31

4 3 70 3 60.3 60 20

5 2 385 3 50.2 52 26

6 2 385 3 50.9 53 28

7 2 70 1 32.3 56 28

8 3 700 3 53.5 53 27

9 2 700 1 455 47 34

10 1 70 3 25.9 54 25

11 2 385 3 48.6 53 23

12 3 385 1 44.1 54 28

13 2 385 3 45.7 55 25

14 2 700 5 59.7 56 22

15 3 385 5 65.9 65 20

16 1 385 1 37.4 50 34

17 2 385 3 50.0 52 26
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4.1.4 Optimal parameters for microwave-alkaline pre-treatment of agrowaste

The different criteria for the variable combinations and their responses are shown in Table
4.4 (a-c) for plantain pseudostem biomass, sugarcane bagasse and corncob biomass
respectively. The run which used lowest power and lowest sodium hydroxide
concentration to generate maximum percentages of cellulose and hemicellulose content
while still removing optimal percentage of lignin were chosen for further studies. On this
note, row 2 were selected for plantain pseudostem biomass (Table 4.4a) and sugarcane

bagasse (Table 4.4b), while row 4 was selected for corncob biomass (Table 4.4c).

Table 4.4a: Some Criteria Considered for Process Optimization of
Microwave-alkaline Pre-treatment of Plantain Pseudostem Biomass

S FACTORS RESPONSES
/ NaOH Power Time

N

0 criteriavalue Criteriavalue criteriavalue  Delignin cellulose H/cellulose
1 range 25  Mini 70 range 195 50 51 35

2 Mini 197 Mini 70 range 5 56 62 30

3 range 2.35 Mini 70 Max 5 62 60 22

4 Max 252 Mini 70 Max 499 55 49 32

5 range 3 Mini 70 Max 5 61 46 33

6 range 3 Mini 829 range 197 49 51 34.5

7 range 1 Range 700 Max 5 66 49 27

Table 4.4b: Some Criteria Considered for Process Optimization of
Microwave-alkaline Pre-treatment of Sugarcane Bagasse Biomass

S FACTORS RESPONSES

/ NaOH Power Time

N

0 criteriavalue Criteria value criteria value Delignin cellulose H/cellulose
1 range 1 Range 699 range 5 76 74 20

2 range 3 Mini 73 range 5 63 74 22

3 mini 2.3 Range 700 range 5 76 74 20

4 range 3 Mini 9% Max 5 63 74 22

5 Mini 1 Range 254 range 5 63 55 20
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Table 4.4c: Some Criteria Considered for Process Optimization of Microwave-
alkaline Pre-treatment of Corncob Biomass

S FACTORS RESPONSES

/ NaOH Power Time

N

0 criteriavalue Criteria value criteria value Delignin cellulose H/cellulose
1 range 3 Mini 74 range 1.9 52 58 23

2 Max 3 Max 700 range 4.8 61 61 22

3 Mini 265 Mini 176.2 range 2.8 44 56 24

4 range 2.8  Mini 86 Max 44 66 64 18

5 mini 1 Range 700 range 5 59 49 24
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4.1.5 Three-dimensional response surface plots for percentage delignification,
cellulose and hemicellulose content of microwave-alkaline pre-treated
plantain pseudostem biomass

The visual three-dimensional representation of interactive effects of the variable factors

generated by design expert software is shown in Figures 4.1 (a-c) for microwave-alkaline

pre-treated plantain pseudostem biomass. The colour displayed shows the values for the
responses in the design space by the interactive effects of two factors when one factor is
kept constant. The colour ranges from blue which was the lowest value of responses to
red which was the highest value of responses observed in the design space At microwave-
alkaline pretreatment of plantain pseudostem, the minimum percentage of lignin removed
was 34% while the maximum percentage of lignin removed was 76.58%; the minimum
percentage of cellulose retained was 53% while the maximum percentage of cellulose

retained was 65.7%; also the minimum percentage of hemicellulose retained was 13.4%

while the maximum percentage of hemicellulose retained was 25.54%;
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Figure 4.1a: Three-Dimensional Response Surface Plots of Plantain Pseudostem
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(b)constant power (c) constant NaOH concentration.
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4.1.6 Three-dimensional response surface plots for percentage delignification,
cellulose and hemicellulose content of microwave-alkaline pre-treated
sugarcane bagasse

The visual three-dimensional representation of interactive effects of the variable factors

generated by design expert software is shown in Figures 4.2 (a-c) for microwave-alkaline

pre-treated sugarcane bagasse. The colour displayed shows the values for the responses
in the design space by the interactive effects of two factors when one factor is kept
constant. The colour ranges from blue which was the lowest value of responses to red
which was th e highest value of responses observed in the design space At microwave-
alkaline pretreatment of plantain pseudostem, the minimum percentage of lignin removed
was 25.9% while the maximum percentage of lignin removed was 65.9%; the minimum
percentage of cellulose retained was 47% while the maximum percentage of cellulose

retained was 65%; also the minimum percentage of hemicellulose retained was 18%

while the maximum percentage of hemicellulose retained was 34%;
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Figure 4.2a: Three-Dimensional Response Surface Plots of Sugarcane Bagasse for:
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(c) constant NaOH concentration.
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power (c) constant NaOH concentration.
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4.1.7:  Three-dimensional response surface plots for percentage delignification,
cellulose and hemicellulose content of microwave-alkaline pre-treated
corncob biomass

The visual three-dimensional representation of interactive effects of the variable factors

generated by design expert software is shown in Figures 4.3 (a-c) for microwave-alkaline

pre-treated corncob biomass The colour displayed shows the values for the responses in
the design space by the interactive effects of two factors when one factor is kept constant.

The colour ranges from blue which was the lowest value of responses to red which was

the highest value of responses observed in the design space At microwave-alkaline

pretreatment of plantain pseudostem, the minimum percentage of lignin removed was

34% while the maximum percentage of lignin removed was 76.58%; the minimum

percentage of cellulose retained was 52% while the maximum percentage of cellulose

retained was 75%; also the minimum percentage of hemicellulose retained was 14.4%

while the maximum percentage of hemicellulose retained was 22%;
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Figure 4.3a: Three-Dimensional Response Surface Plots of Corncob Biomass for:
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4.1.8 X-Ray Diffraction Pattern of the untreated and treated agrowastes

X-ray Diffraction of both untreated and treated agrowastes are shown in Figure 4.4 - 4.6
for plantain pseudostem biomass, sugarcane bagasse and corncob biomass respectively.
The Bragg angles of 16°, 22°and 35° are characteristics of crystalline region which are
located on the lattice plane of [D1], [11] and [002] respectively. The diffraction peak

intensities for the samples in the present study were more distinct at 20 = 16.87°, 22.5°
and 35.2° for both treated and untreated plantain pseudostem biomass (Figure 4.4), while
the peak intensities were more distinct at 20 = 16.25°, 22.22° and 34.9° for both treated
and untreated sugarcane bagasse (Figure 4.5). Also, the diffraction peak intensities of
treated and untreated corncob biomass (Figure 4.6) were more distinct at 20 = 16.02°,
21.85° and 35.54°. However, the pre-treated samples had a higher intensity at these

regions.
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Figure 4.4: X-Ray Diffraction Pattern of the untreated (UP) and pre-treated plantain (PP)
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Figure 4.5: X-Ray Diffraction Pattern of the Untreated (US) and Pre-treated
Sugarcane Bagasse (PS)
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Figure 4.6: X-Ray Diffraction Pattern of the Untreated (UC) and Pre-treated
Corncob Biomass (PC)
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4.1.9 Infrared Spectra of the untreated and treated agrowaste samples

Infrared spectrum was observed in the range of 500 cm™' — 4000 cm™' to determine the
functional groups present in pre-treated and untreated agrowaste samples as shown in
Figures 4.7, 4.8, and 4.9 for plantain pseudostem biomass, sugarcane bagasse and corncob
biomass respectively. The spectra wavelength in Figures 4.7, shows that the unpre-
treated plantain pseudostem had a wider range of values from 711.5 to 3954.2 cm™! while
the pre-treated plantain pseudostem biomass indicated a shorter range of values from
1571 and 3954.2 cm™! also, in Figures 4.8, the spectra wavelength of the untreated
sugarcane bagasse showed wider range from 626.2 to 3980 cm™' while the treated
sugarcane bagasse had shorter range of wavelength between 1119.5 and 3980 cm™!,
likewise, in Figures 4.9, the spectra wavelength of the unpre-treated corncob biomass
showed wider range from 626.2 to 3998.2 cm™! while the pre-treated corncob biomass
had shorter range of wavelength between 994.5 and 3998.2 cm™!. Also, a higher

absorbance intensity was observed in the spectra of the pre-treated agrowastes than the

untreated samples.
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Figure 4.7: Infrared Spectra of the Untreated and Treated Plantain Pseudostem
Biomass
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Figure 4.9: Infrared Spectra of the Untreated and Treated Corncob Biomass
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4.1.10: Scanning Electron Microscopy of pre-treated and untreated agrowastes

The SEM images of both treated and untreated plantain pseudostem biomass, sugarcane
bagasse and corncob biomass, are presented in Plate 4.1- 4.3 respectively. Microwave-
alkaline pre-treatment of corncob, plantain pseudostem biomass and sugarcane bagasse
resulted into a porous and smoother surface apparently eliminating the rough external
surface. The structure becomes loose and less compact when compared to the untreated

samples.
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Plate 4.1: Scanning Electron Micrograph of Plantain Pseudostem Biomass for
(a) unpre-treated sample at magnification of 10 um; (b) pre-treated
sample at Magnification of 10 um; (c) unpre-treated sample at
Magnification of 200 um; (d) pre-treated sample at Magnification of 200
pm.
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Plate 4.2:

Scanning Electron Micrograph of Sugarcane Bagasse for

(a) unpre-treated sample at magnification of 10 um; (b) pre-treated

sample at Magnification of 10 um; (c) unpre-treated sample at

Magnification of 200 um; (d) pre-treated sample at Magnification of

200pum.
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Plate 4.3: Scanning Electron Micrograph of Corncob Biomass for (a) unpre-
Treated sample at magnification of 10 um; (b) pre-treated sample at
Magnification of 10 um; (c) unpre-treated sample at Magnification of
200 pum; (d) pre-treated sample at Magnification of 200 um.

116



4.1.11 Organisms and substrate for enzyme production and fermentation process
Organisms isolated from different soil sources for the production of enzymes and
fermentation process are shown in Table 4.5. The macroscopic and microscopic features

are also highlighted led to the suggested names for the organisms
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Table 4.5: Macroscopic and Microscopic Features of Microorganisms Isolated for
Enzyme Production

S/ Isolat Sample Macroscopic Microscopic Suggested
N ecode site Features on SDA  Features organisms
1 CC1 corncob  Produce a flat, Grape- Trycophyton sp
dump cottony colony like clusters
proceding of round microco
from a central nidia,
button spiral hyphae in
some culture
2 PS2 plantain  Develops whitish ~ Tear-shaped Trycophyton sp
stem black flat velvety  microconidia
dump growth.
3 RH3  plantain  Whitish Fissured  Clusters of mi- Trycophy-ton sp
stem button-like centre  croconidia
dump velvety growth cigar shaped ma-
croconidia
4 SB4  sugarcan  Produces white Hyphal swelling, Trycophy-ton sp
e waste soft Fast growing chlamydospores,
dumpsite cottony growth favic chandelier
5 RD5  refuse Growth is initially the conidial Aspergill-us sp
dump white but they heads are
change to black radiate with coni
after a few days. diogenos
cells biseriate. C
onidia brown
6 RH6  plantain  Produces a cottony Distorted Trycophy-ton sp
stem growth, brown hyphae,
dump centre with white conidiarare
periphery
7 RH7  plantain  Fast growing, Non septate glob  Mucor sp
stem white cottony ular sporangia
dump growth which
turns brownish
after 5 days
8 SW8 sewage  Growth is initially the conidial ~ Aspergill-
sludge white but they heads radiate us sp
change to black with conidiogeno

after a few days
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S/IN Isolate Sample site  Macroscopic Microscopic  Suggested
code Features on SDA Features organisms
9 RD9 refuse dump  Produces white soft The conidial ~ Aspergillus
velvety colonies that heads sp
turn  yellowish-green radiate with
after 4 days conidiogenous
cells biseriate.
Conidia
brown
10 FBL sewage produces white soft Dark conidia  Aspergillus
sludge fluffy colonies that turn  heads with sp
yellowish-green after 4 septate
days hyphae
11 PS11 plantain growth is initially white  The conidial ~ Aspergillus
stem dump but they change to heads are sp
black after a few days. radiate with
The edges of the conidiogenous
colonies appear pale cells biseriate.
yellow. Conidia
brown
12 CC12 corncobdump Velvet, short fluffy Distorted Trycophyton
centre. Centre has hyphae, sp
intertwining fold with  conidiarare

brownish
finely fringed

periphery
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Table 4.6: Macroscopic and Microscopic Features of Microorganisms Isolated for
Fermentation Process

S/IN Sample  Samplesite  Macroscopic Microscopic Suggested

code Features on SDA Features organisms

1 PW1 Palm wine Confluent colonies, with Ovoid and spherical
shine surface and light cells, with no Yeast
yellow, sticky forming filaments.
consistency. Unipolar bud.

Singular and
grouped cells.

2 PW2 Palm wine Glossy colonies with Ovoid cells with
cream-white colour with filamentous Yeast
full edge and convex elements. Linear
profile, sticky consistency and branched

filaments.

3 PW3 Palm wine White and non-shiny Oval cells with
colonies, adherent to the various sizes. Yeast
medium, sticky Isolated or grouped
consistency in small clusters.

4 PP Fermented Oval knob-like cream Oval cells without

food:; consistent surface. filaments. Unipolar Yeast
bud. Isolated or
grouped in small
clusters
S T Termite hill  Whitish Colonies grow
soil rapidly to fill the plate Stolons and Rhizopus
with  peripheral ~ part pigmented rhiziods
growth sticky to the
surface and turned
yellowish brown within 4
days
6 PP1 Fermented Fast growing, brown
food cottony growth which Non septate Mucor
turns wavy as it matures globular sporangia
after 5 days
7 RB3 Rice bran Fast growing, white
dump site cottony growth which Non septate Mucor
turns blackish after 5 days globular sporangia
8 RB2 Rice bran Fast growing, white Non septate Mucor
dump site cottony growth which globular sporangia
turns blackish and wavy
after 5 days

9 RB6 Rice bran Fast growing, white Non septate  Mucor

dump site cottony growth. globular sporangia

120



4.1.12: The hydrolytic zone of clearance observed on agar plates prepared with

different agrowaste substrates
The hydrolytic zone of clearance observed on agar plates prepared with different
agrowaste substrates (corncob biomass (CC), sugarcane bagasse (SB) and plantain
pseudostem biomass (PS)) as well as carboxyl methyl cellulose (CMC) and xylan is
shown in Plate 4.4. Congo red dye combine with polysaccharides to form orange colour
Hydrolytic enzymes produced by organisms converts polysaccharides to
monosaccharides which cannot combine with Congo red dye. Therefore, a zone of
clearance is formed. The more the cleared area the better the potential of the organisms
to produce hydrolytic enzyme. The diameter of the zone of clearance is shown in Table
4.7. Organisms RD5 and FBL had the best hydrolytic zone of clearance on plantain

pseudostem agar plate and sugarcane bagasse agar plate respectively
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(16) 17) (18) (19 (20)
Plate 4.4: Hydrolytic zone of Clearance of Organisms on Agar Plate Prepared with
Different Substrate after Staining with Congo Red.
1-5 : Hydrolytic zone of Clearance of RD9: isolate from refuse dump site;
6—10: Hydrolytic zone of Clearance of FBL isolate from sewage slugde;
11-15: Hydrolytic zone of Clearance of SW8 isolate from sewage slugde;
16—20: Hydrolytic zone of Clearance of RD5 isolate from refuse dump site.

CC: corncob; SB: sugarcane bagasse; PS: plantain pseudostem biomass; CMC:
carboxyl methyl cellulose; XY: xylan.
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Table 4.7: Dimensions of Hydrolytic Zones formed by Four Organisms Cultivated
on Different Substrates in Congo Red Agar Plate

Substrate

Xylan

Carboxyl Methyl
Cellulose

Corncob
biomass

Plantain
pseudostem
biomass

Sugarcane
bagasse

Dimensions (millimeters) of hydrolytic zones

Organisms
SW8 FBL RD9 RD5
3.5 2.5 1.6 3.1
0.9 15 0.9 15
1.4 1.0 0.6 1.2
1.0 11 0.6 2.5
2.5 2.7 0.7 2.3
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4.1.13: Activity of cellulase produced by different microorganism isolated from soil
using three agrowaste as carbon source

The quantity of cellulase produced by each organism for five days is shown in Table 4.8.
In comparing the highest enzyme activity for each of the carbon sources, when sugarcane
bagasse (SB) was used as carbon source, cellulase with the highest activity (15.35+0.48)
was produced by FBL on the 2" day. This was followed by the activity (8.08+0.13) of
the cellulase produced by RD9 when plantain pseudostem (PS) was used as carbon source
on the 2" day, and then followed by the activity (6.95+0.0.08) of the enzyme produced
by FBL when standard commercial substrate (CMC) was used as carbon source on the 5"
day, while enzyme with lowest activity (5.53+0.04) was produced on the 4™ day by SW8
when corncob biomass was used as carbon source.

Table 4.8: Activity of Cellulase Produced by Different Microorganisms Isolated

from Soil Using Three Agrowastes as Carbon Sources

Carbon Cellulase Activities (I1U/mL)
Sources Organisms DAY 1 DAY 2 DAY3 DAY4 DAY 5
RD9 2.58+0.11 3.81+0.12 3.75#0.01 3.86+0.13 3.21+0.12
Carboxyl FBL 2.86+0.02 4.20+0.12 4.00+0.08 3.56+0.08 6.95+0.12
methyl SwW8 2.90£0.01 4.22+0.23 5.14+0.25 6.09+0.13 4.21+0.06
cellulose RD5 2.88£0.02 3.82+0.02 4.31+0.15 4.26+£0.11 2.85+0.26
RD9 577£0.01 8.08+0.13 4.81+0.01 4.22+0.11 3.12+0.13
Plantain FBL 3.26£0.12 3.98+0.06 5.45+0.11 7.64+0.11 5.57+0.12
pseudostem SW8 2.91+0.11 451+0.01 4.40+0.12 5.66+0.11 4.38+0.06
RD5 5.54+0.25 7.78+0.36 5.97+0.06 5.66+0.06 3.39+0.11
RD9 6.59+0.12 11.81+1.05 4.39+0.12 7.53+0.14 2.80+0.14
Sugarcane  FBL 12.12+0.15 15.35+0.48 9.62+2.08 4.41+0.34 5.45+0.75
Bagasse SwW8 13.40+0.25 15.37£0.70 9.24+1.49 7.69+0.14 4.53+0.04
RD5 9.19+0.11 13.82+0.00 5.73+0.14 7.84+0.46 3.48+0.04
RD9 4.11+0.23 4.36+0.21 4.06£0.09 3.99+0.25 0.13+0.13
FBL 4.10+0.25 4.43+0.10 4.44+0.09 4.20+0.35 0.13£0.13
Corncob SwW8 3.86+0.00 4.06+£0.02 4.31+0.26 5.53+0.04 0.63+0.63
RD5 3.21+0.17 3.35+0.37  3.98+0.27 4.08+0.03 0.12+0.12

Data are MEAN + SEM of duplicate determinations

SW8, FBL- from sewage sludge; RD5, RD9- from refuse dump site; SB4 - from
sugarcane decayed soil.
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4.1.14: Activity of xylanase produced by different microorganism isolated from

soil using three agrowaste as carbon source

The quantity of xylanase produced by each organism for five days is shown in Table 4.9.
Xylanase with the highest activity (38.04+0.17 1U/mL) was produced by RD5 on the 3"
day when plantain pseudostem biomass (PS) was used as carbon source, this is
comparable with the enzyme activity (38.84+0.64 1U/mL) using the standard commercial
substrate (xylan) while enzyme with the lowest activity (11.56+0.72 1U/mL) was

produced on the 1st day by the same organism (RD5) when corncob biomass was used as

carbon source.

Table 4.9: Activity of Xylanase Produced by Different Microorganism Isolated
From Soil Using Three Agrowastes as Carbon Source

Carbon Xylanase Activities (IU/mL)
sources Organisms DAY 1 DAY 2 DAY3 DAY4 DAY 5
RD9 35.2840.18 40.11+0.05 34.07+1.78 23.50+1.89 18.84+1.19
FBL 38.17+0.54 38.32+0.05 37.37+0.52 37.75+0.13 21.46+0.88
Xylan SW38 39.35+0.04 40.05+0.06 38.25+0.59 23.92+0.08 14.45+0.60
RD5 36.84+0.01 37.96+0.53 38.84+0.64 33.90+0.53 19.30+0.12
RD9 24.29+1.68 33.23+0.71 37.44+0.66 34.58+0.41 28.80+0.64
PS FBL 23.53+1.75 33.41+0.58 34.59+0.54 31.42+1.24 28.70+0.77
SW8 32.00+0.72 34.58+0.59 33.66+0.59 34.12+0.13 28.52+0,31
RD5 23.53+1.76 30.12+0.59 38.04+0.17 33.66+0.60 28.28+0.04
RD9 30.77+1.89 32.79+1.24 33.69+0.59 32.40+1.78 24.42+0.18
SB FBL 29.70+0.65 35.90+0.12 34.48+0.05 33.52+0.71 27.47+0.65
SW38 34.12+41.61 34.73+0.70 28.51+0.71 34.66+0.16 27.78+0.36
RD5 22.92+41.05 31.12+1.24 27.16+0.01 27.99+1.37 25.80+0.01
RD9 20.86+0.27 30.63+0.08 31.20+0.63 28.51+2.87 26.46+1.13
cC FBL 20.56+1.59 21.03+0.69 25.79+0.02 34.13+0.70 16.75+0.18
SW38 26.16+1.13 34.66+0.67 31.48+0.11 30.99+1.14 28.30+1.11
RD5 11.56+0.72 30.82+1.18 34.58+0.68 28.74+0.66 26.46+1.24
Data are MEAN + SEM of duplicate determinations.
SWB8, FBL - from sewage sludge; RD5, RD9- from refuse dump site; SB4 - from

sugarcane decayed soil.
PS: plantain pseudostem; SB: sugarcane bagasse; CC: corncob
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4.1.15: Qualitative profile of isolates for fermentative ability using sugar
fermentation test

Qualitative profile of isolates for fermenting ability using sugar fermentation test is shown
in Table 4.10. Isolates were designated as positive (+) or negative (-) based on their
potential to assimilate and ferment the given sugar which is indicated by the ability to
produce gas or able to change the colour of the media from orange to yellow during the
incubation period. All the organisms assimilated and fermented glucose, fructose and
sucrose while the other sugars were either assimilated or fermented. Organism PP
fermented all the sugars except Lactose whereas organism RB6 fermented all the sugars

except galactose and lactose.

Table 4.10: Qualitative Profile of Isolates for Fermenting Ability Using Sugar
Fermentation Test

Or Sourc SIMPLE SUGARS

ga es Glucose  Galacto  Xylose Sucrose  Fructose Arabino  Lactose
nis se se
ms Gas col gas col Ga «colo gas colo gas colo Ga colo gas Col
our our s ur ur ur s ur our
PW1 PW + + + - - + + + + + - - - -
PW2 PW + + o+ o+ - - + o+ + o+ - + - +
PW3 PW + + o+ - - + + o+ + o+ - + - -
PP1 PP+ + - - - + + + + + + + - -
PP PP+ + o+ o+ o+ 4+ + o+ + o+ + o+ - +
T T + + - + - + + + + + - + - -
RB6 RB + + - + + + + + + + + + - +
RB2 RB + + - - - - + o+ + o+ - + - -
RB3 RB + + - - - + + o+ + o+ - - - -

PW: Palm wine; PP: Fermented food; T: Termite hill; RB: Rice bran dump site
Responses: +: positive; —: negative
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4.1.16: Quantitative profile of isolates for fermenting ability using Dichromate test
A preliminary study was carried out to determine the amount of fermentable sugar utilized
and the concomitant amount of ethanol produced by each screened organism as shown in
Figure 4.10. A progressive reduction in the concentration of simple sugar with a
concomitant increase in the concentration of ethanol was noticed up to the fourth day
(96" h) of fermentation, after which there was little or no change in the concentration of
both simple sugar. At 96" h organism, T and organism RB6 utilized most of the xylose
but organism RB6 produced higher yield of ethanol. Hence organism RB6 was chosen
for further study. Also, for the fermentation of glucose, all the organisms, utilized glucose
efficiently but the highest yield of ethanol was produced by Organism PP. Therefore, this

organism was selected for further study

127



0.8 ¥

0.6

0.4

0.2

Xylose concentration (mb/mL)
Ethanol concentration (v/v)

0

1 6 11

Fermentation Time (Days) Fermentation time (days)

T o— PW 1 o— PW 2 ——T - PW1__ PW2
PW 3 —o— PP —o— RB 6 PW3 —g—PP _o_RB6
(a) (b)

Glucose concentration

ethanol concentration (v/v)

1 11
; fermentatigpime.(Davsly , Fermentaation Time ( Days)
——T —o—PW1  —0—PW2
PW3 —PP ¢—RB6 PW3  —e—PP ——RB6
(©) (d)

Figure 4.10: Quantitative Profile of Isolates for Fermentative Ability Using
Dichromate Test. Xylose Fermentation (a); Ethanol Production from
Xylose (b); Glucose Fermentation (c); Ethanol Production from
Glucose (d)
Note: T, PW, PP and RB 6 are assigned names to unknown organisms
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4.1.17: Ethanol tolerance test

The ability of the isolates to tolerate different concentrations (0-16%) of ethanol was
determined by optical density method as shown in Figure 4.11. From the ethanol tolerance
study, the tolerance levels of all the strains were found to be in varying capacities up to
12%; but Organism RB 6 and organism PP had a better tolerance level than all the other
organisms, with organism T having the least tolerance level for ethanol at every ethanol
concentration when compared to other organisms Even though the organisms had a slight
growth at 14%, the level of growth were not comparable to the growth up to 12%. The

experiment was done in duplicates and the standard error of mean was used to indicate

the error bar.
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Figure 4.11: Effect of Different Concentrations of Ethanol on the Viability of
Screened Organisms.
Note: Values are mean of duplicate readings
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4.1.18: Molecular identification of screened organisms for enzyme production and
fermentation process

The organisms which produced enzymes with highest activity as well as the organisms
which optimally produced ethanol were selected for molecular identification and
characterization. The organisms were first identified based on percentage similarity as
presented in Table 4.11, then a phylogenic tree was constructed to determine the
relationship of the screened organisms with other organisms on the basis of ITS sequence
as shown in Figure 4.12. Finally, the organisms were amplified and sequenced for enzyme
producing gene, the band obtained in each case was found to be 690 bp and 400 bp for

cellulase and xylanase gene respectively as shown in Plate 4.5 and Plate 4.6.

Table 4.11: Molecular Identification and Classification of Organisms Screened for
Enzyme Production and Fermentation Process by Percentage
Similarity Index and Accession Number

samp Max Total Quer Accession Reference Identifi Accession
leID Scor Scor vy Number of organism cation Number of
e e Cover samples (%) reference
organisms organism
FBL 1098 1098 100% OP107821  Aspergillus 99.83 MN844036
flavus
RD5 1033 1033 99%  OP107822  Aspergillus  99.82 MW548412
niger
RB 1068 1250 100% OP107823  Mucor 99.49 0Q660484
indicus
Saccharomy
PP 1362 1362 99%  OP107824  ces 99.47 MF276989
cerevisiae
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_!: OP107821.1:1-597 Sample FBL -« f—
MNB844036.1:4-600 Aspergillus flavus

_: MN238861.1:45-641 Aspergillus flavus
0Q696338.1:45-641 Aspergillus flavus
_(: OP107822.1:1-563 Sample RDY - gr—
MW548412.1:14-576 Aspergillus niger
MT628904.1:15-576 Aspergillus niger
MT620753.1:21-582 Aspergillus niger
MT597823.1:7-568 Aspergillus niger
_: OP107824 1:1-749 Sample PP fe—
MF276989.1:12-765 Saccharomyces cerevisiae
MF375634.1:16-769 Saccharomyces cerevisiae
NR 111007 .1:1-751 Saccharomyces cerevisiae
795942 1:1-749 Saccharomyces cerevisiae
0OP107823.1:1-586 Sample RD -« gr—
0Q660484 1:77-664 Mucorindicus
KU571498.1:43-630 Mucor sp.
KT359356.1:153-740 Mucor indicus
KY425744 1:172-759 Mucor indicus
KY425744.12-110 Mucorindicus

Figure 4.12: Phylogenetic Tree Showing the Relationship Between Screened
Organisms for Enzyme Production and Fermentation With Other
Organisms on the Basis of ITS Sequence
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Plate 4.5: Agarose Gel Showing the Positive Amplification of the Endo-beta-1,4-
glucanase Cellulase Precursor celE Gene Amplified From Aspergillus
flavus Strain RBL

Mk RDS buffer

400bp

Plate 4.6: Agarose Gel Showing the Positive Amplification of the Endo-1,4-beta-
Xylanase Precursor (xyn11B) Gene Amplified From Aspergillus niger
Strain RDS
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4.1.19: Average diameter of biochar-chitosan beads prepared at different drying
conditions

The average diameters of fresh biochar-chitosan beads and beads dried at different
conditions were measured and the values were presented in millimeter as shown in Table
4.12. The oven-dried beads have the smallest average diameter among all the dried beads

when compared to the fresh biochar-chitosan beads.

Table 4.12: Average Diameter of Biochar-chitosan Beads Dried at Different Drying

Conditions
biochar-chitosan beads Average diameter (mm)
Fresh 2.67 +0.32°
Air-dried 2.54 +0.21°
Freeze- dried 2.55 + 0.41°
oven-dried 1.97 £0.172
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4.1.20: The swelling behaviours of biochar-chitosan beads

The effects of time on the swelling capacity of fresh biochar-chitosan beads and biochar-
chitosan beads dried at different temperature were shown in Figure 4.13. After soaking
for 6 h, Freeze- dried beads had the highest swelling ratio of about 7. 21 while fresh beads
have the least swelling ratio of about 0.31. So, freeze dried composite bead was chosen

for enzyme immobilization

o & N
o o o o

B
o

Swelling Ratio

©C = b w
o o o o

05 1 15 2 25 3 35 4 45 5 55 6
Time ( h)

=== Qven dried Freeze dried Air dried Fresh

Figure 4.13: Effect of Soaking Time on the Swelling Capacity of Biochar-chitosan
Beads Dried at Different Temperature Conditions

134



4.1.21: Thermogravimetric curves (TGA) and the derivative Thermogravimetric
analysis (D TGA) curves of biochar-chitosan beads

The TGA and DTG curves of biochar-chitosan beads dried at various drying temperature
conditions are shown in Figure 4.14a and Figure 4.14b. All the dried beads were stable
up to 200 °C after which thermal degradation began. The temperature at which the beads
degraded most was shown by DTG curve in Figure 4.14b. The biochar-chitosan beads in

this study had the highest degradation at 400 °C.
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Figure 4.14a: Thermogravimetric (TG) Curves Showing the Effect of Temperature
on Weight loss of Biochar-chitosan Beads Prepared at VVarious Drying
Conditions.

FS: Fresh sample; FD: Freeze-dried sample; OD: oven-dried sample; AD: Air-dried
sample
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Figure 4.14b: Derivative Thermogravimetric (DT) Curves Showing the Effect of
Temperature on Weight Loss of Biochar-chitosan Beads Prepared at
Various Drying Conditions.

FS: Fresh sample; FD: Freeze-dried sample; OD: oven-dried sample; AD: Air-dried
sample
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4.1.22 : Specific surface area, pore size and pore volume of biochar-chitosan
composite

The calculated surface area, pore volume and pore size obtained through the Barrett-

Joyner-Halenda (BJH) method of Brunauer Emmett-Teller (BET) analyzer is as shown

in Figure 4.15. The pore volume and pore sizes were in opposite trend for the biochar-

chitosan composite. The free porous biochar had the highest surface (375.8 m?/g) area,

pore volume (0.1839 cc/g), and pore size (2.138 nm). However, among the biochar-

chitosan composite beads, freeze-dried beads had the highest surface area (276.3 m?/g)

and pore volume (0.1361 cc/g) while the air-dried had the highest pore size.

400 ] 4— Pore Volume r0-20
| Pore Size 5
350 - Surface Area mg - 0.18
300 Sr 0.16 -
e e =
o 250 &
E L 0.14
§ 200 -
< ]
® - 0.12
& 150 1
- -
a
100 - 0.10
50
] - 0.08
0 -

BB FBC FDBC ADBC ODBC
Biochar Samples

Figure 4.15: Effect of Different Drying Temperature Conditions on the Pore Size,
Pore Volume and Surface Area of Biochar-chitosan Composites.

BB: porous bagasse biochar; FBC: Fresh biochar-chitosan composite;
FDBC Freeze-dried biochar-chitosan composite; ADBC: Air-dried
biochar-chitosan composite; and ODBC: Oven-dried biochar-chitosan

composite
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4.1.23 : Enzyme loading and activity assay

The categories of enzymes loading for co-immobilization is shown in Table 4.13.
Xylanase and cellulase loaded at the same time on freeze-dried beads had the highest
immobilization efficiency activity of 89.29% and 82.16% respectively. Therefore, freeze-

dried bead was chosen for enzyme co-immobilization

Table 4.13: Cellulase and Xylanase Activities of Free and Co-immobilized Enzymes
Loaded in Different Categories on Various Biochar-chitosan Beads
Used as Support

categ xylanase SA of IE of cellulase  SA of
ory activity xylanase xylanase activity cellulase  IE of
(IU/mLg?) (mg/mL) IU/mLg? (mg/mL) cellulase

Xylanas

e before

cellulase
free 35.49 8.60 NI 18.35 1.84 NI
F 14.49 5.00 70,25 8.53 1.49 81.38
AD 13.29 5.73 56.24 7.98 1.25 68.31
OD 19.97 6.65 72.72 9.21 1.53 83.33
FD 20.05 5.77 84.19 10.69 1.56 84.73

cellulase before

xylanase
free 33.65 7.68 NI 18.97 1.99 NI
F 14.44 4.74 74.42 6.65 1.59 79.64
AD 1457 5.00 66.57 6.76 1.20 60.47
OD 17.95 5.22 78.46 8.55 1.64 82.26
FD 18.04 4.79 53.61 12.70 1.67 84.12

Both cellulase and

Xylanase
free 36.28 8.40 NI 19.70 2.34 NI
F 14.10 6.24 63.69 8.23 1.88 80.17
AD 1429 5.90 60.26 8.21 1.61 68.78
OD 20.66 6.29 76.35 11.66 1.85 79.05
FD 2851 7.42 89.29 15.48 1.93 82.16

Fresh bead (F); air-dried bead (AD); oven-dried bead (OD); freeze-dried bead (FD).
Specific activity (SA); Immobilization yield (1E); Not immobilized (NI)
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4.1.24 : Effect of reaction Temperature and pH on the activity of free and co-
immobilized enzymes

The effects of temperature and pH on the activity of free and co-immobilized enzymes
are shown in Figures 4.16 and Figure 4.17 respectively; while the optimum pH and
temperature extrapolated from the graphs are shown in Table 4.14. Free xylanase had its
optimal activity at 50 °C, free cellulase had its optimal activity at 60 °C, while co-
immobilized enzymes had their optimal activity at 70 °C. However, free enzymes lost
their activities to about 10% at 90 °C while about 50% of activity of co-immobilized
enzyme was remaining at 90 °C. The co-immobilized enzymes had a broader optimal pH

between 5 to 7 while the optimal pH of free cellulase was 5 and that of free xylanase was

6.
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—CIE Free cellulase Free xylanase

Figure 4.16: Effect of Temperature on the Activity of Co-immobilized Enzymes
(CIE), Free Cellulase, and Free Xylanase
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Figure 4.17: Effect of pH on the Activity of Co- immobilized Enzymes
(CIE), Free Cellulase and Free Xylanase.

Table 4.14: Optimum pH and Temperature for Free Cellulase, Free Xylanase and
Co-immobilized Enzymes

Enzyme Type Optimum pH Optimum Temperature
(°C)

Free Cellulase 6 60

Free Xylanase 5 50

Co-mmobilized enzyme  5-7 70
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4.1.25 : Effect of different agrowaste substrate concentrations on the kinetic
parameters of free and co-immobilized cellulase and xylanase

Effects of different agrowaste as enzyme substrate on kinetic parameters as estimated by
Michaelis-Menten and Line-weaver Burk plot are shown in Figure 4.18. Different
concentrations of the agrowaste samples (sugarcane bagasse, corncob biomass and

plantain pseudostem biomass)
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Figure 4.18: Effects of Substrate Concentration on the Kinetic Parameters for Free
and Co-immobilized Cellulase and Xylanase

Michaelis Menten plot with sugarcane bagasse as substrate (a); Line weaver-Burk plot
with sugarcane bagasse as substrate (b); Michaelis Menten plot with corncob biomass
as substrate (c); Line weaver-burk plot with corncob biomass as substrate (d); Michaelis
Menten plot with plantain pseudostem biomass as substrate (e); Line weaver-Burk plot
with plantain pseudostem biomass as substrate (f).
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4.1.26 : Kinetic parameters (Kmand Vmax) of free and co-immobilized enzymes using

different agrowaste as substrate

The summary of Kmand Vmax values of free cellulase, free xylanase and co-immobilized

cellulase and xylanase when different agrowaste samples were used as substrates are

shown in Table 4.15. The Km of free cellulase and the Km of co-immobilized enzymes

were 0.017 mg/mL and 0.018 mg/mL respectively, with sugarcane bagasse as substrate.

Also, when plantain pseudostem biomass was used as substrate, the Km of free xylanase

was 0.028 mg/mL and this is comparable to 0.022 mg/mL which was the Km of co-

immobilized enzymes

Table 4.15: Km and Vmax Values for Free and Co-immobilized Enzymes

Substrate Enzyme Km (mg/mL) Vmax (UMmin1)
Sugarcane bagasse Free cellulase 0.017 333.33
Free xylanase 0.006 555.47
Co-mmobilized 0.018 227.25
cellulase
and xylanase
corncob biomass  Free cellulase 0.009 129.87
Free xylanase 0.007 133.33
Co-mmobilized
cellulase 0.019 120. 48
and xylanase
Plantain Free cellulase 0.008 129.87
pseudostem Free xylanase 0.028 119.05
biomass Co-Immobilized
cellulase 0.022 114.94

and xylanase
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4.1.27 . Effects of incubation time and conditions on the storage stability of free and
co-immobilized enzymes

The effect of storage conditions and time on the activities of free and co-immobilized
enzymes at 4 °C and 25 °C are shown in Figure 4.19 and 4.20 respectively. Exactly
79.63% of the initial activity of co-immobilized enzymes was retained after 45 days when
stored at 4 °C, while 10.05% and 5. 26% activity remained for free cellulase and free
xylanase at the same condition. The activity remaining were 35.64%, 5.01% and 1.05%
for co-immobilized enzymes, free cellulase, and free xylanase respectively when the
enzymes were stored at room temperature. Half-lives (days) of free and co-immobilized

enzymes at this storage temperature were also estimated as shown in Table 4.16.
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—— Free xylanase Free cellulase CIE

Figure 4.19: Effect of Incubation Time on the Stability of Free and Co- immobilized
Enzyme (CIE) Stored in the Refrigerator (4 °C) for 45 days
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Figure 4.20: Effect of Incubation Time on the Stability of Free and Co- immobilized

Enzyme (CIE) Stored at Room Temperature (25 °C) for 10 days

Table 4.16: Half-life of Free and Co-immobilized Enzymes (CIE) Stored at 4 °C

and 25°C
Half-life of Enzymes (Days)

Thermal Free Free Immobilized
Condition Cellulase xylanase Enzyme
Refrigerator ~ 5.02 4.15 29.37
(4°C)
Room
Temperature  4.15 2.50 11.95
(25°C)
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4.1.28 : Thermal stability of free and co-immobilized enzymes

The effect of various storage temperature on the stability of free cellulase, free xylanase
and co-immobilized cellulase and xylanase is shown in Figure 4.21. The co-immobilized
enzymes maintained its highest activity (97%) at 60 °C for the period of 4 h, whereas only
16% of the activity of free cellulase and free xylanase remained at the same period. Also,
co-immobilized enzymes retained 93% of its activity at 70 °C for 2 h before the activity
gradually reduced to 61.7% whereas free cellulase retained 6% of its initial activity while
free xylanase retained 1% of its initial activity. Furthermore, the half -life of co-
immobilized enzymes and free cellulase and xylanase at the temperature under study (30
°C -90 °C) was also determined and the values are shown in Table 4.17. Co-immobilized
enzymes had longer half-life at every temperature considered. The activation energy and
deactivation energy of co-immobilized and free cellulase and xylanase was also
determined from Arrhenius plot (appendix I) and the values are presented in Table 4.18.
The co-immobilized enzyme has the lowest activation energy (3.450 kJ/MOL) when
compared to the activation energy of the free cellulase (15.899 kJ/MOL) and free
xylanase (29.218 kJ/MOL). Also, the deactivation energy of the co-immobilized enzyme
(52.145 kJ/MOL) was higher than the deactivation energy of free cellulase (48.235

kJ/MOL) and free xylanase (39.596 kJ/MOL)
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Figure 4.21: Effects of Different Storage Temperatures on the Stability of Free
Cellulase (A); free xylanase (B) and co-immobilized cellulase and
Xylanase (C) when incubated for 240 minutes from 30 °C to 90 °C

147



Table 4.17: Half-life of Free and Immobilized Enzymes at Different Thermal
Conditions

Half-life of Enzymes (Hour)

Temperature
(degrees)

30
40
50
60
70
80
90

Free
Cellulase

1.38
1.28
3.30
8.69
1.22
0.96
0.55

Free

xylanase

0.80
1.38
4.16
2.90
0.45
0.67
0.39

Immobilized
Enzyme

27.87
10.57
30.09
59.70
39.64
9.52

6.63

Table 4.18: Activation and Deactivation Energy of Free and Co-immobilized

Enzymes
Enzyme Activation Energy Deactivation
(kJ/MOL) Energy (KJ/MOL)
free cellulase 15. 899 48. 235
free xylanase 29.218 39.596
Co-immobilized enzymes 3. 450 52.145
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4.1.29 : The effect of number of usages on the relative efficiency of the co-
immobilized enzymes

The co-immobilized enzymes were used repeatedly for 10 times in fresh substrate for
each cycle and the residual enzyme activity after each cycle is as shown in Figure 4.22.
The experiments were carried out in duplicate and the standard erroe of mean was used
to indicate the error bar. The co-immobilized enzymes retained 55.13% of its initial

activity after the 10" used.
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Figure 4.22: Effect of Number of Usages on the Relative Efficiency of the Co-
immobilized Enzymes on Freeze-dried Biochar-chitosan Beads
Note: Data are MEAN * SEM of duplicate determinations
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4.1.30 : Enzymatic hydrolysis of agrowaste using free and immobilized enzymes
The reducing sugar, otherwise called fermentable sugar, released during enzymatic
hydrolysis of pre-treated agrowaste with free and co-immobilized enzymes is as shown
in Table 4.19. The highest amount (45.99 + 0.58 mg/mL) of reducing sugar was obtained
at the 72" hour when the mixture of free cellulase and free xylanase was used to
hydrolyze sugarcane bagasse. Also, plantain pseudostem biomass released a very high
amount of fermentable sugar (43.34 + 0.27 mg/mL) at the 72" hour when the mixture of
cellulase and xylanase was used to hydrolyze it. However, the number of fermentable
sugars produced by corncob biomass at the same experimental conditions was about 60%
lower (18.98 = 0.91 mg/mL) than the fermentable sugar produced by sugarcane bagasse
and plantain pseudostem biomass. Also, the amount of fermentable sugar released by co-
immobilized enzymes were 32.47 £ 0.89 mg/mL, 36.62 = 1.90 mg/mL, and 17.42 + 0.41

mg/mL for plantain pseudostem, sugarcane bagasse and corncob biomass respectively.
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Table 4.19: Fermentable Sugar Produced from the Hydrolysis of Different
Agrowaste Using Free Cellulase, Free Xylanase and Co-immobilized
Enzymes for 4 Days (96 h)

Day 0 Day 1 Day 2 Day 3 Day 4
Subs- Enzyme Reducing  Reducing Reducing Reducing Reducing
trate sugar (mg/ sugar (mg/ sugar sugar (mg/ sugar (mg/ mL)
mL) mL) (mg/ mL) mL)
PS Free 041+£0.01 9.80+051 23.70+1.01 26.14+1.18 25.07+1.18
Cellulase
PS Free 0.34£0.02 6.41+047 16.62+0.51 19.50%+0.23 17.90+0.77
Xylanase
PS Free
Cellulase 0.62+£0.02 11.82+1.04 40.0+0.42 43.34%0.27 42.81+0.27
and xylanase
SB Free cellulase 0.77+0.02 16.26+£0.33 32.80+0.90 34.92+0.66 33.58+0.14
SB Free xylanase 0.61+0.01 10.57+0.04 27.65+0.85 28.50+0.89 26.90+ 0.36
SB Free cellulase
and xylanase 0.88+0.09 21.70+0.28 43.84+0.06 4599 +0.58 43.86 +0.58
cC Free cellulase 0.42+0.06 5.94+052 17.63+0.10 17.15+0.68 16.88+0 66
cC Free xylanase 0.33+0.06 4.33+0.49 1191+042 12.13+0.85 11.06+0.85
Free cellulase
cC and free
xylanase 0.61+£0.01 6.67+0.75 18.98+0.91 1850%0.07 17.44+0.07
Co-
PS immobilized
cellulaseand 0.57+0.02 12.71+0.38 25.97+0.79 32.47+0.89 31.36 +0.53
xylanase
Co-
SB immobilized
cellulaseand 1.00£0.09 19.28+ 157 34.14+1.49 36.62+190 37.12+0.80
xylanase
Co-
CcC immobilized 0.58+0.02 7.91+0.38 12.32+0.54 17.42+0.41 17.26+0.27
cellulase and
xylanase

PS: Plantain pseudostem biomass; SB: Sugarcane bagasse; CC: corncob biomass

Note: Results are in mean + SEM of duplicate values
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4.1.31 : Amount of bioethanol produced determined by potassium dichromate
method

The concentrations (g/L) of ethanol produced with different combinations of enzyme and
fermenters as determined by potassium dichromate method are shown in Table 4.20. The
combination of co-immobilized enzymes and co-immobilized S. cerevisiae and Mucor
indicus produced the highest concentration of ethanol for both sugarcane bagasse (76.09

+ 0.15 g/L) and plantain pseudostem biomass (68.93 £ 0.33 g/L).

Table: 4.20: Concentration of Ethanol (g/L) Produced with Different
Combinations Enzyme and Fermenters

Concentration

Concentration of Ethanol
of Ethanol produced with
produced with plantain
sugarcane pseudostem
Enzymes fermenters  bagasse (g/L) biomass (g/L)
Co-immobilized cellulase Free 47.49 +0.34 44.33 +0.28
and xylanase S. cerevisiae
Co-immobilized cellulase Free Mucor
and xylanase indicus 39.95+0.04 37.71+£0.01
free cellulase and xylanase ~ free Mucor 64.20 £ 0.54 60.55 + 0.96
indicus
free cellulase and xylanase  Free
S. cerevisiae 65.73 £ 0.04 63.65 £ 0.04
Co-immobilized cellulase immobilized
and xylanase Mucor 50.92 £ 0.42 45.46 +0.19
indicus
Co-immobilized cellulase Co-
and xylanase immobilized
S. cerevisiae 76.09 +0.15 68.93 £ 0.33
and Mucor
indicus
Co-immobilized cellulase Immobilize
and xylanase d S. 55.08+0.51 55.75+0.19
cerevisiae
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4.1.32 : Characterization of bioethanol by GC-MS

The percentages of compound identified by GC-MS in the distillate of bioethanol
produced by co-immobilized enzymes and co-immobilized yeast and fungi is shown in
Table 4.21 and Table 4.22 for sugarcane bagasse and plantain pseudostem biomass
respectively. Other components such as toluene, hexanol, butanol, Heptane were also
identified in the distillate. However, ethanol had the highest percentages of 80.87% and
71. 15% for sugarcane bagasse, and plantain pseudostem biomass respectively

Table 4.21: Compounds Identified by GC-MS in the Distillate of Bioethanol

Produced by Co-immobilized Enzymes and Co-immobilized Yeast and
Fungi Using Sugarcane Bagasse

Retention Area (Ab*s) Hit Name Composition
Time (%)

(min)

2.351 938888 Butane, 1-ethoxy- 1.79

3.063 1426714 Toluene 2.72

3.453 1179061 Heptane, 3-methylene- 2.25

6.965 42420237 Ethanol 80.87

10.901 3362900 1-Hexanol, 2-ethyl- 6.41

30.218 3124716 1,2-Benzenedicarboxylic acid, 5.96
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Table 4.22: Compounds Identified by GC-MS in the Distillate of Bioethanol
Produced by Co-immobilized Enzymes and Co-immobilized Yeast and
Fungi Using Plantain Pseudostem Biomass

Retention Time (min) Area (Ab*s)  Hit Name Composition (%)
2.361 939,634 Butane, 1-ethoxy- 1.56
2.715 2,518,218 1-Butanol, 3-methyl- 422
2.757 1,261,507 1-Butanol, 2-methyl 2.11
3.065 1,427,355 Toluene 2.39
3.459 1,147,837 Heptane 1.93
6.965 42,420,237 Ethanol 71.15
10.903 4,102,462 1-Hexanol, 2-ethyl- 6.88
28.498 2,615,401 Tropidine, 2-acetyl- 4.39
30.204 3,190,810 1,2-

Benzenedicarboxylic 5.35

acid, mono(2-

ethylhexyl) ester

4.1.33 : Infrared spectra of free biochar-chitosan and biochar-chitosan loaded with
co-immobilized enzymes and co-immobilized yeast and fungi

The functional group identified in infrared spectra of free biochar-chitosan bead (F),
biochar-chitosan loaded with co-immobilized enzymes (CIE) and biochar-chitosan bead
loaded with co-immobilized fungi are shown in Table 4.23. The variation in the spectra
relative to the position and intensity of the characteristic peaks (Appendix J) and the
functional groups for unloaded biochar-chitosan beads especially within the wavenumber

of 2000 cm™and 1000 cm™ is a confirmation of successful co-immobilization.

154



Table 4.23:

Functional Groups Identified in Infrared Spectra of Free Biochar-
Chitosan Bead (F), Biochar-chitosan Loaded with Co-immobilized
Enzymes (CIE) and Biochar-chitosan Beads Loaded with Co-

immobilized Yeast and Fungi

Free biochar-chitosan bead

Biochar-chitosan

bead
loaded with co-immobilized

Biochar-chitosan bead loaded
with co-immobilized mucor

cellulase and xylanase and yeast
Wave- Inten-  Function Wave- Intensi- Func-  Wave- Inten-  Function-
number  sity -al group number ty tional  number sity al group
(cmb) (cm?b) group  (cm?b)
1028.74 44.44 C-N 1032.472 50.060 C-N 1036.199 52.454 C-N
1066.01 46.13 C-N 1066.018 50.701 C-N 1241.203 71958 C-N
1151.74 62.48 C-N 1151.739 68.466 C-N 1312.022 72.156 N=0O
1263.56 66.53 C-O 1248.658 72.333 C-N 1379.115 69.598 N=O
1379.11 5545 C-H2 1312.022 73550 N=O 1457.389 71.338 N=0O
1461.11 64.62 CHs 1379.115 70.227 N=O 1543.117 64.189 C=C
1576.66 52.76 -NH 1546.845 65.208 -NH 1636.301 65.711 -NH
1640.02 56.75 C=N 1640.028 54.132 C=N 2117.127 92.817 C=0
211340 91.03 -CH: 2117.127 92896 -CH2 2325.858 93.087 N=C=0
229231 9090 C-H 2929.687 75.966 C-H 2929.687 75.244 C-H
328751 4261 -NH 3280.057 44.643 -NH 3272.602 44.162 -NH
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4.1.34 : Scanning electron micrograph (SEM) of free biochar-chitosan bead

The SEM images for the samples of unloaded biochar-chitosan beads (Free), co-
immobilized enzymes loaded biochar-chitosan beads (CIE), and co-immobilized yeast
and fungi biochar-chitosan beads (CMY) are shown in Figure 4.23. The differences in the
morphology of the loaded beads are clearly seen when compared to the unloaded bead.
The visible pores or cavities in the free biochar-chitosan beads have been blocked by the

attachment of either enzyme or cells.
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157



4.1.35: Re-usability test of co-immobilized mucor and yeast

Co-immobilized S. cerevisiae and Mucor indicus together with co-immaobilized cellulase
and xylanase which had the highest yield of bioethanol was used repeatedly in fresh
substrate and the concentration of ethanol produced at the end of each cycle was recorded

in g/L as shown in Figure 4.24

HSB EPS

Ethanol yield (g/L)
Y
o
o
5]

1 2 3 4 5 6 7 8 9 10
Number of cycles

Figure 4.24: Effect of Number of Usages on the Relative Efficiency of the Co-
immobilized Saccharomyces cerevisiae and Mucor indicus
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4.1.36 : Estimated cost for the production of 1.5 L of lignocellulosic bioethanol

The cost of production of lignocellulosic bioethanol can be estimated by adding up all the
costs involved in producing bioethanol as shown in Table 4.24. The costs are estimated
approximations of the values of the items while assumptions were made for the other
items such as maintenance because they were either not bought or the items were not
applicable for the present production. However, Tao et al. (2014) reported the
contribution (in percentage) by each of the process to the overall cost as shown in Table

4.24. A sum of N 6800 was estimated for the production of 1.5 L of lignocellulosic bioethanol.
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Table 4.24: Estimated Cost for the Production of 1.5 L of Lignocellulosic Bioethanol

Cost Type Item Estimated Percentage in
category cost (N) the  overall
cost
Feedstock purchase ~300/ kg
Feedstock Transportation ~300
feedstock 32%
Feedstock preparation B
Feedstock and product 1%
storage
Variable Pretreatment ~500 13%
cost Enzyme production ~500 16%
Chemicals Fermenters isolation ~300
Immobilization support ~1500
SScf nutrient ~3000 11%
Denaturant C
Labour Process operators D
Laboratory Technicians E 3%
Cleaners F
Administration G 15%
Fixed cost Fixed capital investment H
Capital Working capital investment | 6%
Utility Electricity (centrifugation, J 3%
agitation, autoclaving,
drying, storage)
Water ~400
ESTIMATED COST FOR ETHANOL PRODUCTION 6,800 ~N 4500/L

(15L)
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4.2 Discussion

4.2.1a: Optimal conditions for the pre-treatment of agrowaste using microwave —
assisted-alkaline pre-treatment methods

The production of bioethanol from lignocellulosic agricultural waste, known as second
generation bioethanol, has a significant advantage in terms of sustainability over first
generation bioethanol, which is produced from starchy food items. However, different
agrowaste contains varying amount of cellulose, hemicellulose and lignin. Therefore,
different conditions of pre-treatments are required for optimal removal of lignin as well
as retention of high percentage of cellulose and hemicellulose. In the present study,
bioethanol was produced from sugarcane bagasse and plantain pseudostem as discussed
in the following sections. The combination of cellulose with hemicellulose is called
holocellulose. Holocellulose is the polysaccharide part of the lignocellulosic material that
can be converted to fermentable sugars. So, indirectly, the quantity of holocellulose could
determine the ethanol yield from a particular lignocellulosic agrowaste. However, the
compositional analysis of the sample used for the present study is shown in Table 4.1.
plantain pseudostem biomass contained 35%, 30% and 11.49% cellulose, hemicellulose
and lignin respectively while sugarcane bagasse contained 48%, 24%, and 21.5%
cellulose, hemicellulose and lignin respectively, whereas, corncob biomass contains 42%.
35% and 19.3% for cellulose, hemicellulose and lignin respectively. This is in line with
the reports from the reviews by Gonzalez-Renteria et al. (2011), and Boneberg et al.
(2016), on the percentage composition of the contents of lignocellulosic materials in
which (32-48%), (11-35%) , and ( 9- 27%) were reported as the percentages of cellulose,
hemicellulose, and lignin respectively. According to Xu et al. (2016b) and Rezania et al.
(2020), the variations in the composition of the lignocellulosic agrowaste can be related
to many factors such as the plant genetics, growth environment, processing conditions as

well as the method used in the composition analysis.
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A close examination of the relative percentages of the contents of the agrowastes used in
this study (Table 4.1) suggests that the pre-treatment conditions required to optimally
remove lignin in order to access the cellulose and hemicellulose contents may be mildest
in plantain pseudostem biomass because it contained the least amount of lignin, whereas
a harsher pre-treatment condition was required to optimally remove lignin from sugarcane
bagasse. However, based on the holocellulose (cellulose plus hemicellulose) content of
each agrowaste, corncob biomass (with a holocellulose content of 77%) is expected to
produce the highest ethanol yield, followed by sugarcane bagasse (with a holocellulose
content of 72%), and plantain pseudostem biomass is expected to give the lowest yield of

bioethanol.

In this study, pre-treatment of lignocellulosic material resulted in a reduction in the
material’s initial weight, as shown in Table 4.2. (a-c). The lowest solid biomass (1.85 g)
was obtained in the pre-treatment of plantain pseudostem biomass (Table 4.2a) when the
sample was treated with 3% NaOH at 385 W for 5min; also, the lowest percentage total
lignin retained (2.29%) was evaluated at this process condition. This is also true for pre-
treated sugarcane bagasse (Table 4.2b), where the lowest solid biomass yield (1.96 g)
after pre-treatment was obtained at run 14 when the sample was treated with 3% NaOH
at 700 W for 5 min, resulting in the lowest percentage (4.90%) of lignin retained.
Similarly, Table 4.2c shows that the lowest solid biomass yield (2.73 g) from corncob
biomass after pre-treatment was obtained at run 15, when the sample was treated with 3%
NaOH at 385 W for 5 min, as well as the lowest percentage lignin (6.58%) retained under
these process conditions. This finding was consistent with the findings of Wang et al.
(2020), who found that higher NaOH concentrations and longer pre-treatment times
resulted in lower solid recovery and higher lignin removal. Furthermore, Kim et al. (2016)

attributed the size reduction of pre-treated lignocellulosic materials to the removal of
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lignin, which eventually led to a decrease in the degree of cellulose crystallinity and an
increase in specific surface area, allowing the plant cell walls to separate into liquid and
thus increasing cellulose accessibility to hydrolytic enzymes. Furthermore, even when
both samples were treated under the same conditions, the percentage of lignin remaining
after pre-treatment was lowest in plantain pseudostem biomass and highest in corncob
biomass. This supports the findings in the compositional analysis of the raw (untreated)
biomass, which confirmed that, due to the initial low lignin content in plantain
pseudostem biomass, the process conditions required to optimally remove lignin may be
the mildest. As a result, plantain pseudostem biomass is more responsive to treatment

conditions in which more lignin is removed.

The experimental responses (percentage cellulose retained, hemicellulose retained and
lignin removed) as well as the three independent variables for the microwave-alkaline
pre-treatment of the three lignocellulosic agrowastes under study are shown in Table 4.3
(a-c). The goal was to remove as much lignin as possible while retaining as much
cellulose and hemicellulose as possible. However, the conditions under which this goal
was met differ for each component in the agrowaste sample. For example, the highest
percentage of lignin (65.9%) was removed from corncob biomass (Table 4.3c) at run 15
(3% NaOH/ 385 W/5 min), while the highest percentage of cellulose was retained at the
same process conditions. However, at different process conditions, the highest percentage
of hemicellulose (34%) was obtained. Variability in the most efficient process conditions
was observed for sugarcane bagasse and plantain pseudostem pre-treatment as well, such
that the conditions under which the highest percentage of cellulose was retained differed
from those under which the highest percentage of hemicellulose was obtained. This
variability is unsuitable for industrial processes because it may waste time and resources.

Therefore, the microwave-alkaline pre-treatment process conditions were optimized
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using design expert software to obtain the optimum values for the combination of the

variable factors in order to achieve the desired goal.

The goal of pre-treatment is to maximize lignin removal from biomasses while obtaining
the highest recovery yield of cellulose and hemicellulose that can be used to produce
ethanol. The best combinations of variable factors as generated by design expert software
for the optimal yield of percentage delignification, cellulose content, and Hemicellulose
content for the industrial process in the model investigated are as shown in Tables 4.4(a-
c), for Plantain pseudostem biomass, corncob biomass, and sugarcane bagasse,
respectively. The selection criteria were based on obtaining a solid with a high percentage
of delignification (lignin removal) and a high content of polysaccharides (cellulose and
hemicellulose) in the defined interval of conditions. The chosen optimal conditions for
each of the agrowaste were 1.97% NaOH, 70 W power and 5 min treatment time for
plantain; 3% NaOH concentration, 73 W power, and 5-min treatment time for sugarcane
bagasse; 2.8% NaOH concentration, 86 W power, and 4.4 min treatment time for corncob
biomass. At these optimal conditions the percentage delignification was 56% while the
cellulose and hemicellulose yields were 62% and 30% respectively for plantain
pseudostem; the percentage delignification was 63% while the cellulose and
hemicellulose yields were 74% and 22%, respectively for sugarcane bagasse whereas the
percentage delignification was 66%, while the cellulose and hemicellulose yields were

64% and 18%, respectively for corncob biomass.

The optimal yield with microwave-alkaline pre-treatment of plantain pseudostem
obtained in this study is much higher than the yield reported by Sawarkar et al. (2022) in
which cellulose content of banana stem was increased from 60.84% to 75.48% (increase
of 14.64%) after being treated in autoclave with 7.15% NaOH at 71.83 °C for 7.97 hrs,

whereas cellulose yield in this study was increased from 35% to 62% (increase of 27%).
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Because microwave-alkaline removes lignin, exposing more cellulose, the 27% increase
in cellulose observed in the current study (which was not observed in the previous study
when autoclave was used) could be attributed to microwave- alkaline effectiveness in
removing lignin. Although the percentage of lignin removed in this study is lower than
that reported by Gazliya and Aparna (2021) who reported that microwave-alkaline pre-
treated banana peduncle showed 60.86% delignification at 6.25N NaOH, the lower
concentration of sodium hydroxide used in this study is preferable for a safer and cleaner
environment. Shimizu et al. (2018) also reported a significant loss in hemicellulose
percentage (from 19.32% to 4.38%) due to the use of a high percentage (25%) of NaOH
solution. Although a higher percentage of delignification (61%) was reported, this
increase is not industrially justifiable given the significant loss of hemicellulose, which is
critical for bioethanol production, and, more importantly, the environmental hazards that
a 25% NaOH solution could cause. Furthermore, Narron et al. (2016) reported that using
severe conditions during a NaOH treatment resulted in ineffective lignin removal due to
repolymerization or condensation reactions of lignin when using high NaOH
concentrations. The optimal conditions generated in this study are preferable because the
power required is low, the NaOH concentration is low, and the treatment time is short.
Most importantly, there is an abundance of cellulose and hemicellulose, both of which

are required for bioethanol production.

A study by Rezende et al. (2018) on the pre-treatment of sugarcane bagasse found a 40%
(35% to 85%) increase in cellulose content of sugarcane bagasse after acid-alkali pre-
treatment, whereas the current study found a 36% increase in cellulose content.
Meanwhile, the optimal yield with microwave-alkaline pre-treatment in this study is
significantly higher than the yield reported by Wang et al. (2019), in which the cellulose

content of sugarcane bagasse was increased from 60.84% to 75.48% after being
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autoclaved with 7.15% NaOH at 71.83 °C for 7.97 h Furthermore, the current study is
clearly more environmentally friendly (lower NaOH concentration) and more industrially
viable with a shorter time and lower power of 86 W used as opposed to 500 W used in
the previous study. In another study, Binod et al. (2012), pre-treated sugarcane bagasse
biomass with 1% NaOH at 100-900 W for 1- 30 min, and the optimal conditions of 1%
NaOH, 600W microwave power, and 4 min resident time yielded the highest reducing
sugar. Despite the fact that the sodium hydroxide concentration in the previous study was
much lower than the concentration used in the current study, the microwave power in the
current study is significantly lower, which may make the present study more industrially

feasible.

The optimal yields with microwave-alkaline pre-treatment of corncob biomass obtained
in this study were lower than those reported by Pei et al. (2014), who reported values of
79.4%, 86.18%, and 10 68% for percentage delignification, cellulose content, and
hemicellulose content when 8% NaOH was used to pre-treat plantain pseudostem
biomass at 500 W for 3 min. Although the previous study obtained a higher yield in less
time than the current study, it is clear that the current study is more environmentally
friendly (lower NaOH concentration) and more industrially viable with a lower power of
86 W used as opposed to 500 W. In another study, Chongkhong and Tongurai (2018) pre-
treated corncob biomass at 1% NaOH using 900 W for 20 min to obtain a yield of 52.9%
cellulose, which was significantly lower than the yield obtained in the current study

despite the higher power used.

When the yield from each agrowaste was evaluated under optimal conditions, the
percentage holocellulose contents were 92%, 96%, and 92% for plantain pseudostem
biomass, sugarcane bagasse, and corncob biomass, respectively. Meanwhile, the total

lignin removal percentage was 56% 63%, and 66% for Plantain pseudostem biomass,
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sugarcane bagasse, and corncob biomass respectively. When compared to other pre-
treated agrowaste, sugarcane bagasse has the highest holocellulose yield and the least
amount of lignin remaining. However, despite the higher initial holocellulose content
(77%) in Table 4.1, and harsher pre-treatment conditions (2.8% NaOH, 86 W, 4.4 min)
in Table 4.4c for corncob biomass, the yield was not significantly higher than the yield
obtained from plantain pseudostem biomass, which had a lower initial holocellulose
content (65%) when a milder (1.97% NaOH, 70 W, and 5.0 min) pre-treatment conditions
were used. As a result, plantain pseudostem biomass may be considered a better option

than corncob biomass.

A confirmatory test to validate the optimal conditions is shown in Appendix B while the
statistical significance (Table 2, Appendix C) for the models shows that the design expert
software suggested two factor interaction (2FI) models for all responses in the pre-
treatment of plantain pseudostem biomass, sugarcane bagasse, and corncob biomass,
while a quadratic model was suggested for only the percentage hemicellulose retained in
plantain pseudostem biomass Therefore, in the model developed for each of the responses
in the present study, a significant effect was obtained when two variables interact with

each other.

The R? correlation coefficient, which is the ratio of regression sum to overall sum of
squares, is used for overall model prediction compatibility. Furthermore, R? calculates
the overall deviation of predicted model values from the mean. In order to describe
excellent prediction efficiency, the R? value must be close to 1.0. The models developed
for this study were significant at p < 0.05, and the R? obtained for the models in this study
ranged from 0.92 to 0.98, implying that the models explained more than 90% of the
variation observed in the response, indicating that all of the models developed in this

study have statistical relevance for the experimental design. This is consistent with the
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model developed by Hamouda et al. (2015), who obtained an R? value of 0.953 which is
an indication of high model significance when sugarcane molasses was used to produce

bioethanol.

Model equation (Table 3 a-c, Appendix C) establishes the foundation for future
reproducibility of the experiment under consideration, with no expected significant
difference in response. The software presents the equations in coded factors and in actual
factors. The coded equations are determined first, and then the actual equations are
derived from them. The coded equation is useful for determining the relative importance
of the factors by examining the coefficients of the factors. Also, the value of the co-

efficient is an indication of the extent of influence such factor has on the responses.

The interaction between variable factors as depicted visually by design expert software is
shown in Figure 4.1, to Figure 4. 3 for plantain pseudostem biomass, sugarcane bagasse
and corncob biomass respectively. The difference in response value is represented by
the colour variation. The red colour represents the highest value in the current study, while
the blue colour represents the lowest value. The results of the surface plot of response for

each agrowaste are discussed further below.

a. Plantain pseudostem

The interactive effects of variable factors on percentage delignification of plantain
pseudostem biomass is shown in Figure 4.1(a-c) When the treatment time was kept
constant, the interaction of NaOH concentration and microwave power resulted in the
highest percentage delignification of 67% at 1.08% sodium hydroxide and 680 W
microwave power. Furthermore, a high percentage (63%) of lignin removal was observed
when sodium hydroxide and microwave power were 2.96% and 83 W, respectively,

whereas the lowest percentage delignification (35%), was observed when NaOH
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concentration and microwave power were 1.05% and 80 W, respectively. This indicates
that high delignification in plantain pseudostem biomass at constant time was obtained
when the relationship between NaOH concentration and microwave Power was inversely
proportional, whereas percentage lignin removal was low when both NaOH concentration
and microwave Power were either low or high. This confirms the finding in the model
equation for the delignification of plantain pseudostem biomass where the coefficient of
AB (NaOH concentration and microwave Power) was negative (-8.17). As a result,
depending on the resources available, a decision will be made to use either a high NaOH
concentration or a high microwave power to obtain a high percentage lignin removal at

constant time from plantain pseudostem biomass at an industrial level.

When the microwave power was kept constant, highest percentage of cellulose (65%)
was retained when NaOH concentration and treatment time were in inverse relationship,
whereas when both factors were either low or high, the percentage of cellulose retained
in plantain pseudostem biomass was low. This supports the negative AC (NaOH
concentration and treatment time) coefficient observed in the model equation for
percentage cellulose retained in plantain pseudostem biomass. When the treatment time
was set to 3 min, a high NaOH concentration (2.95%) at a high microwave power (685
W) resulted in a high percentage of cellulose retained. No difference at p < 0.05 was
observed, in the yield of percentage cellulose retained when microwave power and
treatment time interacted at constant NaOH concentration based on the uniform colour
observed in the response plot of the interaction between microwave power and treatment
time. As a result, to retain a high cellulose content in plantain pseudostem biomass, the
most important factor is NaOH concentration, which can be directly proportional to
microwave power but inversely proportional to treatment time, as observed in the current

study. This supports the findings of Ethaib et al. (2017), who found that an extended
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treatment time in microwave-alkaline treated wheat straw resulted in a low cellulose yield

due to the degradation of cellulose inhibitory products.

At constant time, the percentage hemicellulose yield increased with NaOH concentration
but decreases with power. When the NaOH concentration was held constant at 2%, the
hemicellulose vyield increases as the Power and treatment time were reduced. This
supports the findings of Ethaib et al. (2017), who discovered that cellulose and
hemicellulose degrade into inhibitory products when exposed to high microwave power

for an extended period of time.

b. Sugarcane bagasse biomass

The interactive effects of variable factors on percentage delignification of sugarcane
bagasse biomass are shown in Figure 4.2 (a-c). When the power was kept constant at 385
W, the percentage delignification of sugarcane bagasse biomass was highest (77%) at
high NaOH concentration (2.98%) and extended time of 4.81 min, but it was lowest when
both NaOH concentration and treatment time were low. This same trend (direct
relationship with yield) was observed for other variable factors when the third factor was

kept constant.

The interactive effects of variable factors on cellulose content showed that at constant
time of 3 min, maximum percentage Cellulose yield (>70%) can be obtained when the
relationship between NaOH concentration and treatment time are in the inverse.
However, when power is kept constant at 385 W, cellulose yield increased with increase
in both treatment time and NaOH concentration. Similar to the observation in plantain
pseudostem biomass, at constant NaOH (2%), statistical difference was not observed in
the retention of cellulose when both treatment time and microwave power were

interacted. This is evident in the uniform colour of the response surface plot.
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The interactive effects of variable factors on percentage hemicellulose yield of sugarcane
bagasse biomass showed that when treatment time was kept constant at 3mins, highest
hemicellulose yield of 22% was obtained when both NaOH concentration and microwave
power were low while the lowest hemicellulose was retained when both NaOH
concentration and microwave power were high. However, when the power was kept
constant at 385 W, high percentage of hemicellulose was retained either at low or high

NaOH concentration in an extended time.

c. Corncob biomass
The interactive effects of variable factors on percentage delignification of corncob
biomass are shown in Figure 4.3 (a-c). The interactive effect of sodium hydroxide
concentration and power while the time was kept constant at 3 min showed that the
highest percentage delignification of 59% was observed at 2.98% of sodium hydroxide
when operated at 87 W, but a low percentage of lignin was removed when both
microwave power and NaOH concentration were low. Therefore, it can be seen from the
plot that, percentage delignification increased with increase in NaOH concentration and
reduction in power when the time is kept constant. The interactive effects of sodium
hydroxide concentration and time when the power was kept constant at 385 W showed
that a percentage delignification of 66% was observed from the plot at 2.95% sodium
hydroxide concentration in 4.96 min, while, 39.7% delignification was observed at 1.2%
NaOH at 1.97 min. Hence when power was kept constant, percentage delignification of
corncob biomass was directly proportional to time and sodium hydroxide concentration.
The interactive effects of power and time when NaOH was kept constant showed that the
highest percentage delignification (60%) of corncob biomass was obtained when
microwave power was 690 W and treatment time was 4.96 min whereas, the lowest

percentage delignification (34%) was obtained at 91 W and 1.08% of NaOH. This
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indicated that percentage delignification increased with increase in time and power when

the concentration NaOH was kept constant.

The percentage cellulose content increased as NaOH concentration increased (2.96%) and
power was reduced (102 W) at constant time. When power was kept constant at 385W,
percentage cellulose retained in corncob biomass increased with increase in both
treatment time and NaOH concentration. A further increase in NaOH concentration
beyond 2% at this power (385 W) may result in cellulose content reduction with time.
However, the interactive effects of power and reaction time at constant NaOH
concentration resulted into the highest percentage of cellulose retained (58%) when

power was low (107 W) and time was high 4.85 min.

The interactive effects of variable factors on percentage hemicellulose yield of corncob
biomass showed that at constant time (3 min), the highest percentage hemicellulose
retained (30%) was obtained when power was high (675 W) and NaOH concentration
was low (1.04 min). However, when power was kept constant, 33% hemicellulose was
retained when both NaOH concentration and treatment time were low. Also, when NaOH
was kept constant, highest hemicellulose (33%) was retained when high microwave

power (692 W) was applied for a short time (1.16 min).

Therefore, from the interactive effects of variable factors on the responses from
microwave-alkaline pre-treatment of the chosen agrowastes, it is possible to conclude that
percentage lignin removal has a direct relationship with treatment time and microwave
power. This supports the findings of Jablonowski et al. (2022), who found a positive
correlation between microwave power and lignin removal in rice straw. However, the
highest cellulose yields (71%, 62%, and 64% for SB, CC, and PS, respectively) were

obtained when NaOH concentration was high and power was low, but in either case the
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treatment time must be kept short because extended time reduces yield. The general
observation for hemicellulose retained in agrowaste is that high yield was obtained when
the power was low, but if high power is to be applied, as in the case of corncob biomass,
then it must be at low NaOH concentration for a short time. This supports the findings of
Ethaib et al. (2017), who discovered that cellulose and hemicellulose degrade into
inhibitory products when exposed to high microwave power for an extended period of

time.

4.2.1b: Characteristics of agrowaste pre-treated at optimal conditions

I. Crystallinity index microwave-alkaline pre-treated and unpre-treated agrowastes
The primary goal of chemical pre-treatment steps is to increase the surface area and
porosity of the substrate, remove amorphous portions to expose cellulose crystallinity,
and maximize sugar production during the saccharification process (Zhang et al., 2021).
Microwave irradiation with aqueous NaOH degrades lignin and hemicelluloses and
exposes the crystalline region of the cellulose fibril. This is accomplished through the
cleavage of intermolecular ester bonds, which crosslink lignin and other components such

as hemicelluloses.

The lignocellulosic biomass (sugar cane bagasse, plantain pseudostem biomass and
corncob biomass) used in this study contained mainly cellulose, hemicellulose and lignin.
The higher the lignin and hemicellulose contents of a lignocellulosic material, the lower
its crystallinity index. Figures 4.4 — 4.6 show the crystallinity index from the XRD
profiles of untreated and treated plantain pseudostem biomass, sugarcane bagasse, and
corncob biomass. The percentage crystallinity index (C.I) was calculated for this study

using the integrated peak intensities of the [01], [11] and [002] diffraction planes for

all the agrowaste. There are increases in the intensities of the peak in the diffractogram
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of pre-treated agrowastes at [D1], [11] and [002] diffraction planes at 2 thetas when

compared to the unpre-treated agrowastes.

The diffraction angles of untreated plantain pseudostem (12.96°, 22.29° and 35.7°) is
closer to the diffraction angles of pre-treated plantain (15.02°, 22.25° and 35.2°); also the
diffraction angles of untreated sugarcane bagasse (16.67°, 22.05° and 35.2°) are closer
to the diffraction angle of pre-treated sugar cane (16.25° 22.22° and 35.9°), and the
diffraction angle of untreated corncob biomass(16.11°, 21.68° and 34.47°) are close to
the diffraction angle of pre-treated corncob biomass(12.96°, 21.85° and 34.54°). The
closeness of the diffraction angles of both treated and untreated samples is an indication
that there is no conversion from native cellulose 1 to cellulose Il or cellulose I11. All these
angles correspond to the lattice planes of [01], [11] and [002] respectively, which are

specific to the crystalline region of cellulosic materials.

The Crystallinity Index (C.I) of the untreated plantain pseudostem biomass in this study
was 35.66% while pre-treated plantain pseudostem biomass was 58.36%, this is slightly
higher than the 46.76% C.I reported for pre-treated plantain pseudostem biomass residue
when enzyme pre-treatment was used by Luz et al. (2020). This implies that the pre-
treatment conditions in the present study removed more lignin from the agrowaste thereby

exposing more of the crystalline part of agrowaste sample to enzymatic hydrolysis.

The C.I of the untreated sugarcane bagasse and microwave-alkaline pre-treated sugarcane
bagasse in this study were 35.94% and 43.31%, respectively. This is below 41.41% and
46.76% C.I reported for untreated and alkaline pre-treated sugarcane bagasse respectively
by Luz et al. (2020). However, it is clear that the difference in the crystallinity index of
treated and untreated samples in the current study (7.32%) was greater than the difference

(5.35%) in the crystallinity index of treated and untreated samples in the previous study.
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This suggests that the pre-treatment conditions in the current study had a greater positive
influence on the crystallinity of pre-treated sugarcane bagasse. The results showed that
microwave-alkaline pre-treatment of sugarcane bagasse biomass increases cellulose
crystallinity effectively. According to Ovalle-Serrano et al. (2018), treatment with
hydrogen peroxide in basic medium allows the removal of amorphous constituents such
as lignin and hemicellulose, thereby increasing the crystallinity of these lignocellulosic
materials. As a result, more internal surface area of the crystalline region would be

exposed to enzymatic hydrolysis, resulting in a high bioethanol yield.

In this study, the C.I of the untreated corncob biomass was 17.13%. This is less than the
33.32% C.I of the pre-treated corncob biomass, indicating that the microwave-alkaline
pre-treatment removed lignin from the corncob biomass, exposing the crystalline part of
the agrowaste. Jamaldheen et al. (2018) also reported an increase in C.I of pre-treated

agrowaste as a result of the effect of the pre-treatment conditions.

In conclusion, a critical examination of the XRD results of the three agrowastes chosen
for this study may indicate that there is a better improvement in the crystallinity of
corncob biomass because the difference (16.19%) in the C.I of the unpre-treated when
compared to the pre-treated is the highest among the three agrowaste, whereas the
difference (11.6%) in the C.I of treated and untreated plantain pseudostem biomass
sample was higher than the difference (7.32%) in the C.I of treated and untreated
sugarcane bagasse. This could imply that more polysaccharides will be available for
hydrolysis in corncob biomass, resulting in a higher bioethanol yield. This further
confirms the results of the compositional analysis in this study where corncob biomass
was found to contain the highest number of polysaccharides among the three agrowaste

of choice.
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ii. Infrared Spectra of microwave-alkaline pre-treated and unpre-treated
agrowastes

Infrared Spectra of the untreated and treated plantain is presented in Figure 4.7. The
waveband of the unpre-treated plantain pseudostem biomass showed wider wavelength
ranging from 711.5 to 3954.2 cm-! while the treated plantain has shorter wavelength
between 1571 and 3954.2 cm-L. Infrared Spectra of the untreated and treated sugarcane
bagasse is presented in Figure 4.8. The waveband of the pre-treated sugarcane bagasse
had wider wavelength ranging from 626.2 to 3980 cm-* while the treated sugar cane had
shorter wavelength between 1119.5 and 3980 cm-*. Also, infrared Spectra of the untreated
and treated corncob biomass is presented in Figure 4.9. The waveband of the pre-treated
corncob biomass how wider wavelength ranging from 626.2 to 3998.2 cm-! while the
treated corncob biomass has shorter wavelength between 994.5 and 3998.2 cm-1. The
OH-vibration (acid and methanol) was observed between 2995 cm-! to 4000 cm-1. This
functional group is present in cellulose, hemicellulose and lignin. The treated agrowastes
had a higher absorbance intensity from 2995 cm-! to 3401.54 cm-2, but the absorbance
intensity decreased as it approached 4000 cm-. The change was caused by the variation
of binding energy of hydrogen in the system of internal and intermolecular interactions.
The decline in the intensity at 3401.54 cm-! is an indication that lignin and hemicellulose
had experienced bond loss due to the change in the hydrogen bond. A strong broad band
of H-C-H functional group with an increased intensity in pre-treated agrowaste existed
between 2208 cm-! to 2995 cm-L. This stands for alkyl and aliphatic compounds. The H-
C-H group is present in cellulose, hemicellulose, and lignin, but symmetric and
asymmetric methyl and methylene cellulose groups are stretched (Boukir et al., 2019).
The treated agrowaste biomasses had higher absorbance intensity within this region than

the agrowaste biomasses. This is due to loss of lignin during pre-treatments as it leads to
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the removal of the aromatic structure of lignin thereby increasing the crystallinity of the
pre-treated sample (Luz et al., 2020). The band between 1765 cm-1 to 1715 cm-!
corresponds to the C=0 functional group. It stands for the ketone and carbonyl compound
and it is only present in hemicellulose. The band at 1646 cm-! corresponds to the fiber-
OH group which stands for the bending vibration of the absorbed water and it is only
present in cellulose. It has a more prominent absorbance peak in the treated agrowaste
biomasses than the untreated agrowaste biomasses as a result of the delignification. (Luz

et al., 2020; Anggono et al., 2019).

Conclusively, the reduction in the band width, which corresponds to the amount of lignin
removed, for both treated and untreated agrowastes, tend to be more prominent in plantain
pseudostem biomass (711.5- 1571) cm-! when compared to sugarcane bagasse (626.2-
119.5) cm-! and corncob biomass (626.2-994.5) cm-1. This implies that the pre-treatment
conditions were more favourable to plantain pseudostem biomass as it removed more
lignin from the agrowaste. Therefore, plantain pseudostem biomass could be a better

biomass for good ethanol production.

iii. Morphological change of microwave-alkaline pre-treated and unpre-treated
agrowastes

The Scanning Electron Microscopy (SEM) image of both the treated and the untreated
agrowaste are presented in Plate 4.1 to Plate 4.3. The untreated agrowaste has a compact
homogeneous structure of raw biomass, with no visible pores within the structure. On the
contrary, microwave-alkaline pre-treated agrowaste exhibited a distortion in the structure
of the biomass. NaOH causes the conformation of the fiber to expand, the structure to
loosen, and the surface area of the fibers to increase (Sahare et al., 2012). These

modifications primarily facilitate the exposure of the cell to subsequent enzymatic
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hydrolysis. The disruption of the cross linkage between the linear cellulose chains causes
the formation of such hollow spaces. According to Haldar et al. (2018), pre-treatment
causes lignocellulosic structure degradation, resulting in maximum cellulose linear chain
deformation and the formation of pores that release reducing sugars. These modifications
improve enzyme accessibility to cellulose and hemicellulose, thereby improving enzyme
hydrolytic performance. As a result, microwave-alkali pre-treatment can improve the

overall saccharificat5ion rate of enzymatic hydrolysis and ensure a high ethanol yield

4.2.2a: Qualitative and quantitative potentials of microorganisms for enzyme
production and fermentation process

Microorganisms are the most powerful and convenient sources of industrial enzymes,
fungi has been established as the source of a wide range of extracellular enzymes
including cellulases and xylanases (Golgeri et al., 2022). Fungal cellulases and xylanases
are two of the most widely used microbial enzymes in a variety of industrial and
environmental applications, including biofuel production (Saini and Sharma, 2021). In
the present study, the macroscopic and microscopic features of pure isolates of fungi used
for enzyme production and ethanol fermentation are shown in Table 4.5 and 4.6
respectively white the appearance on SDA plate is shown in Appendix E (Plate 4 and 5
respectively). These organisms were screened both quantitatively and qualitatively for

the ability to perform the desired duties.

According to research, one of the most important aspects of enzyme production is the
type of substrate used as a carbon source (Liu et al., 2021). In the present study, Pre-
treated agrowastes of choice (plantain pseudostem biomass, sugarcane bagasse, and
corncob biomass) were used as carbon sources in the qualitative and quantitative
screening of organisms for enzyme production. This decision was based on previous

research that demonstrated the significance of using alternative substrates such as
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lignocellulosic agrowaste as a carbon source for enzyme production . This will help to
reduce the cost of enzyme production while also ensuring the availability of the substrate.
In their study, Bhatia et al. (2012) discovered that agricultural waste, particularly
lignocellulosic biomass, is an excellent source of microbial cellulase production.
Previously, Abu (2005) reported that crude enzyme produced using sorghum pomace as
substrate was more active than enzyme produced using commercial carboxyl methyl
cellulose. Da Silva et al. (2005), also reported the production of cellulase and xylanase
by Fungi in solid state fermentation using various agricultural residues as substrates
(wheat bran, sugarcane bagasse, orange bagasse, corncob, green grass, dried grass,

sawdust, and corn straw) and characterized the enzymes

i.  Qualitative profile of organism for Enzyme production

In this study, ability of different lignocellulosic substrates to elicit the production of
lignocellulosic enzymes by the microorganisms was made visible by the formation of
zone of clearance using Congo red test. The organisms which showed considerable zone
of clearance during the Congo red test are shown in Plate 4.4. The dimensions of
hydrolytic zone of clearance are shown in Table 4.7. Organisms RD5 and FBL which
had the best hydrolytic zone of clearance on plantain pseudostem agar plate and sugarcane

bagasse agar plate were chosen for further studies.

ii. Quantitative profile of organisms for enzyme production

The activity of the enzyme produced by the isolated organisms are shown in Table 4.8
and Table 4.9 for cellulase and xylanase respectively. Cellulase with the highest activity
(15.35+0.48 1U/mL) was produced by FBL which used sugarcane bagasse as carbon
source after 48 h. This value was higher than the highest value (6.95+0.12 IU/mL)
obtained when carboxyl methyl cellulase was utilized as carbon source by the same

organisms. This confirms the report by Abu (2005) and Ravindran et al. (2018), that
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lignocellulose materials are better carbon sources than commercially available carboxyl
methyl cellulose because significant amounts of glucose isomerase were not detected in
cultures grown on pure cellulosic substrates. However, when agricultural plant residues
were used, the glucose isomerase enzyme was produced rapidly and in significant amount
because glucose isomerase interconverts aldoses to ketoses (Zhang et al., 2019a). This
enzyme is produced by most bacteria and fungi to utilize cellulose as food thereby
producing extracellular enzymes such as cellulase and xylanase. The value of cellulase
activity obtained in this study is higher that the values reported by Golinska and Dahm
(2011), who estimated cellulase activity in different Streptomyces sp. at different pH and
temperature and found enzyme activity in the range of 8-13 IU/mL using sugarcane
bagasse as substrate. The value of enzyme activity obtained in this study is, however,
lower than the value (20 1U/mL) reported by Verma et al. (2018) , when 1.5%
lignocellulosic substrates (Luffa cylindrica and Litchi chinensis peel) were used as carbon

source.

The xylanase with the highest activity (38.04 £ 0.17 1U/mL) which was obtained after 96
hs was produced by RD5 isolated from refuse dump site which used plantain pseudostem
biomass as carbon source. The value obtained for enzyme activity is comparable to the
value (38.84 0.17 IU/mL) obtained when commercial birch wood xylan was used as the
carbon source. This activity is greater than the value reported by Singh et al. (2012b),
who used rice bran as a carbon source and obtained a maximum xylanase activity of 30.15
IU/mL after 48 h of incubation. However, the value obtained in this study is lower than
the value reported by Raj (2016), who found the highest xylanase activity to be 56.21
IU/mL when wheat bran was used as carbon source and also 50.89 IU/mL when
birchwood xylan was used as a carbon source. The difference in enzyme production by

different organisms on a variety of lignocellulosic materials could be due to a variety of
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factors such as variable cellulose content in lignocellulose obtained from different plant
sources, heterogeneity of structure and cellulolytic abilities of the organisms at different

degrees, and culture conditions (Chinedu et al., 2016)

iii. Qualitative profile of organisms for fermentation process
The organism isolated for the fermentation process (Plate 5, Appendix E) was
qualitatively tested for their ability to ferment simple sugars using a physiological test, as
shown in Table 4.10. All of the strains fermented glucose, sucrose, and fructose with gas
production and colour change, except PP, which fermented all simple sugars except
lactose. Only PP and RB6 were able to ferment xylose and arabinose; the medium
containing xylose sugar into which organism T was inoculated also changed colour, but
there was no evidence of gas production in the Durham tube. As a result of the
aforementioned observations all the organisms that fermented hexose sugars, as well as

organisms RB6 and T, were chosen for quantitative examinations in the current study.

v, Quantitative profile of organisms for fermentation processes
Organisms PW1, PW2, PW3, PP and two organisms that showed potential to ferment
pentose sugars (T and RB6) were chosen for quantitative screening to monitor their ability
to utilize hexose (glucose sugar) and pentose (xylose sugar) for bioethanol production,
and the results are shown in Figure 4.10. Maximum sugar consumption and ethanol yield
were observed at the 96™ h This is similar to the work of Zabed et al. (2014), who
performed fermentation at 30 °C and obtained the highest ethanol concentration yield
(52.1 g/L) at the 96" h of the experiment. Meanwhile, Al-Judaibi (2011) achieved
maximum ethanol yield from beet molasses fermentation after 48 h of incubation at 28°C
using S. cerevisiae. At the 96th h, organism T used the most glucose, but organism RB 6
produced a higher concentration of ethanol. Furthermore, all of the yeast produced a high

ethanol yield from glucose, but organism PP produced the highest yield. According to
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Tulashie et al. (2021), the decreasing concentration of glucose as fermentation progresses
over four days is due to the presence of Zymase, a naturally occurring enzyme complex
that is responsible for the reduction of sugar during fermentation as it converts it to
ethanol. Organisms PP and RB 6 produced the highest concentrations of ethanol from
glucose and xylose, respectively, suggesting that they may be capable of effectively

utilizing the fermentable sugars in lignocellulose to produce bioethanol.

v. Ethanol tolerance of fermentation organisms

Furthermore, as shown in Figure 4.11. an ethanol tolerance test was performed on each
organism to determine their ability to withstand different concentrations of ethanol.
According to Ukwuru and Awah (2013), ethanol tolerance is a unique property of
organisms that makes it exploitable for industrial applications. Organisms RB6 and PP
had a high tolerance of 50.55% and 50.2% respectively for ethanol concentration up to
12%. This supports the findings of Tikka et al. (2013), who isolated fifteen yeast strains
using various fruit extracts as carbon sources, seven of which could tolerate ethanol
concentrations up to 12.5%. The ethanol tolerance observed for the organisms in this
study was higher than the tolerance level (8%) reported by Aminu et al. (2018) for S.
cerevisiae isolated from palm wine, but lower than the tolerance level (14.7%) reported
by Ukwuru and Awah (2013). This means that the organisms chosen for this study can
stay metabolically active in the fermentation medium and tolerate up to 12% alcohol

during the fermentation process.
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4.2.2 b: Molecular identification of screened organisms for enzyme production and
fermentation process

The two organisms, FBL and RD5 selected for the production of cellulase and xylanase
respectively as well as the two organisms (RB6 and PP), for glucose and xylose
fermentation respectively were identified at molecular level. The names, percentage
similarity as well as the accession numbers of the identified organisms are shown in Table
4.11. The sample organism (accession number OP107821) for cellulase production had
99.83% similarity with Aspergillus flavus, while the sample organism (accession number
OP107822) for xylanase production had 99.82% similarity with Aspergillus niger. This
supports the findings of da Silva et al. (2019), who found that filamentous fungi,
particularly Aspergillus sp., are more useful producers of xylanase and cellulase because
they can produce high levels of extracellular enzymes and are easier to cultivate than
bacteria and yeast. Also, the sample organism (accession number OP107823) for xylose
fermentation had 99.47% similarity with Mucor indicus, while the sample organism
(accession number OP107824) for glucose fermentation had 99.47% similarity with
Saccharomyces cerevisiae. This study confirms the fact that Saccharomyces cerevisiae is
very good at fermenting hexose sugar (Dmytruk et al., 2016). Also, Mucor indicus has
been reported to ferment xylose and glucose sugars to produce high bioethanol yield (

Sharifyazd and Karimi, 2017; Karimi and Karimi, 2018)

Phylogenetic analysis was carried out using maximum identity scores; the phylogenetic
tree comprised 20 taxa including the strains isolated in this study as shown in Figure 4.12.
The 16S rRNA gene has become a reliable tool for the identification and classification of
fungi because studies of 16S rRNA are necessary to achieve unambiguous identification
at the species level. Each forward ACCACGGTAAGTTGCTCATC and backward
CCGACCTTCTTGTTGTCCTT primer amplified a fragment of the 16S rRNA gene, and

asingle discrete PCR amplicon band of 690 bp and 400 bp was observed from Aspergillus
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flavus and Aspergillus niger when resolved on agarose gel for both isolates, as shown in
Plates 4.5 and Plate 4.6. CelE gene from Aspergillus flavus was found to be 99.56%
similar to endo-beta-1,4-glucanase, while xyn11B gene from Aspergillus niger was found
to be 100% similar to endo-1,4-beta-xylanase. This validates the findings of da Silva et
al. (2019) that filamentous fungi, particularly Aspergillus sp., are more useful producers

of xylanase and cellulase.

4.2.3a: Immobilization techniques developed for the co-immobilization of xylanase,
cellulase, and suitable pentose and hexose sugar fermenters

i. Porous biochar as support for enzyme immobilization
The efficiency of immobilized enzyme is determined by the nature of the enzyme and
the support material. The interaction between the enzyme and the support gives the
immobilized enzyme specific chemical, biochemical, mechanical, and kinetic properties
(Lee et al., 2021). Therefore, it is very important to choose a suitable support for the
immobilization of enzyme. Porous materials such as biochar are commonly used for
enzyme immobilization because it is thermally, mechanically and chemically stable and
insoluble in the solution for the immobilization and catalytic process. Also, biochar
possesses the additional feature of cation exchange capacity owing to the presence of
residual carboxylic acid functionalities on its graphitic backbone making it an attractive
material for immobilization support. Furthermore, ability of biochar to accept and donate

electrons makes it an ideal candidate for biocatalytic support (Pandey et al., 2020)

Chemical activation of biochar with acids, bases, or oxidizing agents has been
demonstrated to introduce the desired surface functional groups (Sajjadi et al., 2019).
Alkali treatment increases surface basicity through the introduction of hydroxyl groups,
as well as increase its surface area and porosity (Kumar et al., 2022). In the present study,

biochar was prepared from alkali activated sugarcane bagasse and the biochar yield (Plate

184



6, Appendix F) was 33.5% of the initial sugarcane bagasse pyrolyzed at 450 °C. This
yield is higher than that reported by Manyatshe et al. (2022), who obtained 22.57% and
16.79% of biochar after pyrolysis of sugarcane bagasse at 400 °C and 600 °C,
respectively. According to Wang et al. (2021), the biochar yield varies greatly depending
on the pyrolysis temperature as well as the feedstock materials. Al-Wabel et al. (2013)
found that increasing the pyrolysis temperature reduced the yield of conocarpus biochar,
with yields of 51.33%, 31.86%, 27.22%, and 23.19% obtained at 200 °C, 400 °C, 600 °C,
and 800 °C, respectively. The decreasing biochar yield as the pyrolysis temperature
increased was ascribed to the loss of cellulose and hemicellulose as well as a high number
of aromatic lignin being converted into biochar during the process of pyrolysis
(Manyatshe et al., 2022). Furthermore, Ghani et al. (2013) demonstrated that lignin is not
converted into a hydrophobic polycyclic aromatic hydrocarbon (PAH) at lower
temperatures (less than 500 °C), and biochar becomes more hydrophilic. As a result, the
biochar obtained in this study, which was pyrolyzed at 450 °C, is very suitable for enzyme

immobilization.

ii. Biochar-chitosan composite support for immobilization of enzyme

Despite the availability and sustainability of biochar, some limitations, such as a lack of
reactive and hydrophilic groups and the inability to recover easily, are major barriers to
its use in enzyme immobilization (Mo and Qiu, 2020). Chitosan is added to biochar
powder and used as a dispersing and stabilizing reagent to form biochar-chitosan
composites in order to conveniently and quickly recycle and reuse enzymes (Xu et al.,
2020). Chitosan is a non-toxic, biocompatible, and biodegradable chitin deacetylated
product with reactive amino and hydroxyl groups (Li et al., 2020). According to studies,
chitosan powders alone are non-porous materials with a low surface area (less than 10

m?g ~!' ) and poor mechanical and thermal stability ( Li et al., 2018). However, when
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chitosan and biochar are combined, the adsorption capacity of both biochar and chitosan

is increased, and the separation of the composite from the reaction medium is facilitated

Chitosan-based composites have attracted great attention in various applications due to
their impressive characteristics such as mechanical strength, chemical stability, surface
area and structural properties. (Li et al., 2018). In the present study, biochar-chitosan
composite beads were prepared freshly and also dried at various thermal conditions to
enhance the ease of separation from reaction medium. The characteristics of the beads
that led to the selection of the support for enzyme immobilization are discussed further

below.

4.2.3b: Characteristics of biochar-chitosan support prepared for co-immobilization

I. Average diameter of biochar-chitosan beads prepared at different drying
conditions

The average diameters of biochar-chitosan composites prepared at different thermal
conditions are shown in Table 4.12. The average diameters of the biochar-chitosan bead
composites were 2.67 + 0.32 mm, 2.54 + 0.21, 2.55 + 0.41 mm, and 1.97 £ 0.17 mm, for
fresh beads, air-dried beads, freeze-dried beads and oven-dried beads respectively. There
was no significant difference in the average diameter of the beads except for oven-dried
beads which were slightly lower than the other beads. This corroborates the study by Bilal
et al. (2019) who reported that chitosan beads of average size 2.0 mm was effective for

laccase immobilization.

Since the diameter of the beads obtained in this study fall within the range of diameter
reported as suitable for laccase immobilization, this suggests that the biochar-chitosan
beads prepared in this study may be suitable for the immobilization of cellulase and
xylanase for the hydrolysis of lignocellulosic agrowaste. However, among the dried

beads, freeze-dried beads had the largest average diameter (2.55 £ 0.41 mm), which is
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consistent with the findings of Martin et al. (2019), who found that freeze-dried beads
have the largest diameter among calcium-alginate beads prepared for pectinase
immobilization. This was attributed to inability of the freeze-dried bead to shrink,
transforming the areas of the former ice crystals into cavities cell-like structures as a result
of frozen water sublimation within the matrix. Iliescu et al. (2014) reported in a similar
study that lyophilization of freeze-dried beads resulted in stratified cell-like structure,
which may enhance swelling capacity and also enable controlled release of its loaded
content. As a result, the freeze-dried beads prepared in this study may further be suggested

as a better candidate for enzyme loading.

Ii. The swelling behaviours of biochar-chitosan beads

The swelling ability of hydrogel beads is an important feature to evaluate because it may
influence the application of the product, which can range from drug delivery systems to
adsorbents (Parin et al., 2020). It can also indicate the number of available pores in the
matrix. In this study, the swelling behavior fresh biochar-chitosan beads as well as
biochar-chitosan beads dried at different drying conditions is as shown in Figure 4.13.
Swelling ratio measurements are a straightforward method for characterizing crosslinked

polymer networks, with a focus on liquid-retention capacities (Li et al., 2020).

Solvent penetration into the polymer causes swelling because the solvent fills the void
space between the polymeric chain network. External triggers such as pH, ionic strength,
and environmental temperature can all influence swelling behavior in some cases
(Flemming et al., 2020). The major mechanism of reversible swelling ability is based on
chemical bonds and physical interactions (Yang et al., 2021). Fresh beads had the lowest
swelling ratio of 0.31, while freeze dried beads had the highest percentage swelling ratio
of 7.21. This confirms the report of Iliescu et al. (2014) on the ability of freeze-dried

beads to have a higher swelling capacity. The high swelling capacity of freeze-dried beads
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indicates that they have the capacity, in terms of large surface area and high pore volume
which may enable high enzyme loading for hydrolytic processes thereby releasing

optimal fermentable sugars for high bioethanol yield.

iii. Thermogravimetric curves (TGA) and the derivative thermogravimetric (D
TGA) curves of biochar-chitosan beads

The thermal properties of the biochar-chitosan composites beads were studied using TGA
analysis at the temperature range of 30 to 800 °C. TGA and DTG thermograms of
biochar-chitosan beads are shown in Figure 4.14 (a and b). Figure 4.14a shows the TGA
curves and while Figure 4.14b shows the DTG result. The biochar-chitosan beads were
more thermally stable at lower temperatures (< 200 °C) since the graph did not show a
dramatic decline at this stage. The curves sloped downward with increasing temperature,
indicating that the beads were less stable at higher temperatures. Initially, a 5% weight
loss in biochar was observed, which was due to the release of water molecules from the
pores and surface of the biochar (Adeniyi et al., 2022). The second stage of degradation
began at 180 °C and continued until 420 °C, when samples lost approximately 77.38% of
their total weight due to the decomposition of biochar and chitosan main chains (Roy et
al., 2022). The burning of the char formed during analysis in the N2 atmosphere was the

final step in the decomposition of the biochar-chitosan bead samples.

Collectively, the thermal degradation behavior of all the four biochar-chitosan composites
samples showed minor differences to each other. The oven-dried biochar-chitosan bead
showed slightly higher thermal stability than the other three biochar samples at higher
temperatures. TGA curves of the biochar-chitosan beads indicated that there was no phase
separation between chitosan and biochar composite. It can be said that the obtained blends
of beads are compatible. This is highly related to the interactions between biochar and

chitosan through hydrogen bonding formation between their functional groups (—-OH and
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—NH2 groups) which will then work synergistically to bind with the loaded enzyme,
allowing the enzyme to be stable. The temperatures at which the mass change is most
noticeable can be determined from the DTG curve as shown in Figure 4.14b. The graph
shows that the majority of the mass change occurred around 400 °C. This is consistent
with the findings of lliescu et al. (2014), who found that the maximum degradation of
freeze-dried Montmorillonite-alginate beads occurred at 490 °C. The ability of the beads
prepared in this study to withstand high temperatures up to 400 °C without deterioration
indicates that the prepared matrix can withstand any reaction up to this high temperature

at the industrial level.

iv. Specific surface area, pore size and pore volume of biochar-chitosan
composite

Physical activation and pyrolysis of biochar influences the structural properties such as
surface area, pore size and pore volume (Roy et al., 2022), ).The surface area of native
inactivated sugarcane bagasse biochar has been reported to be 33.1 m?/g (Raul et al.,
2021). However, alkali activation of bagasse, according to Yang et al. (2022), increases
the specific surface area of the resulting biochar. Furthermore, the increased temperature
during the pyrolysis process forces volatile substances out of the char, resulting in the

formation of pores and an increase in surface area (Shaaban et al., 2014).

This is advantageous for enzyme immobilization because increased support surface area
leads to increased enzyme loading on the support matrix (Bilal et al., 2019). Although
the enlarged surface area decreases when the biochar is combined with chitosan, the
existing surface area after chitosan combination is usually greater than the surface area
of the initial native bagasse. Textural properties such as surface area, average pore size,
and pore volume were estimated in the current study using well-known calculation

methods such as the Barrett- Joyner-Halenda (BJH) models of Brunauer-Emmett-Teller
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(BET), as shown in Figure 4.15. After pyrolysis at 450 °C, the surface area of activated
biochar was 378 m? /g, but this size was reduced to 178.6 m? /g, 276.3 m? /g, 177.1 m?
/g, and 170.8 m? /g when the biochar was combined with chitosan to form fresh, freeze-
dried, air-dried, and oven-dried beads, respectively. Tomczyk et al. (2020) reported
specific surface areas of 185.6 m2 /g for activated sugarcane bagasse biochar and 154.7

m? /g for rice husks-biochar.

Other authors have reported that chitosan-modified biochar from other feedstocks has
lower surface areas than unmodified biochar (Zhou et al., 2013; Creamer et al., 2016;
and Godwin et al., 2019). This is most likely due to the incorporation of chitosan in the
biochar matrix blocking partial pores or changes in the chemical compositions of the
biochar surface causing nitrogen to have less affinity for surface adsorption (Loc et al.,
2022). 1t has also been reported that the feedstock type influences the surface area of the

resulting biochar (Li et al., 2019).

The chitosan modification also had an effect on the pore volume and pore size of the
biochar. The pore volume of the unmodified biochar was 0.184 cc/g in the current study,
but after chitosan modification, the pore volume decreased to 0.088 cc/g, 0.136 cc/g,
0.087 cc/g, and 0.084 cc/g for fresh bead, freeze-dried bead, air-dried bead, and oven-
dried bead, respectively. These values are higher than the values reported (0.007 cc/g,
0.006 cc/g, and 0.004 cc/g) by Wagas et al. (2018). which were the pore volumes of

agricultural waste biochar pyrolyzed at 250, 350, and 450 degrees Celsius, respectively.

Freeze-dried beads had the highest pore volume (0.184 cc/g) when compared to other
modified beads. Angin et al. (2018), reported similar total pore volume results (0.180
cc/g) for biochar obtained from agricultural biomass at a pyrolysis temperature of 450

°C, implying that the biochar obtained in this study had a higher pore volume, which
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may enhance more enzyme loading for effective hydrolysis. Furthermore, Varma et al.
(2019) demonstrated that a high heating rate during the pyrolysis process increases
biochar porosity due to the release of volatile compounds. However, the pore size in the
current study is mainly inversely proportional to the pore volume results. This is
consistent with the findings of a previous study by Wagqas et al. (2018), who discovered
that the trends of pore volume were mainly inversely proportional to the pore size,
possibly due to the extremely small size particles formed by high temperature being

pushed into the pores, resulting in a decrease in total pore volume as the size increases.

In this study, the average pore size of the biochar-chitosan composite was in the 2 - 8 nm
range specified for small mesoporous regime suitable as efficient absorbent. As a result,
the biochar-chitosan beads developed in this study may be able to accommodate enough

enzyme to allow for effective agrowaste hydrolysis in bioethanol production.

4.2.3c: Loading strategy for co-immobilized enzymes

Immobilization is well known for its ability to protect enzymes from inactivation and,
eventually, denaturation under extreme conditions by creating a stable microenvironment.
In industrial processes, the effectiveness of immobilized enzyme is primarily determined
by the method of immobilization and the amount of soluble enzyme used. Although the
activity of immobilized enzymes is typically lower than that of free enzymes due to
decreased availability of enzyme molecules within pores or from slowly diffusing
substrate molecules (Fernandez-Lopez et al., 2017), enzyme immobilization remains
desirable for industrial processes due to numerous benefits such as stability, specificity,
reusability, and little or no contamination by the resulting product. Furthermore, studies
have shown that multi-enzymes have a much higher initial reaction rate and product yield
than a single immobilized enzyme. For example, Han et al. (2020) reported that when

multi-enzymes were co-immobilized on porous microspheres and used to produce inositol
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from 1% maltodextrin, the activity of co-immobilized enzymes was higher than the
activity of free enzyme. The efficiency of immobilized enzyme is determined by the
method of loading and the support used to immobilize the enzyme. In the present study,
free cellulase and free xylanase were co-immobilized on biochar-chitosan supports and
the activities are shown in Table 4.13. The loading of equal volume of both enzymes at
the same time had the highest activity for xylanase (28.51 IU/mL) and for cellulase (15.48
IU/mL), which is comparable to the activity of the free enzymes. According to one study,
the initial reaction rate of co-immobilized enzymes is accelerated because there is less or
no lag time, which prevents the immediate action of singly immobilized or even free
enzymes (Hwang and Lee, 2019; Wu et al., 2022). This lag time occurs because the
concentration of the intermediate products is initially very low, preventing the other
enzymes in the reaction chain from expressing their activities from the start of the
reaction. The synergistic effect of the co-immobilized enzymes to release fermentable
sugars is also noteworthy, particularly for the current study. According to Song et al.
(2016), xylanase improves cellulase activity by allowing the cellulase to efficiently
hydrolyze cellulose after the interlocking xylan (hemicellulose) has been hydrolyzed. In
the current study, the activity of co-immobilized enzymes was approximately 40% lower
than that of free enzyme, which could be attributed to the method of immaobilization or
the nature of the support used. When three enzymes (glucose mutase PGM, inositol 1-
phosphate synthase IPS, and inositol monophosphatase (IMP) were co-immobilized,
Muley et al. (2018), observed a 20% reduction in activity compared to individual free
enzymes; this reduction was reported to occur due to alterations in enzyme conformation
caused by removal of water from the exterior surface during immobilization. A 40%
reduction in activity of co-immobilized enzymes as compared to free enzymes observed

in the current study may be considered acceptable in light of the other benefits of co-
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immobilized enzymes such as reusability, which allows the same co-immobilized
enzymes to be re-used several times with fresh substrates at each use, as opposed to the
free enzyme, which became mixed with the product after only one use and cannot be re-

used again.

Also, the immobilization efficiency was 89.29% and 82.29% for xylanase and cellulase
co-immobilized at the same time on freeze-dried support. This result is higher than the
immobilization efficiency (71.8%) obtained by Sadaqgat et al. (2022) when cellulase was
loaded on chitosan beads whereas some other author such as Wu et al., (2022), obtained
a higher immobilization yield of 91.5%. The variations in the immobilization efficiency
can be dependent on the assay method used, the physical properties of the immobilized
biocatalyst and the type of support. The co-immobilized enzymes were further
characterized and compared with free enzymes to check its suitability for industrial

process as discussed in the next section.

4.2.4. Enzymatic properties, storage stability and re-usability of free and
immobilized moieties

I. Effect of pH and temperature on the activity of free and immobilized enzymes
After immobilization, the structure of the enzymes may be altered, which would change
the accessibility of the active site, stability, and specificity (Bolivar and Nidetzky, 2020).
Therefore, it is necessary to investigate the influence of pH and temperature on the
activity of free and immobilized enzymes. Effects of reaction temperature on the catalytic
activities of free and co-immobilized cellulase and xylanase were carried out at 30-90 °C
as shown in Figure 4.16. The optimal temperature for xylanase, cellulase and co-
immobilized enzymes were 50 °C, 60 °C and 70 °C respectively. This shift in temperature
optima for the co-immobilized enzymes might occur due to the impairment of

hydrophobic and secondary interactions of the free enzyme molecules within the matrix
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which was later improved at higher temperature to attain the maximum catalytic activity.
It has been reported earlier that co-immobilized pectinase and cellulase showed
maximum relative activity at 60 °C which was 10 °C increase in temperature as compared
to free enzyme (Bié et al., 2022) Same finding was reported by Dal Magro et al.(2018),
when cellulase, xylanase and pectinase were co-immobilized within iron oxide magnetic
nanoparticles functionalized with ATPES where temperature optima was shifted from 55
°C to 75 °C after immobilization. This implies that the co-immobilized enzymes
developed in this study can accommodate variations in process temperature up to about

10 °C. However, it may not work optimally below the optimal temperature of 70 °C.

Effects of pH on the catalytic activities of free and co-immobilized cellulase and xylanase
was also performed at different pH levels (2.0 — 9.0) as shown in Figure 4.17. The optimal
pH of co-immobilized enzymes was found to be between 4.5 and 7.0, whereas the optimal
pH of free cellulase and free xylanase were 6 and 5, respectively (Table 4.15). The
increased activity observed for co-immobilized enzymes over a wide pH range when
compared to free enzyme supports the findings of Bié et al. (2022), who reported that
extended pH stability was observed when pectinase and cellulase were co-immobilized
in ferrite-based nanoparticles. This means that the co-immobilized enzymes prepared in
this study will remain optimally active over a wide pH range of 5 to 7. Immobilization
has been shown to be more resistant to conformational changes caused by denaturing
conditions such as temperature and pH. This is due to tertiary structure stabilization,
which makes the enzyme more resistant to changes in reaction conditions (Guzik et al.,

2014).
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ii. Effects of substrate concentration on the Kinetic parameters for free and co-
immobilized cellulase and xylanase

The enzyme kinetic parameters (Kmand Vmax) are important for determining the affinity
of enzyme for a specific substrate as well as the rate of the enzymatic reaction (Weng et
al., 2022). Figure 4.18 shows the Kkinetic study of free and co-immobilized enzymes with
respect to substrate concentration using Michaelis-Menten kinetic derivation and
Lineweaver-Burk plot. The plot was used to calculate the values of Kmand Vmax for both
free and co-immobilized enzymes, as shown in Table 4.15. Microbial enzyme kinetic
parameters are known to be variable, and their values are strictly dependent on the specific
nature of the substrate (Alatzoglou et al., 2023). The Kmand Vmax values in the current
study varied with the agrowaste. However, for each agrowaste, the km value for both free
and co-immobilized enzymes fell within the range proposed by Stryer (2002), which was
reported by Matosevic, et al. (2010), that the km value of most enzymes falls between10
L and 10-" mg/mL. In line with previous studies, the km values for free enzymes are lower
than the km values obtained for co-immobilized enzymes while the values of Vmax for
co-immobilized enzymes are lower than that of the free enzymes. For instance, when
sugarcane bagasse was used as the substrate, the Km values for immobilized enzyme
(0.018 mg/mL) was higher than the Km values of free cellulase and xylanase which were
0.017 mg/mL and 0.0056 mg/mL respectively The findings are in line with the previous
study by Alatzoglou et al. (2023) who reported that an increase in Km after enzyme
immobilization might be due to the low diffusion rate of the substrate to the active site,
as a result of the steric hindrance and diffusion resistance generated by the enzyme
support. The Vmax for co-immobilized enzymes (227.25 U/min g) was lower than the
Vmax values for free cellulase and free xylanase which were 333.33 U/min g, and

555.47 U/min g* respectively. Awad et al. (2017) and Wehaidy et al. (2019), also
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reported a decrease in Vmax Which was ascribed to possible conformational change of the

co-immobilized enzymes due to the immobilization process.

It is worth noting that the Km values of both free and co-immobilized enzymes in this
study were very close. This suggests that the co-immobilized enzymes had a similar
affinity for the substrate as the free enzyme. This is in support of the enhanced catalytic
potential of co-immobilized a-amylase, pectinase and cellulase reported by Muley et al.
(2018), which was attributed to an increase in interaction frequency between the co-
immobilized enzymes and their respective substrate as a result of higher substrate
concentration in the limited space of the co-immobilized complex. This implies that the
catalytic efficiency of both free and co-immobilized enzymes was similar. This finding
lends credence to the previously reported catalytic efficiency of co-immobilized enzymes

compared to free cellulase and free xylanase.

ii. Effect of incubation time and conditions on the storage stability of free and co-
immobilized enzymes

The potential of enzyme to be stored for future use is an important industrial requirement
since enzyme may not be produced at every industrial process. In the present study, the
storage stability of co-immobilized cellulase and xylanase as compared to its free
counterparts as shown in Figure 4.19 and Figure 4.20 for storage at 4 °C and 25 °C
respectively. The immobilized enzyme stored at 4 °C (Figure 4.20) was able to retain
76.63% of its initial activity on the 45" day while just 10.05% and 5.26% of the initial
activity was remaining for cellulase and xylanase respectively stored for the same period.
As at 30" day at 4 °C, the residual activities of free cellulase and free xylanase were
63.6% and 43.8% respectively, whereas the co-immobilized enzyme has 95.8% of its
initial activity retained. Furthermore, Zhang et al. (2020) reported that after 30 days of

storage at 4 °C, covalently co-immobilized catalase and glucose oxidase retained
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approximately 80% relative activity, whereas free catalase and free glucose oxidase
retained no relative activity. This is most likely due to a decrease in the rate of peptide
subunit dissociation and enzyme denaturation. It can be seen that, regardless of storage
condition, the co-immobilized enzymes had higher activity than free cellulase and free
xylanase. This is consistent with the report by Awad et al. (2017) that co-immobilized
inulinase retained 100% of its initial activity after 30 days at 4 °C. Likewise, immobilized
enzyme showed a better storage stability than free cellulase and xylanase when stored at
25 °C (Figure 4.21). On the tenth day of storage at room temperature, the remaining
relative activities for free cellulase, and free xylanase were 5.01%, and 1.05%,
respectively, whereas the co-immobilized enzyme retained 48.3% of its initial activity.
These findings are consistent with the findings of Demirci et al. (2017), who reported
50% residual activity of immobilized a-glucosidase after 10 days of storage at 25 °C. This
could be due to the formation of polyelectrolyte ionic complexes between the enzyme gel
and the support matrix, which increased the shelf stability of the immobilized enzymes.
This means that the co-immobilized enzymes can be stored in the refrigerator for 45 days
and retain over 70% of its initial activity; this is advantageous for industry because it

eliminates the need to prepare the enzyme every time, thereby saving money.

Furthermore, the half-life of the enzymes was calculated as shown in Table: 4.16 to
determine how long (days) it will take for the enzymes to lose 50% of their initial
activities. The half-lives of free cellulase, free xylanase and co-immobilized enzymes
when stored in the refrigerator (4 °C) were 5.02 days, 4.15 days, and 29.37 days
respectively. Furthermore, when stored at room temperature (25 °C), the half-lives of free
cellulase, free xylanase, and co-immobilized enzymes were 4.15 days, 2.50 days, and
11.95 days, respectively. The co-immobilized enzymes had a longer half-life value in

both storage conditions. These findings suggest that the immobilization strategy
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employed in this study improved the storage stability of free cellulase and free xylanase.
As a result, the co-immaobilized enzymes could be stored at room temperature (25 °C) for
11 days and in the refrigerator (4 °C) for approximately 30 days while retaining 50% of

its activity.

iv. Thermal stability of free and co-immobilized enzymes

The thermal stability of free and co-immobilized enzymes is as shown in Figure 4.21. The
co-immobilized enzymes maintained its highest activity (97%) at 60 °C for the period of
4 h, whereas only 16% of the activity of free cellulase and free xylanase remained at the
same period. Also, co-immobilized enzymes retained 93% of its activity at 70 °C for 2 hs
before the activity gradually reduced to 61.7% whereas free cellulase retained 6% of its
initial activity while free xylanase retained 1% of its initial activity. The increase in
thermal stability of co-immobilized enzymes is consistent with the findings of other
authors (Giannakopoulou et al., 2019; and Gao et al., 2021). Increased thermal stability
of enzyme after immobilization suggests that the immobilization process strengthened the

enzyme structure. In general, immobilizing an enzyme protects it from heat inactivation.

Furthermore, the free and immobilized enzyme half-lives at each reaction temperature
were also determined, as shown in Table 4.17. When compared to free cellulase and
xylanase, the half-lives of co-immobilized enzymes increased dramatically. At 30 °C, for
example, the half-lives of free cellulase, free xylanase, and co-immobilized enzymes were
1.38, 0.80, and 27.87 h, respectively. Furthermore, the half-lives of free cellulase, free
xylanase, and immobilized enzymes at 90 °C were 0.55 h, 0.39 h, and 6.63 h, respectively.
Because the enzyme reaction can be carried out at higher temperatures, co-immobilized
enzymes stability at higher temperatures is advantageous for industrial applications.
Additionally, high temperature reduces the risk of microbial contamination. This backs

up a study published in a review by Bié et al. (2022), which found that the half-life of co-
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immobilized a-amylase, pectinase, and cellulase at 70 °C increased by about 2.4-fold

when compared to free enzymes.

It has been reported that various factors such as the number of bonds formed between the
enzyme and the support, the nature of the bonds, the degree of confinement of an enzyme
within the support, and the environmental conditions of an enzyme during covalent
modifications may affect the stability of immobilized enzymes and co-immobilized
enzymes. Earlier studies found that the extent of improvement varied from matrix to
matrix and depend on the type of interaction between enzyme and matrix. (Fopase et al.,

2020).

v Activation and deactivation energy of free and co-immobilized enzymes

The activation energy (Ea) and deactivation energy (Ed) of the enzyme reaction were
calculated to determine the quantitative evaluation of the thermal effect on free and co-
immobilized enzymes. This was done by plotting the logarithm of inactivation constant
(ki) versus reciprocal of the absolute temperature (Arrhenius plot) as shown in Appendix
I. The amount of energy required for a reaction to begin is referred to as activation energy,
whereas the amount of energy required to denature the enzyme is referred to as
deactivation energy (Sonkar and Singh, 2020). The activation energy (Ea) of free and
immobilized cellulase and xylanase, as well as the deactivation energy (Ed), were
calculated using the Arrhenius plot and are shown in Table 4.18. The activation energy
of co-immobilized cellulase and xylanase (3.450 kJ/mol) was lower than that of free
cellulase and free xylanase, which were 15.899 kJ/mol and 29.218 kJ/mol, respectively.
This means that the reaction catalyzed by co-immobilized cellulase and xylanase requires
less energy to initiate than reactions catalyzed by free cellulase and free xylanase.
Furthermore, the deactivation energy (Ed) of immobilized enzyme was higher than that

of free enzyme. This suggests that the co-immobilized enzymes were more compact,
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stable, and resistant to heat denaturation than the free enzymes. A similar increase in
thermal stability following multi enzyme immobilization was also reported by Kirupa-
Sankar et al. (2018). Awad et al. (2017) also reported that covalent immobilization of
inulinase reduced the Ea from 28.41 to 16.216 kJ/mol, resulting in increased catalytic
efficiency of the immobilized inulinase. The higher deactivation energy and lower
activation energy observed in the current study suggest that co-immobilized cellulase and
xylanase are more thermally stable and will not be easily denatured in the reaction

medium.

vi. The effect of number of usages on the relative efficiency of the co-
immobilized enzymes

Once the immobilization techniques have been established, the operational stability of the
immobilized enzyme must be tested. In the present study, the co-immobilized enzyme
were able to retain more than 50% of its initial activity after ten cycles of hydrolysis as
shown in Figure 4.22. The residual activity for immobilized enzyme at the end of the
tenth cycle was 55.13%. This backs up the findings of Abou-Alsoaud et al. (2022), who
found that the enzyme co-immobilized on biochar-chitosan composite beads retained
approximately 60% of its initial activity after eight consecutive cycles. In another study,
Bié et al. (2022) found that pectinase and cellulase co-immobilized on iron oxide
magnetic nanoparticles retained 80% of their original activity after 10 uses. According to
some reports, the observed decrease in catalytic properties of immobilized enzyme after
repeated use is most likely due to factors such as product inhibition, structural
modification of the enzyme, protein denaturation, and/or immobilized enzyme
inactivation (Abraham et al., 2014; Ladole et al., 2021). The ability of the co-immobilized
enzymes prepared in this study to retain more than 50% activity after the tenth use

suggests that a single batch of co-immobilized enzymes can be used for multiple
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hydrolysis using fresh agrowaste as substrate, releasing fermentable sugars sequentially

for bioethanol yield.

4.2.5a: Fermentable sugar produced from agrowaste using free, immobilized and

co-immobilized enzymes
The reducing sugar produced from agrowaste when free, immobilized and co-
immobilized enzymes were used for hydrolysis is as shown in Table 4.19. Hydrolysis
with the mixture of cellulase and xylanase produced the highest amount of reducing sugar.
Furthermore, the reducing sugar produced by the co-immobilized enzymes was
comparable to that produced by the combination of free cellulase and xylanase. This
supports the findings of Shokrkar and Ebrahimi (2018), who discovered that hydrolysis
with a mixture of cellulase and B-glucosidase resulted in higher reducing sugar
production. Co-immobilized enzymes released 74.92%, 79.63% and 94.16% of the
fermentable sugars released by free enzyme from plantain pseudostem, sugarcane bagasse
and corncob biomass respectively at the 72" h. Studies have shown that when multiple
enzymes are immobilized at the same time, the distance between the cascade enzymes is
reduced. This proximity effect may result in the rapid utilization of intermediates, giving
the co-immobilized enzymes a higher activity than single immobilized enzymes (Ren et
al., 2019). Furthermore, some authors attribute the high hydrolytic efficiency of co-
immobilized enzymes to the nature of the enzyme support, which provides an excellent
microenvironment for the transfer of substrate, intermediates, and product, resulting in
the high reaction rate of the co-immobilized multi-enzyme system (Han et al., 2020; Song

et al., 2020).

Given that the amount of fermentable sugar produced is directly related to bioethanol

yield, and that in this study, corncob biomass produced the least amount of fermentable
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sugar when compared to other agrowaste samples, sugarcane bagasse and plantain

pseudostem biomass were chosen for further research

4.2.5b: Quantity and quality of bioethanol produced using immobilized moieties

I. Quantity bioethanol produced using sugarcane bagasse and plantain pseudostem
by co-immobilized enzymes and co-immobilized fungi

The concentration (g/L) of ethanol produced by different combinations of enzyme and
yeast and mucor during simultaneous saccharification and fermentation is shown in Table
4.20. The highest concentration of bioethanol, 68.93+0.33 g/L, and 76.09+0.15 g¢/L for
plantain pseudostem biomass and sugarcane bagasse respectively were produced by co-
immobilized enzymes plus co-immobilized yeast and mucor. The yield obtained in this
study is higher than the ethanol yield (57.6 g/L) obtained by Zabed et al. (2014).
Similarly, the ethanol yield in this study is higher than the values reported by Irfan et al.
(2014), who obtained the highest ethanol concentration (66 g/L) from sugarcane bagasse
when co-immobilized cells were used in fermentation. The higher ethanol concentration
obtained in this study could be another confirmation of co-immobilized enzymes and cells
being more efficient than free and singly immobilized enzymes and cells. Other authors,
such as Karagoz et al. (2019), found that when pentose and hexose ethanologenic E. coli
strains were immobilized and co-immobilized in calcium alginate beads, co-immobilized
cells produced more ethanol than free cells or singly immobilized cells. Earlier research
attributed the increased productivity in the immobilized system to high cell density and
immobilization-induced cellular or genetic changes (Nikoli¢ et al., 2009). Immobilized
cells are also thought to be more tolerant of ethanol because the matrix protects them from

ethanol toxicity.
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ii. Profile of compounds in bioethanol produced using sugarcane bagasse and
plantain pseudostem by co-immobilized enzymes and co-immobilized fungi

The components of bioethanol produced using sugarcane bagasse and plantain
pseudostem is shown in Table 4.21 and Table 4.22 respectively. The retention times for
the ethanol component was in the range of 6.965 min. This is in line with the retention
time (6.9 min) reported by Tabah et al. (2017). However the value of the retention time
in this study is higher than the value reported by Bhatt et al. (2012), who studied the
ethanol production from the saccharified sugars of agricultural waste pearl millet bran
through solid state fermentation by A. flavus FPDN1 and the concentration of resulted
ethanol was noted as 88.0% with 3.31 min retention time. Likewise, Sanjivkumar et al.
(2018), portrayed the chromatogram of GC-MS (RT) analysis of ethanol from Tuber
formosanum and the functional ethanol groups were noted at the retention time of

2.58 min. Meanwhile, the retention time reported by Govindaraj et al. (2023), for ethanol
was 15 min which is higher than the retention time for ethanol in the present study. Poor
temperature control, the quality of the stationary phase, carrier flow instability, or
contaminants in the sample could all contribute to variation in retention time (Al-
Bukhaiti et al., 2017). The distillate contained ethanol and other alcohols such as
hexanol, 1-butanol, as well as some other useful compounds such as toluene and Heptane.
For instance, hexanol is an organic alcohol with a six-carbon chain which is used as
flavouring additives and in the manufacturing of perfumes, 1-Butanol or butyl alcohol is
a metabolite produced by Saccharomyces cerevisiae. It is a 4-carbon primary alcohol
used as a solvent and has the potential to be used as a biofuel. Toluene is used in oil

refining and stain removal.

In this study, the highest percentages of ethanol identified by GC-MS were 80.87% and
71.15% from sugarcane bagasse and plantain pseudostem biomass, respectively. This

supports the findings of Zhang et al. (2012), who reported that fermentation by co-
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immobilized microorganisms was superior to immobilized single microorganism systems
and also superior to free mixed microorganisms. According to Jiménez-Bonilla et al.
(2022), immobilization protected microbial cells against the possible toxic effects during
fermentation. As a result, the fermentation performance of the immobilized yeast was
improved in comparison with that of the free yeast. Immobilized yeast cells have been
shown to have advantages such as higher productivity and lower contamination when

compared to free cells (Adelabu et al., 2019).

4.2.5c. Characteristics of free biochar-chitosan and biochar-chitosan loaded with
co-immobilized enzymes and co-immobilized yeast and mucor

The free biochar-chitosan support as well as biochar-chitosan support loaded with co-
immobilized enzymes and co-immobilized fungi had different characteristics as discussed

below

i. Infrared spectra of free biochar-chitosan and biochar-chitosan loaded with co-
immobilized enzymes and co-immobilized fungi

The Infrared Spectra of free biochar-chitosan beads (F), beads co-immobilized with
cellulase and xylanase (CIE) as well as beads co-immobilized with mucor indicus and
Saccharomyces cerevisiae (CMY) between 500 cm™ and 4000 cm™ range is shown in
figure 4.23. The variation in the spectra relative to the position and intensity of the
characteristic peaks is shown in Appendix J. The FTIR results revealed that
immobilization was successful. When compared to unloaded biochar-chitosan beads, the
peaks of mucor and yeast co-immobilized on biochar-chitosan beads, as well as cellulase
and xylanase co-immobilized on biochar-chitosan beads, showed changes in the position
and intensity of the characteristic peaks within the wavenumbers of 2000 cm™ and 500
cmL. These findings agreed with those of other authors, such as Guan et al. (2022), who

reported a broad band of hydroxyl (-OH) groups in the three spectra between 3,000-3,500
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cm-1, indicating successful alkaline activation of the support. Also the stretching
vibrations evident in the spectra of CIE and CMY in the range of 1650 —1500 cm—* which
corresponded to the C=O stretching and aromatic C=C vibrations (Polatoglu, 2019)
confirms the binding of the biochar-chitosan beads with the enzymes and cells. In the
range of 3400 to 3100 cm—*, peaks derived from the -NH groups of the amines are present
which further confirms the presence of the enzyme (Dante et al., 2011) . At approximately
2000 cm—! , the peaks are related to the stretching vibrations of -CH: groups in the long
aliphatic chains of enzymes (Bak et al., 2022), and the peaks at around 1400 cm— can be
attributed to the presence of stretching vibrations of symmetric carboxylate groups
(Zhang et al., 2016). The presence of the peaks at 1636 cm™ related to amide, 1543 cm
1 (-NH group-second amine bending), while between 1000 and 1200 cm—! appears
moderate signals corresponding to tertiary amide bonds of the immobilized enzyme (Negi
and Kesari, 2022). Likewise, peaks at 1456 cm—! and 1377 cm—! correspond to -CH2
stretching, and CHs group bending (Parin et al., 2020). The absorption peak at. 2292
cm—1 in the free biochar-chitosan beads shifted slightly to 2929 cm—! in co-immobilized
enzymes and co-immobilized fungi (Wojnarowska et al., 2015; Yang et al., 2021). The
amide group were further confirmed with increased in peak intensities at 1576 cm—! in

the co-immobilized enzymes cells spectra.

ii. Morphological change of free biochar-chitosan and biochar-chitosan loaded
with co-immobilized enzymes and co-immobilized fungi

The SEM images for the samples of unloaded biochar-chitosan beads (Free), co-
immobilized enzymes loaded biochar-chitosan beads (CIE), and co-immobilized fungi
biochar-chitosan beads (CMY) are shown in Figure 4.23, the differences in the
morphology of the loaded beads is clearly seen when compared to the unloaded bead. The
visible pores or cavities in the free biochar-chitosan beads have been blocked by the
attachment of either enzyme or cells. The SEM image of a biochar-chitosan bead loaded
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with fungi shows encapsulated yeast in spherical form and encapsulated Mucor in thread-

like shape (Vasilescu et al., 2022), confirming the successful immobilization.

Iv. Reusability of co-immobilized yeast and mucor
Given the importance of operational stability in industrial processes, the co-immobilized
yeast and mucor were subjected to several fermentation cycles to determine their
operational stability, as shown in Figure 4.24. The co-immobilized fungi were able to
produce 43.53% and 59.97% ethanol from sugarcane bagasse and plantain pseudostem
biomass, respectively, at the 10th fermentation cycle. According to (Liu and Lien, 2016),
the co-immobilized cultivation system for co-cultured organisms had better synergistic

effects and stability than the co-suspension system, resulting in increased ethanol yield.

4.2.5d: Estimated cost for the production of lignocellulosic bioethanol

The estimated cost of production of lignocellulosic bioethanol is shown in Table 4.24. In
the present study, a total sum of & 6800 (€ 8.26/ L) was estimated for the production of
1.5 L of lignocellulosic bioethanol. This is higher than the 0.54/L for ethanol production
from starchy crops reported by Budimir et al. (2011). The production cost depends on the
raw material and the country. Generally, the cost of producing lignocellulosic bioethanol
may be high at the moments but the benefits anticipated from mandated use of cellulosic
biofuels include energy security through domestic production of fuel and environmental
improvement through the reduction of greenhouse gas and other particulate emissions
associated with fossil fuel combustion. Additional benefits include creating new markets
for agricultural products, keeping productive farmland in use, and improving trade

balances.
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CHAPTER FIVE

5.0 CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The research was aimed at optimizing microwave-alkaline conditions in the pre-treatment
of selected agrowastes for bioethanol production. The following conclusions were arrived

at the end of the experiments

At optimal microwave-alkaline conditions of 1.97% NaOH at 70 W for 5 min,
56% lignin was removed from plantain pseudostem while 62% cellulose and 30%
hemicellulose were retained for hydrolysis. Also, at optimal microwave-alkaline
conditions of 3% NaOH at 96 W for 5 min, 63% of the lignin in sugarcane bagasse
was removed, while 74% of the cellulose and 22% of the hemicellulose were
retained. Similarly, at optimal microwave-alkaline conditions of 2.8% NaOH at
86 W for 4.4 minutes, 66% of lignin was removed from corncob biomass while

64% cellulose and 18% hemicellulose were retained.

A. flavus isolated from sewage sludge produced cellulase enzyme with the highest
activity (15.35+0.48 1U/mL) when sugarcane bagasse was used as a carbon
source, whereas A. niger isolated from refuse dump site produced xylanase with
the highest activity (38.04 £0.17 IU/mL) when plantain pseudostem was used as
a carbon source. Therefore, it has been demonstrated in this study that indigenous
approach to enzyme production using locally sourced microorganisms and
abundantly available agrowastes as carbon source may reduce the high cost of

hydrolytic enzymes.
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Freeze-dried biochar-chitosan composite was used to co-immobilized cellulase
and xylanase by covalent cross-linking method while biochar-chitosan slurry was

used to co-immobilized S. cerevisiae and M. indicus by encapsulation method.

The co-immobilized enzymes are more thermally stable and had more potential
to resist denaturation when compared to their free counterparts. Therefore, the use
of co-immobilized enzymes as well as co-immobilized fungi on porous biochar-
chitosan support may have a great potential for the production of high yield
bioethanol, thereby making bioethanol available and accessible to the populace

for a healthier environment

In simultaneous saccharification and co-fermentation (SScF), sugarcane bagasse
had the highest bioethanol yield (76.09 £+ 0.15 g/L), which is statistically (p <
0.05) different from the bioethanol yield (68.93+0.33 g/L) obtained from plantain
pseudostem biomass. However, it can be seen in the current study that both
agrowastes had considerably high yields of bioethanol. Although sugarcane
bagasse is a well-known substrate for secondary bioethanol production, this study
sheds light on the potential of plantain pseudostem biomass as a substitute for

sugarcane bagasse in bioethanol production.

5.2 Recommendations

In the concluded study, agrowaste was used to produce bioethanol. However, for the
biorefinery to be sustainable, a large amount of agrowaste as feedstock is required. Given
the seasonal availability of different agrowaste based on harvesting times, it is suggested
that in a future study, a mixture of different agrowaste that are available at the same time

be optimized for bioethanol production.
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The study clearly demonstrated that hydrolysis is a rate-determining step in bioethanol
production. This was demonstrated by corncob, which produced the least amount of
fermentable sugar during hydrolysis despite having the highest initial holocellulose
content. As a result, it is suggested that in future research, the hydrolysis of each

agrowaste be optimized to obtain the best conditions for optimal fermentable sugar yield.

Furthermore, it is suggested that recombinant DNA technology should be applied to the
organisms so as to modify the gene for improved enzyme production and fermentation

process

5.3 Contributions to Knowledge

The work established the production of lignocellulosic bioethanol from non-food-based
feedstock from some locally available agrowastes (corncob biomass, sugarcane bagasse
and plantain pseudo-stem biomass) using microwave-alkaline (MA) pretreatment
conditions for the effective delignification. The results showed that optimal microwave-
alkaline conditions of 1.97% NaOH/ 70 W/ 5 min, removed 56% lignin and retained 62
% cellulose and 30 % hemicellulose in plantain pseudo-stem; while 3% NaOH/ 96 W/ 5
min removed 63 % lignin and retained 74 % cellulose and 22 % hemicellulose in
sugarcane bagasse; also, 2.8 % NaOH/ 86 W / 4.4 min removed 66 % lignin and retained
64 % cellulose and 18 % hemicellulose in corncob biomass. It also revealed that
Aspergillus flavus isolated from sewage sludge produced cellulase enzyme with the
highest activity (15.35+0.48 1U/mL) when sugarcane bagasse was used as a carbon
source, whereas A. niger isolated from refuse dump site produced xylanase with the
highest activity (38.04 +0.17 1U/mL) when plantain stem was used as a carbon source.
The study also showed that high concentration of ethanol was produced from both

sugarcane bagasse (76.09 + 0.15 g¢g/L) and plantain pseudostem (68.93+0.33g/L).
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However, the bioethanol produced from sugarcane bagasse was significantly (p < 0.05)

higher than the bioethanol produced from plantain pseudostem.
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APPENDICES
Appendix A: Standard curves
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242

0.06

1.2



0.

0.45 -~

0.

0.35 -

0.

0.25 -

0.

0.15 -

0.

0.05 -

4 4

2

y =0.4688x 4
R? = 0.9983 s

0.2 0.4 0.6 0.8 1

Figure 3: Glucose standard curve using DNS method

0.7

0.6

0.5

0.4

0.3

0.2

0.1

y=0.167x+0.4716
R?=0.9061 .. »
»

PR
L
-t
- "
s "
.. "

. "
..

0.2 0.4 0.6 0.8 1

Figure 4: BSA standard curve using DNS method

243

1.2

1.2



0.25 1
..
y = 0.3345x + 0.0674
0-2 1 R =0.986 e
.
_0.15 - )
E RETER
£ ..
o 0.1
o
0.05 -
0 . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6

Ethanol conc (%)

Figure 5: Ethanol standard curve using potassium dichromate method

Calculation of Enzyme activity

reducing sugar released(nf)xdilution factor x1000
mL

activity of Enzyme (U)=

Incubation time(min) X volume of Enzyme XxXmolecular weight of product
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Appendix B: Confirmation Test for microwave-alkaline pretreated agrowastes

Table 1a: Confirmation Test for plantain pseudostem biomass

Response Predicted Predicted Std n SE 95% Data 95% PI
Mean Median Dev Pred Pl Mean high
low
Delignification  61.06 61.07 2.71 3264 55.18 60.23 66.96
Cellulose 59.85 59.85 0.77 3 0.75 58.18 60.67 61.52
Hemicellulose 22.17 22.17 0.98 31.03 19.73 22.33 24.61
Table 1c: Confirmation Test for sugarcane bagasse
Response Predicte Predicted Std N SE 95% Data 95%
d Mean Median Dev Pred Pl Mean Pl
low high
delignification  62.63 62.63 189 3 164 59.09 61.00 66.18
cellulose 73.90 73.90 124 3 148 70.60 71.67 77.20
Hemicellulose  22.00 22.00 057 3 0.67 20.50 20.67 23.50
Table 1b: Confirmation for corn cob biomass
Response Predicted Predicted Std N SE 95% Data 95%
Mean Median Dev Pred PI Mean PI
low high
Delignification  65.54 65.54 174 3 176 6163 67.60 69.45
Cellulose 62.77 62.77 156 3 158 5924 61.00 66.29
Hemicellulose 18.15 18.15 124 3 101 1597 17.67 20.34
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Appendix C: Statistical results and model equations for microwave-alkaline pre-
treated agrowaste biomass

Table 2: Statistical significance of developed model for Microwave-alkaline pre-
treatment of Agrowastes

Model R2 Adjusted Predicted p-value
R? R?

PLANTAIN
PSEUDOSTEM
Delignification 2F1 0.9601 0.9361 0.8516 <0.0001
Cellulose content  2FI 0.9616 0.9386 0.9094 < 0.0001
Hemicellulose Quadratic 0.9591 0.9065 0.8463 0.0005
Content
SUGARCANE
BAGASSE
Delignification 2F1 0.9735 0.9576 0.9398 <0.0001
Cellulose content  2FI 0.9653 0.9446 0.8593 < 0.0001
Hemicellulose 2FI 0.9643 0.9429 0.8868 < 0.0001
Content
CORNCOB
BIOMASS
Delignification 2F1 0.9812 0.8796 0.9504 <0.0001
Cellulose content  2FI 0.9247 0.8796 0.7518 < 0.0001
Hemicellulose 2FI 0.9404 0.9266 0.9124 < 0.0001
Content
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Table 3a: Model equations of percentage lignin removed, cellulose content and
hemicellulose content of microwave-alkaline pre-treated plantain
pseudostem biomass

Responses Equations
Cellulose Coded Y =60.4529 + 2.00625 * A + -0.36875 * B + 0.875
Content Factors *C+33375*AB+-4* AC+0.25*BC
Actual Cellulose content = 52.1953 + 3.92708 * CONC.
Factors OF NaOH + -0.0235516 * POWER + 4.28472 *

REACTION TIME + 0.0105952 * CONC. OF
NaOH * POWER + -2 * CONC. OF NaOH *
REACTION TIME + 0.000396825 * POWER *
REACTION TIME

Hemicellulose Coded Y =18.32+-0575* A+ -2.7675* B + -2.1925 *

Content Factors C+-29*AB+1.25* AC+0.135*BC + 0.1975
* AN2 + 15825 * BM2 + 0.7325 * C”2

Actual Hemicellulose = = 27.852 + 0.304444 * CONC. OF

Factors NaOH + -0.0032963 * POWER + -3.5275 *

REACTION TIME + -0.00920635 * CONC. OF
NaOH * POWER + 0.625 * CONC. OF NaOH *
REACTION TIME + 0.000214286 * POWER *
REACTION TIME +0.1975 * CONC. OF NaOH"2
+ 1.59486e-05 * POWERM2 + 0.183125 *
REACTION TIME"2

Delignification Coded Y =58.2382 + 6.565* A +9.32*B +7.595* C +
Factors -8.175* AB + 0.725 * AC + 0.085 * BC
Actual Delignification = -4.67212 + 15.4692 * CONC. OF
Factors NaOH + 0.0810873 * POWER + 3.02056 *

REACTION TIME + -0.0259524 * CONC. OF
NaOH * POWER + 0.3625 * CONC. OF NaOH *
REACTION TIME + 0.000134921 * POWER *
REACTION TIME
Where Y, A, B and C are the coded values of Responses, NaOH concentration, power
and treatment time respectively
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Table 3b: Model equations of percentage lignin removed, cellulose content and
hemicellulose content of microwave-alkaline pre-treated sugarcane

bagasse
Responses Equations
Cellulose Coded Y =63.8235+2.25* A+1.125*B +1.125*C +
Content Factors O9*AB+2*AC+2.75*BC
Actual Cellulose content = 45.3027 + 10.25 * NaOH Conc
Factors + 0.047619 * B + -3.11806 * C + -0.0285714 *
NaOH Conc* Power + 1 * NaOH Conc * Time +
0.00436508 * Power * Time
Hemicellulose Coded Y =19.0765 +-1.425* A+ -2275*B+145*C
Content Factors +-0.15*AB+15* AC+0.9*BC
Actual Hemicellulose content = 28.3154 + -3.49167 *
Factors NaOH Conc + -0.0105556 * Power +-1.325 * Time
+ -0.00047619 * NaOH Conc * Power + 0.75 *
NaOH Conc * Time + 0.00142857 * Power * Time
Delignification  Coded Y=58.9824 + 2.2625* A+9.1*B +9.7375*C +
Factors -1.15* AB+0.475* AC+0.4*BC
Actual Delignification = 28.0761 + 2.95556 * NaOH Conc
Factors + 0.0342857 * Power + 4.14931 * Time + -

0.00365079 * NaOH Conc * Power + 0.2375 *

NaOH Conc * Time + 0.000634921 * Power * Time
Where Y, A, B and C are the coded values of Responses, NaOH concentration, power
and treatment time respectively
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Table 3c: Model equations of percentage lignin removed, cellulose content and
hemicellulose content of microwave-alkaline pre-treated corncob

Responses Equations
Cellulose Coded Y =54.0235+ 355 * A +-3.3125 * B + 3.2625 *
Content Factors C+0.125*AB+2.275* AC+1.25*BC
Actual Cellulose content = 55.5006 + -0.0152778 * NaOH
Factors conc. + -0.0172619 * Power + -1.40764 * Time +

0.000396825 * NaOH Conc * Power + 1.1375 *
NaOH Conc * Time + 0.00198413 * Power * Time

Hemicellulose  Coded Y =25.7176 +-2.225* A+ 2.8375*B + -5.1375 *
Content Factors C+03*AB+0.75* AC+-0.475*BC
Actual Hemicellulose = 36.5183 + -3.71667 * NaOH Conc
Factors + 0.00936508 * Power + -3.02847 * Time +

0.000952381 * NaOH Conc * Power + 0.375 *
NaOH Conc * Time + -0.000753968 * Power *

Time
Delignification Coded Y = 48.4961 + 7.36054 * A + 5.34996 * B +
Factors 8.16991 * C + -9.09326 * AB + 3.21934 * AC + -
1.58074 * BC
Actual Delignification = -0.486673 + 13.6455 * NaOH
Factors Conc + 0.0822463 * Power + 1.83162 * Time + -

0.0288675 * NaOH Conc * Power + 1.60967 *

NaOH Conc * Time +-0.00250912 * Power * Time
Where Y, A, B and C are the coded values of Responses, NaOH concentration, power
and treatment time respectively
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Appendix D: Characteristics of treated and untreated Agrowaste

Table 4: Eliminated lignin waveband observed in FTIR from microwave-assisted
alkaline pretreated agrowaste

Biomass Wave length (cm™) Residual Lignin
Plantain pseudostem 711.5-1571 Lowest

biomass

Sugar Cane bagasse 626.2 - 1119.5 Medium

Corn Cob biomass 626.2 - 994.5 Highest

Calculation of crystallinity index of pretreated and unpretreated agrowaste

Calculation of crystallinity index for Unpretreated sugarcane bagasse (US)

At20=15.7°
Imin= 5645
At 20 =22.08°
Imax = 8813
o) — (IMax — Iam)x100
C.10%) IMax (1)

C. I (%) =B 2N < 35,949

Calculation of crystallinity index for Pretreated sugarcane bagasse (PS)
At 20 =16.25°

Imin = 5860

At20=22.15°

Imax = 10337

C. (%) — (10337;05383670 )X100 = 43.31%

Calculation of crystallinity index for Untreated plantain pseudostem biomass (PP)
At 20 = 18.62°

Imin = 3987

At 20 =22.29°

Imax = 6197

(6197- 3987 )x100

C.1 (%) = 6197

= 35.66%

Calculation of crystallinity index for Pretreated plantain pseudostem biomass (UP)
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At20=18.87°
Imin = 4238
At20=22.5°
Imax = 10175

C.1 (%) = (10175104127358 X100 _ g oy,

Calculation of crystallinity index for unpretreated corncob biomass (UC)
At20=16.11°

Imin= 5351

At20=21.68°

Imax = 8025

C.1 (%) = EE= 25N = 33,3006

Calculation of crystallinity index for Pretreated corncob biomass (PC)
At 20 = 196°

Imin = 5149

At20=21.85°

Imax = 6213

C.l (%) =20 = 17.13%
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APPENDIX E: Organisms Isolated from for the Production of Enzyme and for

Fermentation Process

Plate 4: Pure Fungi Isolates From Different Soil Samples for the Production of
Cellulase and Xylanase
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CC1, CC12-from corncob dump site ; PS2, PS11- from plantain stem dump site; RH3,
RH6, RH7- from rice husk dump site; SB4- from sugarcane waste dumpsite; RD5, RD9-
from refuse dump site; SW8, FBL: from sewage sludge

Plate 5: Pure Fungi Isolates from Different Sources for Fermentation Process
PW1, PW2, PW3 -from palmwine; PP, PP1- fermented food; T- from termite hill; RB3,
RB2, RB6- from rice bran dump site
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RD5: A niger from refuse dump site FLB: A.flavus from sewage sludge

M.indicus from rice husk dump site
PP: S. cerevisiae from fermented food

Plate 6: Microscopic view of selected organisms for enzyme production and fermentation
process
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Appendix F: Production and Characterization of Enzyme Support

Plate 7: Porous Biochar Produced with Sugarcane Bagasse

I Table 11: BET Results for Biochar-chitosan Composites

BIOCHAR (m?/g) FRESH FREEZE AIRDRIED OVEN
BEADS DRIED DRIED
Surface area 3.758e%2m?/g 1.786e%?m?/g  2.763e%m?/g 1.771e%?m?/g 1.708e%’m?/g
1.839e%cc/g 8.804e%2cc/g 1.361elcc/g 8.666e%%cc/g 8.445e%%cclg
pore volume
pore size 2.138e%m 2.128¢%m  2.105e%nm  2.132e%nm  2.100e%°nm
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Appendix G: Production and Characterization of Bioethanol

free enzymes and free fungi

Plate 8: Fermentation Process using Free Enzyme and Free fungi

Loaded biochar-chitosan
beads in Fermentation broth
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Plate 9: Fermentation Process Using Co-immobilized Enzymes and Co-immobilized
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Figure 6: Chromatogram of Fermentation Distillate for Bioethanol Produced from
Agrowastes using Enzymes and Fungi. Plantain pseudostem biomass as substrate
for free cellulase, free xylanase and free mucor (a); Sugarcane bagasse as substrate
for free cellulase, free xylanase and free yeast (b); Plantain pseudostem biomass as
substrate for free cellulase, free xylanase and free mucor (c); Sugarcane bagasse as
substrate for Free cellulase, free xylanase, and free yeast (d); Plantain pseudostem
biomass as substrate for co-immobilized mucor and yeast plus co-immobilized
cellulase and xylanase (e); Sugarcane bagasse as substrate for co-immobilized mucor
and yeast plus co-immobilized cellulase and xylanase (f).
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Appendix H: Molecular Identification and Characterization of Organisms
I. Identification of organisms for enzyme production and fermentation process
>SAMPLE FBL Aspergillus flavus

CCATAGGTGAACCTGCGGAAGGATCATTACCGAGTGTAGGGTTCCTAGCGA
GCCCAACCTCCCACCCGTGTTTACTGTACCTTAGTTGCTTCGGCGGGCCCGC
CATTCATGGCCGCCGGGGGCTCTCAGCCCCGGGCLCCGCGCCCGCCGGAGACL
ACCACGAACTCTGTCTGATCTAGTGAAGTCTGAGTTGATTGTATCGCAATCA
GTTAAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAGAACGCA
GCGAAATGCGATAACTAGTGTGAATTGCAGAATTCCGTGAATCATCGAGTC
TTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGC
GTCATTGCTGCCCATCAAGCACGGCTTGTGTGTTGGGTCGTCGTCCCCTCTC
CGGGGGGGACGGGCCCCAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGA
GCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCTTGCCGAAC
GCAAATCAATCTTTTTCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTG
AACTTAAGCATATCAATAAGGGCGGAGGAA

>SAMPLE RDS Aspergillus niger

AGGAAGGATCATTACCGAGTGCGGGTCCTTTGGGCCCAACCTCCCATCCGT
GTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTGTCGGCCGCCGGGEG
GGGCGCCTCTCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACACGAACAC
TGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTC
AACAATGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGA
TAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACA
TTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCC
CTCAAGCCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTCCGGGGGGACGGG
CCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTT
GTCACATGCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTC
TTTCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAC

>SAMPLE RB Mucor indicus

GATAATTAAAAAATTATCTTATTTACTGTGAACTGTTTTTATTTATGACGTAT
AAGGGGATGTCTTTAGGCTATAAGGGTAGGCCTATGGAATGCTAACCTAGT
CATAGTCAAGCTTGATGCTTGGTACCCGATTATTACTTACCAAAAGAATTCA
GTTTAAAATATTGTAACATAGACCTAAAAAATCTATAAAACAACTTTTAACA
ATGGATCTCTTGGTTCTCGCATCGATGAAGAACGTAGCAAAGTGCGATAAC
TAGTGTGAATTGCATATTCAGTGAATCATCGAGTCTTTGAACGCATCTTGCA
CTCAATGGTATTCCATTGAGTACGCCTGTTTCAGTATCAAAAACAACCCTTA
TTCAAAAATTTTTTTTGAGTAGATATGAGTGTAGCAACCTTACAAGTTGAGA
CATTTTAAATAAAGTCAGGCCATATCGTGGATTGAGTGCCGATACTTTTAAT
TTTGAAAAGGTAAAGCATGTTGATGTCCGCTTTTTGGGCCTCCCAAATAACT
TTTTAAACTTGATCTGAAATCAGGTGGGATTACCCGCTGAACTTAAGCATAT
CAATAAGCGGAGGAA
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>SAMPLE PP Saccharomyces cerevisiae

AAAGAAATTTAATAATTTTGAAAATGGATTTTTTTGTTTTGGCAAGAGCATG
AGAGCTTTTACTGGGCAAGAAGACAAGAGATGGAGAGTCCAGCCGGGCLCTG
CGCTTAAGTGCGCGGTCTTGCTAGGCTTGTAAGTTTCTTTCTTGCTATTCCAA
ACGGTGAGAGATTTCTGTGCTTTTGTTATAGGACAATTAAAACCGTTTCAAT
ACAACACACTGTGGAGTTTTCATATCTTTGCAACTTTTTCTTTGGGCATTCGA
GCAATCGGGGCCCAGAGGTAACAAACACAAACAATTTTATCTATTCATTAA
ATTTTTGTCAAAAACAAGAATTTTCGTAACTGGAAATTTTAAAAATATTAAA
AACTTTCAACAACGGATCTCTTGGTTCTCGCATCGATGAGAACGCAGCGAA
ATGCGATACGTAATGTGAATTGCAGAATTCCGTGAATCATCGAATCTTTGAA
CGCATTGCCCCCTTGGTATTCCAGGGGGCATGCCTGTTTGAGCGTCATTTCC
TTCTCAAACATTCTGTTTGGAGTGAGTGATACTCTTTGGAGTTAACTTGAAA
TTGCTGGCCTTTTCATTGGATGTTTTTTTTCCAAAGAGAGGTTTCTCTGCGTG
CTTGAGGTATAATGCAAGTACGGTCGTTTTAGGTTTTACCAACTGCGGCTAA
TCTTTTTTATACTGAGCGTATTGGAACGTTATCGATAAGAAGAGAGCGTCTA
GGCAACAATGTTCTTAAAGGT

ii.  Sequence of enzyme producing gene in selected microoganisms
Sequencing for endo-beta-1,4-glucanase B gene Aspergillus flavus strain RBL

CCCAGGTAAGTTGCTCATCTGCCAAAAAAAAATATCTTGGGTTTGACGAGG
CTTGCAGGTGGTCAATGCCGTCACTGATGCGGGTGTCCATGCTATCTTGGAC
CCCCATAACTATGGCAGATTGTGAGTATCTCGAAGGCCTCGAAGTAGTGTAT
TACGGGCATTTAAACATGAGGATGTCGTCTAACTTGAACATGGCAGCAATG
GCGAGATCATGTCCACTCCATCTGATTTCCAAACATTCTGGAAGAACTTGGC
AGGACAGTTCCAGAGCAACTCTTTGGTTATCTTCGATACCAGTGAGTCGGCC
CAATCCGTTTCTTCCCCAGTATCCCATCGAGTTGGGTATCCTCGATCCTAAC
GCCAATTCACAGACAATGAATACCATGACATGGACCAAGAGCTGGTCCTGA
ACCTCAACCAAGCCGCCATTGACGGGATCCGAGAGGCTGGCGCCACGGAGC
AATATATCTTCGTTGAAGGTAACTCGTACACCGGGGCCTGGACCTGGACCG
ATGTGAACGACAACATGAAGAACTTGGAGGATCCCCAGGACAAGATCGTCT
ATCAGATGCACCAGTATTTGGACTCGGATGGGTCTGGTACTTCCGAGACCTG
CGTGTCTGGTACCATTGGCCAGGAGCGTGTCACCAGCGCTACTCAATGGCTC
AAGGACAACAAGAAGGACT

Sequence of endo-1,4-beta-xylanase (xyn11B) gene amplified from Aspergillus Niger
strain RDS

CCATATCACGTCACCCGATAAAAAGCTTAGCTTTGGTATCTTTTGACTACTA
AGGCACTTATCTCTTAAGAAGATATCGTGACACTGGCACTGCCAGCACCGTT
CCATGCCTCCACCGCCATGACCTGATAATTGAAGTTGCTATTGCCGAACCCA
TGCTGCGCCCAGAAATTGAAATGGTTGGCGATAGTCACTGTTCCGGATGTGC
GTGTACTTTCACGAACGGAGAAGTACTGCGTGAACGTGCTTGTTCCTGTGAT
AGATGGCGCGTTCGTCCGAGTGTCGGTGCAGACTTGGTAGGTGCTTCCATCA
GAGTACACGGTACCAAGGCTCGTGGCCGAGCTGCAAGGGTTGTAATCACCG
TAATCCTCGACGATGTAGTATTCGGCCTGAGGAAT
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iii. Pairwise alignment of the sample organisms with their most identical organisms

Aspergillus sp. isolate Rubia plants small subunit ribosomal RNA gene, partial sequence;
internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer
2, complete sequence; and large subunit ribosomal RNA gene, partial sequence
Sequence ID: MN844036.1Length: 600Number of Matches: 1

Range 1: 4 to 600 GenBank  Graphics Myt M

Score Expect  Identities Gaps Strand
1098 bits(594) 0.0 596/597(99%)  0/597(0%)  Plus/Plus

Query 1  CCATAGCTGAACCTGCGGAAGGATCATTACCGAGTGTAGGGTTCCTAGCCAGCCCAACCT 60

LCLLELEEE L EEE LR RV R LR LR R LT EEL
Sbjet 4 CCGTAGGTGAACCTGCGGAAGGATCATTACCGAGTGTAGGGTTCCTAGCGAGCCCAACCT 63

Query 61  CCCACCCGTGTTTACTGTACCTTAGTTGCTTCGGCGGECCCGCCATTCATGGCCGCCEEE 120

LLLLLCEEELLLEE L LY LRI LR LR EEE L
Sbjct 64  CCCACCCGTGTTTACTGTACCTTAGTTGCTTCGGCGGECCCGCCATTCATERCCGECGEE 123

Query 121 GGLTCTCAGCCCCGEGLCCCCECCCGCCGGAGACACCACGAACTCTGTCTCATCTACTGA 180

CELLLULERECELER LU RLEL L EEL LR LR L
Sbject 124 GGCTCTCAGCCCCGEGCCCGCGCCCGCCCEAGACACCACGAACTCTGTCTGATCTAGTGA 183

Query 181 AGTCTGAGTTGATTGTATCGCAATCAGTTAAAACTTTCAACAATGGATCTCTTGGTTCCG 240

CDLLUCLEEELLEEELCE R EL R LR ELE LR LR L
Sbjct 184 AGTCTGAGTTGATTGTATCGCAATCAGTTAAMACTTTCAACAATGGATCTCTTGGTTCCG 243

Query 241 GCATCGATGAAGAACGCAGCGAAATGCGATAACTAGTGTGAATTGCAGAATTCCGTGAAT 300

LLLCUELEECEELEEEEE R LR LCE LR LT TEEL
Sbjct 244 GCATCGATGAAGAACGCAGCGAAATGCGATAACTAGTGTGAATTGCAGAATTCCGTGAAT 303

Query 301 CATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGOGGGCATGCCTGTCCGAG 360

CELCCLLEEEE LR LR LR L LR LRI
Sbjct 384 CATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAG 363

Query 361 CGT(ATTGCTGCCCATCAAGCACGGCTTGTGTGTTGGGTCGTCGTC(CCT(TCCT? ?f? 420

LLULCLLDEREEL LD EEEEEE TR R R LR EL T
Sbjct 364 ccrcmccmcccmcuecacesmmcmtewcmccrccccrcrccccm 423

Query 421 ?A(GGGCCC(AAAGQC\GCGGCGG(AC(G(GY(CGAT(CTCGAF(GTATGGG((TTTGTC age

EELELERELEEE LR LR R R L EE LR il
Sbjct 424 GACGGGCCCCAAAGGCAGCGGCGGCACCGLGTCCGATCCTCGAGCGTATGGGGCTTTGTC 483

Query 481 ACCCGCTCTGTAGGCCCGGCCGGLGLTTGCCGAACGCAMATCAATCTTTTTCCAGGTTGA 540

llllllllllllllllllllIIIIIIIHIIIllllllllllllIllIIlllllllllll
Sbjct 484 ACCCGCTCTGTAGGCCCGGCCGGCGCTTGCCGAACGCAAATCAATCTTTTTCCAGGTTGA 543

Query 541 CCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGGGCCGAGGAA 597

lllllllllIIIlllIIlillllllllIlllIllllllllllllllllllllIllll
Sbjer 544 CCTCGCATCAGGTAGGCATACCCGCTGAACT TAAGCATATCAATAAGGGLGE
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https://www.ncbi.nlm.nih.gov/nucleotide/MN844036.1?report=genbank&log%24=nuclalign&blast_rank=1&RID=7BACKXJX016

Aspergillus niger isolate AOE19 small subunit ribosomal RNA gene, partial sequence;
internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer
2, complete sequence; and large subunit ribosomal RNA gene, partial sequence
Sequence ID: MW548412.1Length: 577Number of Matches: 1

Range 1: 14 to 576GenBankGraphics

Score Expect Identities Gaps Strand
1033 bits(559) 0.0 562/563(99%) 1/563(0%) Plus/Plus

Query 2 GGAAGGATCATTACCGAGTGCGGGTCCTTTGEGCCCAACCTCCCATCCGTGTCTATTGTA 61
LCLLECEEEEECEECEE L EE LT

Sbjct 14  GGAAGGATCATTACCGAGTGCGGGTCCTTTGGGCCCAACCTCCCATCCGTGTCTATTGTA 73

Query 62 GGEGGGCCEGCEGCTTGTCGGECGEC%T?%T?%EGCETCT CCCCecG 120
|||||l|||||||||||||||||||||l|||||||||| [LLELTEELT
Shjct 74 (6GGCCCGCCGCTTGTCGECCGCCGGEGEEGCGCCTCTGCCCCCCE 133
Query 121 CCCGCCGGAGACCCCAACACGAACACTGTCTGAMGCGTGCAGTCTGAGTTG 180
|||||||||||||||||Il|||||l|||||l|||||||||l|||||l||l||||||||||
Shjct 134 GCCGGAGACCCCAACACGAACACTGTCTGARAGCGTGCAGTCTGAGTTG 193

Query 181 ATTGAATGCAATCAGTTAAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAG 248

LLLLLLDELELEEECEE L L L ECELEE LTI

Sbjct 194 ATTGAATGCAATCAGTTAAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAG 253

Query 241 AACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTT 388

|I|||l||||||||||||l||l|Il|||||l||||||l|||||l||l||l|||||I||Il

Sbjct 254 AACGCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTT 313
Query 301 GGCATGCCTGTCCGAGCGTCATTGCTGC 360
|Il|||||I||I||I||I||I||Il||||||||I||I||Il|||||l|||||l|||||||
Sbjct 314 GCATGCCTGTCCGAGCGTCATTGCTGC 373
Query 361 GGEGACGGGCCCGAAA 428
|Il||l||||||||||||l||l|I|||||||||I||Il|||||||||||||||||I||Il
Sbjct 374 GGEGACGGGCCCGAAR 433

Query 421 GGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACATGCTCTGTAG 480
CCLLLELELEEEECEECE e LT

Sbjct 434 GGCAGCGGLGGCACCGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCACATGCTCTGTAG 493

Query 481 GATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCTCGGATCAGE 540
CLLCELEELLE L EEEE L LTI

Sbjct 494 GATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGRTTGACCTCGGATCAGG 553
Query 541 CTGAACTTAAC 563

|I|||l|||||||||l||l||l

|
Sbjct 554 CGCTGAACTTAAC 576
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https://www.ncbi.nlm.nih.gov/nucleotide/MW548412.1?report=genbank&log%24=nuclalign&blast_rank=2&RID=810N6AT7013
https://www.ncbi.nlm.nih.gov/nucleotide/MW548412.1?report=genbank&log%24=nuclalign&blast_rank=2&RID=810N6AT7013&from=14&to=576
https://www.ncbi.nlm.nih.gov/nucleotide/MW548412.1?report=genbank&log%24=nuclalign&blast_rank=2&RID=810N6AT7013&from=14&to=576

Mucor indicus isolate AU-CB-AS-04 small subunit ribosomal RNA gene, partial
sequence; internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal
transcribed spacer 2, complete sequence; and large subunit ribosomal RNA gene, partial
sequence

Sequence ID: 0Q660484.1Length: 664Number of Matches: 1

Range 1: 77 to 664GenBankGraphics

Score Expect Identities Gaps Strand
1068 bits(578) 0.0 585/588(99%) 2/588(0%) Plus/Plus

Query 1  GATAATTAAAAAATTATCTTATTTACTGTGAACTGTTTTTATTTATGACGTATAAGGGGA 6@

Shjct 77  GATAATTCAAAAATTATCTTATTTACTGTGAACTGTTTTTATTTATGACGTATAAGGGGA 136
Query 81  TGTCTTTAGGCTATAAGGGTAGGCCTATGGAATGCTAACCTAGTCATAGTCAAGCTTGAT 128

Shjct 137 TGTCTTTAGGCTATAAGGGTAGGCCTATGGAATGCTAACCTAGTCATAGTCAAGCTTGAT 196
Query 121 GCTTGGTACCCGATTATTACTTACCAAAAGAATTCAGTTTAAAATATTGTAACATAGACC 188

Shjct 197 GCTTGGTACCCGATTATTACTTACCAAAAGAATTCAGTTTAAAATATTGTAACATAGACC 256

Query 181 TAARAAATCTATARAACAACTTTTAACAATGGATCTCTTGGTTCTCGCATCGATGAAGAA 248

Shjct 257 TAAAAAATCTATAAAACAACTTTTAACAATGGATCTCTTGGTTCTCGCATCGATGAAGAA 316
Query 241 CGTAGCAAAGTGCGATAACTAGTGTGAATTGCATATTCAGTGAATCATCGAGTCTTTGAA 388

Shjct 317 CGTAGCAAAGTGCGATAACTAGTGTGAATTGCATATTCAGTGAATCATCGAGTCTTTGAA 376

Query 381 CGCATCTTGCACTCAATGGTATTCCATTGAGTACGCCTGTTTCAGTATCARAAACAACCC 368

Shjct 377 CGCATCTTGCACTCAATGGTATTCCATTGAGTACGCCTGTTTCAGTATCAAAAACAACCC 436

Query 361 TTATTCARAAATTLEtTTTGAGTAGATATGAGTGTAGCAACCTTACAAGTTGAGACATTT 428

Shjct 437 TTATTCAAAAATTTTTTTTGAGTAGATATGAGTGTAGCAACCTTACAAGTTGAGACATTT 496

Query 421 GATTGAGTGCCGATAC--TTTTAATTTTGAAAAGGT 478

Shjct 497 GATTGAGTGCCGATACTTTTTTAATTTTGAAAAGGT 556

Query 479 AAAGCATGTTGATGTCCGCTTTTTGGGCCTCCCAAATAACTTTTTAAACTTGATCTGAAA 538

Shjct 557 AAAGCATGTTGATGTCCGCTTTTTGGGCCTCCCAAATAACTTTTTAAACTTGATCTGAAL 616
Query 539 AATAAGCGGAGGAA 586

Shjct 617 TCAATAAGCGGAGGAA 664
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https://www.ncbi.nlm.nih.gov/nucleotide/OQ660484.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=80P9TEF301N
https://www.ncbi.nlm.nih.gov/nucleotide/OQ660484.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=80P9TEF301N&from=77&to=664
https://www.ncbi.nlm.nih.gov/nucleotide/OQ660484.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=80P9TEF301N&from=77&to=664

Saccharomyces cerevisiae isolate 10-1356 internal transcribed spacer 1, partial sequence;
5.8S ribosomal RNA gene and internal transcribed spacer 2, complete sequence; and large
subunit ribosomal RNA gene, partial sequence

Sequence ID: MF276989.1Length: 814Number of Matches: 1

Range 1: 12 to 765GenBankGraphics

5core Expect  Identitias Gaps Strand
1347 um(m) 0.0 TA7/754(F9%) 7/754(0%) Plus/Plus
Query 1 AATAATTTTGAARATGGA tnun GTTTTGGCANGAG 60
Shict 12 “ “ H;IIIIHIIIMTHI 11 llllllll!lllllll ! '\Lt 2
Query 61 GCGCTTAAGYGCGCGGTC 120

i 7 PTG
Query 121 TTGCYK&C"Glml’"(TTTCTT“TATT((MKGGTWGA"ICTG"GCTYTY 189
soer 131 FrbdTATIGIGHHETTC G ATTEMM GtdaleT T 191
o o DT &
Query 241 ACTITTTCYTTGOGCATTCGAGCAATCOGGGL AACAAMACACAAACAATTTTA 389

ey it ittt I -
oot it ittt e

e it .
B 1111 T T ot

Query 477 CCCTTGGTATTCCAGGGGG CATTTCCTTCTCARACATTCTGTT 536

N ittt T -

Query 337 AGTGAGTCATACTLTTTGGAGTTAAC GCTGECCTTTY sa5
. III IlllIIIIlIIIlIIlllIIIIIIIIIIIIIIIIIIIIIIC%IIrmLIIII
Woory AATGCAAGTACGGTCGTTTTA 655
Sher 612 mmzwwmmuuummuwu(&uwu. poh
Query 856 CAML TGCOGCTAR 252
e 6 llllllllcmllllIIlllllru_”nlIllllllllllhllllllllllllIlll -
Query 715 GAAGAGAGCGTCTAGEC-AACAATGTTCTTAAAG 747

soser 72 AMMMUTHMM MU 56

811
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https://www.ncbi.nlm.nih.gov/nucleotide/MF276989.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=7XX4HJNG016
https://www.ncbi.nlm.nih.gov/nucleotide/MF276989.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=7XX4HJNG016&from=12&to=765
https://www.ncbi.nlm.nih.gov/nucleotide/MF276989.1?report=genbank&log%24=nuclalign&blast_rank=4&RID=7XX4HJNG016&from=12&to=765

Appendix I: Arrhenius plot for the determination of activation and deactivation energy
of free and co-immobilized enzymes
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Appendix J: Infrared Spectra of Free Biochar Chitosan Bead (F) and Biochar-
Chitosan Ceads and Biochar-chitosan Beads Loaded with Co-immobilized Enzyme
(CIE) and co-immobilzed fungi (CMY)
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Figure 7: Infrared Spectra of free biochar-chitosan bead (F); biochar-chitosan bead
loaded with co-immobilized cellulase and xylanase (CIE); and biochar-chitosan bead
loaded with co-immobilized Mucor and Yeast (CMY)
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Appendix K: Statistical result for the comparison of plantain pseudostem biomass
(PS) and sugarcane bagasse (SB) using R statistical package.

Analysis (Pretreatment of plantain pseudostem biomass and sugarcane bagasse)

agrowaste

20

CR HR LR

comp

> summary(D1)

Df SumSq MeanSq Fvalue Pr(>F)
waste 1 375 375 1.23 0.3830
comp 2 2457.0 12285  40.28 0.0242*
Residuals 2 61.0 30.5
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Signif. codes: 0 “****(0.001 “***0.01 “** 0.05.>0.1°" 1
>

Post ANOVA test
> TukeyHSD(D1)
Tukey multiple comparisons of means
95% family-wise confidence level

Fit: aov(formula = agrowaste ~ waste + comp)

$waste
diff  lwr upr p adj
SB-PS 5 -14.38505 24.38505 0.3829621

$comp

diff Iwr upr p adj
HR-CR -45.0 -77.532746 -12.46725 0.0267760
LR-CR -45  -37.032746 28.03275  0.7324359
LR-HR 40.5 7.967254 73.03275 0.0328491

Note: HR-Hemicellulose retained; CR- cellulose retained; LR-lignin retained

Hydrolysis of plantain pseudostem biomass and sugarcane bagasse for four days using
co-immobilized enzyme.

267



> summary(D2)

sample

day

Residuals 4 175

Df SumSq Mean SqF value Pr(>F)
1 62.2 62.2 14.22 0.019598 *
4 17004 4251 97.23  0.000309 ***
4.4

Signif. codes: 0 “***>(0.001 “*** 0.01 “*’ 0.05 ‘> 0.1’ 1
Post ANOVA Test

> TukeyHSD(D2)

Tukey multiple comparisons of means
95% family-wise confidence level

Fit: aov(formula = hydro ~ sample + day)

$sample

diff

lwr

SB-PS 4.986 1.314388

$day

1-0
2-0
3-0
4-0
21
31
4-1
3-2
4-2
4-3

diff

15.210
29.270
33.685
33.455
14.060
18.475
18.245
4.415
4.185
-0.230

Iwr
5.914641

upr

upr

19.974641 38.565359
24.389641 42.980359
24.159641 42.750359

4.764641
9.179641
8.949641
-4.880359
-5.110359
-9.525359

23.355359
27.770359
27.540359
13.710359
13.480359
9.065359

padj
8.657612 0.0195987

p adj

24.505359 0.0088696

0.0007124
0.0004065
0.0004175
0.0118406
0.0042798
0.0044879
0.3618602
0.3995165
0.9999508
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Ethanol produced from plantain pseudostem biomass and sugarcane bagasse using co-
immobilized enzyme and co-immobilized fungi.

75
|

70
|

65
|

60

ethanol

55
|

45

40
|

> summary(D3)

Df SumSq MeanSq Fvalue Pr(>F)
sample 1 589 58.92 4.108 0.1358
Prod 3 6942 231.38 16.134 0.0235 *

Residuals 3 43.0 14.34

Signif. codes: 0 “****(0.001 “*** 0.01 “** 0.05°.>0.1 " 1

> TukeyHSD(D3)
Tukey multiple comparisons of means
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95% family-wise confidence level

Fit: aov(formula = ethanol ~ sample + Prod)

$sample

diff

Iwr

upr

p adj

SB-PS 5.4275 -3.094609 13.94961 0.1357605

$Prod

FM-cMY -12.495

FY-cMY
IY-cMY
FY-FM
IY-FM
IY-FY

diff

-5.475
-24.915
7.020
-12.420
-19.440

Iwr
-30.77005

-23.75005

-43.19005
11.25505

-30.69505
-37.71505

upr
5.780048
12.800048
-6.639952
25.295048
5.855048
-1.164952
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p adj
0.1293860
0.5548395
0.0214545
0.3990345
0.1312086
0.0424066



