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This study investigates the effects of catalyst type and washing procedures on the oxidation stability and
cold flow parameters of biodiesel produced from castor oil. Castor oil was synthesized using two different
catalysts; calcium oxide on alumina support (CaO-Al2O3) and potassium hydroxide (KOH) at a tempera-
ture of 60�C, methanol to oil molar ratio of 6:1 and catalyst loading of 1 wt% of oil for 60 min. The resulting
biodiesel was purified using water washing and dry washing methods ion exchange resin. The oxidation
stability and cold flow behaviour of the biodiesel produced (cloud point, pour point, cold filter plugging
point, and low-temperature flow test) were determined. The findings showed that the oxidation stability
and cold flow properties of biodiesel is independent of washing methods but varies with catalyst type.
The heterogeneously catalyzed transesterification by CaO-Al2O3 exhibited higher oxidation stability with
an induction period of 4.4 h as against 3.5 h for the potassium hydroxide (KOH) catalyzed biodiesel.
However, the values obtained in this study were above the ASTM standard of 3 h minimum. With regards
to cold flow properties, the KOH-catalyzed process exhibited better cold flow properties than CaO-Al2O3

catalyzed biodiesel. It can be deduced from this study that the biodiesel samples will exhibit very good
ignition performances when used in ignition compression engines in the low temperate region due to
their satisfactory cold flow behaviour.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Third International Con-
ference on Aspects of Materials Science and Engineering.
1. Introduction

Biodiesel is a green sustainable alternative fuel petroleum die-
sel. It is produced via transesterification of plant or animal oils
with alcohol in the presence of a catalyst [1–3]. Biodiesel produc-
tion from first-generation feedstock such as edible plant seed oil
has been criticized as a potential for food crisis because it competes
with food supply, it has been deemed as a possible cause of edible
oil shortage. Using less expensive second-generation feedstock,
such as non-edible oils, is one technique to lower the cost of bio-
diesel production. Non-edible vegetable oils obtained from oil-
bearing seeds have the potential to provide cost-effective feedstock
for biodiesel production [4]. The conventional and most commonly
used homogenous alkaline catalyzed transesterification using
NaOH and KOH results in the generation of a large quantity of
wastewater since the process requires a huge amount of water
for purification. These catalysts are not reusable and sometimes
causes soap formation in the presence of a higher amount of free
fatty acid [4]. The high cost of biodiesel synthesis can be minimized
using a heterogeneous catalyst and inexpensive feedstock. Hetero-
geneous catalytic transesterification of vegetable oil provides a
clean and efficient approach for the conversion of low-quality feed-
stocks into high-quality biodiesel [5–6]. Heterogeneous catalysts
are distinguished by their ease of recovery, tolerance of high free
fatty acid feedstock, elimination of the risk of soap production,
and minimization of biodiesel washing [7]. Among different avail-
able solid heterogeneous catalysts, MgO, SrO BaO and CaO are most
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often used for biodiesel production. However, the most frequently
used heterogeneous catalyst is calcium oxide (CaO), this is obvi-
ously due to its relative abundance and lower cost [8]. Calcium
oxide impregnated with alumina has been reported to increase
the catalyst active site, activity, reduce catalyst leaching and ease
of separation from the glycerol phase and extender catalyst life
span [9–10]. The reaction with this catalyst is also characterised
by a shorter reaction time and easily operated at a relatively lower
reaction temperature [11]. Oxidation stability is used to predict the
shelf life of biodiesel under normal storage conditions [12]. The
presence of unsaturated alkyl esters, which easily oxidize to alde-
hydes, ketones, esters, peroxides, alcohols and acids is primarily
responsible for the formation of insoluble gums and sediments
resulting in low oxidation stability [13]. The acids formed causes
an increase in the acid number, whereas the alcohol formed lowers
the flashpoint of the biodiesel [14]. Cold flow qualities are impor-
tant biodiesel attributes, particularly in cold-weather areas like
Russia and Canada. Three cold flow metrics that are utilized inter-
nationally are cloud point (CP), pour point (PP), and cold filter
plugging point (CFPP). However, in North America, filed test results
do not correspond well with these properties, making the low-
temperature flow test (LTFT) significant in this region [15]. [16]
blended biodiesel from varied feedstock to create blends with
varying fatty acid profiles and investigated their oxidation stability
and cold flow properties. [17] studied the effect of storage duration
on the oxidation stability of biodiesel produced from diverse feed
suppliers. [12] studied the effect of the catalyst manufacturing pro-
cess on the oxidation stability and cold flow characteristics of bio-
diesel generated from Jatropha curcas. According to [13], metal
contaminants lowered the oxidation stability of biodiesel/diesel
blends, with copper having the highest influence among the tested
metals. [18] evaluated the impact of feedstock composition on bio-
diesel cold flow characteristics and oxidation stability, as well as
the impact of purification water acidity on these variables. Senra
et al. [19] studied the impact of glycerol-derived additives on bio-
diesel cold flow properties. The authors reported that the additives
work as dilution, stop crystallization, and improve properties.
Bencheikh et al. [20] studied the effect of blending diesel with
waste cooking biodiesel on cold flow properties. The authors
reported that blending 80% diesel with 20% waste cooking biodie-
sel reduces CP, PP, and CFPP by 17, 21, and 21 �C, respectively. Sim-
ilarly, the investigation by [21,22] also reported the cold flow
behaviour of biodiesel from different vegetable oils.

The Castor plant (Ricinus communis L) is a member of the fam-
ily Eurphorbiaceae. The plant is reportedly grown in tropical and
subtropical regions of the world. In Nigeria, the plant is to grow
well in a different part of the northern region as a weedy plant.
The plant bears seeds that contain a substantial amount of oil
(55–69%). Castor seed contains a high amount of potently poi-
sonous protein (ricin). Castor oil possesses a high viscosity and
excellent lubricity when compared with other plant oils [23].
Castor oil is ricinoleic vegetable oil. It has a molecular weight
of 928.5 g/mol and is composed of 89–90 per cent ricinoleic acid.
Because of the presence of hydroxyl groups in the oil, it is known
to stabilize to oxygen, preventing the production of hyperperox-
ides and inductively preventing oxidation reactions. Because of
its great oxidation stability, castor oil is a second-generation bio-
diesel feedstock with significant commercial potential [17,16]. To
the best of the author’s knowledge, no research has been con-
ducted on the effect of alkaline catalyst type or washing proce-
dure on the oxidation stability and cold flow characteristics of
castor biodiesel. The purpose of this research is to investigate
the effect of alkaline catalysts and purification processes on the
oxidation stability and cold flow parameters of biodiesel derived
from castor seed oil.
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2. Materials and methods

2.1. Materials

Freshly extracted castor oil, CaO supported on Al2O3 catalyst
was obtained from the National Research Institute for Chemical
Technology (NARICT), Zaria. Analytical grade KOH pellets were
adopted. The castor oil was filtered through cheesecloth to remove
insoluble impurities. Mixed ion exchange resin (indion ion
exchange) was purchased from Makurdi, Nigeria. The KOH was
chosen due to its solubility in methanol and is one of the most
commonly used alkaline catalysts for homogenous transesterifica-
tion [4]. Calcium oxide impregnated with alumina has been
reported to increase the catalyst active site, activity, reduce cata-
lyst leaching and ease of separation from the glycerol phase and
extender catalyst life span [9–10]. The reaction with this catalyst
is also characterised by a shorter reaction time and easily operated
at a relatively lower reaction temperature [11].
3. Methods

3.1. Transesterification

The prepared oil was weighed (250 g) and deposited in the reac-
tor. It was then preheated to the reaction temperature of 600�C. To
avoid methanol loss due to evaporation, the reaction was carried
out below the boiling point of methanol, 65�C. The catalyst was
weighed (1 wt. per cent oil) and dissolved in a calculated volume
of methanol (6:1 methanol to oil molar ratio), which was then
transferred to the preheated oil and left to react at 60 �C for
60 min with vigorous stirring. Following transesterification, the
diesel-glycerol mixture was transferred to a separation funnel
and allowed to separate into two distinct layers, with biodiesel
on top and glycerol on the bottom. Separating the biodiesel
(methyl esters) from the glycerol was accomplished by first drain-
ing the glycerol and then the biodiesel in separate conical flasks.
This was done in two batches, one KOH-catalyzed and the other
CaO supported on Al2O3.
3.2. Biodiesel purification

There were two washing procedures used: wet washing and dry
washing. The biodiesel was cleaned to eliminate excess methanol
and other contaminants for the wet washing process. An equiva-
lent volume of heated distilled water (45 �C) was added to the bio-
diesel in a separation funnel, tilted slowly, and allowed to separate.
As the water subsided, it percolated through the biodiesel, remov-
ing impurities. After that, it was allowed to settle naturally, split-
ting into two layers of biodiesel and water. The bottom layer of
water was drained away, leaving the cleaned biodiesel behind. This
method was repeated until the pH of the wash water was close to
neutral, indicating that the catalyst had been completely washed
away. The washed biodiesel was transferred to a beaker and heated
on a heating mantle at 100�Celsius to remove the remaining mois-
ture. To purify the produced biodiesel using the dry wash process,
ion exchange resin was used. 50 g of mixed ion exchange resin was
ionized in 100 ml of 10% (v/v) concentrated hydrochloric acid solu-
tion for 30 min before being rinsed in 1000 ml of distilled water.
The resin was cleaned with methanol before use to remove any
leftover water molecules. Following the passage of 20 ml of biodie-
sel through it to remove any remaining methanol, the purified bio-
diesel sample was passed through it twice under gravity to allow
for ion exchange and purification.
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3.3. Biodiesel characterization

The physico-chemical properties of the biodiesel samples pro-
duced were determined using standard procedures and correla-
tions as discussed below; The cetane number of the biodiesel
samples were evaluated from saponification and iodine values
using correlations reported by [24]. The Iodine value (IV) and
Saponification value (SV) were determined as reported by [3].

CetanenumberðCNÞ ¼ CI � 1:5 ð1Þ
where,

CetaneIndexðCIÞ ¼ 46:3þ 5458
SV

þ 0:225IV ð2Þ

The calorific value was computed from saponification and
iodine values using correlations reported by [24].

CalorificvalueðCVÞ ¼ 49:43� 0:015IV � 0:041SV ð3Þ
3.4. Oxidative stability determination

The oxidative stability of the biodiesel was examined using the
Metrohm 873 Biodiesel Rancimat Instrument in compliance with
the EN 14,214 standard protocol. Purified air was channelled
through the sample heated to 110�Celsius into a determination unit
containing distilled water at a constant flow rate of 10 L/h. The
conductivity of the sample was constantly recorded and plotted
overtime on a computer, and the induction period (IP) was deter-
mined as the intersection of two tangent lines along the conductiv-
ity curve.

3.5. Cold flow behavior

Cloud (CP) and pour points (PP) were obtained according to
ASTM D2500-91 and ASTM D97-96 method respectively. CFPP
and LTFT were computed using the correlation reported by Dunn
[15].

CFPP ¼ 1:0ðCPÞ � 4:5 ð4Þ

LTFT ¼ 1:0ðCPÞ þ 5 ð5Þ
4. Results and discussion

4.1. Characterization of biodiesel

The properties of the castor biodiesel samples produced are
shown in Table 1. Iodine value (IV) is the measurement of the total
degree of unsaturation of biodiesel fuel. It provides a useful guide
in preventing various engine problems. Iodine value is based on
alkyl double bonds reactivity. Higher iodine value is an indication
of the possibility of the formation of various degradation products
which can lead to a decrease in the quality of lubrication and affect
the engine operational performance negatively. The iodine value in
Table 1
Physico-chemical properties of castor biodiesel samples.

Properties KOH

Wet Dry

Iodine Value (mgKOH/g) 18.18 11.421
Cetane Number 87.41 80.39
Saponification Value (mgKOH/g) 124.82 148.67
Calorific Value (MJ/kg) 43.977 43.089
Viscosity 4.22 4.31
Induction Period (hours) 3.5 3.5
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this study was low (11.42–18.18 gI2/ 100 g) as compared to EN
stipulated value of 120as the maximum. The low iodine values
obtained signifies that the castor biodiesels have relatively good
oxidation stability. The results are satisfactorily better lower than
108 and 126.6 gI2/ 100 g reported for corn oil biodiesel [25] and
soyabean oil biodiesel [26]. The saponification values were gener-
ally close to the value obtained for coconut oil biodiesel
(126.225 mg/KOH) and lower than those reported for cashew nut
oil biodiesel (187.94 mgKOH/g) by [27]. The saponification values
and iodine value are related to cetane number and calorific value.
The cetane numbers of the biodiesel is a measure of the ignition
quality of diesel fuel. It is a valuable indicator of the quality of die-
sel fuel [28]. A higher cetane number is desirable as fuel with a
higher cetane number ignite more easily when injected into the
diesel engine [29]. The cetane numbers of the biodiesel samples
were within 79.063 – 87.41 which is well above the minimum
standard specification of 47. This is an indication that the biodiesel
samples will exhibit very good ignition performances when used in
an ignition compression engine. According to Bajpai and Tyagi
(2006) [28], biodiesel has a higher cetane number than petrol die-
sel due to its higher oxygen content. This means that while using
biodiesel, the engines will run more smoothly and quietly [30].
The cetane numbers observed in this study is also obviously higher
than the 48 reported for Jatropha biodiesel [31]. The viscosity of a
fluid is a measure of its resistance to deformation when subjected
to shear stress. The Viscosity of biodiesel samples ranges from 4.22
to 4.33 mm2/s which is appreciably within 1.9–6.0 mm2/s stipu-
lated for ASTM standard. According to Musa et al.[2], lower viscos-
ity than required specification can lead to volumetric fuel loss and
increasing wear of engine parts while too high viscosity is the
major cause of mechanical inefficiencies. The calorific value of a
fuel assesses its energy content. The calorific value of biodiesel lies
between 39 and 41 MJ/Kg. The calorific values were higher than
those obtained for algae biodiesel (41.36 MJ/kg) and cashew nut
oil biodiesel (37.20 MJ/kg) as reported by [32] and [28]
respectively.

4.2. Influence of washing methods and catalyst type on oxidation
stability

The induction period, which is the amount of time required for a
biodiesel sample to produce rapid oxidation when subjected to ele-
vated temperature and oxygen aeration, is used to evaluate biodie-
sel oxidation stability [12]. Table 1 displays the induction period
(IP) for biodiesel samples synthesized by various techniques. Wet
washing of biodiesel with warm water is widely utilized due to
pollutants’ solubility in water, process simplicity, low cost, and
availability. The technique is characterized by emulsion formation
and generation of a large volume of wastewater [33]. Because sam-
ples purified using different wash techniques have the same IP (4.4
and 3.5 h) for CaO-Al2O3 and KOH catalyzed reactions, respectively.
The results for the two wash methods employed in this investiga-
tion reveal that the oxidation stability of Castor Methyl Esters
(CME) is independent of the washing method. Considering the
CaO-Al2O3, ASTM (D6751-20)Specification

Wet Dry

18.73 15.228 EN 120 max
83.82 79.06 47 min.
136 154.28 –
43.505 42.799 –
4.33 4.30 1.9–6.0
4.4 4.4 Min. 3
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influence of catalyst type; the CaO-Al2O3 catalyzed transesterifica-
tion exhibited a higher IP of 264 min (4.4 h) as against an IP of
208 min (3.5 h) exhibited for KOH catalyzed biodiesel samples.
This indicates that the heterogeneous catalyst resulted in
improved oxidation stability (CaO-Al2O3). The presence of hydroxyl
groups on the castor oil feed’s triglyceride chain, which stabilizes it
to oxidation, could explain these findings. These acids decrease
biodiesel stability by producing peroxides and hydroperoxides.
These side reactions are not conceivable for transesterification
employing a heterogeneous catalyst (CaO- Al2O3) due to a lack of
alkaline hydroxides [34]. As a result, the end outcome was more
stable. All samples (both KOH and CaO-Al2O3 catalyzed) met the
ASTM criteria of 3 h minimum IP (ASTM D6751).
4.3. Influence of catalyst type and wash method on cold flow
properties

The cold flow properties of the tested biodiesel samples are
summarized in Table 2. The cloud point of biodiesel is the temper-
ature at which the fuel starts to form visible crystals after cooling
[18]. For both wet and dry washing operations, CaO- Al2O3 cat-
alyzed biodiesel samples exhibited a cloud point of �5�C. Similar
results were obtained with KOH catalyzed CME. This finding sug-
gests that the wash technique has little effect on biodiesel cloud
points. The cloud point of biodiesel samples made with KOH cata-
lyst was found to be lower (�13�C) than that of samples made with
CaO-Al2O3 catalyst (�5�C). The results obtained in this study out-
perform the cloud points of 0, 16, and 20�Celsius published by
[15], and [12] for biodiesel made from soya bean oil, palm oil,
and Jatropha curcas oil, respectively. The low cloud points
observed in this work is an indication low tendency of gel forma-
tion by the biodiesel. These low values depict that biodiesel has a
satisfactory ability to perform well under cold climatic conditions.
The difference in cloud point value could be attributed to the dif-
ference in feedstock’s employed and catalyst type.

The pour point is the lowest temperature at which fuel can flow
when the container is tilted. It is an essential feature for forecasting
biodiesel behaviour in cold weather circumstances [15]. The find-
ing reveals a similar trend to those for the cloud point, with a vari-
ance in KOH, Dry. The pour point of biodiesel produced using CaO-
Al2O3, Dry (-17�C) is the same as that of (CaO-Al2O3, Wet), and the
wash technique does not affect biodiesel pour point. Furthermore,
KOH, Wet had a lower pour point than CaO-Al2O3, Dry, and CaO-
Al2O3, implying that KOH-catalyzed castor oil transesterification
produced biodiesel with a higher pour point than CaO-Al2O3-
catalyzed transesterification. The pour point of virgin castor oil
was higher than that of all other product biodiesel, indicating that
transesterification of castor oil into biodiesel enhances its pour
point. The finding in this study differs significantly with � 4 and
16�C reported for corn oil methyl ester and palm oil methyl ester
respectively [15]. The lowest temperature at which 20 ml of fuel
may pass freely through a 45 m mesh size filter under 0.019 atm
pressure in 60 s is CFPP. This property governs how a biodiesel-
powered engine responds when cold. It represents the temperature
Table 2
Cold flow properties of biodiesel samples.

Cold flow Properties (0C) KOH

Washing Method

Wet

Cloud point � 13
Pour point � 22
Cold filter plugging point � 17.5
Low temperature flow test � 8

751
at which crystalline fuel components cause a filter to plug [15]. The
CFPP results for the biodiesel samples are shown in Table 2. CFPP
values followed the same pattern as cloud point, with virgin castor
oil having the highest CFPP value of �4.5�C and KOH catalyzed bio-
diesel having the lowest (-17.5�C). Greater CFPP values indicate
unsatisfactory cold flow characteristics. The findings suggest that
converting castor oil into biodiesel enhances the end product’s cold
flow qualities. It also implies that biodiesel made with the KOH
catalyst has better cold flow properties than biodiesel made with
the CaO-Al2O3 catalyst. These findings were greater than the �
6�C and �14�C values reported by Serrano et al. for sunflower and
rapeseed biodiesel, respectively [18].

The low-temperature flow test (LTFT) is the lowest temperature
at which 180 ml of test fuel may be safely drawn through a 17 m
screen at 20 kPa of vacuum in 60 s [15]. This attribute determines
the efficiency with which diesel fuels move through the filtering
unit of a diesel engine under test conditions. The result shows that
biodiesel samples produced with KOH catalyst have a lower LTFT
(�8 �C) than those produced with CaO-Al2O3 catalyst, which has
an LTFT value of 0 �C. Again, in terms of LTFT, all of the biodiesel
samples outperformed virgin vegetable oil. The poor cold flow
properties of castor methyl esters found in this study are mostly
due to a high percentage of low melting, unsaturated components
(97.5 per cent wt. of methyl esters).
5. Conclusions

The study has attempted and succeeded in investigating the
effect of the influence of alkaline catalysts type and purification
techniques on oxidation stability and cold flow behaviour of bio-
diesel from castor seed oil. The biodiesel produced has a low iodine
value (11.42–18.18 gI2/ 100 g), saponification values. The high
cetane numbers (79.063 – 87.41) obtained is well above the mini-
mum standard specification of 47. The viscosity of 4.22 –
4.33 mm2/s is appreciably within 1.9–6.0 mm2/s stipulated for
the ASTM standard. The calorific value of biodiesel lies between
39 and 41 MJ/Kg. The biodiesel samples purified using different
(wet and dry) wash techniques have the same IP (4.4 and 3.5 h)
for CaO-Al2O3 and KOH catalyzed reactions, respectively. This indi-
cates that the oxidation stability of castor Methyl Esters (CME) is
independent of the washing method. The CaO-Al2O3 catalyzed
transesterification exhibited a higher IP of 264 min (4.4 h) as
against an IP of 208 min (3.5 h) exhibited for KOH catalyzed biodie-
sel samples suggesting that heterogeneous (CaO-Al2O3) catalyst
enhanced oxidation stability. However, both KOH and CaO-Al2O3

catalyzed met the ASTM criteria of 3 h minimum IP (ASTM
D6751). The cloud point of KOH catalysed biodiesel was lower
(�13�C) than CaO-Al2O3 catalysed biodiesel (�5�C which suggests
that the biodiesel has a satisfactory ability to perform well under
cold climatic conditions. CFPP values followed the same pattern
as cloud point, with virgin castor oil having the highest CFPP value
of �4.5�C and KOH catalyzed biodiesel having the lowest (�17.5�C).
The findings suggest that converting castor oil into biodiesel
enhances cold flow qualities. Biodiesel produced with the KOH cat-
CaO-Al2O3

Dry Wet Dry

� 13 � 5 � 5
� 17 � 17 � 17
� 17.5 � 9.5 � 9.5
� 8 0 0
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alyst exhibit better cold flow properties than biodiesel made with
the CaO-Al2O3 catalyst. The LTFT (� 8�C) obtained KOH catalyzed
biodiesel is lower than 0 �C for CaO-Al2O3 catalysed biodiesel.
The poor cold flow properties of castor methyl esters found in this
study are mostly due to a high percentage of low melting, unsatu-
rated components (97.5 per cent wt. of methyl esters). It can be
deduced from this study that the biodiesel samples will exhibit
very good ignition performances when used in an ignition com-
pression engine as the value obtained are appreciably within stip-
ulated for ASTM and EN stipulated standards.
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