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Abstract: Energy consumption is on the rise due to rapid technological progress and a higher standard
of living. The use of alternative energy resources is essential to meet the rising energy demand and
mitigate the carbon emissions caused due to use of fossil-based fuels. Biodiesel produced from
non-edible oils such as castor seed oil (CO) can be used in diesel engines to replace fossil diesel.
However, the quality and yields for CO biodiesel is low due to the presence of ricinolic acid C18:1OH
(79%). In this study, two-stage conversion techniques were used to improve the yields and properties
of CO biodiesel. The catalyst CaCu(OCH3)2 was prepared from waste eggshell and synthesized with
copper oxide in the presence of methanol. The castor oil was subjected to pyrolysis at 450–500 ◦C and
then transesterified in the presence of modified catalyst. The reaction parameters such as methanol-
to-oil ratio and catalyst and reaction time were investigated, and the optimum combination was
used to produce castor biodiesel from pyrolysis castor oil. Results showed that the cetane number
and oxidation stability were increased by 7% and 42% respectively. The viscosity, density, flash
point, and iodine value were decreased by 52%, 3%, 5% and 6%, respectively. The calorific values
remained the same. This study suggests that pyrolyzed castor seed oil followed by transesterification
in the presence of a modified catalyst gave better fuel properties and yields than the conventional
transesterification process for biodiesel fuel production.

Keywords: biodiesel; biofuels; castor seed oil; catalyst; CI engine; pyrolysis; transesterification

1. Introduction

The global energy demand has increased rapidly due to continuous growth in in-
dustrialization and the world population [1]. The International Energy Agency (2015)
reported that global energy consumption is powered by 31.1% oil, 28.9% coal/peat, 21.4%
natural gas, 2.4% hydro and 1.2% other renewable energy source [2]. According to the
United States Energy Information Administration (EIA), worldwide, fossil fuels fulfill
the energy demand of 80% countries [3]. This demand will increase from 95 barrels (in
2015) to 113 barrels/day by 2040, while by 2030, it is projected to increase by 53% from
2001 [1,3]. At this higher rate, fossil fuels such as coal, oil, and gas will deplete soon in
another 200, 40, and 70 years, respectively [1,3]. The transportation sector consumed 60%
of fossil fuels as compared to manufacturing and power generation sectors [4]. These
sectors are major concerns that burn fossil fuel and generate greenhouse gas (GHG) and
CO2 up to 0.5–1.1 kg-eq/kWh [3,4]. To control global CO2 emission by 2050, international
organizations signed the Paris Agreement (2015) to reduce a global temperature rise of
below 1.5 ◦C [1,5]. The continuous increase of global energy demand and climate change
explores the need to refine the environmental policies by adopting sustainable clean en-
ergy sources [6]. The sustainable alternative fuel should be readily available, affordable,
eco-friendly, and technically viable [7]. In this search, it is found that biodiesel is the
most suitable sustainable fuel for diesel engine due to its similar fuel properties and clean
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burning [7]. The biodiesel is a mono-alkyl ester of long chain fatty acids [7]. It can be
produced from the vegetable oil and animal fats through a transesterification process by
separating glycerol from vegetable oil to form ester [7]. The production of methyl or ethyl
ester is mainly dependent on the type of alcohol used [7].

The biodiesel production is nearly 21 million tonnes per annum globally [7]. The
expected potential varies from 0.1 to 20 million tonnes in 2019, out of which 20% to 25%
has been consumed [8]. To avoid food vs. fuel debates, about 150 non-edible oil seed
tree species exist in south Asian countries [9]. The most widely known non-edible oil
seed for biodiesel production are Jatropha (Jatropha curcas), Karanja (Pongamia pinnata),
Mahua (Madhuca Indica), Jojoba (Simmondsia chinensis) and castor seed (Ricinus commu).
The oil content in these non-edible oil seeds varies from 21% to 73% [9]. The castor plant
grows easily with a suitable climate [10]. About 43 countries produce castor oil, and in
about 30 countries, cultivation of castor plant is at a commercial scale [10]. Due to climate
feasibility, India is one of the third largest producers of castor oil and meets 86% of the
global market demand. The castor plant seed contains approximately 45–55% oil [9,10].
Due to high oil content, researchers are considering castor oil as a preferable candidature for
biodiesel feedstocks [11]. Furthermore, castor oil seed production does not compete with
the cultivation of other crops. They can grow on dry lands and in forest areas. Moreover, the
water and fertilizer requirement of the castor plant are low [11]. The chemical compositions
present in castor oil are C16:0 (1%), C18:0 (3%), C18:1 (8%), and C18:1OH (79%). The
presence of ricinolic acid C18:1OH (79%) makes this oil highly viscous [12].

Researchers investigated techniques to optimize the biodiesel production from castor
seed oil. Karmakar et al. (2018) optimized the castor oil biodiesel fuel properties through
Taguchi methods, which refers to optimization of design parameters for minimizing de-
fects before the experiment [12]. They developed a cost-effective technique for biodiesel
production from castor seed oil. The esterification process was suggested by L16 Taguchi
orthogonal array [12]. The maximum biodiesel yield was about 90.85% using the parame-
ters: (i) reaction time 1 h, (ii) temperature 50 ◦C, (iii) catalyst (H2SO4) concentrated 1%w/w,
oil-to-methanol ratio 1:20, and (iv) stirrer speed 700 rpm. They found optimized conditions
for castor oil and achieved about 90.85% yield by using L16 Taguchi approaches [12].
The effectiveness of Pt/HAP as a catalyst was studied by Lei et al. (2021) [13]. The au-
thors reported that Pt/HAP-IE catalyst may be used in hydrogen-free decarboxylation
processes, particularly for the deoxygenation of molecules with unsaturated C=O and
hydrogen-sensitive O=H bonds. They found that under hydrogen-free circumstances,
this multi-functional synergistic catalysis creates an effective and selective deoxygenation
catalyst [13].

The castor oil biodiesel is highly viscous and unable to meet the ASTM and EN
biodiesel standards, hence reducing the viscosity is essential to meet the standards [14].
The thermo-chemical cracking (known as pyrolysis process) of biomass (and waste) to
liquid biofuel is one of the fastest-growing technologies [15]. Many researchers have used
different types of pyrolysis processes to convert castor seed into liquid fuel. The castor seed
was pyrolyzed at 380 ◦C and characterizes the castor pyrolysis oil [16]. The yields from the
pyrolysis process were oil 50%, char 29%, water 13% and gas 8% [16]. They reported that
castor pyrolysis oil possesses a polar component and long-chain hydrocarbon [16]. The
compounds consist of positive and negative charge mainly known as polar compounds
such as N-, O-, S-, and trace metals [16]. Table 1 shows the effects of different pyrolysis
processes on viscosity of castor oil. It was found out that the catalytic pyrolysis provides
lower viscosity oils than non-catalytic process (Table 1).
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Table 1. Effect of various pyrolysis process on viscosity of castor oil.

Pyrolysis Process Viscosity (cSt) Ref.

LTC pyrolysis at 380 ◦C 84.14 [16]
Fast Pyrolysis at 600 ◦C 83.19 [17]

Catalysis Pyrolysis (Zeolite ZSM-5) at 300 ◦C 43.47 [11]
Catalysis Pyrolysis (Zeolite ZSM-5) at 400 ◦C 29.29 [2]

Catalytic Upgrading (ZnO) at 550 ◦C 28 [18]

Fuels with higher viscosity produce larger droplet size, which ultimately affect the
atomization and air/fuel mixing. In addition, high viscous fuel results in shorter spray
penetration and poor evaporation [19]. The consequences of higher viscosity of a fuel
are incomplete combustion, increased fuel consumption and higher smoke emissions [19].
The fuel properties and engine performance of castor oil (and other vegetable oil) were
improved through triple and double blending techniques. Oxygenated additives such
as Di-ethyl ether (DEE) and diesel were used to reduce the viscosity [20]. The authors
reported that up to 40% replacement of fossil diesel is possible through these blending
options [20]. A comparison on the engine performance and emission characteristics of
various non-edible biodiesels are shown in Table 2. The increase or decrease of parameters
shown in Table 2 are based on the reference fuel (diesel). The fuel consumption of castor
oil biodiesel is higher than other biodiesels (Table 2). Shu-Yao et al., (2014), investigated the
biodiesel production from the dwarf castor oil [21]. They studied biodiesel production and
their combustion and emission characteristics in the engine. They prepared seven different
castor biodiesel-diesel blends and observed that blend B20 met the off-road diesel engine
emissions norms [21]. Mithun et al. (2018), studied castor biodiesel-diesel blends effect on
diesel engine performance, combustion, and emissions characteristics [22]. The mass burn
rate and transition velocity were also investigated by a porous sphere experiment. They
reported that the castor biodiesel blend has a slower evaporation rate than diesel fuel. In
the case of diesel-biodiesel blend, combustion started earlier, and the rate of pressure rise
was higher than diesel fuel [22]. When compared to pure diesel, no significant differences
were observed in engine performance and exhaust gas emission characteristics with castor
biodiesel–diesel blends [22].

Table 2. Comparison of engine performance and emissions of castor biodiesel with other biodiesels.

Biodiesel & Blends BSFC BTE CO HC NOx Smoke Ref.

Castor biodiesel 9.7%↑ 2.9%↓ 12.3%↑ 28.9%↑ 11.6%↓ 4.5%↑ [22,23]
Coconut biodiesel 6.9%↑ 1.3%↑ 5.2%↑ 53%↓ 8%↑ 11.3%↓ [24]
Waste oil biodiesel 6.7%↑ 1.5%↓ 12%↑ 32.8%↓ 14.6%↑ 2.3%↓ [25,26]
Jatropha Biodiesel 2.4%↑ 0.49%↓ 13%↑ 36.8%↓ 10.5%↑ 3%↓ [25,27]
Karanja Biodiesel 3.9↑ 1.9%↓ 11%↑ 23.6%↓ 9.2%↑ 5.2%↓ [25,28]

Rape seed biodiesel 8.5%↑ 3%↓ 7.6%↓ 33%↓ 14%↑ 5.6%↑ [29]
Mahua Biodiesel 5%↑ 2.2%↓ 12%↑ 32.7%↓ 12%↑ 2.8%↓ [30]

Note: up arrow means increase and down arrow means decrease from reference fuel (normally diesel).

The above literature shows that the viscosity of the CO biodiesel is still higher than
other biodiesel types. In this study, an attempt was made to reduce the viscosity through
combined pyrolysis and transesterification process, which has been not applied before. The
castor oil was pyrolyzed to form pyrolysis castor oil (PCO) and afterward, the PCO was
converted to castor biodiesel through transesterification process. The pyrolysis of castor
seed was conducted between 450–500 ◦C. The transesterification process was carried out
using a heterogeneous catalyst due to having the various advantages over a homogeneous
catalyst (KOH) [26,27]. The heterogeneous catalyst does not dissolve with the mixture and
was easy to separate during glycerol and biodiesel separation [21,22]. It can be reused and
does not involve the soap formation process. Because of this, the heterogeneous catalyst
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reduced the post-treatment process. The objectives of the present study are (i) synthesis
of heterogeneous catalyst, (ii) setting up of combined pyrolysis-transesterification process
for castor biodiesel production, (iii) conducting pyrolysis-transesterification experiment of
castor seeds (iv) optimization of the transesterification reaction parameters for high quality
castor biodiesel production, and (v) fuel characterization of castor oil biodiesel fuel.

2. Materials and Methods

The castor oil was procured from the local supplier Ganapati Oil Mill, Krishnageri,
Tamilnadu, India. Methanol (98% pure) and other chemicals were procured from the
Lab Chemicals, Chennai, Tamilnadu, India. The experiments were conducted by varying
catalysts and other reaction conditions. The measurements of fuel properties were repeated,
and average of the measurement’s readings was used in the study. During biodiesel
production, mixing is important. Therefore, stirrer speed (600 rpm) was kept constant
throughout the experiments.

2.1. Catalyst and Fuel Characterization

The synthesis composite catalyst was subjected to Perkin Elmer, Fourier transform
infrared (FTIR) spectroscopy to study the presence of functional groups. Scanning electron
microscopy (SEM) was used to study the surface morphology of the catalyst by using
apparatus Ziess (Model: EVO 18). For reuse of the catalyst, glycerol should be separated
through chemical dilution and purification process. In this study, the suitability of catalyst
repeatability was not studied. The characterization of prepared biodiesel fuel was done
in the fuel characterization laboratory at Anna University (India). The equipment and
standards used for fuel characterization is shown in Table 3. Several tests such as cloud
point, and gas chromatography were not performed due to the lack of the facility available
in the University.

Table 3. List of the instruments used.

Fuel Properties Name of the Instrument Standards

Density Pycnometer ASTM D4892-14
Kinematic viscosity Ubbelohde viscometer ASTM D4603-18

Calorific Value Bomb Calorimeter ASTM D240-19

Oxidation stability Rancimat Method
(AOCS Cd 12b-92) EN 14112

Iodine value Titration method EN 14111
Flash Point Closed cup EN 3679

2.2. Catalyst Preparation

The waste eggshell was collected from the college canteen. The method of preparation
of eggshell powder is shown in Figure 1. The collected eggshell was first washed in water
and later boiled in a distilled water for 1 h to remove all the impurities [31]. It was dried in
a sunlight then kept in an oven for overnight at a temperature of 110 ◦C. Initially, normal
grinder was used to make eggshell powder; later, planetary ball mill machine was used to
make fine calcium oxide (CaO) powder as shown in Figure 2. CaO powder was synthesized
with copper oxide (CuO) to prepare composite methoxide powder as shown in Figure 2.
The chemical reaction is represented in Equation (1) [32]. Both the catalyst was taken in
weight basis (70/30 ratio), 70% CaO and 30 % CuO and dispersed rapidly into 20 mL of
methanol (99% pure) in a 200 mL three-neck round glass bottle reactor (Figure 2) equipped
with glass reflux condenser and magnetic stirrer with heater. The reaction was conducted
at a temperature of 65 ◦C under atmospheric pressure with continuous stirring at 600 rpm
for 10 h. After completion of the reaction, the gray color slurry formed and dried in oven
at 110 ◦C for 12 h. Finally, dried composite powder was obtained, which was used as
catalyst [32].
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(CaCu)O + 2CH3OH 55°C at atm. Pressure−−−−−−−−−−−−→ CaCu(OCH3)2 + H2 O (1)
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Figure 2. Preparation of calcium-copper oxide catalyst.

2.3. Pyrolysis of Castor Oil

Thermal pyrolysis of castor oil was conducted at a temperature range 450–500 ◦C,
residence time of 180 min at a rate of 20 ◦C/min as shown in Figure 3. The pyrolysis
experiment was performed in a vertical semi-batch reactor (10 kg capacity) with electrical
heating. The temperature was monitored through PID controller. The specification of the
reactor is given in Table 4. A total of 8 kg of castor oil was fed and pyrolyzed for generating
vapors, which was condensed by passing them through water cooled condenser. The
condensed pyrolysis castor oil (PCO) was collected in a beaker. A small amount of ash was
found as a by-product of pyrolysis after cooldown of the reactor.
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Table 4. Specification of the pyrolysis rector.

Material Specifications

Stainless steel cylinder 219 mm diameter, 400 mm height and 5 mm thickness
Copper condenser tube 1-inch ID, 2-inch OD

Electric heater 6 kW
Capacity 10 kg

Pressure gauge Range 0–7 bar ± 1 bar
Thermocouple (K-type) Range 0–1500 ◦C ± 1 ◦C

2.4. Biodiesel Production
2.4.1. Esterification of Castor Oil

Biodiesel production was conducted in the biofuel laboratory using 5 L capacity
biodiesel plant available in the laboratory. The various components of the test rig are
shown in Figure 4. Prior to the esterification, acid value (AV) test was performed for castor
oil [33]. According to Equation (2), AV of raw castor oil was measured to be 6.5 mgKOH/g
which correspond to 3.25 of free fatty acids (FFA %) calculated from Equation (3) [33].
Since FFA value is greater than 2.5, which is not preferable for transesterification process.
Therefore, esterification (Acid catalyst) reaction is required to minimize the AV [34]. A
molar ratio (oil to methanol) of 1:6 was used with 2% (v/v) sulfuric acid (H2SO4) [34]. The
reaction time of 3 h, temperature of 65 ◦C and a stirrer speed of 600 rpm was maintained.
After the reaction, the resultant mixture was collected to separating flask and kept to
10 h for phase separation of glycerol and esterified oil (Figure 4). Later, esterified oil was
collected in a beaker and placed in an oven at 110 ◦C for 2 h to remove the excess methanol
and moisture. The FFA % was calculated and found to be 1.9% which is lower than 2.5.
Therefore, a dried esterified castor oil was used for further transesterification process.

Acid value (AV) in mgKOH/g =
V × 0.1N × Mw

m
(2)

Free fatty acid (FFA %) =
Acid value

2
% (3)
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where, V—titration volume (ml), N—normality of the titration solution (mol/L), Mw—
molecular weight of the base catalyst and m—sample oil weight (g).
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2.4.2. Transesterification of Esterified Oil

Esterified castor oil was shifted to biodiesel reactor (Figure 5) for transesterification
reaction. An oil to methanol molar ratio (1:4) was used with 1% (wt./wt.) base catalyst
(KOH). The methanol and KOH solution was added to the preheated oil. The reaction
temperature of 65 ◦C and stirrer speed of 600 rpm was maintained for 1 h. After the
reaction, the resultant mixture was transferred to separating flask and kept for 10 h for
phase separation of glycerol and raw castor oil biodiesel (COB). In this process, biodiesel
floats at the top and glycerol is settled down at the bottom. Later, the glycerol was drained,
and raw biodiesel was subjected to post treatment process with hot distilled water (90 ◦C).
After water wash, it was kept for overnight for settle down of all the water molecules.
Biodiesel was placed in an oven at 110 ◦C temperature for 2 h to remove the excess methanol
and moisture. Finally, a dried castor oil biodiesel (COB) was obtained. The methyl ester
(Biodiesel) yield was calculated from Equation (4) [33].

Biodiesel yield (%) =
Raw oil weight− Biodiesel weight

Raw oil weight
× 100 (4)
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2.4.3. Transesterification of Pyrolysis Castor Oil (PCO)

The transesterification of PCO was performed with CaCu(OCH3)2 catalyst to produce
pyrolyzed castor oil biodiesel (PCOB) as shown in Figure 5. To find the optimized con-
dition for modified catalyst [CaCu(OCH3)2], an experiment was performed in terms of
oil-to-methanol ratio, catalyst concentration, reaction time, and temperature. The stirrer
speed (600 rpm) was kept constant for all test runs. The production process is detailed in
Section 2.4.2.

3. Results and Discussions
3.1. SEM and FTIR Analysis

Figure 6 shows the morphology of the synthesis [CaCu(OCH3)2] catalyst. The particle
was found to be stone-type and irregular shaped (Figure 6a). The particle size was not found
less than 100 nm as shown Figure 6b; therefore, it cannot be considered as nanoparticle.
The particle resembles a cluster due to heating at high temperature for long time. The FTIR
spectrum of synthesis [CaCu(OCH3)2] catalyst is shown in Figure 7. It indicates that the
important functional groups appeared in the -OH stretching vibration primary free alcohol
(3640.972 cm−1), -C-H stretching alkane (3051–2905 cm−1), C=O stretching vibration and
-C-C bond stretching (8630 cm−1). Furthermore, it was observed that the unusual peak
appeared at 1256 cm−1.
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3.2. Optimization of Operating Parameters

The biodiesel yields and fuel properties of the prepared castor biodiesel from the
castor pyrolysis oil are dependent on the type and quantity of catalyst used, methanol-to-
oil molar ratio, reaction temperature, reaction time and mixing speed. It is necessary to
analyze the effect of a catalyst on yields such as methanol molar ratio, reaction temperature,
reaction time and catalyst percentage [33,34]. It was observed that 16:1 methanol molar
ratio gave the highest yields and beyond that point, the yields started to reduce (Figure 8a).
The required catalyst percentage was measured on weight basis (wt./wt.%), and it was
observed that 3% catalyst (i.e., 3% of oil weight) provides maximum yields (Figure 8b). The
reaction temperature always plays an important role in the heterogeneous catalyst. It was
observed that reaction temperature of 65 ◦C was optimum to obtain higher yields, beyond
that, methanol starts to vaporize and lead to lower yield (Figure 8c). Reaction time is also
an important parameter for heterogeneous catalyst to obtain a higher yield. Reaction time
of 90 min was found to be best for maximum biodiesel yields (Figure 8d).
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3.3. Biodiesel Properties Analysis

The physical and chemical properties of the fuel are important, as they affect the
combustion and emission characteristics of the internal combustion engine. The important
properties of a fuel for diesel engine application are cetane number, density, viscosity,
and calorific value. The oxidation stability is an important parameter, which refers to the
long-term storage ability of the fuel without affecting the properties of the fuel.
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3.3.1. Cetane Number (CN)

The cetane number (CN) represents the ignition quality of the fuel for diesel engine
application. In this study, CN was estimated from the cetane index (CI) value, which was
calculated using Equations (5) and (6) [35]. The CN is dimensionless property of diesel fuel;
the higher the CN means better combustion inside the engine [35]. Lower CN fuels refer to
longer ignition delay (ID), which results in more fuel accumulation and increased energy
release in a pre-mixed combustion phase, which promotes thermal NO× [36]. Generally,
biodiesel has higher a cetane number than fossil diesel fuel [36]. The cetane index of diesel
fuel is in the range of 40–50 [29].

Cetane Index (CI) = (Aniline Point (◦F) × Degree of API (60 ◦F))/100 (5)

Cetane Number = 0.72 × CI + 10 (6)

The CN of the PCOB and COB fuels were 45 and 42, which is found within the fuel
standards (Table 5). The CN of PCOB was observed to be 7% higher than COB sample
due to the presence of higher percentage of SFA in PCOB as shown in Figure 9a. The
CN was increased when the saturation level (number of single C-C bond) of the fuel was
increased [37]. Sharma et al. (2019) studied the effect of varying saturation level of oil and
fuels on the physicochemical properties [37]. They produced biodiesel by mixing edible
oil (high in saturation level) into non-edible oil (high in unsaturation level, double C=C
bond) and referred to it as “bio-mix” fuel [37]. The authors concluded that the saturation
level and cetane number of the bio-mix fuels could be increased by up to 10% and 12% as
compared to single feedstock non-edible oil biodiesel [37]. The CN of PCOB was found to
be higher than the minimum limit of biodiesel and petroleum standards (Table 5).

Table 5. Comparison of the biodiesel fuel properties with and without pyrolysis process.

Biodiesel Viscosity
40 ◦C (cSt)

Density
(kg/m3) CN HHV

(MJ/kg)
Flash Point

(◦C)
I.V

(gI2/100 g)
Oxidation

Stability (h)

COB 100 14.2 917.6 42 39.9 179 85.2 13

PCOB 100 6.72 890 45 39.7 170 80 18.5

Diesel 2.3 830 56 43,250 60 - -

EN biodiesel
Standard limits

EN 14214;2003 [34]
3.5–5.0 860–900 51 min - 120 min 120 6

Petroleum diesel
standard

EN 590;1999 [34]
2–4.5 820–845 51 min - 55 min - -
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3.3.2. Kinematic Viscosity

Higher viscosity creates resistance to fluid flow [20,37]. The viscosity of the fuel
affects fuel injection parameters such as spray penetration, spray cone angle, atomization,
and vaporization [38]. High viscosity of fuel causes poor injection performance, which
then leads to poor combustion inside the engine cylinder. The viscosity of neat castor
oil is high (about 38 mm2/s) due to its higher viscosity; neat CO cannot be used as fuel
in the internal combustion (IC) engine. The viscosity of the neat CO can be reduced
either by preheating the CO before injecting into the engine or by converting neat CO into
COB [20,37]. The viscosity of the PCOB was measured as 4.8 cSt, which is 52% lower than
the COB (Figure 9b). The viscosity of PCOB was found within the biodiesel standards limit,
but it is higher than the petroleum standard limits as shown in Table 5. The decrease in
viscosity of PCOB is mainly due to the breakdown of longer carbon–carbon chains into
shorter carbon chains during pyrolysis [27,37].

3.3.3. Density

The density of biodiesel is higher than fossil diesel fuel. This means higher mass
of biodiesel is injected per cycle when compared to fossil diesel operation. The fuel
density affects the air–fuel ratio, ignition delay, in-cylinder temperature, and engine out
emissions [24,37]. The density of the PCOB was measured at 890 kg/m3, which is 3% lower
than that of COB (Figure 9c). The density of PCOB was also found within the biodiesel
standards limits, but it is higher than petroleum standard limits as shown in Table 5.

3.3.4. Higher Heating Value (HHV)

HHV refers to the heat of combustion of fuel. The HHV of biodiesel is lower than
fossil diesel due to the presence of additional oxygen in biodiesel fuel [27,37]. The specific
fuel consumption is directly affected by the HHV of the fuel; the lower the HHV, the higher
the fuel consumption will be, as more fuels need to be combusted to produce the same
engine power output [27,37]. No significant difference was observed in HHV (Figure 9d)
as given in Table 5.
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3.3.5. Flash Point and Iodine Value

Flash point (FP) is mainly referred to as the storage and handling of fuels. It is observed
that flash point of PCOB is 170 ◦C, which is higher than the minimum the biodiesel standard
limits (EN3679). FP of PCOB was observed to be 5% lower than COB (Figure 9e). The
reduction in FP is mainly due to breakdown of long carbon chains into small ones [24,37].
Iodine value (IV) generally defines the unsaturation fatty acids present (USFA) in the oil.
The higher the IV, the higher the USFA, which is normally discovered through a titration
method. It is observed that IV of PCOB is 80 gl2/100 g, which is within the standard limit.
The IV of PCOB was found to be 6% lower than COB. This 6% reduction in IV refers to the
decreases in USFA comply with COB as shown in Table 5.

3.3.6. Oxidation Stability

Oxidation stability (OS) of the prepared biodiesel was measured through the Rancimat
apparatus using EN14112 standard [38]. The number of double bonds or higher unsatura-
tion property of the fuels [38] accelerates oxidation stability. Higher unsaturated fatty acids
(USFA) react with oxygen molecules and increase the moisture content in the biodiesel [38].
The OS increases with the increase in amount of saturated fatty acids (SFA) and the low
percentage of fuel bound oxygen molecules [38]. The OS of PCOB was measured to be
18.5 h, which is 42% higher than that of COB. The OS of PCOB was found to be higher than
the minimum limit of biodiesel standards. It was observed that PCOB provides 10% higher
OS as compared to COB (Table 5).

4. Conclusions

In this study, a combined pyrolysis and transesterification process was used to produce
high quality castor oil biodiesel fuel. For pyrolysis of castor oil, a batch type electrically
heated pyrolysis reactor was used. Then, the pyrolyzed oil was transesterified using a syn-
thesis heterogeneous catalyst. The transesterification reaction parameters were optimized
for maximum biodiesel yield. Generally, in India, mechanical extraction is preferable to
the extract oil from the seeds. In the mechanical extraction process, the waste of the oil
seed, which emerges in the form of dry chips, is used as animal feed. Therefore, the oil was
directly used for pyrolysis. The main findings of the study are summarized below:

(1) Heterogeneous catalyst was prepared from waste eggshell and synthesis with CuO.
The size was studied through SEM and found to be larger than 100 nm; therefore, it
was used as catalyst instead of nano-catalyst;

(2) Castor biodiesel fuel properties were improved through the combined pyrolysis and
transesterification process;

(3) Compared to un-pyrolysed condition, the cetane number and oxidation stability of
PCOB were improved, while viscosity, density, flash point, and iodine value were
reduced;

(4) The viscosity of PCOB is higher than the automotive biodiesel standard; hence, it can
be used in marine engine application.

This study suggested that thermal cracking of castor oil prior to biodiesel conversion is
a suitable method to produce CO biodiesel fuel for diesel engine application. The heteroge-
neous catalyst can be reused; therefore, study on the reusability of the CaCu(OCH3)2
catalyst is recommended as future work. Furthermore, characterization of synthesis
CaCu(OCH3)2 catalyst such as XRD, HR-TEM, BET, and CO2-TPD is also suggested as
other items for future investigation. Investigation of pyrolysis process at different operating
conditions and use of various catalyst are recommended. Use of PCOB in the engine is also
recommended as further work.
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Abbreviations

AOCS American Oil Chemists’ Society
BSFC brake specific fuel consumption
BTE brake thermal efficiency
CN cetane number
COB castor oil biodiesel
CO castor oil
CV calorific value
FP flash point
HHV higher heating value
IV iodine value
NOx oxides of nitrogen
OS oxidation stability
SFA% saturated fatty acids
TCOB thermal cracked castor oil biodiesel
USFA unsaturated fatty acids
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