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Abstract: In current times, the diminishing reserves of petroleum, increased energy consumption
across various sectors, and their consequential environmental impact have become apparent. Con-
sequently, it is necessary to develop sustainable and eco-friendly energy sources to meet growing
demands. The article aimed to blend castor and neem oils (in a 50:50 ratio) to rectify the drawbacks
present in castor biodiesel such as elevated kinematic viscosity and density. Response surface method-
ology was used to study the optimization of the two-step biodiesel production process through the
use of a central composite design (CCD). For the esterification step, a methanol-to-oil molar ratio
of 7.5:1, 1.75 wt.% of HySOy4, and a temperature of 55 °C were optimal. In the transesterification
step, optimized conditions included a methanol-to-oil molar ratio of 9:1, 2.50 wt.% of calcium oxide,
a temperature of 55 °C, and a stirring speed of 900 rpm, resulting in a 93% yield of methyl ester.
Different properties of produced biodiesel were examined using the standard values provided by EN
14214 and ASTM D6751. The production of biodiesel from a mixture of castor and neem oils did not
have any adverse impacts on food security.

Keywords: esterification; transesterification; response surface methodology; biodiesel; castor oil;

neem oil

1. Introduction

The significance of fossil fuels has been enhanced exponentially in the modern era,
where a variety of industries are being run on fossil fuels, which is essential for the growth
of the economy [1]. However, immense usage has resulted in a significant decline of
non-renewable resources; additionally, environmental factors like global warming have
prompted global phenomena, and there have been a lot of studies on alternative fuels in
recent years [2,3]. To substitute fossil fuels, experts are searching for and creating alterna-
tive energy sources in light of the current deteriorating scenario, putting an emphasis on
sustainability and environmental friendliness. Researchers are developing more efficient
ways to produce energy from green and renewable sources, including solar, wind, hydro,
and tidal. However, it is still challenging to meet the requirements of replacing traditional
fossil fuels. So, in order to live in the current depreciating condition, feasible renewable

Fuels 2024, 5, 782-802. https:/ /doi.org/10.3390/fuels5040043

https:/ /www.mdpi.com/journal/fuels


https://doi.org/10.3390/fuels5040043
https://doi.org/10.3390/fuels5040043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fuels
https://www.mdpi.com
https://orcid.org/0000-0003-2682-7121
https://orcid.org/0000-0003-1178-7286
https://orcid.org/0000-0002-4510-6170
https://orcid.org/0000-0001-8127-2259
https://orcid.org/0000-0002-3793-8743
https://doi.org/10.3390/fuels5040043
https://www.mdpi.com/journal/fuels
https://www.mdpi.com/article/10.3390/fuels5040043?type=check_update&version=1

Fuels 2024, 5

783

green fuels are required. The commonly utilized biofuels, including biodiesel, bioethanol,
and biogas, can serve as potential alternative fuels to overcome the energy demand [4].
The triglycerides found in vegetable oil react with alcohols and other substances to create
fatty acid esters known as alkyl esters, which are the building blocks of biodiesel. Trans-
esterification is a simple and affordable process for producing biodiesel. Biodiesel can be
considered a significant advancement in renewable energy technologies due to its non-toxic
and biodegradable properties.

Additionally, its combustion produces minimal greenhouse gas emissions and gen-
erates negligible amounts of hazardous environmental pollutants as compared to diesel
petroleum [5,6]. Because biodiesel is such a potent medium, it can be mixed in different
ratios with petroleum diesel fuel to make different blends [7]. The process of the transester-
ification of vegetable and animal fat triglycerides yields biodiesel. Beyond its advantages,
producing biodiesel fuel has a number of challenges. The physiochemical properties of
feedstocks, such as moisture content, free fatty acid content, and fatty acid composition,
have an impact on the process and final product of biodiesel production. For instance,
the fuel properties of biodiesel, such as oxidative stability, cetane number, cloud point,
flash point, and heat content, are influenced by the chain length and unsaturation of the
component fatty acids. Alkali catalysts need a lot of carbinol and are extremely sensitive to
water and free fatty acids.

Additionally, alkali catalysts cause a saponification reaction, which complicates the
process of separating glycerin and biodiesel. The fundamental catalyst reacts with these
free fatty acids, causing soap production and the loss of some of the catalyst’s capacity
for transesterification. The creation of gels during the soap-making process also increases
viscosity [8]. The majority of the first-generation feedstocks, which are edible oils used to
make biodiesel such as canola, soybean, palm and rapeseed oils, sparked market conflict
between food and fuel. Due to their low FFA concentration and high biodiesel output with
an alkali catalyst, the edible oils served as the significant feedstock for the amalgamation of
biodiesel [9].

Moreover, the cost of feedstock oil is estimated to range from seventy to ninety percent
of the cost of producing biodiesel [10]. Blended fuels (B5, B10, B20) are made by combining
biodiesel with petroleum diesel fuel. These blended fuels can be used in diesel engines
without engine modifications instead of biodiesel (B100) [11].

The previous reports reveal that the biodiesel synthesized from animal fat and veg-
etable oils can have an adverse impact on the performance parameters of the diesel engine
components, such as the injection system, combustion mechanism, and corrosion in the
tanks. Due to the high oxygen concentration in biodiesel, biodiesel emits higher NOx
content compared to petroleum diesel. Vehicle materials (brass and copper) are susceptible
to corrosion from biodiesel, which can result in deposits at injection pumps, fuel system ob-
structions, seal failures, and filter clogging [12]. Several initiatives have employed blended
feedstocks in their projects, combining edible and nonedible oils, edible and edible oils,
as well as nonedible and nonedible oils. To counteract the drawbacks of using a single
feedstock, several types of oil feedstocks are now being mixed. Even under the same
process circumstances, biodiesel made from a combination of oils had a higher quality than
biodiesel made from a single feedstock [13]. Researchers proposed various remedies for
addressing the difficulties caused by the competing elements affecting the price of biodiesel
and the limitations associated with the widespread utilization of single oil feedstocks.
Among these solutions, the recommendation to blend oils in a suitable proportion before
the transesterification process is highlighted as a valuable technique. This approach is
suggested to effectively address issues such as feedstock shortages and the suboptimal
quality of fuel [14,15]. In a one study, Wancura J.H. et al. [16] stated that related to the
biodiesel, the yield was influenced by the composition of the oils when beef tallow and
soybean oils were combined. The biodiesel yield was observed to be 79.9% when beef
tallow and soybean oils were used as the feedstock. O.A. Falowo et al. [17] reported that it
was found that converting the mixture of rubber seed oil and neem oil into biodiesel yielded
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an impressive 98.7% and declared that the fuel’s properties fulfilled ASTM requirements.
Sharma et al. [18] reported that ternary oil mixtures made from Karanja, jatropha, and
cottonseed, and quaternary oil mixtures made from Karanja, jatropha, coconut, and palm
were also used to make biodiesel. T.F. Adepoju et al. [19] stated that in using a combination
of pig and neem seed o0il to generate biodiesel, they achieved the 98.03% (highest) yield
by having a 60:40 mixing ratio for these oils. M.A. Mujtaba et al. [20] reported that they
created biodiesel through the transesterification of palm and sesame oils using methanol.
By employing the same proportion of sesame oil as palm oil, they attained a biodiesel
yield of 96.61%. S. Niju et al. [21] reported that in another investigation, the combination
of Calophyllum inophyllum oil and WCO resulted in a 96.5% (highest) conversion rate.
D. Kumar et al. [22] stated that castor oil and Karanja oil were also combined to produce
biodiesel, and a 78% (the highest) yield was acquired. A.B. Fadhil et al. [23] stated that
radish seed oil and prunus apricot kernel oil were found to produce high-quality biodiesel
in large quantities, with outstanding yields of 94.2% when combined.

In biodiesel production, the catalyst is crucial. There have been reports of a variety of
catalysts, including enzymes and homogeneous and heterogeneous catalysts. The enzyme
catalysts do not saponify and do not require a complex purification process because they
are insensitive to free fatty acids. However, there are a number of issues with enzymes,
including the inhibitory effect when employing methanol and the humongous enzyme cost
with an extended time of reaction [24]. In general, homogeneous catalysts are inexpensive
and very effective. However, removing them from the reaction mixture can be both time
consuming and costly.

Additionally, their neutralization generates a significant volume of wastewater [25]. It
has been determined that heterogeneous catalysts are helpful because they prove advan-
tageous due to their ability to demonstrate elevated activity even in temperate reaction
conditions, and the procedures for separating and reutilizing materials are comparatively
uncomplicated [26]. According to studies, switching from homogeneous to heterogeneous
catalysts can lower manufacturing costs by 4% to 20% and make processes simpler [27].

This research study was conducted to produce biodiesel by combining castor oil
(Ricinus communis) and neem oil (Azadirachta indica). The goal of the article was to
make a blend of castor and neem oils (in a 50:50 ratio) to rectify the drawbacks present
in castor biodiesel, such as elevated kinematic viscosity and density. Previous research
indicated that the heterogeneous catalyst CaO was never employed to make biodiesel with
a mixture of castor and neem oils; CaO is a highly effective heterogeneous catalyst. The
evaluation of biodiesel yield was conducted by examining the impact of various process
input parameters. These parameters encompassed catalyst dosage, alcohol-to-oil molar
ratio, reaction temperature, and reaction duration. Response surface methodology was
used to optimize process parameters. Fuel properties such as density, kinematic viscosity,
cetane number, acidic value, and calorific value of the castor oil and neem oil mixture were
investigated and compared to EN 14214 and ASTM D 6571 standards. The production of
biodiesel from a blend of castor oil and neem oil did not have any adverse impacts on food
security. Interest in biodiesel has grown as more people look for a fuel that can be used
as an alternative to petroleum diesel fuel. While biodiesel is a fuel with many benefits,
there are certain health risks as well. According to the research literature, using biodiesel
increases NOyx emissions, which can lead to a number of health issues, including headaches,
respiratory irritation, lung edema, emphysema, eye irritations, appetite loss, and tooth
erosion. Children, asthmatics, and those suffering from chronic bronchitis, emphysema, or
other respiratory conditions make up the majority of those afflicted [28].

2. Materials and Methods
2.1. Materials

Castor oil and neem oil were acquired from Multan, Pakistan. Various materials like
beakers, conical flasks, volumetric flasks, thermometers, distilled water, and diamond
aluminum foil were used in the present study. Chemicals used for biodiesel production,



Fuels 2024, 5

785

such as sulfuric acid (99% pure), methanol (99% pure), calcium oxide (catalyst), and
anhydrous sodium sulfate were purchased from local market suppliers in Pakistan. Sulfuric
acid and methanol were used in the esterification process, while the transesterification
process involved the use of calcium oxide and methanol to produce biodiesel. The acidic
value of the oil mixture (castor and neem oil) before the esterification process was 14.36 mg
of KOH/g oil.

2.2. Preparation of Oil Mixture

In this study, the blend of two distinct oils, namely castor oil and neem oil, was made
in a proportion of (50:50). The blending process was carried out utilizing a magnetic stirrer
hot plate, which was run for 30 min at 650 RPM to ensure that the oils were thoroughly
mixed, and a uniform mixture was achieved. Once the homogeneous blend was obtained,
it served as the input needed to make biodiesel [29].

2.3. Biodiesel Production
2.3.1. Esterification Process

The esterification process for the mixture of castor and neem oils was indispensable
for generating biodiesel. In order to avoid soap formation and guarantee the manufacture
of high-quality biodiesel, this procedure attempted to reduce the amount of free fatty acids
present. The mixture of castor and neem oils was first heated separately on a magnetic
stirrer hot plate to elevate the oil mixture’s temperature according to the suggested design
of experiment (DOE) temperature mentioned in Table 5, and then put into an esterification
apparatus. Subsequently, a prescribed quantity of catalyst H,SO, was first shifted into a
measuring glass cylinder, and then the catalyst was incorporated into the esterification
apparatus. In this way, we used the acid as a catalyst, and this process was called esterifi-
cation. The other parameters values, such as catalyst concentration and methanol-to-oil
molar ratio, were also altered for each experiment according to the amounts mentioned in
the DOE. Each experiment lasted for 90 min to guarantee the thorough disintegration of
every component of free fatty acids [30]. The solution was allowed to cool briefly at room
temperature once the reaction was finished. Once the esterification process was finalized,
the mixture was moved to a separating funnel and retained within it for up to 24 h. This
interval facilitated the settling of impurities like surplus methanol and unreacted catalysts,
which settled at the funnel’s base. After 24 h, the solution had separated into two layers:
glycerol was present in the bottom layer (impurities), while the upper layer comprised
esterified oil. Ultimately, the esterified oil mixture was decanted from the separation funnel
into a flask for subsequent utilization in the transesterification process.

2.3.2. Transesterification Process

After obtaining a homogeneous mixture of oils, the mixture was preheated to perform
the transesterification process to produce biodiesel according to the steps mentioned in
Figure 1. This process was executed using a transesterification apparatus. The oil mixture
was put into a round-bottom flask containing 500 g for each experiment, which was then
set onto the transesterification apparatus. Applying the design of experiment (DOE) values
indicated in Table 6, the oil mixture underwent preliminary heating on the transesterifi-
cation apparatus to start the process. Calcium oxide was added to the methanol in the
recommended amount. This amalgamation was agitated until the complete integration
of the catalyst with the methanol resulted in a solution termed the “methoxide solution”.
Subsequently, the oil mixture that had been heated was filled with the methoxide solution.
The transesterification apparatus speed was adjusted up to the required revolutions per
minute. Each experiment lasted for 120 min to guarantee that the chemical reaction could
take place. Upon the culmination of these 120 min, the transesterification process was
deemed complete. After being taken off the hot plate, the solution inside the flask was
allowed to cool to room temperature for a brief interval. Following this, following 24 h of
inactivity, the solution was moved into a separating funnel. Upon the subsequent day, the



Fuels 2024, 5

786

solution had separated into two distinct layers. Glycerol was present in the bottom layer,
which comprised an unreacted catalyst and surplus methanol. In contrast, the upper layer
consisted of biodiesel. Finally, the separating funnel was used to extract the glycerol and
the biodiesel was retained for subsequent washing procedures.

MMethamol I Calcium Oxide I
I Methoxide
Solution

Mixture of Castor Transesterification
& Neem oils

I Phase Separation I—I Glycerol I

I Crude Biodiesel I

I Washing & Dryving I

I Purified Biodiesel I

Figure 1. Biodiesel production steps.

In the biodiesel production process, a product known as crude biodiesel contains
impurities, notably glycerol, unreacted methanol, and an excess of the catalyst. To eliminate
these impurities, a washing procedure utilizing 20% distilled water was implemented.
Initially, the 20% v /v oil of distilled water was heated and subsequently introduced into
the crude biodiesel within the separating funnel. The blend of unrefined biodiesel and
heated distilled water was vigorously agitated and then allowed to stand for a brief
period. Following this, it was observed that the distilled water, along with the impurities,
accumulated in the funnel’s bottom for separation. The contaminants that had been
separated from the funnel were present in this water layer. This process was repeated
34 times until a distinct layer of clear water was evident at the bottom of the separating
funnel. The residual water present in the product was dried by introducing anhydrous
sodium sulfate. Following the drying process with anhydrous sodium sulfate, filtration
was performed. The desired biodiesel was the final product that was obtained after drying
and filtering.

The biodiesel yield was determined by applying Equation (1).

Biodiesel yield = (weight (g) of biodiesel)/ (weight (g) of oil in the sample) x 100% (1)

2.4. Gas Chromatography Analysis

Gas chromatography (GC) stands as a prevalent method utilized to analyze the mixture
composition [31]. The GC analyzer (Shimadzu 2014) was employed to ascertain the FAME
composition of the produced biodiesel. Operational parameters employed for evaluating
the FAME composition are presented in Table 1. We used the capillary column for the
separation in GC.
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Table 1. Operating conditions for the composition of fatty acid methyl ester (FAME) in a gas
chromatography (GC) test.

Sr /No. Configurations Details
1 Transporter gas Nitrogen
2 Rate of flow Fix rate
3 Temperature of injection 300 °C
4 Temperature of detector 300 °C
5 The kind of injection Separate
6 The kind of detector Ionization of flame injector
7 Volume of injection 1 micro liter
8 Column of capillary (0.53 mm x 30 m, 0.5]1 m films)

2.5. Design of Experiment

The central composite design (CCD) was utilized as the experimental approach for the
transesterification process of the castor and neem oil mixture. This design is advantageous
for adjusting variables precisely, facilitating the achievement of ideal conditions while
minimizing the number of required experimental trials [32]. A single response variable and
three input factors were selected for the CCD in the transesterification process. A single
response variable and three input factors were selected for the CCD in the esterification
process, while a single response variable and four input factors were selected for the CCD in
the transesterification process. The catalyst concentration, stirring speed, reaction process
temperature, and methanol/oil mole ratio were the input parameters. The esterification
process’s acid value and the transesterification process’s biodiesel yield were represented
by the response variable. Table 2 provides a summary of the three input factors, along with
their respective units and the range of values they encompassed in the experiments. Table 3
provides a summary of the four input variables, the corresponding units, and the range of
values they encompassed during the trials.

Table 2. Experimental design for the esterification process.

Independent Factors Units —2 Level —1Level 0 Level
Methanol-to-oil molar ratio (A) (mol/mol) 6 9 7.5
Catalyst conc. (B) (w/w) 1 2.50 1.75
Temperature (C) (°O) 50 60 55

Table 3. Experimental design for the transesterification process.

Independent Factors Units —2 Level —1 Level 0 Level
Methanol-to-oil mole ratio (A) (mol/mol) 6 12 9
Heterogeneous catalyst conc. (B) (w/w) 1.5 3.50 25
Temperature (C) “cO 50 60 55
Stirring speed (D) (rpm) 600 800 700

2.6. Statistical Analysis

The experiments were designed by the program used for the experimental data,
Design Expert 7.0. During the design phase, the software was primarily concerned with
determining the oil mixture’s acid value and the biodiesel production as the response
factor. To demonstrate how the response factor and the input factors are related, the
quadratic polynomial equation was created. In order to forecast the yield as a dependent
variable, Equation (2) was examined. Equation (2) was investigated in order to forecast
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the yield as a dependent variable and input factors and to consider their interactions and
interdependencies within the equation.

n n n-1 n
Y=po+ Y Bi+ Y BiXi*+ Y. Y BijXij )
i=1 i=1 i=1 j=it+1

Y stands for the expected production of biodiesel, Xi is the input factor for ith; also,
the different coefficients such as fo (intercept), Bi (the first-order model’s coefficients), Bii
(coefficients for the quadratic model of each input factor), and Bij (coefficients between
different input factors) are utilized within the equation. The statistical significance of the
independent variables’ values and their interactions was determined using an analysis of
variance (ANOVA). ANOVA was used to consider experimental variation. Additionally, for
the F-value and p-value, and to evaluate the independent variables’ statistical significance,

their interactions, and the fit quality of the fitted model, an ANOVA was employed.

2.7. Determining the Properties of Biodiesel
The characteristics of generating biodiesel, encompassing density, kinematic viscosity,
calorific value, flashpoint, cloud, pour point, acid value, and water content value, were

assessed by the prescribed procedures outlined in the ASTM standards as mentioned
in Table 4.

Table 4. Standard methods and testing apparatus for fuel properties.

Sr/No. Properties ASTM Methods Testing Equipment
1 Density (kg/ m?) D-445 Gravity Meter
2 Kinematic Viscosity (mm?/s) D-445 Cannon Viscometer
3 Calorific Value (M]/kg) OEM Bomb Calorimeter
4 Acidic No. (mg KOH/g) D-974 Titration
5 Flash Point (°C) D-92 Open Cup Cleavland
6 Pour Point (°C) D-97 Pour Point Apparatus
7 Fire Point (°C) D-92 Open Cup Cleavland

3. Result and Discussion
3.1. Regression Model Equation

The oil’s experimental acid value, as detailed in Table 5, ranged from 8.3 to 4.9 mg of
KOH/g oil. The experimental biodiesel yield, as detailed in Table 6, ranged from 35% to
93%. These coefficients were then applied to Equation (2). Equations (3) and (4) display the
needed quadratic models as coded units.

AcidValue = +4.97 — 0.066 x A —0.23 x B—0.047 x C —0.025x A x B—0.037 x Ax C—0.037 x Bx C

+1.11 x AZ4+0.74 x B2 +0.21C? ®)

Yield = +89.75 —229 x A4+329x B+3.62x C+171 x D —0.69 x A x +0.56 x Ax C+0.19x Ax D

4144 x Bx C+0.063 x Cx D —12.66 x A2 —6.9B2 — 6.16C2 — 0.41D? )

Table 5. Results of CCD for esterification process.

Methanol-to-Oil

Point . Catalyst Conc. Temperature  Acid Value (ng
Exp. Mole Ratio o o .
Type (mol/mol) A (wt.%) B cocC of KOH/g Oil)
1 Fact 6:1 1.00 50 7.2

2 Fact 9:1 1.00 50 7.25
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Table 5. Cont.

Methanol-to-Oil

B ot UMolimao Gy Temen Add et
3 Fact 6:1 2.50 50 6.9
4 Fact 9:1 2.50 50 6.8
5 Fact 6:1 1.00 60 7.3
6 Fact 9:1 1.00 60 7.15
7 Fact 6:1 2.50 60 6.8
8 Fact 9:1 2.50 60 6.6
9 Axial 4.98:1 1.75 55 8.3
10 Axial 10.02:1 1.75 55 8.0
11 Axial 7.5:1 0.49 55 7.5
12 Axial 7.5:1 3.01 55 6.7
13 Axial 7.5:1 1.75 46.59 5.7
14 Axial 7.5:1 1.75 63.41 5.5
15 Center 7.5:1 1.75 55 49
16 Center 7.5:1 1.75 55 4.95
17 Center 7.5:1 1.75 55 5.0
18 Center 7.5:1 1.75 55 49
19 Center 7.5:1 1.75 55 5.05
20 Center 7.5:1 1.75 55 5.02
Table 6. Results of CCD for transesterification process.
Exp. Point Ml\f[g;:l}?alig)ﬂ Céflll}:t Temoperature Agipt:zi:l)n B.iodieiel
Type (mol/mol) A (wt.%) B coc @pmyp  ueld o)
1 Fact 6:1 1.50 50 600 60
2 Fact 12:1 1.50 50 600 55
3 Fact 6:1 3.50 50 600 63
4 Fact 12:1 3.50 50 600 56
5 Fact 6:1 1.50 60 600 64
6 Fact 12:1 1.50 60 600 60
7 Fact 6:1 3.50 60 600 73
8 Fact 12:1 3.50 60 600 68
9 Fact 6:1 1.50 50 800 62
10 Fact 12:1 1.50 50 800 58
11 Fact 6:1 3.50 50 800 66
12 Fact 12:1 3.50 50 800 58
13 Fact 6:1 1.50 60 800 66
14 Fact 12:1 1.50 60 800 65
15 Fact 6:1 3.50 60 800 75
16 Fact 12:1 3.50 60 800 70
17 Axial 31 2.50 55 700 43
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Exp. Point M&g}?}gigﬂ Cét;i):t Temoperature Agi;:zi:lm B.iodiei‘.el
Type (mol/mol) A (Wt.%) B coc @pmyp  ueld o)
18 Axial 15:1 2.50 55 700 35
19 Axial 9:1 0.50 55 700 52
20 Axial 9:1 4.50 55 700 72
21 Axial 9:1 2.50 45 700 59
22 Axial 9:1 2.50 65 700 71
23 Axial 9:1 2.50 55 500 83
24 Axial 9:1 2.50 55 900 93
25 Center 9:1 2.50 55 700 89
26 Center 9:1 2.50 55 700 91.5
27 Center 9:1 2.50 55 700 91
28 Center 9:1 2.50 55 700 88
29 Center 9:1 2.50 55 700 90.5
30 Center 9:1 2.50 55 700 88.5

Design-Expent® Software
Acid Vale

Color poinks by value: of
Ao Vale

Independent input factors selected for the esterification process were responsible for
98.83% of the variation in results, according to the model’s correlation value (R2) of 0.9983.
Similarly, independent input factors selected for the transesterification process were respon-
sible for 98.06% of the variation in results, according to the model’s correlation value (R2) of
0.9906. Ideally, a high degree of agreement between the experimental and predicted results
is indicated by an R2 value of 1. The correlation between the predicted and experimental
findings based on the constructed model was demonstrated in Figures 2 and 3.

Predicted vs Actual

B3 —

Predicted
“,

I I I
43 L 580 T& 83

Actual

Figure 2. Predicted acid value versus actual acid value (mg of KOH/g oil).
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Design Expent® Sofware Predicted vs Actual

Yeeld

Color points by value of
Yield

01
|35 T —

Predicted

Actual
Figure 3. Comparison of predicted and actual yields (%).

3.2. Statistical Analysis of Processes
3.2.1. Statistical Analysis of Esterification Process

Table 7 displays the results of the response surface quadratic model statistical analysis
performed with ANOVA. The p-values and significance of each coefficient are shown in
Table 7. The model’s importance was demonstrated by its Model F-value of 612.34, which
indicated how unlikely it is at only 0.01% that such a large Model F-value could exist.
On the other hand, values greater than 0.1000 suggested that the model terms are not
significant. If the “Lack of Fit F-value” is 1.21, this indicates that, in comparison to pure
error, the Lack of Fit is not statistically significant. The values of R-Squared, Adj R-Squared,
Pred R-Squared, and Adeq Precision are given in Table 8. According to the computed R2
value of 0.9982, 99% of experimental data agree with the expected values of the model. The
findings of the fitted model were reliable, as shown by the coefficient of variation of 1.04%.

Table 7. Analysis of variance (ANOVA) for response model.

Source squares U square  FValve PO
Model 24.349 9 2.705 612.34 <0.0001 Significant

A—Methanol/hybrid oil 0.060 1 0.060 13.56 0.0042
B—Catalyst conc. 0.724 1 0.724 163.97 <0.0001
C—Temperature 0.030 1 0.030 6.71 0.0269
AB 0.005 1 0.005 1.13 0.3124
AC 0.011 1 0.011 2.55 0.1416
BC 0.011 1 0.011 2.55 0.1416

A2 17.740 1 17.740 4015.35 <0.0001

B2 7.855 1 7.855 1777.87 <0.0001

2 0.623 1 0.623 141.05 <0.0001

Residual 0.044

[y
o

0.004
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Table 7. Cont.

Sum of Mean p-Value
Source Squares df Square F-Value Prob > F
. not
Lack of Fit 0.024 5 0.005 1.21 0.4200 C
significant
Pure error 0.020 5 0.004
Cor total 24.393 19
Table 8. Coefficient of regression analysis for esterification process.
C.V. % R-Squared Adj R-Squared  Pred R-Squared  Adeq Precision
1.01 0.9983 0.9967 0.9914 71.1599

3.2.2. Statistical Analysis of the Transesterification Process

Table 9 displayed the results of the response surface quadratic model statistical analysis
performed with ANOVA. The p-values and significance of each coefficient are shown in
Table 9. The model’s importance was demonstrated by its Model F-value of 113.9, which
indicated how unlikely it is at only 0.01% that such a large “Model F-value” could exist. On
the other hand, the model terms were not significant when values exceeded 0.100. If the
“Lack of Fit F-value” was 2.47, this suggested that compared to the pure error, there was no
statistically significant Lack of Fit. Table 10 provided the R-Squared, Adj R-Squared, Pred
R-Squared, and Adeq Precision values. According to the computed R-squared value of
0.9906, 99% of experimental data agree with the expected values of the model. The findings
of the fitted model were reliable, as shown by a coefficient of variation of 2.94%.

Table 9. Response model analysis of variance (ANOVA).

Source S%‘:::;es df Sl\c/l[g:;e F-Value I”’r-(‘)/l: 1:;
Model 6504.45 14  464.60 113.09 <0.0001 Significant
A—Methanol/oil 126.04 1 126.04 30.68 <0.0001
B—Catalyst concentration 260.04 1 260.04 63.30 <0.0001
C—Temperature 315.38 1 315.38 76.76 <0.0001
D—Steering speed 70.04 1 70.04 17.05 0.0009
AB 7.56 1 7.56 1.84 0.1949
AC 5.07 1 5.07 1.23 0.2844
AD 0.57 1 0.57 0.14 0.7165
BC 33.06 1 33.06 8.05 0.0125
BD 0.56 1 0.56 0.14 0.7165
CD 0.06 1 0.06 0.02 0.9035
A2 4393.53 1 439353 1069.42 <0.0001
B2 1308.24 1 1308.24 318.44 <0.0001
c2 1039.53 1 1039.53 253.03 <0.0001
D2 4.53 1 4.53 1.10 0.3105
Residual 61.63 15 411
Lack of Fit 5125 10 513 247 0.1651 ot
significant
Pure error 10.38 5 2.08

Cor total 6566.08 29
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Table 10. Coefficient of regression analysis for transesterification process.

C.V. % R-Squared Pred R-Squared  Adj R-Squared  Adeq Precision
2.94 0.9906 0.9528 0.9819 29.770

3.3. Interactions Among the Process Variables
3.3.1. Interactions Among the Esterification Process Variables

Figure 4 presents 3D surface graphs to explore how multiple process variables collec-
tively affect the acid value rather than focusing on individual variables. Figure 4a presents
a 3D surface response depicting the combined influence of varying methanol-to-oil molar
ratios (between 6 and 19 mol/mol) and different catalyst concentrations (between 1.5 and
2.5 wt.%) on acid value while maintaining temperature (55 °C). Notably, when catalyst
concentration increased from 1.75 wt.% to 2.5 wt.%, and the methanol-to-oil ratio increased
from 7.5 mol/mol to 9 mol/mol, the acid value significantly increased from 4.9 to 6.8.

The methanol greatly influences the esterification process in regard to the oil ratio.
At first, the amount of free fatty acids (FFA) did not decrease when the molar ratio was
increased to 6:1. This is explained by the fact that esters are usually produced when one
mole of FFA interacts with one mole of methanol. To improve the ester formation rate
and move the equilibrium in the direction of the intended forward reaction, a significant
quantity of methanol is required. While this approach can lead to the production of water
as a by-product, it has the drawback of potentially reversing the reaction, decreasing the
forward reaction rate and prolonging the separation process [33].

Based on the findings, it is clear that sulfuric acid serves as an effective catalyst for
acid esterification. Nevertheless, the reduction in free fatty acids (FFA) is only slightly
affected by raising the catalyst’s concentration. This limited effect may be attributed to the
oil sample’s elevated water content and the water produced throughout the esterification
procedure. Clear increases in the number of accessible acid moieties were observed when
the catalyst content rose to 1.75 weight percent. The conversion ratio dropped as catalyst
concentration rose above 1.75 weight percent. Most likely, this was because of the growing
negative effects brought on by the rising acidity, a greater quantity of catalysts in the
reaction system, and the molecules of the product being adsorbed by an excessive number
of catalysts, which can cause the mass transfer resistance to increase. Consequently, a
1.75 weight percent worked best in this esterification reaction [34].

Figure 4b presents a 3D surface response depicting the combined influence of different
methanol-to-oil molar ratios (between 6 and 9 mol/mol) and temperature (between 50 °C
and 60 °C) on acid value while maintaining catalyst concentration (1.75 wt.%). The figure
clearly demonstrates that the acid value decreased from 5.5 to 4.9 when the temperature
was raised between 50 °C and 55 °C at a molar ratio of 7.50 methanol-to-oil. The reason
for this is that a moderate temperature increase enhances the 0il’s solubility in methanol
and reduces the oil mixture’s percentage of free fatty acids (%FFA). This suggests that
temperatures both below and above 55 °C have a negative impact on decreasing the FFA
content [35].

Figure 4c presents a 3D surface response depicting the combined influence of varying
catalyst concentrations (between 1.5 and 2.5 wt.%) and temperatures (between 50 °C and
60 °C) on the acid value while maintaining the molar ratio of 7.50 methanol-to-oil. When
the temperature was increased from 50 °C to 55 °C and the catalyst concentration increased
from 1 wt.% to 1.75 wt.%, the acid value lowered considerably from 6.5 to 5.02.
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Figure 4. (a) Effect of methanol-to-oil molar ratio and catalyst concentration on acid value. (b) Effect
of methanol-to-oil molar ratio and temperature on acid value. (c) Effect of catalyst concentration and
temperature on acid value.

3.3.2. Interactions Between the Transesterification Process Variables

Figure 5 presents 3D surface graphs to explore how multiple process variables col-
lectively affect the production of biodiesel rather than focusing on individual variables.
Figure 5a illustrates the interplay between methanol/oil molar ratios (between 6 and
12 mol/mol) and catalyst concentrations (between 1.5 and 2.5 wt.%) on biodiesel yield
within a fixed temperature of 55 °C and stirring speed of 700 rpm. Notably, biodiesel yield
increased significantly, going from 65% to 92%, as the methanol/oil mole ratio rose from
6 to 9, and the concentration of the catalyst rose between 1.5 wt.% to 2.5 wt.%. When the
methanol/oil mole ratio expanded from 9 to 10.5, coupled with a catalyst concentration
that rose from 2.5 wt.% to 3.0 wt.%, the biodiesel production dropped from 92% to 77%.
Also, when the methanol/o0il mole ratio expanded from 10.5 to 12, coupled with a cata-
lyst concentration that rose from between 3.0 wt.% to 3.5 wt.%, the biodiesel production
dropped from 77% to 63%.

When utilizing a concentration of catalyst of 2.5 wt.% and methanol/oil mole ratio of
9:1, a greater biodiesel yield was obtained [36]. When we exceeded the optimal range for the
methanol/oil mole ratio, emulsion formation made the process of separating biodiesel from
glycerol more complex, and the overall cost increased. Furthermore, the reaction mixture
was diluted, and the catalyst’s efficiency was decreased due to an excess of methanol [37,38].

It was found that low catalyst concentrations were found to either leave the chemical
reaction incomplete or to cause a minimal yield of biodiesel. However, as we increased
the catalyst concentration up to the optimum value, the biodiesel yields improved [39].
Conversely, when the catalyst concentration exceeded the optimum value, the soap and
glycerol content increased, causing the production of biodiesel to decline. Reactant viscosity
increased as a result of increasing catalyst concentration during the chemical reaction, which
eventually decreased the yield of biodiesel [40].
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Figure 5. (a) Impact of methanol/oil mole ratio and concentration of catalyst on yield of biodiesel.
(b) Impact of methanol/oil mole ratio and temperature on yield of biodiesel. (c) Impact of methanol-
to-oil molar ratio and stirring speed on yield of biodiesel. (d) Impact of concentration of catalyst
and temperature on yield of biodiesel. (e) Impact of concentration of catalyst and stirring speed on
biodiesel yield. (f) Effect of temperature and stirring speed on yield of biodiesel.

In Figure 5b, the 3D surface response illustrated the combined impact of different

methanol/oil mole ratios (from 6 to 12 mol/mol) and temperatures (between 50 and 60 °C)
on biodiesel yield while keeping catalyst concentration fixed at 2.50 wt.% and keeping the
stirring speed at 700 rpm all the while. The figure clearly demonstrated that the biodiesel
yield increased significantly, rising from 58% to 90%, as methanol/ oil increased between
6 and 9, and the temperature rose between 50 ° and 60 °C. Furthermore, elevating the
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temperature to its optimal value caused the pore size to increase, crystal growth, and an
increased porosity of the catalyst, ultimately enhancing the yield of biodiesel.

Figure 5c¢ presents a 3D surface response depicting the resultant effect of different
methanol/oil mole ratios (between 6 and 12 mol/mol) and stirring speeds (between 600 and
800 rpm) on biodiesel yield while maintaining a constant catalyst concentration (2.50 wt.%)
and temperature (55 °C). The figure clearly illustrates that when the pace of stirring
accelerated from 600 to 800 rpm, especially when the methanol/oil mole ratio was 9:1, the
biodiesel yield saw a noticeable enhancement, rising from 85% to 90.5%. This improvement
can be attributed to the expansion of the reaction area for both the oil and methanol phases
when the stirring speed was increased. Additionally, the acceleration in stirring speed leads
to a more rapid collision between oil and methanol molecules with the catalyst’s active
surface sites, which increases the possibility of biodiesel production.

In Figure 5d, a 3D surface response exhibits the collective effect of varying different
catalyst concentrations (between 1.5 and 3.5 wt.%) and temperatures (between 50 and
60 °C) on biodiesel output while continuing to stir at a steady 700 rpm and keeping the
methanol/oil mole ratio constant at 9 mol/mol. The figure clearly illustrates a significant
improvement in the yield of biodiesel from 69% to 90.5% when we elevated both the catalyst
concentration from 1.50 to 2.50 and temperature between 50 ° and 55 °C.

In Figure 5e, a 3D surface response graph demonstrates the joint influence of varying
different catalyst concentrations (between 1.5 and 3.5 wt.%) and stirring speeds (between
600 and 800 rpm) on biodiesel yield. This is carried out while keeping the temperature
(55 °C) and the methanol/oil mole ratio (9 mol/mol) constant. The figure distinctly reveals
that as we increased the stirring speed from 600 to 800 rpm while keeping the catalyst
concentration fixed at 2.5 wt.%, the biodiesel yield experienced a discernible boost, climbing
from 78% to 89.5%.

Figure 5f displayed a 3D surface response plot that illustrated how the simultaneous
variation of temperature (between 50 and 60 °C) and stirring speed (between 600 and
800 rpm) affects the biodiesel yield. This analysis maintains a constant methanol/oil mole
ratio (9 mol/mol) and a fixed concentration of catalyst (2.5 wt.%). The figure conspicuously
highlights a rise in the production of biodiesel, moving from 81% to 88.3%, while the speed
of stirring was increased from 600 to 800 rpm while holding the temperature constant
at 55 °C.

3.4. Composition and Physicochemical Properties of Biodiesel

The FAME composition changed depending on the biodiesel source. Saturated acids
like palmitic acid, lauric acid, and stearic acid account for 8.3%, 0.64%, and 8.4% of the
composition, respectively. However, unsaturated acids, including oleic acid, linoleic acid,
and ricinoleic acid, make up 28.2%, 4.5%, and 49.4% of the mixture, respectively. Following
the two-step production process, the resulting methyl ester underwent detailed analysis to
assess its physicochemical properties. Physicochemical parameters such as density, acid
value, pour point, cloud point, kinematic viscosity, flash point, and calorific value met the
standards outlined in ASTM D6751. The specific physicochemical attributes of the methyl
ester can be found in Table 11.

Table 11. Properties of fuels and comparison with the ASTM standard values.

. Diesel . . ASTM
Sr/No. Properties Fuel Biodiesel 100 B10 B20 B30 D6751 [41] EN 14214 [42]
1 Density (kg/m3) 812 903 817 826 835 880 860-900
2 Kinematic viscosity 1.72 3.14 185 201 213 1.9-6 35-5
(mm=/s)
3 Calorific value 455 38.8 446 439 432 - 35

(MJ/kg)
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Table 11. Cont.

Sr/No. Properties DFiEZ;ﬂ Biodiesel 100 B10 B20 B30 DQSSF{IEZI] EN 14214 [42]
4 ’?ri‘gﬁ;g‘;’}k;r 0.07 0.32 0107 0129  0.151 Max0.5 Max0.5
5 Flash point (°C) 77 190 81.6 89.3 97.1 Min130 Min130
6 Pour point (°C) —12 -8 —-11.3 —10.8 —-10.3 - -
7 Cloud point (°C) -9 —6 —-8.2 -7.8 -7.3 - -
8 Fire point (°C) 83 197 85 91 98 - -

4. Conclusions

This study examined the utilization of nonedible oils; in particular, a combination of
castor and neem oils. This combination offered a workable method for producing biodiesel
that can be used as an alternative blended fuel source. A central composite design (CCD)
was used to optimize production process parameters in esterification and transesterification
processes. For the esterification step, a methanol-to-oil molar ratio of 7.5:1, 1.75 wt.% of
H,S04, and a temperature of 55 °C were optimal. In the transesterification step, optimized
conditions included a methanol-to-oil molar ratio of 9:1, a 2.50 wt.% of calcium oxide, a
temperature of 55 °C, and a stirring speed of 900 rpm, resulting in a 93% yield of methyl
ester. Different properties of the produced biodiesel were examined and found within the
limits of the standards ASTM D6751 and EN 14214. Hence, the mixture of castor and neem
oil biodiesel can be used as an alternative blended fuel source for diesel engines.
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