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The study effectively optimized the transesterification process of Jatropha oil to fatty acid methyl ester
using response surface methodology (CCD) and Taguchi orthogonal method, leading to enhanced
efficiency and product quality. The optimization of five process parameters was conducted to predict the
biodiesel yield (%) from the transesterification of Jatropha oil. The procedure was made easier with the
use of a nanocatalyst made from calcium oxide obtained from snail shells using the hydrothermal
technique. The RSM approach yielded an optimal FAME of 94.10% under specific conditions: a methanol
to oil ratio of 5:1, catalyst weight of 1.5 w/w, reaction temperature of 50 °C, reaction duration of 45
minutes, and an agitation speed of 250 rpm across 32 experimental trials. On the other hand, the
Taguchi method predicted a higher FAME yield of 86.36% using specific operational parameters. These
parameters included a methanol to oil ratio of 4:1, catalyst weight of 0.5 w/w, reaction temperature of
60 °C, reaction duration of 25 minutes, and an agitation speed of 200 rpm. These parameters were
determined through 16 experimental trials. The RSM technique yielded impressive results with
a determined coefficient of determination (R?) of 0.9943, adjusted R® of 0.9838, predicted R? of 0.8470,
and a coefficient of variance (CV) of 0.65. On the other hand, the Taguchi method had coefficients of
0.8994, 0.7483, and 1.95. The FAME yield of RSM was slightly higher, but the Taguchi method was much
more cost-efficient. The analysis of variance (ANOVA) results showed that the methanol to oil ratio had
the highest influence on the yield, accounting for 49.61% of the variation. This highlights the significant
impact of this factor on the overall process. The study highlights the significance of utilizing advanced
techniques such as TOA and RSM, which are known for their effectiveness. The study aims to enhance
the yield and efficiency of the transesterification process, thereby increasing the overall production of
fatty acid methyl ester from Jatropha oil. This innovative approach efficiently generates biodiesel from
renewable resources, like Jatropha oil, in a manner that is both environmentally friendly and maximizes
the effectiveness of the process parameters.

1. Introduction

Rivers State University, . X . . .
Energy serves as a critical catalyst in facilitating socioeconomic
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progress and enhancing human welfare. The current global
energy landscape is dominated by fossil fuels. The escalating
global energy needs have in turn amplified the exploration of
these energy sources. The finite nature of fossil fuel reserves,
coupled with the environmental degradation they cause and
their fluctuating prices, underscore the necessity for energy
security and environmental preservation."

The exploitation of fossil fuels often results in detrimental
ecological impacts, including the greenhouse effect, global
warming, and acid deposition.” These adverse effects have
catalyzed the quest for alternative energy sources. Researchers
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are zeroing in on viable substitutes for fossil fuels, with an
emphasis on renewable energy sources such as solar, wind, and
hydropower. Biodiesel, in particular, is being viewed as
a promising alternative to reduce humankind's excessive reli-
ance on fossil fuels.® Because of its unique qualities; biodiesel
has recently gained popularity as a possible substitute for
petroleum diesel. When compared to diesel fuel, biodiesel
boasts several advantages including renewability, biodegrad-
ability, a high flash point, high combustion efficiency, a high
cetane number, low sulfur content, and less environmental
harm.* Greater use of biodiesel could effectively minimize
pollutants and mobile carcinogens. Biodiesel is obtained from
sustainable resources, including oil-producing plants and
microscopic algae.

The right feedstock has the potential to cut the total bio-
diesel production cost by a third.* Oil-producing plants can be
classified into two types: those that produce edible oils and
those that yield non-edible oils. The category of edible oils
includes oils derived from soybeans, peanuts, coconuts, corn,
palm, and sunflowers. The use of edible plant oil poses
a significant drawback - it competes with food production,
thereby potentially limiting food availability and escalating food
prices.

Research is underway to identify alternative feedstock
options for producing biodiesel.> Non-edible oils, on the other
hand, include Jatropha curcas, oil from the neem tree, Jojoba
extract, apricot kernel oil, cottonseed oil, and tobacco seed oil.
Other substances encompass animal-derived fats, recycled
vegetable oil, and pork fat also serve as sources for biodiesel
production. WVO, in particular, can help lower production costs
as its procurement doesn't incur additional expenses. Non-
edible oils also help mitigate the problem of food competi-
tion. They are not without their shortcomings, such as low
yields and high-cost reactions that demand increased volumes
of alcohol.® To overcome these obstacles associated with non-
edible plant oils, researchers are innovating processing tech-
niques that enhance biodiesel production efficiency and pave
the way for large-scale commercial production. Moreover, bio-
diesel can be generated using a variety of methods, including
pyrolysis,  micro-emulsification, dilution, and trans-
esterification/esterification.*®

The transesterification process involves the continuous and
reversible transformation of triglycerides into a mixture of
esters (biodiesel) and glycerol with the help of a catalyst. This
process consists of three distinct phases where triglycerides are
converted into diglycerides, monoglycerides, and glycerol, while
simultaneously producing one mole of ester at each stage in
both laboratory and industrial settings.”® A key aspect of this
reaction is the substantial use of alcohol, as this promotes
a shift in the reaction equilibrium favoring the generation of
more biodiesel. Literature reported that catalyst is the crucial
factor in converting triglycerides (oil) to FAMEs (biodiesel)
under a transesterification reaction."* Among the different types
of catalyst materials are commonly used in industrial applica-
tions, including homogeneous alkaline or acidic catalysts like
NaOH, KOH, and H,SO,. Despite their widespread use, these
catalysts have limitations such as soap formation, reactor
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corrosion, and difficulties in catalyst recovery. To address these
challenges, the development and utilization of heterogeneous
catalysts offer advantages over homogeneous catalysts and help
overcome their drawbacks.”'® Basic and acidic catalysts are
essential to expedite the transesterification process and
enhance its yield. The three distinct categories of catalysts
include homogeneous, heterogeneous, and biocatalysts."® The
transesterification process offers the advantage of versatility,
permitting the use of diverse feedstock types to create fuels with
characteristics akin to traditional diesel.

Both heterogeneous and homogeneous catalysts have been
utilized in biodiesel production. Various types of animal and
plant waste have been employed in the synthesis of heteroge-
neous catalysts, which could consist of acids, bases, or
enzymes."

To separate the product, neutralisation and separation steps
must be included when using homogeneous catalysts for
esterification processes. It becomes necessary to employ
heterogeneous acidic catalysts that do not necessitate these
additional stages. The process of biodiesel production achieves
its highest potential with the use of a heterogeneous catalyst.
Calcium oxide (CaO) derived from waste shells is an excep-
tionally effective base heterogeneous catalyst for biodiesel
production. CaO catalysts exhibit high catalytic activity, are
cost-effective, and exhibit minimal solubility in methanol and
biodiesel.**

Several optimization studies have demonstrated that opera-
tional parameters significantly impact the production process.
Factors influencing biodiesel production include reaction
temperature, reaction duration, methanol to oil ratio, catalyst
quantity, and mixing strength. The impact of these factors on
yield is typically assessed individually.*®

Numerous methodologies including response surface
methodology (RSM), Taguchi orthogonal array, artificial neural
networks (ANN), matrix laboratory (MATLAB), simulink, adap-
tive neuro-fuzzy inference systems (ANFIS), Box-Behnken
design, and genetic algorithm (GA) have been employed to
enhance the transesterification of vegetable oil into Fatty Acid
Methyl Esters (FAME). These methodologies can be applied
individually, blended, or juxtaposed with other techniques
utilizing soft computing methods to maximize FAME yield.™
Experimental procedures, often referred to as one-variable-at-a-
time (OVAT), are undertaken by altering a single variable while
maintaining others constant. This process must be repeated for
all influential parameters, leading to an unpredictable number
of experiments. Yet, to effectively optimize these influential
factors and decrease the number of experiments, the imple-
mentation of experimental design techniques can be advanta-
geous. Thus, software-guided methodologies can be efficiently
used that require a limited number of experimental runs and
scrutinize the derived results for their precision through
statistical ANOVA (analysis of variance). Among these, RSM-
based methodologies like CCD (central composite design) and
BBD (Box-Behnken design) still employ repeated runs around
the central points for optimizing the conversion process. Frac-
tional factorial design (FFD), one of the methods for CCD, is
a thorough and multipurpose method for creating models,
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planning experiments, analysing the effects of various param-
eters and their interactions, and identifying the best response
variables.” A superior and alternative approach is factorial
methods such as Taguchi OA (orthogonal array) and PBD
(Plackett Burmann design) which require a significantly fewer
number of runs with no repetitions and display the results as
effects of individual parameters on the process response, unlike
RSM methods which indicate interactive effects on the process
response. The response surface approach encapsulates a variety
of mathematical and statistical techniques used to scrutinize
data, formulate models, identify optimal conditions, and rank
the significance of factors influencing a process. Within the
biodiesel industry, efficiency and cost-effectiveness are of
utmost importance, thus optimizing the production process is
a primary concern for researchers.’® TDA ensures superior
performance in the design phase of products or processes.
Taguchi design method is an optimization tool that offers
a straightforward, effective, and systematic approach to
enhance the design for performance, quality, and cost."”
Incorporating the Taguchi design method in the production
process can result in reduced process variability, coupled with
the need for less time, reagents, and experimental runs."”

The optimization process utilizes the CCD approach with
a total of 32 runs along with an L16 Taguchi matrix. This
combination denotes the amalgamation of necessary para-
metric factors for process fine-tuning, while also minimizing
the number of required experiments. The research analyzes the
parameter influence on the process and their individual effects,
using Analysis of Variance (ANOVA). This technique also effec-
tively contrasts the gathered data with mathematically fore-
casted values, and demonstrates experimental precision
through statistically significant factors.

The transesterification of Jatropha oil to fatty acid methyl
ester is the main subject of this study, with a particular
emphasis on the creative application of response surface
methodology (CCD) and Taguchi orthogonal approach. In order
to improve the productivity and efficiency of the trans-
esterification process and ultimately increase the amount of
fatty acid methyl ester that is produced from Jatropha oil, these
cutting-edge procedures are essential. The goal of the research
is to optimize process parameters and support the sustainable
manufacture of biodiesel from renewable sources, such as
Jatropha oil, by adopting these approaches.

Modeling and optimizing the transesterification of Jatropha
oil to fatty acid methyl ester is highly beneficial for enhancing
productivity, sustainability, and expertise in renewable energy
production.

The justification behind using the Taguchi orthogonal
method and response surface methodology (CCD) for the opti-
misation process is that both are well-known and often applied
methods in the field of experimental design and optimisation.
Response surface methodology (CCD) enables the investigation
of the relationship between input variables and output
responses, making it especially helpful for modelling and
optimising processes with multiple variables. However, the
Taguchi orthogonal approach is well-known for being an effi-
cient way to run tests because it minimises the number of
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repetitions required to obtain the best findings. The study
sought to increase efficiency and product quality by methodi-
cally optimising the transesterification process of Jatropha oil to
fatty acid methyl ester.

Process optimisation can be approached methodically and
effectively with the use of RSM (CCD) and TOA methods. These
methods offer benefits including robustness to noise, efficient
experimental design, thorough design space exploration, and
statistical analysis capabilities.

2 Materials and methods
2.1 Materials

The primary material chosen for this study was snail shell,
owing to its plentiful availability in Nigeria. The feedstock
selected for the experiment was Jatropha oil (JCO). For this
research, specific analytical grade reagents like methanol with
a purity level of 99.9% were obtained from Palmlac Chemicals,
Minna, Niger State, in Nigeria. Deionized distilled water with
a purity level of 99% was consistently used in all experimental
procedures. The feedstock chosen was Jatropha oil from
National Research Institute for Chemical Technology, Zaria,
Kaduna State, Nigeria in order to produce biodiesel.

2.2 Transesterification process

The process of transesterification was executed within a batch
reactor, utilizing CaO nanocatalyst as a significant component.
The methodology of the experiment was constructed on the
principles of a central composite design (CCD) featuring 32
runs, along with the Taguchi orthogonal array L16 (4°). The
independent variables accounted for in the process included
reaction temperature (measured in °C), catalyst weight (w/w),
reaction duration (in minutes), the molar ratio of methanol to
oil (M:0), and the speed of agitation (rpm). The chemical
reaction involving Jatropha oil (JO) and methanol was con-
ducted under a range of varying conditions. The temperature of
the reaction was maintained at different degrees, specifically 50,
60, and 70 °C, primarily around the methanol's boiling point
(65 °C) to reduce evaporation losses. This was facilitated by
a reflux condenser which recycled the methanol vapor back into
the reaction vessel. An initial study was conducted to ascertain
the possibility of biodiesel formation under the least values of
the varied conditions. To eliminate errors, all experimental runs
were duplicated, and only the consistent outcomes were taken
into account. Factors such as the value of methanol, catalyst
concentration, reaction temperature, reaction duration, and
agitation speed were dependent on the specific run being
executed.

The ultimate resolution was subsequently subjected to
vacuum filtration to retrieve the catalyst. The sieved mixture
was then shifted into a spotless separating funnel, leaving it
untroubled overnight. Glycerol was detected to clot at the
base of the separating funnel. After this, the clotting glycerol
was discharged, and the residual crude was decanted. The
raw biodiesel was later moved into a glass receptacle for
further refinement and assessment. The output of biodiesel
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creation was appraised through a designated mathematical
formula (1).

weight of biodiesel(g)
weight of oil(g)

Biodiesel yield(%) = x 100% (1)

The primary difficulties in transesterification of Jatropha oil
to fatty acid methyl ester include unpredictability in reaction
conditions, contaminants in the raw materials, and the
formation of unwanted byproducts. The difficulties were over-
come in the design and optimisation of the experiment by
adjusting the temperature, catalyst concentration, and reaction
time, choosing premium raw materials, implementing purifi-
cation techniques, and closely monitoring the progress of the
reaction. By carefully planning experiments and optimising
process parameters, it is possible to increase the efficiency and
yield of the manufacture of fatty acid methyl ester from Jatropha
oil.

2.3 Modeling and optimization by response surface
methodology-RSM (CCD)

The process of enhancing biodiesel production from the
transesterification of Jatropha oil into methyl ester was carried
out by utilizing the central composite design (CCD) from the
response surface methodology variant of the design of exper-
iment (DOE) accessible through the Design-Expert software.
Response surface methodology (RSM) serves as a statistical
tool for modeling and optimization of intricate processes. In
this research, RSM grounded on CCD was used to assess the
impact of process variables on FAME yield. A quadratic model
was established using ANOVA to anticipate the FAME yield as
a function of independent variables. The exploration of para-
metric elements in the transesterification process of Jatropha
oil was aimed at enhancing the process. These elements
included the ratio of methanol to oil, catalyst concentration,
reaction temperature, reaction time, and the speed of agita-
tion, as shown in Table 1. The study involved a total of 32 runs,
including 24 non-central points, 6 central points, and an alpha
of 2. User inputs of low (—«) and high (+a) levels are incor-
porated into the software, which generates additional levels.
(RSM CCD) with the aid of Design Expert Software version
13.0.1.0. The experimental factors and their levels were
determined based on preliminary study and literature. The
choice of this methodology was dictated by the quantity of
variables and levels. Data from the 32 experimental runs was
evaluated using the Response Surface Methodology Central
Composite Design.

Table 1 Experimental design/investigated variables and coded levels

Factor Name Units —« -1 0 +1 o
A Methanol to oil ratio mol/mol 3:1 4:1 5:1 6:1 7:1
B Catalyst weight w/w 0.5 1.0 15 2.0 25
c Reaction temperature OC 30 40 50 60 70
D Reaction time min 25.00 35 45 55 65
E Agitation speed rpm 150.00 200 250. 300 350
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2.4 Modeling and optimization by Taguchi orthogonal
method

The Taguchi orthogonal technique is a reliable design strategy
aiming to curtail the impact of noise factors on the outcome.
This procedure entails selecting a suitable orthogonal array and
carrying out a signal-to-noise ratio (S/N) analysis to pinpoint the
best levels of process variables. The primary benefit of the
Taguchi approach is its capability to ensure robustness and
stability during the optimization process, enabling it to identify
minor variables swiftly. The factors examined encompass the
ratio of methanol to oil, catalyst concentration, reaction
temperature, reaction duration, and the speed of agitation. By
utilizing the Taguchi technique, a mere 16 experiments are
necessary to ascertain the optimal levels of the variables (Table
6). As such, the Taguchi approach can decrease the number of
tests, save time, cut costs, and identify key factors swiftly, all
without adversely impacting the operating parameters, while
preserving all necessary details.'® In this research, the L16 (4'%)
design was selected, featuring 16 rows that accommodate four
levels and five parameters in the Taguchi method. The number
of runs, N, was calculated using eqn (2).

N=(L-1P+1 (2)

In this context, ‘P’ represents the quantity of selected design
and control parameters, while ‘L’ stands for the number of
levels. According to eqn (2), the total number of runs using
Taguchi Orthogonal Array (OA) is 16. The results of the experi-
ment were scrutinized using the signal-to-noise (S/N) ratio to
determine the influence of the variables on the Fatty Acid
Methyl Ester (FAME) yield. The signal-to-noise ratio (SNR) is
essentially the logarithmic function of the calculated outcome.
The S/N ratio falls into three distinct categories — smaller-the-
better, larger-the-better, and nominal-the-better."* However, in
this research, the larger-the-better S/N was chosen due to the
primary goal of the optimization being to attain the highest
possible yield. The effect of the variables on FAME yield was
evaluated by analyzing the experimental results using the S/N
ratio. The S/N ratio was used to compute the discrepancy
between the response and the expected outcome.

%: —10log,, ﬁ (3)

n

The equation, where y; represents the response value and n
signifies the number of experimental runs, is used for S/N ratio
analysis. This analysis enables the identification of the optimal
level for each parameter, as well as the optimized parameter set
that results in the highest FAME yield. Consequently, the most
beneficial mix of parameters governing the process can be
projected. However, this method falls short in explicating the
individual parameters' influence on the FFA conversion. This
gap can be filled by employing an analysis of variance to esti-
mate the statistical parameters.” In the ANOVA study, the
Fisher test (F-value) is used to ascertain the importance of the
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selected model and the individual parameter's impact on the
response. The p-value, on the other hand, offers insight into the
likelihood of attaining an F-value of this magnitude. The sum of
squares derived from the model and individual parameter was
employed to ascertain each parameter's contribution factor and
assess its effect on biodiesel yield. An ultimate experiment was
carried out three times over to validate the predictions at the
optimal process parameters and to look for any variances
between the actual and predicted response.” The contribution
factor for each parameter gives an understanding of its effect on
the process and can be computed using eqn (4).

SS¢

Contribution of factor(%) = 5.
T

x 100 (4)

In this context, SS¢ denotes the sum of squares of a specific
variable, while SSt represents the sum of squares of all vari-
ables. The objective of this analysis is to enhance the conversion
rate of FFA. As a result, the optimal condition was selected with
the aim of maximizing the target. A linear regression model
formula can establish a relationship between the anticipated
response and the actual response, ascertained through experi-
mental runs, for all process variables. This can be instrumental
in verifying the accuracy of the model.*®

3. Results and discussion
3.1 Response surface method (CCD) statistical results

Table 2 illustrates the outcomes from the transesterification
process of Jatropha into FAME, utilizing the RSM through CCD
experimental methodology. The FAME yield, derived from
actual experiments, fluctuated within the range of 75.73% to
94.20%. The genuine yields were evaluated to create a feasible
and functional regression model. The model was chosen from
an array of types such as mean, linear, quadratic, cubic, quartic,
and so forth. A quadratic regression model was devised and
applied to ascertain the ideal parameters for the trans-
esterification of JCO into biodiesel utilizing the software. The
digital model was articulated as a second-order polynomial
equation in an encoded form, as illustrated in eqn (5).

Yield = +81.21 — 1.374 — 0.9942B — 0.2700C — 1.17D
+ 1.07E + 2.384B — 0.70504C — 0.5350A4D
— 1.684E + 0.9075BC + 0.3375BD — 1.16BE
— 0.4225CD + 0.2700CE — 1.64DE + 0.91024°>
+0.2465B% — 0.5123C% — 0.8898D” + 2.10E> (5)

The yield of Fatty Acid Methyl Esters (FAME) is symbolized as
‘y’ in percentage. The variables 4, B, C, D, and E represent the
ratio of methanol to oil, the weight of the catalyst, the temper-
ature and the duration of the reaction, as well as the speed of
agitation, respectively. Positive coefficients (linear, interactive,
or quadratic) positively impact the FAME yield, while negative
coefficients have an adverse effect. Table 2 reveals that the
highest FAME yield, predicted at 91.74% by the Response
Surface Methodology (RSM) regression model, was achieved
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with specific conditions: a methanol to oil ratio of 1:5, a cata-
lyst weight of 1.5, a reaction temperature of 50 °C, a reaction
time of 45 minutes, and an agitation speed of 350 rpm. These
factors, particularly the methanol to oil ratio, catalyst, reaction
time, and agitation speed, significantly influence the FAME
yield.

As indicated in Table 3, both the F-value and the P-value
signify that the model, the terms, the term squares, and their
interactions have substantial importance. A p-value of less than
0.05 implies statistical significance when exploring the relation
between these factors and FAME content."* The model equation
was evaluated for its statistical significance using the ANOVA
test, R*, and R.q;” (Table 4). The model's F-value and p-value
were calculated at 95.35 and less than 0.0001, respectively. This
suggests that the model has a statistical significance at the 95%
confidence interval level (p less than 0.05). In this model, the
variable ‘A’ with the highest F-test value of 153.02 and a p-value
less than 0.0001, was the most statistically significant param-
eter. This implies that the methanol to oil ratio was the most
crucial factor influencing FAME yield, as shown in Table 3.

Table 5 displays the results of the significance test for the
model. The model's accuracy and precision were confirmed
through the R” and R,q;” values. An R’ value of 0.9943 signifies
that 99.43% of the total data harmonized with the forecasted
data and its variability. An R.q;” value of 0.9838 signifies
a satisfactory fitness level for the model. A signal-to-noise (S/N)
ratio greater than 4 is considered to be favorable and beneficial.
The S/N ratio of 42.87 indicates the model's adaptability to
navigate the design space and further validates the statistical
significance of the created model (Table 4). A standard devia-
tion of 0.5412 was observed, and a minimal coefficient of vari-
ation (CV) of 0.655% indicates the model's high accuracy and
reliability.

Fig. 1 illustrates the definitive outcomes gleaned from the
conducted trials in comparison to the forecasted data derived
from the empirical model. The graph displays a line with a unit
slope, a perfect fit line, which corresponds to zero discrepancy
between the hypothesized and factual values. As depicted in
Fig. 1, the model provides a fairly comprehensive representa-
tion of the experimental data concerning the yield of FAME. The
proximity of all the points to the line of perfect fit, as evident
from the graph, indicates a considerable correlation between
the predicted and experimental values of the independent
variable. This further expounds on the adequacy of the mode.

3.2 Process parameters interactions

In this research, a three-dimensional plot was employed to
explore the impact of various elements on the outcome,
specifically, biodiesel output derived from the trans-
esterification procedure of Jatropha oil using a calcium oxide
nanocatalyst. The results from the three-dimensional (3D)
surface plots generated from the Response Surface Method-
ology (RSM) can provide valuable insights into the correlations
among process parameters and optimizing FAME yield. By
visualizing the interactions between different variables on the
surface plots, researchers can identify optimal operating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Actual and predicted of FAME yield (%) by RSM
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B: catalyst C: reaction D: reaction  E: agitation Actual yield  Predicted yield

Run  A: methanol to oil ratio (mol/mol)  weight (w/w)  temperature (°C)  time (min)  speed (rpm) (%) (%)

1 4 2 60 35 300 86.39 86.63
2 4 2 60 55 200 81.43 81.45
3 4 2 40 55 300 79.29 79.53
4 4 1 40 55 200 86.03 85.72
5 5 1.5 50 45 250 81.18 81.21
6 5 1.5 50 45 250 81.18 81.21
7 5 1.5 50 25 250 79.75 79.99
8 5 1.5 50 45 150 86.78 87.46
9 5 1.5 50 45 250 81.18 81.21
10 6 1 40 55 300 78.97 79.21
11 6 2 40 55 200 85.86 85.88
12 5 1.5 70 45 250 79.04 78.62
13 5 1.5 30 45 250 79.46 79.70
14 7 1.5 50 45 250 82.54 82.12
15 5 1.5 50 65 250 75.73 75.31
16 5 1.5 50 45 250 81.18 81.21
17 5 1.5 50 45 250 81.18 81.21
18 5 0.5 50 45 250 83.94 84.18
19 4 1 60 55 300 88.24 88.48
20 4 1 40 35 300 94.2 94.10
21 6 2 40 35 300 83.45 83.69
22 4 1 60 35 200 83.22 82.90
23 3 1.5 50 45 250 87.34 87.58
24 6 2 60 35 200 84.65 84.67
25 4 2 40 35 200 76.94 76.63
26 6 1 60 35 300 83.11 83.35
27 6 1 60 55 200 76.77 76.79
28 6 1 40 35 200 82.22 81.91
29 5 1.5 50 45 250 81.18 81.21
30 5 1.5 50 45 350 92.6 91.74
31 6 2 60 55 300 77.51 78.08
32 5 2.5 50 45 250 80.63 80.21

conditions that lead to maximum FAME yield. These plots help
in understanding the complex relationships between process
parameters and their impact on the outcome, allowing for more
informed decision-making in optimizing the transesterification
process. Additionally, the 3D surface plots can aid in identifying
potential areas for further experimentation or refinement to
enhance FAME yield. A 3D plot offers a visual depiction of the
regression formula that illustrates two elements, while keeping
the remaining factors constant, as stated by eqn (5). Displayed
in Fig. 2 is the 3D plot where the y-axis is displaced from the x-
axis. It was discovered that the process variables exhibited
substantial interactive effects.

3.2.1 Effect of methanol to oil ratio and catalyst weight.
Fig. 2a delineates the correlation between the methanol to oil
ratio and the FAME yield (%), with all other variables remaining
constant. An upward trend in FAME yield is observed as the
methanol to oil ratio escalates. However, a ratio exceeding 5: 1
results in a downturn in the FAME yield. This aligns with prior
conclusions, affirming that an optimal methanol to oil ratio
positively influences the FAME yield during biodiesel produc-
tion via the transesterification process. Additionally, a larger
methanol to oil ratio fosters a surge in FAME formation. Simi-
larly, an increase in the catalyst content catalyzes the ester yield.
However, the ester yield commences to decline when the

© 2024 The Author(s). Published by the Royal Society of Chemistry

catalyst content approximates 1.5 wt%. A higher methanol-to-
oil molar ratio also positively affects the ester yield up to
a certain limit. Notably, a methanol-to-oil molar ratio exceeding
approximately 5:1 is considered unfavorable for attaining
a higher ester yield in the current study. The methanol to oil
ratio exhibits a more pronounced effect.

3.2.2 Effect of methanol to oil ratio and agitation speed.
The interaction effect between the methanol to oil molar ratio
and the agitation speed on biodiesel yield is illustrated in
Fig. 2b. An escalation in the methanol to oil molar ratio from 3 :
1to5: 1, coupled with a surge in agitation speed up to 250 rpm,
leads to a notable augmentation in yield. However, surpassing
a methanol to oil ratio of 5 : 1 and an agitation speed of 250 rpm
results in a yield decrease.

3.2.3 Effect of catalyst weight and reaction temperature.
Mlustrated in Fig. 2c, we see the impact of varying reaction
temperatures and quantities of catalyst on the percentage yield
of Fatty Acid Methyl Esters (FAME), while keeping a steady
methanol/oil molar ratio of 5:1. The yield of FAME shows
a gradual increase with the enhancement of the catalyst quan-
tity. Furthermore, a rise in the reaction temperature boosts the
FAME yield linearly, indicating that temperature plays a more
pivotal role in influencing FAME yield than the quantity of
catalyst.
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Table 3 ANOVA for FAME yield
Source Sum of squares df Mean square F-value p-value
Model 558.62 20 27.93 95.35 <0.0001 Significant
A - methanol to oil ratio 44.83 1 44.83 153.02 <0.0001
B - catalyst weight 23.72 1 23.72 80.97 <0.0001
C - reaction temperature 1.75 1 1.75 5.97 0.0326
D - reaction time 32.95 1 32.95 112.47 <0.0001
E - agitation speed 27.48 1 27.48 93.80 <0.0001
AB 90.44 1 90.44 308.73 <0.0001
AC 7.95 1 7.95 27.15 0.0003
AD 4.58 1 4.58 15.63 0.0023
AE 45.43 1 45.43 155.07 <0.0001
BC 13.18 1 13.18 44.98 <0.0001
BD 1.82 1 1.82 6.22 0.0298
BE 21.44 1 21.44 73.18 <0.0001
CD 2.86 1 2.86 9.75 0.0097
CE 1.17 1 1.17 3.98 0.0714
DE 42.90 1 42.90 146.45 <0.0001
A® 24.30 1 24.30 82.96 <0.0001
B 1.78 1 1.78 6.08 0.0313
c? 7.70 1 7.70 26.28 0.0003
D? 23.22 1 23.22 79.27 <0.0001
E* 129.08 1 129.08 440.63 <0.0001
Residual 3.22 11 0.2929
Lack of fit 3.22 6 0.5371
Pure error 0.0000 5 0.0000
Cor total 561.85 31
Table 4 Statistical parameters estimated from ANOVA 3.2.4 Effect of catalyst weight and agitation speed. The 3D
illustration in Fig. 2d unveils the complex interplay between
Std. dev. 0.5412 R 0.9943  catalyst concentration and the velocity of agitation. This graph
Mean 82.60 Adjusted R* illustrates that an escalation in both catalyst concentration and
CV (%) 0.6553 Predicted R* o . . . .
Adeq precision 129714 Agitation speed positively impacts the yield of biodiesel up to
a specific threshold. Specifically, an augmentation in catalyst
concentration and agitation speed to 1.5 wt% and 250 rpm
Table 5 Test of significance
Coefficient Standard
Factor estimate df error 95% CI low 95% CI high VIF
Intercept 81.21 1 0.2159 80.73 81.68
A - methanol to oil ratio —1.37 1 0.1105 —1.61 —1.12 1.0000
B - catalyst weight —0.9942 1 0.1105 —1.24 —0.7510 1.0000
C - reaction temperature —0.2700 1 0.1105 —0.5132 —0.0268 1.0000
D - reaction time -1.17 1 0.1105 —-1.41 —0.9285 1.0000
E - agitation speed 1.07 1 0.1105 0.8268 1.31 1.0000
AB 2.38 1 0.1353 2.08 2.68 1.0000
AC —0.7050 1 0.1353 —1.00 —0.4072 1.0000
AD —0.5350 1 0.1353 —0.8328 —0.2372 1.0000
AE —1.68 1 0.1353 —1.98 —-1.39 1.0000
BC 0.9075 1 0.1353 0.6097 1.21 1.0000
BD 0.3375 1 0.1353 0.0397 0.6353 1.0000
BE —-1.16 1 0.1353 —1.46 —0.8597 1.0000
CD —0.4225 1 0.1353 —0.7203 —0.1247 1.0000
CE 0.2700 1 0.1353 —0.0278 0.5678 1.0000
DE —1.64 1 0.1353 —1.94 —-1.34 1.0000
A? 0.9102 1 0.0999 0.6903 1.13 1.02
B 0.2465 1 0.0999 0.0265 0.4664 1.02
c? —0.5123 1 0.0999 —0.7322 —0.2923 1.02
D? —0.8898 1 0.0999 -1.11 —0.6698 1.02
E? 2.10 1 0.0999 1.88 2.32 1.02
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Fig. 1 Predicted vs. actual biodiesel yield from ANOVA study.

respectively, fosters an increase in methyl ester yield. However,
an overemphasis on mixing can inversely affect the yield of
methyl ester. This phenomenon can be ascribed to the shear
force produced by the mixing apparatus and the incorporation
of air bubbles in the medium at the surface.

3.3 Taguchi orthogonal method results

3.3.1 Statistical analysis and regression model equation
from Taguchi method. Table 7 illustrates the results and
implications of forecasting FAME yield through the

3D Surface

Yield (%))

3D Surface

Yield ((%)

View Article Online
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transesterification process via the L16 Taguchi orthogonal
approach. The ANOVA helps derive the significance of each
reaction parameter and its subsequent impact on the response,
in addition to other pertinent statistical parameters that
contribute to comprehending the correlation, or lack thereof,
between the experimentally derived data and the mathemati-
cally forecasted figures. This correlation is represented as
a regression model equation (eqn (5)), and a comparison of the
experimentally and mathematically derived data is presented in
Fig. 3. Other notable values, such as the total and individual
parametric sum of squares (SS) values, Fisher's test (F-value),
and the likelihood of occurrence (p-value) of the model, are
derived from an ANOVA study, as displayed in Table 7.

The coefficient of determination (R?), adjusted R*, and pre-
dicted R? are illustrated in Table 8, also derived from the ANOVA
study. The F-value of 5.96 affirms the model's adequate fit. Any
model term with a p-value less than 0.05 was deemed signifi-
cant. In this context, the methanol to oil ratio, reaction
temperature, and agitation speed were significant model terms,
while catalyst weight and reaction time were not. Furthermore,
the R value of 0.8994 suggests that the operating variables
studied accounted for 89.94% of the total variation, leaving only
10.06% of the variation unexplained by the model. The prox-
imity of the R* value to unity indicates the model's linearity and
suitability. The adjusted R* value was found to be 0.7485, while
the predicted R* was 0.2846 for the selected model.

3D Surface

Yield (%))

C: Reaction temperature (OC)

3D Surface

Yield (%))

E: Agitation speed (rpm)

Fig.2 3D response surface plots for (a) methanol : oil ratio and catalyst weight (b) methanol to oil ratio and agitation speed (c) catalyst weight and

reaction temperature (d) catalyst weight and agitation speed.
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Table 6 Experimental design matrix generated by Taguchi

B: catalyst C: reaction D: reaction E: agitation Actual yield Predicted
Run A: methanol to oil ratio (mol/mol) weight (w/w) temperature (OC) time (min) speed (rpm) (%) yield
1 4 1 30 65 300 86.39 85.87
2 6 2.5 40 25 300 81.43 81.73
3 7 2 40 65 150 79.29 79.17
4 7 2.5 30 55 200 86.03 86.36
5 6 2 30 35 350 81.18 82.59
6 7 1 60 25 350 81.18 80.27
7 4 2.5 60 35 150 79.75 81.98
8 4 2 70 25 200 86.78 86.26
9 7 0.5 70 35 300 81.18 81.88
10 3 2 60 55 300 78.97 78.48
11 6 0.5 60 65 200 85.86 85.03
12 3 1 40 35 200 79.04 80.05
13 3 0.5 30 25 150 79.46 78.24
14 4 0.5 40 55 350 82.54 81.35
15 3 2.5 70 65 350 75.73 76.43
16 6 1 70 55 150 81.18 80.30
Table 7 Analysis of variance (ANOVA)/parametric contribution factor (%) and optimum values

Contribution

Source Sum of squares df Mean square F-value  p-value factors (%) Optimum value
Model 135.29 9 15.03 5.96 0.0208 Significant
A - methanol to oil ratio 67.12 3 22.37 8.87 0.0126 49.61 4
C - reaction temperature 15.97 3 5.32 2.11 0.2003 11.80 60
E - agitation speed 52.20 3 17.40 6.90 0.0226 38.58 200
Residual 15.13 6 2.52
Cor total 150.42 15

Adequate precision, which assesses the signal-to-noise ratio,
is desirable when greater than 4. However, in this study, a value
of 7.914 suggested a satisfactory signal, as shown in Table 8.

Predicted vs. Actual

Yield

Color points by value of
Yield:

7573 [ 86.78 “7

Predicted

Fig. 3 Predicted vs. actual biodiesel yield from ANOVA study.

Table 8 Fit and model comparison statistics for the model

std. dev. 1.59 R 0.8994
Mean 81.62 Adjusted R* 0.7485
CV (%) 1.95 Predicted R* 0.2846

Adeq precision 7.9149

1792 | RSC Adv, 2024, 14, 11784-11796

This adequate precision of 7.914 demonstrates that the model is
capable of predicting the dependent variable and optimizing
FAME yield effectively. Moreover, the standard deviation was
deduced to be 1.59, while the variance coefficient was 1.95%,
affirming the model's competence to precisely predict the
optimal parameters. The proportionate contribution (CP) of
each vital process parameter was evaluated using eqn (4) (Table
7). The contribution factors of the methanol to oil ratio, reaction
temperature, and agitation speed were determined to be
44.62%, 10.61% and 34.70%, respectively. The methanol to oil
ratio had the paramount CP, indicating its significant influence
on the transesterification process. The contribution factor
outcome aligns with the ANOVA result, demonstrating that the
methanol to oil ratio exercises the most substantial impact on
FAME yield. A multiple regression model analysis was con-
ducted to ascertain the impact of each parameter on biodiesel
yield. The numerical values obtained for each significant
parameter coefficient at a 95% confidence level are articulated
in mathematical terms for predicting FAME yield and are
illustrated in eqn (5). The mathematical model equation from
the Taguchi method (eqn (5) correlates the three significant
parameters in predicting the response.

Y = +81.62 — 3.324[1] + 2.244[2] + 0.78814[3]
+ 1.64CT1] — 1.05CT2] — 0.1844CT3] —1.70E[1]
+ 2.80E[2] + 0.3681E[3] (6)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this context, Y denotes the percentage yield of Fatty Acid
Methyl Esters (FAME), while A[1], A[2], and A[3] represent the
methanol to oil ratio. C[1], C[2], and C[3] indicate the reaction
temperature, whereas E[1], E[2], and E[3] signify the agitation
speed, as detailed in Table 9. This equation is instrumental in
distinguishing the comparative effects of these factors by con-
trasting their coefficients. The model equation incorporates
only crucial parameters, namely the methanol to oil ratio,
reaction temperature, and agitation speed.

The negligible parameters, such as reaction time and catalyst
weight, were excluded from the model equation. The graph
delineating the experimental and projected values is illustrated
in Fig. 3. This graph demonstrates that the values closely align
with the favored model, thereby underscoring the model's
importance and reliability in assessing the yields. The model's
degree of freedom equates to one, with a confidence interval of
95% and the standard error of the parameters being 0.68 (Table
9). The linear regression model equation possesses the ability to
prognosticate the FAME yield using the parameters and data
provided in Table 6. The impact of the three significant
parameters on biodiesel yield is exhibited in Fig. 3a-c.

3.3.2 Effect of individual significant parameters on FAME
yield predicted by Taguchi method. The impact of procedural
variables on the production of biodiesel from Jatropha oil can
be evaluated through experimental outcomes. The Analysis of
Variance (ANOVA) and individual parameter contributions
(Table 7) reveal that the molar ratio of methanol to oil, the
reaction temperature, and the agitation speed are the critical
parameters that affect biodiesel production. Consequently,
their effects have been examined thoroughly. However, the
impact of catalyst weight and reaction time were not explored in
depth due to their minimal influence on biodiesel yield. The
chosen catalyst weight and reaction time were within the range
that produces maximum yield conversion. Even though they are
crucial elements in the conversion reaction process, in this
particular case, their significance was minimal due to limited
variance in Fatty Acid Methyl Ester (FAME) yield within the
chosen range of catalyst and time.

3.3.2.1 Effect of methanol to oil ratio. The study demon-
strates that the ratio of methanol to oil significantly influences
the yield of Jatropha biodiesel (Table 7). The optimal Fatty Acid
Methyl Ester (FAME) yield was achieved under specific reaction

Table 9 Test of significance

Coefficient Standard

Term estimate df error 95% CIlow 95% CI high
Intercept 81.62 1 0.3970 80.65 82.60
Al1] —3.32 1 0.6877 —5.01 —1.64
A[2] 2.24 1 0.6877 0.5579 3.92
A[3] 0.7881 1 0.6877 —0.8946 2.47
C[1] 1.64 1 0.6877 —0.0421 3.32
Cl2] —1.05 1 0.6877 —2.73 0.6333
C[3] —0.1844 1 0.6877 —-1.87 1.50
E[1] —-1.70 1 0.6877 —3.39 —0.0217
E[2] 2.80 1 0.6877 1.12 4.49
E[3] 0.3681 1 0.6877 —-1.31 2.05

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions: a catalyst weight of 0.5, a reaction temperature of
30 °C, a reaction duration of 25 minutes, and an agitation speed
of 150 rpm. The most effective methanol to oil ratio was
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Fig. 4 (a) Effect of methanol to oil ratio ratio (mol/mol), (b) reaction
temperature (°C), and (c) agitation speed (rpm) of FAME yield (%).
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determined to be 4:1, as corroborated by Fig. 4a. This is
because, stoichiometrically, maintaining a molar ratio of 3:1
throughout the entire reaction is necessary, making a ratio of
4:1 ample. Conversely, an excess of alcohol can dilute the
reaction system to such an extent that the reactant molecules
and catalyst are unable to interact sufficiently, thereby slowing
the reaction rate. It is crucial to exercise caution to prevent the
catalyst from being diluted with surplus methanol, as this could
deactivate the catalyst's functionality within the reaction
process. Consequently, an excessive increase in the methanol to
oil ratio can impede the separation of glycerol, which in turn
results in a reduced biodiesel yield.****

3.3.2.2  Effect of reaction temperature. Fig. 4D illustrates the
significant impact of the reaction temperature on the reaction
rate and product yield. The temperature range examined, from
30 °C to 70 °C, encompassed four distinct levels, with 60 °C
identified as the optimal temperature for the highest reaction
rate. As indicated in Fig. 4b, the yield surges from 30 °C and
peaks at 60 °C, only to plummet dramatically with any further
temperature increase. While a temperature elevation acceler-
ates the reaction rate, an excessive increase surpassing the
boiling point of methanol during production is counterpro-
ductive. This can disturb the molar ratio of methanol in the
reaction mixture due to evaporation. The corresponding effect
can potentially cause a shift in the reversible equilibrium
towards the retrograde reaction, thereby promoting the forma-
tion of triglycerides, or soap. However, from data presented in
Table 7, it can be inferred that this parameter only contributes
11.80% to the overall process, which suggests that even at the
bare minimum optimization level, the reaction temperature
remains a crucial factor in product formation. >*>*

3.3.2.3 Effect of agitation speed. Fig. 4c clearly demonstrates
that the ideal output was attained at a stirring velocity of 200
rotations per minute (rpm). Stirring speed plays a critical role in
the transesterification process of biodiesel, as evidenced by
Fig. 4c. The yield of biodiesel escalates as the stirring speed
intensifies, suggesting that the turbidity induced by swift stirring
contributes to the elevated recurrence of reactant interactions at
a molecular level. Intense stirring also curtails the opposition
faced during mass transitioning, thereby augmenting the reac-
tion rate and yield. However, a slight reduction in yield is noticed
beyond 200 rpm, likely due to inadequate interaction time
amongst the reactants when agitation is excessive.*

3.4 Comparison of RSM and Taguchi method

The current research compared the efficacy of the Fatty Acid
Methyl Ester (FAME) yield prediction using the Response
Surface Methodology (RSM) optimization modality against the
Taguchi Orthogonal Array (OA) method. The parallel findings
from both optimization methods were consistent and harmo-
nious, identifying critical parameters for the FAME yield
prediction based on the predetermined factors and levels. Both
methodologies constructed model equations derived from the
significant factors identified.

The RSM and Taguchi method concurred on the significant
parameters relevant to the model. However, the Taguchi
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method demanded less experimental data, reduced operational
costs, and optimized results for maximum yield, while RSM was
also capable of utilizing quadratic or cubic regression. The
congruency in the predicted and actual FAME yield suggested
a consensus between the two optimization techniques.

The RSM models highlighted five key parameters influ-
encing the FAME yield, while the Taguchi model outlined only
three. The RSM's prediction of the optimal FAME yield sur-
passed that of the Taguchi method. According to RSM and
Taguchi, the parameters most significantly impacting FAME
yield were reaction time and the methanol to oil ratio,
respectively.

The RSM utilized a methanol to oil ratio of 5:1 mol/mol,
a catalyst weight of 1.5% wt, a reaction temperature of 50
degrees Celsius, a reaction time of 45 minutes, and a speed of
250 rpm for optimal yield. In contrast, the Taguchi orthogonal
method applied a methanol to oil ratio of 4 : 1 mol/mol, a cata-
lyst weight of 0.5% wt, a reaction temperature of 60 degrees
Celsius, a reaction time of 25 minutes, and an agitation speed of
200 rpm for optimal yield. In the RSM, the methanol to oil
molar ratio, catalyst weight, reaction time, and agitation speed
emerged as significant parameters, with the methanol to oil
ratio being the most significant. Conversely, the Taguchi
method identified the methanol to oil ratio, reaction tempera-
ture, and agitation speed as significant parameters, with the
methanol to oil ratio being the most influential. The RSM, with
32 experimental runs, resulted in an R* value of 0.9943, an
adjusted R* value of 0.9838, and a coefficient of variation (CV) of
0.6553. Meanwhile, the Taguchi method with 16 experimental
runs had an R” value of 0.8994, an adjusted R* value of 0.7485,
and a CV of 1.95.

4. Conclusion

This research examined the transesterification of Jatropha oil
into FAME, employing a CaO nanocatalyst. The study applied
response surface methodology (RSM) and Taguchi's orthogonal
approach (TOA) to optimize the process parameters. Both
methodologies offered valuable understanding of how these
variables influence FAME yield, leading to the identification of
ideal conditions. The outcomes indicated that both the RSM
and Taguchi techniques are efficacious in optimizing the
transesterification process. The models generated from both
methods were significant, with their derived equations pre-
dicting FAME yield with an acceptable margin of error. RSM
predicted a higher optimum FAME yield than Taguchi,
demonstrating RSM's superior optimization capability. In the
RSM model, four out of the five parameters tested were deemed
significant, with the methanol to oil ratio (mole/mole) identified
as the most statistically significant parameter due to its highest
F-value of 153.02. In the Taguchi method, the methanol to oil
ratio was also the most significant among the three significant
parameters, having an F-value of 8.87 and a contribution factor
of 49.61. The variance analysis for FAME yield revealed that both
the R* and Radj2 confirmed the validation and consistency of the
models with the predicted value, thus certifying their accept-
ability and adequacy. Although RSM was more precise, the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01149j

Open Access Article. Published on 12 April 2024. Downloaded on 3/13/2026 7:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Taguchi method, requiring only 16 runs, proved to be more
cost-effective and less time-demanding than RSM with 32 runs.

One notable advancement in the subject has been the
modeling and optimization of the transesterification of Jatro-
pha oil to fatty acid methyl ester by the use of Taguchi orthog-
onal technique and response surface methodology (CCD).
These cutting-edge methods have been essential in increasing
the transesterification process's output and efficiency, which
has improved the amount of biodiesel that can be produced
from Jatropha oil. The study has emphasized the significance of
sustainable production practices and the possibility for future
developments in the field of renewable energy sources by
improving process parameters through these approaches. The
incorporation of these techniques has opened up avenues for
additional study and advancement within the biodiesel
manufacturing sector.

Expanding the optimised transesterification process for
converting Jatropha oil to fatty acid methyl ester can yield
substantial environmental and economic benefits. Looking at it
from an environmental perspective, utilising Jatropha oil for
biodiesel production has the potential to lower greenhouse gas
emissions in comparison to conventional fossil fuels. Biodiesel
is a sustainable and eco-friendly fuel that plays a crucial role in
reducing air pollution and promoting environmental sustain-
ability. Companies can enhance efficiency, decrease waste
generation, and lessen environmental impact by refining the
transesterification process using methods such as response
surface methodology (CCD) and Taguchi orthogonal method.

From an economic perspective, expanding the optimised
transesterification process can result in cost savings by
improving production efficiency and increasing yields. Through
careful adjustment of process parameters and streamlining the
production workflow, businesses can reduce production
expenses and enhance overall financial performance. Moreover,
the increasing interest in biodiesel as a sustainable substitute
for traditional diesel fuels offers chances for market growth and
potential income. On the whole, scaling up the optimised
transesterification process can bring about favourable
outcomes for the environment and the economy, fostering
sustainable practices and enhancing the efficiency of the energy
sector.

In order to further advance the field of biodiesel production
from Jatropha oil via process parameter optimization, the
following future research directions can be suggested based on
the findings of the study on transesterification of Jatropha oil to
fatty acid methyl ester using response surface methodology and
Taguchi orthogonal method: optimizing the process parameters
found in the study to increase fatty acid methyl ester yield and
quality could be the subject of future research. This could entail
experimenting with various catalysts, mixing ratios, and reac-
tion temperatures in order to maximize transesterification
process efficiency. Pilot-scale trials may potentially be used in
future studies to evaluate the economic and practicality of
extending the optimized process to a greater scale.

In conclusion, the novelty of modeling and optimizing the
transesterification of Jatropha oil to fatty acid methyl ester
using response surface methodology (CCD) and Taguchi
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orthogonal method lies in its innovative approach to enhancing
the efficiency, quality, and practical applicability of biodiesel
production processes. By leveraging these advanced optimiza-
tion techniques, researchers are able to push the boundaries of
traditional methods and pave the way for more sustainable and
effective biodiesel production practices.
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