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ABSTRACT

Published: 30.06.2026

The swift exhaustion of fossil fuel reserves and increasing demand for sustainable energy have increased the need

for eco-friendly alternative fuels. This study investigated biodiesel production from Madhuca longifolia (Mahua oil), a cost-
effective non-edible feedstock, utilizing an ultrasonic-assisted two-step esterification-transesterification process catalyzed
by green-synthesized ZnO nanoparticles. The ZnO nanocatalyst was synthesized utilizing Moringa oleifera leaf extract and
extensively evaluated by FTIR, XRD, SEM-EDX, and particle size analysis, validating its structural integrity, shape, and
nanoscale characteristics. Process parameters, such as ultrasonication duration (30—40 min), catalyst concentration (0.5-1.5
wt%) and methanol-to-oil molar ratio (6—12) were adjusted utilizing Taguchi design in conjunction with ANOVA. The molar
ratio was determined to be the primary factor influencing biodiesel yield. Despite the statistical regression model
demonstrating substantial predictive power (R> = 98.76%), its capacity to depict intricate nonlinear relationships was
constrained. An artificial intelligence-based strategy was employed to surmount this limitation. The constructed
backpropagation artificial neural network (BP-ANN) model exhibited exceptional predictive efficacy (R? = 0.999), markedly
surpassing Radial Basis Function (RBF) and Random Forest (RF) models regarding accuracy and error reduction. Subsequent
optimization employing a hybrid BP-ANN combined with a genetic algorithm (GA) determined the ideal operating
conditions to be 40 minutes of ultrasonication, 1.2317 wt% ZnO catalyst loading, and a molar ratio of 12. Under the
conditions, maximum anticipated biodiesel yield of 96.042% were attained and experimentally corroborated with a yield of
94.5%, reflecting a minimal deviance of 1.605%. The results indicate that ultrasonication significantly accelerates reaction
kinetics by enhancing cavitation and mass transfer, facilitating high conversion efficiency with less catalyst loading. The
integration of Taguchi design, ANN modeling, and GA optimization provides a stable and efficient framework for biodiesel
synthesis. This study highlights the promise of green nanocatalytic systems combined with modern computational methods
for the scalable and sustainable synthesis of biofuels from non-edible oil sources.

Keywords: Green synthesis; Madhuca longifolia; ZnO nanocatalyst; Moringa oleifera; Biodiesel; Artificial neural network.

1. INTRODUCTION

Growing environmental concerns, depletion of
fossil fuels, and stringent emission norms have driven the
development of sustainable alternative fuels. Biodiesel
derived from non-edible sources like mahua oil and waste
cooking oil has gained significant attention because of
their renewable nature, compatibility and
biodegradability, with existing diesel engines. However,
limitations such as lower efficiency and higher emissions
necessitate the use of advanced catalysts, nano-additives,
and optimization techniques to enhance overall
performance. Green synthesis of ZnO nanoparticles
using cow dung fuel demonstrated improved biodiesel

properties and engine performance, where the B20 blend
with ZnO-GS exhibited enhanced brake thermal
efficiency and reduced emissions (Kavalli et al. 2022).
Incorporation of ZnO nanoparticles (25 ppm) in mahua
oil methyl ester blends improved combustion
characteristics, supported by Fourier transform infrared
(FTIR) and FESEM analyses confirming nanoparticle
dispersion (Kumar et al. 2022). Enhanced engine
efficiency and emission reduction were also observed in
ZnO-blended fuels, with optimal results reported for B20
with 50 ppm ZnO (Seela and Ravi, 2020).

Supercritical methanol processes integrated
with ZnO catalysts significantly improved biodiesel
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conversion efficiency and reduced activation energy,
indicating enhanced reaction kinetics (Lamba et al.
2019). ZnO nanostructures with controlled morphologies
and doping strategies achieved high conversion
efficiency up to 99.3%, emphasizing the importance of
surface area and catalyst design (Darvishvand et al.
2024). ZnO-modified sulfonated biochar catalysts
enabled simultaneous esterification and
transesterification, improving biodiesel yield and process
sustainability (Pratiwi et al. 2026). Eco-friendly
synthesis of ZnO nanoparticles using biomass-based
fuels resulted in materials with tunable bandgap and
catalytic  efficiency for biodiesel  production
(Rudreshappa et al. 2024). ZnO-based biocatalysts
demonstrated efficient biodiesel synthesis from lipid
sources with good reusability over multiple cycles
(Parthiban and Jambulingam, 2025). High-performance
bifunctional catalysts achieved biodiesel yields up to
97.81% with strong kinetic and thermodynamic
feasibility (Maleki ef al. 2023).

Shell-derived CaO-ZnO catalysts exhibited
enhanced catalytic activity with biodiesel yields
exceeding 90% and significant emission reductions
(Chong et al. 2023). Zinc-modified anthill catalysts
provided a sustainable and cost-effective approach for
biodiesel production with high model accuracy and
catalyst stability (Yusuff et al. 2021b). Similarly, ZnO-
coal fly ash composite catalysts demonstrated reliable
biodiesel production with high yield and reusability
(Yusuff e al. 2022). Two-step catalytic systems using
ZnO/CuO composites effectively reduced free fatty acids
and achieved high biodiesel yields under optimized
conditions (Marso et al. 2021). Bifunctional CeO2/ZnO
nanocatalysts enabled simultaneous esterification and
transesterification ~ with  improved stability and
conversion efficiency (Vardast et al. 2022). Advanced
mesoporous  carbon-based  catalysts such as
ZnC1000@SOsH exhibited high surface area and
catalytic performance, achieving biodiesel yields above
97% with strong reusability (Zheng et al. 2026).

MOF-based ZnO/Cu-BTC catalysts
demonstrated efficient biodiesel conversion with
enhanced porosity and catalytic stability (Yusuf et al.
2026). Doping strategies such as Al-modified ZnO
further improved catalytic efficiency and recyclability,
achieving biodiesel yields above 96% (Maleki and
Esmaeili, 2023). The incorporation of oxygenated
additives such as 2-ethylhexyl nitrate significantly
enhanced combustion efficiency and reduced emissions
in biodiesel blends (Gugulothu et al. 2025b). Further
investigations on ternary biodiesel blends confirmed
improved engine performance and  emission
characteristics under optimized operating conditions
using Response Surface Methodology (RSM) and
machine learning techniques (Gugulothu et al. 2025a).
Multi-objective optimization approaches such as RSM—
NSGA-II (Non-dominated Sorting Genetic Algorithm)
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provided Pareto-optimal solutions for balancing
performance and emission (Dhingra et al. 2016). Hybrid
optimization techniques combining RSM and Genetic
Algorithm achieved biodiesel yields up to 97.54%,
validating the effectiveness of advanced modeling
approaches (Ahmad et al. 2023).

This study presents an innovative hybrid
framework for biodiesel synthesis that combines
ultrasonic-assisted transesterification with a green-
synthesized ZnO nanocatalyst and powerful artificial
intelligence optimization techniques. The integration of
Taguchi design, BP-ANN modeling, and genetic
algorithms  facilitates  precise  prediction  and
determination of global optimal conditions, in contrast to
traditional statistical methods. This method markedly
accelerates reaction kinetics by ultrasonication while
decreasing catalyst usage, therefore enhancing process
efficiency and sustainability. Moreover, the utilization of
a plant-mediated nanocatalyst guarantees environmental
compatibility. This combined experimental and
computational approach offers a dependable, scalable,
and high-precision method for sustainable biodiesel
generation from non-edible feedstocks.

2. MATERIALS AND METHODS

2.1 Materials
Chemicals like methanol, sulfuric acid,
potassium  hydroxide, =zinc acetate dihydrate

[Zn(CH3sCOO)2:2H20, purity 99%] and copper sulfate,
were procured from Star Scientific Enterprises, Erode,
Tamil Nadu, India. Double-distilled water was utilized as
required.

2.2 Synthesis of Zinc Oxide Nanoparticles

Fresh ripe leaves of Moringa oleifera was
harvested from Coimbatore, Tamil Nadu, India, and
meticulously rinsed by distilled water to eliminate any
sticking contaminants. The cleaned leaves were shade-
dried under ambient conditions for 5—7 days to maintain
phytochemical integrity, thereafter ground as fine powder
by mechanical grinding. About 2 g of the leaf powder was
suspended in 100 mL of DI water and heated to 80 °C for
20 minutes to enhance the extraction of bioactive
phytoconstituents. The resultant mixture was cooled to
ambient temperature, centrifuged at 5000 rpm for 10
mins, and clear supernatant were collected as stabilizing
and reducing agent. For nanoparticle synthesis, 100 mL
of Moringa oleifera leaf extract was incrementally
introduced to 100 mL of 1 M zinc acetate dihydrate
[Zn(CHsCOO0)2-2H20] solution while maintaining
continuous magnetic stirring. The reaction mixture was
maintained at 70 °C until the color changed from pale
yellow to milky white, confirming the formation of ZnO
nanoparticles. The product was subsequently centrifuged
and thoroughly washed with DI water and ethanol to
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eliminate residual contaminants and unreacted
components. The filtered precipitate was subjected to
drying in a hot air oven at 110 °C for 10 hours to yield
fine ZnO nanopowder (Thanikodi and Solairaju, 2026).
This environmentally sustainable synthesis method
employs  phytochemicals, including flavonoids,
phenolics, and proteins, as natural reducing and capping
agents, hence providing improved stability and
biocompatibility of nanoparticles for environmental and
catalytic  applications. = The  synthesized ZnO
nanoparticles were characterized by FTIR (Bruker —
Tensor II FTIR spectrometer), XRD (Shimadzu — XRD-
7000), SEM-EDX (ZEISS Gemini), and particle size
distribution analysis (Malvern Panalytical — Mastersizer
3000).

2.3 Biodiesel Preparation from Mahua

Mahua oil (MO) derived from Madhuca
longifolia was used as non-edible feedstock for biodiesel
production. The crude oil was first filtered to eliminate
suspended contaminants then dried at 105 °C to eliminate
residual moisture (Gupta et al. 2012). The free fatty acid
level was assessed according to ASTM standards, and
because it over 1%, a pre-esterification phase were
implemented to reduce soap formation during the
subsequent transesterification process. Esterification
catalyzed by acid was performed utilizing 25 wt%
sulfuric acid as a catalyst, under continuous agitation at
60 °C. The reaction was sustained until stable and
diminished Free Fatty Acid (FFA) level was attained,
validating the efficient transformation of free fatty acids
into methyl esters. The transesterification procedure was
subsequently performed utilizing methanol with ZnO
nanoparticles as heterogencous catalyst. The reaction
mixture was ultrasonicated at 20 kHz and 500 W to
improve interfacial mass transfer and speed up the
reaction. All the process factors (methanol-to-oil molar
ratio, catalyst loading, and ultrasonication duration) were
meticulously regulated to attain maximal biodiesel yield.
After completion, the reaction mixture was permitted to
settle, leading to phase separation into biodiesel (upper
layer) and glycerol (lower layer).

The biodiesel layer was carefully decanted,
rinsed with warm distilled water to eliminate residual
catalyst and contaminants, and then dried to remove
moisture. The ultimate biodiesel yield was measured by
gas chromatography (GC) following ASTM standards.

Biodiesel yield was calculated using Eqn. (1).

Quantity of methyl esters

x 100 ...

Biodiesel yield % = 1
y % Quantity of pretreated mahua oil ( )

2.4 Taguchi-based Experimental Design and
Process Optimization for Biodiesel Production

This study optimized biodiesel production by
Taguchi design of experiments (DoE) due to its efficacy

in reducing experimental runs while accurately
determining the impact of process factors. Three essential
parameters, ultrasonication duration (30—40 min), ZnO
catalyst concentration (0.5-1.5 wt%), and methanol-to-
oil molar ratio (6:1-12:1), were chosen due to their
substantial impact on transesterification efficiency. An
L27 (3%) orthogonal array was utilized to methodically
construct the experimental matrix, facilitating a thorough
assessment of the individual and synergistic impacts of
the chosen factors on biodiesel yield. The Taguchi
method enables robust optimization through the
minimization of variability and the improvement of
process reliability. Signal-to-noise (S/N) ratio analysis,
according to the '"larger-is-better" criterion, was
employed to identify the ideal levels of process
parameters, hence maximizing biodiesel yield and
minimizing the impact of experimental noise. ANOVA
was employed to assess the relevance of process factors,
while the general linear model based on the experimental
data was used to forecast biodiesel yield under different
operating circumstances. The process parameters and
their respective levels chosen for the Taguchi
experimental design are displayed in Table 1.

Table 1. Process parameters and their levels employed in the
Taguchi L27 experimental design for biodiesel production

Factor Parameter Unit Lelv o Le2v “ Le3vel
A Ultrasonication . 30 35 40
time
B ZnO catalyst o 5 1.0 L5
loading
Molar ratio . : :
c v 6:1 9:1 12:1
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2.5 Artificial Neural Network Modeling

Feedforward artificial neural networks were
developed to explain nonlinear relationship among
process factors and yield of biodiesel. The input variables
selected included ultrasonication time, concentration of
ZnO catalyst, molar ratio and biodiesel yield was
considered output response. Model construction was
based on the experimental data obtained through the
experiments conducted. To ensure reliable model
generalization, data were randomly divided into training
(70%), testing (15%) and validation (15%) sets. The
ANN structure consisted of input layer with three
neurons corresponding to the process variables, a hidden
layer with optimized neurons, and output layer with
single neuron, which corresponds to biodiesel yield.

Number of neurons in hidden layers were
determined using trial and error approach to minimise
prediction error and improve the model accuracy.
Nonlinear activation functions were used in hidden layer
to effectively capture the complex interactions between
variables, whereas linear functions were used in output
layer. The statistical measures applied to determine the
performance of ANN model were the coefficient of
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determination (R?), Root Mean Square Error (RMSE),
and Mean Absolute Error (MAE), therefore, ensuring an
accurate predictive ability.

2.6 Optimization by Genetic Algorithm

The proposed ANN was combined with genetic
algorithm (GA) to determine optimal process conditions
to maximize the yield of biodiesel. The objective (fitness)
function used during the optimization process was the
trained artificial neural network model. The optimization
was performed using the process variables:
ultrasonication time (30-40 min), concentration of ZnO
catalyst (0.5- 1.5 wt%), and molar ratio (6-12). The GA
was implemented using MATLAB optimization toolbox.
The GA systematically explored the search space and
identified the optimal combination of process parameters
that maximizes the expected biodiesel yield.

3. RESULTS AND DISCUSSION
3.1 Characterization of ZnO

Fourier transform infrared of the ZnO
nanocatalyst exhibited prominent peaks at 792 cm™ and
540 cm™, corresponding to metal-oxygen vibrations
related to copper incorporation and Zn—O bonding,
respectively. These distinctive peaks further corroborate
the establishment of a monoclinic ZnO phase. Other
peaks observed between 1136 and 1421 cm™ are
attributed to Ce—O stretching vibrations, whereas the one
observed at 1637 cm™ was ascribed to N-H stretching of
amine functional groups. The FTIR analysis indicates
that bioactive compounds including phenolics and
flavonoids from Moringa oleifera leaf extract, served
efficiently as stabilizing and capping agents, thus
preventing nanoparticle aggregation. As reported in
earlier studies, FTIR analysis revealed characteristic
absorption bands corresponding to hydroxyl and ZnO
functional groups, confirming the successful formation
of ZnO nanocatalyst and the presence of surface-active
moieties (Rajavel et al. 2025).

The X-ray diffraction (XRD) pattern (Fig. 1b)
displayed sharp and intense diffraction peaks, indicating
a high level of crystallinity in the synthesized
nanocatalyst. Significant diffraction peaks with 20 values
of 31.67°, 34.57°, 36.42°, 47.53°, 63.14°, and 68.09°
align well with standard data from JCPDS card No. 45-
0937, confirming the crystalline structure of ZnO. Earlier
findings show that X-ray diffraction analysis confirmed
the characteristic crystalline phases of ZnO and the
WSA/ZnO/K2COs composite. The observed diffraction
peaks verified the successful formation of the catalyst
and its crystalline structure (Foroutan et al. 2022).

Surface morphology study conducted by
scanning electron microscopy (SEM) (Fig. 1c and d)
revealed that the ZnO nanoparticles primarily exhibit an
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irregular shape with a particle size of around 20 nm.
Analysis of elemental composition by energy-dispersive
X-ray spectroscopy (EDX) confirmed the presence of
zinc, oxygen, and trace amounts of sulfur. The presence
of sulfur is probably due to residual phytochemical
impurities from the plant extract used in the synthesis.
Moreover, particle size distribution study revealed that
most nanoparticles are concentrated around ~20 nm, with
an average size of roughly 64 nm, confirming uniform
nanoscale formation attained through green synthesis. In
previous research, SEM analysis revealed uniformly
distributed manganese-doped ZnO nanoparticles with
well-defined morphology and nanoscale structure. The
observed particle size (~24.18 nm) and homogeneous
surface confirmed effective synthesis, contributing to
enhanced catalytic activity in biodiesel production
(Baskar et al. 2017).
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Fig. 1: Characterization of biosynthesized ZnO nanocatalyst
(a) FTIR analysis, (b) XRD diffraction pattern, (c,d) Surface
morphology by SEM, (e) Elemental composition from EDX,
and (f) Particle size distribution profile

Table 2. Composition of mahua oil
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Table 3. Physicochemical properties of MO, commercial
diesel and biodiesel

Properties MO Diesel Biodiesel s
Norms

Acid value 18.5 - 0.26 -

Methyl ester
%) 96.2 - 99.1 >96.5

Specific 091 0.82- 0.88 0.86-
gravity 2 0.88 ' 0.90
FFA (%) 9.2 - 0.14 -

Saponificatio

n value (mg 192 - 162.3 -

KOH/g oil)

VIRl 36.8 13-5.5 4.53 1.9-6.0

(mm?/s)
Calorific

value (MJ/kg) 36.5 42.7 41.3 -
Cetane bY) 30-40 67 >47
number

Cloud point 18 ) 5 (=3)
(°C) —(+12)

Ml o 215 38-55 178 >130
(°C)

Sulphur
content 45 10 0.87 +0.4ppm
(mg/kg)

Pour point 12 (—=15) 6 (—=15)
°C) —(+3) —(+10)
Total

glycerine 0.28 - 0.04 <0.24
(Wt%)

Fatty Acid Carbon Retgntlon Mass
Profile Molecules Time %
(Minutes)
Arachidic .
(CaoHO) C20:0 24.05 1.85
Linoleic .
(C1sH05) C18:2 15.62 5.20
Oleic .
(C1sHa0) Cl18:1 18.21 47.8
Stearic .
(C1sHac0) C18:0 20.12 18.7
Heptadecanoic .
(CrHa0) C17:0 29.85 1.35
Palmitoleic .
(CreHa002) Clé6:1 18.76 3.25
Palmitic .
(C1eH0) Cl16:0 25.98 224
Others - - 0.45
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3.2 Composition of MO and Biodiesel

Fatty acid composition of raw mahua oil
indicated that more than 80% consisted of C16 and C18
fatty acids, specifically palmitic, linoleic, oleic, stearic,
and palmitoleic acids. The relevant composition is given
in Table 2.

Table 3 contains the physicochemical properties
of MO, commercial diesel, and the synthesized biodiesel.
The produced biodiesel exhibited density and viscosity
within acceptable parameters. It exhibited a superior
cetane number and calorific value compared to
commercial diesel. Furthermore, its diminished sulfur
concentration mitigates environmental and engine-
related problems, including corrosion and acid rain.
These findings validate its appropriateness as an alternate
fuel.
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3.3 Taguchi Analysis (S/N Ratio)

To evaluate the effect of process parameters of
the biodiesel yield quantitatively, and to counteract
effects of experimental variability, the Taguchi signal-to-
noise (S/N) ratio analysis, where criterion is larger-is-
better, was applied. The S/N ratio is an effective way of
integrating average performance and variability of the
response, hence providing a valuable measure of
optimization. The response analysis of S/N ratios (Table
4) revealed that the molar ratio had the highest delta
(1.35) with ultrasonication time (0.98) and ZnO catalyst
loading (0.89) following it. Higher delta value indicates
a stronger effect of the response variable. Thus, the molar
ratio was concluded to be the most important factor

affecting biodiesel yield. This effect is attributed to the
increased availability of methanol molecules, which

Main Effects Plot for SN ratios

Data Means

US time (min)

In0 (wt%)

Molar ratio (MO)

Mean of SN ratios
w w w
= B ]
- & &=
-
-
.

w
o
=)

0
30

3

40

shifts the transesterification equilibrium toward product

formation, thereby enhancing the conversion rate.
According to a previous research, coal fly ash-supported
ZnO catalyst enabled biodiesel production from used
cooking oil with 83.17% yield. Taguchi optimization
confirmed the significance of process variables, while
catalyst reusability ensured process stability (Yusuff ez al.

2021a).

The comparatively lower delta values of
ultrasonication duration and catalyst concentration

Signal-to-noise: Largeris better

Fig. 2: Main effects plot for S/N ratios

The loading of the ZnO catalyst followed an
optimum pattern with the highest yield at 1 wt%. A
further addition to 1.5 wt% led to a slight reduction in
yield which can be attributed to agglomeration of catalyst
particles that reduced the effective surface area and
limited active sites of reaction. These trends clearly
indicate that there is an optimal operating regime, within
which the synergistic effect of the process factors
enhance the biodiesel yield and reduce the undesirable
consequences of the processes, including, but not limited
to, the mass transfer limitation or the deactivation of the

suggest their minor yet notable roles in yield
improvement.
Table 4. Response table for S/N ratios
Molar Ratio
- . o
Level US Time (min) ZnO (wt%) (MO)
1 37.40 37.43 37.20
2 3791 38.32 37.94
3 38.38 37.95 38.55
Delta 0.98 0.89 1.35
Rank 2 3 1

Signal-to-noise ratio and mean main effects plot
(Fig. 2) demonstrates how each parameter influences the
biodiesel yield. A clear positive correlation with yield
was observed as ultrasonication time increased,
indicating that prolonged sonication enhances cavitation
effects, thereby improving mass transfer and accelerating
the reaction rate between immiscible phases. The molar
ratio had a dramatic positive impact on the yield, which
suggests that excess methanol has a positive impact on
the kinetics of the forward reaction and increases ester
production. However, at a certain point, the increase in
yield with extra methanol might not be significant
because of dilution and separation challenge.

catalysts.
Main Effects Plot for Means
Data Means
US time (min) Zn0 (wt%) Molar ratio (MO)
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Fig. 3: Main effect plot for means
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3.4 ANOVA Analysis

Analysis of variance was conducted to evaluate
applicability and effect of process factors on biodiesel
yield (Table 5). Results showed that molar ratio was the
most dominant factor with 50.21% of total variation
followed by ultrasonication time with 26.65% and ZnO
catalyst loading with 21.90%. The substantial role of
molar ratio also supports its crucial role in controlling the
transesterification reaction process. Ultrasonication
duration significantly enhances mixing efficiency and
reduces diffusion barriers, while the ZnO catalyst further
promotes the reaction by providing active sites.

All the parameters had p-values less than 0.05
meaning that they are significant at 95% confidence. The
F-values also support the significant influence of the
selected parameters. The contribution of error was
1.24%, which indicates that there is a small amount of
noise in the experiment and the results were very
reproducible. The fact that the residual error is minimal
confirms that the selected model is adequately able to
explain the differences in biodiesel yield and justifies the
effectiveness of the Taguchi-based optimization
approach. In prior studies, ANOVA confirmed that Ca/Zn
ratio, methanol-to-oil ratio, and reaction time
significantly influenced biodiesel yield with nearly equal
contributions. The statistical results validated the
robustness of the Taguchi optimization, supporting the
achievement of 98% methyl ester conversion under
optimal conditions (Rahmawati et al. 2021).

Table 5. ANOVA results for biodiesel yield

o Adj Adj F- P-

Source DF Seq SS Contribution SS MS  Value Value
[N

time 2 361.82 26.65%  361.82 180.910 215.45 0.000
(min)

Zn0 2 29729 21.90%  297.29 148.643 177.03 0.000
(wt%) ' ’ ’ ’ b
Molar

ratio 2  681.69 50.21%  681.69 340.843 405.93 0.000
MO)

Error 20 16.79 1.24% 16.79 0.840

Total 26 1357.59 100.00%

The general linear regression model was
developed to quantify relationship among process factors
and biodiesel yield. The model summary the coefficient
of determination was quite high (R? = 98.76%), meaning
that about 98.76% of the variability in biodiesel yield was
explained by selected factors. The high value of the R?
and standard error support the high predictive power of
model developed. The regression model incorporates
overall effect of ultrasonication time, ZnO catalyst
concentration, and molar ratio, allowing to accurately
predict biodiesel yield under different conditions of
operation. This foresight is particularly beneficial to
industrial use, as it reduces the need for many experiment
trials.
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Residual analysis was also used to verify
adequacy and reliability of the developed regression
model. Normal probability plot of residuals had a fairly
linear shape, indicating residuals follow normal
distribution. The diagram of the residues versus the fitted
values showed that such dispersion was purely random,
and it did not follow any pattern, thus confirming that no
heteroscedasticity was present as well as that assumption
of constant variance was accepted. The histogram of
residuals was also symmetric around zero, which further
supports the soundness of the model. The independence
of residuals was further confirmed by the residuals versus
order plot which showed that there were no time or
sequence effects in the experimental data. All these
findings confirm that the regression model meets all basic
statistical assumptions and is highly reliable to predict
and optimize biodiesel yield.

Residual Plots for Yield %

Normal Probability Plot Versus Fits

Residual Fitted Value

Histogram Versus Order

| ]
x‘\/“ YT \“‘/ \,{

24 6 B 10 221416 1B N RAUN

Frequenc

15 -0 05 Q0 05 10 15 20

Residual Observation Order

Fig. 4: Residual analysis plots for biodiesel yield prediction
model

Despite the regression model exhibiting robust
prediction abilities, it may inadequately account for
complex nonlinear relationships among process
variables. Consequently, models based on artificial
intelligence were created to improve prediction accuracy
and to execute worldwide optimization of biodiesel yield.

3.5 Artificial Intelligence-based Modeling,
Optimization and Validation

3.5.1 ANN Modeling and Performance Evaluation

Regression and performance graphs (Figure 5)
were used to evaluate the predictive efficacy of
constructed ANN. The regression value of the best ANN
model has an excellent correlation among predicted and
experimental values of biodiesel yield, and coefficient of
determination (R* = 0.99958). The points are closely
concentrated around the 45° line (Y = X) showing near-
perfect correlation and a very small error in prediction.
This confirms that the ANN model has successfully
learned  the nonlinear  relationships  between
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ultrasonication time, ZnO catalyst concentration, molar
ratio and the biodiesel yield.

o5 Best ANN Prediction, R2 = 0.99958
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Fig. 5: Experimental Vs ANN prediction

The performance plot gives an idea about the
training process, as it shows how mean squared error
(MSE) varies with the training epochs. The best
validation performance was achieved at an initial epoch
(epoch 5), and thereafter, the validation error did not
change any further. This action indicates that the model
has achieved the best learning without falling to
overfitting. This consistency between the training,
validation and testing curve further supports the strength
and ability of the ANN model to generalize.
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Fig. 6: Regression plot for testing, validation, training and
overall dataset

The regression graphs for testing, validation,
training and overall datasets demonstrate excellent
correlation coefficients, hence affirming the model's
dependability. The higher correlation coefficients noted
across training, validation, testing, and overall datasets
validate robust predictive capacity and generalization
efficacy of the ANN model.

811

5 Training: R=0.99998 Validation: R=0.99746

© -

= O  Data = 08 O  Data /
g Fit g 08 “Fit. ‘,Q
q' 05 Y=T _; Py Y=T

X ®

g g 0.2 6
g £ o .

- = 02

i - ! 04

57 208

£ 508

[s] n o

A 05 0 05 05 0 05
Target Target
Test: R=0.94902 All: R=0.98614

~

£ s &

S o

? 06 >

+ <

5 04 +

2 02 S

& =
E oo s

& v

= 0.2 -

I 1

104 1

= =

H

¥ ]
R 3
05 0 05
Target Target

Fig. 7: Regression plots showing the correlation between
experimental and ANN-predicted biodiesel yield

The slight discrepancy between anticipated and
real values shows that ANN model effectively captures
intricate nonlinear interactions that regulate the
transesterification process. The results unequivocally
indicate that the ANN model offers enhanced predictive
accuracy relative to conventional statistical models.

3.5.2 Comparative Analysis of Al Models

A comparison analysis was conducted to
validate the superiority of the ANN model against the
Radial Basis Function (RBF) and Random Forest (RF)
models.

Table 6. Performance comparison of AI models

Model R? RMSE MAE
BP-ANN 0.99937 0.17836 0.08264
RBF 0.99344 0.57446 0.43659
RF 0.86262 2.62818 2.12914

Table 6 indicates that the BP-ANN model
attained the maximum R? and the lowest error values,
hence affirming its superiority relative to the RBF and RF
models. Figure 8 displays the regression plots of various
models.

A comprehensive comparison of actual,
ANOVA-predicted, and ANN-predicted biodiesel yields
is provided in Table 7. The ANN-predicted values
demonstrate greater concordance with the experimental
data under all operating circumstances than the ANOVA
predictions. The discrepancy between ANN forecasts and
experimental values is negligible, signifying elevated
robust generalization capacity and predictive accuracy of
ANN model. Conversely, the ANOVA-based regression
model demonstrates significantly greater deviations,
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especially in regions of higher yield, owing to its
constrained capacity to encapsulate intricate nonlinear
interactions among process variables. This comparison
unequivocally illustrates the superiority of the ANN
model compared to the traditional ANOVA method in
precisely forecasting biodiesel yield. Consequently, the
ANN model is deemed more dependable for future
optimization and process analysis.

Table 7. Comparison of experimental, ANOVA-predicted, and
ANN-predicted biodiesel yield under different process

conditions
tilfx?e ZnnO Mol'ar Experoimental l?r 1:(;?:::1 Prégge d
(min) (wt%) ratio (%) (%) (%)
30 0.5 6 65.8 63.8 65.9
30 0.5 9 70.2 70.3 74.3
30 0.5 12 74.9 76.1 78.
30 1 6 71.6 71.9 71.7
30 1 9 78.3 78.4 79.1
30 1 12 83.7 84.2 83.9
30 1.5 6 68.9 68.4 68.8
30 1.5 9 75.4 74.9 75.2
30 1.5 12 80.1 80.7 80.5
35 0.5 6 69.4 68.3 69.2
35 0.5 9 74.8 74.8 75.0
35 0.5 12 80.2 80.6 80.2
35 1 6 753 76.4 75.7
35 1 9 83.5 82.9 82.7
35 1 12 89.4 88.7 88.5
35 1.5 6 72.6 72.9 72.2
35 1.5 9 79.2 79.5 79.2
35 1.5 12 85.3 85.2 84.2
40 0.5 6 72.8 72.7 72.7
40 0.5 9 78.6 79.3 78.6
40 0.5 12 84.5 85.0 84.5
40 1 6 79.6 80.8 80.2
40 1 9 87.9 87.4 87.6
40 1 12 94.8 93.1 94.9
40 1.5 6 76.9 714 71.0
40 1.5 9 83.8 83.9 83.8
40 1.5 12 90.7 89.7 90.4

The RBF model exhibits a robust correlation
between predicted and experimental results, evidenced
by an R? value of 0.99344. The data points are proximate
to the optimal regression line. Yet, minor deviations are
evident, particularly at elevated yield levels. This
suggests that while the RBF model may identify
nonlinear correlations, its predictive accuracy is
somewhat inferior to that of the ANN model.
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Conversely, the RF model demonstrates a
relatively smaller association, evidenced by an R? value
of 0.86262. The regression diagram exhibits significant
dispersion of data points around the reference line,
signifying an elevated prediction error. This result might
be ascribed to the RF model's incapacity to adequately
capture the nonlinear interactions and continuous
characteristics of the process variables. The RF model's
underfitting characteristic leads to diminished prediction
performance relative to the ANN and RBF models.
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Fig. 9: Experimental vs RF-predicted yield

The comparative analysis demonstrates that the
BP-ANN model surpasses both the RBF and RF models
for predictive accuracy, consistency, and reliability.
Consequently, the BP-ANN model was deemed the most
appropriate for subsequent optimization investigations.

3.5.3 Optimization Using BP-ANN-GA

A genetic algorithm was combined with the BP-
ANN model to find optimal process parameters to
maximize biodiesel yield. The optimum results have
shown that the maximum biodiesel production is
achieved at an ultrasonic time of 40 minutes, a ZnO
catalyst mass of 1.2317 wt%, and molar ratio of 12. The
predicted yield of biodiesel at optimized conditions is
96.042%, and this means that the maximum yield can be
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achieved within the considered range of parameters. This
result highlights the significance of the synergistic role of
process factors on overall response efficiency. The
optimization results suggest that longer ultrasonication
increases cavitation, thereby increasing the mass transfer
and reaction kinetics. Optimum ZnO catalyst loading
ensures that the active sites are sufficient with no
agglomeration and the appropriate molar ratio is used to
bias the reaction towards product formation. The
optimization process confirms the presence of a well-
defined operational window, in which the interaction of
process parameters results in optimum conversion to
biodiesel. Going beyond this optimal range can lead to
diminishing returns, or even adverse impacts of further
increase in parameters.

3.5.4 Experimental Validation of Optimized Conditions

Experimental validation was performed under
the optimal circumstances derived from the BP-ANN-GA
model to ascertain the credibility of the optimization
outcomes. Experimental biodiesel yield achieved was
94.5%, closely aligning with projected value of 96.042%.
In a previous study, ANN enabled accurate prediction of
engine combustion, performance and emission
parameters for GO and ZnO nanoparticle-blended B20
fuel. The ANN model demonstrated high reliability with
R? values ranging from 0.93 to 0.99, effectively capturing
nonlinear relationships and supporting optimization of
operating conditions (Pala et al. 2025).

The difference between the expected and
experimental values was established to be 1.605%, a very
small percentage. The small error indicates high
precision of the developed model and confirms ability of
the ANN-GA methodology to reliably predict optimal
conditions of the processes. The value of error (<5%)
shows outstanding correspondence of the anticipated and
experimental results. The high agreement between
projected and experimental results shows that the model
well represents the basic behaviour of the process and can
be used to optimize processes and scale-up processes.
The small error margin also supports the effectiveness of
the hybrid ANN-GA approach in the control of complex
nonlinear systems.

4. CONCLUSION

This study demonstrates the production of
biodiesel from mahua oil (Madhuca longifolia), a non-

edible and low-cost feedstock, using a two-step
ultrasonic-assisted esterification—transesterification
process  catalysed by  green-synthesized ZnO

nanoparticles. The ZnO nanocatalyst, prepared using
Moringa oleifera leaf extract, was characterized by XRD,
FTIR, particle size analysis, SEM, and EDX, confirming
its crystalline nature, nanoscale size distribution, and
suitable morphology and composition for catalytic
applications. Taguchi design and ANOVA identified the
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molar ratio as the most influential parameter affecting
biodiesel yield, followed by ultrasonication time and
catalyst loading. Although the regression model
exhibited strong predictability (R? = 98.76%), it showed
limitations in capturing nonlinear interactions. To
overcome this, artificial intelligence-based modelling
was employed, where the BP-ANN model achieved
superior predictive performance (R? = 0.999) with lower
errors compared to RBF and RF models. Further
optimization using a hybrid BP-ANN-GA approach
determined the optimal conditions as 40 min
ultrasonication time, 1.2317 wt% ZnO loading, and a
molar ratio of 12, yielding a predicted biodiesel output of
96.042%, closely matching the experimental yield of
94.5% with minimal error (1.605%). Ultrasonication
significantly enhanced reaction kinetics through
improved cavitation and mass transfer, enabling high
conversion with lower catalyst usage. Overall, the
integration of green nanocatalysis, ultrasonic processing,
and advanced optimization techniques provides a
sustainable and efficient strategy for large-scale biodiesel
production from non-edible feedstocks.
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