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ABSTRACT

The relatively high viscosity and lower heating value of biodiesel can reduce brake thermal efficiency and
increase fuel consumption in compression ignition (CI) engines. The novelty of this study lies in integrating rubber seed—
avocado seed hybrid biodiesel, green-synthesized Al.Os nanoparticles, and CatBoost-based prediction within a single
experimental framework. Hybrid biodiesel was prepared from equal proportions of rubber seed and avocado seed oils, while
AlL:O; nanoparticles were synthesized using Syzygium cumini leaf extract and aluminium nitrate nonahydrate as the
precursor. Nanoparticle formation was preliminarily supported by a UV—visible absorption band near 350 nm and an Al1-O
vibration near 595 cm™ in the FTIR spectrum, while DLS indicated an average particle size of 30 + 5 nm. The reported
engine-performance analysis focused on B25 and B50 blends, with and without 40 ppm Al.Os nanoparticles, using a single-
cylinder CI engine operated at 1500 rpm, compression ratios of 15:1, 17:1, and 19:1, and loads of 2, 5, 8, and 11 kg. Engine
performance was evaluated using brake thermal efficiency (BTE) and brake-specific fuel consumption (BSFC). At 11 kg
load, B25 + Al:Os increased BTE by 6.10% and reduced BSFC by 6.13% at 19:1. B50 + Al.Os produced a maximum BTE
improvement of 6.05% at 17:1 and a maximum BSFC reduction of 7.12% at 19:1. Separate CatBoost models were
developed using biodiesel percentage, Al-Os concentration, compression ratio, engine load, lower heating value, and brake
power. The models achieved R? values of 0.9967 for BTE and 0.9918 for BSFC. Within the investigated operating
conditions, 40 ppm Al:Os improved the measured performance of B25 and B50, while CatBoost accurately predicted their
BTE and BSFC. Therefore, the developed nano-biodiesel and CatBoost framework has potential application in predicting

and improving the performance of biodiesel-fuelled CI engines under comparable operating conditions.
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1. INTRODUCTION

The increasing depletion of petroleum
resources, rapid growth in stringent environmental
regulations, and global energy demand have intensified
search for renewable and sustainable alternative fuels for
CI engines. Biodiesel has emerged as one of the most
promising substitutes because of its renewable origin,
biodegradability, oxygenated molecular structure, and
compatibility with conventional diesel engines.
Nevertheless, the relatively high viscosity, inferior
combustion, and lower heating value characteristics of
biodiesel compared with petroleum diesel often result in
reduced engine efficiency and increased fuel
consumption. Consequently, recent research has focused
on developing hybrid biodiesel feedstocks, nanoparticle-
assisted fuel additives, advanced combustion strategies,

and intelligent prediction techniques to overcome these
limitations and improve engine performance.
Accordingly, the present study focuses on three
complementary strategies: combining two non-edible
biodiesel feedstocks to develop a hybrid fuel,
incorporating Al20s nanoparticles to enhance fuel
performance, and applying machine learning to predict
engine responses under varying operating conditions.

Among the numerous non-edible feedstocks
investigated for biodiesel production, rubber seed oil and
avocado seed oil have attracted increasing attention
because of their favorable fatty acid composition,
widespread availability, and ability to produce biodiesel
with desirable physicochemical properties. Avocado seed
oil biodiesel synthesized using a CaO catalyst derived
from blood cockle shells achieved an optimum biodiesel

L)


https://crossmark.crossref.org/dialog?doi=10.13074/jent.2026.09.2632389&domain=pdf&date_stamp=2026-09-30
mailto:gopalakrishnanbtech1@gmail.com

K. Gopalakrishnan et a/. / J. Environ. Nanotechnol., Vol. Xx(x), xx-xx (20xx)

of 96% with 99.83% methyl ester, a density of 865 kg
m3, acid value of 0.56 mg KOH g™!, kinematic viscosity
of 2.5 cSt, and a heating value of 9871.6 kcal kg,
demonstrating its suitability as a high-quality renewable
fuel (Suprihatin ef al. 2024). Similarly, carbon-supported
CuO nanoparticles effectively catalyzed the esterification
and transesterification of avocado seed oil by reducing
the free fatty acid content from 8.2—10.2% to below 1%,
confirming the high catalytic efficiency and favorable
reaction kinetics of nanostructured catalysts for biodiesel
production (Sasikumar et al. 2022). Previous
investigations confirm that avocado and rubber seed oils
are viable biodiesel feedstocks; however, considerably
less attention has been given to their combined use as a
1:1 hybrid biodiesel feedstock, particularly with
nanoparticle-assisted Cl-engine performance evaluation.
Furthermore, a CuO-AlOs nanocomposite catalyst
optimized through Response Surface Methodology
produced 96.9% biodiesel yield from Carica papaya seed
oil under optimized operating conditions while
maintaining over 95% catalytic activity after five reuse
cycles, demonstrating excellent catalytic efficiency and
long-term reusability (Dheenathayalan et al. 2025).

To reduce dependence on conventional
nanoparticle-processing chemicals, the present study
employs Syzygium cumini leaf extract during ALOs;
nanoparticle synthesis. Plant-derived phenolic and other
oxygen-containing phytochemical constituents can
participate in precursor complexation, nucleation, and
surface stabilization during particle formation. Thus, the
plant-assisted route introduces a sustainability-oriented
component into the preparation of the Al.Os additive used
at 40 ppm in the hybrid biodiesel. Incorporation of metal
oxide NPs into biodiesel had become an effective
strategy for improving combustion efficiency because
nanoparticles possess high thermal conductivity, catalytic
activity, and oxygen buffering characteristics that
promote rapid fuel oxidation and enhanced heat transfer.
Among metal-oxide additives, Al2Os is attractive because
of its high thermal conductivity, large active surface area,
and catalytic characteristics. When adequately dispersed
in biodiesel, Al:Os nanoparticles can enhance heat
transfer and promote oxidation reactions, potentially
improving fuel conversion and reducing incomplete-
combustion losses. Nevertheless, these effects depend on
nanoparticle concentration and dispersion; therefore, the
present investigation employs a controlled 40 ppm Al=Os
loading and evaluates its influence primarily through
measured BTE and BSFC. The addition of 75 ppm Al2Os
nanoparticles to Styrax officinalis biodiesel increased
BTE from 31.2% to 34.1%; qualitative emission wording
was omitted where exact numerical changes were
unavailable (Oni et al. 2022). Likewise, Al.Os/CuO
hybrid nanoparticles incorporated into tobacco seed
biodiesel and optimized through Response Surface
Methodology achieved a biodiesel yield of 95.58%,
while the optimized B15SAC100 blend reduced CO by
73.57%, HC by 76.10%, CO: by 11.63%, and NOy by

7.49%, demonstrating remarkable emission
improvements without compromising engine
performance (Siam et al. 2026). Furthermore, rubber
seed oil biodiesel blended with hydrogen and Al.Os
nanoparticles exhibited superior combustion stability
while reducing CO (12.12%), HC (12.12%), CO:
(8.13%), NOx (20.46%), and smoke emissions (14.11%),
highlighting the synergistic benefits of combining
hydrogen enrichment with nanoparticle-assisted
combustion (Thangam et al. 2026).

Recent biodiesel-engine research increasingly
combines fuel modification with data-driven prediction
to improve performance assessment. Nanoparticle-
assisted  biodiesel studies have  demonstrated
improvements in BTE and BSFC, while ML models such
as ANN, SVR, XGBoost, and CatBoost provide efficient
tools for modelling nonlinear relationships between fuel
composition, engine  operating conditions, and
performance responses (Bukkarapu and Krishnasamy,
2026). These findings support the integration of
nanoparticle-enhanced Dbiodiesel experiments with
machine-learning prediction in the present investigation
(Kannappan et al. 2023). Similarly, hydrogen-assisted
dual-fuel operation of Mahua biodiesel with Al.Os—TiO:
and CeO>—~MWCNT hybrid nanoparticles enhanced BTE
by 8-14%, reduced BSFC by 10—18%, and decreased CO
by 32%, HC by 35%, and smoke emissions by 45%,
while  XGBoost achieved prediction accuracies
exceeding R? = 0.99, enabling effective multi-objective
optimization of emissions and engine performance (Bilal
et al. 2026). In addition, naturally derived antioxidants
obtained from eucalyptus, Pongamia leaf and neem
extracts improved the oxidation stability and combustion
behavior of Mango seed biodiesel with the optimized fuel
blend reducing HC by 22.22%, CO by 36.84%, smoke
opacity by 13.83%, and NOyx by 17.72%, while
shortening ignition delay by 44.95% and increasing peak
cylinder pressure to 74 bar (Dhairiyasamy ef al. 2025).

Besides fuel modification, advanced
combustion concepts and optimization techniques have
been extensively explored to improve combustion
efficiency while minimizing exhaust emissions.
Reactivity Controlled Compression Ignition (RCCI)
using Jatropha curcas biodiesel and gasoline improved
brake thermal efficiency by 0.2—1.2%, increased the net
heat release rate by 11.3-44.6%, and reduced NOx
emissions by 24.40-43.74% together with soot emissions
by 31.28-52.57%, while VIKOR optimization identified
optimum operating conditions for simultaneous
performance and emission improvement (Sengodan ef al.
2025). Likewise, rapeseed biodiesel and Pongamia
pinnata blended with n-butanol and optimized using
Response Surface Methodology reduced NOy emissions
by 7.07% and 6.58%, respectively, whereas Artificial
Neural Network models achieved superior prediction
accuracies ranging from 87.92% to 98.83% compared
with conventional regression approaches (Al Zubi et al.
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2024). CatBoost was selected because gradient-boosted
decision trees can model nonlinear interactions among
fuel blend, engine load, and compression ratio without
requiring a predefined functional relationship. Its ordered
boosting and regularization mechanisms also help control
overfitting in comparatively limited structured datasets.
Accordingly, CatBoost was employed to predict the two
principal performance responses, BTE and BSFC (Li et
al. 2025). The rapid advancement of ML and ANN has
provided efficient alternatives to conventional statistical
methods for predicting biodiesel production and engine
performance. ML models, including SVR, ANN, and
ANFIS, have been successfully employed to predict
diesel engine torque and NO, emissions, with SVR
demonstrating the highest prediction accuracy and
robustness for biodiesel engine applications (Rajakannu
et al. 2025).

Existing studies have mainly investigated
single-feedstock biodiesels, nanoparticle fuel additives,
or machine-learning prediction independently. However,
the combined use of equal proportions of rubber seed and
avocado seed biodiesel, 40 ppm green-synthesized Al.Os
nanoparticles, and CatBoost-based prediction of BTE
and BSFC has not been systematically reported. The
present study addresses this gap by integrating hybrid-
feedstock utilization, green nanoparticle-assisted fuel
modification, experimental Cl-engine evaluation, and
machine-learning prediction within a unified framework.
Accordingly, this study aims to: (i) determine the
physicochemical characteristics of rubber seed oil,
avocado seed oil, and the resulting hybrid biodiesel; (ii)
synthesize and characterize green Al.Os nanoparticles
using Syzygium cumini leaf extract; (iii) investigate the
influence of 40 ppm AlLOs nanoparticle-enriched
biodiesel blends on BTE and BSFC of a CI engine under
different loads and compression ratios of 15:1, 17:1, and
19:1; and (iv) develop CatBoost models for predicting
BTE and BSFC and assessing engine-performance
trends.

2. MATERIALS AND METHODOLOGY
2.1 Preparation of Hybrid Biodiesel

Rubber seed oil and avocado seed oil were
blended in an equal 1:1 proportion, and a two-stage
esterification—transesterification procedure was followed
with modifications (Yatish ef al. 2021). Because rubber
seed oil contained 4.36% free fatty acids, the blended oil
was initially subjected to acid-catalysed esterification.
Methanol was added at a methanol-to-oil molar ratio of
6:1, followed by 5 mL of H>SO4 per batch. The mixture
was maintained at 60 °C and stirred at 600 rpm for 60
min. After completion of acid esterification, the mixture
was allowed to settle, and the methanol-water phase was
separated. The acid-treated oil was subsequently
subjected to alkaline transesterification using 7 g of
NaOH dissolved in 150 mL of methanol. H>SO. was used

during the initial esterification stage to reduce the free
fatty acid content and minimize soap formation, whereas
NaOH was employed during the subsequent
transesterification stage to convert triglycerides into fatty
acid methyl esters. Thus, the acid and alkaline catalysts
were used sequentially rather than simultaneously. The
reaction was maintained at 60 °C and 600 rpm for 2 h.
The resulting mixture was transferred to a separating
funnel and allowed to settle for 1 h to separate the
glycerol and biodiesel phases. The recovered biodiesel
was repeatedly washed with distilled water until the wash
water became clear and reached neutral pH. Finally, the
purified biodiesel was dried in a hot-air oven at 105 °C
until constant mass was obtained. The resulting hybrid
biodiesel was then used for the preparation of ALO:s
nanoparticle-enhanced  fuel blends, where the
nanoparticles were synthesized using Syzygium cumini
leaf extract and aluminium nitrate nonahydrate
(AI(NO:s)3-9H20) as the aluminium precursor.

The biodiesel yield was calculated using Eq. (1):

mass of dried biodiesel (g)

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

initial mass of blended oils (g)

The biodiesel yield was determined gravimetrically as
the mass of purified and dried biodiesel relative to the
initial mass of blended feedstock oils.

2.2 Physicochemical Characteristics of
Feedstock Oils and Hybrid Biodiesel

Fuel properties were evaluated using the
corresponding standard procedures: density by ASTM
D4052, kinematic viscosity by ASTM D445, flash point
by ASTM D93, cetane number by ASTM D613, calorific
value by ASTM D240, moisture content by ASTM
D6304, acid value by ASTM D664, and pour point by
ASTM D97. For the feedstock oils, free fatty acid content
was determined by ASTM D5555, saponification value
by ISO 3657, and iodine value by ISO 3961. The
resulting biodiesel properties were compared with the
specification limits of ASTM D6751 and EN 14214 (Sai
etal 2022).

Table 1 summarizes the fatty acid composition
of the selected feedstock oils. Major fatty acids, including
linoleic, oleic, stearic, and palmitic acids, significantly
influence oxidation stability, combustion characteristics,
cold-flow behavior, and overall fuel quality. The
balanced fatty acid profile of avocado seed oil and rubber
seed oil makes them promising renewable feedstocks for
producing hybrid biodiesel with desirable fuel properties.
The principal physicochemical characteristics of
feedstock oils were presented in Table 2. Parameters like
free acid value, fatty acid content, viscosity,
saponification value, flash point, density, and moisture
provide important information regarding
transesterification efficiency, storage stability, and
biodiesel production potential. These properties were
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considered when selecting the operating conditions for
biodiesel synthesis.

Rubber
seed oil

Avocado

seed oil

1. Rubber seed oil and
Avocado seed ol (1:1
viv)

2. Heat the blended oils
t0 60 °C with continuous
stirring to obtain a
homogeneous mixture

@ Dissolving 7 g
NaOH in 150 mL
methanol

3. Prepare catalyst
solution: Dissolve 7 g
NaOH in 150 mL
methanol

Add 5 mL H2SOa \

4.Add 5 mL sulfuric
acid gradually with
constant stirring

5. Add catalyst solution to
preheated oil mixture (Oil :
Methanol molar ratio = 1 : 6)

10. Dry in hot-air oven at
105 °C until constant
mass is obtained

9. Wash repeatedly with
distilled water until wash
water is clear and neutral

(PH~T7)

Glycerol layer|
(Lower layer)

8. Obtain crude hybrid
biodiesel (Upper layer)

Biodiesel
layer (Uppe
layer)

7. Transfer to soparating
vessel and allow to
stand for 24 h

6. React at 60 °C for 2 h with
continuous stirring at 600 rpm

Usod for Preparation of Al203 Nanoparticle-
Fuel Blends

Syzygium cumini

nitrate

11. Purified hybrid

Al,O, nanoparticle-

biodiesel leaf extract

nonahydrate

o

is of ALLO,

i .
Canontiicies ALLO, nanoparticles

enhanced biodiesel

blends )

Fig. 1: Schematic representation of hybrid biodiesel production from rubber seed and avocado seed oils and the preparation
of Al,0; nanoparticle-enhanced biodiesel blends

Table 1. Fatty acid composition and significance of rubber
seed oil and avocado seed oil

Avocado Rubber

Fatty Acid Seed Oil Seed Oil Significance
(%) (%)
Palmitic acid Improves cetane number and
(C16:0) 19.32 984 oxidation stability
Stearic acid .
(C18:0) 0.68 891 Enhances storage stability
Oleic acid Improves oxidative stability
(C18:1) S s and combustion
Linoleic acid Enhances cold-flow
(C18:2) 1949 S characteristics
Linolenic acid Influences oxidation
(C18:3) ) s 16.12 resistance
Others 5.52 1.79  Minor fatty acid constituents

Table 2. Physicochemical properties of rubber seed oil and
avocado seed oil

Avocado Rubber

Property  geed Oil Seed Oil

Significance

Density at 15

Chams 0 912

Fuel energy content

Acid value
(mg KOH g™) 2.86

8.72 Indicates free fatty acid level

Kinematic
viscosity at 40  35.61 39.82 Atomization characteristics
°C (mm?s")
Saponification
value (mg 192.8 189.4  Biodiesel conversion potential
KOH g™)
Free fatty acid .
content (% as 143 436 Detennlneg pretreatment
oleic acid) requirement
Iodine value .
(21,100 g) 86.5 132.6 Degree of unsaturation
2
Flas? point 272 248 Storage safet
(°C) g y
I\;[grljgie 0.08 011 Influences transesterification
(Wt.%) ' ’ efficiency

A comparison of fuel characteristics of diesel
fuel and the prepared hybrid biodiesel is presented in
Table 3. Important fuel quality parameters, including
density, kinematic viscosity, cetane number, flash point,
pour point, and calorific value, were evaluated to
determine the suitability of the produced hybrid biodiesel
for compression ignition engine operation (Kannappan et
al. 2025). The measured values satisfied the
recommended biodiesel standards, confirming the
effectiveness of the transesterification process.
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Table 3. Properties of hybrid biodiesel and diesel

Property Hybrid Biodiesel ASTM D6751 Diesel
Density at 15 °C (kg 876 860-900 835
m?)
Kinematic viscosity at
40 °C (mm? s°) 4.52 1.9-6.0 2.84
Flash point (°C) 168 >130 68
Cf:tane I_1umber 54 >47 48
(dimensionless)
Calorific value (MJ 40.18 - 43.52
kg™)
Moisture content
(Wt%) 0.021 <0.05 —
Acid valueil(mg KOH 031 <0.50 o
g
Pour point (°C) -6 — -18

Physicochemical properties of diesel, hybrid
biodiesel blends, and Al:Os NPs-enhanced biodiesel
blends are presented in Table 4. Hybrid biodiesel blends
(B25, B50, B75, and B100) were prepared both without
nanoparticles and with 40 ppm ALOs nanoparticles
synthesized using Syzygium cumini leaf extract and
aluminium nitrate nonahydrate (Al(NOs)s-9H20) as the
aluminium precursor. Measured properties included
calorific value, density, relative viscosity, flash point and
kinematic viscosity.

Table 4. Physicochemical properties of diesel and hybrid
biodiesel blends without Al,0; nanoparticles

Kinematic

o ... Density at Calorific . Flash
Blend V%Y ysoC(g  Value(ky ReafYe  poine
at 40 °C cm-) kg e Viscosity ©C)
(mm?s™) 4
D100 2.84 0.834 43520 4.12 68
B25 3.21 0.842 42680 4.56 76
B50 3.66 0.851 41840 5.03 95
B75 4.08 0.862 41020 5.48 132
B100 4.52 0.876 40180 5.96 168

Table 5. Physicochemical properties of hybrid biodiesel
blends containing 40 ppm Al,0; nanoparticles

Kinematic . q
Blend Viscosity at Dlesn :l(t;y(at \?;;l::l(ili(‘c' Relative  Flash
40 °C (mm? T g o Viscosity Point (°C)
1) cm™) kg™M)e
B25 +
ALO: 3.12 0.843 42680 4.48 76
BS50 +
ALOs 3.56 0.852 41840 4.95 95
B75+
ALO: 3.96 0.863 41020 5.34 132
LD 4.39 0.877 40180 5.82 168

AlOs

The addition of 40 ppm AlLOs produced a
modest reduction in kinematic viscosity: from 3.21 to
3.12 mm? s7! for B25, 3.66 to 3.56 mm? s! for B50, 4.08
to 3.96 mm? s7! for B75, and 4.52 to 4.39 mm? s! for
B100. These changes correspond to reductions of
approximately 2.80%, 2.73%, 2.94%, and 2.88%,
respectively. In contrast, density changed by only 0.001
g cm>, and the measured calorific values remained
unchanged. Therefore, the results demonstrate a
viscosity-related modification rather than a general
improvement in all fuel properties. Furthermore,
incorporation of ALOs nanoparticles produced
measurable improvements in the fuel properties of the
hybrid biodiesel blends. Slight reductions in kinematic
viscosity together with stable density and calorific value
are expected to promote improved fuel atomization, more
efficient combustion, and enhanced engine performance.
The observed improvements suggest that nanoparticle
addition contributes positively to fuel quality without
adversely affecting the fundamental physicochemical
characteristics required for diesel engine applications.

The fuel property evaluation presented in Tables
1-5 confirms that hybrid biodiesel from rubber seed oil
and avocado seed oil, together with Al.Os nanoparticles
synthesized using Syzygium cumini leaf extract, exhibits
physicochemical properties suitable for compression
ignition engines (Borsato et al. 2026). The combination
of acceptable density, moderate viscosity, high flash
point, and adequate calorific value provides favorable
conditions for efficient combustion and supports
application of nanoparticle-assisted hybrid biodiesel as
sustainable alternative fuel.

2.3 Green Synthesis of Aluminum Oxide
Nanoparticles

Aluminum  oxide  nanoparticles  were
synthesized using physical, biological, and chemical
approaches. Chemical techniques generally involve
precipitation, sol-gel, and hydrothermal techniques,
whereas physical approaches include laser ablation and
thermal evaporation. Among these routes, green
synthesis has attracted considerable attention because it
utilizes naturally occurring phytochemicals as reducing,
complexing, and stabilizing agents, thereby minimizing
hazardous chemicals and improving environmental
sustainability (Amale et al. 2026).

Fresh Syzygium cumini leaves were washed with
tap water followed by distilled water to eliminate dust
and surface contaminants (Munir et al. 2024).
Approximately 10 g of clean leaves were shade-dried for
3 days, pulverized into a fine powder, and sieved to
obtain a uniform particle size for efficient extraction. The
powdered leaves were mixed with 100 mL of DIW in a
200 mL flask and heated at 60 °C for 60 min with
continuous ~ stirring. After cooling to ambient
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temperature, the extract was filtered through filter paper
and stored for subsequent nanoparticle synthesis.

An aqueous precursor solution was prepared by
dissolving (AI(NOs);-9H:0) in double-distilled water to
obtain 0.1 M solution. Subsequently, 10 mL of the
Syzygium cumini leaf extract was slowly introduced into
90 mL of the precursor solution while stirring
continuously at temperature below 50 °C for 90 min.
During reaction, the phytochemical constituents present
in the extract promoted the hydrolysis of aluminium ions
and facilitated the nucleation and growth of AlOs
nanoparticles. Polyphenols, flavonoids, and other
oxygen-containing constituents of Syzygium cumini
contain hydroxyl and carbonyl groups capable of
coordinating Al** ions. These groups can facilitate
precursor hydrolysis and nucleation while adsorbed
organic molecules restrict particle growth and
agglomeration. During calcination at 500 °C for 2 h, the
organic residues are decomposed and the aluminium
hydroxide intermediate is converted into aluminium
oxide. The shifts in the O—H band from 3390 to 3445
cm ! and the carbonyl-associated band from 1640 to 1635
cm! provide preliminary evidence of phytochemical
interaction; however, they do not independently establish
the ALOs crystalline phase. Formation of the
nanoparticles was indicated by the gradual appearance of
a milky white suspension.

The reaction mixture was ultrasonicated for 1
hour to improve particle dispersion and minimize
agglomeration (Saravanakumar et al. 2025). The
synthesized  nanoparticles  were  collected by
centrifugation at 14,000 rpm for 10 min, washing with
ethanol and distilled water to remove residual impurities.
The purified precipitate was dried in a hot-air oven and
finally calcined at 500 °C for 2 h to obtain crystalline
Al:O; nanoparticles.

A hybrid biodiesel was prepared by blending
rubber seed oil biodiesel and avocado seed oil biodiesel
at an equal 1:1 proportion. To prepare the nano-fuel, 40
ppm Al:Os NPs were first dispersed in a small quantity of
the hybrid biodiesel together with a suitable surfactant to
improve dispersion stability. The suspension was
subsequently mixed with the remaining biodiesel and
ultrasonicated at 40 kHz and 200 W for 50 min at ambient
temperature to achieve uniform nanoparticle distribution.
DLS analysis showed an average particle size of 30 + 5
nm. The prepared nano-biodiesel exhibited excellent
dispersion stability without noticeable sedimentation or
phase separation during 48 h of storage, indicating good
colloidal stability for engine performance evaluation.

2.4 FTIR and UV-Visible Spectroscopic
Analysis

Formation of Al.Os nanoparticles synthesized
using Syzygium cumini leaf extract was initially

examined by UV spectroscopy over a wavelength range
of 200-800 nm using a Shimadzu UV-1900i UV—Visible
Spectrophotometer with a resolution of 1 nm.

— Bio-diesel with Aluminum oxide nanoparticles:

Transmittance(%)

T v T T v r r
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 2: FTIR spectrum of Al,0; nanoparticle-enhanced
hybrid biodiesel

FTIR was employed to identify functional
groups responsible for reduction, stabilization, and
capping of AlOs nanoparticles synthesized from
Syzygium cumini leaf extract. Spectra were recorded
between 4000 and 400 cm™ using a Bruker ALPHA 1I
FTIR spectrometer equipped with an ATR diamond
crystal and a spectral resolution of 4 cm™.

For nano-fuel preparation, 40 ppm ALOs;
nanoparticles together with a suitable nonionic surfactant
were dispersed into 500 mL of hybrid biodiesel prepared
from rubber seed oil and avocado seed oil. The
suspension was ultrasonicated at 40 kHz and 200 W for
50 min at ambient temperature to obtain a homogeneous
dispersion before FTIR characterization.

Aluminum oxide nanoparticles

1635

1120
Aluminium nitrate nonahydrate

S — 595
f— V 720
16251380 | | 830

3420 . .
—— Syzygium cumini leaf extract

3445

Transmittance(%)

1380 515
1640 1045

3390
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 3: FTIR spectra of Syzygium cuminileaf extract,
aluminium nitrate nonahydrate precursor and synthesized
Al,0; nanoparticles

The FTIR spectrum of the nano-biodiesel
(Figure 2) exhibited a broad absorption band at 3420
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cm!, corresponding to O-H stretching linked with
hydroxyl groups of residual phytochemicals and
absorbed moisture. Strong bands observed at 2960 and
2925 cm™ were assigned to symmetric and asymmetric
C-H stretching of aliphatic hydrocarbons. A distinct
absorption peak at 1740 cm ' confirmed the ester
carbonyl (C=0) stretching vibration characteristic of
biodiesel methyl esters. Peaks located at 1605 cm™
represented C=C stretching vibrations, whereas
absorption bands at 1450 and 1375 cm™ were attributed
to CHz and CHs modes. Strong bands appearing at 1240,
1160, and 1050 cm™ corresponded to C—O stretching of
ester functional groups. Characteristic Al-O lattice
vibration was identified near 620 cm™, confirming
successful addition of Al:Os nanoparticles within
biodiesel matrix.

FTIR spectra of the Syzygium cumini leaf
extract, aluminium nitrate nonahydrate
[AI(NOs)s-9H20], and prepared Al.Os nanoparticles are
shown in Fig. 3. The leaf extract showed a wide band of
O-H stretching at 3390 cm’!, suggesting the presence of
hydroxyl-containing phytochemicals. It has bands in the
region of 1380, 1640, and 1045 cm-1, which were
assigned to vibrations of carbonyl groups, aromatic
groups, and C-0, respectively. The presence of a low-
wavenumber band was noticed near 515 cm™.
Aluminium nitrate nonahydrate exhibited bands at 3420,
1625, 1380, 1050, 830, and 720 cm ™. The strong band at
1380 cm! was mostly attributed to vibrations of the
nitrate ion. After the formation of the nanoparticles, the
Al:O; spectrum exhibited bands at 3445, 1635, 1120, and
595 cm!. The unique band at 595 cm™! was attributed to
Al-O lattice vibrations, which is consistent with the
formation of Al:Os nanoparticles. The changes in O-H
stretching (3390-3445 cm™) and carbonyl-associated
bands (1640-1635 cm™), along with the changes in the
band intensities, indicate that plant phytochemicals are
involved in complexation of aluminium ions and
stabilization of nanoparticles. UV—vis spectra in Fig. 4
and 5 were obtained to analyze the inclusion of key
absorption peaks and absorbing species.

Absorbance (a.u.)

T T T T T
200 250 300 350 400 450 500
Wavelength (nm)

Fig. 4: UV-visible absorption spectrum of Syzygium
cuminileaf extract and synthesized Al,0; nanoparticles

54 —— Syzygium cumini leaf extract
——— AI(NO3);9H,0-1
V\ —— AI(NO,;);-9H,0-2
44
=
S
@31
o
c
o
o
S 2
0w
Qo
<
14
04
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 5: UV-visible absorption spectra of aluminium nitrate
nonahydrate solution before and after Al,O; nanoparticle
synthesis

The optical properties of the synthesized Al-Os
nanoparticles were further investigated by UV-—visible
spectroscopy within the wavelength range of 200-800
nm. Unlike noble metal nanoparticles, AlOs;
nanoparticles do not exhibit surface plasmon resonance.
Instead, the absorption spectrum showed a strong band in
the ultraviolet region arising from electronic transitions
associated with aluminium oxide.

As illustrated in Figures 4 and 5, the Syzygium
cumini leaf extract exhibited an intense absorption peak
near 270 nm, originating from phenolic and flavonoid
compounds. The precursor solution containing
aluminium nitrate nonahydrate (AI(NOs)3-9H20)
displayed only weak absorption throughout the visible
region. After synthesis, a pronounced absorption
maximum appeared at approximately 350 nm, indicating
a change in the optical characteristics of the precursor
system that is consistent with nanoparticle formation.
However, this band alone does not definitively confirm
the AL:Os crystalline phase. The absence of absorption
bands above 400 nm indicates that no metallic
nanoparticles were produced during the synthesis
process. The observed spectral variation between the
precursor solution and the nanoparticle suspension
reflects the conversion of aluminium ions into stable
oxide nanoparticles. Visual observation also supported
nanoparticle ~ formation  through  the  gradual
transformation of the reaction mixture into a milky white
suspension, consistent with the successful synthesis of
Al20Os NPs.

2.5 Engine Experimental Setup

Performance properties of the prepared hybrid
biodiesel fuels were evaluated using a single-cylinder,
four-stroke, direct-injection variable compression ratio
diesel engine (Apex Innovations, Model: 661, India)
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coupled with an eddy-current dynamometer(Renish and
Amala, 2024). The engine was operated at a constant
speed of 1500 rpm, while brake loads of 2, 5, 8, and 11
kg were applied to investigate the influence of operating
conditions on engine performance. Test fuels consisted of
diesel (D100), hybrid biodiesel blends (B25, B50, B75,
and B100), and their corresponding 40 ppm AlLOs
nanoparticle-enhanced blends. A total of nine fuel
conditions were investigated: D100; B25, B50, B75, and
B100 without nanoparticles; and B25, B50, B75, and
B100 containing 40 ppm Al2Os. Each of the nine fuel
conditions was tested at three compression ratios (15:1,
17:1, and 19:1) and four brake loads (2, 5, 8, and 11 kg)
at a constant speed of 1500 rpm. Therefore, the
experimental design comprised 9x3x4=108 operating
conditions.

The hybrid biodiesel was prepared from equal
proportions of rubber seed and avocado seed oil, whereas
Al0s NPs were synthesized through a green route using
Syzygium cumini leaf extract with aluminium nitrate
nonahydrate (AI(NOs);'9H20) as the aluminium
precursor. To ensure a valid comparison among all test
fuels, identical fuel injection parameters, including
duration, injection pressure, and timing, were maintained
throughout the experiments. Fuel injection was fixed at
23° before top dead center for every operating condition.
Fuel consumption was recorded over a 60 s interval using
a glass fuel-measuring column connected to a
differential-pressure transmitter with a range of 0-500
mm WC. The injector-opening pressure was maintained
at 210 bar, while the injection timing was fixed at 23°
before top dead centre. Before testing, the load cell was
calibrated using standard weights, the fuel-flow
transmitter through zero-and-span calibration, the speed
sensor using a digital tachometer, and the temperature
sensors using a calibrated reference thermometer.
Measurement uncertainties were £10 rpm for engine
speed, £0.1 kg for load, £0.1 s for measurement time, and
+0.5% for fuel flow. Root-sum-square uncertainty
propagation produced maximum uncertainties of
approximately +1.6% for BTE and +1.4% for BSFC.

The experimental engine had a stroke of 110
mm, a bore of 87.5 mm, a rated output of 3.5 kW, and a
displacement of 661 cm?. The compression ratio was
adjusted using the engine's built-in VCR mechanism and
set at 15:1, 17:1, and 19:1 for the present investigation.
These compression ratios were selected to evaluate
combustion properties of hybrid biodiesel blends at
different compression conditions while maintaining
constant engine speed.

Engine loading was applied using a computer-
controlled eddy-current dynamometer, allowing accurate
control of brake load during testing (Dinesh ef al. 2025).
Performance parameters, including BTE and BSFC, were
continuously monitored through calibrated sensors
connected to a computerized data acquisition system.

Each of the 108 operating conditions was tested
in 3 independent replicates. The results are reported as
mean + standard deviation, calculated using:

T (x—%)?

n-1

SD = .. (2
where n is the number of replicates. Error bars

representing +£1SD have been included in the BTE and
BSFC figures.

2.6 Machine Learning-based Prediction Using
CatBoost Regression

CatBoost (Categorical Boosting) is an advanced
gradient-boosting machine learning algorithm developed
to improve prediction accuracy while minimizing
overfitting (Modi et al. 2025). The algorithm constructs
decision trees in a sequential manner; each new tree
learns from the residual errors of previously generated
trees through gradient boosting. CatBoost incorporates
ordered boosting and efficient tree-growing strategies
that enhance prediction accuracy, reduce prediction bias,
and provide robust performance even for relatively small
datasets. Owing to its high predictive capability and
excellent generalization performance, CatBoost has been
widely employed for nonlinear regression problems in
engineering applications.

In the present study, CatBoost regression was
employed to predict BTE and BSFC of a CI engine with
hybrid biodiesel blends prepared from rubber seed oil
methyl ester and avocado seed oil methyl ester. Al.Os
NPs synthesized through a green route using Syzygium
cumini leaf extract and aluminum nitrate nonahydrate
(AI(NO5)3'9H20) as the aluminum precursor were
dispersed into biodiesel blends at concentrations of 0 and
40 ppm.

The experimental dataset was generated from
engine performance tests conducted using five fuel
blends (D100, B25, B50, B75, and B100) at three ratios
(15:1, 17:1, and 19:1) and four engine loads (2, 5, 8, and
11 kg), maintaining a constant engine speed of 1500 rpm.
A total of 108 experimental operating conditions were
used for machine learning model development.

The predictor variables included biodiesel blend
percentage,  AlOs  nanoparticle  concentration,
compression ratio, engine load, lower heating value
(LHV), and brake power, whereas BTE and BSFC were
considered as target responses. Prior to model
development, incomplete observations were removed,
and the dataset was randomly divided into 80% training
and 20% testing using a fixed random seed to ensure
reproducibility. Separate CatBoost regression models
were developed independently for predicting BTE and
BSFC. The CatBoost hyperparameters were optimized
using grid search with five-fold cross-validation. The



K. Gopalakrishnan et a/. / J. Environ. Nanotechnol., Vol. Xx(x), xx-xx (20xx)

search evaluated iterations of 300, 500, and 800; tree
depths of 4, 6, and 8; learning rates of 0.01, 0.05, and
0.10; and L2 regularization coefficients of 3, 5, and 7.
The selected model used 500 iterations, a tree depth of 6,
a learning rate of 0.05, an L2 coefficient of 3, and the
RMSE loss function. A random seed of 42 was
maintained for reproducibility, with early stopping after
50 rounds.

The predictive performance of the developed
CatBoost models was evaluated by the coefficient of
determination (R?), root mean square error (RMSE),
mean absolute error (MAE), and mean absolute
percentage error (MAPE). Agreement between
experimental and predicted values was further examined
using experimental-versus-predicted scatter plots with
the 45° reference line, while feature importance was
performed to assess the relative influence of selected
operating parameters on engine performance.

3. RESULTS AND DISCUSSION
3.1 Engine Performance Analysis

The performance of prepared hybrid biodiesel
was evaluated by BTE and BSFC, which are widely
recognized as primary indicators of compression ignition
engine performance. Experiments were conducted using
hybrid biodiesel produced from equal proportions of
rubber seed and avocado seed oil, together with
corresponding 40 ppm ALOs; nanoparticle-enhanced
biodiesel blends. Performance tests were carried out
under different compression ratios and engine loading
conditions to assess the influence of nanoparticle
incorporation on combustion behavior and fuel
utilization.

The performance comparison was performed at
brake loads of 2, 5, 8, and 11 kg, while compression ratios
of 15:1, 17:1, and 19:1 were investigated. Particular
emphasis was placed on the 11 kg load because
combustion efficiency, thermal conversion, and fuel
consumption differences become more pronounced
under high-load operating conditions, providing a
reliable basis for evaluating the effectiveness of the
nanoparticle-improved hybrid biodiesel. The 11 kg
condition represented the maximum applied load and
produced the highest brake power and thermal loading.

3.1.1 Brake Thermal Efficiency

BTE represents the effectiveness with which
chemical energy contained in fuel was converted into
useful brake power. The Al:Os nanoparticles in hybrid
biodiesel noticeably enhanced combustion efficiency
compared with the corresponding nanoparticle-free
blends. The improvement was attributed to the large
specific surface area and high thermal conductivity of
Al:O; nanoparticles, which promote more efficient heat

transfer inside the combustion chamber and accelerate
oxidation reactions during combustion.

Addition of 40 ppm Al:Os produced modest
viscosity reductions of 2.80%, 2.73%, 2.94%, and 2.88%
for B25, B50, B75, and BI100, respectively. These
changes may modestly influence fuel flow and spray
behaviour; however, improved atomization cannot be
confirmed without direct spray-characterization data.
Improved atomization produced a finer fuel spray and
more homogeneous air-fuel mixing, leading to faster
flame development, complete combustion, and higher
heat release. Consequently, greater cylinder pressure and
improved combustion efficiency contributed to an
increase in brake thermal efficiency over the entire
operating range.

The hybrid biodiesel exhibited consistent
measured BTE and BSFC trends throughout the
investigated operating range. These combined effects
resulted in improved thermal energy conversion and
demonstrated the suitability of nanoparticle-assisted
hybrid biodiesel as an efficient alternative fuel for
compression ignition engines.

25
B25
825 ALO, NPs,
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Brake Thermal Efficiency(%

1511 17:1 19:1
Compression Ratio

Fig. 6: Maximum BTE of B25 and B25 + 40 ppm Al,O; blends

At the maximum engine load of 11 kg, the B25
+ 40 ppm Al2O; blend exhibited brake thermal efficiency
values of 20.71%, 21.66%, and 22.43% at compression
ratios of 15:1, 17:1, and 19:1, respectively. Under
identical operating conditions, the corresponding B25
blend without nanoparticles produced BTE values of
19.62%, 20.48%, and 21.14%, respectively. The
incorporation of Al-Os nanoparticles therefore improved
the maximum brake thermal efficiency by approximately
5.56%, 5.76%, and 6.10% for compression ratios of 15:1,
17:1, and 19:1, respectively. The improvement was
attributed to the enhanced catalytic activity and thermal
conductivity of Al:Os NPs, which promoted finer fuel
atomization, more homogeneous air-fuel mixing, and
improved combustion. Furthermore, a  higher
compression ratio facilitated improved combustion
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efficiency, resulting in greater heat release and effective
conversion of fuel energy as useful brake power.
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Fig. 7- Maximum BTE comparison of B50 and B50 + 40 ppm
Al;0; blends

Incorporation of Al:Os nanoparticles into the
hybrid biodiesel improved brake thermal efficiency by
enhancing fuel atomization, promoting more
homogeneous air-fuel mixing, and accelerating
combustion. Large surface area and high thermal
conductivity of nanoparticles facilitated improved heat
transfer inside combustion chamber, resulting in higher
heat release and efficient conversion of chemical energy
as useful brake power. The selected nanoparticle
concentration (40 ppm) provided stable combustion
without causing adverse combustion phasing under high-
load conditions.

Figure 7 presents comparison of maximum BTE
obtained for B50 blend and B50 + 40 ppm AL:Os blend at
ratio of 15:1, 17:1, and 19:1. Maximum engine (11 kg),
the B50 + 40 ppm Al:Os blend achieved BTE values of
22.1%, 22.8%, and 22.6%, whereas the corresponding
B50 blend recorded 20.85%, 21.5%, and 22.25%,
respectively. The addition of Al.Os NPs increased
maximum BTE by 6.00%, 6.05%, and 1.57% for the
compression ratios of 15:1, 17:1, and 19:1, respectively.
The measured results demonstrate changes in BTE and
BSFC only. Possible effects involving catalytic
oxidation, heat transfer, spray atomization, and
combustion kinetics are literature-based interpretations
because spray, cylinder-pressure, ignition-delay, and
heat-release measurements were not conducted. These
improvements indicate that the green-synthesized Al-Os
nanoparticles, prepared using Syzygium cumini leaf
extract ~and  aluminium  nitrate = nonahydrate
(AI(NOs)3-9H20), enhanced combustion efficiency and
thermal energy utilization, demonstrating the potential of
nanoparticle-assisted hybrid biodiesel for raising CI
engine performance. Similarly, hybrid AlOs/CeO-
nanoparticles incorporated into 20% castor biodiesel
(CB20) enhanced diesel engine performance, with the

CB20AS50C50 blend increasing brake power by 6.14%,
brake thermal efficiency by 20.38%, and reducing BSFC
by up to 8.29% compared with CB20 (Tesfaye et al.
2023).

3.1.2 Brake-specific Fuel Consumption

Incorporation of Al>Os nanoparticles into hybrid
biodiesel prepared from rubber seed oil and avocado seed
oil provides an effective approach for improving fuel
utilization in compression ignition engines. The
enhancement mainly arises from the high thermal
conductivity, large specific surface area, and combustion-
promoting characteristics of AlOs nanoparticles
synthesized using Syzygium cumini leaf extract and
aluminium nitrate nonahydrate (AI(NOs)3;-9H20). These
nanoparticles improve fuel atomization, accelerate
evaporation, and promote more homogeneous air-fuel
mixing inside the combustion chamber. Consequently,
combustion becomes more complete, increasing the
amount of useful energy extracted from the fuel and
reducing the quantity of fuel required to brake power
output. Stable dispersion of 40 ppm Al.Os nanoparticles
further contributes to efficient combustion throughout the
engine operating range.

Fig. 8 illustrates maximum BSFC of B25 blend
with and without 40 ppm Al-Os NPs at ratio of 15:1, 17:1,
and 19:1. At high engine load (11 kg), the B25 + 40 ppm
AlQOs blend recorded BSFC of 0.348, 0.323, and 0.306
kg kW h!, whereas corresponding B25 blend exhibited
0.365, 0.342, 0.326 kg kW™ h™!, respectively. Inclusion
of Al:Os NPs lowered BSFC 4.66%, 5.56%, and 6.13%
at compression ratios of 15:1, 17:1, and 19:1,
respectively. These results demonstrate that nanoparticle-
assisted hybrid biodiesel enhances combustion efficiency
and improves fuel economy under varying compression
ratios.
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Fig. 8: Maximum BSFC of B25 and B25 + 40 ppm Al,O;
blends

Figure 9 presents the comparison of the highest
BSFC for the B50 hybrid biodiesel blend with and
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without 40 ppm AlOs nanoparticles at ratios of 15:1,
17:1, and 19:1.
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Fig. 9: Maximum BSFC comparison of B50 and B50 + 40
ppm Al,O; blends

At the maximum engine load (11 kg), the BS0 +
40 ppm Al2O; blend recorded BSFC of 0.372, 0.347, and
0.326 kg kW' h'! at compression ratios of 15:1, 17:1,
and 19:1, respectively. Under the same operating
conditions, the corresponding B50 blend exhibited BSFC
0f 0.392, 0.369, and 0.351 kg kW™ h™'. Incorporation of
AlOs NPs lowered the maximum BSFC by 5.10%,
5.96%, and 7.12%, respectively. The reduction in fuel
consumption is attributed to improved fuel atomization,
enhanced thermal conductivity, and more efficient
combustion promoted by the AlOs nanoparticles
synthesized using Syzygium cumini leaf extract and
aluminium nitrate nonahydrate (AI(NOs)3;-9H20). These
improvements enabled better utilization of the fuel
energy and contributed to lower fuel consumption under
all compression ratios, demonstrating the effectiveness of
nanoparticle-assisted hybrid biodiesel in compression
ignition engines.

3.2 Performance of the CatBoost Regression
Models

This section evaluates the predictive capability
of the developed CatBoost regression models for BTE
and BSFC. The experimental dataset consisting of 108
operating conditions was divided into 20% testing and
80% training subsets. Separate CatBoost regression
models were developed for BTE and BSFC prediction
using biodiesel blend percentage, Al:Os nanoparticle
concentration, compression ratio, engine load, lower
heating value, and brake power as predictor variables.

The predictive performance of the developed
models was assessed by coefficient of determination (R?),
root mean square error (RMSE), mean absolute error
(MAE), and mean absolute percentage error (MAPE).
The obtained statistical indices demonstrate the excellent
capability of CatBoost in capturing nonlinear

relationships between engine operating parameters and
efficiency characteristics.

Table 6. Performance evaluation of CatBoost regression

models
Output R? MAE RMSE MAPE (%)
BTE 0.9967 0.2961 0.3884 1.353
BSFC 0.9918 0.007993 0.013138 1.730

Although the test-set R? values were high—
0.9967 for BTE and 0.9918 for BSFC—the dataset
contained only 108 observations. Therefore, these results
demonstrate strong interpolation within the investigated
dataset but do not independently exclude overfitting or
establish performance for external datasets

The CatBoost model developed for BTE
prediction achieved R? value of 0.9967, showing that
approximately 99.67% of variability at experimental data
were successfully explained by the model. Similarly, the
BSFC model yielded an R? value of 0.9918, confirming
excellent predictive capability. The low RMSE, MAE,
and MAPE values further demonstrate that the prediction
errors remained minimal throughout the operating range.
In previous study, hybrid Al:Os—TiO. and GO-CeO:
nanoparticles combined with Nannochloropsis biodiesel
(B20) and CNG at a dual-fuel PCCI engine reduced
brake-specific energy consumption by 8—14. CatBoost,
Random Forest, and XGBoost reached high prediction
(R? = 0.98-0.995) for engine performance and emission
modeling (Al Awadh and Michael, 2026). These results
indicate that CatBoost effectively learned the nonlinear
interaction among biodiesel blend composition,
nanoparticle dosage, compression ratio, and engine load.

3.3 Experimental Versus Predicted
Performance

Figures 10(a) and 10(b) compare the
experimental and CatBoost-predicted values for BTE and
BSFC obtained from the testing dataset.
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BSFC Prediction (R? = 0.9918)
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Fig. 10: Experimental and predicted values of BTE and BSFC

The data points are closely distributed around
45° reference line, showing excellent agreement between
measured and predicted values. Only minor deviations
are observed at a few operating conditions,
demonstrating close agreement within the held-out test
subset. However, this plot alone cannot exclude
overfitting or demonstrate generalization to independent
engine datasets.

The BTE prediction plot exhibits a nearly
perfect linear distribution with minimal scatter, whereas
the BSFC prediction plot also demonstrates excellent
correlation despite the relatively smaller numerical range
of BSFC wvalues. The obtained prediction accuracy
confirms that CatBoost is suitable for modeling nonlinear
engine performance data generated from hybrid biodiesel
fuels.

3.4 Residual Error Analysis

Residual analysis was performed to further
verify the robustness of the developed CatBoost models.
The residual error is defined as the difference between
experimental and predicted values. As shown in Fig.
11(a), the BTE residuals were distributed around the
zero-reference line over the predicted BTE range.
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Fig. 11: Residual plots for the predicted (a) BTE and (b) BSFC
responses

Most residuals remained between
approximately —0.5 and 0.75 percentage points, although
one relatively larger negative deviation of approximately
—1.0 percentage point was observed at the lower BTE
range. No continuous trend was evident with increasing
predicted BTE, indicating that the model did not
consistently overpredict or underpredict BTE. This
random distribution  supports the satisfactory
generalization capability of the model.

Similarly, the BSFC residuals shown in Fig.
11(b) were concentrated close to zero over most of the
predicted range. The larger residuals near a predicted
BSFC of approximately 0.66 kg kW™ h™! corresponded
to low-load operating points. In contrast, the reported
BSFC values of approximately 0.306—0.392 kg kW' h™!
corresponded to the maximum load of 11 kg.
Nevertheless, the errors remained small relative to the
complete BSFC range and did not exhibit a clear
systematic pattern. These observations agree with the low
RMSE, MAE, and MAPE values obtained for the BSFC
model.

The random dispersion of the residuals around
zero confirms that improved models adequately captured
relationships between selected engine operating variables
and the corresponding performance responses. The
residual analysis therefore supports the accuracy
indicated by the high R? values obtained for BTE and
BSFC.

3.5 Feature Importance Analysis

Feature-importance scores quantify the relative
influence of each predictor on model predictions within
the present dataset. These scores indicate predictive
association and should not be interpreted as evidence of
causal effects on engine performance. LHV and brake
power were included as measured operating variables;
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however, both are mathematically related to BTE and
BSFC. Their inclusion may therefore increase predictive
accuracy through target-related information.
Accordingly, the reported models are interpreted as
performance-interpolation models within the measured
dataset rather than fully independent predictive models.
Biodiesel blend percentage also contributes significantly
owing to the variations in fuel properties with increasing
biodiesel concentration. In contrast, Al2Os nanoparticle
concentration exhibits comparatively lower importance
because only two dosage levels (0 and 40 ppm) were
investigated. Nevertheless, nanoparticle addition still
contributed positively toward improving prediction
accuracy.

Table 7. Relative importance of predictor variables obtained
from CatBoost

Predictor BTE (%) BSFC (%)
Engine load 314 342
Brake power 24.8 26.3

Compression ratio 18.6 17.5
Biodiesel blend (%) 14.3 12.8
LHV 7.2 6.5

AlO; concentration 3.7 2.7

Superior performance of the CatBoost models
was attributed to the ability of gradient boosting decision
trees to efficiently capture nonlinear interactions between

engine conditions and fuel properties. Unlike
conventional ~ regression  techniques,  CatBoost
sequentially minimizes prediction errors  while

incorporating regularization mechanisms that reduce
overfitting. That trends with the incorporation of Al.Os
nanoparticles into B20 dairy milk scum biodiesel,
CatBoost outperformed Random Forest in predicting
engine efficiency and emission properties (Modi et al.
2025).

High prediction accuracy obtained in the present
study demonstrates that CatBoost provides reliable
estimates of both BTE and BSFC over the investigated
operating range. Such predictive capability reduces the
need for extensive experimental trials and offers a
computationally efficient tool for engine performance
assessment. The developed models may provide a basis
for future optimization studies; however, no optimization
algorithm or independently validated optimum operating
condition was established in the present investigation.

3.6 Emission Analysis and Environmental
Impact

The present study mainly evaluated the engine
efficiency of hybrid biodiesel through BTE and BSFC.
Nevertheless, environmental implications of
incorporating Al-Os nanoparticles into hybrid biodiesel

prepared from rubber seed oil and avocado seed oil were
also important for assessing its suitability as a sustainable
alternative fuel. Although exhaust emissions were not
experimentally measured in this investigation, previous
research has shown that Al:Os NPs improve combustion
efficiency by promoting finer fuel atomization, enhanced
air-fuel mixing, and more complete oxidation of fuel
(Gopidesi et al. 2025).

The AlL:Os nanoparticles synthesized using
Syzygium cumini leaf extract and aluminium nitrate
nonahydrate (AI(NOs);-9H20) are expected to enhance
combustion stability without adversely affecting fuel
properties. The influence on nitrogen oxides (NOx) may
vary because higher combustion temperatures can
increase thermal NO, formation, whereas shorter
combustion duration and improved oxidation may
partially  offset this effect. Therefore, future
investigations will include a comprehensive analysis of
exhaust emissions to validate environmental benefits of
Al20s nanoparticle-improved hybrid biodiesel under
various engine operating conditions.

4. CONCLUSIONS

A rubber seed—avocado seed hybrid biodiesel
was prepared in an equal 1:1 proportion and enhanced
with 40 ppm ALO; nanoparticles synthesized using
Syzygium cumini leaf extract. Nanoparticle formation
was  preliminarily supported by the UV-visible
absorption near 350 nm, the AI-O FTIR vibration near
595 cm™!, and a DLS particle size of 30 + 5 nm. The
novelty of the study lies in integrating this hybrid
biodiesel-nanoparticle system with CatBoost-based
performance prediction. At the maximum load of 11 kg,
B25 + Al:Os increased BTE by 6.10% and reduced BSFC
by 6.13% at a compression ratio of 19:1. B50 + Al:Os
produced a maximum BTE improvement of 6.05% at
17:1 and a maximum BSFC reduction of 7.12% at 19:1.
The CatBoost models achieved R? values of 0.9967 for
BTE and 0.9918 for BSFC using 108 operating
conditions and an 80:20 train—test split. These results
demonstrate improved BTE and BSFC for B25 and B50
within the investigated conditions of 1500 rpm, loads of
2—-11 kg, compression ratios of 15:1-19:1, and an AL.Os
concentration of 40 ppm. However, the nanoparticle
crystalline phase, direct combustion behaviour, exhaust
emissions, and external model generalizability were not
established. Future work should include XRD and
SEM/TEM-EDX characterization, combustion and
emission measurements, validation using larger datasets,
and independent optimization of the fuel and engine
parameters. In addition, the integration of CatBoost
provides an efficient predictive framework that can
minimize experimental effort and support future
optimization  of  nanoparticle-assisted  biodiesel
formulations for sustainable engine applications.
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