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ABSTRACT

The growing demand for alternative fuels has highlighted biodiesel as sustainable substitute for fossil diesel. In
this study, biodiesel was produced from sunflower seed oil using heterogeneous catalyst synthesized from natural
kaolin into sodalite via hydrothermal process. The synthesized catalyst was characterized using XRD, FTIR and
SEM-EDS, confirming the transformation of kaolinite to sodalite. The transesterification reaction was conducted
under varying methanol-to-oil molar ratios (1:12, 1:18, and 1:24) and temperatures (60, 65, and 70°C). A Taguchi
orthogonal array (L9) was employed to statistically evaluate the effects of these parameters on methyl ester yield.
Experimental results showed that both methanol ratio and reaction temperature significantly influenced biodiesel
yield, with the highest yield of 90.44% obtained at 70°C and 1:18 molar ratio. Signal-to-noise ratio and ANOVA
analysis indicated that the methanol-to-oil ratio was the most dominant factor (46.05%) compared to temperature
(40.55%). The resulting biodiesel exhibited a flash point of 158°C, acid value of 0.06 mg-KOH/g, and iodine
value of 84.06 g-1./100g, satisfying most ASTM D6751 and SNI 7182:2015 standards, though viscosity and
density exceeded standard limits. Emission testing showed 16% reduction in CO emissions with increasing
biodiesel blends, while NO and NOy emissions slightly increased.

Keywords: biodiesel, heterogeneous catalyst, sodalite, sunflower oil, Taguchi method.

1. INTRODUCTION Environmental pollution is a direct

The transportation system and industrial
development play a crucial role in the
economic growth of countries
worldwide. Currently, the primary issue
faced by both transportation and industrial
sectors globally is energy supply, which is
predominantly fulfilled by fossil fuels such as
gasoline and diesel [1,2]. The rapidly
increasing global energy demand, driven by
population growth and economic activity,
could lead to a fossil fuel crisis [3-5].
Moreover, fossil fuels emit substantial
amounts of greenhouse gases [6,7].

consequence of uncontrolled fossil fuel
consumption and emissions from
conventional energy sources [8,9]. The
growing awareness of environmental impacts
and stricter emission regulations have driven
the search for alternative renewable fuels to
replace petroleum-derived diesel [10] . In this
context, biodiesel has received increasing
attention as a renewable substitute for
conventional diesel fuel [11]. Biodiesel has
similar characteristics to petroleum diesel
and can therefore be used in conventional
compression ignition engines either in pure
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form or blended with diesel without requiring
major modifications [12,13]. Biodiesel can
be produced from a wide variety of plant
sources. Non-food crops such as Jatropha
curcas oil [14,15], kesambi oil [16], Ceiba
pentandra oil [17], and Reutealis trisperma
oil [18] have been investigated as potential
feedstocks. Among these, sunflower oil is
currently considered a promising biodiesel
feedstock due to its low free fatty acid

content, high availability, and non-
competition with food sources [19].
However, the efficiency of biodiesel

production heavily depends on the type of
catalyst used. Heterogeneous base catalysts
are gaining popularity due to their reusability,
high thermal stability, and reduced
environmental  impact compared to
homogeneous catalysts. One of the most
widely used materials is zeolite. Various
types of zeolites have been extensively
applied in previous studies for biodiesel
production, such as ZSM-5 [20], Na-X
zeolite [21] , zeolite-P [22], Na-Y zeolite
[23], and another highly promising zeolite,
sodalite [24,25].

Sodalite, a type of zeolite mineral, is among
the most promising heterogeneous base
catalysts due to its strong basicity, large
surface area, and good chemical stability,
making it a suitable candidate for
transesterification reactions in biodiesel
production [26]. Despite its potential, the
synthesis of sodalite from natural raw
materials like kaolin remains limited. Kaolin,
an abundant aluminosilicate mineral,
contains suitable levels of SiO2 and Al2Os for
sodalite synthesis [27,28]. Through proper
chemical activation and modification, kaolin
can be converted into sodalite via
hydrothermal treatment in an alkaline
environment [29]. This process not only adds
value to natural kaolin but also yields an
environmentally friendly catalyst with high
efficiency for biodiesel production. Utilizing
kaolin as the raw material can thus make
sodalite production more economical and
sustainable [30].

Previous studies on biodiesel production
from sunflower oil include Simbi et al. [31],
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who reported the synthesis of fatty acid
methyl esters (FAME) from waste sunflower
oil using a novel CaO/Al:O; catalyst,
achieving a yield of 98.23% at optimal
conditions (2.5 wt% catalyst loading, 5-hour
reaction time, and 60°C). Dueso et al. [12]
investigated the use of antioxidant additives
in sunflower biodiesel, which resulted in a
3.0% reduction in NOx emissions and a 4.4%
reduction in smoke opacity compared to pure
biodiesel. CO and HC emissions increased
slightly but remained lower than those of
petroleum diesel. Salmasi et al. [32]
produced biodiesel using a K>COs catalyst
derived from talc, achieving a 98.4% yield at
338 K, with 4 wt% catalyst loading and a 6:1
methanol-to-oil molar ratio.

The methanol-to-oil molar ratio and
transesterification temperature are -critical
factors in biodiesel production as they
influence  the  efficiency  of  the
transesterification reaction and the quality of
the resulting biodiesel [33,34]. Methanol is
the primary reactant in the formation of
methyl esters (biodiesel) and glycerol by-
products. An optimal methanol-to-oil ratio is
crucial, as insufficient methanol leads to
incomplete reactions, while excess methanol
complicates product recovery and separation.
Additionally, the transesterification
temperature affects reaction rate and
conversion efficiency, with optimal reactions
typically occurring near methanol's boiling
point (60-65°C) [35]. Low temperatures
result in slower reactions and lower
conversion, while  excessively  high
temperatures may degrade the oil or form
undesirable by-products.

Based on these issues, this study aims to
optimize  biodiesel = production  from
sunflower oil using sodalite as a catalyst and
the Taguchi method for process optimization.
The Taguchi method offers a statistically
robust approach for process optimization,
requiring a relatively small number of
experimental trials while still providing
scientifically significant insights. In the
context of biodiesel production from
sunflower oil using sodalite-based catalysts,
the Taguchi method is particularly effective,
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as it facilitates the identification of the most
influential process parameters, specifically
the methanol-to-oil molar ratio and reaction
temperature. The study focuses on the effects
of wvarying methanol-to-oil ratios and
transesterification temperatures on biodiesel
yield, as well as emission analysis of NO,
NOy, and CO gases using the resulting
biodiesel blends in a diesel engine.

2. RESEARCH METHODS

2.1 EQUIPMENT AND MATERIALS
The equipment used in the biodiesel
production process includes a three-necked
flask, analytical balance, hotplate magnetic
stirrer, condenser tube, water pump, tubing,
beaker glass, thermometer, magnetic stirrer,
dropper, retort stand, separating funnel and
gas analyzer. The materials required in this
study include sodium aluminat purchased
from Sigma Aldrich, sodium hydroxide and
methanol purchased from Merck. The
chemicals above use pro-analysis. Other
materials used include natural kaolin from
Bangka Belitung, Indonesia, demineralized
water, and sunflower oil purchased from
Horecaba Jaya Makmur.

2.2 SYNTHESIS

CATALYST
The sodalite catalyst was synthesized via a
hydrothermal method using a polypropylene
bottle. The molar ratio used for synthesis was
2S102:A1203:3Na20:128H20.  First, 4.47
grams of sodium hydroxide (NaOH) were
dissolved in 52.5 grams of demineralized
water in a polypropylene bottle while stirring
until fully dissolved. Then, 12 grams of
kaolin were gradually added and stirred for
15 minutes until homogeneous.
Subsequently, 1.8 grams of sodium aluminate
(NaAlO2) were added and stirred at room
temperature for 24 h. The resulting mixture
was aged for another 24 h at room
temperature before undergoing hydrothermal
treatment at 100°C for 24 h. After the
hydrothermal process, the mixture was
cooled, filtered to separate the solid and
liquid  phases, and washed with
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demineralized water until reaching pH of
around 8-9. The solid product was then dried
at 100°C in an oven for 24 h. The synthesized
solid was characterized using XRD, FTIR,
and SEM-EDS.

2.3 CATALYST CHARACTERIZATION
The synthesized catalyst was characterized
using X-ray diffraction (XRD) with a Bruker
D2 Phaser instrument and CuKa radiation (A
= 1.54 A) within a 20 range of 5°—60° to
determine the catalyst's phase. FTIR analysis
was conducted using a Nicolet Avatar 360 IR
spectrometer to identify the bonds and
functional groups present in the catalyst. The
spectra were recorded in the 400-1400 cm™
range using the KBr pellet technique.
Scanning electron microscopy and energy-
dispersive X-ray analysis (SEM-EDS) were
performed with a Hitachi-Flexsem 1000 to
observe the morphology and elemental
composition of the catalyst

2.4 BIODIESEL. PRODUCTION FROM
SUNFLOWER OIL

The production process began with an
esterification stage in which sunflower oil
was reacted with methanol in the presence of
sulfuric acid as a catalyst. The molar ratio of
oil to methanol used was 1:12, and 2% H2SO4
by oil weight was added. The esterification
reaction was carried out at 65°C for 2 h. After
the reaction, the mixture was allowed to settle
for 24 h to form two layers. The bottom layer
was collected and prepared for the
transesterification stage.

In the transesterification stage, the esterified
oil was reacted with methanol at molar ratio
of 1:12 to produce methyl esters (biodiesel).
Methanol was first mixed with sodalite
catalyst (2 wt% of oil) under stirring, and
then added to the sunflower oil. The mixture
was stirred at 900 rpm at 60°C for 2 h. After
the reaction, the mixture was poured into a
separating funnel to form two layers. The
biodiesel layer was analyzed using GC-MS.
The same steps were repeated with variations
in the molar ratio of methanol to oil of 1:18
and 1:24 and transesterification temperatures
of 65 and 70°C.
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2.5 EXPERIMENTAL DESIGN USING
TAGUCHI METHOD

This study investigated the factors affecting

biodiesel production from sunflower oil,

particularly the methanol-to-oil molar ratio

and reaction temperature. Three levels were

tested for each factor, as summarized in
Table 1.

Table 1. Design factors and levels of
transesterification reaction parameters.

Parameter Levell Level2 Level3
Methanol:Oil
Molar Ratio 12:1 18:1 24:1
Reaction
Temperature 60 65 70
O

The experimental results (biodiesel yield)
were analyzed using the Taguchi method and
ANOVA with Minitab software. The analysis
provided insights into factor contributions,
signal-to-noise (S/N) ratios, and optimal
parameter combinations for maximizing
biodiesel production from sunflower oil.

3. RESULTS AND DISCUSSION

The X-ray diffraction analysis results for
kaolin and sodalite samples are presented in
Figure 1. The diffractogram shows a
transformation of the characteristic peaks of
kaolin into those of sodalite-type zeolite. The
distinctive diffraction peaks for kaolinite are
observed at 20 values around 12.36°, a broad
peak between 19.89-21.27, 24.78°, 34.82—
35.99°, 37.77-39.27°, 38.61°, and a minor
peak at approximately 45.57". These peaks
are consistent with previous studies [36-38],
where the characteristic kaolin peaks appear
at 20 = 12.34" and 24.64°, with broadening
between 34-40°. In contrast, the sodalite
sample displays new diffraction peaks at 20 =
13.90°, 24.31°, 31.7°, 34.57", and 42.72°,
indicating the formation of the sodalite phase,
as also reported by Yu et al. [39]. Moreover,
the diffraction peaks of the synthesized
sodalite sample exhibit a pattern consistent
with the standard reference. The XRD pattern
of the sodalite sample reveals the absence
(disappearance) of the kaolinite phase,
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confirming the complete conversion to
sodalite. This suggests that the kaolinite
framework underwent transformation into a
Si-O-Al framework during the synthesis
process, which involved mixing, aging, and
crystallization.

© Kaolinite O Sodalite

o =]
o O o Sodalite
- Jl A M

1 J Standard of Sodalite
0 A L A _L
o]
o o © Kaolin
10 20 30 40 50
26 (°)

Figure 1. Diffraction of kaolin, standard and
sodalite.

The FTIR spectra in Figure 2 show the
differences in functional group
characteristics between kaolin and sodalite.
Kaolin exhibits absorption bands at 538 cm ™!,
associated with AI-OH vibrations, and at 694
cm™!, corresponding to Al-O-H bending
vibrations. The bands at 753 and 792 cm ™! are
attributed to Si—O-Al stretching vibrations
[40]. The absorption in the range of 1107—
1029 cm! is linked to Si—O-Si stretching
vibrations [41]. These characteristic peaks of
kaolin disappear in the synthesized sodalite,
indicating the transformation from the
kaolinite phase to the sodalite framework.
The absorption bands for sodalite are
observed at 988 cm! (asymmetric T-O-T
stretching, where T = Si or Al), 723 cm ™! and
659 cm™!' (symmetric T-O-T stretching), and
697 cm™! (Al-O-H vibration) [29]. The region
between 500-650 cm! is attributed to the
vibrations of four and six-membered rings in
the sodalite framework [42]. The differences
in absorption bands between kaolin and
sodalite confirm the phase transformation, as
also supported by the XRD results.
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Figure 2. Diffraction of kaolin and sodalite.
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Figure 3. (a) SEM image of sodalite, (b)
SEM-EDS results of sodalite.

The Figure 3 shows the surface morphology
and elemental composition analysis of
sodalite using a Scanning Electron
Microscope (SEM) at a magnification of
30,000. The sample exhibits an irregular
surface structure with a granular appearance
and significant particle agglomeration. The
analysis using ImagelJ software revealed that
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the particle size distribution of sodalite was
predominantly in the range of approximately
10-50 nm (Figure 4). This morphology
indicates the presence of nano-sized particle
aggregates forming irregular clusters. EDS
analysis shows high-intensity peaks for O,
Na, Al, and Si, corresponding to the main
chemical composition of sodalite, with no
significant contamination detected.

The presence of these elements confirms that
the sample possesses a characteristic zeolitic
structure, with the main constituents being
oxygen, sodium, aluminum, and silicon. The
highest composition was found in oxygen
atoms at 35.22%, followed by silicon and

aluminum at 23.56% and 22.02%,
respectively.
400
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Figure 4. Sodalite particle size distribution.
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Table 2. Response table for signal to noise
ratios.

Reaction
Level Methanol:oil ratio temperature
(W)

1 36.11 36.09

2 37.77 38.09

3 38.52 38.23
Delta 241 2.15
Rank 1 2

Table 2 presents the analysis results using the
Taguchi method, which aims to identify the
most optimal combination of process
parameters based on the Signal-to-Noise
(S/N) ratio with the "larger is better"
criterion. In this context, a higher S/N value
corresponds to better output quality. The
table compares two process factors methanol-
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to-oil ratio and reaction temperature each
evaluated at three levels. The values in the
columns represent the average S/N ratio for
each level of the respective factors, while A
(Delta) indicates the difference between the
maximum and minimum S/N values for each
factor [18]. The Rank column reflects the
relative influence of each factor on the output
quality. From the results, it is evident that the
methanol-to-oil ratio exhibits the highest
Delta value (2.41) compared to the reaction
temperature (2.15), indicating that this factor
has a more significant impact on the output.

Table 3. Annova Analysis for S/N Ratio.

This is also reflected in its rank (Rank 1).
This finding implies that variations in the
methanol-to-oil  ratio  contribute = more
substantially to improving the quality of the
output such as methyl ester conversion in
biodiesel production than variations in
reaction temperature. Furthermore, level 3
for both factors yields the highest S/N values,
suggesting that the combination of level 3
methanol-to-oil ratio and level 3 reaction
temperature represents the most optimal
process parameters to achieve the best
experimental results.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Methanol:oil ratio 2 622.1 46.05% 622.1 311.07 6.88 0.051
Reaction 2 5479 40.55% 5479 27395 6.05 0.062
temperature
Error 4 181.0 13.40% 181.0 4524
Total 8 1351.0 100.00%
Main Effects Plot for SN ratios
Data Means
Methanol:oil ratio Reaction temperature
385 .

380

7.5

370

Mean of SN ratios

6.5

36.0
12:1 18:1

Signal-to-noise; Larger is belter

24:1

&5 70

Figure 5. S/N plot ratio from methanol:oil ratio and reaction temperature to response of

biodiesel yield.

Table 3 and Figure 5 present the results of the
analysis of variance (ANOVA) conducted
within the Taguchi experimental framework,
aimed at assessing the significance and
contribution of each factor to the total
variability in the system. The two main
factors analyzed were the methanol-to-oil
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ratio and reaction temperature, each with 2
degrees of freedom (DF), while the error term
had 4 DF, resulting in a total of 8 DF. In the
ANOVA, the Sequential Sum of Squares
(Seq SS) and Adjusted Sum of Squares (Adj
SS) quantify the variance contribution of
each factor to the overall system variance
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[43]. These results provide quantitative
insight into the relative influence of each
factor on the final outcome. The S/N ratio
analysis from the response table shows that
for the methanol-to-oil ratio factor, the
average S/N values increase from level 1 to
level 3, specifically 36.11, 37.77, and 38.52,
respectively. Similarly, for the reaction
temperature factor, the S/N values rise from
36.09 at level 1 to 38.23 at level 3. The Delta
value (difference between maximum and
minimum S/N) for the methanol-to-oil ratio
is 2.41, which is higher than that of reaction
temperature at 2.15, indicating that variations
in the methanol-to-oil ratio have a greater
impact on the output compared to
temperature variations. Consequently, the
methanol-to-oil ratio ranks first in terms of its
influence on product quality. The ANOVA
results reveal that the methanol-to-oil ratio
contributes the largest proportion of variance
in the system at 46.05%, followed by reaction

temperature at 40.55%. The error term
accounts for 13.40% of the total variance,
which is within acceptable limits and
indicates that most variability in the system
can be explained by the factors under study.

The F-values for the methanol-to-oil ratio
and reaction temperature are 6.88 and 6.05,
respectively, suggesting a relatively strong
influence. However, the corresponding P-
values are slightly above the conventional
significance threshold of 0.05, with 0.051 for
the methanol-to-oil ratio and 0.062 for
reaction temperature. This indicates that,
while not statistically significant at the 95%
confidence level, these factors remain
practically important for process decision-
making. Despite the P-values exceeding 0.05,
the substantial contribution of both factors
and their high F-values underscore the
necessity of considering them in process
optimization. The combination of parameter
levels at their highest settings (level 3) for
both factors can serve as a starting point for
enhancing process efficiency.

80 95
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‘?.- 70 —B— Yield (%) L 90
Q 4
2 60 89
o
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Oil:methanol Ratio
Figure 6. Biodiesel yield.

Figure 6 illustrates the relationship between
the oil-to-methanol molar ratio and
transesterification temperature on biodiesel
yield. Generally, increasing both temperature
and methanol ratio significantly improves
biodiesel yield. At 60°C, yields range from
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52.43% to 81.3%, indicating that this
temperature is relatively suboptimal.

Raising the temperature to 65°C increases
overall yield, reaching a maximum of
85.96% at a 1:24 molar ratio. Further
increasing the temperature to 70°C results in
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even higher yields, with the peak value of
90.44% observed at a 1:18 molar ratio. This
demonstrates that the combination of
elevated temperature and an appropriate
methanol ratio critically influences the
efficiency of the transesterification reaction
[44].

From a scientific perspective, the
transesterification reaction is governed by
reaction kinetics and chemical equilibrium.
Higher temperatures accelerate the reaction
rate by increasing molecular kinetic energy;
however, excessively high temperatures may
cause methanol evaporation, reducing
reaction efficiency or even lowering yield
due to equilibrium shifts [45]. Similarly, a
high methanol ratio can drive the equilibrium
toward ester (biodiesel) formation, but
excessive methanol may lead to emulsion
formation or difficulties in product
separation. The optimum yield was achieved

at 70°C and a 1:18 molar ratio, which was
90.44%.

The biodiesel properties derived from
sunflower oil demonstrate compliance with
several standards set by ASTM D6751 and
SNI 7182:2015 (Table 4). The flash point of
the biodiesel was recorded at 158°C,
significantly exceeding the minimum
standard of 101°C, indicating good thermal
stability at elevated temperatures [31]. Flash
point is a critical property related to the
flammability characteristics of the fuel [46].
The iodine value of 84.06 g [/100 g is well
below the maximum allowable limit of 120 g
/100 g, suggesting a low degree of
unsaturation and oxidation in the biodiesel
[47]. Furthermore, the very low acid number
of 0.06 mg KOH/g reflects a clean biodiesel
quality with minimal free fatty acid content,
as high acid numbers can cause severe
corrosion in engine fuel systems [48].

Table 4. Properties test results of biodiesel sample.

No Parameter Result Unit Test Method Standard
(ASTM
D6751)
1 Flash Point 158 °C ASTM D92 Min 101
2 Kinematic Viscosity at 17.39 cst ASTM D445 3.5-5
40 °C
3 lodine Value 84.06 g-I/100g  SNI 7182:2015 Max 120
4  Density at 15 °C 961 kg/m’ Picnometer 860-900
5 Acid Number 0.06 mg-KOH/g SNI 7182:2015 0.5
6  Pour Point 1 °C ASTM 2500 Max 18

However, some parameters warrant further
attention. The kinematic viscosity at 40°C
was measured at 17.39 c¢St, exceeding the
standard range of 3.5-5 cSt. This elevated
viscosity may affect biodiesel performance in
engines, particularly regarding fuel flow and
combustion efficiency. Biodiesel viscosity
values exceeding the standard can be
attributed to several scientific factors, one of
which is the presence of unconverted
triglyceride compounds due to incomplete
transesterification. Additionally, low storage
temperatures may induce crystallization of
certain components, thereby increasing
resistance to flow. Therefore, quality control
and optimization of reaction parameters are
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crucial to ensure that the viscosity of
biodiesel complies  with  established
standards. The density of the biodiesel was
also recorded at 961 kg/m?, slightly above the
recommended range of 860-900 kg/m?,
which could influence the energy content per
unit volume of the fuel. Nevertheless, the low
pour point of 1°C indicates that the biodiesel
can be used effectively in cold weather
conditions while maintaining adequate fuel
flow. Overall, the biodiesel exhibits
promising potential, with certain properties
meeting or exceeding standards, though some
parameters require optimization to fully
comply with operational criteria for optimal
performance.
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Figure 7 illustrates the relationship between
fuel blend types and the concentrations of NO
and NOx gas emissions. NOx emissions
(nitrogen oxides) consist of NO (nitric oxide)
and NO: (nitrogen dioxide), which are
byproducts of the combustion process in
diesel engines. The graph shows that as the
percentage of biodiesel in the fuel blend
increases, the NOx emissions also tend to
increase. However, a slight decrease in NO
and NOx emissions is observed when using
B40 fuel. The increase in NO and NOx
emissions is relatively insignificant when
transitioning from pure diesel (D100) to B30,
with an approximate rise of 3 ppm for each
incremental biodiesel blend.

This phenomenon suggests the existence of
an optimal biodiesel blend, where the highest
NO and NOx emissions occur at B30 fuel.
This is attributed to the higher oxygen
content in biodiesel compared to pure diesel
(D100), which generally leads to higher
combustion temperatures. Elevated
temperatures tend to enhance NOy formation
due to the accelerated reaction between
nitrogen and oxygen in the air under high-
temperature  conditions. Similarly, NO
emissions exhibit an increasing trend
corresponding to higher biodiesel content in
the fuel.
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Figure 7. Results of NO and NOx gas
emission tests from fuel mixtures.

The lowest NO and NOx emissions were
recorded for D100 fuel, at 56.15 ppm and
58.5 ppm respectively, whereas the highest
emissions were observed for B40 fuel, at
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64.35 ppm and 67.42 ppm respectively. This
corresponds to an approximate 13% increase
in NO and NOy emissions from D100 to B30.
Numerous studies have reported that
blending biodiesel with diesel fuel increases
NOx emissions, primarily due to the higher
oxygen content in biodiesel compared to
conventional diesel. These findings are
consistent with previous research by
Mohammad et al. [49] and Zahedi et al. [50],
which also demonstrated an increasing trend
in NO and NOy emissions with higher
biodiesel blend ratios.

Figure 8 illustrates the trend of decreasing
carbon monoxide (CO) emissions with
increasing biodiesel content in the fuel blend.
Carbon monoxide 1is a byproduct of
incomplete combustion in diesel engines.
The highest CO emissions were observed
with pure diesel fuel (D100), while biodiesel
blends (B10, B20, B30, and B40) exhibited a
gradual reduction in CO emissions. This
indicates that biodiesel enhances combustion
efficiency, thereby reducing CO formation.
The decrease in CO emissions from biodiesel
fuel is attributed to its higher oxygen content
compared to conventional diesel. The oxygen
present in biodiesel facilitates the oxidation
of unburned carbon, converting more carbon
into carbon dioxide (CO-) rather than carbon
monoxide. Consequently, higher biodiesel
content in the fuel blend leads to more
complete combustion, resulting in lower CO
emissions.

D100 B10 B20
Fuel
Figure 8. Results of CO gas emission tests

from fuel mixtures.

B30

B40
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The highest and lowest CO emission levels
were recorded for D100 and B40 fuels, at 355
ppm and 299 ppm, respectively. This
corresponds to approximately a 16%
reduction in CO emissions with the B40
blend. These findings are consistent with
those reported by Divyachandrika et al. [51]
and Fareed et al. [52], who documented a
decrease in CO emissions with increasing
biodiesel blend ratios. The reduction in CO
emissions highlights one of the key
advantages of using biodiesel as a more
environmentally friendly alternative fuel
compared to pure diesel.

4. CONCLUSION

This study successfully demonstrated the
potential of sodalite synthesized from natural
kaolin as an effective heterogeneous catalyst
for biodiesel production from sunflower oil.
The optimization process using the Taguchi
method revealed that the methanol-to-oil
molar ratio and reaction temperature
significantly influenced the biodiesel yield,
with the highest yield of 90.44% obtained at
70°C and a 1:18 molar ratio. ANOVA
analysis confirmed that the methanol-to-oil
ratio had the most substantial contribution to
yield variability (46.05%), followed by
reaction  temperature  (40.55%). The
physicochemical properties of the produced
biodiesel mostly met the ASTM D6751 and
SNI 7182:2015 standards, with excellent
flash point and acid value, although viscosity
and density slightly exceeded standard limits.
Emission analysis indicated that higher
biodiesel content in diesel blends reduced CO
emissions by up to 16%, while NO and NOx
emissions showed a moderate increase due to
improved combustion efficiency. These
results highlight that sodalite-based catalysts
derived from kaolin not only offer a low-cost
and sustainable alternative for biodiesel
synthesis but also contribute to reducing
environmental pollutants.
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