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Abstract. The production of methyl esters from high free fatty acid (FFA) feedstock remains a critical challenge in biodiesel processing, particularly 
when using Palm Acid Oil–waste cooking oil (PAO–WCO) with an initial FFA content of 53.21%. Such high FFA content significantly reduces reaction 
efficiency and necessitates a conventional two-step process involving esterification to lower the FFA level followed by transesterification to convert 
triglycerides into methyl esters. This multistep approach limits process efficiency and increases operational complexity for high-FFA feedstock. This 
study investigates the use of a bifunctional Ce/Zeolite catalyst to enable simultaneous esterification and transesterification in a single-step process 
for high FFA content oil. The zeolite support was synthesized from geothermal waste, and cerium was incorporated via impregnation. The catalyst 
was characterized using SEM–EDX, X-ray diffraction (XRD), and Brunauer–Emmett–Teller (BET) surface area analyses. The reaction was conducted 
under various operating conditions, including different temperatures and catalyst loadings. The Ce/Zeolite catalyst exhibited effective bifunctional 
activity, enhancing the simultaneous conversion of FFAs and triglycerides in high FFA content feedstock. The optimum conditions were a methanol-
to-oil molar ratio of 12:1, 4 wt% catalyst loading, and a reaction temperature of 50 °C for 180 min. Under these conditions, FAME concentration of 
91.5% was obtained, with FFA conversion of 25.31% (reduction of 13.47% FFAs from initial 53.21%) achieved in a single-step transesterification 
process. These results demonstrate that Ce/Zeolite is a promising bifunctional catalyst for the efficient processing of high FFA content oil, offering a 
simplified and more sustainable pathway for industrial biodiesel production.  
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1. Introduction 

Global energy demand continues to increase, particularly 
in developing countries, driven by rapid industrialization, 
population growth, and continued reliance on fossil fuels. This 
dependence contributes significantly to greenhouse gas 
emissions and environmental degradation. In response to the 
global energy crisis, biodiesel—commonly referred to as Fatty 
Acid Methyl Ester (FAME)—has gained considerable attention 
as a renewable and sustainable alternative to fossil-based fuels 
(Yaakouby et al., 2025). Biodiesel is produced through the 
transesterification of biomass-derived lipids, including 
vegetable oils, animal fats, and waste oils. Its application has 
been shown to substantially reduce emissions of CO, NOx, SOx, 
hydrocarbons, and particulate matter, thereby mitigating smog 
formation, acid rain, and global warming (Widayat et al., 2024). 

Among the available feedstocks, Palm Acid Oil (PAO) and 
Waste Cooking Oil (WCO) are abundant and economically 
attractive resources in Indonesia, making them promising raw 
materials for FAME production. PAO is a by-product of palm oil 
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refining derived from Palm Oil Mill Effluent (POME), which 
contains approximately 3–5% PAO and 95–97% water. The 
Free Fatty Acid (FFA) content of PAO ranges from 27.6% to 
81.2%, depending on feedstock characteristics and the alkaline 
refining process (Rachmadona et al., 2022). However, the 
elevated FFA content presents significant challenges in 
conventional base-catalyzed transesterification due to soap 
formation, reduced catalytic efficiency, and difficulties in 
reagent optimization (Hadiyanto et al 2016). Direct blending of 
PAO with diesel has been proposed as a simpler alternative; 
however, this approach does not adequately address fuel quality 
and conversion efficiency. 

Production of FAME from high-FFA oils typically requires 
a two-step process consisting of acid-catalyzed esterification to 
reduce FFA levels, followed by base-catalyzed 
transesterification of triglycerides. In this context, 
heterogeneous catalysts are widely employed to enhance 
biodiesel synthesis efficiency (Falowo et al., 2024). In the 
present study, the high FFA content of PAO was adjusted by 
blending it with WCO, which possesses lower FFA levels. The 
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oils were mixed at a volumetric ratio of 2:1 (20 mL PAO and 10 
mL WCO), resulting in an initial FFA content of 53.21%, and 
subsequently preheated at 100 °C for 1 h. Although effective, 
this two-step approach increases processing time and 
operational costs. A promising alternative is the use of 
bifunctional heterogeneous catalysts capable of simultaneously 
catalyzing esterification and transesterification reactions 
(Gonzaga et al., 2021). Various bifunctional systems, including 
Zeolite/MOF and Zeolite-A/Biochar composites, have 
demonstrated high product yields, excellent recyclability, and 
strong substrate selectivity (Zhu et al., 2014). The Zeolite-
A/Biochar (Z-A/BC) composite, for instance, has been reported 
as an environmentally friendly bifunctional catalyst with notable 
recyclability and dual selectivity toward FFA esterification and 
triglyceride transesterification, thereby minimizing side 
reactions and waste generation (Abdullah et al., 2021). 

This study focuses on the synthesis of cerium (Ce)-
modified beta zeolite derived from geothermal waste. 
Incorporation of Ce into the zeolite framework modifies the 
distribution of acidic sites within the micropores and on the 
external surface, thereby enhancing catalyst stability and 
reusability. Cerium exhibits high oxygen storage capacity and 
moderate basicity, while geothermal waste-derived zeolite 
provides high surface area and strong thermal stability, making 
it an effective and sustainable catalyst support (Widayat et al., 
2019). The Ce/Zeolite catalyst exhibits bifunctional activity 
through Brønsted and Lewis acid sites originating from the 
zeolite framework and basic or oxidative sites associated with 
CeO₂. This dual functionality enables simultaneous 
esterification of FFAs at acid sites and transesterification of 
triglycerides at basic or methoxide-forming sites, facilitating 
one-step biodiesel synthesis. Bifunctional catalysts therefore 
improve process efficiency and reduce production costs (Ramli 
et al., 2017). The basic sites of CeO₂ generate methoxide ions 
(CH₃O⁻) via proton abstraction from methanol, which 
subsequently attack the carbonyl groups of triglycerides to 
initiate transesterification. The presence of oxygen vacancies 
and strong basicity further enhances methoxide formation 
(Kingkam et al., 2024). Meanwhile, Brønsted and Lewis acid 
sites protonate the carbonyl groups of FFAs, facilitating ester 
formation without soap generation—a common limitation in 
homogeneous base-catalyzed systems (Fattahi et al., 2019) 

Beta zeolite is a high-silica, large-pore material 
characterized by excellent chemical and thermal stability. Its 
hydrophobicity at high Si/Al ratios and the presence of surface 
silanol groups make it a suitable support for metal oxides. 
Modified beta zeolite has demonstrated improved stability and 
higher conversion efficiency in methyl ester synthesis due to the 
increased availability of external Brønsted acid sites (Fattahi et 
al., 2019). Additionally, CeO₂ provides strong basicity that 
enhances alcohol activation, particularly for methanol and 
ethanol, thereby improving transesterification efficiency 
(Jumari & Purwanto, 2013). 

Therefore, this research develops a bifunctional 
Ce/Zeolite catalyst derived from geothermal waste and 
evaluates its performance in converting PAO and WCO into 
biodiesel via a single-step esterification–transesterification 
process. Process optimization was conducted using Response 
Surface Methodology (RSM) to maximize biodiesel yield and 
efficiency. The catalysts were characterized using SEM–EDX, 
XRD, and BET analyses. Furthermore, the effects of reaction 
temperature and catalyst concentration on FFA conversion, 
FAME yield, and triglyceride conversion were systematically 
investigated. 

 

2. Materials and Method 

The integrated experimental workflow implemented in this 
study, commencing with geothermal waste pretreatment and 
zeolite synthesis, followed by cerium impregnation to produce 
the bifunctional Ce/Zeolite catalyst, and culminating in the 
simultaneous esterification–transesterification of the PAO–
WCO feedstock. The overall methodological sequence and 
process configuration are schematically presented in Figure 1. 
The schematic representation clarifies the sequential linkage 
between catalyst preparation, physicochemical 
characterization, and catalytic reaction stages that ultimately 
lead to methyl ester production and subsequent performance 
evaluation. 

2.1 Materials 

The primary feedstocks employed in this study were Palm Acid 
Oil (PAO) and Waste Cooking Oil (WCO). PAO was obtained as 
a by-product of palm oil refining, whereas WCO was collected 
from household cooking waste. A fixed volumetric ratio of 2:1 
(PAO:WCO) was applied, resulting in an initial Free Fatty Acid 
(FFA) content of 53.21%. Cerium nitrate hexahydrate 
(Ce(NO₃)₃·6H₂O, 99%) was used as the cerium precursor for the 
bifunctional catalyst. Geothermal solid waste obtained from PT. 
Geo Dipa Energi, Dieng, Wonosobo, served as the silica–
alumina source for zeolite synthesis. Analytical-grade reagents, 
including hydrochloric acid (HCl, 37%), sodium hydroxide 
(NaOH), aluminum sulfate (Al(SO₄)₃·18H₂O, 98%), sulfuric acid 
(H₂SO₄, 98%), and methanol, were utilized for catalyst 
preparation and biodiesel production. Distilled water was used 
throughout all experimental procedures. 

2.2 Zeolite Synthesis from Geothermal Waste 

Geothermal solid waste was first ground and sieved through a 
125 µm mesh. Subsequently, 500 g of the obtained powder was 
treated with 2 L of 0.6% HCl under stirring at 100 rpm for 30 
min to remove impurities. The suspension was filtered, washed 

 

Fig 1. Schematic representation of the integrated experimental 
workflow 

 



A.S.N.Syahidah et al  Int. J. Renew. Energy Dev 2026, 15(3), 570-583 

| 572 

 

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE 

with distilled water until neutral pH was achieved, dried at 
200°C for 1 h, and calcined at 850°C for 3 h. For sodium silicate 
preparation, 250 g of the calcined material was dissolved in 
1000 mL of 2 N NaOH and stirred at 30°C and 300 rpm for 2 h. 
The synthesis gel was prepared by dissolving 26.7 g of 
Al(SO₄)₃·18H₂O in a mixture of 31 mL H₂SO₄ (98%) and 135 mL 
distilled water, followed by the addition of 250 mL sodium 
silicate solution and 140 mL of 10 N NaOH. The resulting 
mixture was stirred for 6 h to ensure homogeneity and 
subsequently subjected to hydrothermal crystallization at 150°C 
for 5 h in an autoclave. After crystallization, the solid product 
was washed repeatedly until neutral pH, dried at 105°C for 6 h, 
ground into fine powder, and calcined at 550°C for 6 h with a 
heating rate of 5°C min⁻¹. The synthesized zeolite was 
characterized using X-ray diffraction (XRD) and Brunauer–
Emmett–Teller (BET) surface area analysis to evaluate its 
crystalline structure and textural properties. 

2.3 Preparation and Characterization of Ce/Zeolite Catalyst 

The Ce/Zeolite catalyst was prepared following the 
impregnation method reported by Akream et al. (2024). Briefly, 
50 g of zeolite was impregnated with x.50 g of cerium nitrate 
hexahydrate (Ce(NO₃)₃·6H₂O) dissolved in 250 mL distilled 
water, where x corresponds to a Ce concentration of 0.1. The 
suspension was stirred at 500 rpm and 60 °C for 6 h to facilitate 
uniform dispersion of the cerium precursor. The impregnated 
material was dried at 100 °C for 12 h and subsequently calcined 
at 650 °C under N₂ atmosphere in a tube furnace to convert the 
precursor into active CeO₂. The solid was further dried at 120 
°C for 24 h and calcined again at 500 °C for 3 h in air to obtain 
the final bifunctional Ce/Zeolite catalyst. The physicochemical 
properties of the catalyst were analyzed using scanning electron 
microscopy coupled with energy-dispersive X-ray spectroscopy 
(SEM–EDX), X-ray diffraction (XRD), and Brunauer–Emmett–
Teller (BET) surface area analysis to determine morphology, 
elemental composition, crystallinity, and surface characteristics. 

2.4 Esterification-Transesterification Process 

Methyl ester was synthesized via simultaneous 
esterification and transesterification using the bifunctional 
Ce/Zeolite catalyst. The reaction was conducted in a 250 mL 
three-neck flask equipped with a condenser and a thermometer 
to ensure temperature control and prevent methanol 
evaporation. Prior to the reaction, the catalyst was activated by 
mixing it with methanol at 40 °C for 40 min under continuous 
magnetic stirring. Catalyst loading was varied at 3%, 4%, and 
5% relative to the total oil weight. A mixture of Palm Acid Oil 
(PAO) and Waste Cooking Oil (WCO) in a 2:1 volumetric ratio 
(20 mL PAO and 10 mL WCO) was preheated at 100 °C for 1 h 
to improve homogeneity and reduce viscosity. The pretreated 
oil mixture was subsequently reacted with methanol at an oil-
to-methanol molar ratio of 1:12 in the presence of the activated 
catalyst. 

The reaction was performed for 3 h at controlled 
temperatures of 40 °C, 50 °C, and 60 °C under continuous 
stirring. Upon completion of the reaction, the mixture was 
transferred to a separating funnel and allowed to settle for 24 h, 
resulting in the formation of three distinct layers: biodiesel 
(upper layer), glycerol (middle layer), and catalyst (bottom 
layer). To enhance phase separation, the mixture was further 
subjected to centrifugation. The biodiesel layer was collected 
and heated at 65 °C to remove residual methanol. The final 
product was analyzed using Gas Chromatography–Mass 
Spectrometry (GC–MS) to determine the concentration of Fatty 
Acid Methyl Esters (FAME). 

 

2.5 Analysis of Fatty Acid Methyl Ester 

Based on the Gas Chromatography–Mass Spectrometry (GC–
MS) analysis, the methyl ester concentration reflects the 
efficiency of oil conversion into biodiesel. Therefore, accurate 
determination of the Fatty Acid Methyl Ester (FAME) 
concentration is essential, as it serves as a key parameter for 
evaluating biodiesel purity and conversion performance. The 
methyl ester composition was analyzed using GC–MS. The 
FAME concentration was calculated using the formula 
presented below. 

FFA Conversion (%) = 
%FFA before reaction - %FFA after reaction

%FFA before reaction
×100% 

 
Triglycerides conversion(%)= 

[
% GC FAME × FAME weight (g)

PAO-WCO weight (g)
] ×100% 

 
FAME Concentration (%) = 

∑FAME area

∑𝐴𝑟𝑒𝑎 (FAME + non − FAME)
×100% 

2.6 Analysis of Free Fatty Acid (%FFA) 

A mixture of PAO and WCO at a 2:1 ratio was sampled (10 mL) 
and transferred into a 100 mL Erlenmeyer flask containing 50 
mL of 96% ethanol. Subsequently, three drops of 
phenolphthalein indicator were added to the mixture. The 
solution was titrated with 0.6 N NaOH until a persistent pink 
color was observed, indicating the endpoint of the titration. The 
Free Fatty Acid (FFA) content was calculated using Eq. (4). 
 

%FFA=
Vtitrant×NNaOH×MWFFA

1000×Vsample×ρ
sample

×100% 

MW methyl ester= 
[(100% − %FFA)×MWFFA + (%FFA×MWFFA)] 

Where Vₜᵢₜᵣₐₙₜ is volume of titrant NaOH(mL), NNaOH normality of 
NaOH (mol/L), MWFFA molecular weight of the dominant free 
fatty acid, Vₛₐₘₚₗₑ volume of sample methyl ester (mL), ρₛₐₘₚₗₑ 
density of sample methyl ester (g/mL) 

2.7 Analysis of Methyl Ester Viscosity 

The kinematic viscosity of the methyl ester was determined 
using an Ostwald viscometer, with distilled water (aquadest) as 
the reference fluid. Initially, the flow time of distilled water was 
measured as it passed between the upper and lower calibration 
marks of the viscometer. The same procedure was subsequently 
performed for the methyl ester sample under identical 
conditions. The viscosity of the methyl ester was calculated 
using Eq. (6) based on the recorded flow times. 

η = 
ρ

x
×tx

ρ
a
×ta

×η
a
 

where ηₓ is viscosity of methyl ester, ηₐ viscosity of water, ρₓ 
density of methyl ester, ρₐ density of water, tₓ flow time of 
methyl ester, tₐ  flow time of water 

2.8 Analysis of Methyl Ester Density 

The density of the methyl ester was measured using a 
pycnometer. The empty pycnometer was first weighed, and its 

(3) 

(2) 

(1) 

(5) 

(6) 

(4) 
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mass was recorded. It was then completely filled with methyl 
ester, sealed, and weighed again to obtain the mass of the filled 
pycnometer. The density of the methyl ester was calculated 
using Eq. (7) based on the mass difference between the empty 
and filled pycnometer. 

ρ=
mpycnometer+methyl ester -mempty pycnometer

Vpycnometer
 

2.9 Design and Analysis of Experiments Based on Response Surface 
Methodology  

Response Surface Methodology (RSM) is a statistical and 
mathematical technique employed to evaluate the interactions 
among multiple independent variables and their effects on one 
or more response variables. In this study, experimental 
conditions were designed and optimized using a Central 
Composite Design (CCD) implemented in Design-Expert 
software. After establishing the experimental matrix through the 
RSM–CCD framework, the obtained data were subjected to 
linear regression analysis to develop an empirical statistical 
model (Ali et al., 2023). Originally introduced by Box and Wilson 
(1951), RSM integrates statistical and mathematical approaches 
to systematically design experiments, construct predictive 
models, assess the significance of factor effects, and determine 
optimal operating conditions (Almeida et al., 2008). This 
methodology has been extensively applied in biotechnology, 
industrial processes, and various scientific investigations. In 
practical applications, RSM involves conducting sequential 
experimental runs, fitting polynomial models to experimental 
data, and generating two- and three-dimensional response 
surface plots to visualize the interaction effects between 
variables (Malenga et al., 2022; Sharma et al., 2020). 

Central Composite Design (CCD) is a widely adopted 
fractional factorial design within the RSM framework. It 
incorporates factorial points, axial (“star”) points, and center 
points to estimate curvature effects and to identify optimal 
operating conditions for the selected variables. In reaction 
optimization studies, critical parameters are treated as 
independent variables and denoted as X₁–Xₖ (Momen et al., 
2016). CCD facilitates efficient estimation of both first-order 
(linear) and second-order (quadratic) effects, providing high 
predictive accuracy while minimizing the number of 
experimental runs required (Bhattacharya, 2016). The CCD 
structure consists of factorial runs (2ᵏ), axial runs (2k), and 
center points (nₑ), where k represents the number of 
investigated factors. All experimental runs were conducted in a 
randomized order to reduce systematic bias and experimental 
error. The relationship between the dependent response and the 

independent variables was described using a second-order 
polynomial regression model, as expressed in Eq. (8). 

Y = β
0
+β

1
X1+...+β

k
Xk+β

12
X1X2+β

13
X

1
X3+... 

+ β
k-1

kX
k-1

Xk+β
11

X1
2+...+β

kk
Xk

2+ϵ 

In this model, Y represents the predicted response, whereas X₁ 
to Xₖ denote the independent variables. The interaction terms 
(X₁X₂, X₁X₃, …, Xₖ₋₁Xₖ) describe the combined effects between 
variables, while the quadratic terms (X₁², …, Xₖ²) account for 
nonlinear influences. The coefficient β₀ corresponds to the 
intercept or overall mean response, β₁–βₖ are the linear 
regression coefficients of each factor, and ε represents the 
experimental error associated with the model. The 
experimental matrix constructed based on this design is 
presented in Table 1. 
 
 

3. Result and Discussion 

3.1 Catalyst Characterization 

3.1.1 X-Ray Diffraction (XRD) Analysis 

X-ray diffraction (XRD) provides structural information that 
distinguishes crystalline and amorphous phases in solid 
materials. The technique characterizes crystal structures by 
measuring the diffraction of X-rays interacting with atomic 
planes within a solid lattice. The resulting diffractogram plots 
diffraction angle (2θ) versus intensity, producing characteristic 
peaks corresponding to specific crystalline phases. Diffraction 
occurs when the X-ray wavelength satisfies Bragg’s law relative 
to the interplanar spacing of the crystal lattice (Ao et al., 2024). 
In this study, XRD was employed to characterize zeolite 
synthesized from geothermal waste and subsequently 
impregnated with cerium. 

Figure 2. presents the XRD patterns of zeolite and 
Ce/zeolite (1:10 ratio), processed using Origin software. The 
parent zeolite exhibited dominant diffraction peaks at 2θ values 
of 23.07°, 23.77°, 26.39°, 29.85°, 45.39°, and 54.99°, whereas the 
Ce/zeolite catalyst showed peaks at 23.03°, 23.71°, 28.25°, 
29.85°, 45.21°, and 47.35°. These reflections correspond 
primarily to silica (Si), indicating that the crystalline framework 
of the geothermal-derived zeolite remained structurally stable 
following cerium impregnation. In the bifunctional Ce/zeolite 
catalytic system, the acidic sites of the zeolite promote 
esterification of free fatty acids (FFA), while cerium species act 
as basic sites facilitating transesterification of triglycerides into 
methyl esters (Mulyatun et al., 2022). The proposed 

(8) 
(7) 

Table 1 
RSM experimental matrix with two-factor CCD 

No   Faktor A Faktor B 

1. 

2. 

3. 

4. 

Factorial runs 

22 = 4 

-1 

+1 

-1 

+1 

-1 

-1 

+1 

+1 

5. 

6. 

7. 

8. 

Axial or star point runs 

2(2) = 4 

+1.41421 

-1.41421 

0 

0 

0 

0 

+1.41421 

-1.41421 

9. 

10. 
Centre point 

0 

0 

0 

0 
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simultaneous esterification–transesterification mechanism is 
illustrated in Figure 3. 

The dominance of silica-related reflections suggests that 
the zeolite framework—composed of interconnected SiO₄ and 
AlO₄ tetrahedra—maintains its crystalline integrity, with a Si:O 
ratio of 1:2. A higher silica content generally enhances 
crystallinity and structural stability (Muhammad et al., 2024). 
Cerium oxide (CeO₂) typically crystallizes in a fluorite-type 
cubic structure (space group Fm3 ̅m) with a lattice parameter of 
5.411 Å at room temperature. However, lattice defects, high 
dispersion, oxygen vacancies, or incorporation into the zeolite 
matrix may render cerium species highly dispersed or partially 
amorphous, thereby reducing their detectability by XRD 
(Othman et al., 2024). Furthermore, the relatively low Ce loading 
ratio (1:10) limits the overall intensity of cerium-related 
reflections. Therefore, complementary analyses such as SEM–
EDX are required to verify cerium presence and spatial 
distribution. 

The catalytic performance of acid–base bifunctional systems 
is strongly governed by the balance between acidic and basic 
sites. Catalysts with low acid and high base loadings (25:75) 
demonstrate efficient triglyceride transesterification (Naseef & 
Tulaimat, 2025); however, when applied to high-FFA and highly 
saturated feedstocks such as PAO, excessive basicity promotes 
saponification side reactions. PAO is characterized by high FFA 
content and a tendency to solidify at ambient temperature, 
which further complicates phase behavior. Saponification 
occurs when basic sites react with FFAs and triglycerides to 

produce soap and glycerol, adversely affecting methyl ester 
purity and separation efficiency (Azmi et al., 2025). Conversely, 
catalysts with high acid and low base ratios (75:25) effectively 
catalyze FFA esterification, but slower triglyceride conversion 
limits overall FAME formation (Dai et al., 2021). An intermediate 
acid–base balance (50:50 overall) has been reported to provide 
optimal synergy, yielding 94–96% FAME across various 
feedstocks (Yu et al., 2023). However, for dense and high-FFA 
oils such as PAO, increasing the proportion of basic sites may 
intensify saponification, leading to gel or semi-solid formation 
and negatively affecting product viscosity (Azmi et al., 2025). 
Therefore, a limited base-site ratio (1:10) was selected as the 
optimal configuration for high-FFA PAO. The relatively low 
cerium loading provides sufficient basic functionality to 
facilitate transesterification while minimizing undesirable side 
reactions. This rationale is supported by the observed relatively 
high methyl ester viscosity (>5.6–6 cSt, as implied in Table 9), 
even under a limited base-site ratio (1:10). The elevated 
viscosity suggests that further increases in base-site density 
could exacerbate side reactions and compromise product 
quality. Under the selected condition, effective synergy between 
esterification and transesterification was achieved, 
saponification was controlled, and high-quality methyl ester was 
successfully produced from high-FFA PAO that solidifies at 
ambient temperature. 

 

3.1.2 Brunaeur-Emmett-Teller (BET) Analysis 

The BET method measures the specific surface area of porous 
solids and powders. This property is critical for materials such 
as zeolites, where surface texture and porosity influence 
adsorption and catalytic performance. Developed by Brunauer, 
Emmett, and Teller, the method is based on multilayer gas 
adsorption on solid surfaces (Irwansyah et al., 2024). Gas 
molecules first form a monolayer through physical attraction, 
and as pressure increases, additional layers form, leading to 
multilayer adsorption. BET analysis remains a key technique for 
characterizing porous materials, providing insights into their 
textural and surface properties that directly affect catalytic 
activity 

Table 2. presents the surface properties of the unmodified 
zeolite and Ce/zeolite catalysts obtained from BET analysis. 
Following cerium impregnation, the specific surface area 
decreased from 146.85 m²/g to 120.61 m²/g, and the total pore 
volume declined from 0.1409 cc/g to 0.1352 cc/g. Meanwhile, 
the average pore diameter increased from 3.84 nm to 4.49 nm. 
Similar trends have been reported by Ginting et al. (2023), who 

 
Fig 2. XRD Analysis of Zeolite vs Ce/Zeolite 

 

 

Figure 3. Simultaneous esterification-transesterification reaction with a bifunctional catalyst (Mulyatun et al., 2022) 
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observed a reduction in surface area from 46.6406 m²/g to 
34.7985–44.5367 m²/g after FeCl₃·6H₂O modification, 
depending on the added volume (25–100 mL). This reduction 
resulted from the formation of new pores that reduced the 
effective active pore radius. Zeolite treated with 25 mL 
FeCl₃·6H₂O (Ze-25-FeCl₃) exhibited the lowest specific surface 
area (34.7985 m²/g) and pore volume (0.00606 cc/g), which 
was attributed to 120 minutes of ultrasonic treatment that 
enhanced the diffusion and penetration of FeCl₃·6H₂O into the 
zeolite framework. Such treatment may have induced pore 
widening or localized structural rearrangement, leading to an 
increase in pore diameter. The decrease in pore volume was 
associated with metal coverage on the zeolite surface; as a 
greater amount of metal species occupied the pores, the 
available internal pore space decreased accordingly. 
Consequently, surface area and pore volume exhibited an 
inverse correlation with pore radius (Jian et al., 2018). 

The reduction in surface area and pore volume of 
Ce/Zeolite indicates partial pore blockage following cerium 
incorporation, particularly within the microporous region, as 
evidenced by the decreased micropore surface area. 
Meanwhile, the increase in average pore diameter from 3.84 to 
4.49 nm may enhance the diffusion of bulky molecules such as 
triglycerides, thereby improving access to active sites. The 
relatively unchanged external surface area suggests that cerium 
species preferentially occupied internal micropores rather than 
depositing on the outer surface. This behavior is likely driven by 
strong interactions between cerium precursors and hydroxyl (–
OH) groups associated with acid sites along the micropore walls 
(Borges et al., 2013). Similarly, Garcia et al. (2011) reported that 
in Ce-USY systems with low to moderate cerium loading, 
cerium species predominantly reside at ion-exchange positions 
within the zeolite framework rather than on the external surface. 
Cerium was found to reside at cationic sites inherently available 
within the micropores, further confirming its stabilization inside 
the internal zeolitic structure. 

3.1.3 Scanning Electron Microscope-Energy Dispersive X-Ray (SEM-
EDX) Analysis 

SEM–EDX analysis was performed to evaluate the elemental 
composition, surface morphology, and microstructural 
characteristics of the Ce/Zeolite catalyst. The catalyst, prepared 
at a Ce:Zeolite ratio of 1:10, was characterized after 
impregnation and calcination at 650 °C for 3 h to assess its 

porosity and the dispersion of cerium species on the zeolite 
surface. The zeolite, synthesized from geothermal waste, was 
modified through cerium incorporation, and the resulting 
elemental composition is summarized in Table 3. 

The Ce/Zeolite catalyst contained Si and Al as acid sites 
and Ce as basic sites. The Si/Al ratio, a critical parameter 
reflecting zeolite quality, strongly influences crystallinity and 
catalytic performance (Munfarida et al., 2020; Yusof et al., 2010). 
EDX analysis revealed a Si/Al ratio of approximately 5.1, 
consistent with the aluminosilicate structure of Beta zeolite (Li 
et al., 2023). This ratio indicates the presence of substantial 
Brønsted acid sites generated by the substitution of Al³⁺ for Si⁴⁺ 
in the framework, thereby enhancing esterification activity in 
high-FFA oils. The detection of cerium confirms successful 
impregnation, with a Ce/(Si+Al) molar ratio of approximately 
0.0006 mol/mol, suggesting that cerium acted as a low-level 
dopant supplying basic sites for simultaneous esterification–
transesterification reactions (Li et al., 2025). The experimentally 
determined Ce content was lower than the theoretical 1:10 
loading (≈0.27 wt%), indicating limited impregnation efficiency 
or partial precursor loss, potentially due to non-uniform CeO₂ 
dispersion and relatively weak interaction between cerium 
species and the zeolite framework. The corresponding SEM 
micrograph is presented in Figure 4. 

Table 2.  
Surface properties of Zeolite BET catalyst and Ce/Zeolite 

Parameter 
Zeolite 

(before impregnation) 

Ce/Zeolite 

(after impregnation) 

BET Surface Area 146.85 m²/g 120.61 m²/g 

Total Pore Volume 0.1409 cc/g 0.1352 cc/g 

Average Pore Diameter 3.84 nm 4.49 nm 

Micropore Surface Area (t-method) 115.3 m²/g 90.08 m²/g 

External Surface Area(t-method) 31.54 m²/g 30.52 m²/g 

 

Table 3.  
EDX Analysis Results of Ce/Zeolite Catalysts 

Compound Mass% 

Na 8.57 
Al 14.27 
Si 76.36 
Se 0.52 
Ce 0.27 

 

  
(a)  

 
(b) 

Fig 4. SEM-EDX analysis results of Ce/Zeolite catalyst at ×10,000 
magnification (a) and ×3,000 magnification (b) 
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Figure 4. shows the SEM image of the Ce/Zeolite catalyst 
after impregnation and calcination. The surface exhibits rough, 
irregular flake-like structures with smaller particles attached to 
larger agglomerates. The presence of irregular spherical 
particles suggests dispersed cerium species distributed over the 
zeolite surface. Particle aggregation likely occurred due to 
partial CeO₂ sintering during high-temperature calcination, 
further confirming successful cerium incorporation (Zhang et al., 
2020). Catalytic performance is strongly influenced by textural 
characteristics, particularly surface area and pore structure. The 
formation of inter-aggregate voids observed after calcination, as 
shown in Figure 4, indicates the development of additional 
accessible surface regions, which may enhance structural 
stability and catalytic activity (Schlögl, 2015). 

Figure 5. presents the porosity analysis of the Ce/Zeolite 
catalyst processed using Origin2025. The three-dimensional 
plot (Figure 5a) illustrates pore distribution, where the x–y axes 
represent spatial coordinates of the sample and the z-axis 
corresponds to pore density; red regions indicate higher pore 
density, while blue regions denote lower density. Figure 5b 
displays high-resolution surface morphology characterized by 
irregular spherical pores. The color scale reflects variations in 
pore depth and density, with darker tones corresponding to 
denser regions. Overall, Figure 5. evaluates the pore structure 
and distribution, which play a crucial role in determining 
mechanical strength, chemical reactivity, and environmental 
interactions (Erdiwansyah et al., 2024). The catalyst exhibited a 
porosity of 63.78%, classified within the mesoporous range (2–
50 nm). This mesoporous structure facilitates diffusion of 
triglycerides and free fatty acids (FFAs) toward active sites, 
reduces mass transfer limitations, and enhances overall 
conversion efficiency. Mesoporous catalysts are generally 
reported to exhibit approximately twice the esterification 
activity of microporous catalysts due to improved accessibility 
of acid–base active sites (Fatimah et al., 2023). 

3.2 Characteristics of PAO-WCO Raw Materials 

This study used a mixture of palm acid oil and waste cooking 
oil. PAO-WCO with a 2:1 ratio was used as the raw material in 
the biodiesel production process. The results of the acid-base 
titration analysis showed that the oil contained 53.214% free 
fatty acid (FFA). To determine its chemical composition, GC-
MS analysis was performed, and the results are presented in 
Table 4. 

Palm Acid Oil (PAO) is a by-product of palm oil refining 
(Amalina et al., 2021). Its fatty acid profile is comparable to that 
of Palm Fatty Acid Distillate (PFAD) and varies depending on 
feedstock type and refining conditions. PAO contains both 
saturated and unsaturated fatty acids. Saturated fatty acids—
including lauric, myristic, palmitic, and stearic acids—are 
typically solid at room temperature, whereas unsaturated fatty 
acids such as palmitoleic, oleic, linoleic, and linolenic acids 
remain liquid (Buchori et al., 2022). As shown in Table 1., the 
PAO used in this study predominantly consists of palmitic, oleic, 
linolenic, and stearic acids. The high free fatty acid (FFA) 
content of PAO enhances its suitability for conversion into fatty 
acid methyl esters (FAME), demonstrating strong potential as a 
biodiesel feedstock (Buchori et al., 2022). However, the elevated 
FFA level also presents challenges during transesterification 
due to the increased risk of saponification. 

Waste Cooking Oil (WCO) differs chemically from fresh oil 
due to thermal oxidation, hydrolysis, and polymerization 
reactions occurring during frying. Nevertheless, WCO generally 
meets biodiesel feedstock standards in terms of density, acid 
value, viscosity, and iodine number (Monika et al., 2023). As 

 
(a) 

  
(b) 

Fig 5. Porosity Analysis of Ce/Zeolite Catalyst 

Table 4.  
Fatty acid composition of PAO raw material 

Fatty acid Molecular weight Composition (%) 

Decanoic acid (C10H20O2) 172 - 
Palmitoleic acid (C16H30O2)   254 0.2 
Myristic acid (C14H28O2)   228 1.38 
Stearic acid (C18H36O2)   284 4.64 
Lauric acid (C12H24O2)   200 0.23 
Palmitic acid (C16H32O2)   256 52.25 
Linolenic acid (C18H30O2) 280 9.63 
Oleic acid (C18H34O2)   282 31.26 
Linoleic acid (C18H32O2) 278 0.41 
Arachidonic acid 312 - 
Arachidonic acid 368 - 
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shown in Table 5, WCO primarily contains palmitic, oleic, and 
stearic acids, with palmitic and stearic acids classified as 
saturated fatty acids and oleic acid as an unsaturated fatty acid. 
Although WCO typically exhibits elevated FFA content, 
viscosity, and saponification index, these parameters directly 
influence biodiesel yield and product quality (Monika et al., 
2023). 

High FFA levels may hinder large-scale methyl ester 
production by promoting soap formation, which interferes with 
phase separation and reduces conversion efficiency. WCO also 
generally presents high kinematic viscosity, saponification 
index, flash point, moisture content, and FFA level, all of which 
significantly affect biodiesel yield and quality (Monika et al., 
2023). In this study, the PAO–WCO mixture (2:1 v/v) exhibited 
a high FFA content of 53.21%, confirming the necessity of an 
effective catalytic system capable of simultaneously promoting 
esterification and transesterification while minimizing 
saponification. Therefore, reducing FFA levels is essential to 
prevent soap formation and improve conversion efficiency. 

Temperature plays a critical role in FFA conversion. 
Elevated temperatures enhance mass transfer and increase 
reactant solubility, thereby accelerating reaction kinetics 
through increased molecular mobility. However, FFA 
conversion is not governed solely by temperature. It is also 
influenced by mass transfer limitations between catalyst and 
reactants, as well as methanol vaporization at higher 
temperatures, which can reduce effective reactant 
concentration and overall reaction efficiency (Maafa et al., 
2022). 

3.3 Experimental Design and Statistical Analysis of FAME Contents 
Using Response Surface Methodology 

Analysis of Variance (ANOVA) was employed to assess the 
statistical significance of individual factors and their interaction 
effects on FAME yield, thereby identifying the variables that 
most strongly influenced the methyl ester synthesis process 
(Bouyakhsass et al., 2023). Reaction temperature (A) and 
catalyst loading (B, wt%) were selected as the principal 
operating parameters. The empirical second-order polynomial 
model generated using Design Expert 13.0 is expressed in Eq. 
(9). 

FAME Yield (Y) = 90.66 + 1.62A - 0.96B - 1.19AB - 2.3A2  

- 2.03B2
  

 
In the regression equation, positive coefficients indicate 

synergistic or enhancing effects, whereas negative coefficients 
represent antagonistic or inhibitory influences (Mohammadi et 
al., 2023). The magnitude of each coefficient reflects the relative 
contribution of the corresponding factor to the response 
(Bouyakhsass et al., 2023). Temperature (A) exhibited the 
highest positive coefficient (+1.62), confirming its dominant 
influence on reaction kinetics and overall conversion. The 
quadratic term (A²) indicates the existence of an optimum 
temperature range within the experimental domain. In contrast, 
catalyst loading (B) showed a smaller negative linear effect 

(−0.96), while its quadratic term (−2.03) suggests a decline in 
efficiency beyond the optimum loading, likely due to active site 
saturation and mass transfer limitations. Model adequacy was 
evaluated using R², adjusted R², predicted R², and Adeq 
Precision values. 

Table 6. presents the experimental design matrix 
generated using Design Expert 13.0 for the development of the 
second-order polynomial model (Bouyakhsass et al., 2023). The 
Central Composite Design consisted of ten experimental runs: 
four factorial points, four axial points, and two center points. 

Table 7. presents the model comparison based on 
Sequential Sum of Squares analysis. The sequential p-values for 
the linear, two-factor interaction (2FI), quadratic, and cubic 
models were 0.2532, 0.4537, 0.1856, and 0.1450, respectively. 
Although the quadratic and cubic models exhibited lower p-
values, the quadratic model was selected as the most 
appropriate representation due to its balanced statistical 
performance, nonsignificant Lack of Fit, reasonable model 
complexity, and absence of aliasing. Accordingly, Design Expert 
recommended the quadratic model as the most suitable 
representation of the FAME response. 

The statistical evaluation yielded R² = 0.7371, Adjusted R² 
= 0.4086, Predicted R² = −0.8362, and Adeq Precision = 4.3679. 
An R² value of 0.7371 indicates that 73.71% of the variation in 
FAME content is explained by the experimental variables and 
their interactions, while 26.29% is attributed to uncontrolled or 
external factors (Ghelich et al., 2019). A regression coefficient 
exceeding 70% suggests that the model remains applicable for 
analytical purposes. The Adeq Precision value of 4.3679 (>4) 
confirms an adequate signal-to-noise ratio and acceptable 
model discrimination capability. Although the Predicted R² is 
negative (−0.8362), the model can still be utilized to identify 
local optimum conditions within the investigated design space, 
particularly for evaluating parameter trends and response 
tendencies. The moderate R² value indicates acceptable 
agreement between experimental and predicted data within the 

(9) 

Table 5 
Dominant fatty acid composition of WCO raw material 

Fatty acid Molecular 
weight 

Composition 
(%) 

Palmitic acid (C16H32O2)   256 34.74 
Oleic acid (C18H34O2)   282 11.82 
Stearic acid (C18H36O2)   284 46.7 

 

Table 6.  
Response Surface Methodology experimental matrix on FAME 
content analysis 

Run 
No coding With coding 

%FAME X1 X2 X1 X2 

1 50 4 0 0 91.34 
2 40 5 -1 +1 85.4 
3 60 5 +1 +1 85.15 
4 50 5.4142 0 +1.4142 90.57 
5 60 3 +1 -1 88.55 
6 64.142 4 +1.4142 0 89.68 
7 50 4 0 0 89.98 
8 40 3 -1 -1 84.03 
9 35.858 4 -1.4142 0 83.54 

10 50 2.5858 0 -1.4142 83.72 

 

Table 7.  
Sequential model of SUM in FAME Yield analysis 

Source 
Sequential  

p-value 

Lack of 

Fit  

p-value 

Adjusted 

R² 

Predicted 

R² 
 

Linear 0.2532 0.2325 0.1316 -0.2749 
 

2FI 0.4537 0.2219 0.0847 -0.9128 
 

Quadratic 0.1856 0.2540 0.4086 -0.8362 Suggested 

Cubic 0.1450 0.3538 0.8285 -0.8026 Aliased 
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studied domain. Therefore, the model is suitable for 
determining optimum conditions within the defined 
experimental range (Yudiastuti et al., 2024). In this study, the 
model is applied in a qualitative–semi-quantitative manner to 
interpret system behavior, focusing on directional effects 
(increasing or decreasing trends), factor interactions, general 
response tendencies, and localization of the optimum region 
(Uche et al., 2024). Within this context, the model provides 
meaningful mechanistic insight despite its limited external 
predictive capability. 

Figure 6. illustrates the model adequacy evaluated through 
ANOVA. A statistically valid model is characterized by 
significant ANOVA results and acceptable determination 
coefficients. The p-value determines the contribution of each 
factor to methyl ester yield, while model adequacy is assessed 
using the coefficient of determination (R²) (Akhabue et al., 2022). 
The R² value of 0.7371 confirms that 73.71% of the variability in 
FAME content is explained by the model, whereas 26.29% 
remains influenced by external factors. The correlation between 
predicted and actual FAME values is also presented in Figure 
6., demonstrating satisfactory agreement, with deviations 
primarily attributed to random experimental variability. 

 
 

3.4 Effect of the Significant Interacting Variables on the FAME 
Concentrations 

The influence of statistically significant interacting variables on 
FAME yield was analyzed using the response surface plots 
shown in Figure 7. The three-dimensional surface illustrates the 
interaction between reaction temperature and catalyst loading. 
The RSM model depicted in Figure 7. consistently reflects the 
experimental trends reported in Table 8. The region of elevated 
FAME content corresponds to conditions under which effective 
FFA reduction and triglyceride (TG) conversion occur 
simultaneously, in agreement with the bifunctional catalytic 
mechanism. Thus, Table 8. experimentally validates the 
optimum region predicted by the response surface analysis. 

FAME content (%) increased progressively as catalyst 
loading increased from 3% wt to 4% wt, followed by a decline 
when catalyst loading exceeded 4% wt. The enhancement 
observed within the 3–4% range can be attributed to the 

increased number of available active sites, which accelerated 
reaction kinetics and shifted the equilibrium toward methyl 
ester formation (Fadhil et al., 2016). The high catalytic activity is 
associated with hydrophilic functional groups (–COOH, –OH, –
SO₃H) present on the catalyst surface, which serve as active 
centers for esterification and transesterification reactions. A 
higher density of active sites increases the probability of 
effective molecular collisions, thereby facilitating faster 
attainment of equilibrium (Kusumaningtyas et al., 2023). 
However, at catalyst loadings above 4% wt, FAME yield 
decreased due to increased mixture viscosity and diminished 
mass transfer efficiency resulting from excessive solid catalyst 
presence. In heterogeneous catalytic systems, the overall 
reaction rate is strongly influenced by both intrinsic surface 
reactions and external mass transfer phenomena. Excess 
catalyst can increase diffusion resistance and reduce effective 
reactant accessibility to active sites, thereby lowering overall 
efficiency (Okechukwu et al., 2022). 

Reaction temperature also exerted a significant influence 
on FAME yield. Increasing the temperature from 40°C to 55°C 
enhanced molecular kinetic energy and reactant solubility, 
thereby accelerating reaction rates (Maafa, 2022). Nevertheless, 
FAME content decreased at temperatures above 55°C due to 
methanol vaporization, which altered the optimal alcohol-to-oil 
molar ratio (Farouk et al., 2024). Elevated temperatures may 
additionally hinder liquid–solid mass transfer efficiency, 
resulting in decreased catalytic performance (Maafa, 2022). 
Overall, temperature demonstrated a more dominant and 
relatively linear influence on FAME formation compared to 
catalyst loading within the investigated range. 
 
3.5 Quantitative Correlation of FFA and TG Conversion with FAME 
Content 

A quantitative evaluation was performed to examine the 
relationship between FFA reduction, triglyceride (TG) 
conversion, and the resulting FAME yield. In a single-step 
esterification–transesterification system, FAME formation is 
governed by the simultaneous conversion of both FFA and 
triglycerides. Therefore, analyzing the interdependence among 
these parameters provides a comprehensive assessment of the 
overall catalytic performance. 

 
Fig 6. Predicted vs actual FAME yield data 

 

 
Fig 7. Response surface plots for FAME concentration 
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Mechanistically, Figure 3 illustrates that the bifunctional 
Ce/Zeolite catalyst operates via two concurrent pathways: (i) 
esterification of FFA over acidic sites and (ii) transesterification 
of triglycerides over basic sites. This dual-function mechanism 
provides the mechanistic framework for interpreting the 
quantitative data presented in Table 8. The consistently 
measurable FFA conversion across all experimental runs 
confirms the activity of the acid sites, whereas the observed TG 
conversion (reaching 51.87% in Run 5) demonstrates that the 
basic sites are also catalytically active. Collectively, these results 
verify that the catalyst exhibits genuine bifunctional behavior, as 
illustrated in Figure 3. 

FFA conversion increased as the temperature rose from 35 
°C to 60 °C due to enhanced molecular kinetic energy, which 
accelerated reaction rates (Maafa, 2022). The highest FFA 
conversion of 31.30% was obtained at 40 °C (Run 2). Above 50 
°C, conversion declined, primarily because methanol 
vaporization near its boiling point reduced effective liquid-phase 
reactivity (Kusumaningtyas et al., 2023). These observations 
indicate that conversion is not solely governed by temperature; 
mass-transfer limitations and methanol evaporation also 
influence the reaction system (Maafa, 2022). Increasing catalyst 
loading from 3 wt% to 5 wt% improved FFA conversion by 
increasing the number of accessible active sites and shifting the 
equilibrium toward product formation (Fadhil et al., 2016; 
Kusumaningtyas et al., 2023). However, excessive acidity in the 
Ce/Zeolite catalyst (Ce:Zeolite = 1:10) promoted reverse 
esterification and saponification reactions, thereby lowering 
catalytic efficiency (Shobhana-Gnanaserkhar et al., 2020). 
Furthermore, excess methanol reduced conversion by diluting 
reactants and facilitating the formation of inactive sulfonate 
esters (Zhang et al., 2021). 

Triglyceride conversion also increased with temperature 
from 35 °C to 60 °C, reaching a maximum of 51.87% at 60 °C 
(Run 5). Elevated temperatures enhanced molecular collisions 
and intrinsic reaction rates; however, TG conversion decreased 
to 31.09% at 64 °C (Run 6), likely due to intensified 
saponification and methanol vaporization. The optimal 
temperature range of 50–60 °C is consistent with previous 
findings (Lira & Atadashi, 2018; Maafa, 2022). TG conversion 
was likewise influenced by catalyst loading, with the highest 
value (51.87%) observed at 3 wt%. Increasing catalyst dosage 
enhanced adsorption capacity and surface reaction rates 
(Widiarti et al., 2019). Nevertheless, excessive catalyst 
promoted ester hydrolysis and saponification, thereby reducing 
overall yield. Although zeolite exhibits structural stability and 
tunable acidity suitable for metal oxide modification, 
excessively high calcination temperatures may decrease surface 
area and catalytic activity (Mazaheri et al., 2021).  

The quantitative relationship among FAME concentration, 
FFA conversion, and TG conversion (Table 8) demonstrates 
that FAME content increases with higher TG and FFA 
conversions, although TG conversion exerts the more 

pronounced effect. The highest FAME concentration (91.34%) 
was achieved at 49.30% TG conversion and 25.14% FFA 
conversion, whereas the lowest FAME concentration (83.72%) 
corresponded to 25.92% TG conversion and 30.38% FFA 
conversion. These results indicate that FAME formation is 
predominantly driven by triglyceride transesterification (Farooq 
et al., 2015). From a chemical standpoint, FAME is generated 
through the simultaneous esterification of FFA and 
transesterification of triglycerides catalyzed by the bifunctional 
Ce/Zeolite system, in which acidic sites promote FFA 
conversion and basic sites facilitate TG conversion (Leung et al., 
2010). Empirical data further reveal a stronger positive 
correlation between FAME concentration and TG conversion 
than with FFA conversion; increasing TG conversion from 
approximately 25% to 50% elevated FAME content from about 
84% to above 90%, underscoring the dominant contribution of 
TG conversion (Domínguez-Barroso et al., 2024). These findings 
align with previous studies demonstrating that TG conversion is 
the principal determinant of total FAME yield, while FFA 
conversion provides a secondary contribution. 

Triglyceride conversion is not the sole pathway for FAME 
formation from PAO–WCO feedstock, as FAME is 
simultaneously produced through FFA esterification over acid 
sites. The observed TG conversion confirms that the Ce/Zeolite 
catalyst retains basic functionality alongside its acidic character, 
thereby validating its bifunctional nature within a single-step 
reaction system. In feedstocks with very high FFA content 
(53.21%), esterification generally dominates the initial reaction 
stage and can influence subsequent transesterification. 
Nevertheless, the measurable TG conversion observed in this 
study confirms that the catalyst’s base sites remain active and 
contribute meaningfully to FAME production. Compared with 
previous studies employing feedstocks containing 10–25% FFA, 
which typically require multiple esterification steps to satisfy 
SNI 7182 biodiesel standards, the present work utilized a more 
challenging feedstock (53.21% FFA) and achieved substantial 
FFA reduction in a single esterification step (from 53.21% to 
39.74%). Although TG conversion has not yet become the sole 
dominant pathway, the bifunctional Ce/Zeolite catalyst 
demonstrates strong effectiveness in reducing FFA in high-acid 
feedstocks and offers potential to simplify conventional multi-
step esterification processes. 
  
3.6 Optimization of Reaction Conditions Based on Temperature and 
Catalyst Loading 

Numerical optimization was conducted to identify the operating 
conditions that maximize FAME concentration. The optimal 
conditions predicted by the model corresponded to a methanol-
to-oil molar ratio of 12:1, catalyst loading of 4 wt.%, reaction 
temperature of 50 °C, and reaction time of 180 min. Under these 
conditions, the model predicted a maximum FAME 
concentration of 91.34%, FFA conversion of 25.14%, and TG 
conversion of 49.3%. Validation experiments performed in 

Table 8.  
FAME concentration, FFA conversion and TG conversion values 

 %FFA conversion %TG conversion %FAME 

Run 1 (50℃, 4% wt Ce/Zeolite) 25.14 49.30 91.34 
Run 2 (40℃, 5% wt Ce/Zeolite) 31.29 31.58 85.40 
Run 3 (60℃, 5% wt Ce/Zeolite) 25.18 26.87 85.15 
Run 4 (50℃, 5,4% wt Ce/Zeolite) 24.33 43.46 90.57 
Run 5 (60℃, 3% wt Ce/Zeolite) 30.43 51.87 88.55 
Run 6 (64℃, 4% wt Ce/Zeolite) 28.42 31.09 89.68 
Run 7 (50℃, 4% wt Ce/Zeolite) 24.27 43.11 89.98 
Run 8 (40℃, 3% wt Ce/Zeolite) 27.95 48.49 84.03 
Run 9 (36℃, 4% wt Ce/Zeolite) 20.14 17.81 83.54 
Run 10 (50℃, 2,5% wt Ce/Zeolite) 30.38 25.92 83.72 
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triplicate under the optimized conditions yielded an average 
FAME concentration of 91.5%, maximum FFA conversion of 
25.31%, and maximum TG conversion of 48.72%, confirming 
accuracy between experimental results and model predictions.  

3.7 Characteristics of Fatty Acid Methyl Ester Products 

The physicochemical properties of the produced fatty acid 
methyl ester (FAME) were evaluated based on four key 
parameters: FAME concentration (%FAME), free fatty acid 
content (%FFA), kinematic viscosity, and density. Density and 
viscosity were measured to assess compliance with the 
Indonesian National Standard (SNI 7182-2015) for biodiesel 
quality. In contrast, FFA analysis was conducted to evaluate the 
effectiveness of the esterification stage, particularly in reducing 
the initially high free fatty acid content of the PAO–WCO 
feedstock. The measured density, viscosity, %FFA, and 
%FAME values are summarized in Table 9. According to SNI 
7182-2015, high-quality biodiesel must exhibit a density in the 
range of 0.85–0.90 g/mL (850–890 kg/m³) and a kinematic 
viscosity of 2.3–6.0 cSt. 

As shown in Table 9, only a limited number of experimental 
runs approached the specified biodiesel quality criteria. Among 
all runs, Run 5 and Run 8 produced viscosity and density values 
within or very close to the acceptable range. Run 5 exhibited a 
viscosity of 5.60 cSt and a density of 890.95 kg/m³, whereas Run 
8 showed a viscosity of 5.65 cSt and a density of 877.77 kg/m³. 
These values fall within the permissible viscosity range and are 
reasonably close to the specified density limits, indicating partial 
compliance with SNI standards. 

The initial FFA content of the PAO–WCO mixture was 
53.21%, representing a highly acidic feedstock that necessitates 
an efficient esterification process. After the simultaneous 
esterification–transesterification reaction, the FFA level 
decreased significantly, reaching a minimum value of 36%. This 
reduction confirms that esterification occurred effectively and 
that a substantial fraction of the initially high FFA content was 
converted. Nevertheless, the residual FFA content remains 
considerably higher than the permissible limit for biodiesel 
applications. SNI 7182-2015 specifies a maximum FFA value of 
0.8%, while international standards such as ASTM D7467 and 
EN 14214 require FFA levels below 0.5% (Roza et al., 2025). 
Therefore, further process optimization is required to achieve 
FFA levels that comply with established specifications. 

In principle, zeolite-based bifunctional catalysts are 
expected to substantially reduce FFA due to the presence of 
acidic active sites that promote esterification (Leung et al., 
2010). The relatively high residual FFA observed in this study 
may be attributed to insufficient reaction time, a non-optimized 
methanol-to-oil molar ratio, or diffusion limitations inherent to 

heterogeneous catalytic systems. Furthermore, the relatively 
low Ce content at the applied Ce:Zeolite ratio of 1:10 may limit 
the availability of basic active sites, thereby constraining overall 
transesterification efficiency and FAME formation. In Run 5, the 
use of 3 wt.% catalyst enabled the simultaneous esterification–
transesterification process and reduced the FFA level to 37%. 
However, increasing catalyst loading to 4 wt.% in Run 7 did not 
further reduce FFA, which remained at 40%, and was 
accompanied by increased viscosity and density. As reported 
by Xie et al. (2019), excessive catalyst loading may induce 
diffusion limitations between methanol, oil, and solid catalyst 
particles. Higher catalyst concentrations can increase mixture 
viscosity, thereby restricting mass transfer of reactants to active 
sites. In addition, excessive catalyst may promote saponification 
reactions, in which FFAs react with basic sites to form soap-like 
by-products that complicate phase separation and reduce 
biodiesel yield (Widayat et al., 2024). 

According to SNI 7182-2015, biodiesel must contain a 
minimum methyl ester content of 96.5% (%FAME). In the 
present study, the maximum %FAME achieved was 91.5%, 
which does not satisfy the SNI requirement. Previous 
investigations have demonstrated that bifunctional catalysts 
applied to feedstocks with initial FFA contents of 10–25% can 
effectively reduce FFA to below 1% or close to 0.8%, thereby 
meeting both SNI and ASTM standards. For example, biodiesel 
production from off-grade crude palm oil (CPO) using a 
K₂O/Zeolite-Y catalyst under identical methanol ratios, 4 h 
reaction time, and 60°C reduced FFA from 13% to 0.7%, 
achieving a %FAME of 95.05% (Sumari et al., 2024). Similarly, 
biodiesel production from waste cooking oil using a bifunctional 
nanocatalyst derived from palm kernel shell at 80°C for 4 h 
reduced FFA from 15% to 0.4%, corresponding to 97.3% FFA 
conversion (Abdullah et al., 2020). In contrast, the feedstock 
employed in this study contained a substantially higher initial 
FFA level of 53.21%, which represents a more challenging 
reaction system. Such a high FFA concentration requires longer 
reaction times, higher methanol-to-oil molar ratios, and 
potentially increased Ce loading to provide sufficient basic 
active sites for effective transesterification. These constraints 
explain why the final FFA content remained at 36% despite 
significant reduction from the initial value. The substandard 
%FAME is attributed to the presence of unconverted glyceride 
species, including monoglycerides, diglycerides, and 
triglycerides, which remain in the crude biodiesel and require 
additional purification steps (Niawanti & Zullaikah, 2018). 

Density and viscosity are critical parameters influencing 
fuel atomization, evaporation, air–fuel mixing, combustion 
efficiency, and emission characteristics. Elevated viscosity may 
lead to poor atomization, injector fouling, deposit formation, 
and soot accumulation in engines. Biodiesel viscosity generally 

Table 9 
 FAME characteristics analysis results 

 Test parameters  

Density (kg/m3) Viscosity 
(cSt) 

%FFA %FAME 

SNI 850-900 2.3-6  ≥ 96.5% 
Run (Optimization) 894.38 5.626 39.745 91.5 
Run 1 (50℃, 4% wt Ce/Zeolite) 895.52 5.724 39.834 91.34 
Run 2 (40℃, 5% wt Ce/Zeolite) 912.08 7.081 36.56 85.4 
Run 3 (60℃, 5% wt Ce/Zeolite) 899.87 6.323 39.814 85.15 
Run 4 (50℃, 5,4% wt Ce/Zeolitee) 925.75 7.321 40.265 90.57 
Run 5 (60℃, 3% wt Ce/Zeolite) 890.96 5.604 37.021 88.55 
Run 6 (64℃, 4% wt Ce/Zeolite) 903.89 6.363 38.093 89.68 
Run 7 (50℃, 4% wt Ce/Zeolite) 910.91 6.589 40.296 89.98 
Run 8 (40℃, 3% wt Ce/Zeolite) 877.77 5.657 38.343 84.03 
Run 9 (36℃, 4% wt Ce/Zeolite) 905.09 6.536 42.498 83.54 
Run 10 (50℃, 2,5% wt Ce/Zeolite) 911.28 6.695 37.046 83.72 
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increases with higher degrees of unsaturation, particularly in the 
presence of multiple double bonds. Increased viscosity affects 
volumetric flow rate and spray characteristics during injection. 
At low temperatures, excessive viscosity may also compromise 
the mechanical performance of the fuel injection system. 
Biodiesel typically exhibits higher density than conventional 
diesel, which can influence combustion behavior. Density may 
further increase in biodiesel containing unsaturated fatty acids 
with more than two double bonds, potentially resulting in 
incomplete evaporation and less efficient combustion after 
injection (Kosuru et al., 2024). 

4.   Conclusion 

Zeolite was successfully synthesized from geothermal waste, 
thereby enhancing resource valorization and supporting 
sustainable material utilization in line with the Sustainable 
Development Goals (SDGs). The synthesized zeolite was 
subsequently modified via cerium impregnation to produce a 
bifunctional Ce/Zeolite catalyst capable of promoting 
simultaneous esterification and transesterification within a 
single reaction system. The one-step esterification–
transesterification process yielded a maximum FAME 
concentration of 91.5%, with triglyceride (TG) conversion 
reaching 48.72%. The free fatty acid (FFA) content of the 
feedstock was reduced from 53.21% to 39.74%, corresponding 
to an FFA conversion of 25.14% and an absolute FFA reduction 
of 13.47%. This reduction is particularly significant considering 
the very high initial FFA level (53.21%) of the PAO–WCO 
feedstock. Compared with previous studies that required 
multiple esterification stages to achieve comparable reductions, 
the present work demonstrates that substantial FFA mitigation 
can be achieved in a single reaction step. This finding confirms 
the critical contribution of the acidic function of the bifunctional 
Ce/Zeolite catalyst in processing high-FFA feedstocks. Despite 
the significant FFA reduction, the final %FAME did not yet meet 
the SNI minimum requirement, primarily due to the presence of 
unconverted glyceride species (monoglycerides, diglycerides, 
and triglycerides) remaining in the crude biodiesel phase. This 
indicates that further reaction intensification and downstream 
purification are required. To achieve %FAME levels compliant 
with SNI standards, longer reaction times, higher methanol-to-
oil molar ratios, and increased cerium loading are necessary to 
provide a greater density of basic active sites, thereby 
enhancing transesterification efficiency and overall FAME 
formation. Reaction temperature variation was performed to 
assess the influence of thermal energy on methyl ester 
production. Increasing the temperature from 40 °C to 50 °C 
improved mass transfer and reaction kinetics in the 
esterification–transesterification system, promoting triglyceride 
conversion and resulting in the highest methyl ester yield. 
Catalyst loading also significantly influenced process 
performance. The optimum catalyst loading was identified at 4 
wt%, at which the maximum methyl ester yield was obtained. 
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