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Abstract

The increasing demand for biodiesel has prompted the investigation of low-
quality feedstocks, such as used cooking oil (UCO), as an alternative to re-
fined vegetable oils. Nevertheless, the high free fatty acid (FFA) content, typ-
ically indicated by the acid value, in these feedstocks poses challenges in the
conventional biodiesel production process using homogeneous alkaline cat-
alysts. This study investigates the use of zeolite-based catalysts, ZSM-5 and
HY, for the esterification of UCO to produce biodiesel feed. The catalysts were
analyzed through techniques such as X-ray Diffraction (XRD), Brunauer-Em-
mett-Teller - Barrett-Joyner-Halenda (BET-BJH), and NH;-probed tempera-
ture-programmed desorption (NH;-TPD). XRD analysis revealed distinct
crystal structures for the catalysts, with ZSM-5 exhibiting an orthorhombic
MFI structure and HY displaying a cubic Faujasite structure. N, physisorp-
tion analysis showed the presence of micropores and narrow mesopores in
the catalysts, with HY exhibiting a peak at 2.5-5 nm pore sizes and a shoulder
at 5-10 nm. NH,-TPD analysis indicated that all catalysts possess weak, mod-
erate, and strong acid sites, with ZSM-5 having a higher acid density com-
pared to HY. The effects of catalyst type, molar ratio, catalyst dosage, and
reaction temperature on the esterification process were systematically stud-
ied. ZSM-5 demonstrated superior performance with a 61.07% FFA conver-
sion rate, while HY achieved a slightly lower conversion rate of 57.64%. This
study highlights the potential of zeolite-based catalysts in the sustainable
production of biodiesel from low-grade feedstocks, contributing to the devel-
opment of cost-effective and environmentally friendly processes.

Key findings

e ZSM-5 and HY zeolite catalysts were comprehensively investigated for used cook-
ing oil (UCO) esterification.

e ZSM-5 had higher acid density and Brgnsted acid sites compared to HY.

e Reaction parameters like molar ratio, catalyst dosage, and temperature were in-
vestigated.

e ZSM-5 demonstrated superior performance with 61.07% FFA conversion com-
pared to HY.

© 2025, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse of the work in any medium provided the original work is properly cited.

10f 16

Accompanying
information

Article history
Received: 25.09.25
Revised: 18.01.26
Accepted: 19.01.26
Available online: 05.02.26

Keywords

zeolite; esterification; used cooking oil;
free fatty acids (FFA); biodiesel; fatty acid
methyl ester (FAME)

Funding

This research was financially supported
by Lembaga Penelitian dan Pengabdian
Kepada Masyarakat (LPPM) Universitas
Diponegoro, Indonesia through the re-
search grant of Riset Dosen Muda (RDM)
2025 (grant no. 222-
215/UN7.D2/PP/IV/2025).

Supplementary information
Transparent peer review:

Sustainable Development Goals


http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.9133
mailto:teguh_ryt@live.undip.ac.id
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.15826/chimtech.9133&domain=pdf&date_stamp=2026-02-05
http://orcid.org/0000-0002-3553-4219
https://colab.ws/organizations/056bjta22
https://colab.ws/organizations/056bjta22
https://chimicatechnoacta.ru/rt/suppFiles/9133/0

Chimica Techno Acta 2026, vol. 13(1), No. 9133

1. Introduction

The increasing large-scale production of biodiesel globally
has resulted in an increased demand to develop more inno-
vative, cost-effective, and efficient processes. Increasingly,
vegetable oils have been used as feedstocks to produce high
quality biodiesel [1]. In recent studies, low-grade feed-
stocks, which have a higher acid value than refined vegeta-
ble oils due to their free fatty acid (FFA) content, are being
extensively researched as alternatives to vegetable oils in
biodiesel production [2]. When the FFA content in the feed-
stock surpasses 0.5% of the oil's weight, employing homo-
geneous alkaline technology with sodium hydroxide as a
catalyst is not advisable because it can lead to soap for-
mation and deplete the catalyst [3]. High FFA content in the
feedstock leads to soap formation, decreased biodiesel
yield, increased production costs, and will make it more dif-
ficult to separate and purify the biodiesel product [4-6]. To
overcome these problems, esterification is used to reduce
FFA in low-grade feedstocks, such as used cooking oil
(UCO).

Esterification plays an essential role in the biodiesel
production process, where FFAs are transformed into fatty
acid methyl esters (FAME) through the use of homogeneous
acid catalysts. Typically, this process involves a reaction be-
tween FFAs and alcohol, facilitated by an acid catalyst, of-
ten sulfuric acid [7]. Homogeneous acid catalysts are
known for their effective catalytic performance in the es-
terification of FFAs. However, the separation of the acid
catalyst from the product requires washing with water,
which ultimately leads to FAME loss, high energy consump-
tion, and generates a large amount of wastewater [3].
Moreover, homogeneous acid catalysts lead to reactor cor-
rosion and are challenging to regenerate, which raises the
overall cost of the production of biodiesel [3,8]. These is-
sues associated with homogeneous catalysts can be ad-
dressed by employing heterogeneous catalysts. Not only do
they minimize corrosion, but they can also be easily sepa-
rated and reused without diminishing their quantity or ef-
fectiveness [9]. In addition, the use of heterogeneous cata-
lysts can minimize the number of operating units because
heterogeneous catalysts can be separated easily from reac-
tion products [10]. Therefore, the use of heterogeneous cat-
alysts is suggested to be more economical.

The ideal heterogeneous acid catalyst for use in esterifi-
cation reactions should have many strong acid sites, be in-
expensive, and exhibit good stability. The selection of an
appropriate heterogeneous acid catalyst can simplify prod-
uct separation and reduce waste formation [11]. In addition,
heterogeneous acid catalysts possess higher thermal stabil-
ity and catalytic activity compared to base catalysts. Due to
these specific abilities, heterogeneous acid catalysts are
widely used in esterification reactions when the raw mate-
rials contain high levels of FFA. Some heterogeneous acid
catalysts that have already been developed for use in the
esterification process include heteropoly acids [12], zeolites
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[13], sulfated metal oxides [14], ordered mesoporous car-
bon (OMC) [10], and ion exchange resins [15,16].

Zeolite-based catalysts are increasingly recognized for
their efficacy in the esterification and transesterification of
UCO for biodiesel production. The use of zeolite-supported
systems, especially those modified with metal oxides,
shows promising results in enhancing the catalytic activity
due to their structural and surface properties. One of the
notable studies involves the use of a B-zeolite-supported
sulfate metal oxide catalyst system. This system includes
pure B-zeolite, ZnO-B-zeolite, and SO,2~/Zn0-B-zeolite var-
iants for biodiesel production using WCO. Among these, the
S0,27/Zn0-B-zeolite catalyst demonstrated superior perfor-
mance, largely attributed to its large pore size and high
acidity, which facilitate the conversion of UCO to biodiesel
through simultaneous transesterification and esterifica-
tion. The catalyst achieved a conversion rate of 96.9% un-
der optimal conditions, which include a 3.0 wt.% catalyst
loading, 200 °C reaction temperature, and a 15:1 methanol-
to-oil molar ratio over an 8 h reaction period [17].

The stability and reusability of such catalysts are crucial
for sustainable industrial applications. The SO42”/ZnO-B-
zeolite catalyst, for instance, maintained a biodiesel con-
version rate of over 80% after three synthesis cycles, high-
lighting its robustness and potential for repeated use [17].
In addition to the B-zeolite catalyst, other types include the
phosphotungstic-based Wells-Dawson compounds. These
have also been effective for the transesterification of UCO.
For example, the phosphotungstic Wells-Dawson heteropol-
yacid dispersed on titania oxide showed a conversion rate
of 74.6% of glycerides and a yield of 74.4% towards fatty
acid methyl esters under specified conditions [18]. Zeolites
provide several advantages in catalytic processes. Their
large surface area, high acidity, and structural integrity un-
der reaction conditions make them suitable candidates for
use with low-cost feedstocks like UCO, which often contain
high levels of free fatty acids (FFAs). This feature of being
insensitive to FFAs allows them to achieve high biodiesel
yields even when traditional homogeneous catalysts might
fail due to soap formation and other issues [17].

Although many researchers have reported on many
types of suitable heterogeneous catalysts for FFA esterifica-
tion, to the best our knowledge, the specific studies on the
comparison of zeolite type are limited. Therefore, this work
investigates the catalytic performance of two zeolite-based
solid acid catalysts, mainly ZSM-5 and HY, in the esterifica-
tion of UCO with methanol. The research aims to elucidate
the relationship between the physicochemical properties of
these zeolite catalysts and their catalytic activity in UCO es-
terification. A comprehensive characterization of the ZSM-
5 and HY catalysts was conducted to analyze their crystal
structure, textural properties, and surface acidity. X-ray
diffraction (XRD), nitrogen physisorption, and tempera-
ture-programmed desorption of ammonia (NH5-TPD) tech-
niques were employed to probe the catalysts' structural and
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acidic characteristics. Additionally, the catalytic perfor-
mance of ZSM-5 and HY was evaluated under various reac-
tion conditions, including different catalyst dosages, meth-
anol-to-oil ratios, and reaction temperatures. By correlat-
ing the catalysts' properties with their esterification activ-
ity, this study seeks to provide insights into the key factors
influencing FFA conversion in UCO. The findings are ex-
pected to contribute to the development of more efficient
solid acid catalysts for biodiesel production from low-qual-
ity feedstocks like UCO. Furthermore, the optimization of
reaction parameters investigated here can inform process
design considerations for the industrial-scale implementa-
tion of UCO esterification using zeolite catalysts.

2. Materials and Methods

2.1. Materials

The used cooking oil (UCO) that was used in this study was
obtained from a local fast food restaurant. The acid value of
the UCO was determined to be 8.47 + 0.043 mg KOH/g. Ta-
ble 1 shows the properties of the UCO that was used in this
study. Methanol (99.9%) was obtained from Merck. The
ZSM-5 (CBV8014) and HY (CBV760) zeolites were obtained
from Zeolyst.

2.2. Catalyst characterization methods

ARTICLE

the influence of the methanol to UCO molar ratio (ranging
from 5:1 to 20:1), catalysts dosage (0.025 to 0.15 g/g-UCO),
reaction temperature (40-65 °C), and reaction time (0-
2 h). The range of reaction conditions was adopted and
varied based on several sources in the literature [21,22].
Specifically, to investigate the effect of catalysts type, the
experiment was conducted using a methanol to UCO ratio
of 10, a temperature of 50 °C, and a catalyst dosage of 0.075
g/g-UCO with varied reaction time (between 15 min and
120 min), and for each time variable a fresh batch of 20 g
of used cooking oil (UCO) was used. The reaction was ter-
minated at the specified time before sampling. The effect of
methanol to UCO molar ratio on FFA conversion was exam-
ined at a temperature of 50 °C and a catalyst dosage of 0.05
g/8-UCO. The effect of catalyst dosage on FFA conversion
was examined at a reaction temperature of 50 °C and a
methanol to UCO molar ratio of 10. The effect of reaction
temperature on FFA conversion was examined at a catalyst
dosage of 0.05 g/g-UCO and a methanol to UCO molar ratio
of 10. The resulting reaction mixture was centrifuged, and
the oil phase was subsequently analysed.

2.4. Product analysis

The catalysts underwent comprehensive characterization
using a combination of analytical techniques to elucidate
their structural, textural, and surface properties. X-ray
Diffraction (XRD) method was used to investigate the
presence of the crystalline phases in the catalysts. The
analysis was conduted using Cu Ko radiation. The
diffraction patterns were collected with a scanning speed of
4° min~! in 20 angle ranges of 5° to 90° [19]. the Brunauer-
Emmet-Teller (BET) method was used to determine catalyst
surface area of the catalysts, while the Barret-Joyner-
Halenda (BJH) method was used to determine the pore size
distribution [19]. In order to determine the catalysts’
acidity strengths, NH;-probed Temperature Programmed
Desorption (NH;-TPD) was utilized. The adsorption of the
probe component was conducted at 100 °C, and then the
desorption was conducted from 100 °C to 900 °C with a
heating rate of 10 °C/min [20]. Furthermore, the Brgnsted
and Lewis acid sites on the catalysts were analysed using
Pyridine-probed FT-IR [19].

2.3. Esterification process

The esterification of FFA in UCO was conducted in a 100 mL
round bottom flask fitted with a reflux condenser (Figure
1). In the flask, 20 g of UCO and methanol were mixed. Sub-
sequently, a catalyst was introduced to the mixture, which
was then stirred using a magnetic stirrer. In this study, the
stirring speed was set to be constant at 300 rpm. Unless
specified otherwise, the reaction temperature was kept at
50 °C with the help of a heating mantle. The study examined

3 of 16

The calculation of the acid value takes into account the vol-
ume of potassium hydroxide used in the titration, its nor-
mality, and the weight of the sample.

Table 1 Properties of UCO used in this study.

Parameter Value
Density at 20 °C (g/mL) 0.904 + 0.0003
Kinematic viscosity at 20 °C (cSt) 76.91 £ 1.75
Moisture content (wt.%) 0.319 + 0.001
Acid value (mg KOH/g) 8.47 £ 0.043

D) — Cooling water
out

D «—— Cooling water
in

Heating mantle

Figure 1 Experimental set up.
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This value represents the number of milligrams of potas-
sium hydroxide required to neutralize the free fatty acids
present in one gram of the sample. The acid value was cal-
culated using Equation (1) [23].

Ve =V,)-M-56.1

AV=— " (1)
m

where AV represents the acid value measured in mg KOH
per gram of oil, V: denotes the volume of the titrant solution
used for the sample titration, measured in mL, while V, in-
dicates the volume of the titrant solution used for the blank
titration, also in mL. M stands for the molarity of the titrant
solution, expressed in mol/L, and m refers to the mass of
the sample in g. The acid value analysis for each sample was
performed in duplicate, and the reported values represent
the average of two independent measurements.

The conversion of FFA was calculated based on acid
value in the UCO using Equation (2) which was adopted
from literature [24,25]:

AV, — AV,

A (2)

FFA conversion (%) = ( ) - 100,
where AV, stands for the acid value in UCO before esterifi-
cation and AV: stands for the acid value in UCO after ester-

ification.

3. Results and Discussions

3.1. Catalyst characteristics

3.1.1. Crystal structure and surface functional group of
the catalysts

The XRD analysis revealed distinct crystal structures for the
ZSM-5 and HY catalysts. Figure 2 shows the XRD patterns
and FT-IR spectra of HY and ZSM-5 catalysts. As shown in
Figure 2, the ZSM-5 catalyst exhibited an orthorhombic MFI
structure, characterized by intense peaks at specific 26 an-
gles corresponding to various crystallographic planes. No-
tably, a characteristic quintet of the MFI structure was ob-
served at 26 = 23-25.5°, consistent with findings from pre-
vious studies by Zang et al. [26] and Riyanto et al. [27]. This
structural identification was based on the Crystallography
Open Database (COD) reference code 96-154-0268, at-
tributed to the presence of prominent peaks at 20 = 7.95°,
8.89°, 23.49°, 23.71°, 24.13°, 24.35°, and 24.83°, which cor-
respond to the (101), (020), (501), (051), (151), (303), and
(133) planes, respectively. In contrast, the HY-based cata-
lysts displayed a cubic Faujasite (FAU) structure, evidenced
by diffraction peaks at 20 = 6.52°, 10.54°, 12.32°, 16.14°,
19.22°, 20.93°, 24.27°, 27.72°, and 32.15°. These peaks cor-
respond to (111), (220), (311), (331), (511), (440), (533),
(642), and (555) planes, as confirmed by the COD reference
code 96-153-6102. The observed FAU structure aligns with
previous research conducted by Reinoso et al. [28].
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The distinct diffraction patterns of ZSM-5 and HY cata-
lysts highlight their unique crystal structures, which are
crucial for understanding their catalytic properties and po-
tential applications in various chemical processes. Moreo-
ver, the intensity and sharpness of the diffraction peaks for
both ZSM-5 and HY catalysts indicate high crystallinity and
well-defined structures. These structural characteristics
play a significant role in determining the catalytic activity
and selectivity of the zeolites. The presence of specific crys-
tallographic planes and their corresponding intensities can
provide insights into the distribution of active sites and
pore accessibility, which are crucial factors in catalyst per-
formance. Therefore, further characterisations should be
conducted to elucidate the relationship between crystallo-
graphic planes and catalytic properties for WCO esterifica-
tion, such as surface acid properties and pore size distribu-
tion.

The broad absorption bands observed between 3750 and
3400 cm™ are attributed to the stretching vibrations of the
OH groups in water molecules, while the band around
1630 cm™ corresponds to the bending vibration mode of re-
sidual H>O molecules [29]. The absorption band at
1225 cm™ in ZSM-5 and 1204 cm™' in HY is likely due to the
external vibrations between SiO4 and AlO,4 tetrahedra of the
zeolite [29,30]. The band at 1175 cm™ in HY and at
1103 cm™* in ZSM-5 represents the asymmetric stretching of
Si-O-Si or Si-0O-Al bonds [31]. The band at 833 cm™ is in-
dicative of the Si-O, SiO-Al, and Al-OH stretching vibra-
tions associated with the internal TO4 structure (T = Si, Al).
The band around 790 cm™ corresponds to the symmetrical
stretching vibrations of the external TO4 structure [29,30].
Additionally, the band detected around 455 cm™ is at-
tributed to the internal vibrations of TO (tetrahedrons) and
around 550 cm™! is attributed to the vibrations of the sec-
ondary building units [31].

3.1.2. Textural properties of catalysts

The efficiency of a catalytic reaction significantly depends
on the diffusion of reactants to the active sites within the
catalyst pores and subsequent product diffusion away from
the sites. Therefore, it is important to analyse the catalysts’
pore sturcture. The N physisorption analysis of HY and
ZSM-5 catalysts provides valuable insights into their pore
structures, revealing a complex network of micropores and
potential narrow mesopores. As can be seen in Figure 3(A),
the catalysts show a sharp adsorption at low relative pres-
sures (p/p° < 0.01) which is a clear indicator of narrow mi-
cropores in all catalysts, as noted by Thommes et al. [32].
This characteristic suggests that the catalysts possess a di-
verse range of pore sizes, extending beyond just narrow mi-
cropores to include wider micropores and possibly narrow
mesopores around 2.5 nm in diameter. Such a varied pore
size distribution can significantly impact the catalysts' per-
formance, affecting their adsorption capacity, selectivity,
and overall catalytic activity.

DOI: 10.15826/chimtech.9133


https://doi.org/10.15826/chimtech.9133

Chimica Techno Acta 2026, vol. 13(1), No. 9133
. (A) «7AU — (B)
o MFI
-
- 3
2 &
& 8
B g
M -
2] -
=1 h=1
9 g
-1 (7]
5 g
<
St
[
1076
T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 1500 1250 1000 750 500 '
'\~ 1
20 (°) S Wavenumber (cm™) |
1
1
1
1
|
[
N
ZSM-5 N -i
__\/f 1 H
1 |
~ 1
= 1
!é 1
-~ i
3 1
-] HY !
<
- 1
ST~ — !
= i
& i
8 3445 !
= 1
1
1
i
©) |
L
T T T T T T T T T T T T T T
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)
Figure 2 XRD patterns and FT-IR spectra of HY and ZSM-5 catalysts.
1.0
3504 —9—HY 3.65 nm HY
= —0— ZSM-5 | ZSM-5
& 300- 0.8 4
w ~
T g
250 ~
S i” 0.6 - 3.69 nm
~™
S 200 g
£ 2
8 ;J : Shoulder peak
g 1504 =} % 5nm
< E 4 Broad peak
z, ~ , A =15nm
= 100 < > 0.2 4 ’ /.
E k=]
] Micropore
& 501 <"""" filling
A) o0 (B)
o T T T T T T T T T T T
0.0 0.1 02 03 04 05 06 0.7 0.8 0.9 1.0 1 10 100

P |

SElI  20kV WD10!

Relative Pressure (p/p°)

mm_ S$530

x10,000

1pm

;. J(Cﬂh

SEI

20KV

Pore size (nm)

WD10mm  SS30 x10,000  1pm

ARTICLE

Figure 3 (A) N, sorption isotherms, (B) catalysts pore size distribution, and SEM analysis analysis of (C) HY and (D) ZSM-5 zeolites.
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Furthermore, the presence of a hysteresis loop in the N
sorption isotherms further classifies these catalysts under
Type H4 according to the IUPAC classification system. This
classification not only confirms the existence of mi-
cropores, but also provides additional information about
the nature of the pore network. Type H4 hysteresis is often
associated with narrow slit-like pores or the internal voids
of loose assemblages of plate-like particles [33]. This pore
structure can have important implications for the catalysts'
behavior in various applications, such as their ability to fa-
cilitate mass transfer of reactants and products, their re-
sistance to deactivation through coking, and their potential
for shape-selective catalysis. The combination of mi-
cropores and narrow mesopores in these catalysts can cre-
ate a hierarchical pore structure, which is often desirable
for optimizing catalytic performance in complex reactions.

The physisorption isotherms of the catalysts reveal a
complex pore structure that combines characteristics of
both Type I and Type II adsorption. This hybrid behavior,
observed at p/p°® = 0.4, indicates the simultaneous presence
of micropores and narrow mesopores within the catalyst
materials. The coexistence of these two pore types creates
a hierarchical pore structure that can significantly influ-
ence the catalytic performance. Notably, the HY and ZSM-5
catalysts exhibit a particularly intricate pore architecture,
with a distinct peak in the pore size distribution at 2.5-
5 nm and a shoulder extending to 5-10 nm, as shown in Fig-
ure 3(B). This bimodal distribution suggests a well-devel-
oped mesoporous network complementing the inherent mi-
croporous structure of the zeolite framework. The dual pore
structure observed in these catalysts has important impli-
cations for their catalytic applications. Micropores, typi-
cally less than 2 nm in diameter, provide high surface area
and shape selectivity, which are crucial for molecular siev-
ing and selective catalysis. On the other hand, mesopores,
ranging from 2 to 50 nm, facilitate the diffusion of larger
molecules and enhance mass transfer within the catalyst.
The combination of these pore types can lead to synergistic
effects, where the micropores offer active sites for catalysis
while the mesopores improve accessibility and reduce dif-
fusion limitations. Moreover, as can be seen in Table 2, both
HY and ZSM-5 catalysts have a high surface area. The sur-
face areas of HY and ZSM-5 catalysts are 700 m?/g and
370 m?/g, respectively. In addition, the total pore volumes
of HY and ZSM-5 catalysts are 0.51 m3/g and 0.26 m3/g, re-
spectively. It suggested that these catalysts provide more
effective mass transfer. Klaewkla et al. [34] reported that

Table 2 Catalyst’s pore structure properties.
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high surface area catalysts can reduce mass transfer barri-
ers by providing more pathways for reactants to reach the
catalytic sites, thus enhancing reaction rates. These charac-
teristics making HY and ZSM-5 catalysts suitable for wide
range of applications, especially for WCO esterification. The
diffusion limitation of FFA molecules can be reduced, since
these catalysts have mesopores structure.

The SEM analysis revealed distinct surface morpholo-
gies for the HY and ZSM-5 catalysts, providing valuable in-
sights into their structural characteristics. As can be ob-
served in Figure 3(C), the HY catalyst exhibited smooth ag-
glomerate particles with irregular polyhedral morphology,
a typical characteristic of the cubic FAU structure. This ob-
servation aligns with previous studies that have reported
similar morphological features for FAU zeolites, including
irregular polyhedral [35] and octahedral [36] structures.
The smooth surface and well-defined polyhedral shapes of
the HY catalyst particles indicate a high degree of crystal-
linity and structural uniformity.

In contrast, the ZSM-5 catalyst displayed a rough and ir-
regular surface morphology (Figure 3(D)), attributable to its
corresponding MFI structure. This distinct surface character-
istic of ZSM-5 is a result of its unique framework topology,
consisting of intersecting straight and sinusoidal channels.
The rough surface morphology of ZSM-5 can contribute to en-
hanced accessibility of active sites, potentially improving its
catalytic activity. The observed differences in surface mor-
phology between HY and ZSM-5 catalysts highlight the im-
portance of zeolite structure in determining their physical
properties and, consequently, their catalytic behavior.

3.1.3. Catalysts acidic properties

The role of catalyst acidity is crucial in the esterification pro-
cess. Roslan et al. [37] reported that the oprimal heterogene-
ous acid catalyst for esterification should possess a large num-
ber of strong acid sites. Therefore, the surface acidic proper-
ties of the catalysts should be evaluated. The NH3-TPD (Tem-
perature-Programmed Desorption of Ammonia) analysis pro-
vides valuable insights into the acid site properties of HY and
ZSM-5 catalysts, offering a comprehensive understanding of
their catalytic behavior. In this study, the adsorption of ammo-
nia onto catalysts surface was conducted at 100 °C. This tem-
perature is carefully chosen to ensure that the observed inter-
actions are primarily due to chemical adsorption on the cata-
lysts' acid sites, rather than physical adsorption. This ap-
proach allows for an accurate assessment of total acidity,
providing a reliable measure of the catalyst's acid site density
and distribution.

Catalysts Sger (M?/g8) Smicro’ (M?/8) Sext (M?/8) Viicro' (cM3/8) Viotal (cm3/g) d,* (nm) daye’ (nm)
HY 700 544 156 0.28 0.51 3.65 2.90
ZSM-5 370 296 74 0.15 0.26 3.69 2.79
"Based on t-plot method;

Pore size based on BJH method;
*Average pore size based on BET method;
6 of 16 DOI: 10.15826/chimtech.9133
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The temperature at which ammonia desorbs indicates the
acid strength of catalysts. The acid strengths are typically
categorized into three distinct ranges: weak (120-300 °C),
moderate (300-500 °C), and strong (>500 °C) [38,39]. This
classification enables researchers to quickly assess the dis-
tribution of acid site strengths within a catalyst sample.
Figure 4 illustrates the NH3-TPD signals for the HY and
ZSM-5 catalysts, while Table 3 provides a summary of the
catalysts' acid strength.

As can be observed in Figure 4, all catalysts have three
main desorption peaks, which appear at 120-300 °C, 300-
500 °C, and >500 °C. This fact confirms that all catalysts
have both weak, moderate, and strong acid sites. The parent
HY catalyst exhibits a balanced distribution of weak and
moderate acid sites, suggesting a more versatile acidity
profile suitable for reactions requiring milder acid condi-
tions. In contrast, the ZSM-5 catalyst demonstrates a pre-
dominance of moderate and strong acid sites, indicating its
potential for catalyzing reactions that demand higher acid
strength. According to Chen et al. [40] and Hensen et al.
[41], the strong acid site corresponds to the Brgnsted acid
site, meaning that ZSM-5 catalyst has more Brgnsted acid
site than HY catalyst. The difference in Brgnsted acidity be-
tween ZSM-5 and HY catalysts can be attributed to their dis-
tinct structural properties. The Brgnsted acid sites on the
zeolite-based catalyst are the sites that can donate protons
(H") (proton donor), while the Lewis acid sites on the zeo-
lite-based catalyst are sites that can accept electron pairs
(electron acceptor) [42].

The presence of Brgnsted and Lewis acid sites in the ze-
olite-based catalysts structure is shown in Figure 4(C). The
adsorption band for the Lewis acid site is located at a wave-
number of ~1450 cm™, while the Brgnsted acid site appears
at ~1550 cm™ [43]. The quantity of Brgnsted and Lewis acid
sites on the catalyst can be determined by examining the
area of each respective peak. It shows that the peak area for
the Brgnsted acid site suggests that ZSM-5 possesses a
greater number of Brgnsted acid sites compared to HY. A
similar observation applies to the Lewis acid site. This find-
ing aligns with the NH3-TPD analysis. Brgnsted acid site
consists of a hydrogen atom bonded to the oxygen atom that
connects the tetrahedrally coordinated cations, which form
the zeolitic framework [42]. The Lewis acid sites in zeolite-
based catalysts are electron deficient sites (containing un-
occupied orbitals) exhibiting the ability to accept electrons
during interactions with molecules which can be formed
through the dehydration process in the zeolite framework
[42,44]. Ahigher amount of Brgnsted acid site in ZSM-5 cat-
alyst is espected to increase the esterification process of
UCO. Furthermore, the total acidity and the acid density of
the ZSM-5 catalyst are notably higher than those of HY cat-
alyst. As shown in Table 3, the total acidity of ZSM-5 and
HY catalysts are 620 umol-NH3/g-cat and 203 umol-NH3/g-
cat, respectively. In addition, the acid density of ZSM-5
(1.58 pmol/m?) is approximately eight times higher than
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that of the HY catalyst (0.27 umol/m?). This substantial dif-
ference in acid site concentration and strength distribution
between the two catalysts implies distinct catalytic perfor-
mances and selectivities in acid-catalyzed reactions.
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Table 3 Catalysts acidity.

. Acid site amount (pmol-NH;/g-cat) Acid den-
- L
lysts Mod- sity

y Weak erate Strong Total (numol/m?)
HY 81 93 29 203 0.27
ZSM-5 184 237 199 620 1.58

*Ratio of total acidity to BET surface area

3.2. Esterification

3.2.1. The effect of catalysts type

The catalytic performances of the HY and ZSM-5 catalysts
in the esterification of UCO with methanol were examined
under specific operating conditions. The initial acid value
of the UCO was determined to be 8.47 + 0.043 mg KOH/g,
indicating a significant presence of free fatty acids. To in-
vestigate the effect of catalysts type, the operating condi-
tions were kept consistent for both catalysts to ensure a fair
comparison of their performance. By comparing the cata-
lytic activities of HY and ZSM-5 under identical conditions,
this study sought to determine which catalyst would be
more efficient in facilitating the esterification reaction, po-
tentially leading to improved biodiesel production pro-
cesses using used cooking oil as a renewable feedstock.

The conversion of FFA using zeolite catalysts demon-
strates the effectiveness of these materials in catalytic pro-
cesses. Figure 5 shows the effect of catalyst type on FFA
conversion. As can be observed, ZSM-5, a type of zeolite
with a specific three-dimensional pore structure, showed a
higher FFA conversion rate of 61.07% compared to the HY
zeolite catalyst, which achieved 57.64% conversion. This
difference in performance can be attributed to the unique
properties of the catalysts, such as pore size, acidity, and
surface area. The superior performance of ZSM-5 in FFA
conversion may be due to its medium-pore structure and
high Si/Al ratio, which can enhance its hydrophobicity and
acid strength. These characteristics potentially allow for
better interactions with FFA molecules and more efficient
catalytic conversions. In addition, high FFA conversion us-
ing ZSM-5 is attributed by the high acid density and the
presence of Brgnsted acid site. Based on NH3-TPD (Figure
4(B)) and Pyridine-probed FT-IR analysis (Figure 4(C)),
ZSM-5 has higher acid density and more Brgnsted acid site
than HY.

A higher performance of ZSM-5 than HY catalyst is at-
tributed to the their properties. The medium-pore structure
of ZSM-5 may provide an optimal environment for FFA mol-
ecules to access active sites within the catalyst, leading to
enhanced conversion rates. Additionally, the higher Si/Al
ratio of ZSM-5 can contribute to increased hydrophobicity,
which may facilitate the adsorption of FFA molecules onto
the catalyst surface. The acid strength of the catalyst also
plays a crucial role in the conversion process, with stronger
acid sites potentially promoting more efficient catalytic re-
actions. Brgnsted acid sites are widely known as the main
active centers for catalyzing esterification reactions, in-
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cluding those involving FFAs and alcohols. These sites func-
tion by protonating the carbonyl group of the acid, which
increases the electrophilicity of the carbon and facilitates
nucleophilic attack by the alcohol, leading to ester and wa-
ter formation [45,46]. Lewis acid sites can also catalyze es-
terification, typically by coordinating with the carbonyl ox-
ygen of the acid to form a reactive complex, which similarly
enhances the susceptibility of the carbonyl carbon to nucle-
ophilic attack by the alcohol [46,47]. Many studies report
that both Bregnsted and Lewis acid sites are responsible for
catalyzing the esterification reaction, and their coexistence
can lead to enhanced catalytic performance due to possible
synergistic effects [46,48].

Based on several literature sources, the strength and
density of Brgnsted acid sites are critical factors. Stronger
Bronsted acid sites, such as those found in zeolites and cer-
tain metal-organic frameworks (MOFs), can significantly
enhance the esterification rate. For instance, Koo et al. [49]
reported that the strong Brgnsted acid sites in H-ZSM5 and
H-Ferrierite zeolites are responsible for the increased es-
terification rates and selectivity towards methyl acetate.
Similarly, Brgnsted acid sites in UiO-66 MOFs, enhanced by
sulfur functionalization, showed increased catalytic activity
for dehydration reactions, which can be analogous to ester-
ification processes [50]. Wang et al. [51] reported that the
esterification mechanism involves the activation of FFAs by
Brgnsted acid sites, followed by the formation of a tetrahe-
dral intermediate with methanol, leading to the production
of fatty acid methyl esters (FAME) and water. The rate-de-
termining step is the combination of the activated FFA with
methanol, which is facilitated by the strong acidic environ-
ment provided by the Brgnsted acid sites [51,52].

Table 4 highlights the comparative catalytic activities of
various heterogeneous catalysts employed in the free fatty
acid (FFA) esterification process. Notably, the ZSM-5 and
HY catalysts examined in this study exhibit considerably
lower catalytic performance relative to other catalysts such
as HMFI [21] and HY(80) [53].
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Figure 5 The effect of catalyst type on FFA conversion.
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This disparity in activity can be attributed to multiple
experimental parameters, including reaction time, catalyst
loading, reaction temperature, and the molar ratio of meth-
anol to FFA. Each of these factors plays a critical role in in-
fluencing the efficiency of the esterification reaction, po-
tentially affecting catalyst surface interactions, active site
availability, and overall conversion rates.

Since the FFA conversion using ZSM-5 catalyst is higher
than using HY catalyst, the effect of methanol to UCO molar
ratio, the effect of catalyst dosage, and the effect of reaction
temperature were further examined using ZSM-5 catalyst.

3.2.2. The effect of methanol to UCO molar ratio

The molar ratio of alcohol to FFA is a critical parameter in
the esterification process, influencing not only the conver-
sion efficiency but also the economic viability of the pro-
duction. While the stoichiometric requirement dictates a 1:1
molar ratio, industrial applications typically employ an ex-
cess of alcohol to optimize the reaction outcomes. This sur-
plus alcohol serves multiple purposes: it accelerates the re-
action rate, shifts the equilibrium towards product for-
mation, and compensates for any potential side reactions or
impurities that may consume alcohol molecules [54,55].
However, determining the ideal alcohol-to-FFA ratio in-
volves a delicate balance between maximizing conversion
and minimizing costs. While a higher ratio can lead to im-
proved yields and faster reaction times, it also increases
raw material costs and necessitates more extensive down-
stream separation processes to recover the excess alcohol.
Furthermore, an excessively high alcohol concentration
may dilute the reaction mixture, potentially reducing the
reaction rate and requiring larger reactor volumes. There-

Table 4 Performance comparison with previous studies.
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fore, researchers and process engineers must carefully op-
timize this parameter, considering both the technical bene-
fits and economic implications.

Figure 6 illustrates how the molar ratio of methanol to
UCO affects FFA conversion. At first, the FFA conversion
rate increased quickly, but then it slowed down. This indi-
cates that the relationship between the methanol-to-oil ra-
tio and FFA conversion is not linear. The FFA conversion
significantly increases at methanol-to-oil ratio of 5 to 15.
This increase in FFA conversion with the increase in meth-
anol-to-oil ratio is expected. It is well known that the ester-
ification process is reversible. An excess of methanol is es-
sential in shifting the equilibrium.
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Figure 6 The effect of methanol to UCO molar ratio on FFA con-
version.

Catalyst Reaction Condition

FFA Conversion (%) Ref.

Reaction temperature = 60 °C.

Catalyst amount = 1.0 g.

HMFI . .
Reaction time = 3 h.

80 Chung et al. [21]

Methanol-to-oil molar ratio = 30:1

Reaction temperature = 68 °C.

Catalyst amount = 5 wt.%

H-Y(80) zeolite Reaction time = 6 h.

93.7 Dal Pozzo et al. [53]

Methanol to FFA molar ratio = 9:1

Reaction temperature = 68 °C.

Catalyst amount = 7 wt.%,

SBA-15 Reaction time = 5 h.

50.7 Xie et al. [56]

Methanol to FFA molar ratio = 15:1

Reaction temperature = 65 °C.

Catalyst amount = 4 wt.%,

A lvst-1 A
mberlyst-15 Reaction time = 1.5 h.

60.2 Gan et al. [57]

Methanol-to-oil molar ratio = 15:1

ZSM-5

Reaction temperature = 50 °C.
Catalyst amount = 0.075 g/g-UCO.
Reaction time = 1 h.
Methanol-to-oil molar ratio = 10:1

61.07

This study

HY

Reaction temperature = 50 °C.
Catalyst amount = 0.075 g/g-UCO.
Reaction time = 1 h.
Methanol-to-oil molar ratio = 10:1

57.64

This study

9 of 16

DOI: 10.15826/chimtech.9133


https://doi.org/10.15826/chimtech.9133

Chimica Techno Acta 2026, vol. 13(1), No. 9133

By increasing the molar ratio of methanol to UCO, the
reaction is driven towards producing methyl esters and wa-
ter, thereby effectively lowering the FFA content. This con-
cept, known as Le Chatelier's principle, suggests that when
a system at equilibrium is disturbed, it will adjust to coun-
teract the disturbance and establish a new equilibrium.
Moreover, from the perspective of mass transfer, increas-
ing the molar ratio of methanol-to-oil reduces the viscosity
of the reaction mixture. This reduction facilitates improved
interaction between the reactants and the catalyst, thereby
boosting the mass transfer rate and ultimately leading to a
higher conversion rate within a set reaction period.

As can be observed in Figure 6, the FFA conversion turns
to be slower when the methanol to UCO ratio was increased
to 20. As shown in Figure 6, it is evident that the lower
methanol to UCO ratio was not sufficient for the conversion
to reach more than 45%. At methanol-to-oil ratio of 15, 65%
conversion was reached after 60 min of reaction. After the
methanol to UCO ratio increased to 20, the conversion
reached 68%. It indicates that increasing the methanol to
UCO ratio beyond 15 does not significantly improve the FFA
conversion. This phenomenon is caused by mass transfer
limitations and inhomogeneity of reactants. For instance,
Yunus et al. [58] reported that increasing the ratio from 6:1
to 12:1 in a semi-batch esterification process led to de-
creased FFA conversion. Gan et al. [57] observed that the
conversion of FFA was initially fast, but as the reaction con-
tinued, the formation of water tended to promote the hy-
drolysis of FAME back into FFA, leading to a reduction in
the rate of FFA conversion. A similar result was also re-
ported by Ramadhas et al. [55]: no notable enhancement in
FFA conversion was observed with the excessive use of al-
cohol.

3.2.3. The effect of catalyst dosage

The dosage of catalysts in esterification reactions is a criti-
cal factor that significantly influences the overall process
efficiency and product yield. Higher catalyst concentrations
generally lead to increased reaction rates and higher con-
versions, as they provide more active sites for the reactants
to interact. However, there is often an optimal catalyst dos-
age beyond which further increases may not result in sub-
stantial improvements or may even have detrimental ef-
fects. Figure 7 illustrates the effect of catalyst dosage on
FFA conversion.

Based on Figure 7, the conversion of FFA in UCO is sig-
nificantly influenced by catalyst dosage. As observed, in-
creasing the catalyst dosage from 0.025 to 0.15 g/g-UCO re-
sults in a corresponding increase in FFA conversion. At the
lowest dosage of 0.025 g/g-UCO, the conversion rate is
55.31%, which rises to 57.05% when the dosage is doubled
to 0.05 g/g-UCO. The highest conversion rate of 62.78% is
achieved at the maximum catalyst dosage of 0.1 g/g-UCO.
This trend suggests a positive correlation between catalyst
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dosage and FFA conversion efficiency. The increase in con-
version rate is likely due to the greater availability of active
sites for the esterification reaction as more catalysts are in-
troduced. Roslan et al. [37] reported that the increase in
catalyst loading leads to a proportional rise in the number
of active sites available for the reaction. These active sites
serve as crucial points where the reactants can interact
with the catalyst, facilitating the conversion process. As
more catalyst is introduced into the system, the surface
area for potential reactions expands, providing more op-
portunities for the FFA to come into contact with the cata-
lyst particles. This enhanced availability of active sites sig-
nificantly improves the mass transfer efficiency between
the reactants and the catalyst. The increased contact rate
allows for more frequent and effective collisions between
FFA molecules and catalyst particles, accelerating the over-
all reaction kinetics. Consequently, this leads to a higher
FFA conversion rate and an overall increase in the reaction
rate. The improved mass transfer and increased reaction
sites work synergistically to optimize the conversion pro-
cess, making the reaction more efficient and potentially re-
ducing the time required to achieve desired conversion lev-
els.

Increasing catalyst dosage has been consistently shown
to enhance the conversion of FFAs to esters across various
studies. This trend is particularly evident in biodiesel pro-
duction, where higher catalyst concentrations often lead to
improved conversion rates and product quality. The study
utilizing Cr-Ti mixed oxides catalyst demonstrated that a
2.0 wt.% dosage resulted in FAME density closely matching
that of standard palm oil biodiesel [59]. This finding sug-
gests that optimizing catalyst dosage can significantly im-
pact the final product's properties, potentially improving
its compatibility with existing biodiesel standards. Further
supporting this trend, research employing SnPMo catalyst
revealed that catalysts dosage affected FFA conversion
[60]. Buasri et al. [61] also reported that the increase in
catalysts dosage from 2-4 wt.% increased the FFA conver-
sion.
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Figure 7 The effect of catalyst dosage on FFA conversion.
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The relationship between catalyst dosage and conver-
sion rate appears to be positively correlated, although it is
important to note that there may be an upper limit beyond
which further increases in catalyst concentration yield di-
minishing returns or potentially adverse effects. As shown
in Figure 7, the increase in catalyst dosage after 0.1 g/g-
UCO doesn’t increase the conversion significantly. It’s only
increased by 0.6% (from 62.78% to 63.38%). It indicates
that further increase in catalyst dosage doesn’t improve the
FFA conversion. The observed phenomenon is likely at-
tributable to the high availability of active sites, coupled
with an insufficient quantity of reactants, which conse-
quently led to a reduction in FFA conversion. Furthermore,
the negligible increase in FFA conversion can also be at-
tributed to mass transfer limitations at elevated catalyst
loadings. This result is in accordance with Roslan et al. [37].
They reported that at high catalysts dosage, it only helped
to improve the reaction rate, but the final conversion re-
mains the same.

3.2.4. The effect of reaction temperature

Temperature plays a pivotal role in esterification reactions,
influencing multiple aspects of the process. As noted by
Wan Kamis et al. [62], the reaction rate, conversion effi-
ciency, and formation of by-products are all significantly
impacted by temperature variations. Higher temperatures
typically accelerate the reaction Kkinetics, leading to in-
creased conversion rates. However, this acceleration comes
with potential drawbacks, as elevated temperatures can
also promote undesirable side reactions and by-product for-
mation, as highlighted by Maquirriain et al. [63]. In addi-
tion, the optimal temperature for esterification reactions is
not universal and depends on various factors, including the
specific catalyst employed and the characteristics of the
feedstock. For instance, in the context of UCO esterification,
the optimal temperature may differ from that of other feed-
stocks due to variations in fatty acid composition and im-
purity content. Consequently, a thorough investigation of
temperature effects in UCO esterification is crucial for pro-
cess optimization. Figure 8 depicts the effect of tempera-
ture on FFA conversion.

As can be observed in Figure 8, the FFA conversion in-
creases from 53.84% to 66.49% with the increase in reac-
tion temperature from 40 °C to 65 °C. This demonstrates
the complex interplay between thermal energy and reaction
dynamics. As temperature rises, the viscosity of the reac-
tion mixture decreases, enhancing the mobility of reactant
molecules. This improved mobility leads to more frequent
and effective collisions between reactants, thereby acceler-
ating the reaction rate. The enhanced miscibility at higher
temperatures also contributes to a more homogeneous re-
action environment, allowing for better contact between
the FFA molecules and the catalyst or other reactants. This
phenomenon aligns with the Arrhenius equation, which de-
scribes the temperature dependence of reaction rates. In
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agreement with the literatures [54,64], the temperature
notably increased the reaction rate and the equilibrium
constant, while simultaneously enhancing the mass trans-
fer limitation.

The influence of temperature on the conversion of FFA
in waste frying oil and oleic acid esterification has been ex-
tensively studied. Buasri et al. [61] demonstrated a signifi-
cant increase in FFA conversion as temperatures rose from
50 °C to 80 °C in waste frying oil. This finding aligns with
Wan et al. [65], who observed enhanced conversion rates in
oleic acid esterification using a chromium-tungsten mixed
oxide catalyst at elevated temperatures. These results un-
derscore the critical role of temperature in promoting reac-
tion kinetics and improving overall conversion efficiencies.
Further supporting this trend, Ayan et al. [66] and Su et al.
[67] emphasized that higher temperatures contribute to ac-
celerated reaction rates and increased conversion efficien-
cies. This phenomenon can be attributed to the enhanced
molecular kinetic energy at elevated temperatures, which
facilitates more frequent and effective collisions between
reactant molecules. Consequently, the activation energy
barrier is more readily overcome, leading to faster reaction
rates and higher product yields.

Figure 8 illustrates that the optimum temperature for
achieving the FFA conversion is around 60 °C, yielding a
conversion rate of 65.75%. Beyond this temperature, in-
creasing to 65 °C does not result in a significant improve-
ment in FFA conversion efficiency (FFA conversion of
66.49%). This plateau effect suggests that the reaction
reaches a thermal threshold where further temperature el-
evation offers diminishing returns in catalytic activity or
reaction kinetics. The limited increase in FFA conversion at
temperatures above 60 °C can be attributed primarily to
methanol losses due to vaporization [68,69]. As the tem-
perature rises, methanol, which acts as a reactant in the
conversion process, tends to evaporate more rapidly, reduc-
ing its effective concentration in the reaction mixture.
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Figure 8 The effect of temperature on FFA conversion.
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This loss of methanol limits the availability of the reac-
tant needed for continuous conversion, thereby counteract-
ing any potential gains from higher temperatures. Conse-
quently, maintaining the temperature at 60 °C optimizes
the balance between reaction rate and methanol retention,
ensuring maximum conversion efficiency.

3.2.5. Reusability of catalyst

The reusability study of the catalyst was performed under
controlled conditions, specifically using a catalyst dosage of
0.05 g/g-UCO, at a temperature of 55 °C, and with a meth-
anol to UCO molar ratio of 10. Before initiating the reusa-
bility tests, the spent catalysts underwent a regeneration
process to restore their activity and remove any contami-
nants accumulated during the reaction. The regeneration
procedure involved washing the spent catalysts with n-hex-
ane, which effectively removed residual oils and impurities
adhering to the catalyst surface. Following this cleaning
step, the catalysts were subjected to calcination at 500 °C
for 3 h. This high-temperature treatment served to decom-
pose any remaining organic residues and to re-establish the
catalyst’s active sites by restoring its surface properties. Af-
ter calcination, the catalysts were cooled and then reused
in the reusability testing to assess their stability and cata-
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Figure 9(a) illustrates the reusability performance of
the ZMS-5 catalyst in the esterification of UCO. The data in-
dicate that the catalyst maintains considerable stability
over multiple reaction cycles. Specifically, the FFA conver-
sion rate shows only a slight decline, decreasing from
62.68% in the initial cycle to 58.23% after five consecutive
cycles. This modest reduction suggests that the catalyst re-
tains most of its activity, highlighting its potential for re-
peated use without significant loss of efficiency. The ob-
served stability of the ZSM-5 catalyst is an important factor
for its practical application in a low-cost biodiesel produc-
tion, as it implies reduced costs and resource consumption
associated with catalyst replacement. The minor decrease
in conversion efficiency could be attributed to factors such
as catalyst fouling, slight structural changes, or active site
blockage during the reaction cycles. Nonetheless, the cata-
lyst’s ability to sustain a high conversion rate over multiple
cycles demonstrates its robustness and suitability for sus-
tainable esterification processes involving UCO feedstock.

Figure 9(b) and Figure 9(c) present the IR spectra of
UCO before and after esterification, respectively. The spec-
tra are shown at wavenumbers around 1900-1600 cm™,
corresponding to the carbonyl (C=0) structure of organic
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Figure 9 Reusability of ZSM-5 catalyst in UCO esterification using catalyst dosage of 0.05 g/g-UCO, temperature of 55 °C and methanol
to UCO ratio of 10 for 1 h (a); IR spectra of UCO before esterification (b); IR spectra of UCO after esterification (c); and IR spectra of

fresh and spent ZSM5 catalysts (d).
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Notably, two distinct peaks appear at 1745 cm™ and
1715 cm™?, attributed to the stretching vibrations of the car-
bonyl group from the ester structure and the carboxylic acid
structure, respectively [20]. The ester structure corre-
sponds to the triglyceride structure of UCO and the carbox-
ylic acid structure corresponds to the FFA component. Fol-
lowing the esterification reaction, the peak at 1715 cm™ di-
minishes, indicating a reduction in the fatty acid compo-
nents in UCO.

Figure 9(d) shows the IR spectra of the fresh ZSM-5 cat-
alyst and the spent ZSM-5 catalyst after undergoing five
consecutive reaction cycles. As can be seen, no significant
changes can be observed between the two spectra,
suggesting that the catalyst's structural integrity and active
sites remain largely intact throughout the repeated use.
This stability in the IR spectral features implies that the cat-
alyst does not undergo significant chemical or physical deg-
radation during the reaction and regeneration processes.
Consequently, the ZSM-5 catalyst demonstrates excellent
recyclability and durability, making it a reliable choice for
sustained catalytic applications.

4. Limitations

This study focused on ZSM-5 with MFI structure and HY
with Faujasite structure. It provides valuable insights into
the esterification process of used cooking oil (UCO) using
specific zeolite catalysts. However, this narrow scope limits
the comprehensive understanding of zeolite-catalyzed es-
terification. To gain a more complete picture, it is crucial to
investigate a broader range of zeolite types with diverse
structural characteristics. Expanding the research to in-
clude other zeolite frameworks could reveal important
structure-activity relationships in UCO esterification.
These different zeolite structures vary in pore size, channel
systems, and acid site distribution, which may significantly
influence catalytic performance, selectivity, and stability.
Additionally, studying a wider array of zeolites could pro-
vide insights into the underlying mechanisms of the esteri-
fication reaction and how zeolite structure impacts the con-
version of different fatty acid components present in UCO.

5. Conclusions

This study demonstrates the potential of zeolite-based cat-
alysts, particularly ZSM-5, for the esterification of used
cooking oil to produce biodiesel feedstock. The superior
performance of ZSM-5 compared to HY zeolite can be at-
tributed to its higher acid density, stronger Brgnsted acid-
ity, and optimal pore structure. XRD analysis revealed dis-
tinct crystal structures for the catalysts, with ZSM-5 exhib-
iting an orthorhombic MFI structure and HY displaying a
cubic Faujasite structure. N> physisorption analysis showed
the presence of micropores and narrow mesopores in the
catalysts, with HY exhibiting a peak at 2.5-5 nm pore sizes
and a shoulder at 5-10 nm. NH5-TPD analysis indicated that
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all catalysts possess weak, moderate, and strong acid sites,
with ZSM-5 having a higher acid density compared to HY.
In addition, based on pyridine-probed FT-IR analysis, ZSM-
5 catalyst has a higher Brgnsted acid site. The systematic
investigation of reaction parameters revealed that increas-
ing methanol-to-oil ratio, catalyst dosage, and temperature
generally improved FFA conversion, with optimal condi-
tions identified. ZSM-5 demonstrated superior performance
with a 61.07% FFA conversion rate, while HY achieved a
slightly lower conversion rate of 57.64%. The highest FFA
conversion, reaching 68.30%, was achieved using a ZSM-5
catalyst at a temperature of 50 °C, with a catalyst dosage of
0.05 g/g-UCO and a methanol-to-oil ratio of 20, over a 60-
min reaction period. Under these conditions, the final AV
was 2.68 mg KOH/g. Although this lowest AV remains rela-
tively high for subsequent base-catalyzed transesterifica-
tion processes, the study underscores the potential of zeo-
lite-based catalysts in the sustainable production of bio-
diesel from low-grade feedstocks, thereby contributing to
the development of cost-effective and environmentally
friendly processes.
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