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Abstract. This study investigates enhancement of Bayah’s Natural Zeolite (BNZ), an abundant resource from Banten, Indonesia, as a catalyst for
hydrocracking palm oil into biofuels. The primary objective was to improve the zeolite's Hierarchical Factor (HF) and overall catalytic performance
through a targeted modification process. The modification involved a two-step procedure: a desilication treatment using various concentrations of
sodium hydroxide (NaOH) to create mesoporosity, followed by activation with an ammonium acetate (CH;COONH,) solution. The structural, textural,
and chemical properties of the modified catalysts were systematically characterized using X-ray Diffraction (XRD), X-ray Fluorescence (XRF), and
Brunauer-Emmett-Teller/Barrett-Joyner-Halenda (BET-BJH) analysis. The characterization results revealed that the NaOH treatment increased the
HF, average pore diameter, pore volume, and specific surface area compared to the untreated BNZ. Catalytic performance was evaluated in a
continuous hydrocracking reactor using palm oil as feedstock. Among the modified samples, the BNZ-3 catalyst exhibited the most promising activity,
demonstrating an optimal average pore diameter of 3.83 nm and an HF value of 0.069. This catalyst achieved an impressive Organic Liquid Product
(OLP) yield of 85.67% and a palm oil conversion rate of 97.22%. The conversion of triglycerides was monitored via Fourier Transform Infrared
Spectroscopy (FT-IR) by observing the disappearance of the ester bond absorption peak at 1745 cm™. Furthermore, Gas Chromatography-Mass
Spectrometry (GC-MS) analysis of the distilled biofuel confirmed the presence of desired hydrocarbons fractions, including gasoline, kerosene, and
diesel components, alongside minor quantities of alcohols, esters, and acids. The DSC results corroborate the TG and DTG analyses, reinforcing the
conclusion that BNZ-3 experiences more extensive coke deposition and undergoes more intense thermal decomposition than the blank catalyst.
These findings underscore the potential of modified natural zeolites as effective, low-cost catalysts for sustainable biofuel production.
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1. Introduction already being used as feedstock for biofuel production (Nasikin
etal., 2009; Long et al, 2020).

Vegetable oils are commonly used as feedstock in the
production of biofuels, with examples including palm oil
(Panarmasar et al., 2022; Istadi et al., 2020; Dewanti et al., 2022;
Istadi et al., 2024), jatropha oil (Aziz et al, 2021), soybean oil
(Zheng et al,, 2019), and sunflower oil (Seifi et al., 2016). Among
these, palm oil stands out as the most promising alternative due
to its high yield, especially in tropical regions such as Indonesia,
which produced approximately 47.474 million tons in 2024
(Nasikin et al., 2009; Badan Pusat Statistik 2025). Analysis of
refined palm oil from local markets shows that it contains
43.30% palmitic acid (a saturated fatty acid) and 18.51% oleic
acid (an unsaturated fatty acid). The remaining 38.19% consists
of various other compounds, including 1-nonadecene, 11-
hexacosyne, oleic acid-3-(octadecyloxy) propyl ester, 9-
tricosene, (Z,Z)-3,9-cis-6,7-epoxy-nonadecadiene, Z-13-

Energy consumption has risen over the years due to the
increasing energy demands of a growing global population
(Mortensen et al., 2011). Primary sectors contributing to this
increase encompass transportation, heating systems, electricity
generation, and energy use within the residential and industrial
sectors. Among these, the transportation sector is particularly
notable, accounting for about 20% of global energy demand.
The reliance on fossil fuels, which are non-renewable and
subject to price volatility, is becoming increasingly
unsustainable. Additionally, fossil fuel exploration has likely
reached its peak, highlighting the urgent need for alternative,
sustainable energy sources that are environmentally friendly
and do not emit greenhouse gases (Mortensen et al.,, 2011; Alaba
et al, 2016). One promising renewable energy source is
vegetable oil, primarily composed of triglycerides. These
triglycerides, found in both animal fats and plant oils, are
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octadecenyl acetate, 2-pentadecanone, 1-heptadecanol, and 2-
monopalmitin (Istadi et al., 2020). Palm oil can be converted into
biofuels through various cracking techniques, such as thermal
cracking, catalytic cracking, and catalytic hydrocracking.
Among these, the -catalytic hydrocracking is particularly
effective, offering high conversion rates and reduced oxygen
content in the final product. This is largely due to the role of
hydrogen in minimizing oxygen levels during the process (Istadi
et al., 2021). The cracking of palm oil can yield several types of
biofuels, including biogasoline (Istadi et al., 2020; Dewanti et al.,
2022; Istadi et al., 2021; Kadarwati et al., 2015), kerosene (Istadi
et al, 2020; Aziz et al., 2021), bioavtur (Panarmasar et al., 2022;
Dewanti et al., 2022), and green diesel (Istadi et al., 2020;
Dewanti et al., 2022). The efficiency of catalytic hydrocracking
depends heavily on the characteristics of the catalyst used, such
as pore diameter, pore volume, structure, and surface area
(Panarmasar et al., 2022).

One example of a catalyst used in this process is Bayah'’s
Natural Zeolite (BNZ), which is notable for its natural abundance
in Indonesia and cost-effectiveness. However, due to its high
impurity content, the BNZ must undergo preparation and
modification before it can be effectively used in the cracking
process. To enhance its catalytic performance, the BNZ catalyst
must undergo activation and modification. A common limitation
of both natural and synthetic zeolites is their microporous
structure, which can hinder the movement of larger molecules
(Abell6 et al, 2009; Oliveira et al., 2023). In the case of large
reactants like palm oil, this can lead to diffusion resistance when
molecules attempt to access or exit the active sites. To address
this issue, natural zeolites need to be transformed into a
hierarchical structure with mesoporous characteristics. This
transformation can be achieved through a process called
desilication, which modifies the zeolite to allow better diffusion
of larger molecules (Aziz et al., 2021).

Desilication is a technique used to remove silica from the
zeolite framework by treating it with an alkaline solution, which
reduces the silica content in the natural zeolite structure (Abelld
et al, 2009; Groen et al, 2006). This process enhances the
formation of mesopores and significantly increases the surface
area of the catalyst, leading to improved reactivity and
efficiency (Aziz et al, 2021; Abellé et al., 2009; Groen et al,
2005). Both synthetic and natural zeolites have been
successfully modified through desilication, resulting in
enhanced catalytic performance. Examples of zeolites that have
shown positive results after desilication include ZSM-5 (Abell6
etal., 2009; Li et al,, 2020), ZSM-12 (Akyalcin et al., 2019), ZSM-
48 (Azhari et al., 2023), BEA (Groen et al, 2008; Verboekend et
al, 2012), Zeolite T (Yin et al., 2015), USY (Verboekend et al.,
2012), Zeolite Y (Garcia et al., 2015; Oruji et al,, 2018), MCM-22

Table 1
Comparison of Reported Hierarchical Factor (HF)
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(Mokrzycki et al., 2009), Mordenite (Groen et al, 2007), and
Klinoptilolite (Akgtil et al, 2011; Aziz et al, 2023). In total,
around 24 different types of zeolites have been effectively
treated using this method (Oliveira et al., 2023).

The catalytic activity of hierarchical mesoporous zeolite in
the BNZ depends on the hierarchical factor (HF). Several HF
values presented in (Table 1) are compared with those from this
study, indicating that the highest HF value obtained is closely
aligned with the comparison. The hierarchical factor is a precise
tool for categorizing the degree of the structure of porous
materials. The zeolite catalysts with higher HF often show high
catalytic performance compared to catalysts synthesized from
the same precursor (Chen et al,, 2020). Eq. (1) is the expression
for obtaining HF:

HF = VmicroXSmeso (1)
VtotalXSBET

where Vmicro is the micropore volume, Vi is the total pore
volume, Smeso is the mesopore surface area, and Sger is the BET
surface area (Chen et al.,, 2020). This research presents a novel
investigation into the significant enhancement of the
Hierarchical Factor (HF) of Bayah’s natural zeolite, an abundant
resource in Banten, Indonesia, which has not been explored in
previous studies. The modified Bayah’s Natural Zeolite (BNZ)
catalyst demonstrates promising potential for application in
catalytic hydrocracking of palm oil into biofuels. To improve its
catalytic properties, the BNZ was subjected to desilication using
sodium hydroxide (NaOH) as the alkaline agent, followed by
activation with ammonium acetate under varying conditions.
These treatments aimed to increase the HF, pore diameter, pore
volume, and surface area of the zeolite. The study specifically
examines how variations in NaOH concentration, treatment
temperature, and desilication duration influence the structural
characteristics of the catalyst, with a focus on HF. While the
desilication process enhances the HF and catalytic
performance, it also leads to a reduced Si/Al ratio due to silica
removal. Overall, increasing the HF of Bayah’s Natural Zeolite
significantly improves its efficiency in the deoxygenation of
palm oil, thereby advancing its suitability for biofuel production.

2. Materials and Method

2.1 Materials

This study utilized Bayah’s Natural Zeolite (BNZ) as the
catalyst material, which was supplied by PT Minerindo Trifa
Buana. For the desilication and activation processes, sodium
hydroxide (NaOH, 99.5% purity, Merck) and ammonium acetate

Reported Maximum HF

No Catalyst Value Treatment Method Catalyst Origin Ref

1 Hierarchical ZSM-5 0.09 ﬁ;éff;:}?:;szls;fﬁfhems Synthetic é%rzii’)’_ T-M. etal.

2 Cu/ZSM-5 0.115 Svrii’;e,l‘fgxfi alkali-etching Synthetic Guo, X,, et al. (2024).

3 H/Zn-ZSM-5 0.14 }an; r‘:r"c‘i‘i?tslf;g;‘rllng Synthetic ggg;‘;‘an’ J. T etal.

4 ZSM-5 (MFTI) 0.26 Hydrothermal synthesis Synthetic f;aorll(g)(.) mchuk, E. V., et al.
5 Hierarchical Bayah Natural 0.069 Desilication NaOH Natural This Study

Zeolite
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(CH3COONH,, 99.6% purity, Merck) were used, respectively.
The feedstock consisted of refined palm oil purchased locally
under the brand Tropical. Hydrogen gas with 99.99% UHP
purity was employed during the -catalytic hydrocracking
process. Additionally, nitrogen gas (99% UHP) was used in the
flashing process to purge oxygen from the piping and reactor
system.

2.2 Preparation of the BNZ catalysts

To prepare the catalyst, large chunks of Bayah’s Natural
Zeolite (BNZ) were first crushed and ground to a fine powder
with a mesh size of 16. The sieved material was then dried in a
Memmert electric oven at 105 °C for one hour. Desilication was
carried out using a sodium hydroxide (NaOH) solution.
Specifically, 20 grams of BNZ were placed in a beaker and
mixed with 400 mL of NaOH solution under varying conditions.
The desilication process employed ultrasonic stirring, with
independent variables including NaOH concentration (0.2, 0.4,
0.5, and 0.6 M), stirring temperature (room temperature, 45 °C,
and 65 °C), and stirring duration (30, 60, and 120 minutes). The
reference conditions, 0.5 M NaOH, 65 °C, and 30 minutes, were
selected based on prior research findings (Aziz et al., 2024).

After the desilication, the zeolite was rinsed with distilled
water and dried. It was then activated by treating it with 200 mL
of 1 M ammonium acetate (CH;COONH,) at 90 °C for 5 hours
using conventional stirring at 300 rpm. The activated zeolite was
washed until neutral, dried, and then calcined at 550 °C for 3
hours (Aziz et al, 2024). The untreated catalyst was labeled
BNZ-NT, while the base-treated samples, modified under
different NaOH concentrations, temperatures, and treatment
times, were labeled BNZ-1 through BNZ-8 (details provided in
Table 2). Finally, the catalysts were pelletized, crushed, and
sieved to a particle size of 18 mesh.

2.3 Catalysts Characterizations

Various characterization techniques were employed to
analyze the properties of the catalysts. These particle properties
included surface area, pore volume, pore diameter, hierarchical
factor (HF), elemental composition, and crystal structure. The
surface area was measured using the Brunauer—-Emmett-Teller
(BET) method, while pore volume and pore size were
determined using the Barrett-Joyner-Halenda (BJH) method.
The external surface area was calculated using the t-plot
method. All BET and BJH analyses were conducted through
nitrogen gas physisorption using a ChemBET PULSAR
Quantachrome instrument. The hierarchical factor was

Table 2
Desilication treatment of BNZ zeolite in this study.
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calculated based on surface area and pore volume using
Equation (1) (Chen et al., 2020). Elemental composition and the
Si/Al weight ratio were assessed using X-ray fluorescence
(XRF) with a Rigaku Supermini 200 Benchtop WDXRF
Spectrometer. To examine the crystal structure, X-ray
diffraction (XRD) analysis was performed using a Shimadzu
7000 diffractometer with Cu-Ka radiation (A = 1.54056 A),
operated at 30 mA and 40 kV. Diffraction patterns were
recorded over a 26 range of 10° to 90° at a scanning rate of 2°
per minute.

2.3 Catalyst Performance Testing for Continuous Hydrocracking of
Palm Oil to Biofuels

The Bayah’s natural zeolite catalysts, which were modified
through desilication using NaOH and activated with an
ammonium acetate (CH;COONH,) solution, were evaluated for
their catalytic performance in converting palm oil into biofuel
via the catalytic hydrocracking process. Each catalyst, treated
based on Table 2, underwent performance testing for
continuous hydrocracking of palm oil to biofuels. The setup
used a continuous fixed-bed reactor made of stainless steel with
a 1-inch diameter (see Figure 1). For each test, 10 grams of the
prepared zeolite catalyst were loaded into the reactor,
supported by glass wool. To eliminate any residual oxygen in
the system, the reactor was purged with 100 mL of nitrogen gas
for 15 minutes flowing, ensuring all components and tubing
were flushed. An electric heater was used to raise the reactor
temperature to 500 °C, with digital controls used to monitor and
maintain a stable temperature throughout the process.

The catalyst being tested in a continuous fixed bed catalytic
reactor. Refined palm oil and hydrogen gas were introduced
into the reactor, with the palm oil fed at a Weight Hourly Space
Velocity (WHSV) of 0.365 min! and hydrogen flowing at a rate
of 300 cm®min?. The reaction was carried out for 3 hours,
beginning after a 30-minute stabilization period to reach steady-
state conditions. This was a continuous process, where the
resulting products were condensed into an organic liquid
product (OLP) and collected in an Erlenmeyer flask, while non-
condensable gases were separated. In addition to gas and liquid
products, coke was also formed as a by-product of the catalytic
cracking process.

The Organic Liquid Product (OLP) obtained from the
catalytic hydrocracking process was separated using a
distillation apparatus to quantify the amounts of biogasoline,
kerosene, and diesel present. This separation relied on the
distinct boiling point ranges of each component: 39-204 °C for
gasoline, 205-310 °C for kerosene or avtuur, and 310-370 °C

NaOH Concentration

Temperature of Desilication

Time of Desilication

Catalyst -
M) (°C) (min)
BNZ-NT* - - -
BNZ-1* 0.2 65 30
BNZ-2* 0.4 65 30
BNZ-3*# 0.5 65 30
BNZ-4* 0.6 65 30
BNZ-5t 0.5 Room Temperature 30
BNZ-6t 0.5 45 30
BNZ-7+ 0.5 65 60
BNZ-8¢ 0.5 65 120

*NT = Non-treatment; ¥NaOH concentration variation; tTemperature of desilication; tTime of desilication; ¥t1Catalyst with all variations.
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Fig. 1. Scheme of the experimental catalytic hydrocracking set up: (1) Palm oil feedstock tank, (2) Gate valve, (3) Peristaltic pump, (4) Electric
heating furnace, (5) Reactor tube, (6) Catalysts packing, (7) Glass wool, (8) Condensor, (9) Gas-liquid separator, (10) Gas by product, (11) Liquid
fuels product, (12) Gas flowmeter, (13) Hydrogen gas tank and (14) Nitrogen gas tank.

for diesel (Istadi et al, 2023). The resulting liquid biofuels
fractions (gasoline, kerosene, and diesel) were then analyzed
using gas chromatography—mass spectrometry (GC-MS) with a
QP2010S SHIMADZU system and a DB-1 column to determine
their chemical composition. The GC-MS analysis was
conducted with an initial oven temperature of 50 °C (held for 5
minutes), followed by a temperature ramp of 10 °C per minute
up to 260 °C, where it was maintained for 73 minutes.

To identify the functional groups, present in the liquid
products, Fourier-transform Infrared (FTIR) spectroscopy was
used. The FTIR spectra were recorded over a wavenumber
range of 400-4000 cm™ using a Perkin-Elmer UATR Spectrum
Two instrument. The conversion of palm oil (triglycerides) into
biofuel was determined by analyzing the absorption area of the
carbonyl group at 1745 cm™. This calculation was performed
using Equation (2), where A;;45 palm oil represents the
absorption area at 1745 cm™ for the original palm oil, and A;745
biofuel represents the corresponding area for the biofuel
product (Istadi et al., 2023).

Conversion (%) — A1745 palm oit—A1745 biofuel x 100% (2)
A1745puhnoﬂ
The yield and selectivity of the biofuels product obtained
from the catalytic hydrocracking process, following distillation,
are determined using the equations provided below, where m;
expresses mass of component i (gram):

Yield of OLP (%) = T2 x 100% 3)
feed
Yield of coke (%) = —<%¢ x 100% 4)
Mfeed
Yield of gas (%) = 100 — (’""j:&) x 100% (5)
feed
Selectivity of gasoline (%) = —2%1m % 100% (6)
MoLp
Selectivity of kerosene (%) = Dkerosene s 1009, @)
MoLp
Selectivity of diesel (%) = Tdeset % 100% (8)
MoLp

3. Results and Discussion

3.1 Metal Composition of Catalysts by X-ray fluorescence (XRF)
Analysis

To evaluate how base treatment affects the metal
composition and Si/Al weight ratio of the Bayah’s Natural
Zeolite (BNZ) catalysts, X-ray fluorescence (XRF) analysis was
conducted (Table 3). Table 3 presents the XRF results for BNZ
catalysts modified with sodium hydroxide under varying NaOH
concentrations using an ultrasound-assisted method. The data
indicate that the untreated BNZ (BNZ-NT) catalyst contains the
highest levels of silicon and aluminum, confirming its
classification as a natural zeolite. These elements are used to
calculate the Si/Al weight ratio. As shown in Table 3, sodium
hydroxide treatment alters the Si/Al ratio, with treated samples
exhibiting a lower ratio than the untreated catalyst. This
reduction is attributed to the partial removal of silicon from the
zeolite framework during desilication (Akyalcin et al., 2019). A
lower Si/Al ratio suggests that the alkaline treatment was
effective, making the catalyst suitable for further testing in the
hydrocracking process. Additionally, the treatment not only
reduced the Si/Al ratio but also decreased the level of impurities
(measured as metal content by weight). The most significant
reduction in impurities was observed in the BNZ-3 sample. The
XRF results also show that lower NaOH concentrations tend to
reduce impurities more effectively, although the difference
becomes less pronounced at higher concentrations. Excessively
high NaOH levels result in only limited improvements in
impurity removal.

3.2 Crystal Structure of Catalyst using X-ray Diffraction (XRD)
Analysis

X-ray diffraction (XRD) analysis was carried out to examine
the crystal structure of the catalysts. Specifically, the study
aimed to assess how ultrasonic-assisted base treatment with
varying NaOH concentrations (BNZ-1, BNZ-2, BNZ-3, and BNZ-
4) affects the crystal structure of untreated BNZ (BNZ-NT). The
diffraction patterns obtained were analyzed and compared with
reference data from the Crystallography Open Database (COD)
to identify the corresponding crystal phases. As illustrated in
Figure 2, the XRD patterns of the NaOH-treated BNZ catalysts

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE
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Elemental metal composition of untreated- and treated-BNZ catalyst at various NaOH concentration.

Elemental metal content (wt%)

Catalyst
BNZ-NT BNZ-1 BNZ-2 BNZ-3 BNZ-4

NaOH

- (0.2 M) (0.4 M) (0.5 M) (0.6 M)
Concentration
Base Type for treatment Non-treated NaOH base solution treatment
Si/ Al weight ratio 5.388 4.833 4.659 4.681 4.651
Al 3.99 4.78 4.85 3.61 4.15
Si 215 23.1 22.6 16.9 19.3
Mg 0.247 0.221 0.197 0.218 0.172

0.019 - - - -

K 2.15 1.19 1.07 0.809 0.924
Ca 1.52 0.124 0.182 0.138 0.163
Ti 0.102 0.083 0.094 0.041 0.066
Fe 0.759 0.508 0.521 0.349 0.426
Rb 0.008 0.004 0.005 0.005 0.004
Sr 0.044 0.006 0.009 0.007 0.009
Zr 0.017 0.012 0.012 0.012 0.014
Rh 0.095 - - - -
Balance 69.6 69.9 70.4 77.9 74.7

display prominent peaks at 26 values of 9.99°, 11.33°, 13.58°,
17.53°, 19.80°, 23.00°, 25.81°, 27.82°, 30.20°, and 32.90°. These
peaks correspond to the crystal structures of Clinoptilolite-Ca,
Mordenite and Heulandite-Ca, with COD reference codes 96-
900-8266, 96-900-5608, and 96-900-0176, respectively. This
confirms that the BNZ catalyst is a zeolite-based material
composed of three distinct crystalline phases. Additionally, all
samples exhibited a broad background peak in the 26 range of
10°-33°, indicating some degree of amorphous content.

The X-ray Diffraction (XRD) analysis offers essential insight
into the phase evolution of the synthesized materials, capturing
the structural transition from the precursor (BNZ-NT) to the
fully crystallized product (BNZ-4). The BNZ-4 sample exhibits
sharp, well-defined diffraction peaks characteristic of a multi-
phase crystalline system. The database matching using

= Clinoptilolite-Ca (59.8%)

® Mordenite (27.8%)

A Heulandite-Ca  (12.4%)
BNZ-4

14000 +

12000

10000

BNZ-3
8000

6000

Intensity (a.u.)

BNZ-2

4000 4

BNZ-1
2000

BNZ-NT

50 60 70 80 90
26 (9)

Fig. 2. XRD patterns of Bayah’s Natural Zeolit (BNZ)
catalysts modified by base treatment

COD/JCPDS/ICDD references confirms the coexistence of
three zeolitic phases: Clinoptilolite-Ca, Mordenite, and
Heulandite-Ca. Quantitative Phase Analysis (QPA) identifies
Clinoptilolite-Ca as the predominant phase (59.8%), with
Mordenite (27.8%) and Heulandite-Ca (12.4%) present in
smaller proportions. The abundance of distinct, high-intensity
reflections across these phases clearly indicates that the final
product is not a single-phase material but a composite zeolite
system.

3.3 Surface Area, Pore Diameter, Pore Volume, and Hierarchical
Factor (HF) Characterizations by BET-BJH analysis

BET-BJH analysis was conducted to evaluate the particle
characteristics of the catalysts, including surface area, pore
diameter, pore volume, and the calculated Hierarchical Factor
(HF). Table 4 presents the results of this characterization,
detailing values for surface areas (SBer, Smeso, Smicro, and Sext),
pore volumes (Viota and Vmicro), average pore diameter, and the
Hierarchical Factor (HF) for Bayah’s Natural Zeolite catalysts
treated with sodium hydroxide (NaOH) using an ultrasound-
assisted method. In this study, the BNZ catalysts underwent
desilication with varying NaOH concentrations, temperatures,
and treatment durations. The results showed that surface area,
pore volume, average pore diameter, and hierarchical factor
improved following the base treatment in compared to
untreated BNZ. Specifically, increasing NaOH concentration
generally enhanced the particle properties of the catalysts.
However, at 0.5 M NaOH, 65 °C, and 30 minutes, a decline in
surface area was observed. Among the samples, BNZ-2
exhibited the highest surface area under the NaOH
concentration variation. The greatest pore volume (Vmicro and
Viotal) was recorded for BNZ-1, while BNZ-3 showed the most
favorable results for average pore diameter and hierarchical

ISSN: 2252-4940/© 2026. The Author(s). Published by CBIORE
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Table 4.
Particle properties (surface area, pore volume, pore diameter, and hierarchical factor) of Bayah’s Natural Zeolite catalysts modified using NaOH
solution with desilication method.

Catalyst Sper” Smeso™ Sticro® Sext* Viniero® Veotar™ Pore Diametert  Hierarchical Factor (HF)*
(m’.g") (m.g") (m’g") (m’g") (cm®.g") (em®.g1) nm -
BNZ-NT 29.3 18.8 10.5 18.8 0.005 0.172 3.803 0.020
BNZ-1 229.3 39.0 190.3 39.0 0.098 0.341 3.830 0.049
BNZ-2 270.0 46.2 223.8 46.2 0.091 0.320 3.820 0.049
BNZ-3 222.7 42.0 180.7 42.0 0.093 0.255 3.838 0.069
BNZ-4 223.5 41.2 182.3 41.2 0.094 0.377 3.830 0.046
BNZ-5 226.2 38.8 187.4 38.8 0.096 0.369 3.831 0.045
BNZ-6 223.8 37.8 186.0 37.8 0.096 0.296 3.824 0.055
BNZ-7 214.2 44.3 169.9 443 0.088 0.283 3.818 0.064
BNZ-8 237.4 39.6 197.8 39.5 0.101 0.297 3.832 0.057

*Based on BET method; **Smeso is the result of subtracting Sger with Smicro; $Based on t-plot; % Total pore volume at p/p°® = 0.99; tAverage pore

diameter using BJH method based on Nz-desorption; tHierarchical Factor (HF) is calculated using Equation (1).

factor, with values of 3.838 nm and 0.069, respectively.
Significant improvement of surface area, pore diameter, pore
volume, and considerable enhancement of Hierarchical Factor
(HF) between untreated BNZ-NT and treated BNZ-x is caused
by removal of entrapped impurities in the Bayah’s natural zeolite
and desilication effect due to the NaOH treatment. However,
increasing pore diameter and pore volume leads to decreased
surface area.

Variations in desilication temperature and duration led to an
overall improvement in catalyst properties compared to the
untreated catalysts. However, these enhancements were not as
significant as those achieved through changes in NaOH
concentration. For instance, the highest surface areas recorded
for temperature and time variations were 226.2 m?/g for BNZ-5
and 237.4 m?/g for BNZ-8, respectively. In contrast, BNZ-2,
which was influenced by NaOH concentration, exhibited the
highest surface area overall at 270.0 m?/g. Similarly, pore
volume increased in line with surface area improvements.
Among the catalysts, BNZ-5 and BNZ-8 showed the best
performance for temperature and time variation, respectively.
When considering average pore diameter and hierarchical
factor, BNZ-3 stood out with the highest values, indicating it
delivered the most optimal results under that condition.

According to the BET-BJH analysis results, BNZ-3
demonstrated the most favorable values for average pore
diameter and hierarchical factor, while BNZ-2 exhibited the
highest overall surface area. Figure 3 presents the nitrogen
sorption isotherms, pore diameter size distributions, and
hierarchical factors. The sorption isotherm illustrates the
relationship between the amount of nitrogen adsorbed by the
catalyst and the relative pressure (P/Po) at a constant
temperature. As shown in Figure 3(a), the BNZ -catalyst's
nitrogen adsorption increases gradually at low P/Po values and
continues to rise at higher P/Po. When P/Po nears 1, a sharp
increase in adsorption was observ. This behavior is relatively
modest due to the low Si/Al ratio (< 20), with BNZ catalyst
values ranging from 4 to 5.4, resulting in only minor changes in
porosity (Perez-Ramirez et al., 2008).

The adsorption behavior at low relative pressures (P/P, <
0.1) provides critical insight into the microporous characteristics
of the treated zeolite samples. In this region, the isotherms
exhibit a steep initial uptake, indicating the presence of
abundant micropores formed during the desilication process.
This observation is supported by the BET and t-plot analysis,
which reveal significant micropore surface areas (Smicro) across
all modified samples, with values exceeding 180 m*/g for BNZ-

2, BNZ-3, and BNZ-8. The corresponding micropore volumes
(Vmicro) range between 0.088 and 0.096 cm?®/g, confirming that
the alkaline treatment effectively preserved and enhanced the
intrinsic microporosity of the zeolite framework. The sharp
adsorption at P/P, < 0.1, coupled with the high Smico Vvalues,
suggests that the hierarchical structure achieved through
controlled desilication maintains strong microporous domains,
which are essential for catalytic reactions requiring shape
selectivity and diffusion within confined spaces. These findings
demonstrate that, despite the introduction of mesoporosity at
higher pressures, the microporous network remains dominant
and structurally stable after NaOH treatment (Daou, J et
al.,2022).

This indicates that both the treated and untreated BNZ
catalysts exhibit a type IV adsorption isotherm, as classified by
IUPAC. Type IV isotherms are characterized by adsorption
behavior that mimics microporous materials at low relative
pressures, while at higher pressures, a sharp increase in gas
uptake occurs due to capillary condensation within mesopores
(Fu et al., 2021). Therefore, it can be concluded that the BNZ
catalyst possesses both microporous and mesoporous
structures. This dual porosity contributes to the increase in
surface area observed after base treatment. Additionally, the
upward trend in the nitrogen adsorption isotherm curve
confirms that the adsorption volume consistently rises across
different treatment conditions, including variations in NaOH
concentration, temperature, and desilication time.

The pore size distribution was evaluated using the BJH
method, as illustrated in Figure 3(b). The results show that
catalysts treated with a base solution through the desilication
process exhibit an average pore diameter of around 3.8 nm.
According to Dmitry Yu. Murzin (2020) finding, mesopores are
defined as pores ranging from 2 nm to 50 nm in diameter. This
indicates that both untreated and treated catalysts fall within the
mesoporous range. Therefore, the change in average pore size
due to base treatment does not represent a transition from
micropores to mesopores, but rather a slight increase within the
mesoporous range, indicating only a modest structural change
(Murzin, 2020).

The pore size distribution (PSD) results indicate that the
untreated sample (BNZ-NT) exhibits the highest intensity in the
micropore region, with a sharp peak centered around 3-4 nm.
After NaOH treatment, the intensity of this peak decreases
slightly across all modified samples, suggesting partial removal
or restructuring of micropores during desilication. However, the
treated samples show a broader distribution extending into the
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mesopore range (10-30 nm), confirming the formation of
secondary mesopores. This shift reflects the hierarchical nature
of the modified zeolites, where mesoporosity is introduced
without completely eliminating the original microporous
framework. Such structural evolution is consistent with the
mechanism of controlled desilication, which selectively extracts
silicon to generate mesopores while preserving crystallinity.
The presence of mesopores enhances molecular diffusion and
accessibility to active sites, which is critical for catalytic
applications involving bulky reactants. These findings align with
recent studies emphasizing that alkaline treatment significantly
increases mesopore volume and hierarchical factor while
maintaining microporous domains essential for shape-selective
catalysis (Wang et al., 2025; Liu et al., 2025; Shi et al., 2021).

The Hierarchical Factor (HF), calculated using Equation (1),
is illustrated in Figure 3(c). Introducing mesoporosity into
hierarchical zeolites typically results in a reduction in micropore
volume. This trend led to the development of a general metric
known as the hierarchical factor (HF). It is represented as a
contour plot based on the product of two ratios: the mesopore
surface area to total surface area (Smeso/ Stotal) and the micropore
volume to total pore volume (V™°/ Vior). This factor serves as
a useful tool for classifying the porous structure of materials. An
increase in the hierarchical factor is generally associated with
enhanced catalytic performance (Chen et al., 2020; Verboekend
etal, 2011).
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Fig. 3. Ni-sorption isotherm (a), pore diameter size distribution (b),
and hierarchical factor (c), of base-treated and non-treated Bayah’s
Natural Zeolite catalyst.

As shown in Figure 3(c), the hierarchical factor (HF)
increased following alkaline treatment with a sodium hydroxide
(NaOH) solution. This increase correlates positively with higher
NaOH concentrations and desilication temperatures, while it
tends to decline with longer desilication times beyond a certain
point. Among all the tested variables, the BNZ-3 catalyst
exhibited the highest hierarchical factor. Specifically, BNZ-3
achieved an HF value of 0.069, which is more than three times
greater than that of the untreated BNZ-NT catalyst, which had
an HF value of 0.020.

Despite NaOH desilication introducing significant changes
in the textural properties of zeolites, XRD patterns remain
largely unchanged because the long-range crystalline
framework is preserved. XRD primarily detects periodic atomic
arrangements, which are not disrupted by partial silicon
removal. In contrast, N, adsorption—desorption analysis reveals
substantial increases in surface area and mesoporosity due to
the formation of secondary pores during desilication. These
local structural modifications enhance accessibility to active
sites without compromising crystallinity, explaining the
discrepancy between XRD and textural analysis results. Recent
studies confirm that hierarchical zeolites produced via alkaline
treatment exhibit stable mesopores and improved catalytic
performance, while maintaining their original crystal phases
(Roth et al., 2025).

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



LIstadi et al

3.4 Base-treated BNZ Catalyst Performance Testing on Continuous
Catalytic Hydrocracking of Palm Oil

The catalytic performance of Bayah’s Natural Zeolite
(BNZ) catalysts, modified with sodium hydroxide (NaOH), was
assessed in a continuous fixed-bed reactor for the
hydrocracking palm oil into biofuels such as gasoline, kerosene,
and diesel. The primary output of this process is the organic
liquid product (OLP), which serves as the crude form of biofuel,
along with by-products including gas and coke. Figure 4
illustrates how different BNZ catalysts influence the distribution
of hydrocracking products. As shown, OLP is the dominant
product, accounting for approximately 80-86% of the total
weight. Among the tested catalysts, BNZ-3, treated with
ultrasound-assisted desilication using 0.5 M NaOH at 65 °C for
30 minutes, achieved the highest OLP yield at 85.67%. This
suggests that an NaOH concentration of around 0.5 M,
combined with moderate temperature and treatment duration,
provides optimal conditions for maximizing biofuels yield.

At low NaOH concentrations, the increase in OLP (organic
liquid product) yield is minimal compared to the untreated BNZ
catalyst. Conversely, excessively high NaOH concentrations
tend to reduce OLP yield while increasing the formation of by-
products such as gas and coke, especially when compared to
the performance of the BNZ-3 catalyst. Using ultrasonic-
assisted stirring at lower temperatures results in a moderate
OLP yield, whereas extending the desilication time under
ultrasonic conditions leads to a decline in OLP production. As
shown in Figure 4, the rise in OLP yield corresponds with
increases in average pore diameter and the hierarchical factor,
as detailed in Table 4. Larger pore diameter, greater pore
volume, and higher hierarchical factor (HF) enhance the
catalyst’s ability to accommodate larger reactant molecules,
such as triglycerides and intermediates, allowing them to access
the internal surface of the catalyst more effectively. This
demonstrates that improvements in these structural properties
significantly boost liquid fuel production during the catalytic
hydrocracking of palm oil.

Figure 5 illustrates the rise in HF value for the BNZ catalyst
in relation to OLP yield. The HF value tripled compared to the
untreated catalyst, leading to an increase in OLP production.
However, when the concentration of NaOH used in the alkaline
treatment becomes too high, its effect turns negative.
Specifically, in the BNZ-4 variation (refer to Table 2), the yield
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Fig. 4. Effect of the NaOH concentration, temperature, and time
desilication on catalytic hydrocracking product distribution (See
Table 2).
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drops again. This decline is attributed to excessive NaOH
concentrations damaging the catalyst’s pores, while very low
concentrations have minimal impact. Among the variations,
BNZ-3 shows the most optimal hierarchical factor (HF), as
indicated in Figure 5.

FT-IR (Fourier Transform Infrared) spectroscopy was used
to analyze identification of the functional groups present in the
resulting liquid products. The FT-IR spectra for both palm oil
and the resulting liquid fuels are shown in Figure 6. The analysis
reveals the presence of key functional groups in the biofuel,
including esters, carboxylic acids, and hydrocarbons. The
spectra also show a reduction in some peaks and the emergence
of new ones, indicating chemical changes during the reaction.
Both palm oil and the liquid products display absorption bands
at 2922 cm™ and 2853 cm™!, which correspond to the
asymmetric and symmetric stretching vibrations of C—H bonds
in methylene groups (Coates et al., 2000; Smith, 2018). These
are further supported by a peak at 720 cm™, attributed to the
rocking motion of C—H bonds in methylene groups (Smith,
2018). Additionally, a band at 1461 cm™ is linked to the
asymmetric and symmetric bending (umbrella mode) of C—H
bonds in methyl groups. These features confirm the presence of
hydrocarbon chains in both palm oil and the resulting fuels. In
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Fig. 6. FT-IR spectra of palm oil feed and organic liquid product at
various catalysts.
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on the batch distillation.

palm oil specifically, the hydrocarbon chains are part of fatty
acid structures, and a distinct absorption at 1745 cm™ indicates
the presence of a carbonyl (C=0) group, characteristic of ester
bonds. The organic liquid products display new absorption
bands at wavenumbers 1709 cm™ and 939 cm™!, which
correspond to the stretching vibration of the carbonyl group
(C=0) in carboxylic acids and the O—H vibration, respectively.
The shift of the carbonyl absorption band from 1745 cm™ in
palm oil to 1709 cm™ in the liquid products suggests a
transformation of the carbonyl group from an ester to a
carboxylic acid structure. Additionally, the reduction in the
absorption band at 1161 cm™, associated with C—O—-C
vibrations, indicates the breakdown of the triglyceride structure,
leading to the formation of carboxylic acids as intermediate
compounds. The area under the 1745 cm™ absorption peak can
be used to quantify the conversion of ester bonds, which reflects
the extent of triglyceride conversion.

The organic liquid product (OLP) is composed of gasoline,
kerosene, and diesel fractions, which are separated based on
their boiling point ranges through batch distillation at
atmospheric pressure. Specifically, gasoline is collected
between room temperature and 205 °C, kerosene between 205—
310°C, and diesel between 310-370°C (Istadi et al, 2023).
Figure 7 shows how these biofuels components selectivity are
distributed within the OLP, as determined by the distillation
process. According to the figure, all BNZ catalysts that
underwent desilication, using varying NaOH concentrations,
temperatures, and durations of desilication, demonstrated a
higher selectivity for the diesel fraction compared to kerosene
and gasoline. However, the diesel fraction is not a reliable
indicator of improved catalyst performance, as it still contains
free fatty acids (FFAs), identified by carboxylic acid groups. One

Table 5.
Chemicals composition of organic liquid product (biofuels) of the
catalytic hydrocracking palm oil over the promising BNZ-3
catalyst.

Weight Fraction (wt%)

Composition Gasoline Kerosene/avtuur Diesel
Hydrocarbons 98.25 99.10 88.75
Alcohols 1.75 0 10.25
Esters 0 0.90 0
Carboxylic Acids 0 0 1.00
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catalyst sample used in the hydrocracking process produced
diesel with 1% carboxylic acid content (see Table 5). Therefore,
the focus for enhancing biofuel selectivity is on increasing the
yields of gasoline and kerosene (or aviation fuel) fractions.
Among the tested catalysts, BNZ-3, treated with 0.5 M NaOH at
65 °C for 30 minutes, showed the most promising selectivity for
the gasoline fraction.

3.5 Chemical Composition of Biofuels Fraction

The chemical composition of the biofuel fractions (gasoline,
kerosene, and diesel), obtained from the batch distillation
process was analyzed using the GC-MS (Gas Chromatography-
Mass Spectrometry) technique. According to the analysis, the
main constituents of the organic liquid product derived from
catalytic hydrocracking of palm oil fall into four categories:
hydrocarbons, alcohols, esters, and acids, as detailed in Table 5.
Hydrocarbons dominate all three fuel fractions, making up more
than 88 wt%, with kerosene having the highest content (99.10
wt%), followed by gasoline (98.25 wt%) and diesel (88.75 wt%).
In addition to hydrocarbons, the products also contain minor
amounts of alcohols, esters, and acids. Notably, acids are absent
in the gasoline and kerosene fractions, esters are not found in
gasoline and diesel, and alcohols are missing from kerosene.
The presence of a small amount of acid in the diesel fraction
suggests that some triglycerides from palm oil first break down
into free fatty acids, which are then converted into
hydrocarbons through deoxygenation reactions such as
decarboxylation (removal of CO,), decarbonylation (removal of
CO), and hydrodeoxygenation (removal of H,0). Since
hydrogen gas is used in the catalytic hydrocracking process, the
primary reaction mechanisms involved include -cracking,
decarboxylation, decarbonylation, and hydrodeoxygenation.

Figure 8 presents a comparison of hydrocarbon distribution
composition across the gasoline, kerosene, and diesel fractions.
The gasoline fraction primarily contains hydrocarbons with
carbon chains of Cs, Co, and C11, along with smaller amounts of
Cio, Ci2, and Cis. In the kerosene (or aviation fuel) fraction, the
dominant hydrocarbons are Cii, Ciz, and Co, with minor
contributions from Cg, Cio, Ci3, Ci5, Cis, Ci4, and Czo. The diesel
fraction mainly consists of Cis, C13, Ci14, C17, and Cis, with smaller
amounts of Cii, Ci2, Cis, Ci9, C24, and Cz3. These composition
distributions suggest that the hydrocarbons in the gasoline and
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Fig. 8. Hydrocarbons distribution composition of gasoline,
kerosene and diesel fractions.
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kerosene fractions are largely formed through cracking and
hydrodeoxygenation reactions, while the diesel fraction is more
likely produced via decarboxylation and decarbonylation
processes.

3.6 Catalyst Stability and Coke Deposition on Catalyst

The stability of the natural Bayah-based catalysts was
evaluated to determine their resistance to deactivation arising
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from coke deposition during hydrocracking. Coke formation is
a persistent challenge in catalytic systems, as excessive
carbonaceous buildup can restrict pore accessibility and
consequently reduce catalytic activity. In this study, the most
promising material, BNZ-3, was selected after undergoing a
desilication treatment designed to enhance its textural
characteristics. This modification was intended to increase
porosity and thereby improve hydrocracking performance while
mitigating the tendency for coke accumulation (Istadi et al.,
2025).

The BNZ-3 catalyst was evaluated through a continuous
stability test conducted under atmospheric pressure and
hydrocracking conditions for up to 22 hours. Throughout the
run, the product yield distribution and selectivity toward key
biofuel fractions, gasoline, kerosene, and diesel, were
systematically monitored. Such a pressure buildup is a
well-known indicator of catalyst deactivation, as carbonaceous
deposits can obstruct active sites, restrict pore accessibility, and
elevate flow resistance within the reactor. The stability of the
BNZ-3 catalyst was assessed by monitoring product selectivity
and yield over a reaction period up to 22 hours. The bar chart
(Figure 10) depicts the selectivity toward gasoline, kerosene,
and diesel, while the accompanying line plots show the yields of
organic liquid products (OLP) and gas. At the beginning of the
reaction, gasoline selectivity was the highest, reaching
approximately 18%, but it gradually declined with increasing
time, indicating the onset of mild catalyst deactivation. In
contrast, kerosene and diesel selectivity remained relatively
steady with only minor variations, suggesting that BNZ-3 retains
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moderate activity for producing middle-distillate fractions even
during prolonged operation.

In terms of yield, the BNZ-3 catalyst exhibited stable
performance throughout the duration of the test. The OLP yield
consistently remained above 80%, with only a slight decline
observed after 12 hours, while the gas yield stayed below 10%,
indicating limited secondary cracking into gaseous products.
This behavior demonstrates that BNZ-3 maintains strong
hydrocracking stability and continues to favor liquid-phase
product formation over extended reaction times. Overall, the
results highlight BNZ-3 as a robust catalyst—showing high
gasoline selectivity in the initial stages and sustained efficiency
for kerosene and diesel production, making it well-suited for
long-term hydrocracking applications.

Figure 10(a) shows the normalized GC-TCD profile, which
represents the relative contributions of detected gases at each
time point after scaling the raw signals to percentages rather
than absolute amounts. In this view, C» species (primarily
ethylene and ethane) dominate throughout most of the
experiment, while CO, and Cs exhibit intermittent increases.
Normalization emphasizes compositional shifts rather than
absolute production changes; for instance, a rise in C»
percentage may result from either an increase in C; or a
decrease in other species. Overall, the GC-TCD normalized data
suggest a system oscillating between hydrocarbon-rich and
more oxidized states, with C. consistently holding the largest
fraction and CO, and Cs contributing at specific intervals. This
perspective is valuable for understanding relative speciation
trends and potential changes in reaction selectivity over time.

Similarly, Figure 10(b) presents normalized GC-FID data,
which primarily captures hydrocarbons due to the detector’s
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sensitivity. C. hydrocarbons again dominate, while Cs
(propylene and propane) and Cs (butylene and n-butane) show
episodic increases, particularly in the mid-experiment phase.
When Cs and Cs rise, the normalized share of C, declines,
indicating temporary broadening of the product distribution
toward heavier light ends. Because the data are normalized,
these trends reflect selectivity dynamics rather than absolute
yields. This behavior suggests that the process or catalyst
undergoes phases favoring chain growth (Cz to C3/Ca), followed
by a return to Cz predominance, likely influenced by changes in
surface coverage, active-site distribution, or operating
conditions.

Figure 10(c) provides the actual GC-FID traces before
normalization, revealing absolute hydrocarbon evolution and
distinguishing true production events from compositional
redistribution. A pronounced early transient is observed, with
Cz showing a sharp spike around 4-6 h, followed by a rapid
decline to a near-steady regime. Cs; and Cs exhibit smaller,
localized maxima before stabilizing at low levels beyond 8 h.
This profile indicates a start-up or activation phase
characterized by high hydrocarbon formation rates, especially
Cz, which later relax to steady-state values. Importantly, these
actual data confirm that normalized trends in Figure 10(b)
reflect genuine shifts in hydrocarbon formation rather than
artifacts of scaling.

Finally, Figure 10(d) shows actual GC-TCD data for CO, and
light hydrocarbons. CO, rises progressively to a mid-experiment
maximum before stabilizing, while C2 and C3 display early
transients and then converge to low, stable concentrations. This
pattern suggests a temporal shift from hydrocarbon formation
toward oxidation, with CO, becoming increasingly dominant as
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Fig. 11. Coke analysis using (A) thermal gravimetry (TG), (B) Differ-
ential Thermogravimetric (DTG), and (C) Differential Scanning Cal-
orimetry (DSC) methods.
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the run proceeds. Combined with the normalized view in Figure
10(a), these results indicate that even when hydrocarbons
maintain a significant fractional presence, absolute CO,
production can prevail during certain intervals. Thus, the actual
GC-TCD data complement normalized profiles by clarifying
when oxidation pathways intensify and when the system
reaches steady-state in total gas output.

Figure 11(A) presents the thermogravimetric profiles of the
spent BNZ-3 catalyst (red curve) and the spent BNZ blank
catalyst (black curve) over a temperature range from ambient to
approximately 900 °C. Both samples show an initial gradual
weight loss below 200 °C, corresponding to the removal of
physically adsorbed water and volatile species. This stage
indicates the presence of minor moisture or light hydrocarbons
prior to heating, with weight retention above 95%, confirming
that the structural framework remains intact at low
temperatures. As the temperature increases beyond 400 °C, a
more pronounced weight loss is observed—particularly for
BNZ-3, which exhibits a sharper decline than the blank catalyst.
This behavior suggests that BNZ-3 accumulated a greater
amount of carbonaceous deposits during the reaction, which
decompose at elevated temperatures. Above 700°C, both
curves reach a plateau, indicating that most volatile and
decomposable species have been removed, leaving behind the
stable inorganic framework. Figure 11(b) shows the DTG
curves, which illustrate the rate of weight loss as a function of
temperature. The BNZ-3 catalyst displays two distinct
decomposition peaks: a broad peak between 200-400°C
associated with the removal of adsorbed small amount of light
hydrocarbons or organic residues, and a more pronounced peak
near 600°C corresponding to the rapid oxidation and
decomposition of carbonaceous deposits or heavier
hydrocarbons. The presence of multiple peaks indicates that
BNZ-3 undergoes several degradation steps, reflecting a
heterogeneous distribution of deposits with different thermal
stabilities. The sharp and intense nature of these peaks further
suggests substantial coke oxidation during heating. In contrast,
the BNZ blank catalyst exhibits a much weaker DTG response
across the entire temperature range, with only a small peak near
600°C. This behavior indicates that the blank catalyst
accumulated significantly less coke and possesses a more
uniform surface composition, confirming its superior resistance
to carbon deposition compared to BNZ-3.

Figure 11(c) presents the DSC profiles of both catalysts,
offering insight into the heat flow associated with their thermal
transformations. The BNZ-3 catalyst exhibits a pronounced
exothermic peak between 400 °C and 700 °C, aligning with the
major DTG peak observed in Figure 11(b). This exothermic
response is characteristic of the oxidative decomposition of
carbonaceous deposits, which release heat as they combust on
the catalyst surface. The intensity of this peak indicates a
substantial amount of coke oxidation, consistent with the
greater weight loss recorded in the TG curve. In contrast, the
BNZ blank catalyst shows only a modest exothermic peak
within the same temperature range, confirming its lower
accumulation of carbonaceous species. Overall, the DSC results
corroborate the TG and DTG analyses, reinforcing the
conclusion that BNZ-3 experiences more extensive coke
deposition and undergoes more intense thermal decomposition
than the blank catalyst. The blank catalyst’s lower weight loss,
weaker DTG signals, and minimal exothermic transitions
highlight its superior thermal stability and suitability for
applications requiring prolonged exposure to harsh thermal
conditions. Conversely, while BNZ-3 demonstrates strong
catalytic activity, its higher susceptibility to coke formation
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suggests that periodic regeneration may be necessary to sustain
long-term performance.

4. Conclusion

The Bayah’s Natural Zeolite (BNZ) catalysts were modified
using an ultrasound-assisted sodium hydroxide (NaOH)
treatment for desilication process of zeolite, with variations in
NaOH concentration, treatment temperature, and duration.
This treatment altered the physical and chemical properties of
the catalysts. Characterization results revealed a reduction in
the Si/Al weight ratio in the treated BNZ samples compared to
the untreated version. The ultrasound-assisted NaOH treatment
led to increased average pore diameter, pore volume, surface
area, and the hierarchical factor (HF) of the catalysts. The
crystal structure of the BNZ catalysts (BNZ-NT, BNZ-1 through
BNZ-4) are Clinoptilolite-Ca, Mordenite and Heulandite-Ca.
BNZ-5 to BNZ-8, were found to have similar crystalline
structures. Among them, the BNZ-3 showed the most significant
improvements, with an average pore diameter of 3.83 nm and a
hierarchical factor (HF) of 0.069. These enhancements, larger
pores, higher pore volume, considerable expanded surface area,
and improved hierarchical factor (HF), enable better access for
larger molecules like triglycerides and intermediates, improving
the catalyst’s effectiveness. As a result, these structural
improvements significantly enhance liquid fuel production
during the catalytic hydrocracking of palm oil. BNZ-3 emerged
as the most promising catalyst, achieving an organic liquid
product (OLP) yield of 85.67%, reaction conversion of 97.22%
with hydrocarbon contents of 98.25 wt% in the gasoline fraction
and 99.10 wt% in the kerosene/aviation fuel fraction. GC-MS
analysis revealed that the primary constituents of gasoline,
kerosene, and diesel were hydrocarbons, along with smaller
amounts of compounds such as alcohols, esters, and acids. The
DSC results corroborate the TG and DTG analyses, reinforcing
the conclusion that BNZ-3 experiences more extensive coke
deposition and undergoes more intense thermal decomposition
than the blank catalyst. The blank catalyst’s lower weight loss,
weaker DTG signals, and minimal exothermic transitions
highlight its superior thermal stability and suitability for
applications requiring prolonged exposure to harsh thermal
conditions.
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