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Abstract

The present study evaluates the catalytic activity of SiO2/Al2Os—x and SiO2/Al203—x—NiMo (where x = 5, 10, 25 g of
aluminium weight) synthesized using a potassium hydrogen phthalate (KHP) template-assisted route for the
hydrocracking of crude palm oil (CPO) into biofuels. Increasing Al weight modified acidity, porosity, and NiMo
dispersion, leading to distinct catalytic behavior. The optimal SiO2/AleO3—x-NiMo catalyst (10 g Al) achieved ~94%
conversion, dominated by jet fuel-range hydrocarbons (Ci0-C14) through synergistic hydrodeoxygenation and acid-
catalyzed cracking-isomerization pathway. The enhanced performance originates from the balance between acidity and
metal dispersion, highlighting that both template selection and Al loading govern the design of efficient Si02/Al2Os—
NiMo catalysts for biofuel production.
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1. Introduction advantages such as lower operation temperatures,
reduced energy consumption, and flexibility in
feedstocks utilization compared with pyrolysis or
transesterification [3]. Various feedstocks,
including waste palm oil, algae oil, jatropha oil,
and rubber seed oil, have been investigated for
biofuel production under different catalysts and
reaction conditions [4-9]. Among these, crude
palm oil (CPO) and its derivatives are considered
particularly potential feedstocks, as they possess
low cost and the highest yield per hectare
compared to other vegetable oils in Southeast

The hydrocracking process is a well-
established method in petroleum refining that
converts heavy hydrocarbons into lighter, value-
added fuels such as gasoline, diesel, and petrol [1].
Increasing energy demand and depletion of fossil
resources have driven interest in biofuels as
sustainable alternatives [2]. Among various
conversion routes, biomass hydrocracking offers

* Corresponding Author.
Email: hasanudin@mipa.unsri.ac.id (H. Hasanudin)

berec_20483_2025 Copyright © 2025, ISSN 1978-2993; CODEN: BCRECO


https://journal.bcrec.id/index.php/bcrec
https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.9767/bcrec.20483
https://journal.bcrec.id/index.php/bcrec/article/downloadSuppFile/20483/5896
https://crossmark.crossref.org/dialog/?doi=10.9767/bcrec.20483&domain=pdf

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 695

Asia, and provide high content of long-chain
hydrocarbons [10].

The development of hydrocracking catalysts
1s of great importance in industrial processes, as
they facilitate cleaner fuels production, enable
compliance with environmental standards and
simultaneously preserve profitable and efficient
processes. Although the choice of feedstocks and
reaction conditions is important, catalysts play a
critical role in enhancing hydrocracking
performance [11]. Typically, noble metals such as
Pt and Pd are often employed as active metals for
hydrocracking process due to their excellent
catalytic activity. These catalysts, however, are
not economical due to their high cost and
proneness to deactivation and poisoning, thus
limiting their industrial viability [12,13]. The use
of bifunctional catalysts is commonly employed, in
which acidic supports facilitate C-C cracking,
whilst the active metals promote the
hydrogenation—dehydrogenation reaction, have
been extensively studied for their ability to control
the selectivity and activity of hydrocracking
process [14].

Currently, several types of bifunctional
catalysts, including NiW/ZSM-5 zeolite [15], NiO—
CdO/biochar [[5], RW/HZSM-5 [16], SiO2/Zr [17],
Pd/Al203 and PdFe/Al203 [10], have been utilized
for hydrocracking of palm oil-based feedstocks. In
the context of bifunctional catalysts, the support
must have adequate pore diameter to enhance
metal dispersion and pore diffusion, sufficient
acidity to perform the cracking of feedstocks, and
optimal dispersion of active metals [18].
S102/A1203 is one of the promising support
catalysts due to its flexibility, as its acidity and
textural features can be favorably tuned. This
support  has also  been  utilized for
hydroprocessing-related applications [19-23]. The
acid center 1is proposed to arise from the
isomorphous substitution of Si%* by Al3* in the
lattice of silica, which may result from diffusion of
aluminium into the silica framework during high
heat treatment [24]. Moreover, its textural
features can be tailored using a template-assisted
method, where the type of templating agent
influences pore formation upon calcination [25].
Dispersing transition metals on SiO2/Al203 may
generate new surface species that develop new
acid centers and enhance their acidity features. It
has been reported that transition metals such as
bimetallic NiMo possess comparable catalytic
activity to noble metal-based systems due to
synergistic features within the NiMo phase,
where Mo crystals are well-dispersed and
decorated with Ni as a promoter [26]. This system
has been widely employed as an active metal on
various supports for diverse applications
[19.20.27-32], highlighting its relevance and
robust performance in hydroprocessing/
hydrotreating-related applications.

Despite extensive studies on SiO2/Al2Os—
NiMo catalysts, their application in CPO
hydrocracking and systematic investigations on
tuning acidity, structural, and textural features
remain limited. A previous study [33], used EDTA
as a template agent, demonstrating its influence
on catalyst characteristics. Herein, we introduce
potassium hydrogen phthalate (KHP) as an
alternative template agent, aiming to induce
different pore formation characteristics and
enhance catalytic performance. Although the
fundamental composition of SiO2/Al203 remains
unchanged, the choice of template significantly
impacts the catalyst’s structural, textural, and
acidic properties, as well as metal dispersion upon
NiMo loading. The use of template agent KHP in
S102/A1203-NiMo outperformed EDTA in terms of
higher acidity value, higher BET surface area,
pore volume, and average pore diameter. These
modifications ultimately lead to distinct catalytic
features in CPO hydrocracking, highlighting the
role of the template method in tailoring catalyst
performance. The objective of this study is
therefore to investigate how aluminium loading
affects the properties and catalytic performance of
KHP-templated Si02/Al203-NiMo catalysts in
crude palm oil hydrocracking.

2. Materials and Methods
2.1 Materials

Tetraethyl orthosilicate (TEOS, Sigma-
Aldrich) and aluminium nitrate nonahydrate
(AI(NOs3)3-9H20, Sigma-Aldrich) were used as
silica and aluminium precursors, respectively.
Nickel(I) chloride hexahydrate (NiClz-6H20,
Sigma-Aldrich) and ammonium molybdate
tetrahydrate (NH4)2Mo00O4-4H20, Sigma-Aldrich)
were used as NiMo precursors, while potassium
hydrogen phthalate (KHP, Sigma-Aldrich) was
used as the templating agent. Additional reagents
included ammonium hydroxide solution (25%,
Sigma-Aldrich), and ethanol (>99.5, Sigma-
Aldrich).

2.2 Preparation of SiO2/AleOs using KHP
Template-assisted = Method  with  Varying
Aluminium Weights

A 5% (wlv) potassium hydrogen phthalate
(KHP) solution was prepared by dissolving 5 g of
KHP in 100 mL of deionized water. In a typical
synthesis, 100 mL of tetraethyl orthosilicate
(TEOS) was dissolved in 200 mL of ethanol and
stirred at room temperature for 15 min. A series
of AI(NO3)3-9H20 powders (5, 10, and 25 g) were
then dissolved in 100 mL of the KHP solution
under stirring for 30 min. The mixture was
combined with the TEOS-ethanol solution and
stirred for 3 h. Subsequently, 10 mL of 25%
NH4OH solution was added dropwise (one drop
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every 5 s) to induce gelation. The gel was aged at
room temperature for 30 min, heated at 50 °C to
form a paste, dried at 100 °C for 24 h, and calcined
at 750 °C for 6 h. The resulting powders with
different Al weights of 5, 10, and 25 g are denoted
as Si02/Al203-A, Si02/Alo0s-B, Si02/Al203-C,
respectively.

2.3 Synthesis of Si02/Alo03-NiMo

For NiMo impregnation, 5.06 g of NiClz-6H20
and 5.26 g of (NH4)2MoO4 4H20 was each
dissolved in 100 mL of deionized water, mixed,
and stirred for 15 min. The SiO2/Al2O3 supports
with different Al weight (5, 10, 25 g) were added
to the mixed solution and stirred for 15 min. The
slurry was heated to ~60-80 °C to form a paste,
dried at ~100-110 °C for 24 h, calcined at ~750 °C
for 6 h, and finally reduced to 350 °C for 2 h under
H: flow. The resulting catalysts of SiO2/Al203—
NiMo with different Al weights of 5, 10, and 25 g
are denoted as Si102/Al203-A-NiMo, SiO2/AloOs—
B-NiMo, Si02/Al205-C-NiMo, respectively.

2.4 Characterization of Catalysts

The structural features of catalyst were
examined using X'Pert Powder Diffractometer
(PANalytical), operated at 40 kV and 15 mA with
Cu-Ka radiation source. The diffraction patterns
were scanned from 5-85° with a step size of 0.217°.
Infrared spectra were recorded using an IR
spectrometer (Bruker Tensor II) to assess the
functional groups of catalysts. Autochem II
Micromeritics was used to perform NH3-TPD. The
ambient temperature in the instrument was 40
°C. The catalyst (~0.05 g) was pretreated at 350 °C
for 60 min under an inert gas (5% in He, v/v) with
a gas flow rate of 50 mL.min™!. Prior to desorption,
He gas was flowed for purging at 100 ‘C. The
adsorption of NH3 was carried out at 100 °C for 30
min, whereas the desorption of NH3 was
performed at 100 °C to 800° with a heating rate of
10 ‘C.min! and hold for 30 min. N2 adsorption—
desorption (at =196 °C) was performed using Nova
Quantachrome. The catalyst was outgassed at 250
°C for 3 h. The multipoint BET was utilized to
measure the surface area, whereas the BJH
desorption was used to describe the pore size
distribution of catalysts. Horiba LA-960 was
utilized to analyze the particle size distribution.
The average particle size in pm was reported with
3 repeated measurements. The surface
morphology and elemental mapping of catalyst
were recorded using SEM (JSM-ITO0A/LA,
JEOL) with acceleration voltage of 20.00 kV. The
GC-MS (Agilent) equipped with HP-5MS 5%
phenyl methyl silox phase capillary column was
utilized to analyze the liquid product.

2.5 Hydrocracking of CPO

The catalytic activity of SiO2/Al203-NiMo was
evaluated through hydrocracking of CPO. The
hydrocracking of CPO was conducted at 350 °C for
2 h under batch reactor. In a typical run, 20 g of
CPO and 0.6 g of catalyst were mixed into the
reactor and stirred at 1500 rpm. The reactor was
pressurized with 20 bars of Hz, purged three times
to remove unwanted gases and maintained under
H: atmosphere during the reaction. Upon
completing the hydrocracking reaction, the liquid
product was collected and analyzed by GC-MS.
The CPO feed showed a fatty acid (FA) pool
dominated by C14:0, C16:0, C18:2, C18:1, and
C18:0, which accounted for 77.33 area% of the
TIC. The catalytic conversion of CPO was
estimated from the disappearance of this FA pool
based on the equations as follows (1):

_ M) x 100% (1)

Conversion (%) = (1
( /0) Y fatty acidgeq

where, ) fatty acidprO et and Y fatty acidg,

represent the summed normalized area% of the
identified FA-TMS derivatives in the feed and the
product respectively. For catalytic performance
analysis, the GC-MS data were further classified
by carbon number range to approximate fuel
fractions: Cs-Co (gasoline range), Ci0-Cis (jet
range), and Cis5-Csaz (diesel range). In parallel, the
detected compounds were grouped into four
chemical classes: aromatic hydrocarbon, paraffins
(n-alkenes and cyclics), branched iso-paraffins,
and oxygenated species (fatty acids, alcohols, and
esters), and their semi-quantitative normalized
TIC area% was reported as the apparent product
composition.

3. Results and Discussion
3.1 Catalyst Characterizations

The XRD diffractograms of SiO2/Al203 and
Si02/Al203-NiMo  with  varying aluminium
weights are shown in Figure 1la-b. Broad peaks
around 260 = 20° were observed in all Si02/Al203
supports, corresponding to the amorphous silica—
alumina lacking long-range order [24]. Compared
with the EDTA-templated method reported
previously [33], the absence of ordered phases of
well-defined alumina reflections at low
aluminium content (Si02/Al20Os-A) indicates that
using KHP as the template favors an amorphous
Si02/A1:03  framework. Notably, increasing
aluminium weight from 5 to 10 g (SiO2/Al203-B)
produced a slight shift of the amorphous peak to
higher 20, where a pronounced shift was observed
at 25 g (SiO2/Al:0s-C), suggesting shorter
interatomic distances and stronger Si-O-Al
interactions. The overall amorphous features
intensity decreased with aluminium weight,
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which can arise from increased structural
disorder in the mixed oxide [34] and stronger
silica—alumina interaction.

After NiMo loading (Figure 1b), weak
reflections at 20 = 23.89, 25.33, 26.72, 32.54,
41.15, 47.41, 48.36, and 50.47° are attributed to
the MoOs monoclinic phase (ICDD No. 00-047-
1081) [35]. Another set of diffraction patterns at
20=14.31,16.12, 18.97, 28.78, 31.28, 32.82, 38.70,
and 43.80° correspond to the a-NiMoO4 monoclinic
phase (JCPDS No. 31-0902) [36], both confirming
successful deposition of NiMo species. The relative
intensity of these reflections decreases with
increasing aluminium weight (Si02/Al203-C-
NiMo < SiO2/Al03-B-NiMo < SiO2/Al203-A—
NiMo, consistent with improved dispersion at
higher Al content. A concurrent reduction in the
intensity of the broad feature near 20 = 21.81°
with increasing aluminium in the NiMo-loaded

samples indicate disruption of crystalline
ordering within the deposited phases. Overall, the
XRD results suggest that increasing aluminium
weight in S102/Al203 enhances NiMo dispersion.

FTIR spectra (Figure 1c) show a strong band
at ~1072 em™! (Si—O-Si asymmetric stretching)
and a shoulder near ~1200 cm™ (external SiOq
linkage) in Si02/Al203-A [25,37]. With increasing
aluminium weight, the ~1072 em™! band shifts to
lower wavenumber and the shoulder weakens,
indicating increased framework disorder and
greater Si—O-Al formation [38]. The ~796 cm™! Si—
O-Si  bending band also decreases with
aluminium weight, consistent with substitution
by Si—O-Al bonds [39,40].

Upon NiMo loading, additional features
appear: ~614 cm! (N1-O), ~673 cm™ (Mo-O-Mo),
and ~958 cm™ (Mo=0), and a weak band at 934
cm™ corresponds to Mo—O-Si/Mo-O-Al linkages

Q

(2]

+ = Si0,/Al,0, b =
. . A s.ozfmzo:—c NiMo
= - Si0,/AL,0,~C-NiMo - _"\\\ e
© ! SI0,/AL,0,~C o \_Mh_. 1 8 ./ Si0JALO-B-NiMd
; . w,
> i = Si0,/A1,0,-B-NiMo c
= : = o
w : w += Si0,/AlL0, e — Si0,/Al,0,~A-NiMd
c : Si0,/AI,0,-B = a-Ni
S : i0,/Al1,0; 5 -t.: :‘I-N(;Mood E m
© = "= o0 g Si0,/AL,O,-B
Si0,/ALO-A SI0,/A1,0,—A-NiMo © \/_\m

20 40 60 80
2-theta, deg.

20 40 60 80
2-theta, deg.

1250 1000 750 500
Wavenumber, cm™

d , | =2omors L] @ ek acidic f § 17368
:. Sioz’A|:D;£ :_ trong acidic — 1.535!
© m centers Ic)1 _5-
© \ f_UF Ie) 1.0817
cC —
O | i S g10
7 7 S
8 8 = Si0,/Al,0,-A-NiMo éos. 0.338 = 3972
Si0, /Al OJ-B-NIMo -c
= = —s.o:trm 0,-C-NiMo _ 0.0
200 400 600 800 200 400 600 800 < o 98 o W O
o . L v
Temperature, "C Temperature, ‘C &% &0 9 o S oa‘*"90 K
&f

Figure 1. a) XRD pattern of SiO2/Al2Os b) XRD pattern of SiO2/Al203-NiMo. SiO2/AleOs—x exhibits an
amorphous structure, with the corresponding peak shifting toward higher 26 values and decreasing in
intensity. Si02/Al203-x-NiMo exhibits a crystalline structure with intensity decreasing upon elevating Al
weight. ¢) IR spectra of SiO2/Al:O3 and SiO2/AloO3-NiMo. The absorption bands of Si02/Al203—x shift to
lower wavenumber, and the shoulder weakens upon elevating Al weight. New absorption bands in
S102/A1203-x-NiMo are observed arising from inherent NiMo bonding or interactions with the support. d)
NH3s-TPD profile of Si0O2/Al20s. Elevating Al weight in Si02/Al203 alters the acidic sites and forms strong
acid center (~450 °C). SiO2/Al:03-x-NiMo displays varying acidity features depending on the Al weights.e)
NH3-TPD profile of Si02/Al203-NiMo f) Acidity of catalysts calculated from NHs-TPD. Si02/Al203 was
varying at different weights, where A=5g, B=10g, C =25 g of Al.
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[41]. Shoulder around 1093 cm ™ and 713 cm ! can
arise from Si—O/Al-O influenced by NiMo species
[42]. The intensity of Ni-O/Mo-O bands decrease
as aluminium weight increases, consistent with
stronger metal-support interactions (Ni—O-Al,
Mo-0-Al) and fewer “free” metal-oxygen groups.
Compared with the parent supports, Si—-O-Si
stretching in SiO2/Al2O3-A-NiMo shifts to higher
wavenumber, indicating modification of the
silanol environment by NiMo-support interaction,
in agreement with reports on metal-modified
silicas [43,44].

To understand the surface acidity of catalysts,
including their corresponding acid density and
strength, NH; temperature—programmed
desorption (NH3-TPD) analysis was performed as
shown in Figure 1d-e. The desorption peaks of
NHs at different temperatures correspond to
different acidic centers strengths. For instance,
desorption peaks at < 200 °C, 200 — 300 °C, and
>300 °C are attributed to weak, medium, and
strong acidic centers, respectively [45]. The
corresponding acidity value (mmol.g-cat™)
extracted from the NHs-TPD profile are
summarized in Figure 1f.

It is apparent that NHs-TPD profiles of the
parent SiO2/Al203-A  (Figure 1d) exhibit a
desorption peak at ~450 °C indicating the
presence of strong acidic sites. This peak may
originate from bridging hydroxyl groups (Si—-OH-
Al) within the support [46]. Increasing aluminium
weight to 10 g (Si02/Al20O3-A) resulted in a higher
intensity of this desorption, suggesting an
increase in the density of the acidic sites. The peak
also slightly shifted to higher temperature,
suggesting an increase in strong acidic strength as
well [47]. A similar trend was observed for
Si02/A1203-C (25 g aluminium weights), where
the peak possessed much higher intensity in
strong acidic sites and a further shift to higher
temperature, indicating even stronger acidic sites.
The acidity value of the SiO2/Al20s catalysts
followed the trend: SiO2/AloO3-A (0.3380 mmol.g-
cat?) < SiO2/Al203-B (1.0817 mmol.g-cat?) <
Si02/A1203-C (1.7368 mmol.g-cat™?) (Figure 1f).
This trend suggests that increasing the
aluminium weights in SiO2/Al:0s linearly
enhances the strong acidic sites and density due
to more aluminium species being available to
induce acidic sites [33]. This trend is also
consistently reported by another study, which
proposed that the acid site density increases
linearly as increasing aluminium content (or
decreasing Si/Al ratio) [48]. Interestingly, a new
desorption peak at ~150 °C appeared in
Si02/A1203-C, suggesting that higher aluminium
weights in the support promote the formation of
low acidic sites. This may arise from extra-
framework aluminium species [49].

The distribution of the acidic strength and
density of the support catalysts considerably
changed upon being loaded with NiMo (Figure 1e).
For instance, S102/Al203-A-NiMo exhibited new
desorption peak at ~410 °C and ~515 °C,
corresponding to strong acidic sites, and at ~265
°C, attributed to moderate acidic sites. These
peaks may arise from the formation of new strong
Lewis and Brensted acid sites induced by NiMo
species anchored on SiO2/Al20O3. The moderate
acidic sites may be attributed to Al-OH
groups/silica frameworks interacting with NiMo
species. Compared to the parent catalyst, the
acidity value slightly increased to 0.4624 mmol.g-
cat’l. Additionally, the desorption peaks in
Si02/A1203-A-NiMo were much broader with
higher intensity compared to those of SiO2/Al203-
A catalyst, which was presumably due to better
contact of NiMo species with the support [50].
Likewise, SiO2/AloOs-B-NiMo also exhibited new
narrow desorption peak at ~530 °C and ~ 430 °C
attributed to strong acidic sites but showing an
opposite trend in term of desorption intensity
compared to SiO2/Al20s-B. The decrease of peak
desorption may arise from NiMo aggregation
hindering the nature of SiO2/Al203 acidic sites
[61], and thus reducing the acidity value to 0.3972
mmol.g-catl. Meanwhile, SiO2/Alo0Os-C-NiMo
shows similar desorption peaks with Si02/Al2Os—
C, but the strong acidic site desorption peak
tended to shift to higher temperature, associated
with a decrease in its intensity. The shift of the
desorption peak to higher temperature may
indicate stronger interaction between the metal
and the support. The low acidic sites in
Si02/A1203-C-NiMo  possess much  higher
intensity than its parent catalyst. This may be
ascribed to the weak Lewis acid sites of metal
species that are well dispersed [51]. However, pore
blocking may cover the acidic sites, thus
decreasing the acidity value to 1.5358 mmol.g-
catl compared to 1its parent Si02/Al203-C
catalyst. The acidity features from NHs-TPD
profiles of Si02/Al203—x-NiMo prepared with KHP
are found to be different compared to the previous
study employing EDTA as a template agent [33],
confirming that use of different template agent
influence the acidity strength and distribution. It
is also noticeable that the acidity value of the
catalysts prepared with KHP are higher compared
to those prepared with EDTA. This may happen
due to strong coordination with Mn»* from the
support of loaded metal which may reduce the
strong acidic sites upon calcination. Whereas
KHP, it is an aromatic organic acid that
decomposes differently compared to EDTA, which
may result in a higher density of M-—OH groups
that enhance the acidity value.
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Nitrogen adsorption-desorption and BJH
desorption representing the textural features of
catalysts are shown in Figure 2. As shown in
Figure 2a-c, the parent SiO2/Al20O3 and
Si092/Al203-NiMo catalysts possess type IV
isotherm indicate mesoporous materials [52].
Upon varying the aluminium weight, however,
the catalysts exhibit different hysteresis types,
suggesting different pore structures such as its
connectivity or the degree of pore filling. The BJH
desorption associating the pore size distribution of
catalysts is presented in Figure S1 (Supporting
Information). Broad pore size distribution with a
wide range of pore sizes was observed in
Si092/Al203-A. This may arise from the
heterogeneity in pore structure. The intensity of
this peak is much lower than its counterparts, as
it exhibits low surface area and total pore volume
(Table 1). Upon increasing the aluminium weight
to 10 g (SiO2/Al:0s3-B), a narrow pore size
distribution in the small mesoporous ranges was
observed. This may indicate that increasing the
aluminium weight promotes better pore
uniformity and a more defined pore size
distribution. Meanwhile, SiO2/Al203-C shows a
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similar trend to SiO2/Al203-B in its peak maxima
but with much wider pore size distribution, which
suggests the formation of predominant diverse
pore network. It may therefore be proposed that
increasing the aluminium weight in SiO2/Al2Os
enhances the mesoporosity development of the
catalyst. This interpretation is consistent with
earlier reports [33], where increasing aluminium
content led to a substantial rise in BET surface
area and total pore volume, while the average pore
diameter remained in the mesoporous regime.
Such concurrent trends, with stable mesopore
size, are considered as characteristic of improved
mesoporosity. Similarly, studies on Al-SBA-15
have shown that higher aluminium incorporation
decreases blocked pores, increases mesopore
volume due to aluminium species interacting with
silanol groups and reinforcing the framework,
thereby promoting the formation of primary
mesopores [53].

The peak maxima in SiO2/AloOs3-A-NiMo and
S102/Al203-B-NiMo (Figure S1b-c) disappeared
upon being loaded with NiMo, indicating that the
NiMo species may have modified or blocked the
pores in the smaller pore size range. This may
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Figure 2. a) N2 physisorption of Si02/Al20s3; b) a) N2 physisorption of Si02/Als03-NiMo; ¢) enlargement of
Si02/Al203-NiMo-A, and -B. All catalysts exhibit type IV isotherm with different hysteresis types. BJH
desorption shows varying pore size distribution depending on Al weights; d) Particle size distribution
extracted from particle size analyzer in nm scale of Si0O2/Al203 and SiO2/AloO3-NiMo at varying aluminium
weights. Si02/Al203—x—NiMo exhibits a narrower particle size distribution, higher quantile percentages, and
a shift to smaller diameter compared to SiO2/Al20s—x.
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happen due to the NiMo species filling up the
mesopores. For SiO2/Al203-C-NiMo, the maxima
peak was still present but with a much wider pore
size distribution along with the decrease in its
intensity. This may suggest that the NiMo species
altered the mesopore size distribution, resulting
in larger pores formation. The decrease in
intensity may be attributed to the partial blocking
or filling the mesopores, but to a lesser degree
than SiO2/Al203-A-NiMo and SiO2/Al2O3-B-
NiMo. The BET surface area, total pore volume,
and average pore diameter are summarized in
Table 1. Based on Table 1, SiO2/AloOs-A exhibits
surface area of 40.75 m2.gl. The surface area
tended to increase up to 281.20 m2.g! upon
elevating aluminium weight to 10 g (SiO2/Al203-
A) due to pore expansion arising from Si-O-Al
bonding or formation a new pore induced by Al
atoms. Similarly, elevating aluminium weight to
25 g (Si02/Al203-C) linearly increased the surface
area to 373.60 m2g?l This indicates that
increasing aluminium weight in Si02/Al203 would
enhance the textural features of catalyst by
increasing porosity. Upon being loaded with
NiMo, the surface area of parent catalyst tended
to dramatically decrease to 8.76 m2.gl
(Si02/Al203-A-NiMo). Similarly, SiO2/Al20s-B-
NiMo and SiOg/Al203—C-NiMo exhibited a
decrease in surface area to 13. 15 m2.g ! and 92.08
m2.g1, respectively, compared to their parent
catalyst. This may point out the pore blockage by
NiMo species [54]. This result is consistent with
the XRD analysis, as higher aluminium weight in
parent SiO2/Al:Os catalyst corresponds to
amorphous structure and it contributes to higher
surface area with more interconnected pores. The
XRD analysis of SiO2/Alo03-NiMo also reveals the
potential of aggregated crystalline NiMo phase, in
which assuming if the NiMo are poorly dispersed,
it may block the pores. Table 1 also shows that the
parent Si02/Al203 catalysts exhibit an increase in
total pore volume upon elevating aluminium
weight. This points out that higher aluminium
weights are associated with higher pore volume.
Upon being loaded with NiMo, the total pore
volume of catalyst at all varying aluminium

weights tended to decrease which again, it arises
due to pore blockage of the SiO2/Al203 by NiMo
particles [55]. It assumes that the low total pore
volumes in Si0O2/Al:Os-NiMo catalysts indicate
that the NiMo species occupied or covered a
fraction of the pore. In terms of average pore
diameter, the pore diameter of parent catalysts
increased upon elevating aluminium weight.
Although catalytic activity is not only affected by
textural features, however, larger pore volume
coupled with higher BET surface area may reduce
the mass transfer resistance and better metal
dispersion which beneficial to the catalytic
reaction [56].

The average pore diameter of -catalysts
showed different trends upon being loaded with
NiMo. For instance, SiO2/AloOs-A-NiMo and
S102/A1:03-B-NiMo exhibited a decrease in
average pore diameter to 13.46 nm and 11.85 nm,
respectively with respect to their parent catalyst
due to metal deposition inside the pores [57]. For
S102/Al203-C-NiMo, however, the average pore
diameter increased to 18.48 nm which may arise
from the deposition on the surface or wider pores
rather than occupies internal pores. Based on
textural analysis, it is proposed that higher
aluminium weight promotes enhanced metal—
support interaction (M—O-Al bonds, where M = Ni
or Mo), increasing uniform dispersion. The
blockage of pores without severe agglomeration
may arise from this interaction, as confirmed by
XRD, FTIR, and NH3-TPD analysis. It 1is
noteworthy that the parent catalysts Si02/Al203
and upon being loaded with NiMo prepared with
KHP had much higher value in terms of surface
area, total pore volume, and average pore
diameter compared to the previous study utilizing
EDTA as a template agent [33]. This confirms that
the choice of templating agent influences the
textural features of SiO2/Al203. Similar
observations have been reported in related
studies, where catalysts synthesized with KHP as
a template consistently showed higher surface
area than those prepared with EDTA [25]. These
differences have been attributed to the distinct
role of organic templates during gel formation and

Table 1. Textural properties of SiO2/Al203 supports and SiO2/Al203-NiMo catalysts with varying

aluminium weights.

Catalyst

BET surface area,

Total pore volume, Average pore

m2.g! cm3.gt diameter, nm
Si02/Al1203-A 40.75 0.52 51.24
Si09/A1203-B 281.20 1.11 15.82
Si02/Al203-C 373.60 1.20 12.83
Si02/Al203-A-NiMo 8.76 0.03 13.46
Si02/Al203-B-NiMo 13.50 0.04 11.85
Si02/Al203—C—NiMo 92.08 0.43 18.48
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decomposition, which govern pore development
[58].

Figure 2d presents the particle size
distribution in pm scale of SiO2/Al2Os and
Si02/A1203-NiMo at varying aluminium weights.
The average particle size (um) from the particle
size analyzer 1s summarized in Table S1
(Supporting Information). As shown in Figure 2d,
parent Si02/Al2Os-A exhibited a relatively narrow
particle size distribution and peak slightly shift to
higher diameter as aluminium weight increased.
This indicates that varying aluminium weight
may influence the growth or aggregation of
Si09/Al203 particles, consistent with reports that
S1/Al  composition strongly affects particle
assembly and aggregation during synthesis [59].
However, in terms of its intensity, it exhibited
nonlinear trends. For instance, the intensity
tended to increase as elevating aluminium weight
Iincreases at intermediate aluminium weight,
suggesting more uniform particle formation. The
intensity subsequently decreased at higher
aluminium weight (SiO2/Al203-C) owing to the
partial aggregation of particle or less uniformity.
Similar effects have been reported in oxide-based
catalyst systems, where compositional or metal
incorporation influenced particle aggregation
behavior [34,39].

Upon being loaded with NiMo, the particle
size distribution became narrower and shifted to
lower diameter, which presumably suggests that
NiMo particles occupied surface/pore voids along
with more uniform particles. The intensity also
increased upon being loaded with NiMo, which

Si0,/AlLO,~A

x @ —

Si0,/AY,0,~A-NiMo

Si0,/Al,0,-B

SQZIAIQOQ—BTNiMQ

may be attributed to better interaction between
NiMo and the support catalyst. Table S1
(Supporting Information) shows that the average
particle size of parent catalysts linearly increases
as elevating aluminium weight due to potential
stronger interaction between particles and thus
potentially form aggregates. Furthermore, the
average particle size decreased upon being loaded
with NiMo. This result may strengthen the notion
that NiMo particles are evenly distributed,
presumably filling pore voids. Based on the Table
S1, within the SiO2/Al203-NiMo catalyst,
Si02/Al:03-C-NiMo shows much higher in
average particle size than its counterparts
(S102/A1203-A-NiMo and SiO2/Al203-B-NiMo),
which may indicate higher degree interaction of
NiMo between the support. This result is
consistent with the FTIR and XRD analysis as
previously discussed.

The surface morphology of Si02/Al2O3 support
and Si02/Al:03-NiMo at varying aluminium
weights was analyzed using scanning electron
microscopy (SEM). As shown in Figure 3, the SEM
micrographs of SiO2/Al203 show irregular shapes
of aggregate particles, and these features are
much pronounced as increasing the aluminium
weight, which may suggest higher degree
aggregation due to the formation of SiO2/Al203
support. The morphology also shows a smooth
surface associated with its amorphous structure.
Upon being loaded with NiMo, a pronounced
change in the morphological surface of support is
observed. It is apparent that the pore connectivity
was more developed and NiMo particles were

Si0,/AL,05~C

@ —

SiO,/Al;O5—C—NiMo

Figure 3. SEM micrographs of SiO2/Al203 support and SiO2/Al203-NiMo at varying aluminium weights
(10000x magnification). All catalysts were utilized KHP as template agents. Si02/Al203—x-NiMo shows
more pronounce porous features compared to Si02/Al203-x depending on the Al weights.
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better distributed at higher aluminium weights
due to the NiMo interaction with the support.

Figure 4 shows the EDS-mapping of the
catalysts. It is noteworthy that in SiO2/AloOs-A—
NiMo the NiMo particles exhibit poor dispersion
due to aggregation within the support catalyst.
Similar results were also observed in SiO2/Al20s—
B-NiMo. However, in SiO2/Alo0Os-C-NiMo, the
NiMo particles are well dispersed and evenly
distributed within the support catalyst. This
result confirms that increasing the aluminium
weights in the support enhances the metal
dispersion of NiMo. This analysis is consistent
with the structural and textural analysis.

3.2 Catalytic Activity

The hydrocracking of CPO was performed at
350 °C for 2 h under hydrogen pressure of 20 bar.

Si0,/Al,0,=A

Al

$i0,/Al,0,-B

Al

$i0,/AlL,05~C

Al

Si0,/Al,0,~A-NiMo

Al

Si0,/Al,0,~B-NiMo

Al

Si0,/Al,0,~C—NiMo

Al

3 5pm

3 5um

Figure 5 and Figure S2 (Supporting Information)
summarize the catalytic performance of
Si02/Al203 and SiO2/Al:O3-NiMo at varying
aluminium weights. The overall CPO conversion
(Figure S2) ranges from ~86 to 95%, though the
extent of distribution of products varies
systematically with aluminium weights and NiMo
loading (Figure 5). For the parent catalysts,
increasing the aluminium weights (SiO2/Alo03-A
and SiO2/Al:03-B) enhanced both conversion
(85.85 to 91.81 %) and the product distribution,
which shifted from oxygenate-rich, Ci0-Ci4
dominated fractions toward jet-range
hydrocarbon and aromatics (Figure 5). This trend
is consistent with the XRD, FTIR, and NHs-TPD
results, which confirm that higher aluminium
weights enhance acidity, strengthens Si—O-Al
interactions, and  promotes  mesoporosity

Mo

Mo

[ 5pum 3 Spum

Figure 4. EDS mapping of Si02/Al203 support and Si02/Alo0O3-NiMo at varying Al weights. Different colors
represent different types of elements. Higher Al weights enhance NiMo dispersion (orange and dark blue

colors, respectively) in SiO2/AloO3-NiMo.

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 703

structure, thus providing the f-scission forming
C5-C14 fractions (gasoline/jet range), skeletal
1somerization forming branched iso-paraffins, and
dehydrogenation/cyclization of long-chain carbons
[60]. Upon NiMo loading, the catalysts exhibit a
metal function that accelerates deoxygenation
pathway [61]. Ni and Mo species hydrogenate
C=0 as well as C=C bonds and thus catalyze

hydrodeoxygenation = (HDO) (R-COOH —
n-alkane + H20) as well as
decarboxylation/decarbonylation (deCOx) (R~

COOH — n-alkane + CO/CO2). As a result,
Si02/A1203-NiMo exhibited a sharp reduction in
oxygenates and the emergence of n-alkanes in the
C15-C1s range, which are subsequently cracked
and isomerized on acid sites to afford jet-range iso-
paraffins and aromatics (Figure 5). This metal-
acid synergy explains the higher conversions
observed in SiO2/Al203-A-NiMo (95.02 %) and
S102/A1:03-B-NiMo (94.20 %) relative to their
parent catalysts. It is noteworthy that S102/AloO3—
C-NiMo showed a lower conversion (88.97 %)
compared to its parent (91.81 %) (Figure S5),
which may be attributed to partial blockage and
decreased surface area upon NiMo loading, as
revealed by BET and BJH analyses. Although its
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acidity and dispersion remain high, the reduced
accessibility of acid sites likely limited, even as
the product distribution of jet-range and aromatic
hydrocarbons remained high. Table 2 summarizes
the previous study on palm oil hydrocracking
using different catalysts and templating
approaches. The catalytic performance of the
present KHP-templated SiO2/Al2O3-NiMo is
comparable with, and in several cases superior to,
other reported systems for CPO hydrocracking.
While various catalysts have achieved good
overall conversion, the as-prepared catalyst
stands out by combining high conversion with
good product distribution toward jet fuel range
hydrocarbon.

It is proposed that these results support a
mechanistic picture in which NiMo sites act as the
primary deoxygenation centers, producing long-
chain n-alkanes from fatty acid, while SiO2/Al2Os
promote subsequent cracking, isomerization, and
aromatization as summarized in Figure 6. The
interplay between acidity, porosity, and metal
dispersion dictates both conversion and product
distribution. For instance, low aluminium weight
catalysts lack sufficient acidity to drive the
reactions, high aluminium weight catalysts risk

b

Norm. area, %

100 4
80 -
60 -
40 -
20 Oxygenate|
Branched
Paraffin
Aromatic
0 T T T T
» o N B W0
A 0”-79 \O? \‘«f‘x\ 6’\$ 0"\\
,}7” NP\ sl Ve ot of
O 0T 0T W g g\
° oY ot ot
S N =

Figure 5. Normalized product distribution from GC-MS analysis of hydrocracking products over SiO2/Al203
and Si02/Al203-NiMo catalysts with varying aluminium weights. a) carbon-number distribution, classified
into gasoline (Cs-Co), jet fuel (C10-Ci14), and diesel (C15-Cz2) fractions. b) Chemical compositions of products
categorized as aromatic hydrocarbon, paraffins, branched iso-paraffins, and residual oxygenated species.
Product areas were normalized to 100% for each catalyst to enable comparison of relative selectivity.

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 704

Table 2. Comparison of catalytic activity of different catalysts reported for palm oil hydrocracking. The
table summarizes reaction conditions, conversion, and products distribution are listed as reported in the
original studies.

Catalyst Reaction conditions Catalytic activity Ref.
T =400°Cfor2h;P Conversion = 96 wt%, kerosene yield = [15]
H= 3-8 MPa; feed = 22.36 wt%, gasoline yield = 12.44 wt%,

NiW-ZSM-5 (SVAI=50) 500 1\I,CPO: cat. =5 diesel yield = 21.22%,

g; stir = 500 rpm.

T =400 °C for 2 h; Conversion = 51.00 %, kerosene yield = [62]
feed = 500 mL CPO; 20.60 %, gasoline yield = 9.23 %, diesel

cat. 5 g; P Ha=3 mPa; yield =21.17 %.

stir = 500 rpm

ZSM- 5/MCM-41

T =400 °C for 2 h; Kerosene yield = 31.71 %, diesel yield = [10]
Al203/ Pd-Fe (PF3) feed = 100 mL; cat. 62.20 %.
0.9 g; P H2 = 60 bar.
T =500 °C for 1 h; Conversion = 94.36 %, gasoline selectivity  [25]
. feed flow rate = 20 = 30.74 %, kerosene selectivity = 63.79 %,
Si02/ZrN-EDTA mL/h, Hs flow rate = diesel selectivity = 5.47 %
30 mL/h, cat. = 0.5 g.
T =500 °C for 1 h; Conversion = 96.02 %, gasoline selectivity  [25]
) feed flow rate = 20 =171.05 %, kerosene selectivity = 24.88 %,
Si02/ZrN-KHF mL/h, Hs flow rate = diesel selectivity = 4.07 %
30 mL/h, cat. = 0.5 g.
T =500 °C for 1 h; Conversion = 95.53 %, gasoline selectivity  [17]
. feed flow rate = 20 = 24.72%, jet selectivity = 69.27%, diesel
Si02/Zr-KHF2 mL/h, Hs flow rate = selectivity = 6.01%.
30 mL/h, cat. = 0.5 g.
T =350 °C for 2 h; Conversion = 91.34 %, gasoline yield = [33]
Si102-Al203-10/NiMo feed =20 g CPO; P H:  13.26 %, jet yield = 61.31 %, diesel yield =
(EDTA template) 20 bar; stir = 1500 2.34 %.
rpm.
T =350 °C for 2 h; Conversion = 94.2 %, gasoline fraction = This
S102-Al203-10/NiMo feed =20 g CPO; PH2 21.59 %, jet fraction = 70.21 %, diesel study
(KHP template) 20 bar; stir = 1500 fraction = 8.2 %.
rpm.
Hydrogenation
Hydrolysis R-COOH of C=C bonds R-COOH
CPO feed » | (unsaturated) *| (saturated)
hydrogenolysis NiMo sites
deCO/
cyclization + dehydrogenation, deco/ w
aromatics strong acid sites
\
Acid sites ) "
Iso-paraffins (Si-OH-Al) n-paraffins n-paraffins
(branched) (C45-C47) + COICO, (C1g-C1g) + H,O
Isomerization, moderate acid
sites
C10C1a L Moderate
C.-C, o cracking, tncomp!etg
B-scission Moderate acid deoxygenation
C;-C, sites
Cracking l ‘L

C,0-C44, n-lisoparaffins, | C,5-C,;, n-liso-

Strong acid sites F .
aromatics Cracking paraffins

R-COOH

Residual oxygenates‘

Figure 6. Proposed mechanistic pathway for hydrocracking of CPO over SiO2/AleOs—NiMo catalysts.
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textural constraints upon NiMo loading, and
intermediate aluminium weight provides the most
balanced environment. This is exemplified by
Si02/Al203-B-NiMo,  which  afforded  high
conversion alongside efficient oxygen removal and
favorable product distribution toward jet-range
hydrocarbon and aromatics.

4. Conclusions

This study highlights the significance of
potassium hydrogen phthalate (KHP) as a
templating agent for SiO2/Al2Os-NiMo catalysts
in crude palm oil hydrocracking. Compared with
EDTA-templated analogues, KHP-templated
catalysts exhibit higher surface area, larger pore
volume, and stronger acidity, enabling better
NiMo dispersion and 1improved product
distribution toward jet fuel-range hydrocarbons.
Within the KHP-templated series, aluminium
weight acts as a tunable handle that governs Si—
0-Al formation, acidity distribution,
mesoporosity, and metal dispersion; an
intermediate aluminium weight provides the best
balance of accessible acid sites and NiMo
exposure, whilst excessive aluminium increases
acidity but can reduce accessibility after metal
loading. These outcomes underscore that both
template choice and aluminium weight jointly
control structure-acidity—dispersion relationships
in S102/Al203-NiMo, providing practical guidance
for designing mesoporous bifunctional catalysts
for biofuel production.
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