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Abstract: This research was done to study the effect of the arrangement of nickel (Ni)
and molybdenum (Mo) metals impregnated with activated carbon on the activity and
selectivity of the hydrodeoxygenation (HDO) of palm cooking oil into biojet fuel. The
catalysts were synthesized by impregnating Ni and Mo metals by dry spray impregnation
method with precursor salts nickel(II) nitrate hexahydrate (Ni(NO;),-6H,O) and
ammonium heptamolybdate tetrahydrate ((NH4)sMo;0.4+4H,0) solutions, respectively
on the activated carbon. The catalysts were characterized using FTIR, XRD, SAA, SEM-
EDX, and NH;-TPD instruments. The catalyst performance was tested using a semi-batch
reactor with dual heaters in a one-pot system, atmospheric pressure, and a hydrogen gas
flow rate of 20 mL min™" for the palm cooking oil HDO reaction for 3 h. The obtained
liquid products were analyzed using gas chromatography-mass spectrometry (GC-MS).
The best catalyst arrangement was the Ni/AC catalyst in a double-layer arrangement,
which had 6.25 wt.% metal content, and a surface area of 803.89 m? g™! which resulted in
24.75 wt.% yield with 86.93% (fraction 1) and 87.48% (fraction 2) selectivity. This
research concluded that catalyst layer arrangement affects the catalytic activity and
selectivity in the HDO of palm cooking oil.
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m INTRODUCTION

Every year, the global consumption of fossil fuels
continues to rise, with the aviation sector being a major
contributor. This sector's high demand has led to a
significant increase in global carbon dioxide (CO,)
emissions, accounting for 2.6% of the total, and
contributing 5.9% to anthropogenic global greenhouse
gas emissions in 2019 [1-2]. Fuel consumption is
projected to increase from 4 quadrillion Btu in 2010 to 16
quadrillion Btu by 2050 [3]. The use of fossil fuels results
in emissions of greenhouse gases such as methane (CH.,),
nitrous oxide (N,O), and CO,, contributing to global
warming [4-5]. Additionally, sulfur dioxide in the
atmosphere can react with water vapor to produce acid
rain [6]. Therefore, alternative environmentally friendly
fuels are needed to reduce environmental pollution and
address the declining availability of fossil fuels in the
aviation sector. Biojet fuel is an environmentally friendly

alternative to address the declining availability of fossil
[7-8] with operating costs, energy
consumption, and harmful production emission [9].

fuels lower
Biojet fuel production can be derived from palm oil.
Processing palm oil is cheap and simple. Palm oil has
been abundant and the most popular cooking oil
worldwide since 2005, taking the place of soybean oil. In
2012, 52.1 million metric tons of palm oil were used
worldwide, and Indonesia was one of the largest
consumers [10]. Besides being used as food, palm oil can
also serve as an alternative fuel. Currently, Indonesia is
developing this alternative fuel to enhance energy
security and reduce the country's vulnerability to
fluctuations in global oil prices [11].

Palm oil is processed into various products, one of
which is cooking oil. Cooking oil contains saturated and
unsaturated fatty acids dominated by palmitic acid
(C16:0) and oleic acid (C18:1). These compounds play a
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crucial role in the hydrodeoxygenation (HDO) and
hydrocracking processes of palm cooking oil into biojet
fuel, with carbon chains ranging from C7 to C16 and
hydrocarbon content such as n-alkanes, iso-alkanes,
cycloalkanes, and aromatics [3,12]. HDO is a process to
remove oxygen atoms without breaking the main chain as
shown in Fig. 1 [13-14]. The HDO reaction was then
followed by the hydrocracking process to obtain biojet
fuel fractions. This process uses high temperature and
pressure hydrogen gas to obtain the desired product
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fractions, as shown in Fig. 2 [15-16]. A catalyst is
essential to achieve optimal results in HDO reaction and
hydrocracking.

Commercially developed HDO catalysts, such as
ALOs and SiO,, were designed for crude oil. However,
palm oil contains carboxylic acids and C-O bonds,
which these catalysts are not suited to break,
necessitating the development of alternative catalysts
[17]. For commercial HDO reactions on palm oil,
palladium (Pd) and platinum (Pt) were used due to their
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performance, resulting in high-quality biofuels. However,
the increase in Pd and Pt metal scarcity resulted in high
cost. Transition metals like nickel (Ni) and molybdenum
(Mo) are more affordable than Pd and Pt, and they also
have half-filled d orbitals [18-20]. These half-filled
orbitals can accept electron pairs, thereby increasing the
catalytic activity of the catalyst by breaking down the fatty
acid of the palm oil into n-alkanes, iso-alkanes,
cycloalkanes, and aromatics [21]. Vacant p orbitals and
unpaired electrons in the d orbitals of nickel metals are
able to accept electron pairs from the palm oil for HDO
reaction [22-23]. Mo has 5 half-filled d orbitals that are
reactive with the fatty acids of palm oil, leading to the
breakage of CO bond of the fatty acids [24]. It is necessary
to impregnate the metals into a support to ensure their
uniform distribution and enhance the thermal stability of
the catalyst [25]. Metal impregnation improves the
catalyst's acidity sites and catalytic activity [26].

In order for the metal and palm oil feed to come into
contact during the HDO reaction, there needs to be a
support. This will increase the support's surface area,
catalytic activity, and lifespan, and it will also stop the
metals from sticking together, which lowers the catalytic
activity, by making them stick to the support's surface.
Activated carbon (AC) is a porous material with high
porosity and surface area. AC has advantages in gas and
liquid adsorption processes, making it suitable as a
catalyst support [27-28]. This material can be synthesized
from natural materials such as bituminous coal, peat,
lignite, wood sawdust, and coconut shells. Additionally,
AC can be produced from agricultural residues such as
corn, corn cobs, bagasse, fruits, fruit pulp, and coffee
beans. These raw materials are abundant, cheap, and
readily available [29].

Metal impregnation onto the support was needed to
increase the catalyst activity and selectivity during the
HDO reaction. Dry impregnation with spraying method
is used to uniformly disperse metals on the support by
dissolving the metal in its precursor salt with a minimum
amount of solvent. This method is highly effective in
solvent utilization and achieving more uniform metal
distribution compared to wet impregnation, which uses
more solvent than dry impregnation, resulting in the risk
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of losing the metal particles in the solvent and being
more expensive on the cost [19,30-31].

In this study, variations in catalyst arrangements
were conducted to study the effect on catalytic activity
and selectivity. The catalyst arrangement has the
potential for more selective catalysis, and each
arrangement has a different role, potentially increasing
catalytic activity. A study by Park et al. [32] showed that
catalyst arrangement or stacking in the variation of
noble and non-noble metal for anion-exchange
membrane water electrolysis. However, such a method
has not been applied to biofuel conversion. Therefore,
current research has the novelty of utilizing single-layer
and double-layer catalyst arrangements that were varied
with the same weight of respective catalyst for biojet fuel
conversion. These variations include Ni/AC single and
double layers, Mo/AC single and double layers, as well
as Ni/AC bottom layer and Mo/AC top layer.

m EXPERIMENTAL SECTION
Materials

The materials utilized in this study included
Hemart Palm Oil from PT Bina Karya Prima, jet fuel
samples from PT Pertamina, AC from Merck (102186),
nickel(IT) (Ni(NO:s),-6H,0),
ammonium heptamolybdate tetrahydrate
((NH4)sM070,4-4H,0) from Sigma-Aldrich. Deionized
water was provided by CV Bima Aksara Nusa. Hydrogen

nitrate

hexahydrate

(H.) and nitrogen (N,) gas were supplied by PT. Samator
Gas Industri.

Instrumentation

The analytical instrument that used were Fourier
transform infra-red spectrometer (FTIR, Shimadzu IR
Prestige-21), X-ray diffraction (XRD, Shimadzu XRD-
6000), surface area analyzer (SAA, Quantachrome
TouchWin v1.22), scanning electron microscope-energy
(SEM-EDX, JEOL JED-2300),
temperature-programmed desorption of ammonia
(NH;-TPD Micromeritrics Chemisorb 2750), and gas
chromatography-mass spectrometer (GC-MS,
Shimadzu QP2010S with Rtx 5 MS and DB-5MS
column).

dispersive ~ X-ray

Wega Trisunaryanti et al.



Indones. J. Chem., 2025, 25 (2), 404 - 419

Procedure

Synthesis of Ni/AC and Mo/AC catalysts

The impregnation of Ni and Mo metals, each with a
content of 6 wt.%, into Activated Carbon was carried out
using dry impregnation through spraying. The precursors
used were Ni(NO;),-6H,O and (NH,)sMo0;0,4-4H,0,
respectively. The spray impregnation method was
performed by spraying 42 mL of precursor solution into a
spray bottle containing 14 g of AC in a porcelain dish until
a paste formed. The catalysts impregnated with Ni and
Mo metals were dried in an oven at 110 °C for 3-4 h. The
catalysts were then calcined using N, gas at a flow rate of
20 mL/min for 3 h at 500 °C and reduced using H, gas at
a flow rate of 20 mL/min for 3 h at 500 °C. The catalysts
were analyzed using FTIR, XRD, SEM-EDX mapping,
SAA, and NH;-TPD. Calculations were conducted to
determine the weight of Ni and Mo metals required for
each metal with a concentration of 6%, as shown in Eq.
(1) and (2). The synthesized catalysts using Ni and Mo
metals impregnated onto activated carbon were labeled
Ni/AC and Mo/AC, respectively.
Ni(NO;), - 6H,O precursor weight

MrNi(NO,), -6H,0 (1)
_ MrNi(NO), - 6H, XCX W,
ArNi
(NH, )¢ Mo,0,, -4H,O precursor weight
_ Mr(NH, ) Mo;0,, -4H,0 KCXW,, 2)
7X ArMo

The catalyst activity test was conducted with AC,
Ni/AC, and Mo/AC catalysts in the hydrocracking and
HDO reactions of palm oil feedstock into biojet fuel. This
process was carried out with a catalyst-to-feed ratio of
1:100 (w/v) with an upper reactor temperature of 200 °C
and a lower reactor that was divided into two fractions
based on temperature ranges between 400-475°C as
fraction 1 (bottom) and 475-550 °C as fraction 2 (top).

Variations were performed on the single-layer and
double-layer catalyst arrangements in the hydrocracking
of palm oil using a semi-batch stainless-steel double-
reactor system with a H, gas flow rate of 20 mL/min. The
catalyst arrangement variations consisted of Ni/AC single
layer and Ni/AC double layers, Mo/AC single layer and
Mo/AC double layers, and Ni/AC with Mo/AC layers
with the same weight of 0.4 g of catalyst by stacking the
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catalyst with separate catalyst containers. Calculations
for liquid products conversion were calculated based on
Eq. (3);

Wproduct

Liquid products (wt.%) = x100% (3)

feed
where Wirauee = liquid product weight (g) and Wieea =
feed weight (g).
As for the biojet fuel, non-biojet fuel, oxygenated
compounds, and main biojet fuel yield were calculated
with the Eq. (4-7);

A W,
Biojet fuel yield (wt.%) = —2- 5 product

xX100% (4)
total ered

Al % Wproduct

Non-biojet fuel yield (wt.%) = x100% (5)

total feed

Wproduct

A
Oxygenated yield (wt.%) = —2—X x100% (6)

total ered

Abp % Wproduct

Main biojet fuel yield (wt.%) = x100% (7)

total Wreed
The biojet fuel selectivity was calculated based on the Eq.

(8);

Ap+App

Selectivity= x100% (8)

total
where A, = GC spectra area of the biojet fuel fraction

(%), An = GC spectra area of the non-biojet fuel fraction
(%), A, = GC spectra area of the oxygenated compound
(%), Ay, = GC spectra area of the main biojet fuel
fraction (%), Aww = Total GC spectra area percentage
(%), Wpredu = Liquid product weight (g), and Wiea =
Feed weight (g).

HDO and hydrocracking of palm oil

Thermal testing was conducted with 40 mL of
palm oil feedstock without catalyst. The process was
carried out in a semi-batch stainless steel reactor system
with dual heaters and a N, gas flow rate of 20 mL/min as
shown in Fig. 3. The upper reactor temperature was set
with temperature variations of 175, 200, and 225 °C. The
lower reactor temperature was incrementally raised in
25°C increments every 5min until reaching a
temperature of 550 °C. The thermal temperature of palm
cooking oil was determined as the temperature at which
the first drop of vaporized oil condensed back into liquid
during the thermal testing. The liquid products were

Wega Trisunaryanti et al.



408

Description:

. Hydrogen Gas

. Regulator

. Gas flowmeter

. Upper reactor

. Catalyst container

. Lower reactor

. Feed (Palm cooking oil)
. Upper furnace

. Lower furnace

10. Condenser

11. Product container

12. Gas container

13. Water pump

14. Themocouple

15. Temperature controller
16. Power outlet

OCO~NOOOE WN =

Indones. J. Chem., 2025, 25 (2), 404 - 419

1

__ 16

Fig 3. Semi-batch stainless steel reactor system with dual heaters schematic

collected with separation into two fractions based on
temperature ranges between 400-475°C as fraction 1
(bottom) and between 475-550 °C as fraction 2 (top). The
obtained liquid product was analyzed by GC-MS using
DB-5MS column with 40.0 and 250.0 °C of column and
injection temperature, respectively. The temperature
variations that had the highest product selectivity were
used in the catalyst activity test.

m RESULTS AND DISCUSSION
Palm Oil Characterization

The composition of fatty acids in cooking oil using
GC-MS is shown in Table 1. Palm cooking oil contains
fatty acids, as analyzed by GC-MS using the Rtx 5 MS
column, which was esterified first; thus, there is no
triglyceride. The fatty acids that are presented in palm
cooking oil range from carbon chain C15-C19, which falls
within the
predominant compounds found in cooking oil are oleic
acid (43.73%) and palmitic acid (39.90%). Based on the

biojet fuel hydrocarbon range. The

composition of these fatty acids, the application of
catalysts through the hydrocracking and HDO processes
of cooking oil has the potential to produce biojet fuel
within the C7-C16 carbon chain range selectively.

Catalyst Functional Group Characterization Using
FTIR Spectrometer

The characterization of the functional group of AC,
Ni/AC, and Mo/AC catalysts are displayed in IR spectra
with wavelengths from 400 to 4000 cm™" using FTIR is
shown in Fig. 4. The FTIR spectra contained in the
catalyst material can be analyzed using an FTIR
instrument to prove the success of metal impregnation
on AC support by detecting the metal oxide functional
groups. The bonding characteristics of a compound are
determined based on the absorption of chemical bond
vibrations. Based on Fig. 4, at the wavelengths 3413.17,
3435.66, and 3413.17 cm™', a peak spectrum expansion
indicates the presence of a hydroxy (OH) functional
group [33]. In the catalysts Ni/AC and Mo/AC, there is

Table 1. Palm cooking oil composition analysis by using GC-MS

Retention time (min)  Similarity index Compound name Compound formula  Area (%)
25.087 95 Methyl myristate CisH300, 0.70
29.244 97 Methyl palmitate CH3,0, 39.90
32.407 95 9,12-Hexadecadienoic acid Ci7H300, 11.47
32.553 96 Methyl oleate C1oH360; 43.73
32.649 94 Methyl oleate CioH3602 0.65
33.030 97 Methyl stearate CioH350, 3.55
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Fig 4. FTIR spectra of (a) AC, (b) Ni/AC, and (c) Mo/AC

Table 2. FTIR spectra interpretation of AC, Ni/AC, and

Mo/AC catalysts
Wavenumber (cm™) Vibration type
AC Ni/AC Mo/AC
1129.56 1114.78 1129.03 Stretching C-O
1559.96 1561.10 1561.39 Stretching C=C
- 1742.65 - Cc=0
- 2852.37 2922.15 Stretching C-H
- 2922.66 2969.67 Stretching C-H
3413.17 3435.66 3413.17 Bending O-H

a decrease in OH group intensity caused by the
calcination process at 500 °C. In the Ni/AC and Mo/AC
catalyst, spectra appear at wavelengths 2852.37, 2922.66,
292.15, and 2969.67 cm™’, indicating symmetrical and
asymmetric C-H stretching vibrations. Absorption at
1559.96, 1561.10, and 1561.39 cm™ indicates a C=C
stretching vibration [34]. The wavenumber at
1742.65 cm™ shows the C=0 functional group [35]. No
C-C functional group exists because FTIR is more
sensitive and accurate for detecting polar functional
groups due to significant changes in dipole moments
during molecular vibrations. The metal impregnation
caused the C=0, OH, and C-H functional groups to show
up. This, in turn, caused the AC to hydrogenate. The
hydrogen came from the catalyst synthesis during the
reduction process. Based on Fig. 2, the impregnation of Ni
and Mo metals does not significantly affect the presence

of the functional groups. The results of catalyst FTIR
spectrum interpretation is presented in Table 2.

Catalyst Mineral Characterization Using XRD

Diffractogram of AC, Ni/AC, and Mo/AC catalysts
using XRD are shown in Fig. 5. The analysis using the
XRD instrument aims to determine the mineral content
of the catalysts. In addition, it also studied the effect of
the impregnation of Ni and Mo metals on AC
crystallinity. The mineral content was analyzed by
comparing the diffraction angle data with the
International Center for Diffraction Data (ICDD) and
JCPDS databases using X'Pert Highscore software. The
peak indicated by the diagram of Fig. 5 had some
correspondence with the ICDD database for
carbon/graphite material with ICDD number 00-008-
0415 [36]. The peaks at 20 of 23.95°, 62.49°, and 79.26°
(marked as AC in Fig. 5(a)) indicate the characteristic
diffraction of activated carbon. Peak of metal diphrax Ni
appears at angles 20 of 44.49°, 51.9°, and 76,4° (JCPDS
04-0850, ICDD 00-003-1051) as shown in Fig. 5(b) [37].
Meanwhile, the diffraction patterns of Mo metal show
the presence of MoO, (ICSD 00-0320671) [38] and
MoO; (ICCD 00-047-1081 and 005-0508) [39]. As seen
in Fig. 5(c), MoO, peaks are observed at 20 values of
36.98°,43.50° and 53.35° (YCP 04-085050), while MoO;
peaks appear at 20 values of 23.015°, 25.840°, and 27.335°.

MoO,

Intensity (a.u)

Ni

(b)

(a)

20 ' 40 29'(‘,) 60 ' 80
Fig 5. Diffractogram of (a) AC, (b) Ni/AC, and (¢)

Mo/AC catalysts
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These results indicate that the Mo/AC catalysts contain
molybdenum in the form of MoO, and MoO; oxides.

As shown in Fig. 5, there is a diffractogram pattern
that the AC catalyst has a peak width, indicating the
material is amorphous. The Ni/AC and Mo/AC catalysts
show a sharp peak of the crystal, indicating that the Niand
Mo metals have been successfully impregnated and can be
seen from the degree of crystallinity. The crystallinity
degrees of AC, Ni/AC, and Mo/AC catalysts are 25.5, 35.2
and 48.5%, respectively. Using Origin Pro software, the
crystallinity degrees of activated carbon, Ni/AC, and
Mo/AC catalysts are calculated by using the Eq. (9);

Apeak (9)
total
the Apeax is the XRD peak area (%), and A is the total

XRD area (%). The crystallinity values indicate that the
impregnation of Ni and Mo metals on the AC material

Crytallinity=

causes amorphous changes in the structure into crystalline.

Catalyst Surface Morphology Characterization
Using SEM-EDX

Surface morphology, element content, and mapping
of AC, Ni/AC, and Mo/AC catalysts using SEM-EDX are
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shown in Fig. 6 and Table 3. AC has a fine morphology
with a solid, long sheet structure based on Fig. 6(a). The
metal impregnation on the AC, as seen by the blue
circles in Fig. 6(b) and Fig. 6(c), leads to the formation
of aggregates, although there are still parts that look like
sheets. This indicates metal impregnation on the
affects the
percentage composition and content of the elements are
presented in Table 3.

Table 3 shows the results of the EDX analysis of the
contents and composition of the elements in the catalyst.

material surface morphologies. The

Table 3. Elements composition of AC, Ni/AC, and
Mo/AC catalysts

Content (wt.%)

Element -

AC Ni/AC Mo/AC
Ni - 6.25 -
Mo - - 0.94
C 89.64 87.11 91.13
O 9.60 6.64 7.94
Al 0.50 - -
K 0.11 - -
Ca 0.15 - -

d)
(e)
c——— 30 pm CK|

"2 30 pm

Mol |

Xy

Fig 6. SEM images of (a) AC, (b) Ni/AC, and (c) Mo/AC catalysts. SEM mapping of (d) Ni/AC and (e) Mo/AC catalysts
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The impregnation of Ni and Mo metals causes a decrease
in the content of element C due to the addition of metals
in the form of metal oxides. Supportive elements like Al,
K, and Ca are gone because of the process of calcination
and reduction. The metal in the catalyst does not match
its theoretical value of 6%. This may be due to the
limitation of SEM analysis, which is only at one point, so
the mass calculation of the element on SEM-EDX does
not represent the entire sample. The expected Mo content
is 6 wt.%, but EDX only found 0.94%. This difference
might be because EDX mainly measures the surface and
may not detect Mo particles that are located inside pores
or below the surface. In contrast, XRD detects crystalline
phases throughout the sample, explaining the presence of
sharp Mo peaks. Additionally, Mo may not be uniformly
distributed, leading to lower localized detection in EDX.
The EDX analysis on Ni/AC and Mo/AC catalysts can be
observed through mapping results in Fig. 6(d) and 6(e).
The Ni and Mo metals were successfully impregnated on
the metal surface. The Ni catalysts showed that the
distribution of the metal is still uneven and that there are
only metal dots on certain parts. On the Mo metal, it has
a good spread compared to the Ni metal. The distribution
of metal on the forging surface can affect the catalyst's
catalytic activity. The evenly scattered metal particles
indicate a good spread of the active site.

Catalyst Surface Texture Characterization and
Acidity Test Using Nitrogen Desorption with
Brunauer Emmet Teller and Barrett-Joyner-Teller
(BJH) Equation and NHz-TPD

The surface area, average porous diameter, and
porous volume of AC, Ni/AC, and Mo/AC catalysts are
presented in Table 4. According to the size of the pores,
activated carbon is distinguished into micropore (< 2 nm),
mesopore (2-50 nm), and macropore (> 50 nm) [39]. Based
on the results of the analysis, it was obtained that the AC
catalyst in the presence of the metal furnace Ni caused the

surface area, volume of pores, and diameter of the pores
to increase. The increase in the diameter of the pores
occurs because small particles of Ni metal can fill small
pores on the surface of AC, leaving large pores. Moreover,
the increase in area width and volume of pores is greater
when compared to an AC catalyst because the metal Ni
does not enter the larger pores, so some of the particles
enter the smaller pores and the catalyst surface. In a
catalyst, mounted metal Mo decreases the area, volume,
and diameter of the pores. The decrease in the catalyst
pore's diameter is possible because a large Mo metal fills
a large catalytic pore and leaves small pores. The
decrease in the surface size and volume of the pores is
caused by the presence of agglomerates of Mo metal
particles, which decline the surface area and the volume
of pores. The decreased volume of pores can also be
caused by the presence of metals that stick to the pores'
walls and inside them, as seen in Fig. 6(c) and 6(e).

The N, isotherm-adsorption curve of the catalyst is
classified into 6 types of curves. Classification is divided
into type I curves for micropores, curves IV and V for
mesopores, and types II, III, and VI for macropores [40].
Based on Fig. 7(a), the curves formed on the AC, Ni/AC,
and Mo/AC catalysts are type IV, indicating that the
material is mesoporous. This is reinforced by Table 4,
where the diameter of the catalytic pores is more than
2 nm. The hysteresis loop on the catalyst belongs to the
H4 type that marks mesoporous material.

The pore distribution of the AC, Ni/AC, and
Mo/AC catalysts is shown in Fig. 7(b). The diffusion of
the catalyst pores is in the range of 2 to 14 nm and is
dominated by the size of 2-4nm. The porous
distribution is quite widespread because the metal
impregnation is done manually by hand, but the size of
the catalytic pores varies greatly at sizes below 4 nm and
matches the average size of the pore diameter after
impregnation of the metal. Catalyst acidity was tested and

Table 4. Surface characteristics of AC, Ni/AC, and Mo/AC catalysts

Catalyst Surface area (m”>g™') Pore volume (cm’®g™') Pore diameter (nm)
AC 753.72 0.66 3.52
Ni/AC 803.89 0.77 3.85
Mo/AC 746.68 0.63 3.39
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Fig 7. (a) Isotherm adsorption-desorption curve, (b) pore distribution curves, (c¢) NH;-TPD analysis curve of AC,

Ni/AC, and Mo/AC catalyst

characterized using NH;-TPD, as shown in Fig. 7(c). The
desorption peak divided into a temperature range of 150-
350 °C indicates a weak acid site, while a desorption peak
in the temperature range > 350 °C indicates strong acid
sites [41]. As shown in Fig. 7(c), the Ni/AC and Mo/AC
catalysts have acid site peaks, which indicate metal
impregnation affects catalyst acidity.

Catalytic Activity and Selectivity Test

The result of the catalytic activity of palm cooking oil
hydrotreatment into biojet fuel using semi-batch double
reactor is shown in Table 5. Table 5 shows that the liquid
product conversion of the thermal method, AC, single-
layer Ni/AC, single layer Mo/AC, double layer Ni/AC,

double layer Mo/AC, and lower layer Ni/AC with upper
layer Mo/AC in the sequence was 27.39, 24.01, 26.21,
24.88, 27.62, 27.05, and 28.43 wt.%. The liquid product
conversion result is shown in Fig. 8, which has a clear
yellow color similar to the feed. The conversion of liquid
products using non-impregnated AC catalysts results in
lower conversions and yields than the presence of metals
on the catalyst. The presence of acid sites from the metal
increases catalytic activity and produces an optimal
liquid product. The percentage of liquid product Ni/AC
double layer, Mo/AC dual layer, Ni/AC lower layer, and
Mo/AC top layer indicate relatively high product
conversion compared to a single layer. A double layer on
the catalyst can improve stability and enhance contact
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Table 5. Product distribution and biojet fuel yield from palm oil conversion using different catalysts and methods

Catalyst Liquid product Yield (wt.%) Biojet fuel
(wt.%) Biojet fuel Oxygenates Non biojet fuel Main biojet fuel selectivity (%)
Thermal 27.39 19.31 3.74 4.34 9.74 67.45
AC 24.01 20.50 2.18 1.33 8.86 81.89
Ni/AC 26.21 23.69 0.18 2.34 10.57 91.59
Mo/AC 24.88 21.26 2.51 1.01 8.11 85.56
Ni/AC double layer 27.62 24.39 2.66 0.58 8.93 87.93
Mo/AC double layer 27.05 23.94 2.13 0.98 8.14 87.03
Ni/AC-Mo/AC 28.43 24.75 1.99 1.69 10.32 87.21

Fig 8. Pictures of feed (Left) and biojet fuel (Right) from
palm cooking oil hydrotreatment

performance between catalysts with a higher reactor.
Meanwhile, single-layer catalyst conversion results are
lower compared with double layer. A single layer may
only react with a rapid reactor, so the -catalytic
performance against the reactor is less than optimal. A
single layer has a high particle density that creates a lower
contact frequency between the catalyst and the feed.

The use of dual-layer catalysts affects different
results. Different types of catalysts, namely Ni/AC and
Mo/AC, provide a higher product conversion than dual-
layered catalyzers Ni/AC and Mo/AC. Differently
different types have their respective functions and
The Ni/AC catalyst works
hydrocracking reaction to break down long chain

characteristics. on a
molecules to shorter because it has a high hydrogenation
activity. Meanwhile, the Mo/AC catalyst has a higher
activity on the HDO reaction, eliminating the oxygen
content to get more saturated molecules but leaving more
oxygenates than the Ni/AC catalyst. Even though Mo/AC

is more effective at HDO reactions, it may not
completely convert some functional groups that contain
oxygen, leaving behind chemicals that are still oxidized.
In contrast, the Ni/AC catalyst has a lower amount of
oxidized compounds. This implies that the final product
contains significantly fewer oxygenated compounds.
This distinction makes it clear that Ni/AC can reduce
more things than Mo/AC can, while Mo/AC can only
reduce certain HDOs. Combining these two types of
catalysts provides a higher activity and selectivity level
than a similar catalyst. The compound distribution of
double-layer Ni/AC-Mo/AC catalysts during the HDO
run is shown in Table 6.

Based on Table 6, yields of biojet fuel in fractions I
and II were 20.85 and 3.90 wt.%, respectively. Main
biojet fuels yields were 9.03 and 1.28 wt.%. The highest
concentration of hydrocarbon compounds in fraction I
was 1.98% of pentadecane, and in the fraction II it was
0.35wt.% of 1-decene. The Ni/AC-Mo/AC catalyst
selectivity in fractions I and II was 86.93 and 87.48 wt.%.
The double-layer Ni/AC-Mo/AC catalyst is the best
performing double-layer catalyst based on the selectivity
and yield of the biojet fuel produced. This sequence
results in product conversion of 28.43%, selectivity of
87.03%, and biojet fuel yields of 24.75%. This
arrangement is better because it uses two different types
of catalysts and has their specific functions. The Ni/AC
catalyst has specific capabilities in hydrocarbon
reactions that dissolve C-C bonds in the carbon chain,
whereas Mo/AC can break the C-O bond in the carbon
chain for lower oxygen compound content. As for
comparison, standard commercial jet fuel composition
was shown in Table 7.
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Table 6. Composition of liquid products from hydrotreating palm cooking oil with double-layer Ni/AC-Mo/AC
catalysts based on GC-MS analysis

Retention time  Similarity Compound  Fraction 1 yield Fraction2yield Total yield

Compound name

(min) index formula (wt.%) (wt.%) (wt.%)
3.66 97 1-Heptene C/Hyy 1.31 0.13 1.44
3.83 97 Heptane C;His 0.95 - 0.95
5.66 95 Toluene C;Hs - 0.08 0.08
6.58 96 1-Octene CsHie 1.80 0.18 1.98
6.91 97 Octane CsHis 1.41 0.05 1.46
7.83 95 Cycloheptene CsHis 0.17 - 0.17
9.57 88 Xylene CsHio - 0.04 0.04
10.57 96 1-Nonene CoHis 1.64 0.28 1.92
10.93 97 Nonane CoHy 1.60 0.11 1.71
12.71 87 4-Nonyne CoHjs 0.18 0.03 0.21
13.22 94 1-Ethyl-2-methylbenzene CoHi, - 0.03 0.03
14.50 95 1-Decene CioHao 1.24 0.35 1.59
14.84 97 Decane CioHz 0.55 0.14 0.69
15.13 93 2-Decene CioHao 0.17 0.04 0.21
18.14 96 1-Undecene CiHaz, 1.04 0.29 1.33
18.44 96 Undecane CiHa 0.45 0.12 0.57
18.58 89 2-Undecene CiHx - 0.04 0.04
18.59 95 Cyclopropane CuHa 0.49 - 0.49
18.88 95 1-Heptyl-2- Ci1Ha, 0.23 - 0.23

methylcyclopropane

19.28 87 3-Dodecyne CiHz - 0.03 0.03

20.00 73 Naphthalene CiHus - 0.04 0.04

21.47 97 1-Dodecene Ci2Hy 0.64 0.22 0.86

21.74 96 Dodecane Ci2Hy 0.44 0.12 0.56

24.57 96 1-Tridecene CisHa 0.71 0.21 0.92

24.58 96 1-Tridecene Ci3Hay 0.89 - 0.89

24.82 97 Tridecane CisHas 0.66 0.14 0.80

27.48 97 3-Hexadecene - 0.24 0.24

27.70 97 Tetradecane Ci4Hzo 0.47 0.10 0.57
30.19 97 1-Pentadecane Ci5Hso 0.60 0.13 0.73
30.42 96 Pentadecane CisHs, 1.98 - 1.98
30.42 96 Hexadecane CigHsy - 0.25 0.25

Biojet fuel yield (C;-Cis) 20.85 3.90 24.75
Main biojet fuel yield [42] 9.03 1.28 10.32
Total selectivity (%) 86.93 87.48 87.21

Table 7. Composition of commercial jet fuels using GC-MS

Retention time Similarity Compound GC-area

Compound name

(min) index formula (%)
6.892 97 n-Octane CsHis 1.06
9.592 95 1,3-Dimethylbenzene CsHio 0.92
10.515 94 1,2-Dimethylbenzene CsHyo 1.04
10.892 97 n-Nonane CoHo 2.29
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Retention time Similarity

Compound name

Compound GC-area

(min) index formula (%)
12.100 95 Propylcyclohexane CoHis 0.77
12.242 95 3-Methylnonane CioHz 0.89
12.969 96 Propylbenzene CoHy, 0.66
13.276 93 1-Ethyl-3-methylbenzene CoHy, 1.75
13.472 90 2-Methylnonane CioHz 1.01
13.714 92 2,6-Dimethyloctane CioHz 1.07
14.208 95 1-Methyl-2-propylcyclohexane CioHazo 1.14
14.561 88 1,2,3-Trimethylbenzene CoHi, 1.62
14.873 97 n-Decane CioH2 525
15.147 96 1-Methylpropylbenzene CioHu 1.23
15.654 96 2,5,5-Trimethylheptane CioHz 3.79
16.042 94 Butylcyclohexane CioHao 1.43
16.239 95 3,7-Dimethylnonane CuHaz 0.69
16.546 97 1,2-Diethylbenzene CioHu 0.76
16.677 88 1-Methyl-2-propylbenzene CioHu 1.02
16.904 89 1,2,4,5-Tetrametilbenzene CioHu 1.60
17.032 95 4-Methyldecane CuHy, 1.26
17.199 94 2-Methyldecane CuHa 1.73
17.414 92 3-Methyldecane CuHas 1.14
17.664 95 1-Methyl-3-isopropylbenzene CioHu 1.65
17.896 96 4-Ethyl-o-xilene CioHu 1.16
18.058 91 Bicyclo[3,1,1]heptane Ci3Hy, 1.13
18.504 97 Dodecane Ci2Ha 8.12
19.004 95 1-Dodecyne CioHy, 1.95
19.125 87 1,2,4,5-Tetramethylbenzene CioHu 0.95
19.338 93 Tridecane CisHas 0.86
19.532 96 Decahydro-2-methylnaphthalene CuHao 0.82
19.683 96 Hexylcyclohexane Ci2H 0.95
19.794 97 1-Dodecene CioHyy 1.31
20.244 94 2,5-Dimethyldecane CiHas 2.45
20.436 95 4-Methylundecane CiHa 1.13
20.558 90 2-Ethyltetralin CiHie 2.43
20.811 92 Tridecane CisHas 0.94
21.190 95 2,3-Dimethylundecane CisHas 1.24
21.360 93 Naphthalene CioHs 1.78
21.820 93 Tridecane CisHas 7.59
22.180 91 2,6-Dimethylundecane CisHas 1.98
22.339 86 1,2,3,4-Tetrahydro-2-methyl naphthalene CuHy 1.12
22.505 85 trans-syn-Tricyclo 7,3,0,0(2,6)-8-dodecane 7,3,0,0(2,6)  Ci;His 1.25
23.069 97 1-Cyclohexane CioHy, 1.42
23.376 91 6-Methyldodecane CisHas 1.33
23.592 93 4-Methyldodecane CisHas 0.66
23.763 2-Methyldodecane CisHas 1.44
24.002 94 4,6-Dimethyldodecane CusHso 2.84
24.180 94 1,1,3-Trimethyl-2-(3-methylpentyl)cyclohexane CisHso 0.68
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Retention time Similarity Compound name Compound GC-area

(min) index formula (%)

24.643 88 1,2,3,4-Tetrahydro-5-methylnaphthalene CuHyy 1.42

24.889 87 Tridecane CisHas 5.56

25.162 92 3,4-Trimethyldecene CiHos 0.87

25.324 94 2-Methyldodecane CisHas 0.79

25.550 93 1,2,3,4-Tetrahydro-2,7-dimethylnaphthalene Ci2Hys 0.92

26.211 94 Octyl-cyclohexane CiiHas 1.54

26.700 95 Tetradecane CuHso 0.82

27.025 94 2,7,10-Trimethyldodecane CisHs, 1.22

27.700 97 Heptadecane Ci7Hse 2.77

30.417 97 Heptadecane Ci7Hss 0.76

Table 8. Comparison of biojet fuel selectivity with other studies
Catalyst Feed Reactor type Condition seilc(?i:‘[f)tl?‘l%)) Reference

Ni/AC-Mo/AC Palm cooking oil ~ Semi-batch double 400-550 °C, 20 mL/min of H, gas flow 87.21 Present work
Ni/NH;-Beta  Palm olein Batch 360 °C, 39.47 atm 36.60 [43]
R5-TaPa Date palm seed oil Batch 400 °C, 9.86 atm of H, 53.60 [44]
CoW/SA Tung oil Semi-batch 350-400 °C, 20 mL/min of N, gas flow 60.00 [45]
Co/ZnO Safflower oil Batch 350 °C, 74 atm 65.96 [46]

Commercial jet fuels have hydrocarbons in the Cs—
Cis carbon atom range that is dominated by the C,-Cy,
carbon chain. Liquid products obtained from the
hydrotreating of palm cooking oil into biojet fuel using
AC, Ni/AC, Ni/AC-Ni/AC, Mo/AC, Mo/AC-Mo/AC and
Ni/AC-Mo/AC catalysts are still in the range of
commercial jet fuel hydrocarbons. According to
Benavides et al. [42], the main biojet fuel yield (jet fuel A
and jet fuel A-1) are hydrocarbons that have a C;—Cys
carbon range, including alkanes, alkenes, cycloalkenes,
alkynes, and aromatic compounds. The use of catalysts in
hydrotreating palm cooking oil has successfully improved
the biojet fuel selectivity. There is no reusability test after
determining the best-performing catalyst because this
research was aimed to study the effect of catalyst
arrangement on catalytic activity and selectivity. Table 8
shows the catalytic selectivity of different studies and
methods on biojet fuel conversion. The Ni/AC-Mo/AC
catalyst has the highest bio-jet fuel selectivity. Compared
to others, the present work only used 1 atm of pressure via
H, gas flow, which is a much lower pressure required than
those carried out by Chintakanan et al. [43], Rambabu et

al. [44], and Cakan et al. [46] resulting in less energy
needed for the hydrotreating reaction.

m CONCLUSION

Based on the research that has been done, it can be
concluded that the catalysts AC, Ni/AC, and Mo/AC
were successfully synthesized by the sprayed dry
impregnation method. The resulting catalyst has a
803.90, and
746.68 m* g”', consecutive pore volume of 0.66, 0.77, and

successive surface area of 753.72,
0.63 cm® g™', and consecutive porous diameter of 3.52,
3.85, and 3.39 nm. The Ni and Mo metal content of the
Ni/AC and Mo/AC catalysts is 6.25 and 0.94%,
respectively. The catalyst sequence in a double-batch
reactor produces the optimum activity, selectivity, and
yield of biojet fuel found in the Ni/AC-Mo/AC catalysts
sequence. Layers of a catalyst affect the catalytic
performance in activity and selectivity where Ni/AC-
Mo/AC  catalyst produces 28.42wt.% liquid
hydrocarbon product, 86.93 (fraction I) and 87.48%
(fraction II) selectivity, and biojet fuel yield of
24.75 wt.%. Therefore, catalyst layer arrangement affects
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the catalytic activity and selectivity in palm cooking oil
hydrotreatment into biojet fuel.
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