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Abstract: The preparation of highly efficient hydrotreating catalysts has presented a
significant challenge in the field of catalysis. In this study, chemically activated carbon
(AC) was prepared using potassium hydroxide (KOH) as an activator and Merbau wood
as a lignocellulosic source for the AC. The AC was then impregnated with mono-metallic
species (nickel, platinum, and palladium) as well as a bimetallic NiPd combination. The
results revealed that the optimal KOH impregnation weight ratio was determined to be
2:1, resulting in a remarkably high iodine value of 751.94 mg/g. Subsequently, AC was
employed as a support material for the hydrotreating of castor oil. Among the catalysts
tested, the NiPd/AC catalyst demonstrated superior performance, yielding a liquid
fraction comprising 88.80 wt.%. Within this fraction, C5-C12 hydrocarbons accounted
for 15.16 wt.%, alcohol compounds constituted 71.69 wt.%, while the remaining
0.87 wt.% consisted of other components. Furthermore, the NiPd/AC catalyst exhibited
remarkable stability, as its performance remained largely unchanged even after being
used three times consecutively. This finding suggests that coking had minimal impact on
the active sites of the mentioned catalyst, indicating its robustness and potential for
prolonged application.
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m INTRODUCTION

content, ranging from 75 to 95% [14-15]. However, the
presence of hydroxyl groups in castor oil poses a

The depletion of crude oil reserves and the escalating
global fuel consumption have become pressing concerns
[1-2]. The Energy Information Administration (EIA)
projects a substantial 71% increase in fuel consumption
worldwide from 2000 to 2030, highlighting the urgent need
for alternative energy sources to replace fossil fuels [3-4].
Hydrotreated non-edible vegetable oils hold significant
potential as renewable energy sources that can effectively
replace fossil fuels, given their abundant triglyceride
content that can be converted into hydrocarbons [5-10].
Unlike FAME biofuels, the hydrocarbons produced
through this process closely resemble those derived from
fossil fuels, making the hydrotreatment of vegetable oils
highly  promising for contemporary vehicular
applications [11-13]. Castor oil emerges as a strong
candidate due to its exceptionally high ricinoleic acid

challenge in the hydrotreating process, making its
conversion into hydrocarbons more difficult. Therefore,
the use of catalysts with superior hydrodeoxygenation
(HDO) performance is imperative for this task [16].
Sulfided catalysts are commonly employed for the
HDO of vegetable oils, but this type of catalyst
necessitates an additional step of sulfur removal during
the sulfidation process. Unfortunately, sulfur removal
negatively affects the HDO process of vegetable oils.
Therefore, there is a preference for non-sulfided
catalysts [11]. To address this challenge, mono- and
bimetallic catalysts have been successfully utilized for
the hydrotreatment of vegetable oils [17-19]. Palladium
(Pd) metal possesses unique properties in the
hydrotreating process, such as its ability to adsorb more
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hydrogen than other metals through an overspill
mechanism. However, its high cost limits its application
to low concentrations [20]. Another more cost-effective
option is monometallic nickel (Ni), which has been
proven capable of hydrocracking and HDO applications
for various vegetable oils in previous studies [21-23]. To
prevent aggregation and preserve the active surface area,
it is essential to support the transition metal with a
suitable support material [24]. For the hydrotreating of
castor oil, the support material needs to possess high
surface area, thermal stability, and sufficient acidity.

Activated carbon is a viable choice as a support
material due to its adjustable porosity, which can be
controlled through various synthesis and preparation
methods [25]. Chemicals such as H;PO,, H,0,, and
Na,COs; are often used in activating the carbon material
[26-28]. However, the utilization of KOH as the activation
chemical in the chemical activation method offers notable
advantages, as it has been experimentally proven to
generate well-developed microporosity and a high surface
area [29-31]. The microporous characteristics of the
material can be finely tuned by adjusting the
impregnation ratio of KOH, thereby achieving the highest
surface area primarily dominated by a microporous
structure [29]. It is important to note that although a
microporous support material provides a large surface
area, the presence of small pores imposes diffusion
limitations on the feed molecules, particularly
considering their large molecular size, which necessitates
initial cracking. Consequently, the catalyst becomes more
prone to coking [22, 32]. Moreover, there is a limited
understanding of the synergistic behavior exhibited by
mono- and bimetallic catalysts supported on microporous
activated carbon in hydrotreating applications.

This study aimed to investigate the optimal KOH
impregnation ratio for achieving the maximum surface
area using Merbau wood as a lignocellulosic source.
Furthermore, the synergistic behavior between mono- and
bimetallic catalysts supported on a microporous support
material was examined for their effectiveness as catalysts
in the hydrotreatment of castor oil. Additionally, the
reusability of the catalysts was investigated, considering
the propensity of microporous supports for coking.

m EXPERIMENTAL SECTION
Materials

The waste woods used in this research were
obtained from Manokwari, Papua Barat. The castor oil
used for hydrotreatment was obtained from the local
store. Acetone, hydrochloric acid, and KOH were
analytical grade and purchased from Merck. AgNO;,
Ni(NOs),-6H,O, PdCl,, and PtCly were supplied by
Merck and used without further purification. The gases
used in this research (i.e., H,, and N,) were supplied by
PT Surya Indotim Imex.

Instrumentation

The instrumentations used in this study were
infrared spectroscopy (Shimadzu Prestige 21), SEM-
EDX mapping (SEM, JEOL JSM-6510LA), surface area
analyzer (QuadraSorb Station 2), gas chromatography-
mass spectrometry (Shimadzu QP2010S), and X-Ray
diffraction spectroscopy (XRD6000, Shimadzu).

Procedure

Synthesis of activated carbon

As much as 60 g of Merbau wood was dried at
100 °C for 24 h. The dried wood was then crushed and
sieved before being calcined into char with the furnace
at 800 °C for 2 h under N, gas flow of 20 mL/min. The
synthesized char was then washed using acetone in
Soxhlet for 25 cycles and dried in an oven at 100 °C for
24 h. This material is then marked as C.

Subsequently, the dried material A was subjected
to a mixing process with solid KOH at varying weight
ratios of material A to KOH (C/KOH) - specifically, 1, 2,
3, and 4. The resulting mixture was then subjected to
calcination at a temperature of 800 °C for a duration of
1 h under a controlled nitrogen gas flow of 20 mL/min.
Following calcination, the resulting calcined materials
were subjected to washing with a 2.0 M HCl solution at
a temperature of 60 °C for 3 h. Subsequently, the washed
materials were neutralized through treatment with
demineralized water and subsequently dried in an oven
at 100 °C for 24 h.

The activated carbon (AC) samples obtained
through this rigorous purification process were then
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designated as AC1, AC2, AC3, and AC4 based on the
corresponding weight ratios employed during the
preparation. Among these samples, AC material with the
highest iodine value, signifying its superior adsorption
capacity, was selected as the preferred support material
for subsequent metal impregnation procedures.

Metal impregnation onto AC

To initiate the impregnation procedure, a precise
amount of 37.155 mg of Ni(NOs),-6H,O was accurately
weighed and added to a water solution containing 3.00 g
of AC using the wet impregnation method. The
impregnation process involved mixing the metal salt and
the support material for 24 h, followed by solvent
evaporation at 100 °C until complete removal of the
solvent was achieved. Subsequently, the resulting
impregnated materials were subjected to calcination at
550 °C under a controlled flow of H, gas at a rate of
20 mL/min.

Similarly, the synthesis of Pd/AC and Pt/AC
catalysts was performed using 15.25 mg (0.3 wt.%) and
15.54 mg (0.3 wt.%) of the corresponding salt precursors,
respectively. For the production of the bimetallic catalyst
Ni-Pd/AC, a precise amount of 37.155mg of
Ni(NOs),-6H,O and 15.25 mg of PdCl, were dispersed
into a solution containing 3.00 g of AC, facilitating the
synthesis of the desired bimetallic catalyst.

Catalyst characterization

Functional groups in the char and AC were
characterized by Fourier transform infrared spectroscopy.
The morphology of the char, AC, Co/AC, Ni/AC, and
Pd/AC were characterized and analyzed by using SEM-
EDX mapping. The amorphous phase of AC and the
crystalline phases of the metals were characterized by
using XRD. The porosity of the catalysts was tested by
using a surface area analyzer.

Hydrotreatment of castor oil

Catalyst performance testing was done in a semi-
fixed batch reactor under the flow of hydrogen gas. The
catalyst was placed in a stainless-steel holder above the
feed with the ratio between the catalyst and the feed is
1:100. Hydrotreatment was done for 2h at the
temperature of 550 °C under the flow of hydrogen gas of

20 mL/min. The obtained from the

hydrotreatment process was then analyzed using GC-

product
MS. Gasoline and diesel fraction is defined as
hydrocarbon compound that has a carbon number of
C4-C12 and C13-C20, respectively. Alcohol fraction is
defined as an alcohol compound having any carbon
number, and others are defined as any other compounds
besides hydrocarbon and alcohol as shown in Eq. (1)-

(7);

W,
Residue =—X x100% (1)
WF
o . Wp
Liquid fraction(wt.%) =——x100% (2)
WF
We, =W,
Coke =—C¢2— €L 4 100% (3)
F
Gas =100% — (liquid fraction + coke + residue) (4)
Gasoline = (% Area of C;-C,,)xliquid fraction (5)
Diesel oil =(% Area of C;3-C,,)xliquid fraction (6)

OLP fraction =liquid fraction —(gasoline —diesel oil)  (7)
where Wy = weight of unconverted feed, Wi = weight of
the feed, W¢ = weight of the catalyst before
hydrotreatment, and W¢, = weight of the catalyst after
hydrotreatment. The reusability test was done on the
same catalyst without any preparation for the used
catalyst.

m RESULTS AND DISCUSSION

Synthesis of Activated Carbon

The effect of KOH:C ratio on its iodine value is
presented in Fig. 1. The iodine value was used to
compare the resulting AC because its value is
proportional to the total surface area. It could be seen
that the ratio of 2:1 is the optimal ratio for activating the
Merbau Wood, as its iodine value was 751.94 mg/g. In
this ratio, the pore formation could be maximized
without destroying the carbon material. The pore
formation was caused by the breakdown of the ester
bond from the lignin by KOH. During the activation
process, the impregnated KOH decomposed into
inorganic K, which helps the formation of pore
structure. On the other hand, the ratio above 2:1 showed
a gradual decrease in iodine value, which indicates
structural collapse might have occurred in the high ratio
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Fig 1. The iodine value of Char (C) and Activated Cabon
(AC1, AC2, AC3,and AC4)

of KOH:C, which is also seen in previous study on high
ratio [29]. Therefore, AC2 was chosen to be further
analyzed, characterized, and impregnated with metal in
the next step.

The functional groups of C and AC2 are shown in
Fig. 2. The KOH activation alters the carbon functional
group, but only its backbone. The formation of aromatic
carbon, C=C, was observed at 1635 cm™, implying that
the activation process convert the biomass into a graphitic
structure, as explained by a previous study by another
group [33]. This
hydrophobic AC. No significant changes of intensity

functional group gives more
regarding the hydroxyl group at 3445 cm™ or any new
functional groups were observed in spectral data.

Microstructures from SEM images of C and AC2 are
shown in Fig. 3. The activation process using KOH caused
the wall structure of the carbon to be thinner and more
perforated. The nanostructure from the TEM image of C
and AC2, shown in Fig. 4, also portrays a more perforated
and thinner wall structure of the carbon after the
activation process. More open pore structure gives easier
access for the adsorbate to enter the AC through
enhanced diffusion [34]. The perforation of the wall
structure occurred due to the breakdown of the ester bond
from the lignin.

The effect of the perforating process during activation
was causing growth to the carbon pore properties, such as
pore diameter, surface, and volume, presented in Table 1.
These data are in good agreement with our previous study,
where newly formed pores increased the carbon porosity

1635

Transmitance (a.u.)
O =
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Fig 2. FTIR spectra of (a) C, (b) AC, (c) Ni/AC, (d)
Pt/AC, (e) Pd/AC, and (f) NiPd/AC catalyst

(a)

Fig 4. TEM image of (a) C and (b) AC2

properties [22]. The N, adsorption-desorption isotherm
of C and AC is presented in Fig. 5. The carbon material
prior to the activation was found to be of type III of
IUPAC classification, which describes macroporous
material that has weak adsorbate-adsorbent interaction.
Activation with KOH that creates many micropores
shifted the adsorption-desorption nature of the carbon
into type IV isotherm, which describes micro-mesoporous
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Fig 5. Isotherm graph of (a) C, (b) AC, (c) Ni/AC, (d)
Pt/AC, (e) Pd/AC, and (f) NiPd/AC catalyst
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Table 1. Physical and chemical properties of the catalyst

Materials Metal content (wt.%) Acidity SBET Vpore Average pore

Ni Pt Pd (mmol/g) (m%/g) (cm’/g) diameter (nm)
C - - 3.52 4.35 0.018 3.99
AC - - - 3.92 469.86 0.225 2.25
Ni/AC 4.94 - - 4.29 353.10 0.180 2.28
Pt/AC - 0.37 - 4.79 341.40 0.185 2.26
Pd/AC - 0.42 4.99 351.80 0.190 2.62
NiPd/AC 3.26 - 0.27 5.12 428.50 0.210 2.22

Fig 6. Diffractogram of (a) C, (b) AC, (c) Ni/AC, (d)
Pt/AC, (e) Pd/AC, and (f) NiPd/AC catalyst

material. The thin body hysteresis indicates low mesopore
volume compared to the low p/p, region contribution,
which indicates the presence of micropores.

The diffractogram of both materials is shown in Fig.
6. Although both materials are amorphous, it seems that
the activation process using KOH altered the carbon
crystallinity, as the AC has better crystallinity compared
to the char. Better crystallinity was caused by the
formation of graphitic structure across the carbon
amorphous matrix. The graphitic structure is also
confirmed by its functional group, C=C, as discussed
earlier in the FTIR section. Based on the discussed data, it
can be deduced that the AC porous material was
successfully synthesized.

Metal Impregnation

The impregnated metal inside the catalyst gives its
own unique diffractogram peak, as shown in Fig. 6. Based
on the additional peaks that exist in the diffractogram, all

the impregnated metals are present in their reduced
form, except for Pt/AC, which does not give an
additional peak. The additional peak of Ni metal at 20
43.28° is attributed to the (111) plane of Ni (ICDD No.
00-045-1027). The Pd metal additional peak showed at
20 40.02° attributed to the (111) plane of Pd (ICDD No.
01-087-0637). Both Ni and Pd peaks can be observed in
NiPd/AC catalyst. The absence of Pt metal additional
peak could be caused by the small size of the amorphous
impregnated Pt metal [16].

Although Pt metal was not observed in the
diffractogram, the presence of Pt metal can be detected
and analyzed using SEM-EDX. The Pt metal is presumed
to exhibit excellent dispersion within the support
material, resulting in the absence of any detectable
crystal structure, at least within the limit of XRD
detection. The content of the impregnated metal is
shown in Table 1. The differences between the added
metal concentration and the metal that is present in the
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catalyst could be caused by the heterogeneity of metal
dispersion and possibly metal aggregation across the AC
matrix.

The adsorption-desorption isotherm graph from
each catalyst is presented in Fig. 5. All the catalysts
showed type IV adsorption isotherm with an H4 pattern
for the hysteresis. Although they shared the same type of
adsorption isotherm and hysteresis type, the NiPd/AC
catalyst has the highest N, adsorption after the AC, as can
be seen in Fig. 5. The low relative pressure region of the
NiPd/AC has the highest slope among the other metal-
impregnated catalysts, which indicates that the micropore
is not blocked. This could be caused by the good metal
dispersion of the Ni and Pd bimetal system, which does
not block micropores in the catalyst.

The specific surface area of the catalyst is presented
in Table 1. The NiPd/AC catalyst shows the slightest
decrease among the other impregnated metal catalysts in
terms of the specific surface area and pore volume. This
result is in alignment with the isotherm data where the
NiPd/AC catalyst is suspected to have an unblocked
micropores region and rather good bimetal dispersion
compared to the other impregnated catalyst. This
argument is also proven by its TEM image, where the
metals seem to be evenly distributed, as presented in Fig.
7. The other impregnated metal catalysts, Ni/AC, Pt/AC,
and Pd/AC, suffered blocking at different degrees, as they
failed to maintain specific surface area and pore volume.
The Ni/AC and Pt/AC show similar patterns, as they lose
specific surface area and pore volume but still maintain
the average pore diameter. These could be explained by
both catalysts suffering intermediate blocking from metal
aggregation inside the pores that caused partial blockage.

On the other hand, Pd/AC catalyst showed an
interesting phenomenon where the average pore diameter
is increased after the impregnation process. The pore size
distribution of the Pd/AC catalyst, presented in Fig. 8,
showed that there is an increase in pore volume in the
trimodal region of 2.62, 3.18, and 3.90 nm. This could
only be caused by pore widening, as that the AC support
material does not have pore size distribution in other sizes
that can be blocked into the new trimodal region of

Pd/AC porosity. The pore widening from the
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impregnation method occurred to Pd/AC due to the
total pore blackening from Pd metal aggregation inside
the pores. The Pd metal aggregate allegedly pushes the
support wall structure, making the catalyst pores
become wider, hence increasing the average pore
diameter. On the other hand, NiPd metals only caused
partial blockage at the mesopores region, 2.8 nm. The
porosity, acidity, and metal dispersion of the catalyst will
affect their hydrocracking performance.

Hydrocracking Application

Hydrocracking results using various catalysts are
presented in Table 2. Thermal cracking was employed as
a benchmark to assess catalytic activity. As expected,
thermal cracking yielded the lowest amount of liquid
fraction while producing a higher residual feed. The
catalysts employed in this study have demonstrated their

Fig 7. TEM images of fresh (a) and used (b) NiPd/A
catalyst
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——Ni/AC
——Pd/AC
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Fig 8. Pore size distribution of (a) C, (b) AC, (c) Ni/AC,
(d) Pt/AC, (e) Pd/AC, and (f) NiPd/AC catalyst

Wega Trisunaryanti et al.



Indones. J. Chem., 2024, 24 (1), 115 - 124

Table 2. Catalyst performance testing on hydrocracking of castor oil

Product distribution (wt.%)

Selectivity in liquid product (wt.%)

Catalyst Coke Gas Residue Liquid Gasoline Diesel Alcohol Others
Thermal 0 20.85 1.39 77.76 4.78 0 56.66 16.32
AC 0.37 1893 0.52 79.08 10.64 2.61 56.37 9.46
Ni/AC 0.38 18.05 0.18 81.39 11.21 2.85 61.36 5.97
Pt/AC 0.37 16.19 0.27 82.17 10.75 1.27 68.94 1.21
Pd/AC 0.24 17.19 0.46 83.11 11.34 0.72 68.95 2.10
NiPd/AC 1x 0.22 12.51 0.46 88.80 15.16 1.08 71.69 0.87
NiPd/AC2x 042  16.26 0.85 82.48 11.58 0.69 65.85 4.35
NiPd/AC 3x 0.40 14.70 0.56 84.35 13.86 1.45 62.16 6.87
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ability to enhance the conversion of castor oil into liquid
fractions. However, the high ricinoleic acid content in
castor oil poses challenges, as the primary objective of
hydrocracking is to maximize hydrocarbon production.
Consequently, the catalysts must possess essential
hydrodeoxygenation and decarboxylation capabilities to
effectively address this hurdle.

The observed liquid fraction appears to align with
the theoretical acidity trend, wherein catalysts with more
acid metal tend to yield a greater liquid fraction. The
acidity value plays a significant role in the hydrocracking
of castor oil, as it represents the availability of acid sites
for the desired hydrocracking reactions. Both noble metal
catalysts, Pt/AC and Pd/AC, exhibit similar behavior in
terms of their liquid selectivity, indicating comparable
hydrocracking performance between Pt and Pd metals.
The observed variations between these catalysts can be
attributed to differences in acidity and porosity properties
inherent to each catalyst. Despite Pt/AC and Pd/AC
yielding higher liquid fractions compared to the Ni/AC
catalyst, they demonstrate slightly lower gasoline fractions.
This suggests that the Ni metal in the Ni/AC system
exhibits slightly better hydrodeoxygenation and/or
decarboxylation activity than Pd and Pt metals despite its
lower activity as reflected in the total liquid yield of Ni/AC.
The superior performance of Ni/AC can be explained by
the synergetic cooperation between the metal and support
interactions, contributing to its overall superior quality.

The NiPd/AC catalyst exhibits notable synergetic
cooperation, as evidenced by the efficient dispersion of Ni
and Pd metals across the AC support, resulting in the
catalyst's highest surface area among the metal-loaded

catalysts. This synergetic cooperation also contributes to
its exceptional hydrocracking performance. In
comparison to other catalysts, the bimetallic catalyst
demonstrates superior performance, characterized by
the highest total liquid fraction and hydrocarbon
fraction, while minimizing the formation of gas fraction.
Remarkably, the hydrocracking product profile of the
bimetallic catalyst differs significantly from that of the
monometallic catalyst, which only marginally surpasses
This
performance is attributed to the combined effects of the

the support's performance. outstanding
high acidity value and the well-dispersed bimetallic
system across the AC support. These two remarkable
features inherent in the NiPd/AC catalyst result in high
conversion and favorable selectivity. Consequently, this
catalyst was selected for the reusability test, further
evaluating its long-term performance and sustainability.

The catalyst reusability test data is provided in
Table 2. Following each use of the catalyst, an increase in
mass was observed due to the formation of coke on the
catalyst surface. The accumulation of coke appears to
hinder the hydrocracking function of the catalyst, as
match the
performance. Despite the catalyst's vulnerability to coke

subsequent yields could not initial
formation, it exhibits the ability to regenerate itself while
This

regenerative behavior is evident in the third cracking,

maintaining  its  hydrocracking activity.
where coke formation was less severe compared to the
initial cracking, leading to improved liquid fraction yield
and selectivity. Visual evidence of this regeneration
process can be observed in TEM images provided in Fig.

7. Even after three consecutive hydrocracking cycles, the
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dispersion of the bimetallic system across the AC support
remains unaffected. In conclusion, the NiPd/AC catalyst
retains favorable properties and performance for the
hydrocracking of castor oil, underscoring its potential as
a reliable catalyst for this process.

m CONCLUSION

In this research, we found the optimum KOH
impregnation ratio was 2:1, as it has the highest iodine
value of 751.94mg/g. We also found a synergetic
interaction between Ni and Pd metal in the bimetallic
dispersion across activated carbon and in the castor oil
hydrotreating application. The liquid fraction yielded by
NiPd/AC was 88.80 wt.%, with 15.16 wt.% as C5-C12
hydrocarbons, 71.69 wt.% as alcohol compounds, and
only 0.87 wt.% still as organic compounds. The NiPd/AC
catalyst performance was not significantly dropped after
being reused, which indicates that coking in NiPd/AC
does not alter much of its active sites.
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