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Abstract. The conversion of fatty acids into bio-hydrocarbons can be carried out through a deoxygenation (DO) reaction. Catalytic deoxygenation
of fatty acids can occur through three reaction pathways: decarbonylation, decarboxylation, and hydrodeoxygenation. In this study, three kinds of
silica were prepared: (i) silica obtained from the rice husk ash (RHA); (ii) synthetic mesoporous silica SBA-16; and (iii) commercial silica. All prepared
silica was used as supported nickel (Ni) catalyst for bio-hydrocarbon production through DO reaction of oleic acid. The objective of this study was to
investigate the effect of variations of silica on the reaction pathway and final products composition of DO reaction of oleic acid. The catalysts were
characterized by X-ray fluorescence (XRF), X-ray diffraction (XRD), surface area analysis, and NHs-temperature-programme desorption. Based on
XRF and XRD analysis results, it can be concluded that nickel was successfully impregnated into all silica. All samples of catalysts were used in a
reaction carried out at temperature of 285 °C under a pressure of 40 bar H: for 2h. The results showed that all catalysts were able to convert oleic
acid to bio-hydrocarbon with differences in products composition. The highest oleic acid conversion of 98.25% was achieved with Ni/RHA catalyst
but the obtained liquid products was the lowest among other catalysts. It is found that this phenomenon was closely related to the acidity properties
of the catalyst.
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1. Introduction increase combustion efficiency by increasing the heating value

(Ooi et al., 2019).

Many researches have been done on silica as catalyst
support because of its unique properties. Silica has large surface
area, large pore volume, and regular pore structure (Takahashi
et al.). MCM-41 and SBA-15 are the two most common types of
mesoporous silica nanoparticles (Katiyar et al., 2016). SBA-15
nanoparticles created by combining tetraethyl orthosilicate as
silica source with a structure directing agent, called Pluronic
P123. After calcination, nano-sized spheres or rods are formed,
containing a uniform arrangement of pores. The shape of the
silica and the pores produced can be altered by using various
structure directing agents. The advantage of mesoporous SBA-
15 as catalyst support is their large surface area, tunable pore
diameter (4-30 nm) and thick pore walls (Chaudhary and
Sharma, 2017). In addition, Ni with a mesoporous silica support
catalyst has advantages because many studies show that the
Ni/SBA-15 catalyst successfully achieves high dispersion of
nickel on the support and a stable condition in the pores thereby
minimizing sintering and coke formation (Karam and El Hassan,
2018). An alternative source of silica is rice husk which is
agricultural waste that are abundantly available in Indonesia.
Rice husk is composed of 70%-80% lignocellulose and 20%-30%
inorganic compound. SiO: is the major constituent of inorganic

Indonesia is the largest palm oil producer in the world. Today,
palm oil is used in Indonesia as cooking oil and biodiesel raw
material. With the large potential of palm oil in Indonesia, it is
important to find ways to utilize palm oil in order to increase its
economic value. Palm oil is a vegetable oil that contains fatty
acids and can be used as raw material for producing
hydrocarbon fuels. The fatty acid that is most abundant in palm
oil is oleic acid, which is 45.02% in crude palm oil (CPO) and
76.27% in refined palm oil (RPO) (Muanruksa et al., 2021).
Oleic acid can be converted into bio-hydrocarbon with high
yields through the deoxygenation process. The various possible
mechanisms for deoxygenation include (i) decarboxylation
(deCO.) which removes the carboxyl group to produce alkanes
and COpg; (ii) decarbonylation (deCO) which produces alkenes,
CO, and H:0O; and (iii) hydrodeoxygenation (HDO) which
involves breaking the C-O bond with hydrogen to produce
alkanes and H:O from fatty acids, involves reducing the
oxidation number of the carbon atom of the carboxylate group
using H» (Oi et al., 2016). The deoxygenation process allows the
production of compounds with low oxygen content. Low
oxygen content in fuel can reduce corrosion properties and
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compound, approximately in the range of 85%-95% (Park et al.,
2021; Ogwang et al., 2021). Rice husk ash (RHA) has been widely
developed as an adsorbent for removal of organic dye pollutant
i.e methylene blue, indigo carmine dye, and also for removal of
heavy metal ions, such as Pb** and Cd?*. A few research groups
have studied the utilization of RHA as catalyst support in
chemical reaction, such as transesterification of soybean oil for
biodiesel production, hydrogen production from ethanol steam
reforming, dehydrogenation of ethanol to acetaldehyde, and
CO2 methanation for CHa4 production (Chen et al, 2013; Wang
etal., 2019; Chang et al., 2006; Pavioti et al., 2020).

Nickel-based catalysts have good capabilities in
deoxygenation reactions. The surface character of Ni metal
functions as a trap for hydrogen bonding which reduces the
activation energy of hydrogen dissociation (Liu et al.,, 2013). In
addition, the metallic properties of Ni can cause reactions
similar to those of noble metals (palladium or platinum), such as
breaking C-C or C-H bonds for hydrocarbon reactions (De et al.,
2016). Nickel oxide reduction plays an important role in
heterogeneous catalytic reactions because Ni with zero
oxidation state is the most active form in terms of surface
adsorption ability, activation, and radical formation properties
(Richardson et al., 2003; Syed-Hassan and Li, 2011). Several
research groups have studied the use of nickel for bio-
hydrocarbon production from vegetable oil. Kaewtrakulchai et
al. reported that catalytic hydrocracking of palm oil with porous
biochar supporting nickel phosphide exhibited 100% conversion
of palm oil with majority hydrocarbon products, which was in
the jet fuel range (Kaewtrakulchai et a/.,2022). In addition, Liu,
et al. (2015) have succeeded in applying the Ni-based catalyst to
combine with various type of mesoporous silica support in HDO
reaction and find conversion of castor oil or C16-C19 alkanes
into high yields of bio-aviation fuel with high isomerization
selectivity (Liu et al, 2015). Another study succeeded in
converting palm fatty acid distillate into diesel-range
hydrocarbons using Ni/SBA-15 as catalyst with high yield of
85.8% (Kamaruzaman et al., 2020). The same research group
also reported hydrogen-free catalytic deoxygenation of waste
cooking oil over various bimetallic catalyst-supported on SBA-
15. The results showed Ni-Fe/SBA-15 exhibited the highest
yield of liquid hydrocarbons (Rashidi et a/.,2022).

To the best of our knowledge, there have been no studies
comparing various silica materials as Ni catalyst support for
deoxygenation reactions. Apart from that, the use of rice husk-
derived silica as a catalyst support in deoxygenation reactions
is still not widely used. This research aims to determine the
effect of variations in silica as a nickel support catalyst on the
production of bio-hydrocarbons from oleic acid. The variations
of silica that were used are commercial silica (Comm), rice husk
silica (RHA), and mesoporous silica (SBA-16).

2. Experimental

2.1 Materials

The chemicals used in this study were commercially
available and used without further purification. hydrochloric
acid (HCl), pluronic F127, sulfuric acid (H2SO4), eicosane, and
oleic acid (technical grade, 90%) were purchased from Sigma-
Aldrich, while silica gel 60 (commercial silica), tetraethyl
orthosilicate  (TEOS), nickel(Il) chloride hexahydrate
(NiCl..6H20), n-butanol, sodium hydroxide (NaOH), and
dichloromethane (DCM) were purchased from Merck.
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2.2 Catalyst preparation

Rice husk ash (RHA) is filtered using a 75-micron filter. 20
gr of RHA was dispersed in 100 ml of 2M HCI. After filtering,
the RHA was stirred with 200 ml of 2.5M NaOH solution at 90
°C for 3 h. Pure silica can be extracted by the titration method
using 5M H>SOs solution with constant stirring under controlled
conditions. Wash the silica gel and dry it at 105 °C for 5 h.

The preparation of SBA-16 materials was carried out using
Pluronic F127 (triblock co-polymer - Sigma) and n-butanol as
co-surfactant. 3.5 g of Pluronic F127 is mixed in 0.4 M HCl
solution (175 mL) at a temperature of 45 °C. n-butanol (13 mL)
was added to the mixture. After that, 16.7 g of TEOS (Tetraethyl
orthosilicate, Acros Organics) was added while continuing to
stir for 20 hours. Then, the final mixture was heated in an
autoclave for 24 h at 98 °C. The precipitated product is filtered
without washing and subsequently dried at 100 °C overnight.
The final product was calcined for 5 h at 550 °C with air flow to
remove the template. The final solid product is designated as
SBA-16.

The catalyst was prepared by the incipient wetness
impregnation method. NiCl..6H20 were utilized as the metal
sources. Silica gel 60 (comm), silica from rice husk (RHA), and
SBA-16 were used as catalyst support. The catalysts were
named as Ni/comm, Ni/RHA, and Ni/SBA-16, respectively.
Each silica was impregnated with nickel chloride solution (Ni
loading = 10 wt%) and followed by the aging process at room
temperature for 10 h with periodic stirring. Subsequently, the
sample was dried for 10 h at 80 °C and followed by calcination
with air flow for 5 h at 450 °C. Finally, the obtained product
(Ni/silica) was reduced with H: flow at for 5 h 450 °C.

2.3 Characterization of catalyst

X-ray fluorescence (XRF) analysis was carried out using a
Bruker S2 PUMA. The X-ray diffraction (XRD) pattern of
activated zeolite was obtained by XRD Rigaku Smart Lab with
the 20 angle between 5 and 80°. NHs-TPD analysis was carried
out with a ChemiSorb 2750 Micromeritics to analyze acid
strength and the number of acid sites on the catalyst. The
surface area and pore size distribution of synthesized catalyst
were analyzed by Brunauer-Emmett Teller (BET) Micromeritics
TriStar II 3020.

2.4 Catalytic performance

The catalytic reaction was conducted in a high-pressure
reactor equipped with a heater and magnetic stirrer. 1 g of oleic
acid and 0.1 g of catalyst were added to the reactor. 19 mL of
ethanol was used as a solvent. The reactor was purged three
times with hydrogen gas. Subsequently, the reactor was filled
with hydrogen to 40 bar. The reaction was carried out at 285 °C
for 2 h. After the reaction finished, the reactor was cooled to
room temperature. Liquid product composition was analyzed
using Gas Chromatography-Mass Spectrometry (GC-MS)
Agilent 7890A equipped with HP-5MS column.

To determine the remaining amount of oleic acid after
reaction and amount of bio-hydrocarbon products, GC-MS area
was normalized with eicosane as internal standard. This
normalized area from GC-MS analysis is directly proportional to
the reactant and product concentration,

%Area GC Product
%Area GC Internal Standar

Normalize Area GC = %x100% (1)

NA Oleic acid (reactan)—NAOleic acid (product)
NA Oleic acid (reactan)

Conversion = x100% (2)

NA = Normalized % Area GC (3)
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Table 1
Chemical composition of Ni/silica catalyst

Weight Percentage (wt%)

Oxide Type
Ni/Comm Ni/RHA Ni/SBA-16

Al,Os 1.0 0.6 1.0
MgO 1.5 0.6 1.5
NiO 11.8 17.0 11.5
P20s 0.4 0.7 0.5
SiO2 84.7 67.3 85.2
Na:O - 4.5 -

SO; 0.2 7.0 0.2
CaO 0.2 0.1 0.1
Cl 0.2 2.3 0.1

3. Result and discussion
3.1 Characterization of catalyst

Chemical composition of Ni/silica in oxide form based on
XRF analysis was summarized in Table 1. It can be seen,
Ni/RHA contain some impurities, such as Na:O and SOs, thus
lowering the amount silica in RHA. These impurities may come
from RHA itself, but that does not rule out the possibility that
these impurities come from the remaining NaOH and H2SO4
that were used in RHA preparation. This finding is in line with
Park et al. who reported that NaOH treatment on RHA may
increase the amount of Na.O (Park et al., 2021).

All prepared catalysts showed three diffraction peaks at 20
= 44.5°,51.8° and 76.3° as shown in Figure 1. This diffraction
pattern could be assigned to metallic Ni (111), (200), and (220)
plane diffraction line, respectively (JCPDS 04-0850) (Kordouli et
al., 2018). There is no other peak corresponding to the nickel
crystal phase was observed. This indicates that impregnated
nickel was completely reduced to metallic nickel during the
reduction process using H». Furthermore, two diffraction peaks
at 20 = 32.1° and 48.7° was observed as well in Ni/RHA which
could be assigned to Na2SO4 (JCPDS 01-074-2036) (Delgadillo-
Velasco et al., 2020). The presence of Na,SOs can be attributed
to the existence of residual sodium in rice husk that reacts with
sulfuric acid during the silica extraction process.

Additionally, NHs-TPD experiments were conducted to
investigate the surface acidity of the catalyst support. In TPD
analysis, desorption peak at below 300 °C, in the range 300 °C
and 500 °C, and above 500 °C could be categorized as weak,
medium, and strong acid, respectively (Wang et al., 2019).
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Fig. 1 X-ray diffraction (XRD) diffractogram of Ni/RHA,
Ni/comm, and Ni/SBA-16 catalyst
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Table 2
Physicochemical properties of the silica support
ST Average Pore Total Acidity
Catalyst (m?/g) Diameter (nm) (mmol/g)

RHA 192.0 4.05 0.73
SBA-16 799.4 3.42 0.43
Commerecial Silica 206.4 6.36 0.45

Figure 2 shows that the surface of all catalyst support is mostly
dominated by the presence of strong acid sites, followed by
weak acid and a small amount of medium acid sites.
Furthermore, among all three catalyst supports, RHA has the
highest amount of strong acid sites and highest total acidity as
well as shown in Table 2. The most likely explanation for this
high acidity is the presence of more impurities in RHA.

The surface area of catalyst support was summarized in
Table 2. As expected, SBA-16 has the highest surface area, 799.4
m?/g. In contrast, RHA has the lowest surface area of 192.0
m?/g. These results are consistent with previous studies done
by Stevens et al and Yao et al. which reported surface area of
765-989 m?/g for SBA-16 and 205 m?/g for RHA. (Stevens et al.,
2006; Yao et al., 2016)

The pore size of all three catalysts supports is in the range
of 2-50nm, which is classified as mesopores size. In addition,
based on pore size distribution as shown in Figure 3, SBA-16
exhibited a narrow distribution of mesopore size of 2.5-3.5 nm,

25

—8—SBA-16
RHA
—d— Comm

204

dV(log.)

1.0+

0.5 4

0 2 4 6 & 10 12 14 16

Pore Diameter (nm)

Fig. 3 Pore size distribution of various silica
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which indicates that SBA-16 has more ordered pore structure
than others. This result is in line with the finding of previous
study (Cheng et al., 2003). In contrast, RHA has a wider pore
size distribution curve, which indicates that the pore size of RHA
is not uniform.

Furthermore, commercial silica showed a wide pore
distribution in the range of 5-13 nm. Additionally, all silica
showed type IV isotherm as shown in Fig. 4 with hysteresis loop,
which is associated with capillary condensation taking place in
mesopores (Alothman, 2012). Each silica showed a different
type of hysteresis loop, which are type H2, H1, and H3 for SBA-
16, commercial silica, and RHA, respectively. Hysteresis type
H2 is found primarily in mesoporous materials with uniform
cylindrical pore (Cychosz et al., 2018). This result confirms the
uniformity of SBA-16 mesopore.

SEM images in Fig. 5 showed the Ni/SBA-16 has spherical
particle shape with size in range 3-6 pm. Feliczak-Guzik et al.
reported SBA-16 has spherical particle shape with particle size
in the range of 0.5-8 um (Feliczak-Guzik et al., 2016). It may be
inferred that the particle shape of SBA-16 was preserved upon

=

Fig. 5 SEM images of (a) Ni/RHA, (b) Ni/SBA-16, and (c)
Ni/Comm
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Table 3
Conversion of oleic acid, mass of liquid product, and mass of
solid products
Catalyst Conversion Liquid Product Solid Produc
y (%) Mass (gr) Mass (gr)
Ni/RHA 98.25 9.08 2.94
Ni/SBA-16 95.72 11.52 0.85
Ni/Comm 93.76 13.27 0.57

impregnated with nickel. In contrast with Ni/RHA and
Ni/Comm which have more irregular particle shapes.

3.2 Catalytic performance

After the reaction finished, both liquid and solid products
were obtained. However, in this study only liquid products were
analyzed. Table 3 shows that all catalysts exhibited high
conversion of oleic acid.

Ni/RHA showed the highest conversion value of 98.25%,
followed by Ni/SBA-16 at 95.72% and Ni/comm at 93.76%.
Despite the high conversion of oleic acid, the amount of liquid
products from the reaction using Ni/RHA is the lowest among
other catalysts. The presence of a high amount of acid site in the
surface of Ni/RHA may responsible for its high conversion of
oleic acid. The presence of acid sites is important in
deoxygenation of fatty acids for removal of oxygen in fatty acids
via C-O cleavage reaction (Asikin-Mijan et al., 2023). However,
the presence of strong acid sites may lead to severe cracking of
produced hydrocarbon into shorter hydrocarbon chain with low
boiling point. These shorter hydrocarbon chains were in gas
phase after the reaction, thus decreasing the number of liquid

Table 4
Variations of deoxygenation products from oleic acid
Normalized % Area GC

Catalyst Ni/RHA  Ni/SBA-16  Ni/Comm
Hydrocarbon Products
Pentadecane (C15) 0.01 0.01 0.01
Hexadecane (C16) 0.31 0.21 0.20
Heptadecene (C17) 0.03 ) R
Heptadecane (C17) 0.07 056 0.02
Octadecene(C18) 479 2.32 0.14
Octadecane (C18) 0.61 3.65 2.66
Total Products (C15 - C18) 5.75 6.75 3.03
By-Products
Fatty Acid Ethyl Ester 5.05 16.19 12.9
Octadecanol 0.18 0.51 0.23
Octadecanal 491 0.15 -
Saturated Fatty Acid - 0.13 0.13
Total By-Products 10.14 16.99 13.26
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Table 5
Comparison of present work with other studies
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Catalyst Reaction Condition Oleic Acid Conversion (%) Main Product References
Ni/HZSM-5 320 °C, 40 bar, s5h 47.56 Heptadecene (Xing et al., 2018)
Ni/CeZrO, 300 °C, 1 bar, 3h 98.83 Heptadecane (Jeon et al., 2010)
Surfactant-assisted o .

Synthesis of NiO 300 °C, 20 bar, 3h 100 Heptadecane (Smoljan et al., 2020)
Cu-Ni/ZrO: 350 °C, 3h 100 Heptadecane (Zhang et al.,, 2018)
Ni/RHA 285 °C, 40 bar, 2h 98,25 Octadecene Present work

products. This finding is in accordance with a study by Peng et
al-(2012),who reported that increasing the acidity of Ni/HZSM-
5 leads to higher conversion of fatty acid but lower selectivity to
hydrocarbon due to high acidity promote the cracking of
produced alkane (Peng et al., 2012). There is also a possibility
that shorter hydrocarbons may converted into longer carbon
complex through polymerization process, thus increasing the
amount of solid products (Asikin-Mijan et al., 2017).

The composition of liquid products was summarized in
Table 4. Plausible reaction mechanism for hydrodeoxygenation
(HDO) starts from hydrogenation of oleic acid into unsaturated
fatty acid, stearic acid and then, hydrogenation of stearic acid
into octadecanol and followed by dehydration of octadecanol,
which leads to octadecene formation.

Furthermore, in the decarbonylation pathway, the removal
of oxygen atoms through hydrogenation of the hydroxyl group
of stearic acid and followed by the removal of carbonyl group,
leads to heptadecene, carbon monoxide and water formation.
Additionally, in the decarboxylation pathway, two oxygen
atoms of carboxylic acid group of stearic acid are removed,
causing the formation of heptadecane and carbon dioxide (Wu
et al, 2018). Furthermore, pentadecane and hexadecane
products may form due to cracking reaction of C17 and C18
(Zula et al., 2022). Table 4 also depicts that all catalysts exhibited
the hydrodeoxygenation (HDO) reaction as the main reaction
pathway. This is indicated by the presence of C18 (octadecene
and octadecane) with the highest amount among other
hydrocarbon products. Decarboxylation product, heptadecane
was obtained as well in reaction using all catalysts. In contrast,
the decarbonylation reaction pathway is only observed in the
reaction using Ni/RHA, which indicates by the presence of
heptadecene. Highest amount of hexadecane was observed in
the reaction using Ni/RHA. This result indicates that more
cracking reaction occurred when Ni/RHA is used, which may
be caused by high acidity of Ni/RHA (Zhang et al,, 2019).

Additionally, fatty acid ethyl ester (FAEE) was observed as
by products in all three catalysts. It is hypothesized that
esterification of fatty acid with the solvent ethanol may
occurred, resulted the formation of FAEE. Ni metal is able to
catalyze an esterification of fatty acid (carboxylic acid) with
alcohol (Liu et al., 2023).

Table 5 compares conversion and main product results from
the present study with other research works. The low oleic acid
conversion of 47.56% was obtained from the reaction at 320 °C
with reaction time of 5h. Additionally, heptadecene was
obtained as the main product, which indicates that the dominant
reaction pathway is decarbonylation (Xing et al., 2018). Three
other studies exhibited higher conversion of oleic acid in the
range of 98.83%-100% with heptadecane as the main product.
The presence of heptadecane indicated decarboxylation is the
primary reaction pathway (Jeon et al., 2010; Smoljan et al., 2020;

Zang et al., 2018). In this present work, a conversion of 98.25%
was obtained with a lower reaction temperature and shorter
reaction time compared to other works. Furthermore,
octadecene was obtained as main product, which indicates that
hydrodeoxygenation is the dominant reaction pathway.

4. Conclusions

Rice husk can be used as a silica source and utilized as
catalyst support for nickel -catalyst in synthesis of
biohydrocarbon from deoxygenation of oleic acid. Different
sources of silica resulted in different properties of Ni/silica
catalyst. Ni/RHA showed the highest oleic acid conversion of
98.25%, followed by Ni/SBA-16 at 95.72% and Ni/comm at
93.76%. Ni/RHA has the highest amount of acid sites compare
to Ni/comm and Ni/SBA-16. Higher acidity of Ni/RHA leads to
higher conversion of oleic acid. But excessive acidity tends to
promote catalytic cracking, thus produce shorter hydrocarbon
instead of C15-C18 hydrocarbon. Therefore, Ni/RHA has the
highest conversion of oleic acid but the smallest number of
liquid products. In terms of deoxygenation reaction pathway to
produce hydrocarbon, hydrodeoxygenation and
decarboxylation pathway were observed in the reaction using
all three catalysts. Decarbonylation pathway was only observed
in the reaction using Ni/RHA. Furthermore, Ni/SBA-16, a
catalyst with moderate acidity and highest surface area
exhibited the highest yield of C15-C18 hydrocarbon compare to
other catalysts, Ni/RHA and Ni/Comm.
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