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Abstract. Bio-crude oil is known to be sustainable, eco-environmentally, and an alternative energy source produced by biomass pyrolysis. However,
its quality remains relatively low due to a higher oxygen concentration compared to liquid fuels from fossils. Therefore, an upgrading process is
necessary through the catalytic hydrodeoxygenation (HDO) process. This work synthesized pillared bentonite using Al and Ti metals as the pillaring
agent to produce Al-PILC and Ti-PILC as catalyst support for sulfided NiMo. Their catalytic activity in HDO reaction using guaiacol as a model
compound of bio-crude oil were also evaluated. Characterization of the bentonite-pillared materials, including Al-PILC, Mo/AIl-PILC, NiMo/AIl-PILC,
Ti-PILC, Mo/Ti-PILC, and NiMo/Ti-PILC, was performed using Surface Area Analyzer, X-ray Diffractometer (XRD), Temperature-Programmed
Desorption of ammonia (NHs-TPD), X-Ray Fluorescence (XRF), and Scanning Electron Microscope (SEM) techniques. The characterization results
confirm the pillarization process of bentonite using Al and Ti metals as the pillaring agent, and the preparation of the NiMo catalyst using the stepwise
impregnation method was successfully prepared. The NiMo/Ti-PILC catalyst performs a superior conversion value on the HDO guaiacol reaction
than other catalysts. A well dispersion of Mo and Ni metals on the surface support (NiMo/Ti-PILC), thus creating numerous active sites of the catalyst
after the sulfidation. Variations in time and temperature during the HDO guaiacol reaction significantly affected the conversion.
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1. Introduction containing various aldehydes, alcohols, furfural, ketones,

carboxylic acids, anisole, guaiacol, and more. Therefore,
understanding the HDO reaction for bio-crude oil can be
remarkably challenging and therefore researchers have
employed bio-crude oil model compounds to get deeper
information into this study. Model compounds offer several
advantages, including providing precise chemical mechanism
information, preventing thermal polymerization, and elucidating
product selectivity (Liu, 2016). Guaiacol was selected as a model
compound for studying the HDO process due to its presence in
bio-crude oil derived from lignin, a common component of bio-
crude oil pyrolysis (Nugrahaningtyas et a/, 2015). The HDO
reaction of guaiacol yields compounds such as phenol, toluene,
benzene, cyclohexane, catechol, and more.

Using a catalyst in the Hydrodeoxygenation (HDO) reaction
plays a crucial role. Previous research showed that several
.\ . . . active metals were used on the HDO catalysts, such as sulfided
Therefore, additional processes are required to improve bio- . .

. . S . active metals (NiMoS), noble metals (Ru, Rh, Pd, and Pt), and
;igizssoﬂ quality, one of which is the hydrodeoxygenation base metals (Fe, Ni, and Cu). (Bu et al, 2012), Using metal

Hydrodeoxygenation (HDO) is a reaction aimed at
eliminating oxygen atoms and breaking double bonds through
hydrogen gas (de Miguel Mercader et a/, 2011). Bio-crude oil
major consists of polyaromatic hydrocarbon compounds

Nowadays, the depletion of fossil fuels and increasing
energy needs are important reasons for developing alternative
energy sources. One alternative energy source with enormous
potential is biomass (Annisa, 2012). The most commonly used
method for converting biomass into liquid fuel is pyrolysis,
which falls under Thermo-Chemical Conversion. This process is
more efficient than biochemical processes due to its ability to
decompose bio-polymer compounds such as lignin (Adams et
al,, 2018). Bio-crude oil results from biomass pyrolysis that can
be used as an environmentally friendly and sustainable
alternative to fuel oil (Mohan et al, 2006; Mortensen et al,
2011). However, bio-crude oil as an energy source, especially
fuel, still faces defiance due to its high oxygen content. The
increased oxygen content leads to low calorific value, high
viscosity, chemical instability, and high acidity (Liu, 2016).

sulfide and base metal catalysts in HDO reactions often results
in comparable or even superior product yields compared to
noble metal catalysts (Kubicka & Kaluza, 2010; Lee et al, 2012;
Mora-Vergara et al, 2018). The NiMoS catalyst, in its active
phase, exhibits a low surface area, which hinders effective and

" Corresponding author
Email: ninooo2@brin.go.id (N. Rinaldi)

https://doi.org/10.61435/ijred.2024.60060
ISSN: 2252-4940/© 2024.The Author(s). Published by CBIORE


https://doi.org/10.61435/ijred.2024.60060
https://doi.org/10.61435/ijred.2024.60060
https://ijred.cbiore.id/
mailto:nino002@brin.go.id
https://orcid.org/0000-0003-1688-0519
https://orcid.org/0000-0002-1788-2113
https://orcid.org/0000-0001-8744-8382
https://orcid.org/0000-0003-0944-839X
https://orcid.org/0000-0002-4739-5682
https://orcid.org/0000-0002-5428-2731
http://crossmark.crossref.org/dialog/?doi=10.61435/ijred.2024.60060&domain=pdf

N. RInaldi et al

efficient interaction between the reactants and the active
centers. Therefore, it is necessary to disperse the active metals
Ni and Mo onto the support surface (Kabe, T, Ishihara, A., Qian,
1999; Topswee, H.; Clausen, B.S.; Massoth, 1996). The addition
of sulfur into NiMo aims to activate the catalyst, increase the
acidity, and facilitate the HDO reaction of guaiacol (Mora-
Vergara et al., 2018).

Alumina oxide (Al2Os) is commonly used to support
industrial-scale bio-crude oil HDO reactions (Mora-Vergara et
al,, 2018). However, one drawback is that catalyst deactivation
can occur during the HDO reaction due to the formation of
phenate sourced from alumina as catalyst support (Senol ef al,
2005). Thus, the choice of catalyst support is an important step.
One of the potential support materials is natural materials like
bentonite clay minerals. Bentonite is found all over the world
and is environmentally friendly. It is well-known as low-cost
catalyst support (Amaya et al, 2020; Kar, 2018). Due to cost-
efficiency, the use of bentonite clay minerals is more favorable
compared to expensive synthetic catalysts. Bentonite has
several unique properties, such as a high swelling ability and
cation exchange capacity (Amaya et al, 2020). However, its
utilization still needs to be improved. One method to enhance
the utility of bentonite and make it economically valuable is the
Pillared Inter-Layer Clay (PILC) treatment. Pillarization is an
intercalation process of pillaring agents generally using metals
with specific sizes and charges, such as Al, Mn, Ti, and other
metal oxides (Binitha & Sugunan, 2006; Haerudin et a/, 2010;
Salerno et al, 2004; Sumarlan et al, 2017; Widjaya, 2012).
Depending on the reaction type, it can be ion exchanged
between layered bentonite materials. The primary goal of
pillarization is to modify bentonite's physical and chemical
properties, including increasing its surface area, porosity, and
thermal stability. Several metal oxides such as Al, Zr, Ti, Fe, and
Cr have been successfully used as pillar agents in the bentonite
pillarization process and create different physicochemical
properties from each other reported in our previous works
(Khairina et al/, 2022; Rinaldi et a/, 2023, 2017). Bentonite
pillarization using Ti resulted in the increase in specific surface
area from 24.47 m?/g to more than 150 m?/g and acidity from
0.08 mmol/g to 0.66 mmol/g due to the bond between metals
and the alumina-silicate bentonite layer (Khairina et a/, 2022).
According to Salerno in Adilina ef a/(2019), the NiMoS catalyst
supported by bentonite shows better activity in the HDO
reaction than that supported by alumina (Adilina et a/, 2019).

Therefore, this work synthesized pillared bentonite using Al
and Ti metals as the pillaring agents to produce Al-PILC and Ti-
PILC as catalyst support for sulfided NiMo. Their catalytic
activity in the HDO reaction using guaiacol as a model
compound of bio-crude oil was also investigated. Several
sophisticated characterizations were conducted to obtain their
physicochemical properties. To our knowledge, there are still no
reports in the literature about sulfided NiMo catalysts supported
on pillared bentonite Al and Ti for the hydrodeoxygenation
reaction of guaiacol.

2. Materials and Methods

2.1 Materials

Guaiacol was used as a bio-crude oil model compound.
Guaiacol and bentonite were purchased from Sigma-Aldrich
and used without further purification. Nickel nitrate
hexahydrate (Ni(NOs)2.6H20), ammonium heptamolybdate
tetrahydrate ((NH4)sMo07024-4H20), aluminum chloride (AICls),
sodium hydroxide (NaOH), titanium (IV) isopropoxide
(Ti(OCH(CHzs)z2)4), benzene, cyclohexane, phenol, and decan
were obtained from Merck in p.a grade.
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2.2 Synthesis of NiMo/AI-PILC and NiMo/Ti-PILC

PILC was prepared by synthesizing a polycation solution.
The Al polycation solution was prepared by slowly dissolving
aluminum chloride (13.35 g, 10 mmol/g-clay) in 1000 mL
distilled water and stirring for 2 hours at room temperature. The
sodium hydroxide solution (8 g in 1000 mL distilled water, ratio
mole OH /AP* = 2) was then added to the Al polycation
solution using a peristaltic pump and stirred for 12 hours
(Rinaldi et al, 2023; Sumarlan et al, 2017). The Ti polycation
solution was prepared by slowly adding 50 mL of titanium (IV)
isopropoxide solution (50 mmol/g-clay) to 40 mL of 5 M HCI
and homogenizing it with a magnetic stirrer for 2 hours (Binitha
& Sugunan, 2006; Parangi & Mishra, 2020; Rinaldi ef a/, 2023).
Before pillarization, 10 g bentonite was swelled in 1000 mL of
distilled water and stored at 333 K for 2 hours while stirring. The
prepared Al and Ti polycation solution was added to the
bentonite suspension for 24 hours for pillarization. The
precipitate was washed using hot distilled water (333 K) until it
was free of chloride ions when tested with 0.001M AgNO;
reagent. The resulting PILC was filtered, dried overnight at 378
K, and calcined at 723 K for 4 hours, called Al-PILC and Ti-
PILC. NiMo/AI-PILC and NiMo/Ti-PILC catalysts were
prepared using a double impregnation method (Kubicka &
Kaluza, 2010; Mora-Vergara et al., 2018; Salerno et al., 2004; Xu
et al., 2010). The first impregnation was carried out by adding
13 wt% MoOs from ammonium heptamolybdate solution (1.28
g, 50 mL distilled water) to the Al-PILC and Ti-PILC suspension
(7 g, 20 mL distilled water) to produce Mo/Al-PILC and Mo/ Ti-
PILC. The second impregnation was carried out by adding 4
wt% NiO from nickel nitrate hexahydrate solution (0.97 g, 20
mL distilled water) to the suspension of Mo/AI-PILC and
Mo/Ti-PILC (6 g, 40 mL distilled water). In each impregnation
process, the catalyst was dried at 378 K overnight and calcined
at 723 K for 5 hours.

2.3 Catalytic HDO of Guaiacol

The catalysts were sulfided before being utilized in the
Hydrodeoxygenation (HDO) reaction. Sulfidation of the catalyst
was carried out by weighing 3 % of the weight of guaiacol (0.03
g) and placing it into a glass U-shaped sulfidation tube, which
was then attached to a sulfidation apparatus. In the first stage,
the catalyst was purged with N2 gas at a pressure of atm and a
temperature of 423 K for 90 minutes. Subsequently, H. gas at
atm pressure was introduced into a CS; solution, producing H.S
gas. The generated H.S gas was fed into the catalyst at a
temperature of 623 K for 90 minutes (Adilina et a/, 2019; Rinaldi
et al, 2017). The sulfided catalyst was used for the
Hydrodeoxygenation (HDO) reaction of guaiacol. In a typical
process, the sulfided catalyst (3 wt% guaiacol) was inserted into
the autoclave reactor with 1 mL guaiacol and 9 mL decane
solvent. The reaction was carried out at temperatures of 523 K,
573 K, and 623 K for 2, 3, and 4 hours at a constant pressure of
60 bar. The liquid product was filtered with filter paper. The
guaiacol HDO product was then analyzed by GC-FID
instruments, Agilent 7890A with Carbowax column/20M (30 m
X 320 um X 0,25 pum. The analysis using GC-FID aimed for
quantitative analysis to calculate the percent conversion and
yield of the HDO reaction.

2.4 Catalyst Characterization

The Brunauer — Emmett — Teller (BET) adsorption method
obtained the surface area of the pillared bentonite, which was
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conducted using a Tristar II 3020 Micromeritic Instrument via a
nitrogen adsorption-desorption isotherm. The degassing
process used N gas at 473 K for 2 hours. Catalyst diffraction
pattern analysis was carried out using an X-ray diffractometer
(XRD) apparatus, with Cu-Ka radiation (1.542 A) and a 26 angle
range from 10° to 80° (wide angle) and a range of 2° to 10° (low
angle). Pillared bentonite catalyzed total surface acidification
was carried out by ChemiSorb 2750 (Micromeritics, USA) and
using temperature-programmed ammonia desorption (NHs-
TPD). Samples were degassed in a stream of pure helium at 673
K for one hour before ammonia absorption. The sample was
then saturated in a stream of NH3 gas (5% in helium gas, v/v)
for 30 minutes. The sample was then cleaned with a stream of
helium for 15 minutes at room temperature to remove the
physically absorbed NHs gas. Desorption was carried out in a
pure helium flow with a linear heating rate (283 K/min) until the
temperature reached 773 K. Finally, cooling was carried out to
a temperature of 373 K, and obtained TCD (Thermal
Conductivity Detector) signal data.

Scanning electron microscopy (SEM) was carried out to
obtain information on the surface morphology of the pillared
bentonite samples placed and attached to the SEM specimen
holder using a carbon double type with the cross-section
pointing vertically upwards. X-ray fluorescence (XRF)
determined the oxide composition of bentonite and pillared
bentonite samples. The sample was placed in a polyethylene
container with a mylar plastic backing and then pressed until the
surface was flat, and then the sample was placed in the sample
holder.

3. Results and Discussion

3.1 Characterization results

The characterization was conducted to determine whether
the pillarization or the impregnation process of the prepared
NiMo/AI-PILC and NiMo/Ti-PILC catalysts have been carried
out successfully. Catalyst characterization using the BET
method is based on the nitrogen (N2) gas adsorption and
desorption process to evaluate the prepared catalysts' surface
area, pore volume, and average pore size. Table 1 shows the
results of nitrogen gas adsorption characterization.

It reveals in Table 1 a significant increase in bentonite's
surface area (Seer) after it was pillared with aluminum and
titanium polycations. This increase is caused by the formation
of hydrolysis of Al** ions, leading to the formation of large Al
cation polymers known as kegging ions [Ali304(OH)24(H20)12]™",
which have a relatively uniform size of pore diameter (Smart et
al, 2005). Similarly, Ti** ions form polycations [(TisOs(OH)12]**.
However, there is a decrease in Sger following the impregnation
of Mo and Ni met. The decline occurs because some of the Ni

Table 1
The N2 gas adsorption results using BET method.
*
Surface Area  Pore volume . Pore
Samples (m?/g) (cm®/g) diameter

g g (nm)
Bentonit 30.26 0.08 14.25
Al-PILC 169.10 0.16 9.87
Mo/Al-PILC 102.77 0.12 12.81
NiMo/Al-PILC 83.25 0.09 11.15
Ti-PILC 187.89 0.22 4.59
Mo/ Ti-PILC 149.52 0.19 5.19
NiMo/Ti-PILC 130.45 0.17 5.36

* is determined by the highest point of P-P0 (adsorption-desorption)
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Fig 1. Bentonite’s Adsorption-Desorption isotherm graph.

and Mo metals occupy the surface and into the pores of
bentonite, thereby covering the pores and reducing the surface
area and the pore volume (Adilina et a/, 2019).

Table 1 also observes a slight increase of the pore size after
the impregnation, suggesting some Ni and Mo metals also
interacted and contributed as the pillared between bentonite
layers. However, Ni and Mo metals mostly dispersed on the
surface and pores of bentonite. According to Lui (2016), during
the impregnation process, metals can be distributed both on the
surface and within the pores of the catalyst, leading to changes
in the measured parameters (Liu, 2016). The types of pores
generated can be observed in Figure 1, representing the
adsorption-desorption isotherm graph of bentonite.

The hysteresis loop type exhibited by the bentonite is of
type H3 (Fig. 1). This conforms with Thommes' statement
(2015) that clay (bentonite) commonly forms the H3-type loops.
Moreover, Fig. 1 also describes that bentonite is categorized as
a type IV isotherm with a mesoporous pore type (Thommes et
al, 2015). Table 1 shows that the pore size of bentonite is around
14.25 nm, which is classified as a mesoporous type(Sing, 1982).
Figure 2 shows the adsorption-desorption isotherm graph of the
prepared catalyst. Based on Figure 2, the type of pores
generated is mesopores. According to Thommes (2015),
mesopores are characterized by the formation of cone and
cylinder-shaped loops that taper at their ends, with the isotherm
type being type IV (Thommes et al, 2015). The appearance of
mesoporous structures leads to an increase in the surface area
of bentonite after the pillarization.

X-ray diffraction (XRD) is measured to determine the
structure and phases formed within the material
(Niemantsverdriet, 2007). Additionally, it is utilized to assess the
success of the catalyst preparation process using the
pillarization and stepwise wet impregnation methods, primarily
to determine the basal space distance between the interlayer of
bentonite in Miller indices (doo:) at the 26 range of 2° to10°. The
results of the XRD analysis for the Al/PILC and Ti/PILC
samples in Figure 2 were magnified five times; this aims to
ensure that the diffraction peaks can be measured more clearly.
The result shows that bentonite has a diffraction peak at 26 =
6.5° with a Miller index (doo1). After the pillarization with Al and
Ti polycations, the diffraction peak doo: shifted to 5° (Al-PILC)
and 3.5° (Ti-PILC), respectively. The shift in the diffraction
d001of bentonite caused an increase in basal spacing from 13.6
A to 17.7 A for AI-PILC and 25.2 A for Ti-PILC, indicating the
pillarization process was carried out, as supported by an
increase in surface area and pore volume (Table 1). It is
proposed that cation exchange has occurred in the bentonite
interlayer layer with Al or Ti polycations and generates an
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increase in the basal space distance of interlayers bentonite; in
other words, the preparation process using the pillarization
method was successful (Haerudin et al, 2010; Rinaldi et a/,
2023; Widjaya, 2012).

The results of wide-angle XRD analysis for Al-PILC, Mo/Al-
PILC, and NiMo/AIl-PILC catalyst samples are presented in
Figure 4. The XRD analysis of bentonite revealed characteristic
peaks at 26 values of 19.70°, 26.61°, 35.31°, 54.45°, and 61.69°.
Based on JCPDS No 29-1499, the Montmorillonite minerals
possess the capacity for ion exchange and can alter pore
structure (Widjaya, 2012). The pillarization process of bentonite
with aluminum (Al) and titanium (Ti) metals did not change the

19,7226.,52 ——— NiMoJAI-PILC

MolAl-PILC
—AI-PILC

Intensity (a.u.)

10 20 30 402 Thetsao 60 70 80

Fig 4. Wide angel diffraction of Al-PILC, Mo/AIl-PILC, and
NiMo/Al-PILC.

montmorillonite structure, as evidenced by the persistence of
characteristic montmorillonite peaks (Furimsky, 2000).

A decrease in intensity observed in the X-ray diffraction
pattern (Fig. 4), although not significantly pronounced,
particularly at around 26 of 20° and 54°, attributed to the
interaction between alumina and the crystal lattice of bentonite.
This interaction leads to the integration of alumina into the
crystal lattice of bentonite (Widjaya, 2012). After the Al-PILC
catalyst is impregnated with Mo metal (Mo/Al-PILC), new
peaks are observed in Fig. 4 at around 20 angles of 12.8° and
23.5°. According to JCPDS No 5-0506, the characteristic peaks
of MoO:s are located at 28 of 23.3°, and the research conducted
by Zhu et al (2013) mentions that the distinct peaks of MoOs
appear at 260 of 12.8°. Therefore, the appearance of peaks at 26
angles of 23.5° and 12.8° indicates the presence of MoOs oxide
(Zhu et al, 2013). The emergence of these characteristic MoOs3
peaks can be attributed to the high concentration of added Mo
metal (13 %wt) and its uneven dispersion on the surface of
bentonite (Okamoto et al, 1998). The appearance of MoOs
oxide peaks makes it challenging to form active phases after the
catalyst undergoes sulfidation (Ulfah & Subagjo, 2012). Based
on JCPDS No 5-0506, the characteristic peaks of NiO oxide are
located at 26 angles of 43.46° and 63.11° (Rinaldi et al, 2017).
These NiO peaks were not detected in the NiMo/Al-PILC
catalyst (Fig. 4), indicating that the added NiO oxide was well-
dispersed and even on the surface of bentonite. Further support
for the dispersion of Mo and Ni metals is observed in reducing
the catalyst's surface area and pore volume (Table 1). The
impregnation process with Mo and Ni metals does not change

6,65 —— Nilo/Ti-PIL
19 33\59/2 —— Mo/Ti-PILC
36,74 —Ti-PILC

47,6754\60 62,77

l 1
|

47,76
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Fig 5. Wide angel iffraction of Ti-PILC, Mo/Ti-PILC, and
NiMo/TI-PILC
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Table 2

The acidity of the prepared catalysts by the NH3-TPD analysis.
Samples Total Acidity (mmol/g)
Bentonite 0.045
AI-PILC 0.134
Mo/Al-PILC 0.152
NiMo/AIl-PILC 0.169
Ti-PILC 0.115
Mo/Ti-PILC 0.211
NiMo/Ti-PILC 0.178

the structure of bentonite since the characteristic peaks of
bentonite remain visible in the X-ray diffraction pattern (Figure
4).

Results of the wide-angle analysis for Ti-PILC, Mo/ Ti-PILC,
and NiMo/Ti-PILC catalysts are presented in Fig. 5.
Characterizing the titania-pillared catalyst aims to identify the
constituent structure of titania, which typically consists of a
mixture of anatase and rutile. The characterization results can
be observed in Fig. 5, indicating that the peaks from the anatase
crystal structure are more dominant than those from the rutile
structure. The peak pattern of the anatase crystal structure
aligns with the JCPDS No 71-1167 standard, as evidenced by
the presence of high-intensity peaks at 26 angles of 25.3° with
Miller index (101), along with three other dominant peaks at 26
angles of 38.6°, 48.1°, and 53.9° with respective Miller indices
(004), (200), and (211). The characterization results for the
prepared catalyst reveal characteristic peaks of TiO: anatase
(Fig. 5). The TiO: anatase phase possesses a larger surface area
than the rutile phase, thus potentially enhancing the catalyst's
activity (Sumarlan et a/, 2017). The impregnation process of Mo
and Ni metals into the catalyst forms MoOs and NiO oxides. The
characterization results in Fig. 5 do not display characteristic
peaks of Mo and Ni metals, indicating that these metals have
been well-dispersed uniformly on the bentonite surface. Further
support for the proper dispersion of Mo and Ni metals is evident
in reducing the catalyst's surface area and pore volume (Table
1). The impregnation process with Mo and Ni metals does not
change the structure of bentonite, as demonstrated in Fig. 5,
where characteristic peaks of bentonite are still present.

The analysis of acid-strength catalysts through
chemisorption is conducted wusing the Temperature
Programmed Desorption-NH3 (NHs-TPD) instrument to

measure the amount of NHs gas adsorbed and desorbed by the
catalyst. The quantity of NHs; gas absorbed is directly
proportional to the acidity strength of the catalyst (Peng et a/,
2014). The results of the NHs-TPD analysis for the prepared
catalysts are presented in Table 2.

Table 2 shows that the total acidity of Al-PILC and Ti-PILC
is higher than that of bentonite, attributed to the fact that the
cation exchange process in interlayer bentonite with Al and Ti
pillar metals occurred successfully, thus elevating the acidity
strength of the bentonite supported by Al and Ti metals. It is
facilitated by the higher oxidation state and charge of Al and Ti
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metals, enabling them to exchange with buffering cations
(Widjaya, 2012). Additionally, this is due to the silanol layer
structure, where the oxide of the supporting metal is fully
exchanged with Al and Tiions. Al and Ti ions on the support are
combined through Al-Si-OH group bonding to form medium to
strong acid sites (Parangi & Mishra, 2020). Furthermore, this
study demonstrates that the pillaring of Al and Ti on bentonite
can significantly enhance the modified bentonite's acidity
(Salerno et al, 2004).

Impregnation of Mo metal into Mo/AI-PILC and Mo/Ti-
PILC catalysts enhances their acid strength due to the relatively
uniform distribution of Mo on the bentonite surface. This effect
is attributed to partially filled d orbitals in Mo metal, facilitating
the acceptance of free electron pairs from NH3 (Ishii & Kyotani,
2016; Smart et al, 2005). The acidity levels of Al-PILC and Ti-
PILC increase after impregnation with Mo metal, with a
significant increase observed in the case of Mo/ Ti-PILC (Table
2). It is supported by XRD data (Figure 5), which shows the
absence of characteristic peaks of MoOs, indicating that Mo
metal is evenly dispersed on the bentonite surface, thus
enhancing acidity. Impregnating Ni metal into the catalyst also
increases its acid strength, similar to Mo. The analysis results
(Table 2) show that Mo/AIl-PILC impregnated with Ni to
become NiMo/Al-PILC experiences an increase in acidity,
although not significantly.

In contrast, Mo/Ti-PILC slightly decreases acid strength
after adding Ni to form NiMo/Ti-PILC. It might be due to Ni
metal covering the acidic sites of the catalyst (Kou, 2000). Other
data supporting the well-dispersed Mo and Ni metals resulting
in increased acid strength include a decrease in specific surface
area (Table 1). Catalysts with Ti-based pillars have a higher total
acidity than Al-based ones because the positive charge of Ti*
ions is greater than that of AlI** ions (Binitha & Sugunan, 2006).

X-ray fluorescence (XRF) characterization aims to identify
the content and composition of oxides formed during the
pillarization and the impregnation process on bentonite. The
XRF analysis results for the prepared catalysts are shown in
Table 3.

From the oxide composition in bentonite, it obtained that
Ca-montmorillonite is a type of bentonite used in this study
(similar observed in the XRD result in Fig. 4). The amount of Al
and Ti oxides increase after the pillarization process, followed
by a decreased amount in the elemental of initial bentonite (Al,
Si, and Ca). It is described that cation exchange proceeds in the
interlayer bentonite during the pillarization. The value displayed
by the instrument does not directly indicate the metal oxide
content in the catalyst samples because the standard sample
used is a mixture of several elements. Thus lower sensitivity and
accuracy during the XRF analysis. Instead, they indicate
qualitative data and the progress of the impregnation process
(Rinaldi et al, 2017).

Oxide MoOs was added at 13 wt% into Al-PILC and Ti-PILC
to prepare Mo/AI-PILC and Mo/Ti-PILC, respectively. The
results showed that the percentage of successfully impregnated
MoOs oxide was 9.26% and 10.92%, confirming the effective

Table 3

The results of XRF measurement for the prepared catalysts.
Samples AlOs3(%) SiO2 (%) TiO2(%) Ca) (%) NiO(%) MoOs(%)
Bentonite 20.01 61.89 1.58 0 0
Al-PILC 25.52 54.19 0.19 0 0
Mo/AI-PILC 21.69 47.48 0.18 0 9.26
NiMo/AIl-PILC 19.78 47.01 10.19 5.07 14.56
Ti-PILC 12.36 42.29 31.41 0.33 0.01 0.02
Mo/Ti-PILC 10.91 38.35 21.35 0.29 0.01 10.92
NiMo/Ti-PILC 8.74 35.31 25.36 0.28 4.54 14.21
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Fig 6. SEM results of the bentonite (1), AI-PILC (2), and Ti-PILC (3).

impregnation of Mo metal into the catalysts. On the other hand,
NiO oxide was impregnated at 4 wt% into Mo/AI-PILC and
Mo/ Ti-PILC to prepare NiMo/Al-PILC and NiMo/Ti-PILC. The
results indicated that the percentage of successfully
impregnated Ni metal was 5.07% and 4.54%, respectively,
signifying the successful impregnation of Ni metal into the
catalysts. It aligns with the research conducted by Rinaldi ef a/.
(2017), which showed that metals Mo and Ni were impregnated
into bentonite mainly to detect the resulting NiO and MoOs3
oxides (Rinaldi et al, 2017).

SEM characterization serves the purpose of identifying
surface morphology and the distribution of components in the
prepared catalyst. The SEM characterization results are
presented in Figure 6. SEM analysis results in Fig. 6 reveal the
morphology of bentonite, Al-PILC, and Ti-PILC. Bentonite
exhibits a structure composed of soft layers that form bulky
aggregates or particles. A similar morphology is observed for
AI-PILC and Ti-PILC, which also appear to have soft alumina-
silicate layers. However, based on Fig. 6 with the same
magnification, it is evident that the aggregate size in Ti-PILC is
smaller than AI-PILC's. Ti-PILC still shows a distribution of
small aggregates, resulting in a much larger pore volume. It is
supported by the pore volume and pore size data in Table 1.

Furthermore, Al-PILC and Ti-PILC catalysts have smoother
surfaces and larger voids than bentonite. It is attributed to the
impregnation with Al:Os and TiO: oxides incorporated into
bentonite. As a result, the specific surface area of Al-PILC and
Ti-PILC catalysts increases (Table 1). Additionally, bentonite
exhibits a denser structure compared to the morphology of Al-
PILC and Ti-PILC.

Further SEM analysis results for the NiMo-prepared catalyst
are described in Figure 7. SEM analysis results in Fig. 7
demonstrate that, generally, the surface morphology of
NiMo/AI-PILC and NiMo/Ti-PILC catalysts consists of soft
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Fig 7. SEM results of Mo/AI-PILC (1) Mo/Ti-PILC(2) NiMo/AL-
PILC (3), and NiMo/Ti-PILC (4).

layers. After the impregnation of Mo and Ni onto the Al-PILC
and Ti-PILC supports, it is evident that these metals are
distributed relatively evenly on the support surfaces, as
indicated by the absence of spots with varying color intensities
(Susanto et al, 2017). Furthermore, in the case of Mo/Al-PILC,
it is observed that the aggregate size is more significant
compared to Mo/Ti-PILC at the same magnification. This
observation is also supported by the results in Table 1, which
show that the specific surface area of Mo/AI-PILC is smaller
than that of Mo/Ti-PILC. The addition of Ni metal results in a
reduction in the aggregate size for both Mo/Al-PILC and
Mo/Ti-PILC. This phenomenon can be attributed to the
redispersion of Mo metal on the support's surface during the
second impregnation step when Ni metal is added. These
findings align with previous research conducted by Rinaldi
(2017), which suggests that after the addition of Ni metal, there
is a redistribution and redispersion of Mo metal on the support's
surface (Kabe, T., Ishihara, A., Qian, 1999; Rinaldi et a/, 2017,
Topsee, H.; Clausen, B.S.; Massoth, 1996). These SEM
characterization results also provide support for the XRD
characterization data (Figs. 4 and 5), particularly in the case of
Mo/Al-PILC, where a decrease in XRD intensity from MoO3
diffraction is observed after the addition of Ni metal during the
second impregnation step (Rinaldi et al, 2017).

3.2 Catalytic performance result

The hydrodeoxygenation (HDO) reaction of guaiacol was
carried out in a 100 mL autoclave reactor at a temperature of
573 K and a pressure of 60 bar (H: gas) for 2 hours. Before the
reaction, all of the prepared catalysts undergo a sulfidation
process, which involves the addition of sulfur to activate the
catalyst (Kabe, T., Ishihara, A., Qian, 1999; Topsee, H.; Clausen,
B.S.; Massoth, 1996). The addition of H.S also serves to increase
the acidity of the catalyst, facilitating the HDO reaction of
guaiacol (Mora-Vergara et al, 2018). Determining parameters
such as temperature, pressure, and reaction time in the HDO of
guaiacol followed the method used in the study by Liu K (2016).
Decane was the solvent because guaiacol's HDO reaction
products are nonpolar organic compounds. Therefore, the
products produced would dissolve completely in decane.
Isooctane was added as an internal standard on the liquid
product to maintain the samples' measurement consistency
using GC-FID (Liu, 2016).

The target compounds studied in this research are benzene,
Phenol, and cyclohexane. Generally, these three compounds are
selected because they are liquid products of the catalytic
guaiacol hydrodeoxygenation (HDO) reaction (Mora-Vergara et
al,, 2018). Benzene is one of the target compounds representing
compounds that do not contain oxygen atoms but still have
double bonds. Phenol serves as a representation of compounds
containing oxygen atoms and double bonds. Cyclohexane is
selected to represent compounds that do not contain oxygen
atoms and double bonds. This study proposes a simple reaction
scheme of the guaiacol HDO reaction just via the HDO pathway,
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Fig 8. A Simple scheme of the HDO reaction of guaiacol via the
HDO pathway.

as described in Figure 8. The scheme was inspired by studies
conducted by Mora-Vergara et al (2018)and Rivoira et al
(2021). With the HDO pathway (Fig.8), guaiacol is desired to
convert to Phenol and anisole. After a consecutive HDO
reaction, both products can be transformed into benzene,
forming cyclohexane by the hydrogenation reaction (Mora-
Vergara et al, 2018; Rivoira et al, 2021).

The performance of the prepared catalyst is evaluated based
on the percentage of conversion and yield of the analyzed target
compounds (Annisa, 2012). Percent conversion is calculated
from the concentration difference of guaiacol before and after
the reaction. The percent yield is measured by the
concentration of the target compound formed divided by the
concentration of guaiacol reacted. Table 4 shows the activity
results of the prepared catalysts on the HDO guaiacol reaction
with a pressure of 60 bar, temperature of 573 K, and reaction
time of 2 hours.

Using bentonite as a catalyst shows that it is inactive in the
HDO guaiacol reaction (Table 4). No benzene, phenol, or
cyclohexane compounds were detected, and the guaiacol
concentration almost did not change after the reaction. It is
suggested because the acidity level of bentonite is trim; thus, the
small number of H* ions makes breaking the bonds between OH
or methyl with the benzene ring difficult (Parangi & Mishra,
2020). It is supported by the results of the NH;-TPD analysis
(Table 2), which showed that bentonite had a minimal acidity of
0.045 mmol/gram. Furthermore, the specific surface area of

Table 4
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bentonite is also exceedingly low, as shown by the BET analysis
in Table 1, further constraining its activity. Adding Al and Ti
pillar metals, combined with active metals Ni and Mo
impregnated onto the catalyst, will provide empty d orbitals or
unpaired electrons interacting with guaiacol (as the reactant).
This interaction forms new bonds with specific strengths or
energies that can facilitate the conversion of guaiacol into its
respective products (Campbell, 1988).

Table 4 clearly shows that the catalytic activity of bentonite
< Mo/AI-PILC < Mo/Ti-PILC < Al-PILC = Ti-PILC < NiMo/Al-
PILC < NiMo/Ti-PILC based on percent conversion
calculations. The superior conversion of the NiMo/Ti-PILC
catalyst compared to other catalysts is suggested because the
main factor is the well dispersion of the active metals Mo and Ni
on the surface or in the pores of the support, followed by the
factors of surface area, pore volume, pore size, and acidity.

The results of N2 gas adsorption (Table 1) and NH3-TPD
analysis (Table 2) show that although the surface area and pore
volume of the NiMo/Ti-PILC catalyst is smaller than the Al-
PILC and Ti-PILC catalysts, the acidity value of NiMo/Ti-PILC
is more remarkable than both, Al-PILC and Ti-PILC. Thus, the
HDO guaiacol reaction conversion of the NiMo/Ti-PILC
catalyst is higher than the Al-PILC and Ti-PILC catalysts. The
higher acidity value of the catalyst illustrates the large number
of donors ion H* it has, therefore the greater its ability to split
OH bonds and methyl oxygen bonds with the aromatic ring
(Parangi & Mishra, 2020).

Considering the conversion of guaiacol via the HDO
reaction pathway, an active metal catalyst needs to be dispersed
on the surface of the support. Thus, it can capture H* ions from
H. gas and directly react to convert the guaiacol raw material.
However, the dispersion of active metal onto the surface
support causes a decrease in surface area and pore volume.
Therefore, the Mo/ Al-PILC and Mo/Ti-PILC catalysts have less
reaction conversion than the Al-PILC and Ti-PILC supports. It
is concluded that the surface area and pore volume are the main
significant factors influencing the HDO guaiacol reaction
compared with the acidity value.

The Ni metal addition as a promoter to the Mo/Al-PIC and
Mo/Ti-PILC catalysts caused a significant increase in the
conversion of the HDO guaiacol reaction (Table 4). It is because
of an increase in the catalyst's ability in hydrogenolysis
performance, especially on the methyl - oxygen bond and the
OH bond with the aromatic ring so that guaiacol is more easily
converted into the desired target product (Kabe, T., Ishihara, A.,
Qian, 1999; Mora-Vergara et al,, 2018; Topsee, H.; Clausen, B.S ;
Massoth, 1996). Therefore, the conversion of HDO guaiacol
reaction significantly increased on NiMo/AI-PILC and
NiMo/Ti-PILC catalysts after adding Ni promoter metal. Table
4 also observes that the NiMo/Ti-PILC catalyst has a higher
guaiacol conversion than the NiMo/AI-PILC catalyst. XRD
analysis data (Fig. 2) obtain a well dispersion of Mo and Ni

The performance results of the prepared catalysts on the HDO reaction of Guaiacol.

Samples Guaiacol Conv. Yield of Fenol Yield of Cyclohexane Yield of Benzene

P (%) (%) (%) (%)

Bentonite - - - -

Al-PILC 47 58 - -

Mo/Al-PILC 33 74 - -

NiMo/Al-

PILC 52 42 0.5 -

Ti-PILC 46 54 0.1 -

Mo/Ti-PILC 36 86 0.7 -

NiMo/ Ti-

PILC 70 50 0.4 0.08
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Table 5
Percent conversion results of the HDO guaiacol reaction with the
temperature and time variations.

Temperature Time Conversion
(K) (h) (%)
2 7.28
523 3 27.62
4 39.89
2 69.80
573 3 80.94
4 99.46
2 99.26
623 3 98.26
4 99.91

metals on the surface support, especially the Ti-PILC support. It
will produce a lot of active sites of the catalyst after the
sulfidation. Thus, the guaiacol conversion will be the highest
compared to other catalysts, especially the NiMo/AI-PILC
catalyst. Furthermore, besides the extensive conversion of
guaiacol due to its high HDO reaction activity, the NiMo/Ti-
PILC catalyst is also very active for the hydrodeoxygenation
(HYD) reaction, as shown in Table 4 that only the NiMo/Ti-
PILC catalyst which obtains the highest percent yield of the
benzene product (Adilina et a/, 2019; Liu, 2016; Romero et al,
2010).

3.3 Effect of temperature and reaction time on the HDO
Guaiacol

Time and temperature variations were carried out in the
HDO guaiacol reaction using a NiMo/Ti-PILC catalyst. Besides
finding optimum reaction conditions, studying the effects of
temperature and reaction time on the HDO guaiacol reaction is
essential. The NiMo/Ti-PILC catalyst is used at this stage
because it has the highest percent conversion value, namely
70%, compared to other catalysts. The result analysis of percent
conversion over time and temperature variations on the
NiMo/Ti-PILC catalyst for the HDO guaiacol reaction is
presented in detail in Table 5.

According to Liu K (2016), the percentage conversion is
influenced by various parameters, including temperature and
time, where an increase in temperature and reaction time
correlates linearly with the resulting percentage conversion
(Liu, 2016). The test results indicate that the percentage
conversion obtained increases as the temperature and reaction
time during guaiacol HDO increase. This aligns with the
research by Liu K (2016), which suggests that higher
temperatures and longer reaction times are directly
proportional to the resulting percentage conversion. These
findings are consistent with the results of the study conducted
by Guierrez (2009), which demonstrated similar outcomes.
Elevated temperatures and duration reaction times can lead to
rapid movement of the reactant (guaiacol), resulting in more
frequent contact with the catalyst, consequently leading to a
higher production of products or an increased percentage
conversion (Gutierrez et al., 2009; Huang et al,, 2013; Lee et al,
2012; Rivoira et al, 2021). The highest percent conversion is
obtained with a temperature reaction of 623 K for four hours
(Tabel 5).

Int. J. Renew. Energy Dev 2024, 13(3), 539-548
| 546

4. Conclusion

The pillarization process of bentonite using Al and Ti metals
as the pillaring agent has been prepared successfully. The XRD
analysis observed a shift in the small angle 26 (doo:) of bentonite
after the pillarization process. Likewise, the preparation of the
NiMo supported by pillared bentonite Al and Ti catalyst was
also successfully obtained via the stepwise impregnation
method. Several characterization results showed increased
physicochemical properties compared to raw bentonite or even
bentonite pillared. The sulfide NiMo/Ti-PILC catalyst
performed the highest conversion of 70% on the HDO reaction
of guaiacol. At various conditions of reaction time and
temperature during the HDO reaction of guaiacol, the higher
reaction temperatures and longer reaction times resulted in
higher conversion.
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