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Abstract. The potential of bentonite as a catalyst is rapidly growing, isomorphic substitution in its interlayer allows for cation exchange and facilitates
modification to enhance its catalytic properties. The catalytic performance of bentonite can be improved through the insertion of pillared clays (PILC)
into its interlayer structure using Al>O3, NiO, and MnO metal oxide alloys. This research aims to develop and study a modified bentonite catalyst,
focusing on its physicochemical changes, as well as its activity and selectivity in the conversion of ethanol to biogasoline. The synthesis of oxide
pillars on bentonite was carried out at a consistent metal/bentonite mole ratio of 10 mmol/g, with a mixed metal composition of 1:1. The results
showed an expansion of interlayer distance, as measured by X-ray diffraction (XRD), which increased in all catalysts compared to natural bentonite
6,35° (13.94 A). Surface Area Analyzer (SAA) analysis, revealed that Al/Bentonite exhibited the highest surface area at 187.84 m*/g. Total acidity
analyzed, using Temperature Programmed Desorption-Ammonia (TPD-NH3), was found to be 2.33 mmol/g, with Al-Ni/Bentonite showing the highest
acidity. Thermal stability, tested through Thermogravimetric Analysis (TGA), indicated that catalysts containing Al and Ni demonstrated the highest
stability. The catalytic activity test showed that the Al/bentonite catalyst achieved the highest ethanol conversion rate of 68.64% and a catalyst
selectivity of 51.70%, as determined by Gas Chromatography-Flame Ionized Detector (GC-FID) analysis. These results indicate that the pillarization
of bentonite with Al,O3, NiO, and MnO oxides significantly improved its physicochemical properties, activity, and selectivity in the catalytic conversion
of ethanol to biogasoline compared to natural bentonite.
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1. Introduction conversion of ethanol to biogasoline (ETG/Ethanol to
Gasoline).

The use of motorized vehicles is growing rapidly because it Ethanol can be produced from plants or cellulose biomass

facilitates mobility. Most of these vehicles still rely on fossil

fuels. The massive exploitation of fossil fuels has led to
environmental damage, global warming, and harmful emissions
resulting from the conversion of fossil fuel energy in motor
vehicles. Goldemberg et al. (2007) reports that fossil fuels
account for approximately 80% of the world's total energy
supply. At the current rate of production and consumption, the
world's known petroleum reserves are expected to last about 41
years, natural gas about 64 years, and coal about 155 years.
Additionally, as reserves are depleted, production costs are
predicted to rise due to the need for more expensive extraction
technologies. The most viable alternative to fossil fuels is the
development of renewable energy, particularly modern
biomass. Currently, modern biomass accounts for only 1.91% of
the total 3.40% renewable energy usage (Goldemberg, 2007).
For this reason, it is necessary to develop the exploration of
renewable energy” sources, one of which is the catalytic
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materials through a fermentation process, resulting in an
azeotropic  bioethanol/ethanol-water —mixture.  Catalytic
processes offer a direct alternative to using bioethanol without
requiring an energy-intensive refining process. These processes
facilitate the transformation of processed biomass into
hydrocarbons, specifically by converting bioethanol into
biogasoline (gasoline equivalent) (Rinaldi & Schiith, 2009).
Systems that operate at lower energy costs, combined with the
development of suitable catalysts from clay materials, can
produce conversion products proven to be equivalent to fossil
fuels. Ethanol has significant potential for development, as
Indonesia possesses abundant natural resources and biomass
for use as an energy source (Sun & Wang, 2014).

The use of catalysts in catalytic processes is an important
parameter, as they increase the rate of chemical reactions
without being consumed in the reaction. Clays are a type of
heterogeneous catalyst and belong to the phyllosilicate or
smectite class of minerals, characterized by a multilayered and
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crystalline structure (Sun & Wang, 2014). In recent years,
bentonite has gained particular attention as a catalyst. Bentonite
mineral is one of Indonesia's abundant natural resources but is
still rarely utilized optimally. Using bentonite as a catalyst has
long been introduced, particularly in the petroleum cracking
process. However, bentonite has low thermal stability due to
dehydration, and fixed porosity. During the swelling and
dehydration process, the bentonite layers become exposed,
making chemical processes ineffective (Okoye & Obi, 2011). In
addition, the ion exchange capability through the cation
exchange mechanism offers potential for bentonite
modification.

Naturally, bentonite can undergo an isomorphic substitution
process, in which Mg?* substitutes Al** in the octahedral layer,
and AI** substitutes Si** in the tetrahedral layer. As a result, the
natural clay layer acquires a negatively charge, although it
remains relatively low (Widjaya et al., 2012). The substitution of
smaller charged ions (Mg?*—> AL* and AI**->Si**) generates a
negative charge on the structure, but most of it is balanced by
the adsorbed interlayer cations (Kumar Dutta et al.,, 2015).
Therefore, the unique catalytic properties of bentonite are of
great interest and can be further optimized for various
applications.

The catalytic performance of bentonite can be enhanced
through the insertion of a pillaring agent composed of metal
oxide polycations into its interlayer structure, forming pillared
interlayer clay (PILC/pillared interlayer clay) (Okoye & Obi,
2011). The formation of oxide pillars as active components
significantly influences the surface properties of bentonite.
Therefore, pillarization optimizes the ratio of Lewis to Brensted
acid sites. In this study, using Al,Os, NiO and MnO: metal oxide
alloys is highly feasible, as the interaction of various metals
affects the morphology and particle size the morphology and
particle size. A homogeneous distribution of metal oxides within
the interlayer buffer occurs through strong chemical anchoring.
This, in turn, determines the surface electronic properties and
the nature of interactions between reactants and the active
components of the catalyst (Fatimah et al., 2011).

The selection of metal oxides Al,Os, NiO and MnO: in this
study is based on several factors, according to Widjaya, et al.
(2012) AlOs; oxide can increase basal spacing, enhance the
microporous structure containing Lewis and Brensted acid
sites, and improve thermal stability at temperatures exceeding
500°C. Meanwhile, Mishra & Parida (1997) reported that MnO,
enhances the specific surface area, which remains stable up to
500°C. Research conducted by Aid et al. (2017) demonstrated
that NiO oxide-pillared clays with microporous and mesoporous
structures exhibit a high specific surface area and hold
significant potential for ethylene oligomerization reactions.

The use of catalysts with alloys of two metal oxides
(bimetallic oxide pillars) in the ETG process is still rarely. In the
research conducted by Ramadhaniati et al. (2023), the use of Al-
Zr-PILC bimetallic oxide catalysts for the ETG process resulted
in a higher conversion percentage compared to single-metal
bentonite catalysts. The conversion products included n-
Heptane, toluene, benzene, phenol, and n-hexane compounds
which are direct components of commercial gasoline. Widjaya,
et al. (2019), reported that using a Sn-Cr/bentonite bimetallic
catalyst increased the basal spacing from 12.83 A to 25.67 A and
the specific surface area of bentonite from 30.35 m2/g to 168.86
m?2/g and the pore volume from 0.0065 cm®/g to 0.03 cm®/g.
The catalytic process yielded gasoline components such as
benzene, toluene, octane, and naphthalene, demonstrating that
Sn-Cr/bentonite can be used as an ETG catalyst for engine fuel.
Wijaya et al. (2021) also reported that the Ni/BZS catalyst
(Nickel supported on acid-activated zirconia-pillared bentonite)
produced a higher conversion percentage in biogasoline
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products compared to BZ catalyst (zirconia-pillared bentonite).
The use of a bimetallic alloy catalyst can enhance the catalyst’s
properties, including specific surface area and pore volume,
thereby improving the results of the catalytic reaction test. This
enhancement occurs because the two metals work
synergistically, compensating for each other's strengths and
weaknesses. In this reaction process, both Brensted and Lewis
acidity are required; therefore, incorporating two metals helps
achieve a more optimal balance of these acidity types
(Ramadhaniati et al., 2023). The acidity value for single metal is
usually limited and not higher than that of two metal alloy
catalysts. The acidity will affect the cracking process of ethanol
carbon chains into gasoline (Yanti et al., 2020). Based on this
background, bentonite catalysts pillared with bimetallic alloys
have significant potential for enhancing catalytic activity.

2. Experiment

2.1 Catalyst preparation

Commercial bentonite was obtained from sigma aldrich
(285234), Aluminum Chloride hexahydrate (AlCl3.6H20) from
Merck (1.01084.1000), Nickel (II) Chloride hexahydrate
(NiCl,.6H20) from Merck (1.06717.0250), and Manganese (II)
Chloride tetrahydrate (MnCl..4H,0) from Merck
(1.05927.0100). Metal alloy bentonite was synthesized by the
pilarization method. The ratio of the degree of hydrolysis (OH-
/mol of pillar metal) used was 2 with the concentration of pillar
metal used being 0.1 M each and the concentration of NaOH
solution being 0.2 M each. The pillar metal/bentonite ratio
(mmol/g) was 10 and the bentonite base was 1% (5/500 g/mL).
Mixed metal alloy bentonite was synthesized at 1:1 metal
composition.

The synthesis was carried out by gradually dripping NaOH
solution into each Al, Mn, Ni, Al-Mn, and Al-Ni metal solution
under continuous stirring for 24 hours. A total of 5 g bentonite
powder was dissolved in 500 mL pure water at 60°C for 2 hours.
The homogenized metal hydroxide polycation solution was then
added to the bentonite suspension with constant stirring for
another 24 hours.. The material was subsequently filtered and
washed with distilled water at 60°C to neutralize Cl ions. The
residue and filtrate were separated by centrifugation and the
residue was dried in an oven at 80°C for 24 hours. The dried
solid was then crushed until smooth and then calcinated using
a furnace at 400°C for 4 hours.

2.2 Catalyst Characterization

The catalyst material was analyzed by X-ray diffraction (XRD)
from Panalytical Varian AERIS using Cu-Ka, scan speed 2
deg/min, A Cu 1.54 A, radiation generated 40 kV, 15 mA, this
aims to determine the interlayer distance in the reflected plane
(doo1) and crystallinity so that the composition in the catalyst can
be known according to the general crystal diffraction pattern.
The distribution of metal oxides inserted on the interlayer and
bentonite surface was measured by X-ray fluorescence (XRF) S2
PUMA from Brucker, under Helium gas flow. Fourier Transform
Infra-Red (FTIR) type Tensor II from Bruker and using KBr
phase method, prestige-21 with ATR 4000 connected to an
automated data acquisition center, to ensure identification of
functional groups and acidity points. Acidity analysis was
performed using Temperature Programmed Desorption-
Ammonia (TPD-NH3) with a Micromeritics chemisorb 2750, the
samples were heated at 350°C for 60 min under He (inert) gas
conditions followed by NHsz adsorption and desorption
procedures. Thermogravimetric analysis (TGA) was carried out
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with a LINSEIS-L70/2171 apparatus, the temperature was
increased at a rate of 10°C/min at 30°C to 1000°C with nitrogen
flow. Surface Area Analyzer (SAA) based on Brunauer-Emmet-
Teller (BET) method of Micromeritics TriStar II 3020
manufactured with adsorptive N analysis and 10s equilibration
interval, sample mass 0.35 g, cold free space 32.81 cm?, sample
density 1 g/cm3, Barret-Joyner-Halenda (BJH) method to
identify specific surface area and porosity.

2.3 Catalyst Analysis

In this study, a total of all catalysts namely bentonite,
Al/bentonite, Ni/bentonite, Mn/bentonite, Al-Mn/bentonite,
and Al-Ni/bentonite were applied in the catalytic conversion
process of ethanol to biogasoline using a batch-scale autoclave
reactor. The catalyst was used at 5% (1:20 g/mL) of the feed,
which was ethanol. A total of 0.5 g of the catalyst was weighed
and added to the reactor along with 10 mL of ethanol. The
reactor is supplied with H2 gas and then purged, repeated 3
times, and H: gas is flows back as much as 1 atm for the reaction
process. The temperature was set at 150°C for 3 hours with a
stirring speed of 200 rpm. The reaction product was filtered
using Whatman paper, and the resulting liquid was prepared for
analysis. The product was analyzed using a Gas
Chromatography-Flame Ionization Detector (GC-FID) type
Agilent 113-2032 Carbowax/20M column (30 m x 320 pym, 25
pm) and FID detector.

3. Results and Discussion

3.1 Measurement with X-Ray Diffraction (XRD)

X-ray diffraction (XRD) was used to confirm the structural
changes in bentonite before and after pillarization with metal
oxide npillars. After pillarization, the XRD measurement
determined the basal space distance (doo:) between bentonite
interlayers. The standard pattern COD Card Number 96-901-
0958 shows diffraction peaks at 260 = 19.83°, 26.51°, 34.81°,
54.05°, and 61.94°% indicating bentonite structure of the
montmorillonite type. Basal spacing sizes (doo:) are typically
measured at an angle of 20 < 100 to determine if pillarization
occurred. The intercalation or pillarization process caused a
shift in the doo: diffraction peak toward a lower angle, indicating
an increase in basal spacing. Fig. 1 displays the XRD results of

N YA Al-Ni/Bentonite
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. Al " *1in Al-Mn/Bentonite
2 /L M . i
g x \ Mn/Bentonite
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¢
= Ni/Bentonite
©
14 A % ;
o * Al/Bentonite
*
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Fig. 1 X-ray diffraction (XRD) diffractogram of various catalyst
and the support
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pillared bentonite treated with metal oxide Aluminium,
Manganese, and Nickel. Fig. 1 shows that pillarization with Al
polycations shifts the diffraction peak from 6.35° to 5.01°
(Al/Bentonite), 5.66° (Ni/Bentonite), 5.71° (Mn/Bentonite), 5.1°
(Al-Mn/Bentonite), and 5.01 (Al-Ni/Bentonite). The change in
the doo: diffraction peak indicates an increase in basal spacing.
This occurs due to the exchange of cations in the bentonite
interlayer with Al, Mn, and Ni polycations. The surface area
measurement in Table 2 showed substantial results. However,
the surface area measurement results in Table 2 indicated a
large increase during the pillarization process in bentonite
layers with Al, Mn, and Ni metals.

The pillarization of bentonite with Al, Mn, and Ni metal
oxides doesn't change the structure of montmorillonite.
Montmorillonite's  diffraction peaks persist even after
pillarization. The distinctive diffraction peaks can be observed
in the wide-angle diffraction pattern at 26 = 10°-80°. Fig. 1
shows the XRD data for pillared Al/Bentonite, Ni/Bentonite.
Mn/Bentonite, Al-Mn/Bentonite, Al-Ni/Bentonite catalysts.
The intensity of diffraction peaks of Mn/Bentonite decreases,
this suggests that manganese, as a pillar metal, interacts with
the crystalline structure of bentonite, forming of manganese
metal oxide. The Characteristic structure of MnO, is
represented by diffraction peaks at 20 = 32.37° and 36.13°, as
seen in the standard pattern COD Card Number 96-101-1263.
All samples show different peaks because each metal has
different characteristics.

The results of XRD measurements for Ni/bentonite with Al-
Ni/bentonite show a change in difraction peaks, this is because
Al metal influences the structure of bentonite. Aluminium
crystal planes show a diffraction peak at 26 = 19.75°, and peaks
at 20 = 26.57°, 28.03°, and 35.07°, as per the standard pattern
COD Card Number 96-900-9667. Fig. 1 shows a new diffraction
peak at 20 = 9.14° for Al/Bentonite, 11.25° for Ni/Bentonite,
32.37° for Mn/Bentonite, 9.10° for Al-Mn/Bentonite, and 11.55°
for Al-Ni/bentonite, which corresponds to the aluminium peak.
Polycation Al metal pillarization resulted in new diffraction
peaks at 20 = 9.14° and 19.75°, indicating Al;Os. The XRD data
indicate a successful preparation of pillarization bentonite with
Al, Ni and Mn metal oxides.

Diffraction peaks at 26 = 19.8%, 34.9%, and 61.9° correspond
to montmorillonite (COD Card Number 96-900-5020), while
diffraction peaks at 26 = 21.78°, 26.62°, and 36.51° correspond
to SiO; (COD Card Number 96-901-0145), indicating a typical
bentonite support (Jiang et al, 2016). In Ni/bentonite,
diffraction peaks of NiO were identified at 26=5.66°, 42.65°,
61.98° and 76.54°, corresponding to the (111), (200), (220), (311),
and (222) planes of the cubic phase NiO, respectively. The
diffraction peak intensity of NiO in bentonite appeared well-
defined, this is because NiO particles had excellent dispersity
and the size of metallic nickel particles was reduced (Li et al,,
2015; Lu et al., 2015).

3.2 Measurement with X-Ray Fluorescence (XRF)

X-ray fluorescence (XRF) characterization was used to measure
the distribution of components in bentonite before and after
pillarization. The XRF results for the produced catalysts are
shown in Table 1. The XRF analysis of bentonite reveals the
presence of elements such as Al®**, Si?*, Fe®*, and Ca?*, but no
Na*. The study confirmed the use of Ca-Montmorillonite
bentonite based on its elemental composition. After
pillarization, the Mn and Ni components increased, but other
elements in the initial bentonite (Al, Si, Fe, and Ca) decreased.
However, the number of element compounds in bentonite
dropped following pillarization. The pillarization process affects
the interlayer area of the bentonite layers (Montmorillonite) and
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Table 1
Chemical composition of various catalyst and the support
Samples Elements (%)
SiO2 AlL,O; Fe 03 MgO CaO MnO NiO
Bentonite 62.57 23.03 5.01 3.64 1.55 - -
Al/Bentonite 58.26 30.66 5.16 3.45 0.19 - -
Ni/Bentonite 39.79 14.97 2.95 1.89 0.74 - 37.50
Mn/Bentonite 32.81 10.89 3.07 1.66 0.74 48.65 -
Al-Mn/Bentonite 56.90 31.40 5.10 3.20 0.20 0.70 -
Al-Ni/Bentonite 51.30 36.80 3.90 2.90 0.20 - 2.40

does not change the strength of their structure. Mn/bentonite
has a large Mn content, namely 48.65%. This shows that the
process of inserting pillar metal into bentonite has been
successful. Similarly, the Ni/Bentonite sample has Ni content of
37.50%, this is confirmed by the XRD measurement results. The
Al-Mn/bentonite bimetallic sample contains a lower Mn
content compared to Mn/Bentonite, at 0.70%. This is due to the
large number of Al metal molecules entering the bentonite
pores. Therefore, the Mn metal to remain on the surface of the
bentonite. Likewise, Al-Ni/Bentonite has a Ni content of 2.40%,
which is smaller than that of Ni/Bentonite sample.

The Al-Ni/Bentonite and Al-Mn/Bentonite catalysts show
an increase in the composition of Al,O; oxide, though the
increase is not very significant. The Al-Ni/Bentonite catalyst has
a greater increase in Al:Os; composition compared to Al-
Mn/Bentonite. This is evident from the greater decrease in
bentonite oxide, indicating that the cation exchange process
occurs more extensively in Al-Ni/Bentonite than in the Al-
Mn/Bentonite catalyst. The increase in NiO oxide was 2.40%
greater than MnO, due to diffusion barriers with the number of
intercalated Al molecules. The ion charge and diameter of the
Ni and Mn metal molecules also influenced it.

In the Al-Ni/Bentonite catalyst, there is a decrease in SiO»
and Fe;0s oxides, and other bentonite oxides, which causes a
greater increase in the pillar metal. This shows that cation
exchange occurs almost completely. NiO oxide has a
percentage of 37.5% along with an increase in MnO oxide of
48.65%. This is also confirmed in the XRD data in Fig. 1, which
shows a decrease in the intensity of the typical bentonite peak,
accompanied by the growth of new peaks for NiO and MnO,
which dominate the spectrum.

3.3 Measurement with Surface Area Analyzer (SAA)

The purpose of characterizing the prepared catalysts is to
determine the success or failure of the pillarization method. The
Brunauer-Emmett-Teller (BET) method determines the surface
area, pore volume, and pore size of pillared bentonite using
nitrogen gas adsorption and desorption (N2). Table 2 displays
the adsorption results for nitrogen gas using the produced
catalysts. Table 2 demonstrates that pillared bentonite with
aluminium, nickel, and manganese polycations significantly
increased surface area, pore volume, and pore size. Raw

Table 2
Physicochemical properties of various catalyst and the support

Catalvst Surface Pore Volume Pore Size
y Area (m*/g) (cm3/g) (A)
Bentonite 25.15 0.09 13.87
Al/Bentonite 187.84 0.16 33.21
Ni/Bentonite 74.97 0.15 79.29
Mn/Bentonite 39.27 0.21 210.12
Al-Mn/Bentonite 151.61 0.13 35.21
Al-Ni/Bentonite 76.07 0.08 44.60
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Fig. 2 N2 adsorption-desorption isotherm of Al, Ni, Mn and the
support
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Fig. 3 N2 adsorption-desorption isotherm of Al-Mn, Al-Nji, and the
support

bentonite has a surface area of 25.15 m2/g, a pore volume of
0.09 cm®/g, and a pore size of 13.87 A. After pillarization with
metal oxides Al, Ni, and Mn, the surface area, pore volume, and
pore size rise to 187.84 m2/g, 0.16 cm3/g, and 33.21 A for
Al/Bentonite, and 74.97 m2/g, 0.15 cm®/g, 79.29 A for
Ni/Bentonite catalysts, respectively. The increased surface area
on Al/Benonite and Ni/Bentonite catalysts may be attributed to
the strong bonding of AI¥* or Ni%* cations in the bentonite
interlayer found that adding aluminium oxide and nickel oxide
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Table 3
Acidity of various catalyst and the support
Catalyst Acidity (mmole/g)

Bentonite 0.29
Al/Bentonite 2.27
Ni/Bentonite 2.26
Mn/Bentonite 1.22
Al-Mn/Bentonite 2.31
Al-Ni/Bentonite 2.33

pillars to the interlayer space of bentonite resulted in a
considerable increase in surface area and pore volume.

The stages of the pillarization method for bentonite pillars
produced interesting outcomes. Pillared bentonite exhibited a
significant increase in surface area, pore volume, and pore size,
particularly for Al/Bentonite and Al-Mn/Bentonite catalysts.
Aluminium metal may contribute to the fragmentation of
particles into smaller smaller, more homogenous components.
The pillarization process substantially enhances the surface area
of pillared bentonite compared to raw bentonite. Table 2
demonstrates that the Al-Mn/Bentonite catalyst has a greater
surface area (151.61 m?/g) when using bimetallic pillarization.

Fig. 2 displays the adsorption-desorption isotherm curve for
raw bentonite. Sing et al. (2008) classified pore size according to
IUPAC into three categories: micropores (< 2 nm), mesopores
(2-50 nm), and macropores (> 50 nm) (Sing et al., 2008). Raw
bentonite has a mesoporous structure with a pore size of 13.86
nm. The adsorption-desorption isotherm graph of raw bentonite
in Fig. 2 aligns by Thommes et al. (2015), identifying bentonite
as a type IV isotherm with mesoporous pores. The graph is
classified as an H3 hysteresis loop, similar to those typically
observed in clay (bentonite). Fig. 3 shows the adsorption-
desorption isotherm graph of the produced catalyst. In Fig. 3,
the Al-Ni/Bentonite and Al-Mn/Bentonite catalysts show type
IV isothermal graphs for adsorption and desorption. Both
catalysts display an H4 hysteresis loop pattern, which is often
associated with the predominance of micropores. The surface
area of a catalyst is a crucial factor in determining its activity. A
large surface area implies greater interaction and more active
metal sites between oleic acid and the Al-Ni/Bentonite and Al-
Mn/Bentonite catalysts, leading to increased catalytic activity.

3.4 Measurement with Temperature Programmed Desorption-
Ammonia (NH3-TPD)

The acid strength measurement was performed using the NHs-
TPD equipment to determine the amount of NHj3 gas adsorption
on the surface catalyst. The total amount of NH3 gas adsorption
indicates the catalyst's acid strength (acidity) (Supeno &
Siburian, 2018). Table 3 displays the acidity measurement
results for the catalysts produced using NH3-TPD. Table 3
demonstrates that acidity properties of pillared bentonite
increased dramatically compared to raw bentonite. The process
of cation exchange with Al, Mn, Ni, Al-Mn, and Al-Ni pillar metal
oxides occurs in the interlayer bentonite.

The successful exchange of cations with Al, Mn, Ni, Al-Mn,
and Al-Ni pillar metal oxides in interlayer bentonite has
significantly increased acidity (Agustian et al,, 2021). Several
studies show that during pillarization, the exchange of cations in
the bentonite interlayer with Al3*, Mn?*, and Ni?* cations of Al,
Mn, and Ni metal oxides results in the creation of numerous acid
sites (Alzamel, 2022). The pillarization also causes an extension
of the interlayer on the pillared bentonite, increasing the number
of protons that serve as acid sites (Darmawan et al., 2019). Table
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3 further shows that the pillarization method for Al/Bentonite,
Mn/Bentonite, and Ni/Bentonite catalysts is more acidic than
raw bentonite. The pillarization procedure quickly changes the
pillaring metal agent in the interlayer bentonite.

The Temperature Programmed Desorption-NHs (NH3-TPD)
device is used to analyze acid-strength catalysts via
chemisorption, measuring the amount of NH3 gas adsorbed and
desorbed. The amount of NH3 gas absorbed is proportional to
the acidity of the catalyst (Peng et al., 2014). Table 3 shows the
results of the NH3-TPD study on the produced catalysts. It
shows that the total acidity of Al/Bentonite, Mn/bentonite,
Ni/Bentonite, Al-Mn, and Al-Ni/bentonite is higher than that of
raw bentonite. This is due to the successful cation exchange
process in the bentonite interlayers with Al, Mn, and Ni pillar
metals, which increased the acidity strength of the bentonite
supported by these metals. This enhancement is supported by
the greater oxidation state and charge of Al, Mn, and Ni metals,
which allow them to exchange with buffering cations
(Johansson et al., 2009). It is also influenced by the silanol layer
structure, where the supporting metal's oxide is completely
exchanged for Al, Mn, and Ni ions. Al ions on the support
combine with Al-Si-OH group bonding to generate medium to
strong acid sites (Parangi & Mishra, 2020).

Furthermore, this study shows that pillaring Al, Mn, and Ni
in bentonite can greatly increase the acidity of the modified
bentonite (Salerno et al, 2004). The acidity levels of
Al/Bentonite, Ni/Bentonite, and Mn/Bentonite increase after
pillarization with these metals, with a notable increase observed
in Mn/Bentonite (Table 3). This finding is supported by XRD
data (Fig. 1), which indicate the absence of distinctive MnO
peaks, suggesting that Mn metal is evenly distributed on the
bentonite surface, thereby enhancing acidity (He, Y. et al,
2018). Similar to Mo, the pillarization of Ni metal into the
catalyst further strengthens its acid properties. The results
(Table 3) show that when Al/Bentonite is pillared with Ni to
form Al-Ni/Bentonite, acidity increases, although not
significantly.

In contrast, introducing Mn to bentonite results in a slight
decrease in acid strength, possibly due to Mn metal covering
the catalyst's acidic sites (Sun Kou et al, 2000). Additional
evidence supporting the well-dispersed Al and Ni metals
contributing to higher acid strength is the decrease in specific
surface area (Table 2). Catalysts with Ni-based pillars exhibit
higher total acidity than Mn-based catalysts because the
positive charge of Ni** ions is greater than that of Mn?* ions.
(Binitha & Sugunan, 2006).

3.5 Measurement with Thermogravimetric Analysis (TGA)

The relative mass decrease of bentonite and modified bentonite
catalysts increases as the heating temperature rises. The
percentage change in total mass, based on TGA analysis of
bentonite, Al/Bentonite, Ni/Bentonite, and Mn/Bentonite
catalysts was 4.89, 12.63, 16.06, and 34.36% respectively. The
first stage of mass change corresponds to the release of water
molecules (dehydration), which are physically bound to the
surface of the catalyst structure. Some catalysts, such as the Mn-
PILC catalyst, begin to undergo mass change at a relatively
lower temperature than others, specifically at 260°C, making the
catalyst unstable to heat from that temperature onward.

The decomposition process of catalyst materials as a
function of temperature results in a decrease in material weight
when heated from 400°C to 700°C. Based on Fig. 5, the
formation of the TGA curve for bentonite shows the first mass
decrease starting at a temperature of 49.71°C. The Al-
Ni/Bentonite, and Al-Mn/Bentonite catalysts exhibit a
significant decrease in mass on the TGA curve in three stages,
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indicating the maximum temperature the catalyst material can
withstand before total degradation due to heating. Parangi et al.
(2020) reported that the reaction is considered complete when
the exothermic peak temperature is reached, as shown in Fig. 4.
The Al and Ni/Bentonite catalysts demonstrate higher thermal
stability, which is influenced by the presence of Al and Ni
metals, both of which have higher melting points than Mn metal.
The addition of mixed metal oxides Al,Os;, NiO, and MnO
enhances the physical properties of the bentonite structure,
thereby increasing the thermal stability of the catalyst material.
Below is the data from the TGA analysis based on three stages
of catalyst mass reduction.

The relative mass decrease in bentonite catalyst and
bimetallic pillared bentonite increases as the heating
temperature rises. The total mass change, based on TGA
analysis of bentonite, Al-Ni/Bentonite, and Al-Mn/Bentonite
catalysts, was 4.89%, 10.34%, and 10.63% respectively. A
greater total mass change indicates a higher storage capacity for
the reaction process. In the first stage, the mass change signifies
the dehydration process on the surface of the catalyst structure.
The Al-Mn/PILC catalyst begins to exhibit mass change at
35°C, making the catalyst unstable at that temperature.
Meanwhile, the Ni-Mn/PILC catalyst shows the highest
temperature value, with the initial mass change occurring in the
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second stage at the temperature of 289°C. This indicates that
the catalyst has very low water content, as the two metals
embedded on the surface and within the interlayer significantly
enhance the material's durability.

The second stage of mass change occurs within the
temperature range of 92°C-700°C. Rinaldi et al. (2023) indicated
that dehydroxylation and structural changes occur in bentonite
cation oligomers. The increase resulting in temperature, which
refers to the process of formation of metal oxide pillarization,
which results in structural changes. In the third stage, the
sample is inert, the mass reduction is measured slightly.
However, it was indicated that the maximum dehydroxylation
process occurs in the metal oxide pillar structure, which results
in damage to the alumina-silica structure of bentonite.

3.6 Measurement with Fourier Transform Infrared Spectroscopy
(FTIR)

The acidity levels in PILC catalysts due to pillarization were
qualitatively determined using infrared spectroscopy (FTIR) in
the wave umber range of 4000-400 cm. The primary
requirement for determining absorption potential catalytic
utilization is identifying the acid sites on the surface of the
material, as indicated by the presence of Lewis and Bronsted
acid sites (Rodiansono et al., 2007). The presence of acid sites
on the surface of bentonite and pillared bentonite determines
their role and activity in catalysis, with Bronsted and Lewis acid
sites, which are the most common. The Brensted acid site can
release H*ions, while Lewis acid sites can accept electron pairs.
The acidity of materials can be evaluated using the absorption
method, with pyridine as the adsorbate base (Wang et al., 2017).
Pyridine molecules are protonated and adsorbed at specific
infrared wave number: 1620 cm™ for Bronsted acid sites and
1440 cm™ for Lewis acid sites. The interaction of pyridine
molecules with Bronsted and Lewis acid sites is represented in
the wave number range of 1490-1493 cm™! (Bahranowski et al.,
2015).

The PILC shows a peak at a wave number of 1483 cm’,
indicating that pyridine vapor interacts with Lewis acid sites.
After pillarization, acid strength increased, as evidenced by the
larger peak areas in Al/Bentonite, Ni/Bentonite, and
Mn/Bentonite. Al/bentonite exhibits two peaks: 1483 cm-1 for
Lewis acid sites and 1632 cm™ for Bransted acid sites, similar to
Ni/Bentonite and Mn/Bentonite. Al-Mn/Bentonite contains
two peaks at 1631 cm™ for the Bransted acid sites and 1438 cm-
! for the Lewis acid sites. These data indicate that pillared
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Al/Benonite, Ni/Bentonite, and Mn/Bentonite have higher acid
strength than raw bentonite (Daroughegi et al., 2019).

Fig. 6 shows the FTIR analysis results for all the catalyst
samples, with each catalyst producing distinct types of acid
sites. Bentonite exhibits six characteristic absorption in the
FTIR spectrum, detected at wavenumbers 522 cm!, 619 cm,
797 cm, 1011 cm?, 1634 cm’}, and 3627 cm. The absorption
peak at wave number 522 cm™ corresponds to the bending
vibration of Si-O-Si in the aluminosilicate bentonite framework,
while the peak at 1011 cm™ indicates the stretching vibration of
Si-O-Si. These bending and stretching vibrations confirm the
presence of an aluminosilicate framework in the catalyst.
Additionally, the bending vibration of Si-O-Al in bentonite
occurs at the 522 cm™ absorption peak. The absorption at 1632
cm? corresponds to the -OH bending vibration of water
molecules adsorbed in the bentonite interlayer. Furthermore,
the absorption peak at 3627 cm™ confirms the presence of H-
O-H stretching vibrations, indicating the formation of hydrogen
bonds with water molecules.

3.7. Measurement with Gas Chromatography-Flame Ionization
Detector (GC-FID)

The performance of the prepared catalyst was analyzed using
GC-FID (Gas Chromatography-Flame Iniozed) based on the
conversion value (%), and biogasoline selectivity (%). The
percent conversion values are shown in Fig. 7. The analysis of
compound components was conducted qualitatively by
comparing the retention time and area with Pertalite gasoline
standards. Ethanol was successfully converted with varying
yield levels. This catalytic process aims to demonstrate the
effect of bentonite modification as a catalyst through the
pillarization method in converting ethanol into biogasoline
products.

The Bentonite catalyst has a conversion value of 0.03%. In
comparison, the conversion value significantly increases with
the pillared bentonite catalysts. Al/Bentonite exhibits the
highest conversion value among the pillared bentonite catalysts,
at 68.64%. This is due to the superior physicochemical
properties of the catalyst, such as interlayer spacing, surface
area, and acidity (Huang et al., 2022). These differences are
typically attributed to variations in active site availability,
reaction Kkinetics, and stability under process conditions.
Al/Bentonite catalysts are well-optimized for hydrogenation
and related reactions, benefiting from high surface area, strong
metal-support interactions, and controlled selectivity (Hamouda
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et al., 2021). The catalytic activity of Ni and Mn, in particular, is
highly dependent on their oxidation states. Ensuring proper
reduction and activation conditions can significantly impact
efficiency. Reaction conditions, including temperature,
pressure, and reactant ratios, also play a crucial role in
optimizing bimetallic/alloy catalysts, which may not always be
ideal for performance. Mn/Bentonite has a conversion value of
0.46%, which is an improvement compared to bentonite but
remains low compared to other pillared bentonites. However,
Mn/Bentonite has a higher thermal stability value than other
catalysts. Al-Mn/Bentonite achieved a conversion value of
42.3%, which is higher than that of bentonite and Mn/Bentonite,
but lower than that of Al/Bentonite.

Mixed metal-pillared bentonite catalysts have high potential
because the combination of two different metal properties can
form oxide-pillared bentonite with more specific catalytic and
adsorption properties, effectively compensating for the
shortcomings of each metal (Widjaya et al., 2021). As reported
in previous studies, Widjaya et al. (2021) found that Sn-Cr-PILC
and Fe-Cr-PILC catalysts produced higher conversion values
compared to their single metal counterparts. However,
pillarization using Mn metal reduced the physicochemical
properties of bentonite, making catalysis less effective. Key
parameters such as surface area and acidity showed a decline.
Gandia et al. (1998) reported that the presence of Mn, when
combined with the pilarization method, could cause a significant
decrease in the textural properties of the final material.

Al-Ni Bentonite provides high selectivity, but with low
conversion in many catalytic reactions (Suseno et al., 2019). This
is due to several main factors: Acidic and Basic Properties, Al-
Ni/Bentonite has weakly acidic active sites, which can increase
selectivity to certain products but limit the extent of reactant
conversion. The porous structure of bentonite affects the
diffusion of reactants and products (Galeano et al., 2014). If the
pores are narrow or not optimal, reactants may have difficulty
reaching the active sites, reducing conversion. Nickel is often
used in hydrogenation catalysts and other reactions. However,
in bentonite-based systems, Ni interactions with the bentonite
surface can reduce the availability of Ni active sites, thereby
reducing reaction efficiency (Aid et al., 2017).

Al-Ni/Bentonite is more commonly used for selective
reactions such as partial hydrogenation or deoxygenation,
where the goal is to produce specific products while minimizing
side reactions (Cardona et al, 2021). However, if high
conversion is desired, it may be necessary to combine it with
other catalysts or modify the bentonite to increase its activity
(Wen et al., 2019). Al-Ni catalyst affects the optimal carbon chain
cracking process to produce specific n-heptane products. So,
the n-heptane content value dominates the selectivity value in
gasoline (Rafiani et al, 2020). Meanwhile, because the
conversion value is dominated by the cracking results of the
single metal Al catalyst, the conversion value of Al-Ni is low. Al
alone can achieve a very high conversion value due to its
exceptionally large specific surface area, which increases the
capacity for the conversion reaction to occur on a larger scale.
(Furimsky et al., 2000).

Component analysis of biogasoline compounds formed from
the catalytic conversion of ethanol determined the selectivity of
each compound, as presented in Table 4. Biogasoline
compounds resulting from the catalytic conversion of ethanol
produce products with carbon chains ranging from Cg-Ci2, in the
form of paraffin and aromatic compounds. Ethanol (C,H,OH)
undergoes dehydration, alkylation, and cracking, leading to the
breaking and recombining of carbon chains, thereby extending
the carbon chain length from Cs to Ci (Widjaya et al., 2012).
The conversion of ethanol to gasoline (ETG) using bentonite
and modified bentonite catalysts results in the formation of
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several key compounds found in gasoline. The differences in
selectivity are determined by the area at a specific retention
time, as detected by the GC-FID detector. The compounds in
the samples were identified by comparing them with the
standard compound in Pertalite gasoline. If the retention time
of the sample peak closely matches the retention time of a
standard peak, the sample is considered to contain similar
compound components (Sudarma & Parwata, 2017). The
transformation of ethanol (Cz) into hydrocarbons in the Ce-Ci2
range is evident. The conversion results show that the Al-
Ni/Bentonite catalyst has the highest biogasoline selectivity at
58.09%, with a higher n-heptane (C7His) content (58.03%) than
other catalysts. Al/Bentonite catalyst exhibits a biogasoline
selectivity of 51.697%, which is slightly lower. However, the
conversion results and biogasoline selectivity for all catalysts
show a linear relationship.

4, Conclusion

Based on the results of this research, it can be concluded that
the synthesis of a modified bentonite catalyst enhances
physicochemical characteristics, including basal spacing,
specific surface area, thermal stability, and acidity. The modified
bentonite catalyst exhibits improved physicochemical
properties that positively influence the conversion process.
These enhanced physicochemical properties contribute to the
catalytic conversion of ethanol to biogasoline. The Al/Bentonite
catalyst achieved the highest conversion rate of 68.64% in the
ethanol-to-gasoline reaction, while the Al-Ni/Bentonite catalyst
demonstrated has the highest selectivity, at 58.09%.
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