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ABSTRACT

This study investigates the improvement of hydrogen gas
production in biomass pyrolysis through the use of Na-
bentonite catalysts modified with methyl ester sulfonate
(MES), a biodegradable anionic surfactant. Corn cob powder
was used as the biomass feedstock in a fixed-bed pyrolysis
reactor at 550°C. The MES modification introduced alkyl,
ester, and sulfonate functional groups, increasing the
catalyst porosity, surface area, and acidity. Structural and
chemical changes were confirmed by FTIR, XRD, UV-Vis, SEM,
and EDX analyses. The MES-modified Na-bentonite catalyst
significantly enhanced hydrogen production, reaching 876
ppm (a 25.11% increase compared to pyrolysis without a
catalyst) and also lowered the reaction temperature and
shortened the reaction time. Methane production decreased
as MES improved catalyst selectivity toward
dehydrogenation pathways. The results indicate that MES-
modified Na-bentonite is a low-cost, efficient, and
environmentally friendly catalyst suitable for improving
hydrogen yields in biomass pyrolysis, offering a promising
alternative to conventional metal-based catalysts.
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1. INTRODUCTION

The energy demand continues to rise with the growth of society and industry across the
globe. As a result, the reliance on fossil fuels is decreasing due to their limited availability and
the significant CO; emissions that negatively impact environmental quality [1, 2]. In response,
the development of biomass-based renewable energy is on the rise, as it is abundant and
considered a carbon-neutral fuel that can help mitigate environmental issue [3, 4]. In addition,
the use of sustainable biomass reduces agricultural, forestry, and other organic waste. One
product of biomass utilization as renewable energy is hydrogen fuel, produced using the
thermochemical method of pyrolysis/gasification [5].

The thermochemical process of biomass pyrolysis breaks down carbon-rich feedstock to
produce gaseous products, with little or no oxygen. This mechanism produces syngas. They
are rich in hydrogen, carbon monoxide, methane, ethylene, propylene, butane, and other
hydrocarbons [6, 7]. The pyrolysis mechanism involves the chemical decomposition of
biomass through heating, with minimal or no oxygen present. Several strategies have been
employed to enhance hydrogen gas production, including the use of catalysts [8]. Catalysts
are crucial in increasing the selectivity for hydrogen production while reducing activation
energy [9]. They facilitate the breakdown of heavier hydrocarbon compounds in volatiles into
lighter hydrocarbons, including hydrogen, through cracking and steam reforming reactions
[10]. Various types of catalysts are commonly used, including metal and non-metal catalysts
[11]. Metal catalysts can increase the concentration of hydrogen in syngas [12]. For instance,
some researchers [13] stated that Nickel-based catalysts have shown potential in enhancing
hydrogen production during the pyrolysis process, indicating their effectiveness in improving
overall production efficiency. While metal catalysts are valued for their good oxygen mobility
and redox properties, they have limitations, such as low diffusion, which can affect the
adsorption and desorption of reactants at the active site. Additionally, issues like metal
deposition and sintering can arise [14]. Metal catalysts are also typically more expensive and
may generate waste that poses a risk of environmental pollution [15].

One of the non-metal catalysts that has been widely studied and shows significant potential
is bentonite. Bentonite is a clay mineral rock characterized by high porosity, mechanical and
thermal stability, a large specific surface area, and remarkable ion exchange capacity [16]. The
basic structure of bentonite consists of a phyllosilicate layer, which contains tetrahedral
silicon-oxygen sheets and octahedral aluminum-oxygen-hydroxide sheets [17]. Bentonite's
silicate layer carries a negative charge and features easily exchangeable cations, notably
calcium (Ca?*) and sodium (Na*), leading to the classification of bentonite into two types:
calcium bentonite (Ca-bentonite) and sodium bentonite (Na-bentonite). Na-bentonite with
sodium content that can be exchanged with other compounds (cation exchange), and can
expand (swell) when in contact with water. Na-bentonite with cation exchange ability allows
modification with other compounds [18], enabling it to be modified by intercalating or
inserting other compounds such as polymers, metal ions, surfactants, or organic compounds
into the Na-bentonite silicate layer [19]. Surfactants have hydrophilic and hydrophobic groups
that will help change the surface structure of Na-bentonite to hydrophobic and increase the
surface area and adsorption capacity for organic molecules [20]. This study uses anionic
surfactants because of their biodegradable and environmentally friendly properties. The
anionic surfactant used in this study is Methyl Ester Sulfonate (MES).

MES is an anionic surfactant produced through the sulfonation process of fatty acid methyl
esters derived from vegetable oils. Thus, it is more environmentally friendly, sustainable, and
cost-effective [21]. It has a long and hydrophobic carbon chain (C12-C18), which can interact
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with the Na-bentonite layer, replacing Na+ ions on its surface and changing the hydrophilic
properties of Na-bentonite to be more hydrophobic. MES will help open the pores of Na-
bentonite to create a more porous structure [22], increase the surface area [21], increase the
basal distance of bentonite [23], crystallinity [24], hydrophobicity [23], so that it will affect the
activity and selectivity of bentonite as a catalyst to increase hydrogen production in the
biomass pyrolysis process [25]. Modification of bentonite using surfactants has been widely
studied [26-29].

This study introduces the novel use of Na-bentonite modified with Methyl Ester Sulfonate
(MES), a biodegradable anionic surfactant, as an environmentally friendly catalyst to enhance
hydrogen and methane production in biomass pyrolysis. While various studies have explored
surfactant-modified bentonites, no previous work has specifically examined the structural
characteristics, catalytic activity, and reaction kinetics of MES-modified Na-bentonite in this
context. The long carbon chain and sulfonate group of MES contribute to increasing acid sites,
improving porosity and hydrophobicity, and facilitating the dehydrogenation pathway toward
light gas formation such as H,. Therefore, this study offers a cost-effective, sustainable
alternative to metal-based catalysts, with significant potential to advance green energy
conversion technologies.

2. METHODS
2.1. Material Characteristics

The biomass material used in this research was corn cob powder. The chemical composition
of corn cobs is presented in Table 1 [30]. The corn cob powder was dried in an oven at 150°C
for 1 hour until the moisture content reached 9%. Dried corn cob powder was sieved to even
out the size using 40 sieve. The catalyst employed in this study was Na-bentonite, with the
following chemical composition: SiO; 61.4%, Al,03 19.8%, Fe203 3.9%, Naz0 2.2%, K,0 0.4%,
Ca0 0.6%, MgO 1.3%, and H;0 7.2%. This study utilized an anionic surfactant, namely MES,
which was modified on Na-bentonite to produce a Na-bentonite + MES catalyst.

The mechanism of Na-bentonite catalyst modification was carried out and presented in
Figure 1, namely 50 g of MES dissolved in 500 mL of Aquades into a glass flask using a magnetic
stirrer at a temperature of 80 0C, rpm 300, stirred for 10 minutes. Then, 50 g of Na-bentonite
was slowly inserted into the glass flask and continued to stir for 120 minutes. The mixture of
Na-bentonite and MES was cooled and washed with Aquades to remove any excess MES. After
washing, the sample was dried for 120 minutes in an oven at a temperature of 100°C, then
ground to a mesh size of 400 using a mortar.

Catalyst samples, both Na-bentonite and Na-bentonite + MES, were tested to analyze the
characteristics of the catalyst to assess any changes in their physical and surface properties
following modification. Several tests were employed, namely: (i) Fourier Transform Infrared
Spectroscopy (FTIR) testing, performed using an IRSpirit-T spectrometer (Shimadzu, Japan),
was used to characterize the materials and measure the chemical composition or functional
groups present in the catalyst. FTIR operates by measuring the absorbance of infrared light by
the catalyst, producing a spectrum that reflects the strain vibrations in the sample; (ii) X-ray
diffraction (XRD) testing is a non-destructive analysis technique to analyze the crystalline
phase and basal distance of Na-bentonite and Na-bentonite + MES catalysts. XRD testing uses
PANalytical X'Pert PRO. XRD determines the lattice structure and particle size, determining
the crystallinity of the catalyst samples [31]; (iii) UV-Vis spectrophotometer testing measured
the absorbance of catalyst particles using UV light wavelengths (200—400 nm) and visible light
(400-1000 nm) with the results of absorbance, transmittance, or scan wavelength values; (iv)
Scanning Electron Microscope (SEM) and Energy Dispersive x-ray spectroscopy (EDX) testing
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using Inspect S50 FEI. SEM-EDX testing was used to evaluate the morphology and topography
of the sample surfaces and to determine the chemical element composition of the Na-
bentonite and Na-bentonite + MES catalyst samples.

Table 1. Chemical properties of corn cob powder.

Chemical Properties

Ash content 1,33%
Lignin 35,2%
Cellulose 41,5%
Hemicellulose 13,0%
Others 8,97%

Mixing

Na-Bentonite

FTIR

XRD  —|
UV-Vis
SEM-EDX

Test Result Mesh 400

Na-bentonite + MES

Figure 1. Bentonite preparation procedure.
2.2. Pyrolysis Experiment Setup

Pyrolysis testing was conducted using the experimental equipment illustrated in Figure 2.
Pyrolysis testing used a cylindrical tube reactor made of stainless steel with a diameter of 8
inches and a height of 5 inches (1). Raw materials of 100 g of corn cob powder were placed
into the reactor (2). The reactor was heated using LPG fuel (3) and a heating stove (4). This
pyrolysis setup utilized an ex-situ system with a catalyst placed on the top of the reactor (5),
allowing the volatile gases to pass through the catalyst. The reactor flowed with inert gas using
nitrogen with a flow rate of 1000 mL/minute for 10 minutes to create an inert atmosphere
(6), the heating process continued until the reactor reached a temperature of 550°C, the
temperature of 550°C is used because it can reduce the formation of tar and semi-coke by
optimizing the biomass decomposition process. Using a temperature below that will produce
more tar, while utilizing a temperature too high will produce unreactive charcoal and reduce
hydrogen production. Other studies revealed that pyrolysis at a temperature of 550°C is more
efficient in producing hydrogen [32, 33]. Volatile gas was flowed through a 10 mm diameter
stainless steel pipe (7), into a spiral heat exchanger pipe to reduce the gas temperature (8).
The gas, after cooling, was directed into a tube containing ice to condense the water vapor
(9). The temperature during pyrolysis was observed using a K-type thermocouple (10) placed
inside the reactor. The gas product from pyrolysis was measured for methane and hydrogen
gas content using MQ-4 and MQ-8 sensors after being calibrated (11). All sensors were
channeled to the Arduino Uno (12) as an interface to obtain temperature data, methane, and
hydrogen content, the results of which were in the computer (13). The test was repeated at
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the same room temperature using variations without catalyst, Na-bentonite catalyst, and Na-
bentonite + MES.

Max 6675

Arduino Uno

Heat Exchanger

Figure 2. Research scheme.

3. RESULTS AND DISCUSSION
3.1. Functional Group Analysis

Changes in the functional groups of Na-bentonite and Na-bentonite + MES were evaluated
based on the FTIR spectra presented in Figure 3. The FTIR spectrum of Na-bentonite contained
a band of 3624 cm?, indicating the stretching vibration of O-H bound to AI** or Mg?* [34], at
bands 3405 and 1633 cm™ from the stretching vibration of H-O-H from adsorbed water [35].
The main bands at 1116, 998, 795, and 678 cm™* were caused by the stretching vibration of Si-
0 [36], the peak of 912 cm™ was caused by the deformation of AL-AL-OH, and the peak of 518
cm was caused by the deformation of AL-O-Si [37]. In the FTIR spectrum of Na-bentonite +
MES, there were new absorption bands of 2918 and 2849 cm™. They showed the aliphatic C-
H stretching vibration of the methylene group (-CH3-) and the methyl group (-CHs), indicating
the presence of aliphatic hydrocarbon chains caused by the hydrocarbon tail of the surfactant
[38, 39]. This change in the surface properties of the Na-bentonite catalyst indicated a shift
from being hydrophilic to hydrophobic, which facilitated the adsorption of non-polar organic
molecules during the cleavage of C-H bonds [40]. Furthermore, a new absorption peak was
observed at 1724 cm™, indicating the stretching (C=0) of the ester in the compound containing
the carbonyl group of the MES molecule. Na-bentonite modified with MES could cause
changes in the interlayer distance of bentonite and increased porosity and surface area, all of
which could contribute to increased catalytic activity [41]. Spectral peaks were 1420 cm,
1208 cm™, and 1116 cm™. The increase in intensity of these bands could be attributed to the
S=0 stretching of the sulfonate group. This group's presence identified the presence of acid
sites on Na-bentonite + MES [42]. These sulfonate groups provided Bronsted acid sites, which
could attract protons (H*) from organic molecules, helping to facilitate the cleavage of C-H
bonds and producing hydrogen (H,) during the pyrolysis process [43], the 720 cm™ band
indicated the presence of Si-CeHs groups [24] and the 620 cm™ band indicated Al-O and Si-O
groups [44], from several new appearing absorptions indicating the success of MES
modification on Na-bentonite and changing the chemical properties of the bentonite surface,
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providing hydrophobic functionality that increased its interaction with non-polar hydrocarbon
molecules [45].
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Figure 3. FTIR test results.
3.2. Crystal Structure Analysis

The XRD pattern of the catalyst sample was analyzed and presented in Figure 4. The results
for Na-bentonite showed a d001 value with a basal spacing of 4.48 A, appearing at an angle
of 19.81°. In contrast, the Na-bentonite combined with MES displayed a main peak shifted to
around 14.79° with a plane distance (d001) of 5.98 A, indicating an increase in basal spacing.
This increase identified that MES successfully entered into the Na-bentonite layer structure,
with the rearrangement of atoms in the crystal structure increasing the crystallinity of Na-
bentonite + MES [46]. The increase in crystallinity will increase the accessibility of the active
site of the Na-bentonite + MES catalyst, which will contribute to the efficiency of chemical
reactions and increase the adsorption capacity of organic compounds during the pyrolysis of
corncob powder biomass [47]. The increase in basal spacing and crystallinity of Na-bentonite
+ MES will improve the catalytic performance and thermal stability of the catalyst in an effort
to increase hydrogen production in the catalytic pyrolysis of biomass [48].
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Figure 4. XRD test results.
3.3. Absorbance Analysis

The results of the UV-Vis characteristic test of Na-bentonite and Na-bentonite + MES
catalysts are presented in Figure 5. The test shows two absorbance peaks from both samples,
Na-bentonite at 260 and 352 nm, and Na-bentonite + MES at 286 and 392 nm. The absorption
of 260 nm indicates the presence of electronic transitions originating from the structure of
the Na-bentonite layer containing organic groups on the surface of the Na-bentonite catalyst.
The absorbance peak at 352 nm indicates the presence of a m-t* transition related to the Al
metal content adsorbed on the Na-bentonite layer. The absorbance peak at 286 nm indicates
a change or increase in the absorbance of Na-bentonite + MES due to changes in the energy
of the m-it* transition originating from the alkyl and ester groups. This shows the transfer of
electrons from the Highest Occupied Molecular Orbital (HOMO) of the alkyl group to the
Lowest Unoccupied Molecular Orbital (LUMO) [49]. The absorbance peak at 392 nm is
associated with the n-n* transition of the free atom of the sulfonate group, affecting the
HOMO and LUMO distances with a smaller energy [50]. The results of the modification of Na-
bentonite using MES show changes in the HOMO and LUMO transition energies, shown in the
new peaks of 286 and 392 nm, with the addition of alkyl, ester, and sulfonate groups
increasing catalytic activity [51, 52]. The HOMO and LUMO energy gaps that occur between
Na-bentonite and Na-bentonite + MES are 4.77 and 4.34 eV. This shows a decrease in the
energy gap after modification, which increases the accessibility of the active site of the
catalyst and improves catalytic performance [53].
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Figure 5. UV-Vis test results.
3.4. Surface Morphology Analysis

The results of the SEM testing are illustrated in Figure 6. The characteristics of the Na-
bentonite catalyst are shown in Figure 6(a), which reveals a solid, stacked particle structure
with a rough surface. This roughness can reduce the catalyst's contact area and its adsorption
capacity for organic compounds [54]. The surface charge of the catalyst was analyzed using
image software, which determines the type of charge based on the brightness or intensity of
the images [55, 56]. Figure 6(b) displays a dark and uneven contour color, indicating that the
Na-bentonite catalyst carries a negative charge. This negative charge likely arises from the
presence of negatively charged sites from the silicate (SiO4) and alumina (AlO4) groups within
the Na-bentonite structure [57].

The surface morphology of Na-bentonite + MES is shown in Figure 6(c), also at a
magnification of 10,000x. In this case, the morphological structure is more dispersed, with
open layers that create larger pores and an increased surface area. These observations are
consistent with the XRD results, which indicate an increase in the basal spacing distance in the
Na-bentonite + MES layers. Figure 6(d) illustrates the charge distribution of Na-bentonite +
MES, showing a brighter and more uniform colour distribution. Colours such as yellow and red
indicate that Na-bentonite + MES has a positive charge. This positive charge is attributed to
the sulfonate groups from MES, which enhance Bronsted acid sites, as well as the long alkyl
chains that increase electron interactions on the surface. This improvement in surface
properties also results in greater light absorption, as evidenced by the formation of new peaks
in the UV-Vis spectrum [58].

DOI: https://doi.org/10.17509/ajse.v513.88898
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v5i3.88898

547 | ASEAN Journal of Science and Engineering, Volume 5 Issue 3, December 2025 Hal 539-558

Figure 6. SEM and surface images of Na-bentonite (a, b), Na-bentonite + MES (c, d).

3.5. Material Composition Analysis

Following the morphological structure testing with SEM, we performed EDX testing to
assess the distribution and composition of Na-bentonite and Na-bentonite modified with
MES. Figure 7(a) displays the elemental composition of Na-bentonite, which consists of 21.2%
carbon (C), 47.1% oxygen (0), 0.9% sodium (Na), 0.7% magnesium (Mg), 6.3% aluminum (Al),
9.6% silicon (Si), 1.4% calcium (Ca), 0.3% titanium (Ti), and 12.5% iron (Fe). The high
concentrations of silicon and aluminum indicate that the structure of Na-bentonite is primarily
made up of silicate and alumina sheets, forming the main framework of the material.

Figure 7(b) presents the elemental composition of Na-bentonite + MES, consisting of 57.7%
carbon (C), 29.5% oxygen (0), 3.3% sodium (Na), 0.2% magnesium (Mg), 1.9% aluminum (Al),
3.4% silicon (Si), 2.9% sulfur (S), 0.3% calcium (Ca), and 0.9% iron (Fe). Figure 7(b) shows the
composition of Na-bentonite + MES elements consisting of 57.7% C, 29.5% O, 3.3% Na, 0.2%
Mg, 1.9% Al, 3.4% Si, 2.9% S, 0.3% Ca, and 0.9% Fe. The long alkyl chain of MES shows success
in changing the chemical composition of the catalyst, as seen in the increase in carbon value
from 21.2% to 57.7%, which indicates that Na-bentonite + MES becomes hydrophobic. In
addition to the increase in carbon elements, there is the addition of new elements from the
sulfonate group, with a sulfur (S) content reaching 2.9%. The success of the modification is
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also shown by the decrease in Silica and Alumina elements, which facilitate the adsorption of
organic compounds and the performance of the Na-bentonite + MES catalyst.
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Figure 7. Na-bentonite (a) and Na-bentonite + MES composition data (b).

3.6. The Role of Catalysts in Methane and Hydrogen Production at Different Reaction
Temperatures

Figure 8 illustrates the production of methane and hydrogen during biomass pyrolysis with
and without catalysts, specifically Na-bentonite and Na-bentonite combined with MES.
Methane production data are shown in Figure 8(a). Without a catalyst, methane production
was slow, peaking at 442 ppm at a temperature of 424°C. In contrast, the Na-bentonite
catalyst achieved a peak of 569 ppm, while the Na-bentonite + MES combination was reaching
MES 497 ppm. The Na-bentonite catalyst provided active sites that accelerated the
breakdown of organic molecules, which enhanced the cleavage of C-H bonds [59], significantly
increasing the methane production rate by 22.31%. Na-bentonite + MES has a sulfonic acid
site that increases the selectivity of the catalyst to the dehydrogenation reaction, which
reduces methane formation and increases hydrogen formation [60]. As depicted in Figure
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8(b), hydrogen production remains more consistent across all temperature ranges. The
highest hydrogen production occurred at 500°C, reaching 876 ppm, compared to 842 ppm
with Na-bentonite and 656 ppm without any catalyst. The use of the Na-bentonite + MES
catalyst could enhance hydrogen production by 25.11% compared to the non-catalytic
process, demonstrating that this catalyst selectively promoted hydrogen gas production.
Additionally, the Na-bentonite + MES catalyst accelerated the reaction at a temperature of
308°C, while Na-bentonite alone required a temperature of 321°C. The sulfur content in Na-
bentonite + MES, which added Bronsted acid sites, significantly contributed to increasing
catalytic activity by providing more active sites for dehydrogenation reactions [61]. Figure 8(c)
presents methane production at a temperature of 300-550°C. The Na-bentonite and Na-
bentonite + MES catalysts produced the highest methane at 450°C, but at high temperatures
of 500-550°C methane production decreased significantly, especially in Na-bentonite + MES.
This indicates that Na-bentonite is more selective towards methane formation, while Na-
bentonite + MES directs the reaction more towards dehydrogenation, reducing CH,
production at high temperatures [62].

The molecular reaction mechanism of Methyl ester sulfonate (MES) and radical molecules
during the pyrolysis process is shown in Figure 9. MES with a sulfonate group had a significant
role in donating protons (H*) and triggering the formation of free radicals, which accelerated
dehydrogenation reactions in organic molecules [63]. This dehydrogenation reaction was
strengthened by the presence of Bronsted acid sites, which accelerated the breakdown of
chemical bonds and sped up the pyrolysis reaction. The formation of hydroxyl radicals (*OH)
from the interaction of hydroxyl groups in water (H,0) facilitated the cleavage of C-H bonds
in organic compounds such as methane (CHg), producing carbon radicals [64]. At high
temperatures, methane (CH,), carbon monoxide (CO), and water (H,O) were released. MES
helped break C-H bonds, producing hydrogen gas (H,) through cleavage of protons (H*), and
hydroxyl radicals helped further oxidation of CO and CH; to carbon dioxide (CO;) and
hydrogen (H,) [65].

600 900

-] o[[e]

700 4

500 -

400 4

300

CH, Production (ppm)

—— No Catalyst
——— Na-bentonite
—— Na-bentonite +MES

H, Production (ppm)
& 2
8

—— No Catalyst
—— Na-bentonite
—— Na-bentonite+MES

200 4

100

7 . T T . T . T T
T T —T—T

300/08, 325, SRSC0:E S5/ 400|426 400 S 475 B0 15208050 250 275 300 325 350 375 400 425 450 475 500 525 550

Temperatur (°C)

0

Temperatur (°C)

0

30( L
200 | s
, ] ] e
No Catalyst Na-ber 3 Na-bent

nite + MES

Methane Production (PPM)

tonite
50

m300C m350C 400 ( 450C mS00C m550(

Figure 8. Effect of Na-bentonite and Na-bentonite + MES on methane and hydrogen
production. (a). Methane production (b). Hydrogen production (c). Effect of temperature on
methane production.
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3.7. Methane and Hydrogen Production Over Time

Figure 10 presents the production of methane and hydrogen regarding the duration of the
pyrolysis tests. The use of catalysts significantly influences the production of both gases,
affecting not only the reaction temperature but also the time needed to generate hydrogen
gas. In Figure 10(a), hydrogen production is shown at the gas formation temperature. Higher
temperatures resulted in increased hydrogen production. When using Na-bentonite
combined with MES catalysts, hydrogen production remained high at a temperature of 500°C,
while other catalysts began to decline. These findings suggested that catalysts with greater
surface area and porosity enhanced catalytic efficiency. The XRD test results (shown in Figure
4) indicated that Na-bentonite combined with MES had a larger porosity and basal spacing,
facilitating better adsorption of organic molecules at elevated temperatures. Figure 10(b)
illustrates methane production, with Na-bentonite yielding significantly higher methane gas
output. It demonstrated that Na-bentonite is very effective in accelerating pyrolysis and
methane formation at high temperatures. However, at temperatures exceeding 500°C,
methane production started to decline, suggesting that dehydrogenation reactions began to
dominate. Na-bentonite exhibited superior adsorption capacity and active sites that
accelerated the pyrolysis process. XRD (Figure 4) and SEM (Figure 6) analyses confirmed that
Na-bentonite has a layered structure and good porosity, which allowed for more effective
interactions between organic molecules and the catalyst's surface. Notably, Na-bentonite is
more selective in methane gas formation compared to hydrogen gas, as evidenced by lower
hydrogen production compared to the Na-bentonite + MES catalyst. In Figure 10(c), hydrogen
production reached 876 ppm, representing an increase of 25.11%. The reaction times for
hydrogen gas formation showed a significant difference. The formation of hydrogen gas using
the Na-bentonite + MES catalyst began at 68 seconds, while the Na-bentonite catalyst started
at 113 seconds. The sulfonate group resulting from the modification with MES provided
Brgnsted acid sites that facilitated the cleavage of C-H and C-C bonds in organic molecules
[32]. The presence of sulfonate groups was supported by the FTIR test results in Figure 3, and
the increase in sulfur content was confirmed by the EDX results in Figure 7, indicating an
enhancement in catalytic activity for hydrogen gas production.

Figure 11 shows the success of Na-bentonite catalyst modification using MES in producing
methane and hydrogen-rich gas. MES has a long-chain alkyl group, changing hydrophilic Na-
bentonite to hydrophobic and increasing carbon content, thereby increasing the number of
active sites that can break O-H and C-H bonds. The resulting ester group increases the thermal
stability of the catalyst in maintaining degradation at high temperatures in Figure 10(a).
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Hydrogen production was still high at a temperature of 500°C. The sulfonate group increased
the acidic properties to help release H* protons from organic compounds and form hydrogen
gas (H2) (66, 67]. As shown in Figure 10(a), hydrogen gas production continued to increase
even at 500°C [68]. The sulfonic group contributed by providing Bronsted acid sites, which
helped in breaking down C-H bonds by withdrawing electrons, thereby making it easier to
separate these bonds into protons (H*) [63]. While Na-bentonite is effective in facilitating
pyrolysis reactions at medium temperatures, its selectivity decreases at high temperatures,
resulting in reduced methane production. This decreased production may occur because the
reaction shifts from breaking C-H bonds to favoring dehydrogenation reactions, which are
more dominant at elevated temperatures. The mechanism for breaking the C-H bond
occurred when hydrocarbons interacted with Brgnsted and Lewis acids. This interaction
increased the polarity of the C-H bond, weakening it and leading to a dehydrogenation
reaction that produced carbon monoxide (CO) and hydrogen (H;) [69].

Overall, pyrolysis using corn cob powder biomass can generate methane and hydrogen.
The addition of catalysts can enhance this production. For example, using a Na-bentonite
catalyst increased methane production by 22.32%, while hydrogen production increased by
22%. However, when the Na-bentonite catalyst was modified with mesoporous silica (MES),
methane production decreased to 11%, but hydrogen production rose to 25.11%. The
reduction in methane production was due to the Na-bentonite + MES catalyst's ability to
convert CHs to H; through the dehydrogenation process during pyrolysis [70]. Additionally,
the Na-bentonite + MES catalyst accelerated the pyrolysis reaction time from 115 seconds to
68 seconds and lowered the reaction temperature from 321 to 308°C. This catalyst is a viable
option because it is environmentally friendly, thus minimizing the risks of environmental
damage, and it is cost-effective due to its low price.
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Figure 10. Effects of catalyst on methane and hydrogen production: (a) influence of
temperature on hydrogen production; (b) methane production; (c) hydrogen production.
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4. CONCLUSION

Modification of Na-bentonite Catalyst using MES increases the activity and selectivity of
the catalyst. The results of FTIR, XRD, UV-Vis, and SEM-EDX tests show changes in the
characteristics of the Na-bentonite catalyst. Changes in the characteristics of Na-bentonite +
MES, such as increased basal spacing distance, crystallinity, surface area, and the emergence
of alkyl, ester, and sulfonate groups that increase the performance of the catalyst in producing
hydrogen. The results of catalytic pyrolysis using Na-bentonite + MES catalysts produced
hydrogen production reaching 876 ppm with an increase of 25.11%. This modification
presents a potentially new method for creating environmentally friendly catalysts, which can
be used to produce hydrogen more rapidly and at a lower cost.
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