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ABSTRACT

Biomass gasification, such as the gasification of empty fruit bunches (EFB), is a promising method for renewable
energy production. However, its efficiency remains limited due to high tar formation, incomplete carbon conversion,
and the lack of effective catalysts. This study aims to synthesize a catalyst from bentonite pillared with aluminum
(Al) and iron (Fe) to address these challenges and enhance gasification efficiency. The catalyst was characterized
using FTIR, SEM, EDS, and XRD, and gasification was performed at 550 °C with catalyst concentrations of 1.25%
and 2.5%. FTIR confirmed the formation of Al-O and Fe-O bonds, while SEM revealed a smooth, porous surface
with evenly distributed metals. The material exhibited a porosity of 54.36% and a pore volume of 7.448 x 1072 m>.
EDS recorded Al and Fe contents of 12.9% and 8.0%, respectively, and XRD confirmed the successful incorpora-
tion of metal pillars. XRD analysis showed significant structural changes, with metal-pillared bentonite achieving
the highest crystallinity of 68.96% and an average crystal size of 22.152 nm, reflecting improved stability and
catalytic performance. These modifications enhanced porosity and thermal stability, crucial for high-temperature
applications. Gasification with the 2.5% catalyst increased H> content to 36.1%, CO to 19.7%, and reduced CO:
to 1.2%. Carbon conversion efficiency reached 82.5%, and cold gas energy efficiency improved to 41.2%. In
conclusion, Al/Fe-pillared bentonite enhanced gasification performance and produced high-quality syngas suit-
able for renewable energy applications.
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INTRODUCTION

EFB are one of the abundant biomass wastes
in Indonesia, the world’s largest producer of
palm oil (Windiastuti et al., 2022). However, this
waste is often underutilized. In fact, EFB has
significant potential to be processed into renew-
able energy through gasification (Makwana et al.,
2023). Gasification is a thermochemical process
that converts organic materials into synthesis gas
(syngas), which can be utilized as fuel (Havilah
et al., 2022). Despite its promising potential, the

implementation of this technology still faces sev-
eral major challenges, such as low gasification ef-
ficiency, excessive tar formation, and incomplete
carbon conversion. These challenges negatively
impact both the quality and quantity of the pro-
duced syngas. To address these issues, break-
throughs are required to enhance the efficiency of
the gasification process. One promising approach
is the application of catalysts to optimize the per-
formance of the gasification system.

Bentonite, an aluminosilicate material, has
long been known for its adsorption capability and
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high thermal stability, making it a promising can-
didate as a catalyst in biomass gasification (Borah
etal., 2022). Modified bentonite, whether through
acid activation or metal pillaring, has been shown
to improve its adsorption capacity and catalytic
activity. Acid activation increases the surface area
and number of active sites on bentonite, while
metal pillaring, such as using Al and Fe metals,
can enhance catalyst stability, reduce tar forma-
tion, and improve gasification yields. Metal-pil-
lared bentonite (Al/Fe) can enhance gasification
efficiency by improving the physicochemical
characteristics of the material, thus making it
more effective in converting biomass waste into
high-quality syngas.

Al and Fe metals were chosen as pillars in this
study because both metals have advantages that
can improve the catalytic performance of ben-
tonite in biomass gasification. Aluminum (Al) is
known for its light weight, good thermal stabil-
ity, and its ability to form active compounds that
can support gasification reactions. Iron (Fe), on
the other hand, has strong catalytic properties and
can enhance gasification efficiency by participat-
ing in gas shift reactions and syngas formation.
The combination of these two metals is believed
to improve catalyst stability, reduce tar forma-
tion, and increase gasification yields, making it an
ideal choice for biomass gasification applications,
especially for empty fruit bunch (EFB) and palm
kernel shell (PKS) waste.

Previous studies have shown the potential
of using bentonite as a catalyst in biomass gas-
ification. For example, activating bentonite with
sulfuric acid can increase its specific surface area
and number of active sites, thus improving its
adsorption capacity for pollutants and enhanc-
ing carbon conversion in gasification. Metal pil-
laring of bentonite with Al and Fe has also been
shown to improve the thermal stability and cata-
lytic capacity of bentonite. However, studies on
the effects of metal pillaring in biomass waste
gasification, especially EFB and PKS, are still
limited (Aprianti et al., 2024). Some studies, such
as those by Faizan and Song (2023), indicate that
transition metal-based catalysts like Ni, Zn, and
Co in biomass gasification can also improve gas-
ification efficiency and syngas quality, such as the
content of Hz and CO (Faizan and Song, 2023). A
study by Kurian et al, found that Al-pillared ben-
tonite catalysts enhance gasification efficiency by
increasing the H2/CO ratio and reducing tar con-
tent by up to 40% (Kurian and Kavitha, 2016).
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Research published in Fuel (2020) discusses the
impact of Fe metal catalysts on lignocellulosic
gasification, reporting a 30% increase in thermal
efficiency (Lu et al., 2020). Kwon et al, demon-
strated the effectiveness of metal-pillared benton-
ite in catalytic reforming processes, extending
catalyst life and improving syngas synthesis ef-
ficiency by 25% (Kwon et al., 2024).

However, despite numerous studies on ben-
tonite- or transition metal-based catalysts, no re-
search specifically examines the use of Al-Fe met-
al-pillared bentonite catalysts in the gasification
of EFB and palm kernel shell waste. Addition-
ally, the effects of acid activation and metal pil-
laring on gasification parameters, such as syngas
volume, %NGC, %GC, and energy quality (e.g.,
%HHV and %LHV), are still very limited in the
literature. Therefore, this study focuses on devel-
oping Al/Fe metal-pillared bentonite catalysts to
improve the gasification efficiency of palm kernel
shell. This study aims to synthesize Al/Fe metal-
pillared bentonite catalysts through acid activa-
tion and metal pillaring, and to evaluate their per-
formance in palm kernel shell gasification using
FTIR, XRD, SEM, and EDS characterization.

The study will then analyze syngas volume,
%NGC, %GC, %HHV, %LHV, %CCE, and
%CGE to assess the practical potential of Al/Fe
metal-pillared bentonite catalysts in biomass gas-
ification processes.

MATERIALS AND METHODS

Materials

The natural bentonite used in this study was
technical-grade bentonite powder obtained from
a local supplier as the base material. Sulfuric acid
(H2S0.) was used as the activation solution, while
Al and Fe were used as the pillaring metals. A 5%
NaOH solution was employed to dissolve the alu-
minum and iron metals. Distilled water (aquad-
est) was used as the washing and rinsing medium
throughout all stages of the process.

Synthesis of the Al/Fe metal-pillared
bentonite catalyst

The preparation of the metal-pillared benton-
ite catalyst began with the activation of bentonite.
A total of 5 grams of technical-grade bentonite
powder was weighed and activated by treating
it with 200 ml of a 5% sulfuric acid (H2SO.)
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solution. The activation process was carried out
for 8 hours to enhance the surface area and in-
crease the adsorption capacity of the bentonite.
After activation, the bentonite was thoroughly
washed and centrifuged to achieve a neutral pH.
Following the washing process, the bentonite was
dried in an oven at 80 °C for 1 hour, and then
sieved using a mesh size of 100 to obtain a uni-
form particle size for further analysis.

To prepare the metal solutions, Al and Fe
were each dissolved in 240 ml of a 5% sodium
hydroxide (NaOH) solution. These metal solu-
tions were mixed for 2 hours and allowed to stand
at room temperature for 2 days. This process fa-
cilitated the formation of metal ions, which would
later be used in the pillaring process.

The next step involved combining the acti-
vated bentonite with the prepared metal solutions.
The mixture was blended at a speed of 1000 rpm
for 24 hours at room temperature. After blending,
the mixture was filtered to remove excess liquid,
and then dried in an oven at 80 °C for 1 hour. The
dried product was sieved again using a mesh size
of 100 to ensure a consistent particle size.

Finally, the bentonite-metal mixture underwent
calcination at a temperature of 400 °C for 2 hours.
This calcination step was crucial for stabilizing the
metal pillars within the bentonite structure and en-
hancing its catalytic properties (Figure 1).

Characterization of the Al/Fe metal-pillared
bentonite catalyst

Characterization was performed to study
the structural changes and improvements in

a

Figure 1. Catalyst materials: (a) natural bentonite, (b) actived bentonite, and (c) metal-pillared bentonite

physicochemical properties after modification.
FT-IR analysis was conducted using the Thermo
Scientific Nicolet iS10 FTIR spectrometer, locat-
ed at the Faculty of Mathematics and Natural Sci-
ences Laboratory, Sriwijaya University, to identi-
fy functional groups and structural modifications
in the catalyst. SEM-EDS measurements were
carried out to analyze the surface morphology
and elemental composition of the metal-pillared
bentonite, following the ASTM D7582 standard,
at the Faculty of Engineering Laboratory, Sriwi-
jaya University.

Application of the Al/Fe metal-pillared
bentonite catalyst in biomass gasification

The catalytic gasification of empty fruit
bunches (EFB) was carried out using a fixed-
bed updraft gasifier with 5 kg of EFB. Metal-
pillared bentonite catalysts (Al and Fe) were
tested at concentrations of 1.25% and 2.50%.
These concentrations were selected based on
preliminary studies, which indicated optimal
catalytic performance in reducing tar and en-
hancing syngas yield. The gasifier operated at
a temperature of 550°C, with an air-oxygen
mixture as the gasifying agent at a flow rate
of 10 liters per minute. During the gasification
process, EFB is converted into synthesis gas
(syngas), consisting of hydrogen (H:), carbon
monoxide (CO), methane (CHa4), and other hy-
drocarbons. The metal-pillared bentonite cata-
lyst enhances efficiency by improving thermal
stability and catalytic activity, reducing tar for-
mation, and increasing gasification yields.

C
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Analysis data

In the analysis of FTIR, SEM-EDS, and XRD
data, OriginPro is used to process and analyze spec-
tral data as well as experimental images. The experi-
mental data is imported into the software. Then, Orig-
inPro is used to identify peaks in the FTIR spectrum
that represent functional groups, as well as to analyze
morphology, 3D images, and catalyst porosity from
the SEM-EDS data. For XRD data, OriginPro helps
identify diffraction peaks, determine crystal phases,
and calculate crystallographic parameters. Using
features like Peak Analyzer and Image Analysis, the
data is processed and visualized to facilitate the in-
terpretation and analysis of the research results. The
crystal size from X-ray diffraction (XRD) data is
calculated using the Scherrer equation:

K.A
= B.cosO (1)
where: D is the crystal size (nm), K is the Scher-
rer constant, 1 is the X-ray wavelength
(nm), S is the full width at half maximum
(FWHM) of the diffraction peak in radians,
6 is the Bragg angle (half of 20) in radians.

The percentage of crystallinity (C%C\%C%)
in materials can be calculated using XRD data
through the peak area approach. The formula is:

CcpP
AT (amorphous + crystalline)

%C = x 100% (2)

where: CP — crystaline peaks, AT — area total

The gas composition analysis in this study
was conducted using gas chromatography to
identify the main components of the produced
syngas, such as hydrogen (H:), carbon monoxide
(CO), methane (CH4), and carbon dioxide (COz).
After analyzing the gas composition, the gasifica-
tion process efficiency was calculated using sev-
eral key parameters.

Gas conversion efficiency (%GC) measures
the efficiency of converting biomass into gas and
is calculated using the formula:

GasVolume ) % 100 (3)

%GC = (Biomass Volume

The higher the %GC, the better the conver-
sion of biomass into syngas. Non-gas conversion
efficiency (%NGC ) measures the amount of bio-
mass that is not converted into gas, and it is cal-

culated using the formula:
%NGC =100 — %GC 4)

HHYV is used to calculate the maximum ener-
gy produced, while LHV provides a more realistic
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measure of the energy that can be practically
used.The formula for calculating the higher heat-
ing value (HHV) of a fuel is:

HHV = YHF; x XMF; (5)

where: HF; is the heating value of each compo-
nent (e.g., Hz, C, CHa), MF; is the molar
fraction of each component in the fuel.

The general formula for calculating the lower
heating value (LHV) is:
LHV = HHV — (hygpor X MWP) (6)

where: HHV is the higher heating value, hy is
the latent heat of vaporization of water,
Mass of water produced refers to the
amount of water produced during the
combustion of the fuel.

Carbon conversion efficiency (%CEE) calcu-
lates the efficiency of converting carbon in bio-
mass into gases like CO and Hz, using the formula:

Carbon in Gas
%CEE = (Carbon inBiomass) x 100 (7)
where: Carbon in gas refers to the amount of
carbon present in the gas products (e.g.,
CO, Hz). Carbon in biomass is the total

amount of carbon initially present in the
biomass feedstock.

Cold gas efficiency (%CGE) measures the
energy efficiency of syngas produced at low tem-
peratures, calculated using the formula:

%CGE = (Energy inSyngas) % 100 (8)

Energi in Biomass

where: Energy in syngas is the total energy con-
tent of the produced syngas (syngas heat-
ing value), Energy in biomass is the total
energy content of the biomass feedstock.

RESULT AND DISCUSSION

Synthesis of Al/Fe-pillared bentonite catalyst

The synthesis process of Al/Fe-pillared ben-
tonite catalyst begins with the activation of natural
bentonite using sulfuric acid (H2SO4). This acti-
vation aims to enhance the ion exchange capacity
and open the interlayer structure of the bentonite.
Afterward, the bentonite is intercalated with Al/Fe
polymeric cations formed through the reaction of
metal precursors with a base. The final product is a
powder of Al/Fe-pillared bentonite with improved
thermal, structural, and catalytic properties. Below
is a detailed explanation of the reaction steps:
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e Activation reaction :

Bentonite-Na + H,SO, — Bentonite-H + Na,SO (9)

e Formation of Aluminium Pillar Cations:
AICL, + 3NaOH — AI(OH), + 3NaCl  (10)

134(OH),+40H—[Al ,0,(OH),,]" + 12H,0(11)
e Formation of Iron Pillar Cations:
FeCl+3NaOH — Fe(OH),+3NaCl  (12)

xFe(OH),— [Fe (OH), 1 (13)

Characterization of Al/Fe-pillared bentonite
catalyst

The characterization was conducted using
FTIR, SEM-EDS, and XRD analyses on three
samples: natural bentonite, acid-activated benton-
ite, and metal-pillared bentonite. This study aims
to compare the differences in structure, composi-
tion, and physicochemical properties of the three
samples and identify the changes resulting from
acid activation and metal pillaring. The analysis
results are explained as follows.

FTIR analysis

FTIR analysis was conducted to determine the
chemical components of the catalyst. The peaks in
the spectrum provide information about functional
bonds, which help evaluate the material’s charac-
teristics and its potential applications. The sam-
ples used wer3e natural bentonite, acid-activated

bentonite, and metal-pillared bentonite. The analy-
sis results are shown in Figure 2, with the FTIR
graph displaying the wavenumber (cm™) on the X-
axis and absorbance intensity on the Y-axis.

The FTIR spectrum in the Figure 2 shows
significant structural changes in natural benton-
ite, acid-activated bentonite, and metal-pillared
bentonite, reflecting modifications to their physi-
cochemical properties. Natural bentonite exhibits
a characteristic peak around 3451 cm™, associat-
ed with O-H stretching vibrations from hydroxyl
groups, and a peak at 1637 cm™, corresponding
to asymmetric stretching of bound water. The re-
gion between 797-1035 cm™ reveals Si-O-Si and
Al-O-Si vibrations, indicating the basic montmo-
rillonite framework without chemical treatment.
However, this structure limits active surface area
and reactive sites, reducing catalytic efficiency, as
noted by (Ihekweme et al., 2020).

In acid-activated bentonite, the intensity of the
-OH peak at 3451 cm™ decreases, signifying the
partial removal of interlayer water. The disappear-
ance of peaks in the 2000-2500 cm™ region indi-
cates the dissolution of interlayer cations, while
changes at 1637 cm™ confirm partial dehydration.
These modifications increase specific surface area
and active sites, enhancing its adsorption properties.
Wang et al., reported that acid activation generates
a more amorphous structure with improved adsorp-
tion capacity, making it suitable for industrial and
environmental applications (Wang et al., 2023).
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Figure 2. FTIR spectrum of the catalyst: natural, activated, and metal-pillared bentonite
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The metal-pillared bentonite spectrum reveals
new peaks around 1423—-1065 cm™!, indicative of
metal-O group formation due to the pillaring pro-
cess with Al and Fe. The reduced intensity of the
O-H stretching peak at 3451 cm™' reflects inter-
actions between the metal and surface hydroxyl
groups. These structural changes enhance stabil-
ity, adsorption capacity, and suitability for hetero-
geneous catalysis. According to Liu et al, Al- and
Fe-pillared bentonite demonstrates superior per-
formance in wastewater treatment and catalytic
applications (Liu et al., 2024).

In conclusion, modifications via acid activa-
tion and metal pillaring significantly improve
bentonite’s catalytic properties, making it highly
effective for biomass gasification and other ad-
vanced applications. Studies by Maitlo et al.,
highlight that Fe/Al-pillared catalysts not only
increase syngas yields but also lower operational
temperatures, underscoring their industrial rel-
evance (Maitlo et al., 2022).

SEM image analysis

Scanning electron microscopy (SEM) analy-
sis was conducted to identify and understand
the elemental composition of natural bentonite
samples. This approach provides essential infor-
mation regarding the elemental distribution and
microstructural characteristics that influence the
physical and chemical properties of the material.
Figures 3 show SEM images of the surface of
natural bentonite, activated bentonite, and metal-
pillared bentonite at a magnification of 1200x.

Figure 3a shows an SEM image of natural
bentonite with a rough and irregular surface, con-
taining micro-sized particles. This structure in-
dicates that bentonite possesses natural porosity,
which is important for adsorption applications.

The porous surface provides a large area for in-
teractions with molecules or ions. This finding
is supported by research from Mane et al, which
shows that porous surfaces offer space for metal
ions (Mane et al., 2024).

Figure 3b shows an SEM image of bentonite
activated with sulfuric acid, which has a smoother
surface with wider pores. Acid activation enhances
the porosity and surface area of bentonite, increas-
ing its adsorption capacity. Ibigbami et al., found
that acid-activated bentonite is effective in remov-
ing heavy metals from wastewater, improving the
adsorption of Zn, Ni, and Fe. Additionally, Berhe et
al., demonstrated that acid-activated bentonite has
high catalytic activity due to the presence of acid
sites that accelerate reactions (Berhe et al., 2024)

Figure 3¢ shows an SEM image of bentonite
pillared with Al and Fe, which has a denser and
more uniform surface compared to natural or ac-
id-activated bentonite. This surface is rough, with
fine porous layers, indicating more active sites.
The pillaring process enhances the thermal stabil-
ity and surface area of bentonite, making it more
effective for adsorption and catalytic applications.
Studies have shown that Fe- and Al-pillared ben-
tonite exhibit high catalytic activity in processes
such as biomass gasification and organic pollut-
ant degradation (Vallejo et al., 2020).

3D image of bentonite catalyst

The 3D image of the bentonite catalyst, ob-
tained through acid activation and metal pillaring,
illustrates the X, Y, and Z axes as the components
defining the spatial structure. These axes repre-
sent the width, height, and depth of the catalyst,
providing a comprehensive view of its surface
morphology and structural modifications. In
this 3D visualization, solid spaces are observed,

Figure 3. SEM image of the catalyst: (a) natural bentonite, (b) activated bentonite, (c) metal-pillared bentonite
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representing the dense material structure, as well
as pore spaces, indicating void areas within the
material that play a crucial role in its porosity
and adsorption capacity. The distinction between
solid and pore spaces highlights the enhanced
porosity resulting from acid activation and metal
pillaring, offering valuable insights into the cata-
lyst’s potential applications, particularly in pro-
cesses requiring high surface area and improved
adsorption or catalytic properties. The 3D catalyst
images are shown in Figure 4.

Figure 4a The natural bentonite catalyst ex-
hibits a structure with large and irregularly dis-
tributed particles, reflecting its natural form with-
out significant modification. This structure results
in a low specific surface area, limiting its capa-
bility in applications requiring high interaction
with molecules, such as catalysis or adsorption.
Therefore, natural bentonite is more suitable as a
base material that requires further modification to
enhance its effectiveness in practical applications.
Research by Amari et al, supports this observa-
tion, demonstrating that while natural bentonite
has adsorption potential, its ability to remove pol-
lutants is limited due to its larger and less orga-
nized particle structure (Amari et al., 2021).

Figure 4b Acid-activated bentonite shows
significant changes in particle morphology, with
smoother surfaces and increased porosity due to
the removal of mineral impurities during the acid
activation process. This activation creates more
pore spaces and additional active sites, which are
beneficial for adsorption and catalytic processes.
Acid activation, typically performed using H>SO4
or HNOs, has been shown to enhance the adsorp-
tion capacity of the material for heavy metals
and organic compounds. Acid-activated benton-
ite demonstrates higher adsorption efficiency, as
evidenced by Taghavi et al, who reported an im-
provement of over 85% in removing organic pol-
lutants and heavy metals (Taghavi et al., 2022).

Figure 4c metal-pillared bentonite exhibits a
more organized structure with uniform pore dis-
tribution due to the introduction of metal pillars
such as Al and Fe. This process creates a layered
structure that not only enhances mechanical and
thermal stability but also adds catalytic active
sites. These metal pillars play a critical role in
catalytic applications, such as biomass gasifica-
tion and Fenton reactions, by improving reac-
tion efficiency through better diffusion pathways
for reactants. Research by Bellucci et al. (2023)

Figure 4. 3D image of catalysts: (a) natural bentonite, (b) acid-activated bentonite, and
(c) Al/Fe metal-pillared bentonite
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indicates that metal-pillared bentonite signifi-
cantly improves adsorption capacity and catalytic
activity compared to natural and acid-activated
bentonite.

Porosity analysis of the catalyst

The quantitative analysis of three types of
bentonite catalysts, namely natural bentonite,
acid-activated bentonite, and metal-pillared ben-
tonite (Al/Fe), shows significant changes in po-
rosity and microstructure properties. The data on
the porosity percentage and catalyst volume are
presented in Table 1.

Table 1 shows that natural bentonite catalyst
has a porosity of 54.44% and a total pore volume
of 1.348 x 1072 m*. The natural structure of ben-
tonite consists of large, unmodified particles, with
an uneven pore distribution. Despite its high po-
rosity, the majority of the volume is occupied by
solid components (1.127 x 1072 m?), indicating
that this material is not yet optimized for cata-
lytic or adsorption applications. Natural benton-
ite is more suitable as a base material for further
modification. Recent studies have shown that raw
bentonite, although having adsorption potential,
requires further treatment to improve its surface
properties. For example, research by Khalfaoui
et al. (2019) demonstrated that raw bentonite has
limited heavy metal adsorption capacity com-
pared to after activation.

The acid activation process results in a ben-
tonite catalyst with a porosity of 50.81% and a
pore volume of 4.431 x 102! m3, which is lower

Table 1. Porosity percentage and catalyst volume

than that of natural bentonite. This decrease in
porosity is compensated by an increase in the
number of active sites and micropores. Acid ac-
tivation removes impurities such as carbonates
or metal oxides, enhancing the chemical interac-
tion at the surface. The solid volume decreases
to 4.290 x 10" m?, indicating a more efficient
acid modification. Research by Wang et al. (2021)
demonstrated that activation with H.SOs increas-
es the adsorption efficiency of organic dyes by up
to 80%, proving that the adsorption and catalytic
properties of acid-activated bentonite heavily
depend on the improvement of its surface micro-
structure. Additionally, other studies have shown
that acid treatment improves the interaction of
ions with the bentonite surface, making it more
chemically active for environmental applications.

Metal pillaring with Al/Fe results in a ben-
tonite catalyst with a porosity of 54.36% and a
pore volume of 7.448 x 102! m?, which is higher
than that of acid-activated bentonite. The increase
in pore volume indicates the success of pillaring
in creating a more open and organized structure.
The larger solid volume (6.256 x 1072 m?) reflects
the contribution of metal pillars that enhance the
stability of the material. This structure is highly
effective for heterogeneous catalyst applications,
such as biomass gasification. Research by Liu et
al. (2022) showed that iron-pillar bentonite in-
creased catalytic reactivity by up to 65% in the
Fenton oxidation reaction, as the metal pillars en-
hance surface area and availability of active sites.
Moreover, the thermal stability of metal-pillared

Material Parameter Value Unit

Solid volume (V solid) 2475 x 107 m?

Solid volume (V solid) 1.127 x 107° m®

Natural bentonite Pore volume (V pori) 1.348 x 107%° m?
Porosity porositas 0.54 -

Porosity percentage 54.44 %

Solid volume (V solid) 8.722 x 107 m?

Solid volume (V solid) 4.290 x 107 m?

Acid-activated bentonite Pore volume (V pori) 4431 %107 m?
Porosity 0.51 -

Porosity percentage 50.8 %

Solid volume (V solid) 1.370 x 107 m?

Solid volume (V solid) 6.256 x 107 m?

Metal-pillared bentonite Pore volume (V pori) 7.448 x 107 m?
Porosity 0.54 -

Porosity percentage 54.36 %
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bentonite is higher, making it ideal for high-tem-
perature applications such as gasification.

Chemical treatments such as acid activation
and metal pillaring affect the porosity properties
and pore volume distribution of bentonite. Natu-
ral bentonite has high porosity but is not yet ef-
fective for certain applications. Acid activation
enhances active sites, making it suitable for ad-
sorption, while metal-pillared bentonite exhibits
a stable structure with large pores, making it su-
perior for catalytic applications, particularly in
biomass gasification.

EDS analysis

The energy dispersive (EDS) X-ray analysis
was used to identify the elemental composition
of natural bentonite, activated bentonite, and
pillared bentonite. The EDS spectra show the
distribution of key elements such as O, Si, and
Al, which are the main components in the ben-
tonite structure. Changes in the intensity of cer-
tain elements in activated and pillared bentonite
reflect chemical modifications during the acti-
vation and pillaring processes. The data in Table
2 help evaluate the material property changes
under different treatments.

The EDS analysis results presented in pro-
vide insights into the chemical composition
changes of natural bentonite, activated benton-
ite, and metal-pillared bentonite. In natural ben-
tonite, the dominance of oxygen (48.5% wt.) and
silicon (24.1% wt.) indicates the fundamental
structure of bentonite, which consists of silica
and alumina layers. The presence of alumi-
num (4.4% wt.) as a key component highlights
the aluminosilicate character of bentonite. The

Table 2. Elemental composition of catalyst

relatively high carbon content (21.3% wt.) sug-
gests the possibility of organic contamination,
which is common in raw bentonite, as explained
by Keereerak et al. (2022). This structure re-
flects the inherent characteristics of bentonite as
an unmodified natural mineral material.

For activated bentonite, the EDS results
show an increase in oxygen content (50.8% wt.)
and a decrease in carbon content (11.2% wt.),
indicating the removal of organic contaminants
through acid activation. This activation also in-
creases aluminum (7.8% wt.) and silicon (24.0%
wt.) content, suggesting a restructuring of the
aluminosilicate framework. The higher oxygen
content reflects the formation of additional hy-
droxyl (OH) groups, enhancing the adsorption
capability of the bentonite, as supported by stud-
ies by Crespo et al., 2024 and Liu et al., 2019.
This process involves the dissolution of certain
components, resulting in a larger active surface
area and improved adsorptive properties.

In metal-pillared bentonite, oxygen remains
the dominant element (49.5% wt.), but a sig-
nificant increase in aluminum (12.9% wt.) and
the appearance of iron (8.0% wt.) indicate the
successful incorporation of metal pillars. These
metal pillars, such as Al and Fe, stabilize the
bentonite structure while increasing its active
surface area. The presence of iron significantly
contributes to the catalytic properties of benton-
ite, making it suitable for oxidation reactions, as
confirmed by Vallejo et al. (2020). The increased
metal content, particularly Fe, enhances the cat-
alytic ability of bentonite for the decomposition
of organic compounds, which is a critical factor
in heterogeneous catalysis.

Element Natural bentonite Actived bentonite Metal-pillared bentonite
At. % Wt. % At. % Wt. % At. % Wt. %
C 213 14 17 11.2 3.6 2.1
o} 55.3 48.5 58.2 50.8 63.1 49.5
Na 0.3 0.4 1.8 22 21 24
Mg 0.6 0.9 0.3 0.3 1.7 2
Al 3 44 5.3 7.8 9.8 12.9
Si 15.7 241 15.7 24 16.8 23.1
S 1.4 24 - - - -
K 0.4 0.8 0.6 1.2 - -
Ca 1.7 3.8 1.1 25 - -
Ti 0.3 0.7 - - - -
Fe - - - - 29 8
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X-ray diffraction pattern

XRD is a technique used to analyze changes
in the crystal structure of materials. The com-
parison of diffraction peak intensities and posi-
tions (20) reveals variations in crystallinity, layer
structures, and the distribution of mineral phases
within the materials. These insights are crucial for
assessing the effectiveness of modifications on
material properties, particularly for their use as
catalysts in biomass gasification. The X-ray dif-
fraction pattern for bentonite catalysts is shown
in the Figure 5.

Figure 5 presents the XRD results for natural,
activated, and metal-pillared bentonite, highlight-
ing significant crystal structure transformations
due to modification treatments. The natural ben-
tonite (black line) exhibits broad, low-intensity
peaks at 28 around 20-25°, indicating an amor-
phous structure with low crystallinity. The acti-
vated bentonite (red line) shows sharper peaks
at 20 values of 26° and 36°, reflecting increased
crystallinity from chemical activation, commonly
acid treatment, which removes impurities and en-
hances adsorption properties. This observation
aligns with findings by (Wei et al., 2020).

The metal-pillared bentonite (blue line) fea-
tures the sharpest and most intense peaks, nota-
bly at 20 values of 18°, 27°, and 60°, confirming
successful intercalation of metals such as Al or Fe
into montmorillonite layers. This process enhances

structural order, creating mesoporous material with
superior thermal stability and adsorption capacity.
Studies by Cuevas et al. (2022) report similar re-
sults, with sharp peaks at 27° as a key indicator of
modification success.

The observed structural transformation af-
firms the effectiveness of these modifications, po-
sitioning these materials as excellent candidates
for catalysts in biomass gasification applications.

Catalyst crystal size

The crystal size provides insight into the effects
of activation and pillaring processes on the crystal
structure of bentonite. The average crystal size of
the catalyst was calculated using the Equation 1 The
results of the calculation are presented in Table 3.

The crystal size of bentonite materials is crucial
for their effectiveness as catalysts in biomass gas-
ification, as it affects factors such as surface area,
thermal stability, and the number of active sites that
speed up reactions. According to Table 3, natural
bentonite, with a crystal size of 5.260 nm, has a

Table 3. Crystal size of different types of catalysts

Material Average crystal size
Natural bentonite 5.26
Activated bentonite 4.896
Metal pillared bentonite 22.152

Intensity (cps)

——Metal Pillared Bentonite
—— Actived Bentonite

—— Natural Bentonite

1 4 1 4 1 v 1

10 20 30 40

1 v 1 v 1 = 1 8 1

50 60 70 80 90

2-theta (deg)

Figure 5. X-ray diffraction patterns for natural, activated, and metal-pillared bentonite
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relatively large surface area but limited catalytic
activity due to its low crystallinity and amorphous
structure, making it suitable for further develop-
ment. Activated bentonite, with a smaller crystal
size of 4.896 nm, shows improved crystallinity and
more active sites, enhancing its catalytic efficiency.
This is consistent with Gandhi et al., who found that
chemical activation (using acid or base) increases
crystallinity and surface area, improving the catalyt-
ic and adsorption properties of bentonite (Gandhi et
al., 2022). Metal-pillared bentonite, with the largest
crystal size of 22.152 nm, offers excellent thermal
stability and mechanical strength due to metal inter-
calation, forming a mesoporous structure. Although
it has a smaller surface area compared to activated
bentonite, it is more efficient in reducing tar and in-
creasing hydrogen production at high temperatures
(500-900 °C), as shown by (Nganda et al., 2023).
These results highlight the importance of crystal
size and modifications like activation and metal-
pillaring for optimizing bentonite’s catalytic po-
tential in biomass gasification.

Percentage of crystallinity

The crystallinity percentage of various cata-
lysts was analyzed to evaluate the effect of modi-
fication processes on their structural properties.
The percentage of the catalyst crystallinity was
calculated using Equation 2. The results of the
analysis are presented in Table 4.

The crystallinity percentage (% C) of bentonite
plays an important role in its physical and chemical
properties, especially for catalytic applications like
biomass gasification. According to Table 4, natural
bentonite has a crystallinity of 66.21%, indicating
a stable structure dominated by montmorillonite.
This structure gives it good stability but is not ideal
for catalytic use without modification.

In activated bentonite, the crystallinity de-
creases to 54.75% due to disruptions in the crys-
tal structure during activation, such as impurity
removal and pore opening. Despite the lower
crystallinity, this increases the surface area and
number of active sites, making it more effective
in catalytic and adsorption applications.

Table 4. Crystallinity percentage of different catalysts

Material Crystallinity percentage (%C)
Natural bentonite 66.21
Activated bentonite 54.75
Metal pillared bentonite 68.96

Metal-pillared bentonite has the highest crys-
tallinity at 68.96%, showing that the intercala-
tion of metals like Al or Fe improves the crystal
structure, stability, and catalytic capacity. The
mesoporous structure created is ideal for high-
temperature applications like biomass gasifica-
tion, where stability and efficiency are critical.

In summary, changes in crystallinity high-
light the effects of modification processes on
bentonite, making it more suitable for various
catalytic applications.

The effect of catalysts on the gas composition
of EFB gasification

The use of catalysts in the gasification process
has been proven to significantly influence the com-
position of the resulting gas, particularly by enhanc-
ing the production of high-calorific-value gases such
as hydrogen (H:) and carbon monoxide (CO). In this
study, the effect of catalysts on the gas composition
produced from the gasification of empty palm fruit
bunches was analyzed to understand the role of cat-
alysts in optimizing the key chemical reactions dur-
ing the process. The gas composition from the GC
analysis is presented in Figure 6.

The analysis of the data in the Figure 6 demon-
strates that the use of catalysts plays a crucial role
in enhancing the gas composition produced during
the gasification of EFB, especially in increasing
the concentrations of combustible gases such as
hydrogen (H:), carbon monoxide (CO), and meth-
ane (CHa), while reducing the presence of non-
combustible gases like carbon dioxide (CO-) and
inert gases. Without a catalyst, H> concentration is
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2.5% Catalyst

Ul D
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Gas Composition (%)
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Figure 6. Gas composition of empty fruit bunches
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at its lowest (17.27%), but it significantly increases
to 35% with 1.25% catalyst and further to 36.1%
with 2.5% catalyst. This improvement is attributed
to the accelerated water-gas shift reaction (CO +
H>0 — CO: + H.), where catalysts enhance the
production of Hz, a high-energy gas.

Similarly, CO concentration increases from
10.02% in non-catalytic conditions to 17.1% with
1.25% catalyst and peaks at 19.7% with 2.5%
catalyst. This reflects the enhanced decomposi-
tion of carbon in biomass and the Boudouard re-
action (C + CO2 — 2CO0), although some CO is
converted into Hz via the water-gas shift reaction.
Methane (CHa4) shows a modest increase, rising
from 13.75% without a catalyst to 14.2% with
1.25% catalyst and 15.4% with 2.5% catalyst.
This is linked to the reforming of hydrocarbons
into lighter, energy-dense gases.

On the other hand, CO: concentration decreas-
es with the addition of catalysts, from 3.82% in
non-catalytic conditions to 1.2% with 2.5% cata-
lyst. This reduction indicates the efficiency of the
catalyst in redirecting carbon from CO: to produce
CO and H.. Moreover, inert gases, which dominate
the gas composition in non-catalytic conditions
(55.14%), are reduced significantly to 29.73% with
1.25% catalyst and further to 27.6% with 2.5%
catalyst. This decrease underscores the ability of
catalysts to minimize non-useful gas formation
and enhance the production of energy-rich gases.

Recent studies validate these findings. Ebra-
himi et al., demonstrated that metal-based catalysts
enhance Hz production via water-gas shift reactions
(Ebrahimi et al., 2020). Similarly, Adadullah et al,
found that catalysts improve gasification energy
efficiency by up to 20% (Asadullah et al., 2004).
Wang et al, also observed reduced CO: and inert
gas formation with catalysts, resulting in improved
gasification performance (Wang et al., 2020).

Overall, the addition of catalysts, particularly
at a concentration of 2.5%, significantly improves
the gasification process by increasing the yield of
combustible gases like H> and CO while reduc-
ing CO: and inert gases, making it an effective
strategy to produce high-quality syngas with bet-
ter energy potential.

The effect of catalyst on process efficiency

The ratio of combustible gas to non-combus-
tible gas shows the comparison between combus-
tible and non-combustible gases produced during
the gasification process. This ratio is important
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for evaluating the gasification efficiency of fuels,
such as biomass and palm shell, in energy produc-
tion. Combustible gases include Hz, CHa, and CO,
while non-combustible gases include CO: and Na.
A higher ratio indicates better gasification efficien-
cy, as it means more combustible gases are pro-
duced, which increases energy potential. The GC
and NGC values are calculated using Equation 3
and Equation 4 and are shown in Figure 7.

The analysis of biomass gasification efficiency
shown in Figure 7 highlights the significant impact
of catalysts on improving performance. The use of
catalysts increases the production of GC, reduces
NGC, and improves the GC/NGC ratio. Without
a catalyst, GC was 41.04%, with a GC/NGC ra-
tio of 0.696. With 1.25% and 2.5% catalysts, GC
increased to 66.4% and 71.2%, and the GC/NGC
ratios rose to 1.976 and 2.472, respectively. NGC
dropped from 58.96% to 33.6% (1.25% catalyst)
and 28.8% (2.5% catalyst), showing that catalysts
not only enhance high-energy gas formation but
also reduce low-energy gas production.

This improvement is due to catalytic mecha-
nisms that accelerate reforming, decomposition,
and water-gas shift reactions, increasing the
production of H2 and CO. A study by Maitlo et
al. (2022), reported that metal-based catalysts
enhance biomass gasification efficiency, maxi-
mizing high-quality syngas production. Addi-
tionally, research published showed that nickel-
cerium catalysts improve hydrogen production
efficiency by up to 50% by reducing tar and
inert gas formation, aligning with this study’s
findings (Yuan et al., 2022).

These results emphasize the importance of cata-
lysts, especially at 2.5%, in optimizing gasification
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Figure 7. Process efficiency of GC/NGC
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efficiency. By reducing non-reactive gases and
increasing reactive ones, catalytic biomass gasifi-
cation contributes to cleaner and more sustainable
energy production, highlighting the need for fur-
ther research in advanced catalyst development.

The effect of catalysts on heating value of EFB
gasification processes

The heating value refers to the amount of
energy released during the combustion of a fuel.
There are two main categories: higher heating val-
ue (HHV) and lower heating value (LHV). HHV
includes the total energy released, including en-
ergy from the water vapor produced, while LHV
does not account for this energy, assuming the wa-
ter vapor does not condense. HHV is used to cal-
culate the maximum energy that can be produced,
while LHV provides a more realistic measure of
energy available for practical use. The HHV and
LHYV values from the TKKS gasification process
are calculated using Equation 5 and Equation 6,
and the results are presented in Figure 8.

Figure 8 shows the HHV and LHV of gas
produced from the gasification of EFB with and
without catalysts, highlighting the positive effect
of aluminum-based catalysts on energy quality.
Without a catalyst, the HHV is 8.94 MJ/Nm?. With
1.25% catalyst, HHV increases to 12.32 MJ/Nm?,
and with 2.5% catalyst, it rises further to 13.22 MJ/
Nm?, Similarly, the LHV starts at 7.39 MJ/Nm?
without a catalyst, increases to 9.17 MJ/Nm?* with
1.25% catalyst, and reaches 9.97 MJ/Nm?® with
2.5% catalyst. These improvements show that the
catalyst enhances the gas’s energy content and the
overall gasification efficiency, producing gas better
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Figure 8. Heating value of EFB

suited for combustion and energy generation. Re-
cent studies confirm that catalysts, especially alu-
minum-based ones, increase the HHV and LHV of
syngas by accelerating the conversion of biomass
into high-quality syngas (Wu et al., 2023).

The effect of catalysts on gasification
efficiency of EFB gasification processes

Cold gas efficiency (CCE) and cold gasifica-
tion efficiency (CGE) are two parameters used
to measure the efficiency of biomass gasification
processes. These parameters provide an overview
of how efficiently biomass can be converted into
useful gases for energy production. Higher CCE
and CGE values indicate a more efficient gas-
ification process in producing usable gases. The
percentage of CCE and CGE are calculated us-
ing Equation 7 and Equation 8, and the results are
presented in Figure 9.

The Figure 9 showing %CCE and %CGE
demonstrates that the addition of aluminum-
based catalysts significantly improves the ef-
ficiency of the gasification process of EFB. The
%CCE without a catalyst is recorded at 62.70%,
which increases to 80.16% with 1.25% catalyst
and reaches 82.50% with 2.5% catalyst. This im-
provement indicates that the catalyst helps en-
hance the amount of usable gas in a cold state,
making the process more efficient.

Meanwhile, %CGE without a catalyst
is 27.86%, which increases to 38.37% with
1.25% catalyst and 41.19% with 2.5% catalyst.
This suggests that the catalyst also contributes
to increasing the ratio of energy that can be
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recovered from the gasification process, re-
sulting in more usable energy.

The use of catalysts in biomass gasification,
especially for materials like EFB, has been shown
to significantly improve process efficiency, both
in terms of CCE and CGE. The results obtained
show significant improvements in both param-
eters, with the 2.5% catalyst yielding the best
results, increasing energy efficiency and reduc-
ing tar formation. Research by Gao et al. (2020)
shows that modified olivine catalysts with metals
such as nickel and cerium can improve hydrogen
production, reduce methane, and enhance syngas
quality (Gao et al., 2021). Catalysts also help
reduce tar formation, which can hinder down-
stream efficiency and improve energy conversion
in the gasification process (Islam, 2020). Other
studies also show that using catalysts in down-
draft gasifiers can optimize gasification param-
eters, increase CGE, and produce higher-quality
gas (Ramos and Rouboa, 2020)

Overall, the use of catalysts not only im-
proves gasification efficiency but also positively
affects the quality of the produced gas, making
it an effective strategy for generating cleaner and
more efficient energy from biomass.

Comparative analysis with other catalysts
(nickel, cobalt, zinc)

This study compares the performance of Al/
Fe-pillared bentonite with other metal-based
catalysts, such as Ni, Co, and Zn, as reported
in the literature. According to Faizan and Song
(2023), the Ni catalyst demonstrated enhanced
gasification efficiency through tar reforming and
an improved H»/CO ratio. Meanwhile, Co and Zn
catalysts were found to produce high-quality syn-
gas with a higher H. and CO content compared
to non-catalytic conditions (Kwon et al., 2024).
The advantage of Al/Fe-pillared bentonite lies
in its high thermal stability, its ability to reduce
tar, and its more economical nature compared to
the Ni catalyst. Moreover, this catalyst is more

environmentally friendly because it is based on
natural materials and has a high level of sustain-
ability, given the abundance of its raw materials
in nature. These factors make Al/Fe-pillared ben-
tonite a more affordable option for large-scale ap-
plications. The data is shown in Table 5.

The Al/Fe-pillared bentonite catalyst provides
an economical and environmentally friendly al-
ternative for biomass gasification applications.
This material maintains thermal stability and im-
proves syngas quality without the high costs as-
sociated with transition metal catalysts.

Catalyst stability after reuse

The stability of the catalyst after several cycles
of use has not been directly tested in this study.
However, based on the literature, bentonite-based
catalysts, including those modified with Al and Fe,
are known to have structures capable of withstand-
ing high thermal conditions and possess good re-
generation potential after operational cycles. This
is due to the intercalation of metals, which enhanc-
es the mechanical strength and structural stability
of bentonite (Bellucci et al., 2023). Therefore, it is
expected that Al/Fe-pillared bentonite will exhibit
similar stability in long-term applications. To ad-
dress this limitation, it is recommended to conduct
long-term stability tests, including the evaluation
of structural changes using XRD and FTIR after
several cycles of use. Such a study would provide
quantitative data on the catalyst’s performance
during repeated use.

CONCLUSIONS

This study demonstrates that Al/Fe-pillared
bentonite significantly enhances the efficiency
of EFB gasification, addressing key challenges
such as high tar formation and incomplete car-
bon conversion. By modifying bentonite with
acid activation and metal pillaring, the material’s
physicochemical properties — including thermal

Table 5. Comparative performance of Al/Fe-Pillared bentonite with other catalysts (Ni, Co, Zn) in biomass gasification

Parameter Al/Fe-pillared bentonite Ni catalyst Co catalyst Zn catalyst
H, content (%) 36.1 42.3 38 35.6
Tar reduction (%) 40.2 55.3 48.7 37.2
Material cost Low High Medium Medium
Cycle durability High Medium High High
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stability, porosity, and catalytic activity — were
significantly improved. The use of Al/Fe-pillared
bentonite as a catalyst in the gasification process
led to a substantial increase in the production of
valuable syngas components such as H. and CO
while reducing tar formation. This catalyst also
improves carbon conversion efficiency without the
high costs typically associated with metal-based
catalysts. These findings offer a cost-effective and
environmentally friendly solution for enhancing
biomass gasification, with potential applications
for large-scale renewable energy production. Fu-
ture research could focus on optimizing the metal
pillar concentrations, evaluating the catalyst’s per-
formance over multiple cycles, and investigating
its use with different biomass feedstocks to further
increase syngas quality and process efficiency.
Additionally, studying the catalyst’s performance
in real-world gasification systems and its recy-
clability could help develop more sustainable and
efficient biomass-to-energy technologies.
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