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ABSTRACT: This study rigorously investigates biomass thermal behavior and gasification efficiency using natural zeolite
(NZ) catalysts, specifically focusing on those modified with nickel. Objectives encompass the assessment of Si/Al ratio,
surface area, and pore characteristics of zeolite catalysts. Thermogravimetric Analysis exposes distinct temperature-
dependent biomass behaviors, emphasizing nickel’s catalytic influence, notably in Ni/NZMC at 471.95 °C, indicating
enhanced thermal interactions linked to cellulose decomposition. Structural changes due to nickel impregnation
are detailed through X-ray diffraction patterns, revealing shifts in peak heights and Si/Al ratios. The syngas
composition analysis highlights Ni/NZMC’s exceptional hydrogen production. Gasification yield results underscore
zeolite catalysts’ positive impact, particularly Ni/NZMC, exhibiting superior efficiency with increased gas yield and
higher hydrogen content. This research challenges conventional beliefs, unveiling a nuanced relationship between Si/Al
ratio, specific surface area, and gasification results, emphasizing the multifaceted nature of catalyst performance. These
findings significantly contribute to understanding catalyst-driven biomass conversion, providing a strong foundation
for sustainable energy advancements.
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INTRODUCTION

The remarkable properties of natural zeolites have
propelled their widespread applications across di-
verse fields, attracting considerable attention from re-
searchers and industries alike [1-3]. Characterized
by well-defined porous structures and ion-exchange
capabilities, natural zeolites exhibit versatility in ap-
plications ranging from agronomy, ecology, and manu-
facturing to medicine, cosmetics, and various catalytic
processes, including the pivotal roles in pyrolysis and
transesterification of palm oil [4,5]. However, the
effectiveness of natural zeolites is intricately linked
to specific applications and the inherent properties of
the zeolites used, presenting challenges such as pore
size effects, acidity changes, and stability concerns that
underscore the need for meticulous consideration in
their utilization [1, 6-9].

In the pursuit of sustainable energy production,
biomass gasification has emerged as a promising tech-
nology, offering a pathway to renewable and carbon-
neutral energy sources [9,10]. Central to the success
of biomass gasification is the use of natural zeolites as
catalysts, addressing challenges like the formation of
undesirable tar byproducts [11-13]. Through modi-
fication, natural zeolites become effective catalysts for
tar cracking, enhancing cold gas efficiency and increas-

ing the hydrogen and carbon monoxide content in the
resulting product gas [15]. Optimization of the pore
structure, achieved through pre-treatment processes
like dealumination and desilication, is essential to miti-
gate mass diffusion issues and prevent the formation of
undesirable byproducts during gasification processes.

The modification of natural zeolites not only en-
hances catalytic activity but also plays a crucial role in
ensuring the stability of the catalyst during prolonged
and challenging conditions of biomass gasification.
The crucial role of stability in nickel-impregnated natu-
ral zeolites for extended activity, particularly in diverse
catalytic reactions such as hydro conversion and green
diesel production, was highlighted. The modification
of Indonesian natural zeolite (NZ) with varying nickel
content (3%, 5%, and 10 wt.%) revealed that the 3%
Ni-modified NZ exhibited superior activity (77.34%)
and selectivity (53.11%) on C15 in catalytic tests at
375°C and 12 bar pressure for 2 h, emphasizing the
effectiveness of nickel modification, especially in the
realm of green diesel production from crude palm
oil (CPO) [16]. Nickel (Ni) is a transition metal
with great potential for various applications, especially
in semiconductor rectifiers, gas sensors, and high-
performance catalysts. Among transition metals such
as Ni, Fe, Co, Mn, Cu, and Zn, nickel has the best
catalytic ability and is superior to iron (Fe) [17].
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Although nickel-impregnated zeolite catalysts ex-
hibit advantages in various applications, they come
with potential drawbacks. Firstly, there is a risk of
coke formation, a phenomenon that can deactivate
the catalyst over time, particularly concerning when
the catalyst has a high density of Brgnsted acid sites
[16-18]. Additionally, the pore size of the zeolite
plays a role in the catalyst’s performance; for instance,
zeolites with narrower pores, like Y type zeolite sup-
ported nickel catalysts, can encourage coke deacti-
vation [19-22]. Nickel impregnation alters zeolite
acidity, influencing catalytic activity, and introducing
changes in properties, as seen in Ni-modified ZSM-5
zeolites, which exhibit enhanced stability and isomer-
ization selectivity due to a synergistic effect between
Brgnsted and Lewis acid sites [23-26]. Finally, the
stability of nickel-impregnated zeolites, influenced by
factors like the nickel impregnation method, concen-
tration, and zeolite properties, is explored in multi-
ple studies, demonstrating enhanced stability and iso-
merization selectivity in impregnated ZSM-5 zeolites
compared to in situ synthesis, with nickel contents
ranging from 3% to 10% in studies focusing on green
diesel production and carboxylation reactions [ 16, 25],
excluding biomass gasification. Nevertheless, further
research is needed to determine the effectiveness of Ni-
impregnated NZ in biomass gasification applications.
These catalysts present potential challenges, including
issues related to coke formation, pore size effects, and
changes in acidity, necessitating careful consideration
when applied in biomass gasification.

The principal objectives of this study are to system-
atically investigate the thermal behavior and gasifica-
tion efficiency of biomass in the presence of diverse NZ
catalysts, with a particular emphasis on those subject
to modification and nickel impregnation. The study
seeks to unravel the intricate interplay among cata-
lyst characteristics, temperature-dependent behaviors,
and biomass composition during thermal degradation.
Furthermore, the research aims to comprehensively
characterize the structural and compositional alter-
ations in zeolite catalysts induced by modification and
nickel impregnation, offering crucial insights into the
catalyst’s pivotal role in biomass conversion processes.
The specific objectives encompass the quantitative as-
sessment of the Si/Al ratio, surface area, and pore
characteristics of the zeolite catalysts. Additionally,
the study aims to conduct a detailed analysis of the
temperature-dependent behaviors of biomass utilizing
Thermogravimetric Analysis (TGA). Furthermore, the
investigation will evaluate the syngas composition and
gasification efficiency across various catalyst condi-
tions. By achieving these objectives, the study aspires
to make significant contributions to the understanding
of catalytic biomass conversion, fostering advance-
ments in sustainable energy production within the
scientific community and industry.
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MATERIALS AND METHODS
Materials used

The gasification process relied on a combination of
Municipal Solid Waste (MSW) sourced from TPSA
Cilowong, Serang, Banten Province, Indonesia, and
coconut shell biomass from a traditional market. The
MSW mixture contains 49.07% carbon, 6.05% hydro-
gen, 39.79% oxygen, and 0.95% nitrogen, while the
coconut shell biomass has a composition of 47.63%
carbon, 6.29% hydrogen, 45.42% oxygen, and 0.13%
nitrogen. To prepare these materials, they were first
dried at 105 °C for 3 h to reduce the moisture content.
The coconut shell biomass obtained from a traditional
market was blended in a 60:40 mixing ratio.

In catalyst synthesis, natural zeolite served as the
foundational material, chosen for its porosity and ion-
exchange capabilities essential for catalytic applica-
tions. Modified natural zeolites, specifically NZMA,
NZMB, NZMC, NZMD as well as Ni/NZMA, Ni/NZMB,
and Ni/NZMC, Ni/NZMD were produced in the pro-
cess. Nickel nitrate (Ni(NO,),-6H,0) was selected
as the nickel precursor for impregnation due to its
solubility and effective release of nickel ions. The
concentration of nickel nitrate was carefully controlled
to influence the final nickel content in the catalyst.

During impregnation, solvents were utilized based
on their compatibility with the catalyst and nickel ni-
trate. The choice of solvent, whether water or organic
solvents, was made to ensure the uniform dispersion
of nickel nitrate on the modified zeolite surface. In the
BET analysis, nitrogen gas was employed to evaluate
the surface area and porosity of the catalyst. The
controlled adsorption of nitrogen at low temperatures
provided essential data for understanding the physical
characteristics of the modified natural zeolites impreg-
nated with nickel (Ni/NZMA, Ni/NZMB, Ni/NZMC,
and Ni/NZMD), collectively referred to as the Ni-NZM
catalyst.

Synthesis of NZM and Ni-NZM catalyst

In the initial phase, natural zeolite underwent mod-
ification to enhance its surface area and Si/Al ratio.
A carefully selected natural zeolite was subjected to a
modification process aimed at increasing its porosity
and altering its chemical composition. This process
involved treatments such as dealumination and desili-
cation, optimizing the pore structure to address poten-
tial mass diffusion issues during subsequent catalytic
reactions.

Initially, raw NZ, sourced from Bayah, Banten,
Indonesia, undergoes physical examination, sorting,
and grinding. The resulting fine powder is sieved to
achieve a mesh size of 80 for uniformity. Subsequently,
the zeolite powder is dried by baking in an oven at
300°C for 30 min, followed by activation through
immersion in a 4% hydrofluoric acid (HF) solution at a
ratio of 1:2 (w/v) for 30 min, and subsequent washing
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with water.

For NZMA, the activated zeolite undergoes reflux-
ing in 6 M HCI for 30 min at 90°C. NZMB involves
an additional step of soaking the zeolite for 24 h after
refluxing. NZMC undergoes an extended reflux process
for 120 min. NZMD involves reflux process for 120 min
and an additional step of soaking the zeolite for 24 h.
The products from the reflux process are washed with
water until the wastewater reaches a pH of 5, and
then dried at 120°C. Ion exchange is carried out by
immersing the zeolite in a 0.1 M ammonium chloride
(NH4C1) solution at a ratio of 1:2 (v/v) for 3 h at 90 °C.
This process involves the exchange of cations such as
K, Fe, and Ca with NHI, enhancing the overall acidity
of the zeolite. The final step is calcination, where
the zeolite is heated at 600°C for 4 h, leading to the
decomposition of NH] ions into H' ions and forming
H-zeolite. The variations in the synthesis steps result
in the formation of NZMA, NZMB, and NZMC, each
possessing distinct properties and characteristics.

After the modification of natural zeolite into
NZMA, NZMB, NZMC, and NZMD, the catalyst pre-
cursor was prepared by impregnating the modified
zeolite with nickel nitrate (Ni(NO,),-6H,0). The
impregnation process played a crucial role in intro-
ducing nickel species onto the zeolite surface, en-
hancing its catalytic properties. The concentration of
nickel nitrate was meticulously controlled to achieve
the desired nickel content in the final catalyst. The
impregnated zeolite was then left to stand, ensuring
the proper penetration of the nickel precursor. Fol-
lowing impregnation, the zeolite underwent a drying
process to eliminate any residual solvent or water. This
step was essential to prepare the catalyst precursor
for the subsequent calcination process. The drying
occurred at a controlled temperature of 120 °C, facili-
tating the removal of moisture without inducing unde-
sired chemical changes. The dried catalyst precursor
then underwent calcination to transform into the final
Ni-NZM catalyst. Calcination was conducted at an
elevated temperature of 800 °C for a specified duration
of 3 h. The synthesis of NZM and Ni-NZM catalysts
are clarified on a schematic diagram of the activation
of the zeolite process for Ni-zeolite impregnation and
its characterization (Fig. 1). This thermal treatment
served to remove any remaining organic components,
activate the nickel species, and stabilize the modified
zeolite structure. The resulting Ni-NZM catalyst was
then ready for further analysis and testing.

Characterization techniques

The Brunauer-Emmett-Teller (BET) analysis was em-
ployed to evaluate the surface area and porosity of the
Ni-NZM catalyst. Nitrogen adsorption at low temper-
atures was applied to the catalyst, and the resulting
isotherm was utilized to ascertain specific surface area,
pore volume, and pore size distribution.

Sample preparation

-
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Fig. 1 The schematic diagram of the activation zeolite process
to Ni-zeolite impregnation and its characterization.

BET analysis yielded insights into the physical
properties of the catalyst, which were crucial for com-
prehending its performance in subsequent catalytic
processes. Scanning Electron Microscopy (SEM) was
utilized to visualize the morphology and structure of
the Ni-NZM catalyst in the past. This high-resolution
imaging technique facilitated the examination of sur-
face features, particle size distribution, and the overall
microstructure of the catalyst. The analysis via SEM
provided valuable information on the physical charac-
teristics of the catalyst, contributing to the assessment
of its suitability for biomass gasification. Energy-
Dispersive X-ray Spectroscopy (EDS) was applied in the
past to determine the elemental composition of the Ni-
NZM catalyst, with a specific emphasis on evaluating
the distribution of nickel within the zeolite matrix.
EDS analysis generated quantitative data on the nickel
content, confirming the successful impregnation of
nickel species onto the zeolite surface.

Gasification tests and syngas composition analysis

The Ni-NZM catalyst underwent gasification tests in a
fixed bed gasifier to assess its performance in biomass
gasification (Fig. 2). Gasification conditions, involv-
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Fig. 2 An updraft fixed bed gasification reactor, consisting of the following components: (1) Nitrogen Gas Inlet, (2) Steam
Generator, (3) Mass Flow Meter, (4) Gasifier Reactor with subcomponents: a. Thermocouple, b. Heater Element, c. Catalyst,
d. Perforated Plate, e. Biomass, (5) Condenser Unit, and (6) Gas Analysis, (7) Temperature Controller.

ing temperature and pressure, were meticulously con-
trolled to replicate real-world operating conditions.
The catalyst’s capacity to generate syngas from biomass
feedstock was evaluated, with a specific focus on the
production of hydrogen-rich syngas. To augment the
production of hydrogen-rich syngas, steam was in-
troduced into the reactor at a ratio of 1:3 steam to
biomass.

Gas Chromatography-Mass Spectrometry (GCMS)
was utilized for the analysis of the syngas composition.
The generated syngas was sampled, and the GCMS sys-
tem was employed to separate and quantify individual
components, including hydrogen, carbon monoxide,
methane, and other trace gases. This analysis pro-
vided detailed insights into the catalytic performance
of Ni-NZM, particularly concerning the production of
hydrogen-rich syngas.

The outlined methodology ensured a systematic
and thorough approach to the synthesis, characteriza-
tion, and testing of the Ni-NZM catalyst, contributing
to a comprehensive understanding of its potential in
biomass gasification applications.

RESULTS AND DISCUSSION
Properties of raw and modified NZs

Table 1 serves as a comprehensive overview, shedding
light on critical characteristics of both raw and mod-
ified natural zeolite (NZ) catalysts, as well as their
Ni-loaded derivatives (Ni/NZA, Ni/NZB, Ni/NZC and
Ni/NZD). A crucial factor influencing catalytic perfor-
mance, the Si/Al ratio, is prominently displayed. The
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modified NZ samples (NZA, NZB, NZC, NZD) show a
significant increase in Si/Al ratio, especially notewor-
thy in NZD with a value of 27.05. This suggests a
successful modification process, potentially enhancing
the catalyst’s catalytic activity [29]. Concurrently, the
surface area, a key determinant of catalytic efficiency,
experiences a substantial increase in the modified cat-
alysts compared to the raw NZ, with NZA exhibit-
ing the highest surface area at 147.7 m?/g, followed
closely by NZB at 136.3 m?/g. This augmentation
can be attributed to the modification process, indi-
cating a higher availability of active sites for catalytic
reactions [29]. The higher the acidity level or the
increasing soaking time causes an increase in the Si/Al
Ratio. Table 1, natural zeolite modified NZD, indicates
that the Si/Al ratio is the highest, while the total pore
volume and surface area are the lowest. The excessive
use of acid during the dealumination process can nega-
tively affect zeolite’s structure and properties, altering
mesopores’ size, number, and distribution [30].
Further insights into the porous structure of the
catalysts are provided through the mesopore and mi-
cropore volumes. Generally, there is an increase in
both mesopore and micropore volumes in the modified
catalysts, contributing to a more intricate porous net-
work that could facilitate enhanced mass transfer and
adsorption processes. Simultaneously, the total pore
volume, an aggregate of mesopores and micropores,
exhibits a discernible rise in the modified catalysts,
indicating an overall improvement in porosity. This en-
hancement, combined with the increased surface area,
implies a potential boost in the catalyst’s capability to
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Table 1 Surface area, pore volume, and radius for both untreated and modified natural zeolite (NZ).
Parameter Catalyst properties
NZ NZA NZB NZC NzZD Ni/NZA Ni/NZB Ni/NZC Ni/NZD
Si/Al Ratio 5.08 10.73 24.93 22.79 27.05 7.12 5.76 8.44 9.95
Surface area (mz/g) 28.62 147.7 136.3 111.4 104.3 97.91 72.74 71.32 65.48
Mesopore volume (Cm3/g) 0.08 0.11 0.09 0.07 0.006 0.07 0.06 0.06 0.05
Micropore volume (cm3/g) 0.01 0.07 0.06 0.05 0.005 0.06 0.06 0.05 0.04
Total pore volume (Cm3/g) 0.09 0.181 0.157 0.123 0.118 0.132 0.119 0.107 0.092
Average pore radius (nm) 0.635 2.452 2.304 2.318 2.293 2.437 2.292 2.314 2.265
Ni/NZMD
Ni/NZMC
® 502 L Ne) AN Ni/NZMB
. Ni/NZMA
. NZ
400 | — 4 a ® -
350 4 . |
3001 | X s 1™ ’ M ns
= | AT S
g wo I T o i:" | oL * .
s 200 01 A,\,J é 1 T VLAY LN Y S, S . S
- 4 L
B ,\AA_/‘L/V‘M M M e A e 2 | * { |
& 150 | £ | A \J .
£ . [ JAAM M e x A
100 4 o Mam A NI ) ?
50 WM B A N
0] N

2 Tetha

(a)

2 Tetha

(b)

Fig. 3 XRD pattern of (a) a natural zeolite catalyst subjected to modification and (b) a natural zeolite nickel modification to

Ni impregnation.

accommodate reactants and facilitate catalytic reac-
tions [29]. The average pore radius, a crucial parame-
ter influencing diffusion and transport phenomena, ex-
periences a notable increase in the modified catalysts,
further emphasizing the impact of modification on the
catalyst’s structural characteristics [29].

The introduction of nickel into the modified NZ
catalysts (Ni/NZA, Ni/NZB, Ni/NZC and Ni/NZD) is
likely to have additional implications for catalytic ac-
tivity. The observed decrease in the Si/Al ratio after
nickel impregnation signifies a significant alteration
in the catalyst properties. Before Ni impregnation,
the XRD analysis of the zeolite catalysts as shown
in Fig. 3 revealed a pronounced peak corresponding
to SiO,, indicating a relatively higher abundance of
silicon dioxide compared to aluminum oxide. In zeolite
synthesis, aluminum oxide typically contributes to the
structure and framework of the zeolite. The specific
type of aluminum oxide in zeolite is crucial for its
catalytic properties. However, the SiO, peak being
higher than the aluminum oxide peak in the initial
XRD data indicates an imbalance in the Si/Al ratio,
potentially impacting the catalytic performance. Upon
nickel impregnation, there is a noteworthy shift in the
XRD peaks. The Si/Al ratio decreases, suggesting a

reduced abundance of aluminum in the catalyst struc-
ture. This alteration is accompanied by an adjustment
in the peak heights of SiO, and aluminum oxide. Post-
impregnation, the SiO, peak becomes comparable or
even lower than the aluminum oxide peak, indicating
a more balanced Si/Al ratio. This shift in peak heights
implies a successful incorporation of nickel species into
the zeolite structure, leading to modifications in the
catalyst’s composition and potentially enhancing its
catalytic activity. The reduction in Si/Al ratio post-
impregnation is likely attributed to the introduction
of nickel species, which occupy specific sites within
the zeolite framework, displacing silicon or aluminum
atoms. This restructuring might result in a more uni-
form distribution of aluminum throughout the zeolite
framework, impacting its catalytic behavior.

The Ni/NZA catalyst exhibits a substantial increase
in surface area compared to the other Ni-loaded cata-
lysts as shown in Table 1, potentially pointing towards
synergistic effects between nickel and the modified
NZA structure. The presence of nickel may contribute
to the creation of additional active sites, thereby en-
hancing catalytic reactivity [29]. While the Si/Al ratio
decreases compared to pre-Ni impregnation, it still
remains elevated in the Ni-loaded catalysts, indicating
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Fig. 4 SEM images and EDS data of a natural zeolite catalyst
that underwent modification and nickel impregnation.

the retention of acidity following modification [29].
Analyzing the pore characteristics of the Ni-loaded
catalysts reveals interesting trends, with variations
in mesopore and micropore volumes among the Ni-
loaded catalysts. However, the total pore volume
remains relatively consistent, indicating a balanced
modification that maintains an overall porous struc-
ture. The average pore radius, although slightly vary-
ing, remains within a comparable range for the Ni-
loaded catalysts. This consistency suggests that the
introduction of nickel does not significantly alter the
overall pore size distribution, which could be advanta-
geous for maintaining effective diffusion and transport
properties during catalytic reactions [29].
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Referring to the additional information provided,
zeolites with a low Si/Al ratio are stated to be more
polar, indicating stronger absorption capacity, while
those with high silicon content possess larger active
centers suitable for catalytic applications [29]. Con-
versely, zeolites with high silica content exhibit a more
homogenous surface and hydrophobic properties [31].
Aluminosilicates, forming a framework through alu-
minum and silicon atoms, introduce porosity, crucial
for zeolite catalytic functionality. The acidity of ze-
olites, influenced by the Si/Al ratio, remains promi-
nent even after modification and nickel loading. The
discussion touches on the dual role of zeolite acidity,
encompassing Bronsted and Lewis acid sites [32]. The
increase in surface area and total volume observed
in Table 1 is complemented by the insight that zeo-
lite properties, such as surface homogeneity and hy-
drophobicity, may be influenced by the impregnation
of Ni during modification [31].

The X-ray diffraction (XRD) patterns, (Fig. 3), pro-
vide insightful details about the structural characteris-
tics of both the raw zeolite catalyst and the modified
zeolite impregnated with nickel. The distinctive peaks
associated with the support catalyst SiO, (JCPDS 39-
1425) are evident at the broad peak around 22.3° [33],
indicative of the amorphous structure of silica. This
suggests that the modification process, including the
introduction of nickel, does not alter the fundamental
amorphous nature of the silica support. Additionally,
peaks corresponding to the presence of nickel metal
at angles 50.9° is discernible on the modified catalyst.
The observation of these peaks aligns with the success-
ful impregnation of nickel onto the zeolite structure.

Furthermore, the XRD analysis reveals the pres-
ence of NiO phase peaks (JCPDS 65-2901) at angles
37.2°and 43.2° on the nickel-impregnated catalyst.
This indicates the formation of nickel oxide phases as
a result of the modification process. The identification
of these peaks provides valuable information about
the crystalline structure and phase composition of the
catalyst after nickel impregnation. During the reduc-
tion process of the catalyst, various possibilities arise.
A fraction of Ni species may not undergo reduction
completely, and the reduced Ni on the catalyst may
undergo reoxidation back to NiO when exposed to
air [34,35]. These potential phenomena during the
reduction process underscore the dynamic nature of
the catalyst’s behavior under different conditions.

Moreover, the nickel content determined through
XRD testing corresponds with the SEM-EDS compo-
sition analysis shown in Fig. 4, reinforcing the con-
sistency of the findings. The XRD analysis indicates
an increase in nickel content in tandem with the
heightened peak intensities in the XRD diffraction re-
sults. This observation is further supported by SEM-
EDS testing, where the Ni/NZMB sample exhibits the
highest nickel content. The correlation between XRD
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and SEM-EDS analyses reinforces the reliability of the
analytical methods employed and provides a compre-
hensive understanding of the structural and composi-
tional changes induced by the modification and nickel
impregnation processes.

Thermogravimetric analysis of biomass across
different catalysts

TGA data provides insights into the thermal behav-
ior of various biomass samples at different tempera-
tures. Initially, at 40°C, all samples show minimal
mass changes, indicating stability. As the temperature
increases to 60-100°C, a slight mass decrease is ob-
served, suggesting the release of volatile components
or moisture. The main decomposition phase occurs
between 200-500 °C, with biomass + Ni/NZMB and
biomass + Ni/NZMC exhibiting higher stability. In the
range of 600-800 °C, substantial mass loss is seen, with
biomass + NZMC consistently displaying the highest
loss. Beyond 800°C, a plateau is reached, indicating
major decomposition completion. Although the Si/Al
ratio decreases post-Ni impregnation, it remains high
in Ni-loaded catalysts, maintaining acidity even after
modification. The heat flow analysis at specific tem-
peratures reveals varied thermal behavior influenced
by different catalysts. The Si/Al ratio is known to be
related to the proximity of the local structure of Al to
Si, which can affect the increase in interaction between
Brgnsted acid sites and guest molecules. The relation-
ship between Brgnsted acid sites and the distribution of
Al frameworks also increases [36]. The acid strength of
the Brgnsted acid sites is known to affect the catalyst’s
ability to break carbon chain bonds [37]. So, the role of
zeolite here is not only as a support for nickel catalysts
but also to create Brgnsted acid sites that can affect
the spatial interaction of hydrocarbon gases during the
gasification process.

For instance, at 471.95°C, biomass + NZMC ex-
hibits significant heat flow, suggesting enhanced ther-
mal interactions, possibly due to Ni/NZMC catalytic ef-
fects. The subsequent temperature points show unique
heat flow patterns, emphasizing catalyst-specific ther-
mal dynamics [38, 39].

The dataset explores the intricate relationships
between temperature, relative mass change, and heat
flow in diverse combinations of biomass and metals.
Throughout the temperature range, a consistent de-
cline in relative mass change is observed, indicating
a general trend across all combinations. Notably,
biomass + Ni/NZMC stands out with a pronounced
negative mass change, suggesting heightened sensi-
tivity to temperature fluctuations and potential reac-
tions at elevated temperatures. The examination of
heat flow data introduces a nuanced perspective. At
471.95 °C, biomass + NZMC displays a substantial heat
flow of 167.22 mW, indicating distinct thermal behav-
ior. The Differential Thermal Analysis (DTA) further

characterizes this thermal behavior, identifying three
thermal zones: initial drying, hemicellulose decom-
position, and cellulose decomposition (Fig. 5). The
significant heat flow at 471.95°C aligns with specific
exothermic processes, particularly cellulose decompo-
sition within biomass + NZMC.

Further analysis at specific temperature points pro-
vides deeper insights into the thermal interactions be-
tween biomass and different catalysts. For instance, at
472.95°C, biomass + NZMB exhibits notable heat flow,
suggesting considerable impact on thermal behavior.
Similarly, at 480.95°C, biomass + Ni/NZMA shows
substantial heat flow, emphasizing its unique catalytic
effects. However, other combinations show minimal
or no significant heat flow at these temperatures, indi-
cating the specificity of catalyst influence. Therefore,
the detailed TGA data underscores the importance
of catalysts in shaping the thermal decomposition of
biomass. The observed heat flow patterns at specific
temperatures reveal varying degrees of catalytic in-
fluence, offering valuable insights into the dynamic
processes involved.

Syngas composition and yield using raw and
modified NZs

A comprehensive breakdown of syngas composition
across various catalysts and non-catalytic conditions,
offering insights into their respective efficiencies is
provided (Fig. 7). Beginning with Ni/NZMC, this cat-
alyst exhibits notable efficiency in syngas production,
boasting a high hydrogen content of 59%, coupled
with a balanced composition of 27% CO and 9%
CO, Ni/NZMB, while displaying a slight variation,
maintains a favorable equilibrium between hydrogen
production and carbon-containing gases. Ni/NZMA
showecases effective catalytic activity, emphasizing hy-
drogen production while minimizing methane forma-
tion. The natural zeolite catalyst (NZ) demonstrates
moderate efficiency, while the non-catalyst condition
results in less efficient conversion. Further highlights
the impact of nickel impregnation on modified natural
zeolite, showcasing increased syngas production and
a favorable shift in hydrogen composition (Fig. 7).
This aligns with the findings of Vizcaino et al [40],
emphasizing the substantial role of nickel in enhancing
hydrogen production. Contrary to conventional be-
liefs, the catalyst with the largest specific surface area
does not necessarily translate into the highest catalytic
performance, emphasizing the intricate interplay be-
tween catalyst characteristics and efficiency.

The discussion extends to the Si/Al ratio, tradi-
tionally assumed to have a linear relationship with
gasification results. However, this study reveals a
non-linear relationship, underlining the multifaceted
nature of catalyst performance beyond surface area
considerations. Challenging conventional notions, the
nuanced relationship between specific surface area and
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of different natural zeolite catalysts.

catalytic performance becomes apparent, highlighting
that a larger specific surface area is not the sole de-
terminant of superior catalytic activity. Instead, the
study suggests that the combination of an appropriate
Si/Al ratio and BET surface area is crucial for stabi-
lizing the reactivation process during gasification and
steam reforming. This comprehensive understanding
of the intricate interplay between nickel impregnation,
Si/Al ratio, and specific surface area provides valuable
insights for optimizing catalyst design in gasification
and reforming processes. The findings underscore the
necessity for a nuanced approach, considering multiple
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Fig. 7 Comparison between the syngas production from non-
catalytic biomass gasification and the catalytic counterparts
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factors, to achieve superior catalytic performance in
these complex reactions. This emphasizes the need for
a holistic understanding of catalyst characteristics in
designing efficient catalytic systems.

Moving to the gasification yield shown in Fig. 8,
each catalyst’s performance is elucidated. Starting
with the non-catalyst condition, the gasification yield
is 69%, with a breakdown of 11.40% tar and 19.60%
char. This suggests effective conversion of biomass into
gaseous products, with a notable portion of biomass
transformed into gas. Moving to the NZ catalyst,
the gasification yield increases to 77.70%, indicating
enhanced efficiency in converting biomass into gas.
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Fig. 8 Gas, tar, and char production during biomass gasifi-
cation using pure biomass, natural zeolite catalyst, modified
natural zeolite, and nickel-impregnated zeolite.

The tar and char percentages decrease to 7.06% and
15.24%, respectively, highlighting a cleaner gasifica-
tion process with reduced by-products. Ni/NZMA,
a modified zeolite catalyst impregnated with nickel,
exhibits an impressive 92.04% gasification yield. This
higher yield suggests a further improvement in biomass
conversion, with only 1.90% tar and 6.06% char. The
reduced tar and char percentages indicate a more
efficient gasification process with a focus on pro-
ducing gaseous products. Ni/NZMB, another nickel-
impregnated zeolite catalyst, demonstrates a 93.52%
gasification yield. The distribution reveals a highly
effective conversion process, with only 0.96% tar and
5.52% char. This points towards superior efficiency in
biomass conversion, emphasizing the catalyst’s positive
impact on the gasification process. Finally, Ni/NZMC,
the third nickel-impregnated zeolite catalyst, achieves
the highest gasification yield at 93.90%. The break-
down shows only 0.94% tar and 5.16% char, underlin-
ing its exceptional efficiency in transforming biomass
into gaseous products. This catalyst’s performance
indicates a highly effective gasification process, with
minimal production of tar and char by-products.

Therefore, the gasification yield results demon-
strate the progressive improvement in biomass con-
version efficiency with the introduction of zeolite
catalysts, particularly those impregnated with nickel.
The reduction in tar and char percentages across the
nickel-impregnated catalysts highlights their positive
impact on enhancing the gasification process, making
them promising candidates for further exploration in
biomass gasification applications.

The intricate interplay between temperature, cat-
alysts, and biomass composition plays a pivotal role
in shaping the thermal behavior and gasification ef-
ficiency of biomass. The thermal degradation of
biomass is a complex process influenced by the specific
interactions between the catalysts and the biomass
constituents at varying temperatures [12,41]. Under-
standing this interplay is crucial for optimizing gasi-
fication processes and enhancing the overall efficiency
of biomass conversion. Temperature serves as a critical

factor in influencing the kinetics of biomass decompo-
sition. As the temperature increases, various thermal
events unfold, including the release of volatile com-
ponents, hemicellulose and cellulose decomposition,
and ultimately the transformation of solid biomass into
gaseous products. The TGA analysis highlights how
different catalysts can either enhance or mitigate these
thermal events at specific temperature ranges. For in-
stance, biomass + Ni/NZMB and biomass + Ni/NZMC
exhibit higher stability in the major decomposition
phase, suggesting that the addition of nickel to the
natural zeolite catalyst influences the thermal behavior
of biomass, possibly by promoting more controlled
decomposition reactions.

The catalytic effects on thermal behavior become
particularly evident in the heat flow analysis at specific
temperatures. The substantial heat flow observed,
such as in the case of biomass + NZMC at 471.95°C,
indicates increased thermal activity associated with the
catalytic effects of nickel impregnation. This height-
ened thermal activity could be linked to enhanced
catalytic reactions, potentially involving the decom-
position of cellulose or other biomass constituents.
In contrast, the absence of significant heat flow in
other combinations at the same temperature suggests
variations in the catalytic influence, highlighting the
specificity of catalyst-biomass interactions.

The syngas composition data further elucidate the
catalytic effects on gasification efficiency. Notably,
the varying efficiencies exhibited by different catalysts,
such as Ni/NZMC’s high hydrogen content, underscore
the selective catalytic promotion of specific gasification
reactions. The nuanced relationship between the Si/Al
ratio and gasification results challenges conventional
beliefs, emphasizing the importance of catalyst char-
acteristics beyond surface area considerations. This
includes the need for an appropriate Si/Al ratio and
BET surface area, indicating that catalyst design in-
tricacies contribute significantly to the overall gasifi-
cation process. Moving to gasification yield analysis,
the progressive improvement in biomass conversion
efficiency with the introduction of zeolite catalysts,
especially those impregnated with nickel, underscores
their positive impact. The reduced tar and char per-
centages across nickel-impregnated catalysts further
highlight their efficacy in enhancing the gasification
process. For instance, Ni/NZMC achieving the high-
est gasification yield emphasizes its exceptional effi-
ciency in transforming biomass into gaseous products.
Therefore, the intricate interplay between tempera-
ture, catalysts, and biomass composition involves a
delicate balance of catalytic reactions and thermal
dynamics. Catalysts, particularly those impregnated
with nickel, exert specific effects on biomass decom-
position, influencing the efficiency of gasification pro-
cesses. The temperature-dependent behaviors and
gasification yield results collectively underscore the
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need for a nuanced approach in catalyst design, con-
sidering multiple factors to achieve superior catalytic
performance in biomass conversion applications. This
comprehensive understanding offers valuable insights
for optimizing gasification processes and advancing the
field of biomass utilization for energy production.

The superior gas yield and higher hydrogen con-
tent observed in the syngas produced by biomass +
Ni/NZMA, biomass + Ni/NZMB, biomass + Ni/NZMC
and biomass + Ni/NZMD combinations can be at-
tributed to several potential mechanisms associated
with the nickel impregnation in the natural zeolite
catalysts.  Firstly, nickel is known for its catalytic
activity in reforming reactions, particularly steam re-
forming of hydrocarbons. In the gasification process,
the presence of nickel can facilitate the reforming of
tar and methane, leading to an increased production
of hydrogen-rich syngas (Fig. 7). The catalysts, es-
pecially Ni/NZMC, may actively participate in break-
ing down complex hydrocarbons into simpler gaseous
components, thus enhancing the overall gas yield and
hydrogen content.

Secondly, nickel acts as a promoter for water-gas
shift reactions, which play a crucial role in adjusting
the composition of syngas. These reactions involve the
conversion of carbon monoxide (CO) and water vapor
(H,0) into carbon dioxide (CO,) and hydrogen (H,).
The promotion of water-gas shift reactions by nickel
can contribute to an elevated hydrogen content in the
syngas, as observed in Fig. 6. Furthermore, nickel is
capable of catalyzing the decomposition of hydrocar-
bons and biomass constituents at lower temperatures.
This catalytic activity promotes the release of volatile
components during the initial stages of gasification,
ensuring efficient conversion of biomass into gaseous
products. The presence of nickel in the zeolite cata-
lysts, particularly in Ni/NZMA, Ni/NZMB, Ni/NZMC
and Ni/NZMD, enhances the gasification efficiency by
accelerating these decomposition reactions.

Moreover, the specific characteristics of each
nickel-impregnated zeolite catalyst may contribute to
the observed variations in gas yield and syngas com-
position. For example, the unique structure or surface
properties of Ni/NZMB may favor specific reactions
leading to a higher gas yield at certain temperature
ranges. Overall, the catalytic effects of nickel impreg-
nation in the natural zeolite catalysts likely involve
a combination of reforming reactions, water-gas shift
reactions, and enhanced decomposition of biomass
constituents. The synergy of these mechanisms con-
tributes to the increased gas yield and higher hydrogen
content in the syngas, making these catalysts promis-
ing candidates for improving the efficiency of biomass
gasification processes. Further detailed investigations
and kinetic studies would be essential to unravel the
specific pathways and interactions underlying the cat-
alytic effects of nickel in these zeolite catalysts.
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CONCLUSION

The study explored biomass’s thermal behavior and
gasification efficiency using various NZ catalysts, in-
cluding those modified with nickel. = The results
provided insights into how catalyst properties, tem-
perature, and biomass composition interact. The
analysis of zeolite catalysts (NZA, NZB, NZC, NZD)
showed changes in their Si/Al ratio, surface area,
and pore structure, indicating successful modifica-
tions. Nickel impregnation also altered the catalysts’
structure, as seen in changes to X-ray diffraction pat-
terns and Si/Al ratios. TGA revealed that biomass
behaved differently depending on the catalyst, with
nickel-impregnated zeolites showing specific effects on
biomass decomposition at different temperatures. At
471.95°C, biomass with Ni/NZMC showed stronger
thermal interactions, likely linked to cellulose break-
down. Nickel-impregnated catalysts improved syngas
composition, increasing hydrogen content and reduc-
ing tar and char compared to non-catalytic and natural
zeolite setups. These findings highlight the importance
of factors like Si/Al ratio and surface area in achieving
better catalytic performance.
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