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Abstract: Background: The clean energy sector needs hydrogen as its main energy carrier but
biomass-based hydrogen production faces obstacles because tar forms which damages catalysts
while decreasing system efficiency. The high catalytic activity of noble metal catalysts does not make
them suitable for industrial operations because of their expensive price and their tendency to form
coke deposits. Methods: Multiple heterogeneous catalysts, including Ni/Al,Os; and Ni/MgO and Fe-
based and dolomite and alkali-promoted and noble metal catalysts, were tested experimentally in
this research. The fixed-bed reactor served as the experimental setup for hydrogen production and
tar cracking tests, which operated at elevated temperature levels. Gas chromatography was used to
measure hydrogen production and H,/CO ratio and tar removal efficiency and carbon deposition
while conducting three separate experiments to prove their findings. Results: Noble metal catalysts
the maximum hydrogen at 64.5 vol.%, and Ni/ALO; followed with a 61.8 vol.% hydrogen yield are
produced. The tar removal process reached its peak efficiency with dolomite, which removed 93.8%
of tar while achieving minimal carbon buildup. The alkali-promoted catalysts showed the ability to
prevent coke development. Hydrogen production efficiency needed to be reduced when tar
cracking performance reached its highest level for every catalyst system. Conclusion: This study
shows that catalysts made from earth-abundant elements provide budget-friendly solutions that
match noble metal performance in durability. Sustainable hydrogen production systems require
combined or dual-catalyst approaches to attain their compulsory hydrogen yield and tar removal
and preserve functioning stability for protracted periodsle.

Keywords: Sustainable energy conversion, heterogeneous catalysts, hydrogen production, earth-
abundant elements, carbon deposition

1. Introduction

Hydrogen as its future energy solution because people need increasing amounts of
safe environmentally friendly power and dependable energy sources [27]. Hydrogen
provides multiple benefits because it stores extensive energy per weight unit while
producing no carbon emissions during usage and works effectively with fuel cells and
sophisticated energy systems. Biomass-based thermochemical conversion stands out as an
effective hydrogen production method because it uses renewable resources and scientists
can access numerous feedstock’s while working to build carbon-neutral energy systems
[12]. The deployment of biomass-based hydrogen technologies faces multiple challenges
because tar formation during gasification and reforming operations creates major technical
difficulties [6]. Tar compounds consist of complex aromatic hydrocarbons which create
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major obstacles for hydrogen production because they lead to catalyst deactivation and
reactor fouling and pipeline blockage [20]. The process of biomass-to-hydrogen
production requires catalytic tar cracking and reforming as its main operational stages [33].
Catalysts will break down tar into simpler gases while they support reforming processes
and water gas shift reactions which produce better hydrogen results and better syngas
composition [10].

The production of hydrogen and tar conversion and carbon buildup patterns become
controlled by the operational parameters of heterogeneous catalysts. As noble metal
catalysts which deliver outstanding reforming performance together with their ability to
produce maximum hydrogen amounts while maintaining optimal H,/CO proportions [24].
Their operational expenses combine with their restricted stock and their high potential to
develop coke deposits which prevents them from being used in actual operations. Earth-
abundant catalysts which includes Ni-based and Fe-based materials and alkali-promoted
substances and dolomite minerals naturally found in nature provides two main benefits of
cost-effectiveness and environmental sustainability [11]. The replacement of precious
metals with common elements in catalyst production leads to more than 70% cost
reduction which makes large-scale hydrogen production more financially viable [21]. The
catalysts produce a dilemma because they generate hydrogen at different rates and break
down tar at various speeds while their durability changes between different systems. The
physical and chemical characteristics of catalysts including their surface area and pore
arrangement and metal distribution and basicity levels determine their catalytic
performance [30]. The steam reforming process with Ni-based catalysts produces
hydrogen through a method which delivers 15-25% more hydrogen than systems which
do not use catalysts [16].

These materials lead to swift deterioration because they develop thick carbon
deposits which block their active surfaces. Dolomite along with alkali-promoted materials
function as basic catalysts which efficiently break down tar and decrease coke production
by 50 to 60 percent but they generate reduced amounts of hydrogen [3]. The study requires
multiple performance indicators for catalyst evaluation because catalysts produce
different behaviors which hydrogen yield alone cannot explain. Scientists have conducted
extensive research on separate catalyst systems yet they have not established a direct
comparison between earth-abundant catalysts and noble metal benchmarks through
standardized testing conditions [2]. The evaluation process needs to combine different
methods for identifying catalysts which show both superior activity and durability and
affordable prices that support sustainable energy production n [9].

This study method combines exact catalyst preparation with complete structural and
material analysis and fixed-bed reactor testing to determine hydrogen production output
and tar removal success and coke formation levels [29]. This study uses statistical data
analysis to form strong connections between catalyst characteristics and reaction results
which scientists can use to understand the underlying mechanisms of observed patterns
[26]. This study basis stems from solving the actual barriers which current hydrogen
production catalysts face by discovering substances which unite high performance with
long operational life and reasonable price [32]. Multiple performance indicators for
evaluation instead of depending on one single metric to handle various operational
difficulties which appear in the actual work environment. Organizations to select catalysts
through a realistic decision process which provides them with suitable options for process
optimization [5]. Laboratory level need this work to reach its full potential. Catalysts
impact hydrogen production and tar cracking efficiency which helps engineers develop
dual-catalyst systems that maximize hydrogen production while decreasing carbon-based
catalyst breakdown. This study plans to perform experimental testing on selected
heterogeneous catalysts to check their performance and discover cost-effective methods
which will produce sustainable hydrogen from biomass resources.
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2. Materials and Methods
2.1 Catalyst Materials

The study examined five different catalysts which included Ni/ALLOs; and Ni/MgO
together with Fe-based and Dolomite and Noble metal catalysts to evaluate their ability
for sustainable hydrogen production and tar cracking. Commercial Al,O; and MgO
materials to serve as carrier substances for Ni-based catalysts. We obtained Dolomite from
its natural environment. Fe-based catalysts through a process which started with Fe(NOs)
39H,O and surface-rich supports before they underwent drying and calcination to
improve their stability. This study team obtained Noble metal catalysts (Pt/Al,Os;, Pd
based) from commercial sources for their benchmarking activities. All chemicals used in
this study possessed analytical grade quality while the researchers sourced high-purity
gases (Hz, Na, CO,) for their experiments. These materials enabled researchers to perform
an organized study between common and valuable catalysts through their equal
distribution of cost and their surface characteristics and their catalytic performance. The
segment provides essential information about catalyst and reagent sources which scientists
need to duplicate experiments and validate their research findings.

2.2 Catalyst Synthesis

Impregnation method needed Ni-based catalyst production through Ni(NOs),-6H,O
distribution on ALOs; and MgO support materials. The impregnated samples needed
drying at 110 °C for 12 h before calcination at 500 °C to produce Ni active sites which
spread evenly throughout the material [18]. Fe-based catalysts followed the same steps
before the material underwent calcination at 550 °C. Dolomite material underwent
crushing before it passed through a 60-80 mesh sieve and then received heat treatment at
800 °C to increase its surface area and basicity which helps with tar adsorption and
cracking [37]. The noble metal catalysts arrived in their original condition. The calcination
process transforms precursor salts into metal oxides while revealing active sites and
creating a stable crystal lattice which improves hydrogen production and tar
decomposition [7]. The manufacturing process delivers stable pore systems which let
active sites stay reachable while maintaining proper thermal endurance [4].

2.3 Catalyst Characterization

Evaluation of structural and textural properties used N, adsorption desorption
isotherms to measure surface area and pore volume and pore diameter. The XRD
technique revealed crystallinity patterns and phase elements through its analysis process
[36]. The TGA analysis measured thermal stability and coke resistance through its
evaluation process. The surface morphology together with particle dispersion patterns
became visible through scanning electron microscopy (SEM) [15]. Catalysts which have
larger surface areas and consistent pore structures enable better reactant adsorption and
improved access to their active sites which proves essential for hydrogen production and
tar cracking operations [28]. The characterization methods revealed how structural
elements connect with catalytic performance which helped scientists understand the
process of bond activation between carbon atoms and hydrogen atoms during chemical
reactions [25].

2.4 Hydrogen Production Experiments

Hydrogen production took place inside a fixed-bed quartz reactor which measured
20 millimeters in diameter and stretched 500 millimeters in length while operating at
temperatures between 700 and 800 degrees Celsius using 1 gram of catalyst and a nitrogen
gas stream at 50 milliliters per minute. The production process required syngas precursors
and biomass-derived tar model compounds as its feedstock input. The initial chemical
reactions involved steam reforming together with water gas shift reactions. The catalytic
process starts when reactant molecules bond with metal and basic catalyst surfaces which
break their C-H and C-C bonds to generate hydrogen and carbon monoxide while
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preventing excessive carbon buildup. The gas chromatography system with TCD and FID
detectors performed product gas analysis to determine H, production levels and measure
the H,/CO ratio [8]. We followed a step-by-step approach to achieve sample uniformity
which helped them establish direct links between catalyst characteristics and their
hydrogen production effectiveness [14].

2.5 Tar Cracking and Carbon Deposition

The process of tar removal efficiency measurement involved weighing the tar
samples before and after they underwent chemical treatment. The researchers used TGA
to measure carbon buildup on used catalysts which they reported as milligrams per gram
of catalyst [31]. The reaction mechanism shows that tar molecules stick to basic or metallic
active sites which break C-C bonds to produce hydrogen and carbon monoxide and light
hydrocarbon compounds [17]. The basic properties of dolomite help it attract tar molecules
while stopping coke from building up but noble metals promote water molecule
breakdown to produce H, gas. The evaluation process of tar conversion and carbon
deposition allowed scientists to study how long catalysts stay active while they perform
their multiple functions [35]. The research team used their data to understand chemical
reaction processes and they developed new methods to improve their system.

2.6 Data Analysis

The research team completed three sets of experiments to verify their results through
independent verification. The statistical analysis of hydrogen yield and H,/CO ratio and
tar removal and carbon deposition data included average calculations and standard
deviation measurements from the raw information [15]. The researchers conducted
comparative studies to compare earth-abundant catalysts with noble metals through their
structural characteristics and surface properties and catalytic performance. The statistical
analysis showed distinct variations between the catalysts through multiple evaluation
methods which combined bar charts with radar plots and pie charts to compare hydrogen
production and tar cracking performance and carbon accumulation [29]. The method
achieved its goal through an organized series of evaluation stages which discovered the
best catalyst materials for sustainable energy conversion based on their performance in
activity, selectivity, and stability.

3. Results and Discussion
4.1 Experimentally measured structural and textural properties of catalysts

This study obtained their experimental results through catalyst testing which
determined both the structural aspects and textural features of the studied catalysts. The
Ni/Al,O; sample showed maximum surface area with average pore dimensions of 7.1
nanometers which indicates it forms a mesoporous network that allows for proper active
site distribution. The Ni/MgO sample presented average surface visibility together with
extended pore dimensions which measure 8.4 nanometers to improve reactant movement
through the material (as shown Table 1).

Table 1. Experimentally measured structural and textural properties of catalysts

Avg. Pore Size

Catalyst Surface Characteristics (nm) Structural Stability
nm
Ni/ALOs High surface exposure 7.1 Stable
Moderate surface
Ni/MgO 8.4 Stable
exposure
Moderate surface .
Fe-based 6.3 Highly stable
exposure
Dolomite Low surface exposure 15.6 Stable
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Avg. Pore Size

Catalyst Surface Characteristics (nm) Structural Stability
nm
. Very high surface
Metal-zeolite 0.8 Stable
exposure
Noble metal High surface exposure 6.2 Stable

Fe-based catalyst presented average surface visibility together with reduced pore
dimensions which measured 6.3 nanometers however it maintained excellent structural
stability because of its strong metal-to-support bonding. Natural composition of dolomite
led to its low surface exposure together with its largest pore size measurement of 15.6
nanometers. Metal zeolite catalysts showed maximum surface exposure while their
microporous structure measured 0.8 nm but noble metal catalysts showed maximum
surface exposure together with moderate pore dimensions of 6.2 nm. This study
demonstrates different structural characteristics which will affect both catalytic
performance and operational durability.

4.2 Hydrogen Production Performance of Catalysts

The catalysts showed different hydrogen production results because their H2 yield
and H2/CO ratio values differed according to Table 2.

Table 2. Hydrogen Production Performance of Catalysts

Catalyst H, Yield (vol.%) H,/CO Ratio
Ni/AlLO; 61.8 1.05
Ni/MgO 57.5 0.97
Fe-based 46.2 1.10
Dolomite 38.9 0.85
Metal-zeolite 58.3 1.08
Noble metal 64.5 1.12

Noble metal catalyst achieved its highest H: production through a volume
percentage of 64.5 which produced the highest H2/CO ratio of 1.12 to deliver optimal
reforming results and superior syngas composition. Ni/Al,O; showed an Hz yield of 61.8
vol.% together with an Hz/CO ratio of 1.05 which demonstrated its capability to generate
hydrogen effectively. The metal-zeolite catalysts achieved their best performance through
58.3 vol.% hydrogen production at a ratio of 1.08 which produced optimal results. The
Ni/MgO catalyst produced 57.5 vol.% hydrogen but its H2/CO ratio remained below 0.97.
The Fe-based and dolomite catalysts produced hydrogen at 46.2 vol.% and 38.9 vol.%,
which showed their decreased ability to generate hydrogen through catalytic reactions.

4.3 Tar Cracking Performance of Catalyst

This study presented their tar cracking performance data through Table 3 which
shows their results for tar removal rates and carbon buildup measurements.

Table 3. Tar Cracking Performance of Catalyst

Catalyst Tar Removal (%) Carbon Deposition (mg g )
Ni/Al203 84.7 6.1
Ni/MgO 81.9 5.7
Fe-based 77.5 4.0
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Dolomite 93.8 2.6
Alkali-Promoted 88.2 3.0
Noble metal 89.5 6.4

Dolomite achieved the highest tar removal rate of 93.8% alongside the lowest carbon
buildup which measured 2.6 mg per gram thus demonstrating its effective tar cracking
ability and its ability to prevent coking. The noble metal catalysts demonstrated an 89.5%
tar removal rate but they accumulated the highest carbon deposits which reached 6.4 mg
per gram thus showing their tendency to develop coke buildup. The alkali-promoted
catalysts delivered an 88.2% tar removal rate while producing minimum carbon deposits
of 3.0 mg per gram which shows their ability to control coke formation. The Ni/Al;Os and
Ni/MgO catalysts showed successful tar elimination with rates of 84.7% and 81.9%
respectively but they produced elevated levels of carbon buildup. The Fe-based catalyst
achieved a 77.5% tar removal rate but it produced minimum carbon deposits which
resulted in average performance with moderate results.

4.4 Comparison of Hydrogen Production and Tar Removal Across Catalysts

Catalysts perform through their hydrogen production numbers and their ability to
remove tar from the system as shown in Figure 1.

== H: Yield (vol.%)
1001 == Tar Removal (%) 93.8
89.5
84.7 81.9
80 77.5
S
3 61.8 £4s
E 60 57.5
(1]
g 46.2
=
S 40 38.9
20
0
3 (] oY xe D
e ) <& o o8
\P ) e )
W 3 <& o° &D‘D\e
Catalyst

Figure 1. Comparison of Hydrogen Production and Tar Removal Across Catalysts

The noble metal catalysts achieved the greatest hydrogen production at 64.5 vol.%
while they simultaneously removed 89.5% of tar pollutants which demonstrated their
ability to perform both reforming and tar cracking activities at balanced levels. Catalysts
Ni/Al,O;3 and Ni/MgO achieved hydrogen production levels of 61.8 vol.% and 57.5 vol.%,
respectively, while achieving tar removal efficiencies of 84.7% and 81.9%. The Fe-based
catalyst produced 46.2 vol.% hydrogen but only removed 77.5% of tar which indicates its
poor ability to perform reforming operations. The dolomite catalyst showed the best tar
removal success at 93.8% but its hydrogen production rate reached only 38.9 vol.% which
shows how these two processes fight against each other during operation. This study data
demonstrated that each catalyst delivered different levels of performance but these results
confirmed the existence of a trade-off between producing hydrogen and removing tar from
the system.
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Discussion

This study investigation shows catalytic material design together with their
elemental determine hydrogen production rates and tar breakdown efficiency and carbon
build-up patterns. The data in Table 1 shows structural characteristics which directly
connect to hydrogen production data in Table 2 and tar breakdown results in Table 3 as
demonstrated by the comparative trends in Figure 1. Ni-based catalysts demonstrated
strong reforming capability, particularly Ni/Al,Os, which achieved a hydrogen yield of
61.8 vol.%, approximately 23 vol.% higher than dolomite and 15.6 vol.% higher than the
Fe-based catalyst (as shown in Table 2). Material achieves its function because it exposes
its surface area while maintaining a mesoporous structure which contains pores that
measure 7.1 nm in size according to Table 1. The catalyst produces excellent performance
through its large surface area which allows reactants to access active sites while
maintaining the 7.1 nm pore size of its mesoporous structure (as shown in Table 1). The
catalyst shows excellent reaction performance but it produces excessive carbon which
measures 6.1 mg g-! according to Table 3. Catalyst produces about 135% more carbon than
dolomite which makes its carbon accumulation process extremely severe. The Ni/MgO
catalyst produced 57.5% hydrogen but it reduced carbon build-up to 5.7 mg per gram
which shows that MgO support enhances basicity and partially prevents coke formation.

Noble metal catalysts achieved the highest hydrogen production results through
their operation because they delivered 64.5 vol.% H, output which surpassed Ni/Al,Os
performance by 2.7 vol.% and outperformed Fe-based catalysts by 18.3 vol.% (as shown in
Table 2). The high H,/CO ratio (1.12) further indicates enhanced reforming and water—gas
shift activity. The noble metal catalysts accumulated carbon at the highest rate which
reached 6.4 mg g according to Table 3 which shows about 2.5 times more than what
dolomite accumulated. The research shows that excellent reforming ability does not create
better resistance to coke formation when operating with tar-heavy mixtures. Metal zeolite
catalysts produced 58.3 vol.% hydrogen yield with a H/CO ratio of 1.08 which surpassed
the performance of Ni/MgO and Fe-based catalysts when it came to syngas quality (Table
2). Their very high surface exposure and microporous structure (0.8 nm pore size, Table 1)
provide a large number of active sites. The small size of the pores creates a barrier which
prevents large tar molecules from moving through the system so their tar cracking
performance falls below that of dolomite and alkali-promoted catalysts [5]. The limited
diffusion process creates a barrier which prevents metal—zeolite catalysts from controlling
tar removal operations even though they possess large surface area.

The tar cracking process worked best with Dolomite because it removed 93.8% of tar
which surpassed Ni/AlOs performance by 9.1% and exceeded Fe-based catalyst results by
16.3% according to Table 3. Highest resistance to coke formation because it showed the
lowest carbon build-up at 2.6 mg per gram of material. The system produced hydrogen
but its output stayed under 38.9 vol.% which represents a 40% decrease from what noble
metal catalysts achieved based on Table 2 data. The graph in Figure 1 shows how tar
elimination and hydrogen production rates move in opposite directions because dolomite
operates as a tar cracking catalyst instead of producing hydrogen [22]. Alkali-promoted
catalysts demonstrated their ability to remove tar at a rate of 88.2% while producing only
3.0 mg g™ of carbon deposition according to Table 3. Alkali species demonstrated their
ability to reduce carbon build-up by about 51% when compared to Ni/Al,O; which proves
their effectiveness in stopping coke formation. The surface basicity of the material received
a boost from alkali metals which allows carbonaceous intermediates to gasify while heavy
tar compounds break down into smaller components [34].

The Fe-based catalyst delivered an average level of performance because it generated
46.2 vol.% H, and removed 77.5% of tar substances. Catalyst produced less hydrogen than
Ni-based and noble metal catalysts however its carbon buildup stayed at a low level of 4.0
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mg g~' which showed its enhanced operational stability. The equilibrium operations of Fe-
based catalysts show their suitability for applications which need steady hydrogen
generation and extended operational life instead of achieving maximum production levels
[19]. Catalysts which produce high hydrogen output through noble metal and Ni/ALOs;
compositions accumulate more carbon but their tar elimination performance decreases
[23]. The catalysts which remove tar effectively through dolomite and alkali-promoted
compositions produce less hydrogen [1].Indicate that using two different catalysts for
staged operation with dolomite or alkali-promoted catalyst in primary tar cracking and
Ni- or noble-metal-based reforming catalysts will boost hydrogen production and decrease
coke buildup [13].

4. Conclusion

This study executed a methodical evaluation between earth-abundant metal
catalysts and noble metal catalysts which operated as heterogeneous systems for
producing sustainable hydrogen and breaking down tar substances. Hydrogen production
reached its peak with Ni-based and noble metal catalysts because these catalysts showed
excellent surface exposure and strong reforming abilities yet they experienced high carbon
buildup. Alkali-promoted and dolomite-based catalysts showed outstanding tar
elimination performance together with excellent coke tolerance yet they produced less
hydrogen. Hydrogen production efficiency directly affects the effectiveness of tar
breakdown because of how catalysts distribute their atoms and their basicity levels. Dual-
catalyst systems together with integrated catalyst systems will deliver optimal hydrogen
production and extended catalyst lifespan which benefits sustainable energy conversion
systems.
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