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Abstract

Palm kernel shell (PKS), an abundant agro-industrial residue, represents a largely
underutilized biomass resource in West Africa despite its high fixed carbon content
and structural properties that make it suitable for energy applications. While PKS
has been studied for adsorbents, biofuels, and composites, its potential as a
renewable catalyst 1n thermochemical hydrogen production remains
underexplored. This study aimed to develop PKS-derived biochar and activated
carbon as sustainable and cost-effective catalytic precursors for biomass
gasification. The methodology adopted a two-stage approach: first, Box—Behnken
Design (BBD) under Response Surface Methodology (RSM) was employed to
optimize pyrolysis parameters (temperature, heating rate, and residence time) for
biochar production. Then, the optimum biochar underwent steam activation under
controlled conditions to enhance microporosity and catalytic properties. Proximate,
elemental, physicochemical, and structural analyses were performed, including
determination of fixed carbon, volatile matter, density, ash content, and iodine
number. Results revealed that pyrolysis at 500 °C and 15 °C/min with a residence
time of 60 min produced the optimum biochar (PKS-OP1) with high fixed carbon
(77.1 wt%) and moderate porosity (iodine number: 155 mg/g). Subsequent steam
activation transformed this biochar into a highly microporous activated carbon
(PKS-Akt 280) with enhanced properties: iodine number of 885 mg/g, low volatile
matter (~4 wt%), high fixed carbon (90 wt%), and pH ~10, demonstrating superior
porosity, surface area, and thermal stability. Comparative analysis showed PKS-
Akt 280 matches or outperforms some conventional catalysts, positioning it as a
viable catalyst precursor. The study concludes that PKS-derived activated carbon
offers an efficient, low-cost, and sustainable alternative to traditional metal-based
catalysts for hydrogen production via gasification. It is recommended that further
pilot-scale testing and industrial-scale process development be investigated to
integrate PKS-biochar as a renewable catalyst pathway, contributing to waste
valorization, cleaner hydrogen production, and the circular bioeconomy in palm-

growing regions.

Key words: Palm kernel shell; biochar; activated carbon; catalyst; biomass

gasification.



Résumé

La coque de palmiste (PKS), un résidu agro-industriel abondant, représente une ressource de biomasse
largement sous-exploitée en Afrique de I'Ouest, malgré sa teneur élevée en carbone fixe et ses propriétés
structurales qui la rendent adaptée aux applications énergétiques. Bien que la PKS ait été étudiée pour
les adsorbants, les biocarburants et les composites, son potentiel comme catalyseur renouvelable pour
la production thermochimique d'hydrogene reste sous-exploré. Cette étude a visé 1’élaboration du
biochar et du charbon actif dérivés de la PKS comme précurseurs catalytiques durables et rentables pour
la gazéification de la biomasse. La méthodologie a adopté une approche en deux étapes: tout d'abord, la
conception Box-Behnken (BBD) sous la méthodologie des surfaces de réponse (RSM) a été utilisée pour
optimiser les paramétres de pyrolyse (température, vitesse de chauffe et temps de séjour) pour la
production de biochar. Ensuite, le biochar optimal a été soumis a une activation a la vapeur dans des
conditions controlées afin d'améliorer sa microporosité et ses propriétés catalytiques. Des analyses
approximatives, €lémentaires, physico-chimiques et structurales ont été réalisées, notamment la
détermination du carbone fixe, des matiéres volatiles, de la masse volumique, de la teneur en cendres et
de l'indice d'iode. Les résultats ont révélé que la pyrolyse a 500 °C a une cinétique de chauffage de 15
°C/min pour un temps de séjour de 60 min a produit le biochar optimal (PKS-OP1) avec un carbone fixé
élevé (77,1 % en poids) et une porosité modérée (indice d'iode: 155 mg/g). Une activation ultérieure a
la vapeur I'a transformé en un charbon actif hautement microporeux (PKS-Akt 280) avec des propriétés
améliorées: indice d'iode de 885 mg/g, faible teneur en matiéres volatiles (~ 4 % en poids), carbone fixé
¢élevé (90 % en poids) et pH ~ 10, démontrant une porosité, une surface spécifique et une stabilité
thermique supérieures. Une analyse comparative a montré que le PKS-Akt 280 égale ou surpasse
certains catalyseurs conventionnels, le positionnant comme un précurseur de catalyseur viable. L'étude
conclut que le charbon actif dérivé du PKS offre une alternative efficace, économique et durable aux
catalyseurs traditionnels a base de métaux pour la production d'hydrogéne par gazéification. Il est
recommandé d'étudier d'autres essais a I'échelle pilote et le développement de procédés a I'échelle
industrielle afin d'intégrer le biochar PKS comme voie de catalyseur renouvelable, contribuant ainsi a
la valorisation des déchets, a la production d'hydrogéne plus propre et a la bioéconomie circulaire dans

les régions productrices de palmiers a huile.

Mots clés: Coque de palmiste; biochar; charbon actif; catalyseur; gazéification de la biomasse.
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Background of the Study

Biochar, a carbon-rich solid material (Kong et al., 2019) is produced via thermochemical
conversion of biomass. Thermochemical conversion of biomass (pyrolysis, gasification,
hydrothermal carbonization and torrefaction) refers to the process by which organic material is
decomposed into different energy carriers or products such as biochar, biooil or syngas (Wang
et al., 2023) by applying high temperature without the presence of oxygen or under oxygen
limited environment (Iwuozor et al., 2023). Of these thermochemical pathways, pyrolysis is a
promising process for optimizing biochar yield (Ahiekpor et al., 2023) while gasification for
enhance syngas production, a hydrogen-rich gas (Rubinsin et al., 2024). The pyrolysis process
is interesting for optimum biochar production because operational parameters like temperature,
retention time and heating rate can be manipulated while subjecting biomass to high
temperature in an oxygen-free environment to inhibit full combustion (Saleh et al., 2024).
Biochar has several environmental benefits and applications. One of the applications of biochar
is its use as sorbent in biorefineries for gas cleaning (Shen et al., 2018). Moreover, biochar’s
environmental benefits include application in soil remediation and carbon capture and storage
(Gui et al., 2025). Furthermore, recent studies have investigated the use of biochar as catalysts
for biodiesel production (Akpasi, 2016) and catalysts support (Yao et al., 2016) in energy
industries. Biochar is regarded as a key element in the energy transition by offering a way to
decarbonize various sectors and reduce reliance on fossil fuels. According to Pelkmans
(Pelkmans et al. 2024) the International Energy Agency (IEA) had speculated that a total of 100
EJ (exajoule) in energy would be provided in 2050 by biomass of which 60% would be obtained
from biochar.

Consequently, the shift in paradigm towards global sustainable energy presents emerging
challenges and diverse opportunities. Catalysts could serve as a key enabler in this transition
by influencing process efficiency across the entire energy life cycle (Levin, 2023). Therefore,
leveraging the diverse nature and application of biochar in the field of catalysis is essential in
solving this puzzle. It is important to note that catalysts as a substance increase the rate at which
a chemical reaction approaches equilibrium without being consumed permanently. Today, there
are several types of catalysts used in energy industries to enhance production and to curtail
environmental pollution. Study from Nwachukwu (Nwachukwu, 2024) categorized these
catalysts to include homogenous catalysts (acid and base catalysts), heterogenous catalysts
(metal-based catalysts, activated carbon), nanostructured catalysts (metal nanoparticle
catalysts, carbon-based nanostructured catalysts) and biocatalysts (enzymes).

Biochar-based catalysts are heterogeneous catalysts derived from biomass sources, such as
agricultural residues and municipal solid waste, through pyrolysis and subsequent activation
via gasification using steam or CO,. Palm kernel shell (PKS) is an abundant agricultural
residual biomass of palm oil processing which can be converted into biochar via pyrolysis and
activated for use as catalysts. Nowadays, almost all energy industrial applications ranging from

petroleum refinery to thermochemical conversion predominantly rely on traditional catalysts
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like metal-based materials. However, these catalysts are expensive, non-regenerative, and
susceptible to deactivation due to tar formation (Hussain et al., 2023). In contrast, biochar-based
catalysts derived from PKS offer a sustainable (Shakir et al., 2024), renewable, efficient and
cost-effective alternative (Jagadale et al., 2025).

Using PKS as feedstock in a pilot gasification system (Pranolo et al. 2023), Pranolo
demonstrated that produce fuel gas show combustible content which can be used to supply heat
via direct combustion or generate electricity for fossil fuel substitution in internal combustion
engine. Kosti¢ studied the catalytic activities of PKS in biodiesel production using sunflower
oil (Kosti¢ et al. 2016). With 3 wt% deposition of the PKS catalysts in the reaction, the
production of fatty acid methyl esters was 99% at 65°C. The utilization of PKS was done by
Yeboah (Yeboah et al., 2020) to fabricate Magnesium-biochar composites for hydrogen storage.
The result of their study shows that when the palm kernel shell biochar concentration was
increased from 5 wt% to 20 wt%, it improves the hydrogen sorption performance by converting
Mg into MgH> roughly from 83% to 93%. Additionally, other studies show PKS used as
feedstock can serve as a viable sustainable energy source. Kongto investigated pyrolysis and
co-pyrolysis processes using PKS, PMF (palm mesoderm fibers) and empty fruit bunches
(EFB) as feedstocks (Kongto et al., 2024). The results show that biochar derived from PKS
proved to have higher energy content, larger porosity and higher surface area than the other
feedstocks. These properties are interesting for making biochar from PKS not only as energy
source but also as a strong catalysts support for metals. While PKS have been studied for fuels
applications, absorption materials for hydrogen storage and catalyst for biodiesel production,
its role in thermochemical hydrogen production remains underexplored. Therefore, this study
addresses this gap by developing PKS biochar as a renewable catalyst to enhance hydrogen
yield, reduce tar formation, and improve process sustainability. The novelty lies in leveraging
PKS, an underutilized agro-industrial waste as a feedstock, optimizing pyrolysis conditions for
catalytic performance, and integrating biochar catalyst into hydrogen production systems to

advance waste-to-energy strategies.

Statement of the problem

The oil palm industry around the world generates a substantial amount of solid waste that
relatively affect the environment due to lack of waste management strategies (Hosseini et al.,
2015). Studies have shown that about 90% of biomass from palm trees is wasted while only
10% oil palm is converted to CPO (Babatunde et al., 2025; Hosseini et al., 2015; Nabila et al.,
2023). The biomass composition breaks down as follows: 7% PKS residue, 23% EFB, 15%
mesocarp fiber, and 45% combined oil palm fronds and trunks (Nabila et al., 2023).

Based on its high energy content and environmental sustainability, PKS is the most sorted out
among all oil palm biomasses yet remained highly underutilized especially in West Africa.
Countries like Indonesia and Malaysia as well as other semi industrialized countries utilized

more than 80% of PKS biomass as industrial fuel in power plants and other industrial
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applications (Pranolo et al., 2023; Zafar, 2024) while the remaining 20% are either dispose of
in landfills or burned openly in air (Uchegbulam et al., 2022). Unlike these industrialized
countries, almost all PKS biomass generated in CPO top producing countries in Africa (e.g.
Nigeria, Ghana, Cote d'Ivoire) is not valorized. Despite its availability, a substantial fraction of
this biomass is disposed in landfills or left in open fields, exacerbating environmental pollution.
For instance, more than 2.5 million tonnes (MT) of PKS are generated annually in Nigeria and
about 95% of this fraction is not utilized (Uchegbulam et al., 2022) thereby posing substantial
threat to the environment through methane emission, a greenhouse gas.

Basically, applications of PKS from recent studies focus on its use as a feedstock for energy
generation (Kongto et al., 2024), a low-cost adsorbent for wastewater treatment (Uchegbulam
et al., 2022), and absorption material for hydrogen storage (Yeboah et al., 2020). However, its
potential as a catalytic agent in thermochemical hydrogen production remains largely
unexplored. Therefore, biochar-derived catalysts from PKS generated from CPO top producing
countries as used in this study could probably help in mitigating biomass waste challenges,
advancing cost-effective and sustainable alternatives to conventional fossil-based catalysts like

nickel and platinum.

Objective of the study

The main aim of the study is to produce biochar using PKS as feedstock via pyrolysis and
activate the PKS-derived biochar as precursor for hydrogen production.
The Specific objectives are:
1. To produce biochar from PKS via pyrolysis;
il. To optimize PKS biochar production by investigating the effects of temperature,
heating rate, and residence time;
1il. To activate the optimum biochar product;
1v. To characterize the physicochemical properties of produced PKS-biochar and PKS-
activated carbon;
v. To study the use of PKS-biochar and PKS-activated carbon as precursor for
hydrogen production via biomass gasification and evaluate its catalytic efficiency.

Research questions

i.  How can biochar be produced from PKS via pyrolysis?

1. What are the effects of temperature, heating rate, and residence time on the yield and
quality of PKS-biochar?

iii. What activation parameters are most effective for enhancing the properties of PKS
biochar?

iv. What are the key physicochemical properties of PKS-biochar and PKS-activated
carbon, and how do these properties relate to potential catalytic performance?

v. How do the properties of PKS-biochar compare with those of PKS-activated carbon?

14



vi. Can PKS-biochar and PKS-activated carbon serve as effective precursors for hydrogen
production through biomass gasification?
vii. What is the catalytic efficiency of PKS-derived biochar and activated carbon in

enhancing hydrogen yield during gasification?

Significance of the study

The significance of this study is pillared on the investigation of the potential for PKS-derived
biochar and PKS-activated carbon to serve as sustainable, and cost-effective catalysts in
biomass gasification processes. These bio-based catalysts can improve syngas yield, reduce tar
formation, and promote cleaner energy production, thereby contributing to more efficient and
environmentally friendly biomass conversion technologies. Furthermore, utilizing PKS, an
abundant agricultural residue, aligns with circular economy principles by valorizing waste
materials into valuable energy catalysts. This approach not only reduces reliance on expensive
and sometimes less sustainable metal catalysts but also offers a renewable alternative that
supports energy transition goals. The application of these bio-derived catalysts has the potential
to advance decentralized energy systems, promote sustainable biomass utilization, and reduce

greenhouse gas emissions associated with traditional fossil fuel-based processes.

Research hypothesis

The research hypothesis is pillared on these principles:

I.  The use of biochar produce from palm kernel shell as catalyst for biomass gasification
will enhance hydrogen production.
II.  PKS biochar catalyst is viable and efficient for thermochemical hydrogen production

than metal-based catalysts.

Scope of the study

The scope of this present study encompasses a comprehensive investigation of PKS as a raw
material for producing biochar and activated carbon through controlled pyrolysis and activation
processes. It includes the optimization of pyrolysis conditions using statistical design methods,
characterization of physicochemical properties such as moisture, volatility, pH, fixed carbon
content, densities and iodine number, and evaluation of the resulting materials’ catalytic
potential in biomass gasification. The study further compares the performance and stability of
PKS-activated carbon with conventional catalysts such as nickel-based catalysts, exploring
their applicability as sustainable alternatives for tar cracking and syngas enhancement in energy
conversion processes like gasification. Overall, the research aims to develop and validate bio-
based catalyst materials that are economically viable, environmentally sustainable, and suitable

for scalable biomass gasification applications.
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Limitation of the study

This present study primarily focuses on PKS as feedstock without extensively investigating
other biomass types or feedstock variations, which may influence the generalization of the
findings. Additionally, the experimental conditions for pyrolysis and activation are conducted
at laboratory scale, and challenges related to scaling up these processes for industrial
applications remain unaddressed. For instance, the optimization and activation processes were
conducted under controlled conditions that might differ from real-world operational
environments. Characterization methods focused primarily on physicochemical properties;
advanced catalytic testing under continuous gasification systems was outside the scope.
Comparative analysis with conventional catalysts was based on literature data rather than direct
experimentation. Finally, feedstock variability such as differences in PKS source and
composition, which may impact the contextualize findings to other regions or processing plants.
Furthermore, pilot-scale experimental application of biochar and activated as catalysts in
biomass gasification was not performed. Additionally, the potential environmental impacts and
lifecycle assessments of the biochar and activated carbon production processes are limited,

necessitating further investigation for practical deployment.

Structure of the thesis

This current study is organized into three chapters and a preface. The preface highlights the
background and context of the study. In this section, the research problems, research questions,
objectives and hypothesis are well-defined and elaborated. Chapter 1 explored related literature
focusing on PKS-derived biochar catalysts for thermochemical hydrogen production. It details
the role of hydrogen in global energy transition, the various thermochemical pathways for
hydrogen production like pyrolysis and gasification as well as the role of catalysts in these
processes. Furthermore, PKS as a feedstock will be evaluated within this chapter and
comparative efficiency of PKS biochar to traditional catalyst will be explored. Chapter 2
explored the materials and methods: feedstock collection, the technique of PKS biochar
production through pyrolysis under varying conditions, how the characterization of the
produced PKS biochar is performed, how activation and characterization of the biochar
precursor and propose use of the PKS-biochar and PKS-activated carbon for biomass
gasification. The last chapter (3) highlighted the results, the correlation between cause and

effect, conclusion, and recommendation.
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Chapter 1

Brief overview on catalysts and thermochemical

conversion process of biomass
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1.1 Introduction

This section offers an overview of the existing body of research and fundamental developments
relevant to catalysis, biochar production through pyrolysis, and subsequent activation as a
precursor for thermochemical hydrogen generation. It begins with an exposition of the broader
context of catalysis, including an exposition of catalyst types, their applications within
thermochemical processes for hydrogen production, along with an investigation of prevailing
challenges and limitations, as well as recent advancements and knowledge gaps in the field.
Special emphasis is placed on the strategic utilization of PKS as a valuable feedstock for biochar
synthesis, exploring relevant technologies and the critical process parameters influencing yield
and quality. The primary aim of this review is to systematically survey, analyze, and synthesize
scholarly sources to recognize relatable theories, methodologies, and research gaps.
Furthermore, the review systematically organizes and evaluates studies regarding catalyst types,
process parameters such as temperature, heating rate, and residence time as well as activation
techniques. It emphasizes the physicochemical characteristics of biochar-based catalysts,
including surface area, porosity, and functional groups, and how these properties influence
catalytic performance. Finally, this literature review contextualizes the current study by
illustrating how it builds upon, diverges from, and contributes to the existing knowledge base.
It underscores the research's motivation, outlining how it aims to address identified gaps and to

advance understanding within this research domain.

1.2 Catalysts
1.2.1 Definition and Role in energy conversion

Catalysts are substances that increase the rate of a chemical reaction without being consumed
in the process. This is possible when they act by lowering the activation energy, a barrier for
reaction to proceed, thereby making the reaction faster and more efficient under favorable
thermodynamics conditions (Kakaei et al., 2019). The reaction in which catalysts are used for
chemical transformation is considered catalysis. During catalysis, the catalyst directs chemical
reaction pathways with high selectivity ensuring that specific desired products are formed over
unwanted byproducts, which is crucial for any chemical conversion process. Their unique
ability to influence reaction pathways makes them vital in various energy conversion processes,
ranging from fuel production to environmental remediation (Conceicao, 2024; Fornasiero,
2021). In modern energy systems, catalysts remain indispensable not only to refining
conventional fossil fuels but also enabling the next generation of renewable energy technologies
such as sustainable hydrogen production. For instance, conventional processes like catalytic
cracking, hydrocracking, and reforming rely on solid acid catalysts and metal catalysts to break
down large hydrocarbon molecules from crude oil into high-value products such as gasoline,
diesel and jet fuel (Sadeghbeigi, 2020). As seen in the energy provide diagram (Fig. 1.1), a

catalyst helps to open new reaction pathways by lowering the activation energy; hence,
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efficiently converting reactants (X and Y) into suitable products (Z) which account for lower

energy utilization than an uncatalyzed reaction.

E. (no catalyst)

Energy

E, (with catalyst)

X, Y

Reaction Progress

Figure 1.1: Energy profile diagram with catalyst; adapted from (Marras, 2010)

It is important to note that these processes would not have been possible without catalysts as
they would require prohibitively high temperature and pressures thereby making them
economically and environmentally unviable. Furthermore, catalytic converters in vehicles,
containing platinum group metals, perform oxidation and reduction reactions to convert
harmful exhaust pollutants such as CO, NOx and unburnt hydrocarbons into less toxic gases
like N> and H>O (Della et al., 2011). As indicated, the importance of catalysts extends far
beyond fossil fuels and is arguably even more critical for sustainable energy and the green
energy transition.

Accordingly, catalysts are the enablers of the hydrogen economy. For example, on one hand,
proton exchange membrane (PEM) electrolyzer requires traditional catalysts like iridium and
platinum to efficiently split water into hydrogen and oxygen (Wei et al., 2017). The reverse
process also utilizes platinum-based catalysts in Hydrogen Fuel Cells by combining hydrogen
and oxygen to generate electricity with water as the only emission source (Debe, 2012). On the
other hand, thermochemical processes like gasification and pyrolysis use catalysts for
converting biomass or waste into syngas, bio-oil or biochar. During these processes, raw
material like biomass or waste requires extensive catalytic upgrading for valorizing via
reforming, water-gas shift reactions and deoxygenation. Nowadays, most hydrogen production
methods or upgrading steps for chemicals and biofuels via thermochemical processes in large-

scale industries utilize nickel-based and zeolite catalysts (Huber et al., 2006).
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1.2.2 Types and classification of catalysts

Catalysts are universally classified based on their physical state and their relationship to the
reaction phase they accelerate. This fundamental classification is critical as it dictates the
catalyst's mechanism of action, its application, and the engineering design of the reactors that
contain them. The selection and optimization of catalysts play a pivotal role in determining the
efficiency and product distribution of thermochemical processes like pyrolysis and gasification
or in biochemical conversion processes such as fermentation and anerobic digestion. Catalysts
in biomass conversion are broadly categorized into three types: homogeneous, heterogeneous,
and biocatalysts (Diallo et al., 2025), each with distinct mechanisms and applications. However,
and due to the nature of the study, the discussion in this chapter will focus solely on homogenous

and heterogeneous catalysts.

1.2.2.1 Homogenous catalysts

Homogeneous catalysts are typically molecular organometallic complexes or acids/bases
dissolved in a solvent whereas the substrates for a reaction and the catalyst components are
brought together in the same phase (van Leeuwen, 2003). In a well-defined solution, every
catalyst molecule is identical and fully accessible to reactants, leading to exceptionally high
selectivity and activity, often under milder reaction conditions (Kumar et al., 2022). In so doing,
the process eliminates common issues like pore diffusion limitations, inactive internal sites, and
catalyst sintering. The mechanism often involves the formation of a soluble intermediate
complex, where the catalyst coordinates with the reactant, facilitates the reaction like C-C bond
cleavage and water gas shift (WGS) reaction, and then regenerates itself (Crabtree, 2005). As
stated, homogeneous catalysts can operate efficiently at relatively lower temperatures (65-100
°C), with remarkable catalytic turnover frequency (TOF), and can minimize production of
catalyst poisoning and formation of impurities like CO; thereby, facilitating purer hydrogen
streams critical diverse applications (Kumar et al., 2022).

1.2.2.1.1 Applications in Thermochemical Hydrogen Production

Recent advances extend to hydrogen production from biomass-derived substrates like glycerol
and monosaccharides using homogeneous catalysis under relatively low temperature and
pressure, expanding the feedstock base for renewable hydrogen (Cheng et al., 2022). These
catalysts enable reforming reactions and hydrogen liberation via dehydrogenative
transformations with high efficiency and selectivity. Electrochemical homogeneous catalysis
represents an emerging approach combining redox catalysis with thermochemical pathways,
potentially enabling energy-efficient hydrogen production integrated with renewable electricity
sources (Cheng et al., 2022). Contemporary technologies include aqueous-phase reforming
(APR), supercritical water gasification (SCWG) and liquid-phase reforming and
dehydrogenation.
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1.2.2.1.1.1 Aqueous-Phase Reforming (APR)

Homogeneous catalysts play a significant role in APR process for generating hydrogen from
biomass-derived compounds (glycerol and sugars) via low temperatures and pressures. The
mechanism involves two main reactions: reforming the substrate to produce CO and Ha,
followed by WGS reaction converting CO and water into additional H> and CO> with
minimization of methanation as side reactions due to controlled lower temperatures (Lakhtaria
et al., 2023). Water soluble transitional metal complexes belonging to homogenous catalysis,
have demonstrated high activity for the cleavage of C-C bonds and the promotion of WGS
reaction which are critical for maximizing H> yield and minimizing CO production (King et al.,
2010). Ciftci investigated APR of glycerol as a model compound for biobased feedstock using
rhenium (Re) promotion for carbon-supported platinum (Pt) and rhodium (Rh) nanoparticles
via homogenous catalysis (Ciftci et al. 2014). The findings indicate that the overall APR
catalytic performance strongly correlates with the activity trend for the gas-phase WGS reaction
whereas RhRe/C exhibited the highest activity for glycerol conversion rate and increased
renewable hydrogen yield. Therefore, it is important to note that the homogeneous nature of the

catalyst allows for efficient interaction with the aqueous feedstock to promote rapid reforming.

1.2.2.1.1.2 Supercritical Water Gasification (SCWG)

In SCWG, biomass is processed in water above its critical point using about temperature, 374
°C and pressure, 22.1 MPa (Demirel et al., 2021; Pinkard et al., 2019). Under these conditions,
water becomes a unique solvent with high diffusivity and the ability to dissolve organic
compounds and gases. Homogeneous alkali catalysts, such as potassium hydroxide (KOH),
sodium carbonate (Na;CO3), and sodium hydroxide (NaOH), are highly effective in this
environment. They effectively catalyze the reaction through ionic mechanisms, promoting the
WGS reaction (CO + H20 < CO: + H:) and enhancing the gasification rate, leading to higher
hydrogen yields and lower char and tar formation (Pinkard et al., 2019). The catalyst is
dissolved and uniformly distributed, ensuring excellent contact with the reacting species

throughout the supercritical medium.

1.2.2.1.1.3 Liquid-Phase Reforming and Dehydrogenation

Certain homogeneous organometallic catalysts are exceptionally suitable for selective
dehydrogenation reactions. Liquid-phase reforming and dehydrogenation are important
catalytic processes for hydrogen production, particularly from oxygenated hydrocarbons
derived from biomass and organic liquids. Pioneering work by Wang on so-called pincer
complex considered as liquid organic hydrogen carriers often employs homogeneous iridium
(Ir), or iron (Fe) complexes to catalytically release hydrogen from molecules like perhydro-
dibenzofuran, perhydro-indole, N-methyl perhydro-indole among other molecules at moderate
temperatures (Wang et al. 2011). These complexes show high activity for the release of

hydrogen molecules within these compounds. While not a primary production method from raw

21



biomass, this application highlights the precise control that homogeneous catalysts offer for

hydrogen release in integrated storage and production systems.

1.2.2.1.2 Challenges and Limitations of homogeneous catalysts

Despite their superior selectivity and activity, the industrial application of homogeneous
catalysts in thermochemical processes faces series of challenges. One major drawback is
catalyst separation and regeneration. Separating dissolved molecular catalysts from the
complex product mixture often containing water, gases, and residual organics is energy-
intensive and costly. Processes like distillation, extraction, or membrane filtration are required,
which can degrade the catalyst or lead to irreversible loss (Cole-Hamilton, 2003; Marras, 2010).
Another challenge falls in their thermal stability. For instance, many sophisticated
organometallic complexes decompose at the high temperatures typical of conventional
gasification (>700 °C), limiting their application to lower-temperature processes like APR and
SCWG (Britovsek, 2012; Moccia et al., 2021). This issue makes homogenous catalyst
unsuitable for precursors in thermochemical processes like biomass gasification or pyrolysis.
Furthermore, the catalyst is sensitive to poisoning due to presence of uniform active sites. For
example, sulfur, chlorine and other heteroatoms common in biomass feedstocks can coordinate
strongly with the metal centers and permanently deactivate the catalyst (Crabtree, 2014).
Finally, homogenous catalysts are cost intensive, making them economically unviable for large
industrial applications. The most active catalysts often rely on expensive noble metals (Ru, Rh,
Ir, Pt). Combined with potential loss during recovery, the overall process economics can become
prohibitive for large-scale fuel production (Capa et al., 2023).

1.2.2.1.3 Recent Advances and Strategies for application of homogenous catalysts

Research has focused on mitigating these challenges. A key strategy for mitigation is the
devising of heterogenization of homogenous catalysts. This is a process whereby the molecule
active site or complexes are anchored into solid supports like polymers, silica or carbon (T.
Chen et al., 2023). The objective is to preserve the high selectivity of the molecular site while
gaining the easy separability of a heterogeneous system (Lille-uccs et al., 2022). Furthermore,
there is a drive to develop more robust and abundant non-noble metal catalysts, such as those
based on iron or manganese, though their activities currently lag noble metal systems.

Future breakthroughs in catalyst control techniques and the development of cheap, stable, and
poison-resistant molecular catalysts are essential to unlock the full potential homogenous
catalysts. For now, their role remains confined to niche applications such as those of low
temperature and pressure as well as where their superior performance can justify the added
complexity and cost.
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1.2.2.2 Heterogenous catalysts

Heterogenous catalysts are solid catalysts that exist in a phase separate from the reactants;
hence, making their separation process easily from the reaction medium by filtration or
centrifugation for regeneration or recycled (Capa et al., 2023; Lille-uccs et al., 2022).
Heterogeneous catalysts remain the cornerstone of large-scale thermochemical hydrogen
production. Their inherent advantages range from ease in separation, robustness under high
operating conditions to potential for regeneration thereby making them suitable for industrial
applications. In the context of the green energy transition, developing efficient, stable, and cost-
effective heterogeneous catalysts is paramount for solving sustainable hydrogen production
from biomass and waste feedstock via processes like steam reforming and gasification. For
instance, hydrogen production via thermochemical processes is a key route toward a sustainable
hydrogen economy and heterogenous catalysis will play a central role in hydrogen generation

from renewable resources like biomass.

1.2.2.2.1 Design and types of heterogenous catalysts

The efficient production of hydrogen via thermochemical pathways like steam reforming,
gasification, and tar cracking is intrinsically linked to the performance of heterogeneous
catalysts. These solid materials accelerate key reactions without being consumed, serving as the
molecular engines that order process efficiency, product selectivity, and operational durability.
The design of these catalysts is a sophisticated multi-scale endeavor, moving from the atomic-
level composition of active sites to the macro-scale geometry structure. The types of
heterogeneous catalysts discussed under this section focused on application in SMR and
biomass gasification, the two dominant thermochemical routes to produce H>. A modern
heterogeneous catalyst is a composite material typically consisting of three key elements, active
site, support and promoter (Santamaria et al., 2021). The active site is basically the component
where the catalytic reaction occurs. This is typically a metal (Ni, Rh, Fe) or metal oxide
responsible for bond breaking and formation (C-C cleavage, water dissociation). As it relates
to the support, it is a high surface area material that anchors and disperses the active, preventing
its sintering. Examples of common supports include y-Al>03, SiO2, CeO: and activated carbon.
The promoters are substances or additives release in trace quantities that enhance the
performance, or selectivity of the catalysts. Examples of promoters include BaO in Ni/Al203
that improve the mechanical strength and thermal stability of the support, or chemical promoters
(K, Ce) that modify the electronic structure of the active metal, suppressing carbon deposition

or enhancing specific reaction pathways (Hutchings, 2001).

1.2.2.2.1.1 Nickel-Based Catalysts

Nickel-based catalysts are common industrial heterogeneous catalysts utilize for large-scale
thermochemical hydrogen production, primarily due to their high activity for C-C and C-H

bond cleavage and their favorable cost compared to noble metals (Helena et al., 2014). They
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are the catalyst of choice for SMR, the dominant route for industrial H> production, and are
extensively researched for biomass gasification and tar reforming.

The typical design consists of nickel nanoparticles (10-25 wt%) dispersed on a refractory oxide
support, most commonly y-Al>Os, chosen for its high surface area (Loviat et al., 2009).
However, a major drawback of this combination is the formation of an inactive nickel aluminate
spinel (NiAl2Og4) at high temperatures and the acidic nature of Al>Os3, which promotes carbon
deposition (coking) through cracking reactions (Mohammad et al., 2010). To mitigate this, basic
promoters like magnesium (MgO) or potassium (K) are added to neutralize acid sites and
facilitate the gasification of surface carbon (Franz et al., 2021). A more advanced strategy
involves using supports with high oxygen mobility, such as Ceria (CeOz) or Ceria-Zirconia
(Ce02-ZrOx) (Chaudhary et al., 2022). These materials provide lattice oxygen to actively
remove carbon precursors from the nickel surface, creating a self-cleaning mechanism that
improves catalyst, selectivity, longevity and activity (Siakavelas et al., 2021).

Despite these improvements, Ni catalysts remain highly susceptible to deactivation as a primary
mechanism that challenges most industrial applications. Ongoing research focuses on designing
more robust catalysts through alloying Ni with a second metal (Sn, Co) to geometrically dilute
surface Ni sites and suppress coke formation or utilizing perovskite-type oxides such as LaNiO3
as precursors that, upon reduction, yield highly dispersed and stable Ni nanoparticles anchored

within a protective oxide matrix (Neagu et al., 2013).

1.2.2.2.1.2 Noble Metal Catalysts

Noble metal catalysts, primarily based on ruthenium (Ru), rhodium (Rh), platinum (Pt), and
palladium (Pd), represent the high-performance scale in thermochemical hydrogen production.
Despite their high cost, they are the subject of intense research due to their high activity, and
selectivity for desired reactions, and remarkable resistance to deactivation mechanisms, a
challenge for non-noble alternatives like nickel (Manfro et al., 2023; Santana Maldonado et al.,
2023). Rhodium is often regarded as the most effective noble metal, particularly for steam
reforming and tar cracking reactions. Roychowdhury (Roychowdhury et al. 2021) demonstrates
that Rh as catalyst has an incomparable ability to cleave C-C bonds while minimizing the
competitive methanation reaction (CO + 3H> — CH4 + H>0O), thereby maximizing yield.
Furthermore, Rh exhibits a strong inherent resistance to carbon deposition (coking), as it is less
prone to the formation of carbon filaments that encapsulate active sites. This is an important
advantage when processing complex feeds like biomass-derived syngas, which is rich in tars
and coke precursors (Ocsachoque et al., 2011). Ruthenium also shows excellent activity,
especially for methane reforming, but can suffer from volatility under high-temperature
oxidizing conditions (Su et al., 2024).

The high cost and low abundance of these metals require highly efficient designs. Research
focuses on using very low loadings (<1 wt%) on advanced supports that provide strong metal-
support interactions (SMSI). Reducible oxides like CeO2 and CeO,-ZrOx are preferred supports.
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They not only stabilize small metal nanoparticles against sintering but also actively participate
in the reaction via their oxygen storage capacity (OSC), enabling the removal of carbonaceous
deposits from the metal surface and thus enhancing stability (Navarro et al., 2007). While their
expense currently impedes widespread industrial use in massive gasifiers, their superior
performance makes them the catalyst of choice for applications where reliability and
compactness are paramount over raw cost, such as in small-scale and distributed reforming
units for fuel cell systems. Their role is also indispensable in fundamental research, where they
serve as a model system to understand reaction mechanisms and to set performance targets for

developing cheaper, non-noble catalysts (Ruocco et al., 2020).

1.2.2.2.1.3 Non-Nickel and Non-Noble Metal Catalysts

The search for cost-effective and abundant alternatives to nickel and noble metals has driven
significant research into non-nickel, non-noble metal catalysts for thermochemical hydrogen
production. This category primarily encompasses catalysts based on iron (Fe), cobalt (Co),
copper (Cu), and molybdenum (Mo), often derived from inexpensive minerals or waste streams,
aligning with the economic and sustainability goals of biomass conversion (Dong et al., 2025;
Kumar et al., 2025). Among these, cobalt-based catalysts are the most prominent, offering a
balance between activity and stability. Cobalt shares many catalytic properties with Ni,
demonstrating high activity for tar reforming and the WGS reaction. Furthermore, Co often
exhibits a lower tendency for carbon filament growth compared to nickel, as it has a lower
solubility for carbon, making it more resistant to deactivation by coking (Bahari et al., 2022).
However, its higher cost and tendency to oxidize under certain conditions remain challenges.
Furthermore, Iron-based catalysts are another major focus due to their extreme low cost and
natural abundance. Iron is highly active for the WGS reaction and can be effective for tar
cracking, particularly when promoted with other metals. Its primary drawback is a lower overall
reforming activity compared to Ni or Co and a susceptibility to oxidation, which can deactivate
the metallic phase essential for catalysis (Pinilla et al., 2011).

Other metals like copper are primarily important for their excellent activity in the low-
temperature WGS reaction but lack the stability for high-temperature reforming due to severe
sintering. Molybdenum and tungsten carbides are also investigated as platinum-like catalysts
due to their ability to facilitate similar reactions, though they can be sensitive to oxidation (Y.
Zhao et al., 2025). The performance of all these catalysts is greatly enhanced by strategic
formulation, including using basic supports such as MgO and CaO to adsorb CO; and suppress
coke, or combining them in bimetallic systems (Fe-Co) to synergistically improve activity and
stability. Some inexpensive natural minerals like dolomite (CaMg(COz3)2) and olivine
((Mg,Fe)2Si04) are widely used as primary bed materials for initial cracking. These materials
are normally prepared through calcination to convert carbonates to active oxides (CaO, MgO).
While these materials are cost-effective and easily disposable, their activity is moderate, and

they usually suffer from rapid attrition or physical breakdown (Devi et al., 2003).
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1.2.2.2.1.4 Carbonaceous catalysts

Carbonaceous catalysts specifically refer to carbon-based solid materials used as catalysts or
catalysts support in heterogeneous catalysis. Examples include activated carbon, carbon
nanotubes, graphene, carbon black, and biochar (Lam & Luong, 2014; Serra et al., 1997). These
carbon materials are often used to support metal nanoparticles (Ni, Co, Fe) or act as catalysts
due to their unique surface properties, high surface area, and chemical stability (Bitter, 2023).
They promote reactions such as hydrogenation, reforming, and oxidation by providing active
sites and facilitating electron transfer. The focus of this paper will be placed on biochar and

activated carbon as sustainable carbonaceous catalysts for thermochemical processes.

Biochar-based catalyst and activated carbon

Biochar can be modified or combined with catalytic active species and can serve as an effective
catalyst or catalyst support for various environmental and chemical processes, including
pollutant degradation, biomass conversion, and energy production (Cao et al., 2017). The
catalytic performance of biochar is largely influenced by its surface chemistry, porosity, and
the presence of specific functional groups, which can be enhanced through various activation
methods. Activation methods for biochar can be broadly categorized into physical and chemical
approaches. Physical activation involves treatments such as steam or carbon dioxide activation
at high temperatures, which enhance surface area, develop pore structures, and generate
oxygen-containing functional groups (Sakhiya et al., 2020). This process though does not pose
any environmental risk, but associated issues is its energy intensity since the process occur
within higher temperature range (Shahcheragh et al., 2023). Chemical activation, on the other
hand, employs activating agents like potassium hydroxide (KOH), phosphoric acid (H3POs), or
zinc chloride (ZnClz), which not only increase porosity but also introduce active sites conducive
to catalytic reactions (Molina-Sabio et al., 2004). For instance, KOH activation typically results
in biochar with a high surface area and enhanced microporosity, beneficial for adsorption and
catalytic applications. However, the main drawbacks of chemical activation of biochar include
environmental and health concerns associated with the use of activating agents such as KOH,
H3PO4, and ZnCl,, which can produce hazardous waste residues requiring proper disposal
(Debbache et al., 2024). Additionally, chemical activation often involves the use of
concentrated acids or bases, which pose safety risks during handling and processing. The
process can also be more costly due to the need for chemical reagents and subsequent washing
or neutralization steps to remove residual chemicals, potentially leading to higher operational
expenses and environmental impacts (Sajjadi et al., 2019). Moreover, residues of activating
agents may interfere with subsequent applications of the biochar, such as in catalytic activities
or soil amendment, if not thoroughly removed.

In contrast, biochar-based catalysts are gaining interest owing to their renewable nature, high
surface area, porosity, and functional groups conducive to catalytic activity (Daabo et al., 2022).

Several studies demonstrate that biochar derived from biomass can serve as a catalyst or catalyst
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support in hydrogen production. For instance, Frainetti found that nickel-loaded biochar
showed comparable activity to conventional Ni-based catalysts in dry reforming of methane
(59% yield), with the added benefit of enhanced stability due to biochar’s porous structure and
surface functionalities (Frainetti et al. 2024). This suggests biochar can act as a sustainable
support material, reducing catalyst deactivation. Moreover, biochar’s inherent properties, such
as high thermal stability and potential for functionalization, enable its application directly as an
active catalyst or as a support modified with metal nanoparticles. Huang reported that biochar
supported Ni catalysts exhibited improved performance and durability in thermochemical water
splitting compared to unmodified biochar, emphasizing its potential as a cost-effective and
environmentally friendly alternative (Huang et al. 2023). However, challenges remain in
optimizing biochar’s catalytic activity, durability, and scalability. Unlike traditional catalysts,
biochar’s properties depend heavily on feedstock type and pyrolysis conditions, leading to
variability in catalyst performance (Amalina et al., 2022). Furthermore, biochar’s catalytic
mechanisms are less understood and require further research to improve activity, selectivity,

and lifespan in industrial applications.

Surface area

Surface area is a critical parameter determining the adsorption capacity and reactivity of biochar
and activated carbon. Both materials are porous carbons with high surface areas, but their
preparation methods significantly influence these properties (Rostamian et al., 2015).
Typically, the surface area is measured using nitrogen adsorption-desorption isotherms and
calculated via BET theory (Zulkania et al., 2018). Activated carbon generally exhibits higher
surface areas often exceeding 1000 m?/g due to chemical or physical activation processes that
develop porosity (G. Li et al., 2023). Biochar, produced under pyrolysis conditions with less
intensive activation, typically has lower surface areas, usually between 50 and 500 m?/g
(McLaughlin et al., 2012). Despite the importance of surface area, there are notable gaps in
standardization and understanding. Variability in measurement conditions such as adsorption
temperature, gas adsorption time, and the type of adsorbate can lead to inconsistent results
(Sabitha et al., 2025). Furthermore, surface area alone does not fully explain adsorption
performance; pore size distribution and surface chemistry also play pivotal roles. For instance,
micropores are primarily responsible for low-molecular-weight compound adsorption, while
mesopores assist in the transport of larger molecules. Additionally, surface functional groups
influence adsorption affinities, which surface area measurements do not -capture

comprehensively.

Porosity

Porosity is a vital characteristic that determines the adsorption capacity and reactivity of biochar
and activated carbon, influencing their effectiveness in environmental remediation and energy

storage applications as well as catalysis (Choi et al., 2023). Both materials possess classified

27



porous structures, including micropores (<2nm), mesopores (2-50 nm), and macropores (>50
nm), which collectively influence their performance (Yalgin & Seving, 2000). Activated carbon
typically exhibits a higher degree of porosity and a greater proportion of micropores due to
chemical or physical activation processes designed to develop internal pore networks (P. Kumar
et al., 2022; Ogungbenro et al., 2018; W. Shen et al., 2003). In contrast, biochar's porosity largely
depends on feedstock type and pyrolysis conditions, leading to variability in pore size
distribution and volume (Muzyka et al., 2023). Despite its significance, a key gap in current
knowledge involves the precise control and quantification of pore structure during biochar
production, which affects its adsorption efficiency and functional applications (Leng et al.,
2021).

Functional groups

The surface chemistry of biochar and activated carbon is characterized primarily by the
presence of various functional groups, which significantly influence their adsorption properties
and reactivity. Both materials typically contain oxygen and hydrogen containing groups such
as hydroxyl (-OH), carbonyl (C=0), carboxyl (-COOH), and phenolic groups (Dong et al.,
2024), which can interact with contaminants through various mechanisms, including hydrogen
bonding, electrostatic attraction, and chemical reactions (Chen et al., 2024). The abundance and
types of functional groups are highly dependent on pyrolysis and activation conditions; for
instance, higher pyrolysis temperatures tend to decrease oxygen-containing groups, leading to
a more hydrophobic surface (Adhikari et al., 2022; M. Zhang et al., 2022). Conversely,
activation methods can introduce or enhance specific functional groups to improve adsorption
capacity for pollutants such as heavy metals or organic compounds (Dong et al., 2024). The
presence of acidic functional groups like carboxyl and phenolic groups is particularly relevant
for metal binding (Ili¢ et al., 2022), while hydroxyl groups can facilitate interactions with
organic molecules (S. Zhang et al., 2022).

1.2.2.2.2 Applications of heterogenous catalysts in thermochemical hydrogen production

Heterogeneous catalysts play a crucial role in thermochemical processes aimed at sustainable
hydrogen production, such as steam reforming, gasification, and pyrolysis. These catalysts,
typically solid materials like nickel, noble metals, nonnoble metals and carbonaceous supported
on carriers such as alumina or biochar, facilitate key reactions by providing active sites that
lower activation energies and improve reaction rates (Akhtar et al., 2025; Kakaei et al., 2019;
Niu et al., 2023). Primary thermochemical methods for hydrogen production include SMR,
autothermal reforming (ATR) and biomass gasification. Each process involves catalyzed
reactions involving heterogeneous catalysis to convert hydrocarbons or biomass-derived
oxygenates into hydrogen-rich syngas or pure hydrogen streams. Among these processes, SMR
is the most established method which typically utilizes natural gas (CHa4) as feedstock. The
reaction involving steam reforming is highly endothermic and requires a catalyst to proceed at
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viable rates and temperatures. Also, the catalysts will facilitate the subsequent WGS reaction to
maximize hydrogen yield and reduce CO content (Szablowski et al., 2025).

Thus, SMR technologies utilize nickel-based catalysts as predominantly material to convert
methane into hydrogen and carbon monoxide; however, their susceptibility to sintering and
coke deposition challenges long-term stability (Ochoa et al., 2018). Recent studies focus on
developing robust biochar-supported nickel or iron catalysts derived from agricultural residues,
offering cost-effective and sustainable alternatives with enhanced stability and activity (Cheng
etal., 2018).

On the other hand, biomass gasification remains another important technology for converting
solid biomass into syngas by reacting it with a controlled amount of oxygen and/or steam at
high temperature (800 — 1000 °C). The raw syngas contains significant quantities of tar which
is a complex hydrocarbons; hence, the process normally requires catalytic reforming to crack
them for enhancing syngas yield and preventing downstream operational issues (Sutton et al.,
2001). To this effect, catalysts such as nickel, cobalt, and noble metals are employed to facilitate
the reforming of volatile compounds released during thermal decomposition of biomass (Niu
et al., 2024). Furthermore, innovations include doped or nanostructured catalysts to improve
resilience against thermal and coking deactivation. Despite their advantages, catalyst
deactivation remains a key challenge, necessitating ongoing research into regeneration
strategies and durable catalyst formulations to enable scalable hydrogen production via

thermochemical pathways.

1.2.2.2.3 Challenges and Limitations of heterogenous catalysts

Heterogeneous catalysts are vital for numerous industrial processes, including energy
conversion and environmental remediation; however, their application is often hindered by
several significant challenges. One primary concern is catalyst deactivation, which can occur
via sintering, coking, poisoning, or surface corrosion, leading to loss of active surface area and
reduced activity over time (Naji et al., 2021). Sintering, driven by high operational
temperatures, causes particle agglomeration, diminishing catalytic sites. Coking and poisoning
from sulfur, nitrogen, or other contaminants result in surface fouling, necessitating regeneration
or replacement strategies that increase operational costs (Lin et al., 2022).

Another limitation involves the complex synthesis and stability of nanostructured or doped
catalysts designed for enhanced activity, which can be sensitive to process conditions and
difficult to scale up. Additionally, the selectivity of heterogeneous catalysts can be challenging
to control, potentially leading to undesired by-products or incomplete conversions. Mass
transfer limitations hinder optimal contact between reactants and active sites, especially in thick
catalyst beds or when dealing with viscous feeds, thereby reducing efficiency (Wu et al., 2019).
Addressing these challenges requires ongoing research into catalyst stability, regeneration
techniques, and design innovations to develop durable, cost-effective catalysts suitable for long-

term industrial operation.
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1.2.2.2.4 Recent Advances and Strategies for application of heterogenous catalysts

Recent developments in heterogeneous catalysis have focused on enhancing catalytic activity,
stability, and selectivity to meet the demands of contemporary industries basically involving
sustainable energy and environmental applications. For instance, the development of nano-
structural catalysts have emerged as a key strategy, enabling high surface area and tailored
active sites that improve reaction efficiency, as exemplified by the deployment of metal
nanoparticles supported on various substrates (Cheng et al., 2018). Surface modification
techniques, such as doping with heteroatoms or functional groups, have been used to fix acidity,
basicity, and electronic properties, thereby optimizing catalytic performance in processes like
biomass conversion and carbon dioxide reduction (Venezia et al., 2022).

Another notable development involves fabrication of bifunctional and multifunctional catalysts
that can facilitate multi-step reactions, reducing operational complexity and costs. The
integration of catalysts within flow microreactors, coupled with in situ spectroscopic
techniques, allows for real-time monitoring and improved process control, leading to process
intensification (Gross et al., 2014). Furthermore, strategies to improve catalyst durability such
as sintering resistance and facile regeneration are being actively pursued through novel supports
and core-shell architectures. These innovations collectively push the limit toward more
efficient, cost-effective, and environmentally benign catalytic systems for applications ranging

from clean energy production to pollutant reduction.

1.3 Biochar production technologies

Biochar production technologies encompass various methods aimed at converting biomass into
stable carbon-rich materials with enhanced physicochemical properties (Phadtare et al., 2022).
These technologies typically involve thermal processes such as pyrolysis slow, carbonization,
gasification, and torrefaction each influencing the characteristics of the resulting biochar (Zhu
et al., 2025). Recent advancements include microwave-assisted pyrolysis, which promotes
uniform heating and efficient energy utilization (Zulkornain et al., 2021), and co-pyrolysis with
different feedstocks to improve biochar quality (Faris et al., 2023). The selection of feedstock,
temperature, heating rate, and residence time critically influence the biochar's chemical,
physical, and functional properties such as surface area, porosity, and carbon stability (Sharma
et al., 2024). Biochar production technologies continue to evolve toward more efficient,
scalable, and environmentally sustainable methods, addressing waste management and

contributing to carbon sequestration and soil enhancement in circular bioeconomy frameworks.

1.3.1 Pyrolysis (slow pyrolysis)

Slow pyrolysis is a thermal decomposition process of biomass conducted at relatively low
heating rates, typically between 1 to 10°C per minute, and at moderate temperatures ranging
from 400 to 700°C (Cai et al., 2020). This method emphasizes maximizing char production
while minimizing gaseous and liquid yields (J. Li et al., 2024), making it particularly suitable
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for biochar generation. The process occurs under limited or oxygen-free conditions, leading to
thermal stability and enhancing carbon features characteristic of biochar.

Research indicates that slow pyrolysis parameters such as temperature, residence time,
feedstock type, and moisture content substantially influence the physicochemical properties of
the resulting biochar (Sakhiya et al., 2020). Higher pyrolysis temperatures generally increase
fixed carbon content and aromaticity, enhance surface area, and improve stability, making
biochar more effective for soil amendment and carbon sequestration applications (Shyam et al.,
2025). Conversely, lower temperatures tend to retain more volatile matter (VM) and functional
groups beneficial for nutrient retention and microbial activity.

Moreover, the composition and structure of biochar produced by slow pyrolysis are highly
dependent on feedstock properties, including lignocellulosic content, ash, and elemental
composition. For instance, woody biomass tends to yield biochar with higher carbon content
and porosity compared to agricultural residues or manure. The slow pyrolysis process also
allows for greater control over biochar characteristics, which can be tailored for specific
purposes such as pollutant adsorption, soil fertility enhancement, or energy recovery.
Research advances focus on optimizing process conditions to maximize desirable biochar
properties while minimizing environmental impacts. Techniques such as precursor pretreatment
and post-pyrolysis activation are also explored to enhance surface functionalities and porosity.
Overall, slow pyrolysis remains a versatile and widely studied technology for sustainable
biomass utilization, particularly in producing stable biochar for climate change mitigation and

soil improvement.

1.3.2 Carbonization

Carbonization is a thermochemical process that transforms organic material, such as biomass,
into carbon-rich products like biochar, charcoal, or activated carbon (Chiaramonti et al., 2014;
Rima et al., 2013). This process typically involves heating the feedstock in an oxygen-limited
environment, leading to the thermal decomposition of volatile components and the
concentration of fixed carbon content in the remaining solid material (Chiaramonti et al., 2014).
The primary motivation for carbonization includes soil amendment, carbon sequestration, and
the production of activated carbon for adsorption applications (Karume et al., 2023) and
important energy source in Sub-Saharan Africa (Schure et al., 2019). Key parameters
influencing carbonization efficiency and product quality include temperature, residence time,
feedstock type, and moisture content (Kohler et al., 2017). Feedstock properties such as lignin,
cellulose, and hemicellulose content affect the quality and characteristics of the resulting char,
emphasizing the importance of feedstock selection and pre-treatment (Lu et al., 2014).

While carbonization is a promising technology for biomass valorization and climate mitigation,
a deeper understanding of process parameters, feedstock variability, emission controls, and
long-term impacts is essential for broader application and optimization.
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1.3.3 Gasification

Gasification is a thermochemical process that converts carbonaceous feedstocks, such as
biomass and coal, into syngas (Hz, CO, CO», CH4) by reacting the material at high temperatures
under controlled oxygen or air supply (Jafri et al., 2020). This technology is recognized for its
potential in producing renewable energy, chemicals, and liquid fuels, contributing sustainable
process and waste valorization (Hrbek et al., 2021).

Several critical parameters influence gasification efficiency and syngas quality. Key among
these are temperature, pressure, and the equivalence ratio — the ratio of oxygen supplied to the
stoichiometric requirement (Ammar et al., 2016). Higher temperatures, typically exceeding
800°C, favor complete carbon conversion and influence the proportions of syngas constituents,
especially enhancing hydrogen and carbon monoxide production (Kalivodova et al., 2022).
Operating pressure impacts residence time and gas flow dynamics, with elevated pressures
generally improving throughput and conversion efficiency (Q. Wang et al., 2023).

Moreover, feedstock properties, including moisture content, particle size, and ash content,
significantly affect the gasification process. High moisture content can lead to lower thermal
efficiency due to energy consumption in moisture evaporation (C. Lin et al., 2023), while ash
can cause slagging and fouling (Moilanen et al., 2011), impacting reactor integrity and
operational stability. Understanding and controlling these parameters are essential for
optimizing process performance.

Furthermore, environmental impacts, such as emissions from tars and particulates (Preetha Devi
et al., 2017), remain areas of concern, highlighting the need for improved emissions control
technologies. In conclusion, while gasification holds promise as a sustainable energy pathway,
addressing key gaps related to process parameters, feedstock variability, and by-product

management is essential for enhancing efficiency and commercial viability.

1.3.4 Torrefaction

Torrefaction is a thermal treatment process use to produce solid biofuels occurring at
temperature range 200 — 300°C and resident time of 15 — 60 mins (Miguel et al., 2018; Ong et
al., 2019). Torrefaction is usually deployed as a treatment technique to promote the energy
quality (Miguel et al., 2018) and remove moisture and volatiles matter (Ong et al., 2019) from
organic material which makes it suitable for combustion in energy generating industries. Recent
studies have revealed that biochar resulting from torrefaction contain high heating value and
energy yield (Chen et al., 2015).
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1.4 Conclusion

Catalysts, in general, are essential materials that accelerate chemical reactions without being
consumed, and they are vital across a wide range of industrial and environmental applications.
These can be broadly categorized into homogeneous and heterogeneous catalysts, with the latter
being more favored in thermochemical processes due to their ease of separation and
recyclability. Common types include metal-based (such as nickel, platinum, and iron), metal
oxide, and biochar-supported catalysts. In thermochemical processes like pyrolysis, gasification
and reforming, catalysts facilitate conversion reactions by enhancing efficiency, selectivity, and
process sustainability. Recent advances emphasize the development of biochar-based catalysts,
which leverage the structural properties of biochar derived from biomass sources. These
catalysts exhibit high surface area, porosity, and functional groups conducive to catalytic
activity, especially when supporting active metals like nickel. When used in reforming
processes, biochar-supported catalysts demonstrate performance and stability comparable to or
exceeding that of conventional metal catalysts, partly due to their resistance to sintering,
poisoning, and deactivation mechanisms.

Despite promising results, significant challenges remain. Variability in biochar properties which
can be affected by feedstock type and pyrolysis conditions pose scalability issues. Furthermore,
limited understanding of the detailed catalytic mechanisms can hinder further optimization.
Additional limitations include mechanical durability, thermal stability, and the economic
feasibility of large-scale deployment. Overall, the literature suggests that biochar-derived
catalysts have substantial potential to support sustainable hydrogen production and other
thermochemical conversions, but addressing these challenges through comprehensive research,
process integration, and technological innovation is vital for their broader adoption in industry.
This evolving field signals a transition toward environmentally friendly, cost-effective catalytic

systems aligned with the global pursuit of clean energy solutions.

33



Chapter 2

Methodology and experimental techniques
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2.1 Introduction

The characterization of biochar and biochar-based catalysts is essential to understand their
physicochemical properties, which directly influence their performance in environmental and
catalytic applications. Common analytical techniques include proximate and ultimate analyses,
Brunauer-Emmett-Teller (BET) surface area measurement and porosity, Fourier-transform
infrared spectroscopy (FTIR), etc. BET analysis or iodine number provides insights into surface
area and porosity, critical factors for catalytic activity, while SEM reveals morphological
features. Also, FTIR detects functional groups that influence reactivity and adsorption capacity.
In this study, the methodology outlines a systematic approach to optimizing the preparation of
activated carbon from PKS via a two-stage experimentation. Initially, PKS underwent slow
pyrolysis under varying conditions (temperature, heating rate, and residence time) using a Box-
Behnken Design (BBD) to identify optimal pyrolysis parameters that yield high-quality biochar.
The process parameters were experimentally varied at predetermined levels to evaluate their
effects on biochar properties. Subsequently, the obtained biochar was subjected to steam
activation at high temperatures (800 - 900°C) to enhance porosity and surface characteristics.
This step aimed to produce a highly microporous activated carbon with improved
physicochemical properties suitable for catalytic applications. The characterized materials were
then analyzed using techniques such as iodine adsorption number, and other physicochemical
assessments (volatile matter, ash content, fixed carbon, densities, and pH) to determine their

suitability as catalyst precursors in biomass gasification processes.
2.2 Materials
2.2.1 PKS as Feedstock

Palm Kernel Shell (PKS), a byproduct of oil palm processing, has gained significant attention
as a sustainable and economical feedstock to produce various solid biofuels (biochar and
activated carbon). Its abundance, high carbon content, and favorable physicochemical
properties make it an attractive material for various environmental and energy applications. The
increase of oil palm plantations, particularly in Southeast Asia and parts of Africa, has resulted
in large quantities of PKS as agro-industrial waste. For instance, the total plantation area in
Indonesia has grown from 8.4 million hectares in 2010 to over 12 million hectares by 2017
resulting in substantial biomass residues such as PKS in major producing provinces like Riau
and North Sumatra (Rahayu et al., 2018). Similarly, expansion of industrial oil palm plantations
in Africa similarly contributes to significant agro-industrial waste generation (Carrere, 2013),
including PKS. PKS is characterized by high lignocellulosic content, with considerable
amounts of cellulose, hemicellulose, and lignin, which influence its thermal decomposition and
carbonization behavior (Boonsombuti et al., 2023; Rashid et al., 2018). Its relatively high fixed
carbon and low or no sulfur content (Kpelou et al., 2018) also reduce the risk of undesirable

emissions during thermal processing. Biochar derived from PKS has been extensively studied
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due to its potential for soil amendment, carbon sequestration, energy production and waste
management (Mohammed et al., 2024). The pyrolysis process (thermal decomposition in
limited oxygen) transforms PKS into biochar with properties that depend heavily on pyrolysis
conditions such as temperature, heating rate, and residence time (Hasan et al., 2019).

Studies show that increasing pyrolysis temperature enhances the aromaticity and surface area
of the biochar, which improves its capacity for nutrient retention and pollutant adsorption (Li
et., 2023). Aman et al. (2024) demonstrated that PKS biochar produced at 400—700 °C exhibits
high stability and porosity, making it suitable for environmental remediation and soil
improvement. Activation processes (physical or chemical) are employed to enhance the
porosity and surface heterogeneity of biochar, transforming it into activated carbon with higher
adsorption capacities (Hernandez et al., 2007). Physical activation typically involves steam or
carbon dioxide at high temperatures, while chemical activation employs activating agents such
as KOH, ZnCl,, or H3PO4 (Yuliusman et al., 2021).

Therefore, using PKS as feedstock for biochar and activated carbon is environmentally
advantageous due to the valorization of an otherwise renewable waste, reducing open field
burning and associated emissions (Setiawan et al., 2025). Additionally, utilizing PKS supports
circular economy principles by converting waste into value-added products for energy and
environmental remediation sectors. While many studies underscore PKS’s potential, challenges
remain in optimizing process parameters for optimum biochar production and further activation
for enhance surface and structural porosity as well as cost-effective production as large-scale
catalyst precursor.

The PKS sample used for this study was provided by AdFis products GmBH, Teterow,
Germany. The sample contain PKS from Malaysia, Nigeria and Ghana. The reagents used
included iodine, hydrochloric acid (HCI) and sodium thiosulphate (Na2S,03), all analytical-
grade. Other reagents like acetone and deionized water were used for cleaning purposes.
Experimental analyses for biochar production via pyrolysis and activated carbon production via

steam activation were conducted at AdFis Lab in Teterow, Germany.
2.2.2 Material preparation

The PKS was ground using a Ceccato Tritone 130 grinder to reduce the particle size. The
grinding process was followed by two-stage sieving with a sieve stack, 2 — 4mm of 240 mesh
size. This was done to obtain homogeneity of the sample and fine particle size distribution
during the experiment. To remove impurities and reduce the ash content of the PKS, the sample
was rinse with tap water then placed in a container and washed with deionized water several
times for 3 hours. The sample was placed in an oven at 80°C and allowed to dry for 24 hours.
Fig. 2.1 shows a PKS sample before washing (a) and after washing (b).
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(a)

Figure 2.1: Fine PKS sample before (a) and after (b) washing

2.3 Experimental design

For optimum PKS-biochar yield, three key independent factors, temperature, heating rate and
residence time were studied. These factors were coded (—1,0,+1) for low, middle point and
high. The temperature (°C), heating rate (°C/min) and residence time (min) were represented
by A, B, C. The temperature was varied from 300 to 500 °C at 100 °C interval; heating rate
from 5 to 15 °C/min at 5 °C/min interval; and residence time from 60 to 120 mins at 30 mins
interval. The Design of Experiment (DOE) was based on Box-Behnken Design (BBD) to
evaluate the influence of the 3 factors using Response Surface Methodology (RSM). RSM is a
mathematical and statistical method widely used to model and analyze various processes where
the desired response is influenced by various variables with the aim of optimizing the response.
RSM usually utilizes multivariate techniques that mathematically and statistically fit the
experimental range under consideration; for instance, employing regression analysis and causal
relationship between factors and responses (Nor & Wan, 2015; Szpisjak-Gulyas et al., 2023).
BBD is an effective and widely used RSM design for establishing cause-and-effect relationships
usually between three-levels with coded factors. Moreover, the BBD was chosen due to its
flexibility in reducing experimental time and cost (Nor & Wan, 2015). The DOE was done using
Minitab Statistical Software version 22 (Minitab, 2025). This software followed a second-order
regression model to estimate the optimum biochar yield as a function of the independent
variables: temperature, heating rate and residence time. The model as shown in Eq. (1) is a

quadratic model based on Taylor series used for the biochar yield.
y=PB+ Zl;g:l ﬁpxip + leg:l ﬁppxizp + 252125»1 B’ppxipx’ip + & (D

were y is the response variable (biochar yield), B, is the constant, B,x;, is the linear effect

coefficient, Bppxizp is the quadratic effects or square term, [ 'ppxl-px'ip is the interaction
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effects of the various coefficients and ¢; indicates the random error term. The subscripts p, i k

shows the variable, pyrolysis parameters and number of variables respectively.

Table 2.1 presents the experimental design matrix for a Box-Behnken Design (BBD) used to
optimize the pyrolysis process of Palm Kernel Shells (PKS). The design investigates the
influence of three key independent variables, or factors: pyrolysis temperature (A), heating rate
(B), and residence time (C). Each factor is tested at three levels: a low level (-1), a central point
(0), and a high level (+1). The table lists the 15 experimental runs, showing both the coded
factor levels used for statistical modeling and the corresponding actual, real-world values for
each condition. The inclusion of three repeated runs at the central point allows for the estimation
of experimental error and model adequacy.

Table 2.1: BBD matrix for pyrolysis of PKS with three levels (temperature, heating rate and residence
time)

Run A B c Temperature Heating.rate Residenpe
order (°C) (°C/min) time (min)
1. -1 -1 0 300 5 90
2. +1 -1 0 500 5 90
3. -1 +1 0 300 15 90
4, +1 +1 0 500 15 90
d. -1 0 -1 300 10 60
6. +1 0 -1 500 10 60
7. -1 0 + 300 10 120
8. +1 0 +1 500 10 120
9. 0 -1 -1 400 5 60
10. 0 +1 -1 400 15 60
1. 0 -1 +1 400 5 120
12. 0 +1 +1 400 15 120
13. 0 400 10 90
14, 0 400 10 90
15. 0 400 10 90

2.3 Experimental set-up and procedures
2.3.1 Pyrolysis of PKS

Figure 2.2 shows the schematic of a three-step laboratory process for converting PKS into
biochar. The process begins with preparing the raw material by grinding and sieving it to a
specific particle size (2-4mm) and washing it with deionized water. The cleaned biomass is then

completely dried in an oven before undergoing the key transformation step.
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Figure 2.2: Schematic diagram of the preparation and pyrolysis process for producing
biochar from PKS

The pyrolysis of PKS was carried out using two horizontal tubular furnaces (RT 50-250/11
Nabertherm) equipped with two temperature-controller (B 180 and P330). For each run, the
sample was first dried overnight, and the moisture content was recorded before carbonization
using an A&D MF50 Moisture Analyzer. To analyze the moisture content of the raw PKS
sample, 5 g is placed in a plate-like holder within a rotating ramp. The sample is heated at 106°C
for 5-10 minutes, after which the moisture content is determined and recorded. Then, 210 g of
PKS sample was placed in a quartz tube with length, 600 mm and inner dimensions (diameter)
45mm. Using glass-wool, one end of the tube is closed, and the sample (batch process) is fed
at the inlet using a funnel. The quartz tube is mounted in a horizontal position in the furnace.
Then nitrogen flushes into the reactor at a rate of 10 NL/min for 15 min as a waiting time before
the carbonization process. This nitrogen flow rate is maintained for the remainder of the reaction
cycle. For each run, the temperature and residence time was set using the controller and the
heating rate was determined by Eq. (2).

Desired temperature — Room temperature

Heating rate =

)

Once the holding time is reached, the machine is turned off under a constant nitrogen flow

Heating time

allowing it to cool to room temperature overnight. The carbonized PKS sample was collected
and weighed and the biochar yield (wt%) was calculated using Eq. (3).

Mass of biochar sample

Biochar yield (wt%) =

100 (3)

Mass of sample before pyrolysis
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Other pyrolysis products such as bio-oil and tar were condensed and collected in a jar. The PKS-
biochar sample for each process was stored in an airtight container for further analysis. Fig. 2.3
shows a schematic of a fixed-bed pyrolysis reactor system. A sample is heated in a quartz tube
under an inert nitrogen (N2) atmosphere. The resulting gases and vapors exit the tube and are
condensed into bio-oil in a container, while non-condensable gases (NCGs) are vented. Fig. 2.4

illustrates the laboratory-scale production of biochar from PKS feedstock.

Quartz tube Sample

Gas outlet

J (NCGs)

Container
\(Bio-oll & volatiles)

Gas inlet
(N2)

Temperature controller

Figure 2.3: Schematic diagram of the laboratory-scale fixed-bed pyrolysis reactor system
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Figure 2.4: Laboratory-scale conversion of biomass into biochar: (a) Feedstock preparation, (b)
pyrolysis using a tubular furnace, and (c) harvested biochar

2.3.2 Steam Activation of PKS-Biochar

To improve the microporosity of the PKS-carbonized material, physical activation using steam
was performed on the optimum biochar. Studies have shown that activated carbon tend to have
larger surface area (Fu et al., 2020), wide range of functional groups and more uniform size
distribution suitable for absorption, catalytic application and pollutant removal in wastewater
(Ozdemir et al., 2014). 200 g of the optimum PKS-Biochar (PKS-OP1) was first dried
overnight at 80 °C to obtain a dry mass less than 2 wt%. The sample was placed in a rotary kiln
in the form of a quartz tube with a length of 510 mm and diameter of 158 mm. The reactor for
activation was a horizontal tube furnace (Xerion rotation reactor 2159/201, Xerion Advanced
Heating Ofentechnik, Freiberg, Germany) equipped with a temperature controller and with two
thermocouples for measuring the outer surface temperature of the reactor and the furnace. The
reactor was also mounted with a diaphragm metering pump (Simdos 10, KNF flodos,
Switerland) for liquid injection during activation. To determine the amount of water reacting
with the carbon material, 3 bottles were set up with distilled water measuring 200, 120, and 120
g. Basically, the primary reaction involves the gasification of carbon material at high
temperature follow by a WGS reaction where the water vapor is broken down to CO». During

the WGS reaction, water vapor is broken down to CO> and H thereby activating the surface
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structure of the carbon material. The reactions occurring during steam activation (Sajjadi et al.,

2019) are shown below:

C+ H,0 - CO +H, (4)
CO+ H,0 —» CO, + H, (5)
C+ 2H,0 - CO, + 2H, (6)

After the setup, the sample reactor was flushed with a nitrogen flow of 1 NL/min while rotating
at 3 rpm for 15 min wait time. Then the sample was heated to the desired temperature (800, 850
and 900 °C) while maintaining the constant nitrogen flow with heating rate of 15 °C/min.
Reaching the desired activation temperature, the diaphragm metering pump was used to inject
the liquid water into the reactor with flow rate 3 mL/min for two activation time (60 and 120
min). When the desired activation time was completed, the reactor was allowed to cool to room
temperature under a constant nitrogen flow and the activated sample was weight to determine
the yield, amount of water that reacted with the sample and PKS carbon conversion (Xc) using
Eq (7) modified from Miiller, (2021).

C(fix)g CFix)g
mox me
XC={ 100 100 x 100 (7)

X
Mo 100

This Fig. 2.5 illustrates a three-stage process for producing activated carbon from palm kernel
shell (PKS). Stage 1: Carbonized PKS, which has a mesoporous structure, is shown in the initial
stage after being heated in the absence of air. Stage 2: The carbonized material undergoes steam
activation in a specialized furnace to develop enhanced porosity. Stage 3: The end-product is

PKS-activated carbon with a microporous structure, suitable for adsorption applications.

Stage 1

Carbonized PKS (Mesoporous) Steam Activation PKS-Activated Carbon
(Microporous)

Figure 2.5: Three-stage preparation of activated carbon from palm kernel shell (PKS): (1) Carbonization of
PKS produces mesoporous char, (2) Steam activation increases porosity, (3) Final PKS-activated carbon
exhibits a microporous structure
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2.4 Methods

2.4.1 Proximate Analysis of PKS-biochar

Sequential determination of the moisture, ash, and volatile matter of PKS-biochar and PKS-
activated carbon was done according to DIN 51718, (2015), DIN 51719, (2015) and DIN 51720,
(2015), respectively. The procedure for determining the proximate composition begin with
grinding (powdered) 5 grams of the sample using an Ultra Centrifugal Mill (Retsch ZM 300)
containing high speed rotor and a ring sieve of mesh size 500 um. All procedures were

performed in duplicate, and the average value was used for further analysis.

2.4.1.1 Moisture content

One gram of the powdered sample was placed in a crucible uncovered and heated in furnace
(Nabertherm, B 180) to a temperature of 106 + 4°C at nitrogen flow rate of 0.7 to 1.4 NL/min
for 1 hour. After heating, the sample was placed in a desiccator and allowed to cool to room
temperature. The moisture content was calculated from mass loss relative to the initial sample

mass using the Eq. (8).
MC = [(W —-B)/W] x 100 (8)

Where: MC = moisture content (wt%), W = mass of the sample used, (g) and B = mass of the
sample after drying in moisture test, (g). Similar procedure was performed on the raw PKS

except for the powdering or grinding process.

2.4.1.2 Volatile matter

The sample containing the crucible as used for the determination moisture content was covered
and reweighed to determine volatile content. The sample was placed in the furnace with a
nitrogen flow rate between 0.7 to 1.4 NL/min to sweep away the volatile components. The
furnace temperature was raised from 107 °C to 800 + 20 °C for 30 min. This temperature was
maintained at a holding time of 7 min. The weights of the crucibles and covers at the end of the

holding time were used to calculate the volatile matter using Eq. (9)

VM = [(B—C)/W] x 100 9)
where C = mass of the sample after heating in volatile matter test, (g).
2.4.1.3 Ash content

Following the volatile matter test, the furnace was programmed to cool from 800 °C to 650 °C
while removing the cover of the crucible containing sample. The furnace with the sample then
was heated from 650 °C to 815 + 20°C in an open environment for 1 h. After such time, the
required temperature is maintained at a holding time of about 2 h to ensure complete oxidation
of organic matter and decomposition of carbonates. After the holding, the crucible containing
as was cooled in a desiccator to room temperature and the ash content was calculated using Eq.
(10)
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AC =[(F - G)/W] x 100 (10)
where F = mass of crucible and ash residue, (g); G = mass of empty crucible
2.4.1.3 Fixed Carbon

The fixed carbon was determined by difference using equation (11).

FC =100—- (MC +AC+ VM) (11)
2.4.2 Elemental composition

The elemental composition, C, H, N, S of the raw PKS was determined by using the DIN-EN
ISO-21663 (2021) and Oxygen (O) was found by difference. This method basically utilizes
instrumental techniques like combustion analysis at a very high temperature to convert these
components in connection with gas detection level or infrared spectroscopy. This technique is
mostly applied on biomass materials considered as solid recovered fuels (SRF) for applications
in energy recovery systems such as power plants or large processing industry. The elemental
composition of the carbonized PKS and the PKS activated carbon was determined from

different literature using extrapolation.
2.4.3 pH determination

The pH of the samples (biochar and activated carbon) was determined using the CEFIC 3.6
method. The procedure followed by adding 4 g of powdered PKS-biochar to a beaker containing
100 mL distilled water and placed on a hot plate. The distilled water used for this experiment
was CO; free. The sample containing material was allowed to boil for 5 minutes and cooled to
room temperature. Then, a pH electrode (Thermo Scientific, Orion Star A221) was immersed
within the suspension after decantation to measure the pH.

2.4.4 Determination of bulk density

The bulk density or apparent density is the mass under specified conditions (dry-weight) of a
unit volume of a solid sorbent including its pore volume and inter-particle voids (D2652-11,
2015). The bulk density of the PKS-biochar and PKS-activated carbon was determined by this
procedure: the sample containing PKS-biochar was first dried overnight at 80 °C to obtain a
dry-weight by mass. The moisture content of the sample was obtained using a moisture
analyzer. It is important to consider a total dried weight of less than 2 wt% before measuring
the bulk density as the mass of the sample must be determined on a dry-weight basis. Then up
to 200 mL of the sample was added to a graduated cylinder (250 mL) through a funnel while
maintaining a uniform rate under free fall condition. The weight (mass) of the sample within
the 250 mL graduated cylinder was measured. The volume of the sample within the graduated
cylinder was observed using a meniscus and recorded. Then the bulk density of the sample was
determined using equation (12).
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m

p=r (12)
Where m = mass of the sample (g) and v = its correspondent volume (mL).
2.4.5 Determination of Compact density

Compact density like bulk density is essential to the physical, chemical and functional
properties of biochar. The sample after free fall within the graduated cylinder was tamp using a
Jolting Volumeter STAV II. Using the DIN-ISO-787 (2015) method, the sample was tamped
1250 swings with height fall of 3 mm. The volume was observed using meniscus until the
difference between two single results were less than 2 mL. The compact density was measured

using equation (12) above.
2.4.6 Determination of Iodine number

The determination of the iodine was done using volumetric ASTM D4607-94, (2005) method;
basically to estimate the pore structure and surface characteristics (P. Kumar et al., 2022) of the
PKS-activated carbon and the carbonized PKS sample. To determine the iodine number, 1.3 £
0.2 g of dried powdered sample was placed in an Erlenmeyer flask and 10 ml of HCI (5 wt%)
was added to the sample. The suspension was then placed on a hot plate and heating till boiled
for exactly 30 seconds. This process was closely monitored using a stopwatch. After the boiling
process, the sample was allowed to cool down to room temperature between 15 — 30 minutes.
Then, 100 ml of 0.1 N iodine solution was added to the suspension and then shake vigorously
for exactly 30 seconds. The suspension was filtered off using a filter paper and the aliquote part
of the filtrate (50 ml) was titrated with 0.1 N Na>S>03 by using starch as an indicator. The result
expressed in mg/g was calculated using equation (13).

X/M = [A~ (DF)(B)(S))/M (13)

where is X/M = iodine absorbed per gram of carbon, mg/g, A = blank factor, DF = dilution
factor, B = near endpoint factor, S = sodium thiosulfate, mL, and M = mass of carbon used, g.

It is important to note that factors such as A and B were predetermined.
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2.5 Conclusion

In this study, a systematic experimental methodology was employed to investigate the
production, characterization, and activation of PKS-biochar as a sustainable alternative catalyst
for hydrogen production via biomass gasification. Pretreated PKS feedstock underwent
controlled slow pyrolysis (300-500°C) using a BBD, varying temperature, heating rate, and
residence time to optimize biochar yield and properties. Detailed proximate and
physicochemical analyses including volatile matter, ash content, fixed carbon, pH, and density
were carried out on both raw and processed materials. Subsequent steam activation experiments
examined the influence of activation temperature (800-900°C) and holding time (60-120min)
on the properties of PKS-activated carbon (PKS-Akt). Key performance indicators such as
yield, iodine number (micropore development), and fixed carbon content were systematically
examined, providing a better framework for the identification of optimum activation conditions

tailored to catalytic applications, especially for hydrogen production.
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Chapter 3

Results and Discussion
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3.1 Introduction

This section presents the outcomes of the optimization and characterization of biochar and
activated carbon derived from PKS. Firstly, the results of the various processes (pyrolysis,
activation and characterization) are presented in tables and figures followed by brief description
of each result. Then the discussion details how pyrolysis parameters influenced biochar
properties, identifying optimal conditions (500°C temperature and 15°C/min heating rate) that
produced biochar with favorable fixed carbon content and porosity. This is followed by
discussion on steam activation and how it significantly enhanced the materials’ surface area and
microporosity, yielding activated carbon (labelled PKS Akt 274 — 281 based on process
conditions) with high iodine number and excellent physicochemical characteristics. Lastly, a
conclusion and perspective based on the results in this study is presented. The section highlights
the relationship between activation conditions, material properties, and catalytic performance,
underlining the potential application of PKS-derived activated carbon in renewable energy

technologies.

3.2 Results
3.2.1 BBD experimental design with biochar yield

Table 3.1 summarizes a series of experimental runs for producing PKS-biochar using different
pyrolysis conditions. Each run investigates how temperature, heating rate and residence time
affect the resulting biochar yield (%).

Table 3.1: BBD experimental design showing influence of temperature, heating rate and residence
time on biochar yield

Run Temperature Heating Residence PKS-biochar
order B C (°C) rate_ time (min) yield (%)
(°C/min)

1. -1 -1 0 300 5 90 59.40
2. +1 -1 0 500 5 90 37.47
3. -1 +1 0 300 15 90 59.85
4, +1 +1 0 500 15 90 35.30
d. -1 0 -1 300 10 60 58.29
6. +1 0 -1 500 10 60 36.31
7. -1 0 + 300 10 120 58.22
8. +1 0 +1 500 10 120 36.35
9. 0 -1 -1 400 5 60 44.28
10. 0 +1 -1 400 15 60 40.57
1. 0 -1 +1 400 5 120 43.44
12. 0 +1 +1 400 15 120 39.41
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13. 0 0 0 400 10 90 39.95
14. 0 0 0 400 10 90 40.13
15. 0 0 0 400 10 90 38.61

Lower temperatures (300°C) consistently give higher biochar yields (~58—-59%), while higher
temperatures (500°C) result in significantly lower yields (~35-37%) under similar conditions.
Increasing the heating rate and residence time at a fixed temperature typically has a modest
effect on biochar yield. Runs at 400°C show intermediate yields (~39-44%), with slight

variations based on heating rate and residence time.

3.2.2 Biochar yield model

The Analysis of Variance (ANOVA) presented in Table 3.2 was conducted to assess the effects
of three factors (A, B, and C) and their interactions on a response variable, related to biochar
yield. The model includes linear terms, quadratic (square) terms, and two-way interaction
effects. The model explains over 99% of the variance with significant contributions from factor
A and its quadratic term. Interaction terms are non-significant, and the model shows good fit

for experimental data.

Table 3.2: ANOVA summary table evaluating the effects of factors A, B, and C, including their quadratic
and interaction terms, on the response variable with 95% confidence level

Source DF Adj SS Adj MS F-Value P-Value
Model 9 1213.35 134.82 92.86 0.000a
Linear 3 1031.64 343.88 236.86 0.000a
A 1 1019.94 1019.94 702.51 0.000a
B 1 11.19 11.19 7.70 0.039%
C 1 0.52 0.52 0.35 0.577
Square 3 179.97 59.99 41.32 0.001a
A? 1 176.02 176.02 41.32 0.000a
B2 1 8.72 8.72 6.01 0.058
C2 1 2.51 2.51 1.73 0.246
2 — Way interaction 3 1.74 0.58 0.40 0.759
AB 1 1.72 1.72 1.18 0.327
AC 1 0.00 0.00 0.00 0.965
BC 1 0.03 0.03 0.02 0.900
Error 5 7.26 1.45
Lack-of-Fit 3 5.88 1.96 2.84 0.271
Pure Error 2 1.38 0.69
Total 14 1220.61
Model summary

S R-sq R-sq (ad)) R-sq(pred)
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1.20493  99.41% 98.33% 92.04%

DF: Degree of freedom, Adj SS: Adjusted sum of squares, Adj MS: Adjusted mean squares,

significant term, S: standard error

A Pareto chart of standardized effects for PKS-biochar yield (Figure 3.1), indicates the influence
of different process factors. The chart shows that temperature (A) has the most significant
impact on biochar yield, followed by the quadratic effect of temperature (AA). Heating rate
(B), residence time (C), and their interactions contribute less substantially, as their standardized
effects fall below the significance threshold (2.57).

Pareto Chart of the Standardized Effects
(response is PKS-Biochar Yield, a = 0.05)

Term 257

Factor Name

A A Temperature

B Heating rate
AA - C Residence time

BB

CC 1

AB |

BC 1

AC

0 I5 1I0 1I5 ZIO 2I5 Eb
Standardized Effect

Figure 3.1: Pareto chart revealing the dominant effect of temperature on palm kernel shell biochar
yield, with other factors and interactions with less or no significant influence

3.2.3 Selection of optimum biochar

This 3D surface plot in figure 3.2 shows how the yield of PKS-Biochar is simultaneously
influenced by pyrolysis temperature and heating rate. The residence time is held constant at 90
minutes. The graph shows that biochar yield (z-axis) decreases as temperature (x-axis)
increases, forming a downward-sloping surface. The yield also appears to decrease with
increasing heating rate (y-axis), though this effect is less pronounced than that of temperature.
The peaks and valleys on the surface help identify optimal combinations of parameters for

maximizing yield.
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Surface Plot of PKS-Biochar Yield vs Heating rate, Temperature

Hold Values
Residence time 90

60

PKS-Biochar Yield 50

15

10 Heating rate

Temperature 200

Figure 3.2: Three-dimensional surface plot depicting the relationship between PKS-Biochar yield,
pyrolysis temperature, and heating rate at a constant residence time of 90 minutes

For maximizing biochar yield, the two-dimensional contour plot (Figure 3.3) was used. The
colored bands represent specific ranges of biochar yield (< 35%, 35-40%, > 55%). Lines of
constant yield (contours) can be assumed between these bands. It clearly shows that the highest
yields (> 55%) are achieved at the lowest temperatures and heating rates (bottom-left corner),
while the lowest yields (< 35%) occur at the highest temperatures and heating rates (top-right
corner). This type of plot is important for precisely reading the approximate yield expected for

any given pair of temperature and heating rate values why at constant residence time.

Contour Plot of PKS-Biochar Yield vs Heating rate, Temperature

PKS-Biochar
Yield
< 35
35 - 40

15.0

W 40 - 45
M 45 - 50
12.5 M 50 - 55
| | > 55

Hold Values
Residence time 90

10.0

Heating rate

7.5

5.0
300 350 400 450 500

Temperature

Figure 3.3: Contour plot of PKS-Biochar yield as a function of heating rate and temperature, with
yield values categorized into discrete bands and a residence time fixed at 90 minutes 31



3.2.4 Steam activation

This line graph (Figure 3.4) shows the effect of activation temperature and process time on the
final yield of activated carbon produced from optimal PKS-biochar. The yield percentage
decreases significantly as the activation temperature increases from 800°C to 900°C for both
hold times. Furthermore, the longer activation hold time of 120 minutes consistently results in
a lower yield compared to the 60-minute process at the same temperature. This inverse
relationship between yield and both temperature and time is a well-established trend in the

activation process.

100
|

80

60

Yield (%)

40
|

20

O -
T T T T T T
800 820 840 860 880 900
Temperature (°C)
| —e— 60min  —&— 120 min

Figure 3.4: Yield of PKS-derived activated carbon as a function of activation temperature for two
different hold times (60 and 120 minutes)

3.2.5 Characterization
3.2.5.1 PKS characterization

Table 3.4 compares the proximate composition of PKS before and after a pre-treatment process
while Table 3.5 gives the elemental composition of PKS. The pre-treatment significantly
reduced the moisture content and ash content while increasing the fixed carbon. The volatile
matter remained relatively unchanged. It is important to note that most biomass contains
inorganic minerals (K, Cl, Ca); hence, by washing with deionize water, these minerals tend to
dissolve and leach out of the biomass thereby significantly improving ash-related characteristics
of the biomass (Lebendig et al., 2022).
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Table 3.2: Proximate analysis of raw and pre-treated PKS samples

Sample Moisture Volatile matter ~ Ash content Fixed carbon
P (Wt%) (Wt%) (Wt%) (Wt%)
Raw — PKS — (before 445,000 70007 114£004  20.71%0.05
pretreatment)
Raw PKS 2 -4mm (after 5,010 70692007 0654016  28.21+0.11
pretreatment)
Mean + SD; N=2
Table 3.3: Elemental composition of PKS sample
Carbon Hydrogen Oxygen Nitrogen Sulfur
48.05+2.9 520+0.32 45.34 £ 3.24 0.25+0.01 0.03+£0.01

3.2.5.2 PKS-biochar characterization

Table 3.6 presents the characterized properties of 15 different treated PKS biochar samples (T1-

T15) as representative run based on the BBD order while Table 3.7 gives the characterization

of the optimum biochar. The data shows significant variation in key quality parameters,

including volatile matter, ash content, fixed carbon, pH, and bulk densities. The samples are

categorized in distinct groups, particularly between high volatile matter/low fixed carbon (T1,
T3, TS, T7) and low volatile matter/high fixed carbon (T2, T4, T6, T8) biochar, suggesting

different process conditions (temperature, heating rate and residence time).

Table 3.4: Proximate analysis, pH, and density properties of various PKS-biochar samples

Sample Volatile Ash contenta E;Xrg(;nd oH Bulk  Density Compact
mattera (wt%)  (wt%) (wi%) (g/lL) density (g/L)
PKS-T1 49.16 £ 0.05 164+014 4920+012 68 7170.70 724 +0.00
PKS-T2 18.67 £ 0.23 2.54 £0.34 78.79+0.11 76  678+0.00 683 +2.83
PKS-T3 49.02 £ 0.56 1.09+£0.14 4996+012 59 682+0.00 690 + 2.83
PKS-T4 19.88 £ 0.02 242 £0.05 77.7+£0.22 83 577+0.00 583 £ 0.00
PKS-T5 43.83 £ 0.01 285+0.05 5332+012 64 6791283 688 £ 0.00
PKS-T6 19.57 £ 0.03 285+003 7758011 8 600 +0.00 608 +2.12
PKS-T7 48.20 £ 0.02 1.44 £0.03 50.36 £ 0.21 6.3 679+0.00 688 +2.12
PKS-T8 18.18 £ 0.02 3.05£0.02 7877+012 78 608+0.00 615+4.95
PKS-T9 31.88 £ 0.01 2.06 £ 0.04 66.06 £ 0.21 7 652 +2.12 661 +2.12
PKS-T10 2718+ 0.12 2.79+£0.01 70.03+022 72 604+283 608 +2.83
PKS-T11 31.03+£0.11 2.38£0.01 66.59 £ 0.11 7.0 607+4.24 615+ 0.00
PKS-T12 2424 +0.21 251+0.11 73.25£010 941 602 + 0.00 608 + 0.00
PKS-T13  26.61£0.03 3.04£000 7035+011 7.2 600x0.00 659 £ 4.00
PKS-T14  26.63 £ 0.01 242+0.02 7095+£011 7.5 597 +4.00 608 £ 4.00
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PKS-T15  24.07 £ 0.03 272+£003 7321+£012 7.7 586+4.00 591 £4.00
awater free (values on dry weight basis); Mean + SD, N=3; 4By difference FC=100-(AC+VM)

Table 3.5: Yield, lodine number, proximate analysis, pH, and density properties of optimum PKS
biochar (PKS-OP1)

. lodine n® Volatile Ash content Fixed Carbon Density
0,
Sample  Yield (WI%) o) matter (wt%)  (wt%) (wt%) PR g
(F;l;? 36.26 £ 1.12 155 20.01+0.15 2.87 £0.03 7712 +0.15 79 566 + 2.24

Table 3.6: Elemental composition of PKS-biochar at 500°C

Carbon Hydrogen Oxygen Nitrogen
72.2 5.0 22.1 0.7

(Kong et al., 2022)

Figure 3.5 visually represents the results of the proximate analysis for a biochar sample,
displaying its composition in terms of key quality parameters. The chart shows the relative
percentages of volatile matter, fixed carbon, and ash content.
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Figure 3.5: Proximate composition (volatile matter, fixed carbon, and ash content) of PKS-biochar
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3.2.5.3 PKS-activated carbon (PKS-Akt) characterization

The characterization of PKS-activated carbon (PKS-Akt) is shown in Table 3.9 with key
indicators such iodine number, fixed carbon, pH and densities. The number code represents
each process condition for steam activation (temperature and holding time). The first three
samples (274, 275 and 278) were produced via temperature 800, 850 and 900 °C respectively
with constant holding time, 60 min. Samples (279, 280 and 281) were synthesized under
constant temperature as the previous three samples but different holding time of 120 min. The
increase in iodine number with increase in temperature and holding time and decrease in density
with increase in temperature and holding time. The fixed carbon of all samples was significantly
high (> 90 wt%).

Table 3.7: Properties of PKS-activated carbon under steam activation, including crystallinity (carbon
conversion), adsorption capacity, proximate analysis, pH, and density

X lodine Volatilea ~ Asha Fixedd Densi
Sample ¢ o number matter content  Carbon  pH ensity

W) (mglg)  wi%)  (Wi%)  (wi%) 9L)
PKS-Akt 274 15.33 582 2.57 4.35 93.08 9.9 602 £ 0.00
PKS-Akt 275 58.96 704 2.71 410 93.19 9.8 589 +0.00
PKS-Akt 278 63.40 768 3.01 4.59 92.40 9.8 561 £ 1.00
PKS-Akt 279 63.81 758 5.08 4.28 90.64 9.9 533 £0.00
PKS-Akt 280 66.79 885 4.46 5.24 90.30 10.1 508 £ 0.00
PKS-Akt 281 70.86 970 1.95 545 92.60 10.3 501+ 1.00

aWater free (value on dried weight basis); dFixed carbon by difference: FC=100-(VM+AC)

3.2.5.4 Comparative analysis of PKS-Akt and PKS-OP1 (proximate composition)

A comparative analysis of the proximate composition is provided in figure. 3.6 below. The
comparison highlights volatile matter, fixed carbon, and ash content across several steam-
activated carbon samples (PKS-Akt 274, 275, 278, 279, 280, 281) and one optimum biochar
sample (PKS-OP1). It is interesting to note that all PKS-Akt shows high fixed carbon over 90%
as compared to the PKS-OP1. As a result, we can underscore that a high carbon-rich material,
which is the primary aim of steam activation, was produced from a moderate carbon rich

material.
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Figure 3.6: Comparative proximate analysis composition of steam-activated carbons (PKS-Akt
series) and an optimum biochar (PKS-OP1)

3.2.5.5 Effect of activation temperature and time on Iodine number

Figure 3.7 shows how the iodine number (a measure of micropore volume and surface area)
changes with both activation temperature and activation time. The data suggests that the Iodine
Number increases significantly with rising temperature, reaching a peak around 800-900°C,
and is also influenced by the duration of the activation process, with 120 minutes being a key
holding point.

lodine Number (mg/g)
400 500 600 700 800 900 1000 1100

800 820 840 860 880 900
Temperature (°C)
| —e— 60min  —&— 120min |

Figure 3.7: Effect of activation temperature and holding time on iodine number
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3.3 Discussion

3.3.1 PKS-biochar yield

The PKS-biochar yield under varying pyrolysis conditions is presented in Table 3.1 Prior to the
pyrolysis process, the average moisture content of the dried PKS sample was 1.05 = 0.36 wt%,
confirming that the feedstock was adequately pre-treated and sufficiently dried for thermal
conversion. During the initial stage of pyrolysis (200 - 290 °C), vapors from the reactor tube
condensed visibly on the quartz wall, whereas more intense volatile matter release and non-
condensable gases were observed in the range of 300 to 400 °C. This behavior is consistent with
earlier thermogravimetric analysis findings reported by Rashidi (Rashidi et al. 2019) and Shoaib
(Shoaib et al. 2015), where the decomposition of hemicellulose and cellulose leads to
significant volatile release at this temperature range. From the experimental results, biochar
yield exhibited a dependence on pyrolysis temperature, heating rate, and residence time. In
general, yield decreased with increasing temperature. At 300 °C, relatively high yields were
recorded (~58-60%), regardless of heating rate or residence time. For example, the highest yield
(59.85%) was obtained at 300 °C, 15 °C/min, and 90 min. However, such high values at low
temperatures suggest incomplete carbonization, as lignocellulosic components are not fully
degraded below 350 °C (Kok et al., 2017).

When the temperature was raised to 400 °C, yields dropped to 38-44%, depending on the
heating rate. Notably, trials conducted at 400 °C and 90 min residence time (Runs 13 to 15)
consistently produced yields around 39-40%, indicating that prolonged residence at this
temperature did not result in significant yield. Instead, this suggests stabilization of the thermal
degradation process, where secondary decomposition reactions consume more biomass
material, producing higher amounts of volatiles and tar rather than solid carbonaceous residue
(Balat, 2008). At 500 °C, the lowest yields (35-37%) were observed across all runs, confirming
that higher pyrolysis temperatures favor devolatilization and gas release over char formation
(Qureshi et al., 2021). Heating rate and residence time influenced the yield marginally at this
point, as the extent of carbonization was already maximized by the elevated temperature.
Importantly, lower temperatures (around 300 °C) retain a greater solid fraction (biochar) but
may indicate incomplete carbonization. Conversely, higher temperatures (500 °C) promote

complete decomposition but at the expense of yield.

3.3.2 Biochar model

The ANOVA results (Table 3.2) clearly indicate that the overall regression model was
statistically significant (p-value < 0.05), with no significant lack-of-fit (p-value = 0.271),
confirming that the model was a reasonable representation of the experimental data. The model
yielded a very high coefficient of determination (R? = 99.41%), while the adjusted R? (98.33%)
and predicted R? (92.04%) remained close in value. This consistency suggests excellent model

reliability and predictive capability, making it suitable for future forecasting of PKS-biochar
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yield. Similar justification was made by Ahiekpor (Ahiekpor et al. 2023); and Sopandi (Sopandi
et al. 2025). Moreover, the low standard error (S = 1.20) indicates that the predicted values are
very close to the actual experimental results.

The factor effects reveal that temperature (factor A) was the most significant variable, both in
its linear and quadratic forms, with an F-value of 702.51 and p < 0.005. This confirms that
temperature is the dominant determinant of biochar yield. Heating rate (factor B) also had a
statistically significant value though weaker linear effect (F-value = 7.70, p = 0.039), while
residence time (factor C) did not significantly affect yield (p-value > 0.05). Among the quadratic
terms, only temperature (A?) was significantly important (p < 0.05), further reinforcing its
dominant influence. In contrast, the quadratic contributions of heating rate (B?) and residence
time (C?) were not statistically significant (p > 0.05). Importantly, none of the two-way
interactions (AB, AC, BC) influenced biochar yield (all p > 0.05), suggesting that each
parameter acts independently within the studied ranges. The regression coefficients (Equation.
14) also provide useful interpretation. The negative coefficient for temperature indicates that
higher pyrolysis temperatures reduce biochar yield due to enhanced volatilization and
decomposition of the biomass matrix. Similarly, the negative coefficients for heating rate and
residence time reflect the general trend of reduced yield with glaring processing conditions,

though their effects are not statistically strong compared to temperature.

Biochar yield = 206.5 — 0.6530A — 0.894B — 0.172C + 0.0006905A2 + 0.0615B2 +
0.000916C2 — 0.00131AB + 0.000009AC + 0.00053BC (14)

Collectively, the statistical analysis demonstrates that temperature is the sole factor of primary
importance for yield optimization, while heating rate exerts only a minor influence, and
residence time can be considered negligible. These findings align with the experimental results
where maximum yields occurred at 300 °C across different runs, but such high-yielding
conditions may correspond to incomplete carbonization. Therefore, for selecting an optimum
PKS-biochar for subsequent direct activation, emphasis should be placed not only on yield but
also on physicochemical properties. Biochar derived at intermediate conditions (around 400 -
500 °C) is expected to offer balanced yield, reduced volatile matter, higher fixed carbon, and

greater structural stability, all of which are promising for activation processes.

To further validate the process conditions (temperature, heating rate and residence) and to
determine which factor had significant influence on the biochar yield, the standardized effects
based on Pareto chart (Figure 3.1) were utilized. At a 95% confidence level (a = 0.05), the
threshold line for statistical significance was determined to be approximately 2.57. Among the
studied variables, the chart confirms that temperature (factor A) exhibited the strongest and
most significant influence on biochar yield, which is consistent with the ANOVA results (Table
3.2). Increasing temperature led to a marked decrease in biochar yield, reflecting enhanced
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devolatilization and secondary decomposition of organic matter, while simultaneously
promoting the formation of a more carbon, stable biochar (Mariyam et al., 2024).

The heating rate (factor B) was the next factor approaching the significance threshold. Although
its effect was weaker than that of temperature, and only marginally above the threshold line, it
can still be considered slightly influential on yield. In contrast, residence time (factor C) did not
exhibit any statistically significant effect. Its standardized effect fell below the Pareto threshold,
reaffirming that variations in residence time, within the tested range, had negligible impact on
PKS-biochar yield (Figure 3.1).

3.3.3 Selection of optimum biochar
3.3.3.1 Effects of temperature and heating rate

To achieve optimal PKS-biochar yield and quality, the effects of temperature and heating rate
were thoroughly analyzed, holding residence time constant at 90 min. The 3D surface plot
(Figure 3.2) and contour plot (Figure 3.3) illustrate the response of biochar yield to these
primary process variables. From both plots, biochar yield declines steadily as temperature
increases from 300°C to 500°C, particularly at higher heating rates. This trend supports the
understanding that elevated temperatures result in greater devolatilization and the onset of
secondary reactions such as cracking and reforming thereby leading to increased gaseous and
tar products at the expense of solid biochar. Higher temperatures also facilitate the removal of
coke precursors (heavy oxygenated and phenolic compounds), promoting further carbonization
and improving the physicochemical properties (e.g., carbon content and porosity), even as yield
decreases. This observation is in line with earlier reports on the pyrolysis of lignocellulosic
materials (Ahiekpor et al., 2023; Zeng, 2015).

The heating rate further modulates these effects. At lower heating rates, devolatilization
proceeds gradually, favoring higher solid biochar yields, though with higher volatile content. In
contrast, higher heating rates (15°C/min) accelerate bond-scission reactions and vapor-phase
cracking, sharply reducing the biochar yield, as seen in both figures. These rapid conditions
limit heat and mass transfer, increase secondary reactions, and therefore encourage conversion
to gases and bio-oil (Salehi et al., 2009).

The combined effect (synergy) of high temperature and high heating rate yields the lowest
biochar throughput (~35% at 500°C and 15°C/min; Figure 3.3), while low temperature and low
heating rate maximize biochar yield (>55%). Both factors (higher temperature and heating rate)
account for maximum biomass decomposition resulting in enhanced biochar with low volatile
and mesopore. These effect are validated from experimental works and studies done by
(Ahiekpor et al., 2023; Chatterjee et al., 2020; Salehi et al., 2009; Zeng, 2015).

The contour plot (Figure 3.3) further highlights this relationship by showing gradient zones: the
darkest regions (>55 wt% yield) correspond to low temperature and low heating rate. The
lightest regions (<35 wt%) occur at high temperature and high heating rate. Experimental results

confirm that primary decomposition (mainly breakdown of hemicellulose and cellulose)
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primarily occurs between 300-400°C, whereas above 450°C, further thermal cracking drives
the conversion of solid biomass to gaseous products like CO, CO», CH4 as well as bio-oil with
lower biochar (Chen et al., 2022).

For practical optimization, while maximum yield is attractive, enhanced carbonization and
desired physicochemical properties are achieved at higher temperatures, even though yield is
lower. The model and validation run indicate that the optimum conditions for producing high-
quality, carbon-rich PKS-biochar (suitable for further activation) are 500°C, a heating rate of
15°C/min, and a residence time of 60 min. At these settings, the predicted yield (36.02 = 1.5
wt%) matches closely with experimental results (36.26 £ 1.12 wt%, N=4), affirming the
model’s robustness. Finally, residence time does not have a significant effect (p > 0.05) on yield
within the tested range. Extending residence time above 60 min, neither enhances yield nor
substantially alters physicochemical properties, making longer durations unnecessary from both

an economic and energy perspective.

3.3.4 Steam Activation

The result of the steam activation examines the impact on activation temperature (800—-900°C)
and residence time (60-120 min) on steam-activated PKS (PKS-Akt). Key parameters include
yield and water consumption on direct activation. This is followed by analysis on
physicochemical parameters such as carbon conversion iodine number (micropore capacity),

volatile matter, ash content, fixed carbon, pH, and density.

3.3.4.1 Effects of activation temperature and holding time on yield

The findings presented in Figure 3.4 9 demonstrate a clear linear decrease in PKS-Akt yield as
both temperature and residence time are increased. Specifically, the yield declines from 70.15
wt% to 61.08 wt% as the temperature increases from 800 to 900°C at a constant residence time
of 60 min. A similar trend is observed with longer residence times: the yield drops from 61.59
wt% to 48.54 wt% when the holding time increases from 60 min to 120 min across the same
temperature range. This negative correlation underscores the impact of elevated thermal
conditions on the gasification or activation process. As temperature rises, the extent of thermal
decomposition and volatilization intensifies, promoting the release of volatile components (P.
Kumar et al., 2022) and reducing solid yield. The effect is compounded by longer residence
times, which allow for prolonged exposure to high temperatures and further removal of mass
due to continued devolatilization and, at the highest temperature (900°C), accelerated carbon
burn-off (Chang et al., 2000; Drobikova et al., 2012).

Such trends are consistent with those observed during primary carbonization, where higher
process temperatures favor secondary reactions, greater conversion of biomass to gases, and
reduced solid fraction. The pronounced yield losses at 900°C reflect rapid carbon consumption
and burn-off, as previously reported by Chang (Chang et al., 2000) and more recently by Kumar
(Kumar et al. 2022), further validating the experimentally observed behavior. Both increased
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temperature and extended residence time are important to the yield of PKS-Akt samples, driven
principally by enhanced volatilization and carbon burn-off mechanisms at higher thermal

intensities.

3.3.4.2 Effects of activation temperature and holding time on water consumption

The reaction (C + H.O — CO + H:) that involves the carbonized material and water to form
carbon monoxide and hydrogen is done solely to increase the surface structure of a carbonize
material from mesopore to enhance micropore. During steam activation, increase in activation
temperature resulted to increase in H.O consumption on weight basis from 64.2 g to 108.9 g at
800 °C to 900 °C and constant holding time, 60 min. This follows the rate at which the carbon
material diffuses water molecules during activation. The rate of water consumption per hour
increased with increase in temperature and holding time from 0.321 to 0.473 g/g/h under these
conditions (temperature 800 to 900 °C) and at rate 60 min and from 0.272 g/g/h to 0.585 g/g/h
at 120 min. (see app. Table A)

3.3.5 Characterization
3.3.5.1 PKS (proximate and elemental)

The proximate characterization of the raw palm kernel shell (PKS) prior to carbonization (Table
3.3) highlights the necessity and effectiveness of pretreatment for efficient biochar production.
Pretreatment is an essential step in biomass utilization, as it not only enhances process
efficiency during pyrolysis but also improves the physicochemical attributes of the feedstock
for downstream applications, including combustion, gasification, catalytic support, and
activated carbon production (Koppejan et al., 2019).

A consistent particle size distribution (2-4 mm) achieved through crushing and sieving ensured
uniformity in heat transfer during pyrolysis, thereby facilitating stable carbonization. The raw
PKS exhibited a relatively high moisture content (8.15 wt%), attributed both to the intrinsic
structure of lignocellulosic biomass. High moisture content is undesirable as it reduces thermal
efficiency, increases energy demand for drying, and inhibits stable pyrolysis (Orang et al.,
2015). After oven-drying at 105 °C, the moisture content decreased significantly to 0.45 wt%,
representing a near-complete removal of residual water. This optimized moisture range is
crucial, as it ensures enhanced carbonization efficiency and reproducibility. Comparable results
have been observed in PKS and other biomass studies, where oven drying typically reduces
moisture to below 5 wt% (Haryati et al., 2018).

The volatile matter content (>50 wt%) remained largely unchanged before and after
pretreatment, indicating that mechanical and thermal pretreatment had minimal effect on
inherent volatiles. The ash content of the PKS biomass was reduced after washing to 0.65 wt%,
reflecting the removal of surface dust and extrinsic inorganic impurities such as silicates,
nitrates, hydroxides, and trace minerals (Vassilev et al., 2013). Although moderate ash can

provide catalytic benefits in gasification or as in-situ mineral activators, high ash generally
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reduces yields and modifies pore development due to the deposition of inorganics on biochar
surfaces (Abioye et al., 2024). Hence, minimizing ash through pretreatment was crucial for
preserving pore structure and ensuring improved textural properties during carbonization and
subsequent activation. The fixed carbon content by difference was relatively low (<30 wt%),
which is characteristic of fresh lignocellulosic biomass. However, this fraction contributes
substantially to biochar stability and is expected to be enriched after devolatilization.

The elemental (ultimate) composition of raw PKS (Table 3.4) further confirms its excellent
suitability as pyrolytic feedstock. The high carbon content (~48 wt%) combined with balanced
oxygen (~46 wt%) and hydrogen (~5 wt%) signifies the dominance of lignin, which is thermally
stable and contributes to higher solid yield (Baffour-Awuah et al., 2021). The trace nitrogen (<1
wt%) and sulfur (<0.5 wt%) contents are advantageous as they minimize potential secondary
emissions during thermal treatment and improve the environmental compatibility of the
resultant biochar. Importantly, the relatively high C/O ratio of the PKS favors the production of
biochar yields greater than 35 wt%, with improved aromatization and surface area development
(Chen, 2020).

3.3.5.2 PKS-biochar (proximate)

The proximate composition of PKS-biochar samples (T1-T15) provides critical insights into
the effect of pyrolysis conditions on biochar physicochemical properties (Table 3.5). Variations
in volatile matter, ash content, fixed carbon, pH, and bulk/compact densities reflect the gradual
transformation of biomass with increasing pyrolysis severity, primarily influenced by

temperature.

3.3.5.2.1 Volatile matter

Volatile matter (VM) varied widely, from 18.18 wt% (T8) to 49.16 wt% (T1). As expected,
samples produced at the lowest temperature (300 °C: T1, T3, TS5, T7) retained the highest
volatile fractions (> 43 wt%); Figure 3.5 10, representing incomplete devolatilization and
partial breakdown of biomass components such as cellulose and hemicellulose as previous
indicated. By contrast, biochar obtained at 500 °C (T2, T4, T6, T8) contained very low VM
(1820 wt%), consistent with advanced devolatilization and secondary decomposition
processes. These results confirm the general trend that increasing pyrolysis temperature leads
to a significant reduction in volatile matter, which is desirable for enhancing thermal stability

and producing more carbonized material.

3.3.5.2.2 Ash content

Across all samples show low ash (1.09-3.05 wt%), indicative of the naturally low inorganic
fraction in PKS. Nevertheless, differences were observed depending on carbonization
conditions. Low-temperature samples (T1, T3, TS, T7) exhibited the lowest ash values (1.09-
2.85 wt%), while higher-temperature biochar, especially T8 and T13-T15, showed slightly
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elevated ash levels (up to 3.05 wt%). This increase in ash at higher temperatures results from
progressive volatilization of the organic matrix, concentrating the mineral fraction (Noor et al.,
2019). While moderate ash levels may serve as intrinsic activating agents during pyrolysis,
excessive ash deposition can interfere with pore development and reduce textural quality
(Biedermann et al., 2005).

3.3.5.2.3 Fixed Carbon

The fixed carbon (FC) was determined by difference, and it showed the inverse relationship to
VM. The maximum FC contents were observed in samples produced at 500 °C (T2, T4, T6,
T8), with values between 77.6-78.8 wt%, reflecting extensive conversion of organics to stable
carbon structure. Conversely, low-temperature samples (T1, T3, TS5, T7) recorded lower FC
contents (49-53 wt%), further confirming incomplete carbonization. These trends suggest that
higher temperature biochar possess superior aromatic stabilization and long-term persistence,
which are advantageous for adsorption processes and soil amendment applications (Deshmukh
et al., 2023). These findings indicate that temperature is the most dominant factor shaping
proximate properties, in agreement with ANOVA and surface plot analyses. For applications
requiring high fixed carbon, enhanced stability, and alkaline surface chemistry, biochar
produced at 500 °C and higher heating rates (e.g., T2, T4, T6, T8) are more suitable for direct
activation. Conversely, when maximizing yield is the primary aim, lower-temperature chars
(T1, T3, TS5, T7) are more favorable, albeit less carbonized.

3.3.5.3 pH of PKS-biochar

The pH demonstrated a clear dependence on carbonization. Biochar obtained at 300 °C were
slightly acidic to near-neutral (5.9 - 6.8), attributed to retained acidic surface functional groups
and volatile organics (Janu et al., 2021). In contrast, 500 °C pyrolysis produced alkaline chars
(7.6-8.3), resulting from the accumulation of alkali and alkaline earth metals in the ash fraction
and the progressive loss of oxygenated acidic groups (Fidel et al., 2017). The remaining samples
carbonized at ~ 400 °C (T9 - T15) had near-neutral to mildly alkaline pH (7.0-7.7), representing
an intermediate state of carbonization. Thus, pH evolution reflects the transition from oxygen-

rich, acidic chars at low temperature to alkaline, mineral-rich chars at higher temperature.

3.3.5.4 Densities of PKS-biochar

The bulk (577-717 g/L) and compact densities (583-724 g/L) were also affected by
carbonization intensity. The densest char was obtained from T1 (300 °C, bulk 717 g/L),
consistent with the high volatile fraction retained within the structure. As carbonization
intensified, bulk density generally decreased, reaching a minimum in T4 (577 g/L) and T15
(586 g/L). This reduction can be attributed to structural rearrangements, pore formation, and

mass loss induced by devolatilization (Brewer et al., 2014). Lower density biochar tends to
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exhibit improved textural characteristics, including greater specific surface area, at the expense
of yield (Walters et al., 2018).

3.3.5.5 PKS-AKkt (proximate composition)

The volatile matter content of the PKS-Akt samples exhibits contrasting trends depending on
the temperature and residence time. At a residence time of 60 min, volatile matter slightly
increases from 2.57 wt% to 3.01 wt% as the temperature rises from 800 to 900°C. However, at
a longer residence time of 120 minutes, volatile matter decreases from 5.01 wt% to 4.08 wt%
over the temperature range of 800 to 850°C, followed by a further decline to 1.95 wt% at 900°C.
This progressive reduction in volatile content at elevated temperature and prolonged holding
time is indicative of more complete gasification, resulting in enhanced removal of volatiles and
a more thermally stable carbonaceous matrix.

The observed initial increase in volatile matter at shorter residence time may be attributed to
the diffusion and retention of water molecules or partially decomposed volatile compounds
within the carbon structure, which can temporarily enhance porosity and stability. This
phenomenon aligns with findings from some authors (Ogungbenro et al., 2018), who reported
that increased temperature facilitates the evolution of volatile compounds and tar deposits
during biochar activation, temporarily affecting measured volatile content.

Significantly, the volatile matter content decreases substantially from the original PKS material
to the final activated precursor. For example, the reduction from approximately 20 wt% volatile
matter in the original PKS-OP1 (shown in Figure 3.6) to around 2 wt% in the activated material
highlights the development of enhanced porosity and greater thermal stability in the activated
carbon.

Similarly, the ash content exhibits a moderate increase with rising activation temperature,
increasing from approximately 2.85 wt% in the carbonized material to nearly 5 wt% in the
activated carbon. This increase is likely due to the concentration of inorganic constituents
within the material as organics volatilize and burn off during activation (Lesaoana et al., 2019).
The fixed carbon content of all activated carbon samples exceeds 90 wt%, demonstrating the
formation of a strong carbon matrix with high carbon content and superior adsorption potential.
Figure 3.6 11 illustrates these trends clearly that the increase in fixed carbon and ash content,
coupled with the decrease in volatile matter, when comparing PKS-Akt samples (PKS-Akt 274
to 281) against the original PKS precursor (PKS-OP1).

It is important to note that these properties suggest that the PKS-Akt materials produced exhibit
excellent performance attributes for environmental remediation, such as gas cleaning, tar
adsorption as well as application in wastewater treatment. This is consistent with experimental
results reported by Frilund based on these properties where activated carbons effectively
removed acidic gases, including H.S, from syngas streams and enhance hydrogen production
(Frilund et al., 2023).
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3.3.5.6 PKS-Akt iodine number and carbon conversion (effects of temperature and
holding time)

The characterization of the PKS-activated carbon (PKS-Akt — temperature variation) shown in
Table 3.7 demonstrates significant trends in physiochemical properties relevant for catalytic
application via different absorption medium. The results show that there is a linear correlation
between carbon conversion (X¢) and iodine numbers. This means that as the X, increases the
iodine number increases due to enhanced micropore formation and increased surface area of
the material. This also correlates with rising activation temperature and holding time. The iodine
number of PKS-Akt 274 (800°C) is 582 mg/g at a lower X (15.33) for 60 min. At the same
holding time, the iodine number of PKS-Akt 275 (704 mg/g) increase by more than 20% when
the temperature increases, 850°C. This remains vividly clear for all the materials at increasing
Xec. The highest seen is PKS-Akt 281 with X. = 70.86 wt% which displayed iodine number of
970 mg/g (Figure 3.7. 12).

3.3.5.7 Selection of optimum PKS-Akt

The selection of the optimum PKS-Akt precursor was based on a comprehensive evaluation of
key parameters including biochar yield, iodine number, fixed carbon content, ash content, and
activation temperature, all of which critically influence its performance potential for hydrogen
production and catalytic applications.

The iodine number, a widely accepted indicator of micropore volume (pores < 2 nm), generally
increases with activation temperature due to enhanced development of surface area and
porosity. However, empirical evidence from PKS-Akt samples demonstrates that excessively
high activation temperatures, particularly near or above 900°C (e.g., PKS-Akt 281), can lead to
micropore widening or pore wall burn-off. This phenomenon causes a reduction in micropore
volume, often converting micropores into mesopores, thereby adversely affecting the specific
surface area relevant to adsorption and catalytic function (Roncancio & Gore, 2021). These
transformations also correlate with significant yield reductions, driven by gasification reactions:
C+ H20 — CO + Hz and

C + CO2 — 2CO thereby promoting carbon burn-off and mass loss.

Examining the dataset, PKS-Akt 281, produced at approximately 900°C with 120 min residence
time, exhibited the highest iodine number (970 mg/g) indicative of well-developed porosity,
and a fixed carbon content of 92.6 wt%. However, this sample registered the lowest yield (~48
wt%), reflecting the trade-off of enhanced pore development against substantial material
consumption through carbon burn-off.

Equally, PKS-Akt 274, activated at a lower temperature (800°C) with 60 minutes residence
time, demonstrated the highest yield (~70 wt%) but the lowest iodine number (582 mg/g),
indicating a less developed microporous structure and, potentially, reduced adsorption capacity.
Notably, PKS-Akt 280, activated at an intermediate temperature (850 °C) and intermediate

residence time, achieved a balanced performance profile with a substantial yield (~57 wt%) and
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a high iodine number (885 mg/g). This suggests optimal micropore development without
excessive pore widening or burn-off, resulting in enhanced thermal stability and surface area
preservation. From an economic and practical perspective, maintaining higher yields is crucial
for process viability, as excessive burn-off at higher temperatures increases raw material
consumption and operational costs. Moreover, the slightly lower iodine number of PKS-Akt
280 relative to PKS-Akt 281 implies more controlled pore growth, which may reduce sintering
and catalyst deactivation risks during gasification and catalytic reactions (Ochoa et al., 2018).
The higher pH (~10.1) and fixed carbon content (~90.3 wt%) of PKS-Akt 280 further support
its chemical stability and adsorption capacity. Industrial-scale activated carbon production
typically occurs between 700—-1100 °C with activation times ranging from 30 to 120 minutes
(Skoczko et al., 2024; Zhao et al., 2023). Within this context, PKS-Akt 280’s activation
conditions are commercially relevant and energy-efficient, offering a pragmatic balance
between enhanced porosity and yield preservation. Therefore, considering both
physicochemical properties and process economics, PKS-Akt 280 is identified as the optimum
precursor for hydrogen production via catalytic gasification. It offers adequate microporosity
for adsorption and catalytic activity while maintaining economically viable yield and structural

stability under operational conditions.

3.3.5.7.1 Comparison analysis of PKS-Akt 280 with lignocellulosic feedstocks (iodine

analysis)

Table 3.9 provides a comprehensive comparison of the activation conditions and
physicochemical properties of activated carbon derived from a range of agricultural waste
feedstocks, with particular focus on the iodine number as an indicator of micropore surface area
and adsorption capacity. This analysis underscores the inherent variability in performance
outcomes that are driven by differences in precursor material, activation parameters, and

process conditions.

Table 3.9: Comparative analysis of iodine from data found in literature with this current study

Tempera- Time lodinen® Yield

Feedstocks wre (°C)  (min)  (mgle) (%) Reference

Coconut shell 800 60 821 26.3  (P. Kumar et al., 2022)

Cotton gin trash (CGT) 700 45 429 35.0 (Hernandez et al., 2007)

Rubber seed shell 880 60 1326 30.5 (Sun & Jiang, 2010)

Apricot stone 800 240 1057 94  (Sentorun-Shalaby etal,
2006)

Date stones 800 60 814 - (Akila et al., 2019)

Palm oil shell 759 120 620 19.66  (Vitidsant et al., 1999)

Eupatorium 950 60 1031 25  (Zhengetal,2014)

adenophorum
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Palm kernel shell (PKS) 850 120 885 56.73  This study

Notably, the rubber seed shell demonstrated an exceptionally high iodine number of 1326 mg/g
at elevated activation temperatures (~880°C), highlighting its potential for applications
demanding high surface area materials. Conversely, in this study, PKS-based activated carbon
(PKS-Akt 280), achieved under optimized conditions (850°C, 120min), exhibited a
commendable iodine number of 885 mg/g while maintaining a significant process yield of
approximately 56.7%. This balance indicates not only the material’s high micropore
development but also a favorable compromise between surface area enhancement and process
efficiency. The significance of this finding cannot be overstated: while some feedstocks like
rubber seed shell can produce materials with superior adsorption capacity, their process yields
tend to be lower, and the activation conditions are often more energy intensive. PKS, by
contrast, is an abundant, low-cost, and readily available agricultural residue. The ability to
produce a high-quality, high-yield activated carbon at relatively moderate activation
temperatures (850°C) positions PKS-Akt 280 as a commercially viable and sustainable
alternative for applications such as tar removal, catalyst support, and gas purification within
bioenergy systems. Furthermore, this comparative analysis highlights the importance of process
optimization specifically, the calibration of activation temperature and time, to balance
micropore development and material yield. Activation at excessively high temperatures
(~900°C and above) tends to favor pore widening or burn-off, which can reduce micropore
volume and adversely impact adsorption capacity. In addition, the observed physicochemical
properties such as high fixed carbon content, alkaline pH, and low volatile matter are consistent
with enhanced sorption properties and stability, further supporting its suitability for catalytic
applications. The superior performance of PKS-Akt 280 in this context demonstrates its
potential as a cost-effective and sustainable precursor for activated carbon in advanced
bioenergy and catalytic processes. Possibly, this comparative analysis validates the position of
PKS-derived activated carbon, particularly PKS-Akt 280, as a promising candidate for scalable
production. Its favorable combination of high iodine number, process efficiency, and
physicochemical robustness aligns well with industrial requirements, underscoring the
importance of activation parameters to optimize material properties for targeted applications in

biomass gasification.
3.3.5.8 Study of PKS-OP1 as catalyst for biomass gasification

This PKS-OP1 (Table 3.6) biochar exhibits characteristics that influence its potential catalytic
performance in biomass gasification. The relatively high fixed carbon content (77.12 wt%)
indicates a carbon-rich material with a significant fraction of carbon remaining after volatile
compounds are released during pyrolysis. Such high fixed carbon is interesting in catalytic
applications as it provides a stable carbon matrix for active sites and enhances carbon

conversion efficiency during gasification, providing a longer catalyst lifetime during
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gasification. For instance, the carbon itself can participate in the reactions (C + H2O — CO +
H») which is crucial for in-situ catalyst regeneration and thermal activity (Zhang et al., 2023).
The low ash content (2.87 wt%) is advantageous since excessive ash can lead to fouling,
slagging, and reduced catalyst performance by coating active sites (Lin et al., 2022). Ash
components can also alter catalytic pathways, notwithstanding, the low ash content suggests
minimum negative impact on catalyst activity and durability, supporting stability and durability
(Puri et al., 2024). Furthermore, the volatile matter content of 20.01 wt% is relatively low,
indicating effective devolatilization during pyrolysis and a stable char structure (Foong et al.,
2020). This reduces reactivity loss due to volatile release during catalytic gasification.
Additionally, the neutral pH (7.9) supports less corrosive behavior and compatibility within
normal gasification environments.

The density of approximately 566 g/L denotes a moderately dense biochar, which can influence
the packing and flow dynamics when used as catalyst in fixed-bed or fluidized-bed gasifiers
(Pfeifer et al., 2004). Moreover, the iodine number value of 155 mg/g reflects the adsorptive
quality and microporous surface area of the biochar. Although lower than highly PKS-activated
carbons (above 500 mg/g), this moderate value suggests the PKS-OP1 biochar has considerable
microporosity important for enabling gas-solid interactions and enhancing adsorption of tar and
other organics during gasification (Yang et al., 2023). Improved tar reforming and cracking
efficiency have been correlated with higher surface area and iodine number in biochar catalysts
(Yang et al., 2023). The PKS-OP1 physicochemical properties highlight its potential as a
catalyst or catalyst support in biomass gasification processes. However, compared to physically
activated biochar (PKS-Akt) with higher iodine numbers and engineered porosity, PKS-OP1
may offer moderate catalytic performance. Its catalytic efficiency could be enhanced further by
activation or doping with transition metals, as seen in this study and some studies with Ni-doped
biochar showing superior syngas and hydrogen yields (Marques et al., 2023).

In summary, PKS-OP1 biochar is promising as a biomass gasification catalyst based on its
physicochemical properties, particularly for tar reforming applications and syngas quality
improvement. Additional modifications or activation could further elevate its catalytic

effectiveness and durability in industrial-scale gasification.

Comparison with Traditional Catalysts

An investigation comparing PKS-OP1, a biochar-based catalyst, to traditional catalysts for
thermochemical hydrogen production reveals emerging advantages and challenges associated
with biochar utilization in the field of catalysis. Traditional catalysts, such as nickel, platinum,
and other metal-based materials, are well-established for their high catalytic activity in
processes like SMR, biogas reforming, and WGS reactions (Akhtar et al., 2025). However, their
drawbacks include high cost, susceptibility to sintering and poisoning, and limited sustainability
(Akhtar et al., 2025; Niu et al., 2023). On the other hand, PKS-OP1 biochar as a catalyst

leverages its high fixed carbon content and moderate surface area to facilitate catalytic activity
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primarily by providing adsorption sites for tar and gas-phase molecules, thereby aiding tar
cracking and reforming. It offers sustainability advantages due to its renewable origin and low
production cost derived from palm kernel shells. The low ash content in PKS-OP1 reduces

catalyst fouling, contributing to longevity and stability during operation.

3.3.5.9 Study of PKS-AKkt as catalyst for biomass gasification

The properties of the PKS-Akt 280, as described in the presented data, suggest its promising
potential as a catalyst or catalyst support for biomass gasification processes. The elevated iodine
numbers (885 mg/g) indicate a highly developed porous structure and substantial surface area,
which are essential for catalytic activity. This high surface area facilitates effective contact with
reactions intermediates (Figueiredo et al., 2025), promotes tar cracking (Han et al., 2008), and
enhances catalytic conversion efficiencies during gasification (Pérez et al., 2014).

The low volatile matter (~ 4 wt%) and high fixed carbon percentage (~ 90 wt%) in PKS-Akt
280 sample further strengthen its thermal stability and durability at elevated temperatures
typical of gasification processes. Additionally, the presence of mineral constituents such as Ca,
K potentially stemming from the biomass source (Afrane et al., 2008) and retained during
activation as seen through its high ash content (5.24 wt%), can act as natural catalysts or
promoters, aiding in key reactions such as hydrocarbon reforming and tar decomposition
(Ravenni et al., 2018). The high pH (10.1) of the PKS-Akt 280 implies a predominantly basic
surface, which can be advantageous in catalyzing conversion reactions involving acidic
components and in reducing tar formation.

Moreover, the high density and favorable physical characteristics suggest that PKS-Akt 280 can
withstand the high operational conditions of gasification reactors without significant
degradation which is a common problem due to pollutants (Olivier et al., 2025). Its porous
structure, combined with chemical stability, offers an active platform for catalytic reactions,
possibly reducing the need for external catalysts and lowering operational costs.

Comparison with Traditional Catalysts

Compared to traditional catalysts such as nickel-based or alkali metal catalysts commonly used
in biomass gasification (Chaiprasert et al., 2009), PKS-Akt 280 exhibits a comparable surface
area and microporosity, as evidenced by its high iodine numbers (up to 885 mg/g), which
facilitate increased active sites for catalytic reactions (Reinoso-Rodriguez, 2013). Additionally,
its natural mineral content and high fixed carbon content contribute to intrinsic catalytic activity
and thermal stability, potentially reducing the reliance on external catalytic agents. Unlike
traditional metal-based catalysts (Fe and Ni) prone to sintering and deactivation at high
temperatures (Liu et al., 2023), PKS-Akt 280 offers enhanced durability and resistance to
deactivation due to its carbonaceous and mineral-rich structure. Therefore, PKS-Akt 280 not

only matches the catalytic efficiency of conventional catalysts but also provides a cost-effective,
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sustainable, and thermally stable alternative for biomass gasification processes, enabling
effective tar cracking and syngas enhancement without extensive catalyst regeneration.

Notwithstanding, comparative analysis with dolomite which is a cost effective catalyst and
interesting for tar cracking, suffers from mechanical degradation and attrition, requiring
frequent replenishment (Varjani, 2022). Though Nickel-based catalysts slightly outperformed
activated carbon in catalytic gasification, in terms of syngas yield but their high cost and
susceptibility to sulfur poisoning restrict large-scale application (Guil-Lopez et al., 2011). The
PKS-Akt 280 produced in this study not only economically viable but also a cost-effective
material from biomass residue which aligns with circular economic principles (Tibor & Grande,
2022). Although experimental validation remains essential to this study, the physicochemical
features of PKS-Akt 280 support the hypothesis that it could serve effectively as a catalyst or
catalyst support in biomass gasification. Its intrinsic properties may enhance gas yields,
improve syngas purity, and facilitate tar reduction, contributing to more efficient and cleaner

biomass conversion processes.

3.4 Conclusion

The results demonstrate that pyrolysis process conditions particularly temperature have
significant influence on PKS-biochar yield and quality. Lower pyrolysis temperatures (300°C)
result in higher biochar yields and greater volatile retention, whereas higher temperatures
(500°C) lead to lower yields but yield more carbonized and stable materials with higher fixed
carbon content. The ANOVA and Pareto analyses robustly confirm the statistical significance
of temperature on yield, with heating rate exerting a secondary, lesser effect and residence time
having no significant influence. Steam activation at elevated temperatures (800-900°C) further
modifies material properties, enhancing microporosity indicative of increased iodine numbers
but reducing yield due to progressive devolatilization and carbon burn-off. The optimum
activated carbon (PKS-Akt 280; 850°C, 120min) was identified as achieving a favorable
balance of high yield (~57 wt%), substantial micropore capacity (iodine number 885mg/g), and
strong fixed carbon content (90.3 wt%), making it a robust precursor for catalytic hydrogen
production. Further, the materials demonstrated high pH and low volatile content, supporting

their use in environmental remediation, such as gas cleaning and water treatment.
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Conclusion and perspective
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This study demonstrated the successful conversion of PKS into high quality biochar and a
highly microporous activated carbon through a two-stage optimization process for catalytic
applications. The first stage employed a BBD to optimize pyrolysis conditions, revealing that
temperature and heating rate were the most critical factors in producing high-quality biochar.
Comprehensive experimental design and characterization allowed clear identification of the
optimal process parameters that balance economic yield and physicochemical quality, pivotal
for large-scale applications. Subsequent steam activation significantly enhanced the
physicochemical properties, transforming the biochar into optimized PKS-activated carbon
exhibiting high microporosity, rich fixed carbon content, and favorable surface chemistry
(alkaline pH, low ash and volatile matter), properties that are essential for tar reduction, syngas
upgrading, and contaminant adsorption in catalytic biomass gasification or steam reforming
systems. Importantly, the work demonstrates that with suitable pre-treatment and process
control, PKS, an abundant agricultural residue, can be transformed into a high-performance
catalyst or catalyst support without reliance on expensive or hazardous chemicals. This
contributes directly to the circular economy and valorization of agricultural residues,

reinforcing the sustainability of hydrogen production pathways.
Perspectives and Future Work:
Future work should focus on:

I.  Scaling up the process to pilot and industrial reactors to validate operational
robustness and catalyst recyclability under real-world conditions.

II.  Investigating the effect of PKS-activated carbon modification, such as metallic

impregnation on catalytic activity, hydrogen yield, and tar removal.

IlI.  Co-activation of PKS-biochar with other soft biomass material (e.g., wood sawdust)
to generate hybrid activated carbon with enhanced porosity and adsorption/catalytic
properties.

IV.  Capturing and depositing volatile compounds generated during PKS pyrolysis onto
PKS-activated carbon to enhance its surface functionality, pore structure, and
catalytic activity.

V.  Performing comprehensive techno-economic analysis and life cycle assessment to
benchmark PKS-derived catalysts against commercial alternatives.

VI.  Exploring the synergy of PKS-derived catalyst with other biomass feedstocks to

extend the range of bioenergy applications.

VII. Examining long-term catalyst stability, sintering resistance, and regeneration

strategies during repeated gasification cycles.
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VIII.  Testing experimentally to validate the catalytic efficiency of PKS-Akt 280 in
a bench-scale or pilot-scale gasification unit. Testing its performance in terms of tar

cracking efficiency, hydrogen yield.

In conclusion, the work establishes palm kernel shell as a valuable feedstock for high-quality
biochar/activated carbon catalyst production and signals a promising avenue for further
research and deployment within green hydrogen technologies and sustainable bioenergy

systems.
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Appendix

Table A: Rate of water consumption during activation

Sample Duration Amount of HO H-O in bottle (g) Rate of H>O consumption
(h) (ml) (g/g/h)
PKS-Akt 274 1 180.1 11591 0.321
PKS-Akt 275 1 180.1 102.19 0.390
PKS-Akt 278 1 180.1 85.41 0.473
PKS-Akt279 2 360. 2 251.33 0.272
PKS-Akt 280 2 360.1 231.33 0.322
PKS-Akt 281 2 360.1 218.15 0.310

Table B: Yield of PKS-activated carbon

Sample Duration (min) Yield (%)
PKS-Akt 274 60 70.15
PKS-Akt 275 60 67.93
PKS-Akt 278 60 61.08
PKS-Akt 279 120 61.59
PKS-Akt 280 120 56.73
PKS-Akt 281 120 48.54
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Picture 1

Researcher at AJFIS Product GmbH, Teterow - Germany. Right to left: Dipl.-Ing. Stifft - Managing
Director; Dr. Miersch - Head R&D; Whuling, Ill - Researcher; & Dr. Nakagawa - R&D
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(a) Pretreatment (Washing of PKS with deionized water)

(b) PKS undergoing pyrolysis with visible tar and volatile in reactor wall
(¢) A carbonized sample in quartz tube

(d) Stored carbonized samples in air-tight bottles

(e) Measurement of bulk and compact densities using a mass balance

(f) Measurement of compact density using a Jolting Volumeter STAV 11
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Picture 2 (b)

i

(a) Researcher: feeding of biochar in rotary kiln for direct activation (steam activation)
(b) Sample undergoing steam activation in a horizontal tube furnace (Xerion)

(c) PKS-activated carbon

(d) Powdered samples for further analysis
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Picture 3

Step 1 : Powdered PKS-activated

Step 2 : Filtered aliquote part of iodine solution

Step 4 : Colorless solution

Step 3 : Titration with Na,S,0, using starch as indicator

Flow diagram for determining iodine number
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