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ABSTRACT

Keywords: Currently, industries capture and store carbon dioxide (CO3), but they are seeking a long-term solution to convert
Biomflss the captured COy into value-added products. The main aim of this study is to rank the Malaysian agricultural and
Ranking industrial biomasses: empty fruit bunches (EFB), palm kernel shell (PKS), sawdust (SD), rice husk (RH), and
ggsziﬁcation coconut shell (CS) based on physicochemical properties, kinetic, thermodynamic parameters, and their inter-
Kinetic action with CO; (gasifying agent), utilizing thermogravimetric analysis (TGA). Gasification proceeded via a two-
Catalyst stage thermal degradation process: pyrolysis (below 380 °C - I) and char gasification (beyond 380 °C - II). Kinetic
analysis revealed a catalyst-induced reduction in activation energy during Stage II. Thermodynamic analysis
showed positive enthalpy change (AH) exhibited endothermic reaction requirements, while positive Gibbs free
energy change (AG) indicated a non-spontaneous process. EFB emerged as the top-ranked biomass (EFB > PKS >
CS > SD > RH) based on integrated characterization, kinetic, and thermodynamic outcomes. The application of
dolomite and olivine catalysts significantly enhanced gasification kinetics, particularly for EFB and RH, by
reducing AH. The biomass ranking framework will benefit researchers and industries to prioritize biomass
feedstock based on their performance, paving the way for the practical implementation in CO5 gasification.
Nomenclature: (continued)
TGA Thermogravimetric analysis
Symbols Abbreviation LAP Laboratory Analytical Procedure
CO2 Carbon dioxide NREL National Renewable Energy Laboratory
AG Change in Gibbs free energy XRF X-Ray Fluorescence
AH Change in Enthalpy XRD X-ray powder diffraction
AS Change in Entropy FTIR Fourier transform infrared
EFB Empty fruit bunch TG Thermogravimetry
PKS Palm kernel shell DTG Derivative thermogravimetric
SD Sawdust FWO Flynn-Wall-Ozawa
RH Rice husk STK Starink
CS Coconut shell KAS Kissinger-Akahira-Sunose
MC Moisture content E, Activation energy
VM Volatile matter Mpiomass Weight of biomass
FC Fixed carbon AT Temperature difference
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crl Segal crystallinity index
Iz Crystalline peak
Iom Amorphous peak intensity value
p Heating rate
A Pre-exponential factor
R Ideal gas constant
Tm Temperature of the maximum peak observed in the DTG curve
kg Boltzmann constant
h Plank constant

1. Introduction

Achieving net-zero emissions by 2050 has become a crucial goal in
combating climate change and transitioning toward a sustainable and
resilient future [1]. This transition demands the urgent adoption of
innovative and sustainable technologies to address the heavy reliance on
fossil-derived energy and the associated environmental consequences,
particularly the excessive release of carbon dioxide (CO3). Industries
have increasingly adopted carbon capture, utilization, and storage
(CCUS) technologies to reduce greenhouse gas emissions and avoid
carbon taxes. However, they are looking for long-term solutions to
convert captured CO; into useable and marketable products.
Conversely, renewable technologies have gained significant attention to
curb carbon emissions. For instance, biomass is a carbon-neutral
resource with immense potential to mitigate environmental challenges.

Malaysia generates significant agricultural and industrial biomass
annually, offering valuable feedstocks for sustainable energy applica-
tions. The primary types of biomass generated include empty fruit
bunches (EFB, Elaeis Guineensis), palm kernel shell (PKS, Elaeis Gui-
neensis), sawdust (SD, Neobalanocarpus Heimii, Hevea Brasiliensis, Tectona
Grandis), rice husk (RH, Oryza Sativa), and coconut shell (CS, Cocos
Nucifera) [2]. In 2022, palm oil mills in Malaysia produced approxi-
mately 20 million tonnes of EFB and 5.2 million tonnes of PKS, while
agricultural and forestry activities yielded 2 million tonnes of sawdust,
0.5 million tonnes of rice husk, and 0.1 million tonnes of coconut shells
[3]. Current practices include the direct combustion of EFB and PKS for
bioenergy generation [4], the use of rice husk and sawdust in composite
material manufacturing and as fuel for brick kilns [5,6], and the pro-
cessing of coconut shells into activated carbon or traditional cooking
fuel [7]. However, their potential to be converted into high-value-added
products, using alternative thermochemical processes such as gasifica-
tion, is not fully explored.

Gasification, a well-established thermochemical process, offers a
transformative pathway by converting biomass into syngas (a mixture of
hydrogen and carbon monoxide) that can be further processed into
value-added chemicals and fuels [8,9]. This aligns with industry goals to
integrate CO3 utilization into gasification processes, creating sustainable
and economically viable products such as biofuels and sustainable
aviation fuels. Recently, there has been growing interest in using CO» as
a gasifying agent to eliminate carbon emissions and enhance the gasi-
fication product. CO gasification produces syngas with the potential for
chemical production with a specific CO-to-Hj ratio and reduces the ni-
trogen content (if air is replaced with CO, as a gasifying agent) in syn-
gas, minimizing undesirable by-products [10]. Fundamental knowledge
of biomass thermal behavior and kinetics in a CO, environment is crit-
ical before scaling up the process.

Recent advances in understanding the biomass gasification mecha-
nism in a CO, environment, using thermogravimetric analysis (TGA),
have provided significant insights into this process. Prabhakar et al. [11]
employed TGA to study the gasification behavior of coal char in a CO5
environment and concluded that CO, gasification is an endothermic
process. Wang et al. [12] conducted a kinetic study of COz-corn straw
gasification using TGA combined with Fourier Transform Infrared
Spectroscopy (FTIR), identifying the distinct stages of pyrolysis and
biochar gasification while determining activation energies for each
stage. Their findings revealed the complexity of biomass structures and
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their influence on gasification mechanisms. Pacioni et al. [13] examined
the CO, gasification behavior of biochar derived from Brazilian
agro-industrial residues, finding that potassium-rich biochar exhibited
higher reactivity due to the catalytic role of inorganic matter. Felix et al.
[14] highlighted the accuracy of TGA in monitoring mass loss and
identifying optimal gasification conditions during their review of
lignocellulosic and algal biomass gasification under CO, and steam en-
vironments. However, they emphasized the need for incorporating
advanced analytical techniques for enhanced product characterization.
Yousef et al. [15] employed an integrated TG-FTIR-GC-MS system to
study the pyrolysis and gasification kinetics of mango seed shells under
N, and CO; atmospheres. Their results demonstrated that CO, gasifi-
cation produced a higher CO-to-Hj ratio. Nevertheless, challenges exist
in achieving consistent performance due to the variability in biomass
composition and reaction conditions.

Despite promising findings, significant research gaps remain,
particularly in the variability of biomass types, the lack of systematic
and comprehensive exploration of suitable lignocellulosic biomass, and
its ranking for CO; gasification. Most research has only analyzed one
type of biomass, which fails to provide a comprehensive understanding
of the broader applicability of CO4 gasification processes with various
biomasses. It becomes apparent that it is important for the industries to
decide and select the biomass suitable for the CO, gasification because
lignocellulosic biomass varies in structural composition and component
fractions [16]. Furthermore, characterization studies or TGA analyses, if
done alone, cannot offer valuable insights as they are insufficient for
determining the suitability of biomass.

Therefore, the current study systematically conducted physico-
chemical characterizations, TGA, and kinetic analysis of five different
Malaysian biomass to rank the biomass for the CO; gasification process.
By developing a ranking framework, researchers and industries can
prioritize biomass types based on their performance, paving the way for
the practical implementation in CO2 gasification. This study also in-
corporates catalytic investigations during TGA to further explore the
influence of catalysts (dolomite and olivine) on the CO, gasification
mechanisms. The novelty of the research encompasses: (i) the analysis of
five typical lignocellulosic biomasses using thermogravimetric analysis
(TGA) to assess their gasification behavior, kinetic, and thermodynamic
parameters in a CO environment; (ii) comprehensive physicochemical
characterization of the biomasses; and (iii) the final ranking of biomass
suitability for gasification based on the above criteria. Thus, by focusing
on raw biomass and expanding the comparative framework, this study
contributes original and impactful insights to the scientific world and
industry.

2. Materials and methods
2.1. Materials

In this study, five distinct biomass types were employed, namely
empty fruit bunches (EFB, Elaeis Guineensis), palm kernel shell (PKS,
Elaeis Guineensis), sawdust (SD, Neobalanocarpus Heimii, Hevea Brasi-
liensis, Tectona Grandis), rice husk (RH, Oryza Sativa), and coconut shell
(CS, Cocos Nucifera). These biomasses were classified based on their
origin, with EFB, PKS, and RH representing agricultural and industrial
milled biomass, SD as industrial manufacturing biomass, and CS as
agricultural biomass. EFB and PKS were sourced from local palm oil
mills, SD from a local wood furniture processing factory, RH was pur-
chased online from the local market, and CS was obtained from a local
wet market. Before conducting biomass characterization and thermog-
ravimetric analysis (TGA) experiments, the collected biomass samples
were dried in an oven at 105 °C for 24 h. Once dried, the biomass was
crushed and ground using a laboratory grinder, followed by sieving
through a laboratory sieve to achieve a uniform particle size of less than
250 pm, essential for ensuring homogeneity and reproducibility during
experimental analysis. The catalysts used in the experiments were
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dolomite (sourced from the local Malaysian market, Perlis Dolomite
Industries Sdn. Bhd.) and olivine (procured from American Elements,
USA). Dolomite and olivine were selected due to their natural abun-
dance, low cost, and proven effectiveness in biomass gasification [17,
18], and they are market-ready, which makes it easier for the industries
to source. They were subjected to calcination (in a furnace at 800 °C for
1 h in air) to activate the catalyst for the reaction. The calcined catalysts
were mixed in situ with the biomass samples for the TGA experiments.

2.2. Biomass characterization

The raw biomass was subjected to a comprehensive set of charac-
terization analyses, including proximate, ultimate (elemental), calorific
value, lignocellulosic composition, mineral content, crystallinity, and
functional group.

The proximate analysis provides essential data on the moisture
content (MC), volatile matter (VM), fixed carbon (FC), and ash compo-
sition of the biomass samples. Thermogravimetric analysis (TGA) is
widely employed to detect proximate analysis under inert atmospheres
such as nitrogen [19,20] and carbon dioxide [21], adhering to the ASTM
E1131-20 standard [22]. The calorific value, which determines the
higher heating value (HHV) of the biomass, was measured using an
oxygen calorimeter (IKA 3000, Staufen, Germany) per the ASTM D5865
standard [23]. The HHV is determined based on Eq. (1).

Q

Mpiomass

HHV =

Eq. 1

where Mpiomess i the mass of biomass and Q is the heat released by the
combustion (Joule), as shown in Eq. (2).

Q=C.q x AT Eq. 2
where C,y is the water equivalent of a calorimeter (2883 Cal/°C) and /\
T is a rise in temperature (°C).

The ultimate analysis, which quantifies carbon, hydrogen, nitrogen,
sulfur, and oxygen contents, was performed using a CHNS Analyzer
(LECO CHNS-932, Monchengladbach, Germany) in compliance with
ASTM D5373-21 [24]. Lignocellulosic composition, including hemicel-
lulose, cellulose, and lignin, was conducted using the Laboratory
Analytical Procedure (LAP) developed by the National Renewable En-
ergy Laboratory (NREL), USA [25].

The chemical and structural compositions of the biomass, particu-
larly its functional groups, were then analyzed using Fourier Transform
Infrared (FTIR) spectroscopy (Thermo Scientific, Nicolet iS20, Waltham,
Massachusetts, USA) to prove the existence of cellulose, hemicellulose,
and lignin in biomass. The IR spectra of the samples were recorded at
room temperature over a wavelength range of 4000 to 400 cm ™ _.

Mineral analysis was done using an X-Ray Fluorescence (XRF)
Analyzer (Rigaku Primus IV, Tokyo, Japan), adhering to the ASTM E572
standard [26]. The crystallinity of the biomass, particularly its cellulose
fraction, was determined using X-ray Powder Diffraction (XRD) analysis
(Bruker D8 Discover, Billerica, Massachusetts, USA) [27]. Crystallinity
plays a critical role in determining the reactivity and accessibility of
biomass during thermal and chemical processes. Natural cellulose
comprises glucose chains held together by intermolecular hydrogen
bonds, forming an organized and rigid crystal structure [28]. In contrast,
hemicellulose consists of disordered long chains, and lignin is an
amorphous, optically inactive heteropolymer [29]. XRD analysis clas-
sifies hemicellulose and lignin as amorphous components, while the
crystallinity of cellulose depends on its structural organization. Other
factors, such as wax concentration and fatty acid composition, may also
influence the overall crystallinity of biomass [30]. High-crystallinity
zones exhibit strong resistance to chemical alteration, making them
difficult to penetrate, while amorphous regions are more accessible and
reactive to chemical and thermal processes. Consequently, lower crys-
tallinity is advantageous for biomass gasification, as it facilitates higher
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reactivity and process efficiency.
The crystallinity index of cellulose I in the biomass was calculated
using the Segal equation [31], which is expressed in Eq. (3).

_ 200 = Iam

Crl x 100 Eq. 3

200

Where, Crl is Segal crystallinity index, I5 is the crystalline peak and I,
is the amorphous peak intensity value. Specifically, this refers to cellu-
lose I, the naturally occurring crystalline form of cellulose. Cellulose can
exist in different polymorphic forms, including cellulose II, III, and IV,
which arise through various chemical or thermal treatments. However,
in most native biomass, cellulose I is the predominant form [29].

2.3. Biomass-CO; gasification using thermogravimetric analyzer (TGA)
with and without catalyst

Thermal decomposition of biomass, both individually and in the
presence of catalysts (5 wt% olivine or 5 wt% dolomite), was investi-
gated using a thermogravimetric analyzer (Mettler Toledo TGA, 3+ Star
System, Ohio, USA). In the TGA experiments, the biomass samples were
crushed, ground, and sieved to a uniform particle size of less than 250
pm [32]. This small particle size increased the surface area and
enhanced heat transfer efficiency, thereby minimizing both internal and
external heat and mass transfer limitations [33].

Approximately 10 mg of biomass sample was loaded into the TGA
machine for each experiment. The temperature was systematically
increased from room temperature to 900 °C, at heating rates of 5, 10,
and 20 °C/min. CO, gas was continuously purged into the TGA chamber
at a 50 mL/min flow rate throughout the process. To ensure uniformity
in the catalytic cases, the biomass and catalyst were thoroughly mixed
by a vigorous shaker in a sample tube before loading into the TGA to
ensure well-mixed conditions.

2.4. Kinetic analysis

Thermogravimetric data were used to determine the kinetic param-
eters of the reactions involved in the thermal degradation of biomass.
The fundamental equation governing the rate of conversion (a) is given
by Eq. (4) and Eq. (5):

m; —mr

a:m Eq. 4
da
i (a) k(T) Eq. 5

where a is the degree of conversion (fractional mass loss); m;, mr, and my
represents the initial mass, the mass at temperature T, and the final mass
of the sample, respectively; f(a) is the reaction model function,
described by Eq. (6) for n'-order kinetics; and k(T) is the temperature-
dependent rate constant, expressed by the Arrhenius equation (Eq. (7)).

fla)=(1-ay"

k(T) = Ae (7*%>

where A is the pre-exponential factor (min’l), E, is the activation energy
(kJ/mol), R is the ideal gas constant (J/mol.K), T is the temperature (K).

Kinetic parameters, such as activation energy (E,), can be deter-
mined by analyzing the temperature-dependent mass loss behavior of
biomass (TG/DTG data) at varying heating rates. This method, known as
iso-conversional kinetic analysis, is widely utilized for estimating the E,
of complex reactions, including the thermal decomposition of biomass
under constant heating rate (f, °C/min), Eq. (8) [34].

Eq. 6

Eq. 7


astm:E1131
astm:D5865
astm:D5373
astm:E572
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dT
= Eq. 8
=4 q

where T is temperature (°C) and ¢ is time (min).
Eq. (5) is modified by considering j to form the basis for the kinetic
analysis, as shown in Eq. (9).

da_f(a)k(T)

i 5 Eq. 9

Substituting Eq. (6) and Eq. (7) into Eq. (9) yields the differential
form of the reaction rate, as defined by Eq. (10).

Eq
da A (*ﬁ) n
—=— 1- Eq. 10
a5 (1-a) q
Eq. (11) shows the integrated form of the reaction rate, g(a). Since
the degradation rate of biomass is negligible at ambient temperature, the

lower limit can be excluded, as shown in Eq. (12).

PG
g(a): , m:ﬁ/roe dT Eq. 11
(a)—A/Te<:Ta>dT—AE“ o Eq. 12
8975 ), “mRP &

Here,u = % represents the temperature-dependent exponential integral,
which lacks an analytical solution. Nevertheless, various approxima-
tions have been developed to solve Eq. (12) using iso-conversional
methods. In this study, three such model-free methods were
employed, including the Flynn-Wall-Ozawa (FWO), Starink (STK), and
Kissinger-Akahira-Sunose (KAS) methods. They are commonly
employed for their widespread application, reliability, rational as-
sumptions, and compatibility with thermogravimetric analysis (TGA)
data [12,35]. Each method applies a distinct approximation to solve for
the apparent activation energy (E,) and the pre-exponential factor (A).

For the FWO method, substituting the temperature integral approx-
imation p(u) = —5.331 — 1.0516u into Eq. (12) yields the first-order
non-isothermal kinetic rate expression presented in Eq. (13) [36].
From this equation, E, and A can be determined from the slope and
intercept of the plot of In (f) against Tl—m

AE,

FWO : In(p) =In (W) ~5.331 - 1.0516

Eq
RT,

Eq. 13

In the STK method, the approximation p(u) = & 75,0312 js used in Eq.

(12), resulting in the rate law given in Eq. (14) [36]. Here, E, and A are
also derived from the slope and intercept of the linear plot between

In (ngz> and 7-.

) /; _ ARO.92
STK : ln(T#%) An(Eg_gzg(a) 0.312 - 1.008

E,
RT,

Eq. 14

Similarly, the KAS method employs the approximation p(u) = u2e™¢
into Eq. (12), leading to the rate expression in Eq. (15) [36]. From Eq.
(15), the E, and A are obtained from the slope and intercept of the

corresponding plot between In <T/—’2> and Tlfm

L (B\ [ AR\ E
KAS:In (F) =i (g(a)&) RT,

m

Eq. 15

where f is the heating rate; A is pre-exponential factor; E, is activation
energy; R is ideal gas constant; g(a) is a constant at a given value of
conversion; Ty, is the temperature of the maximum peak observed in the
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DTG curve.

2.5. Thermodynamic analysis

Thermodynamic analysis helps elucidate the energetic and molecu-
lar behavior of biomass thermal decomposition by evaluating enthalpy
(AH), Gibbs free energy (AG), and entropy (AS) changes [34]. These
thermodynamic parameters are calculated using the relationships out-
lined in Eq. 16-Eq. (18).

AH=E, — RT Eq. 16
ksT,
AG=E, + RT, 1n< ZA”> Eq. 17
AH— AG
As=—""24 Eq. 18
T

where, kg is the Boltzmann constant (1.381 x 10723 J K1), T,, is the
temperature of the maximum peak observed in the DTG curve, h is the
Planck constant (6.626 x 10734 J /s), and A is the pre-exponential factor
(B.Eq.e"Ea/RTm) /RTZ).

The parameter AH provides insight into the thermal nature of the
reaction, indicating whether the process is endothermic (requiring heat
input) or exothermic (releasing heat). This characterization helps to
understand the heat dynamics of the reaction. AG evaluates the spon-
taneity of the reaction, particularly the formation of the activated
complex. The sign and magnitude of AG are crucial, with a negative AG
signifying a spontaneous process and a positive AG indicating reduced
spontaneity [37]. AS quantifies the degree of disorder or randomness in
the system. This parameter provides additional context for the molec-
ular changes occurring during the reaction, complementing the enthalpy
and Gibbs free energy data.

2.6. Biomass ranking methodology

The feasibility of biomass utilization was systematically evaluated
through a two-tiered analytical approach. In the first tier, the physical
characterization of biomass was conducted, emphasizing key perfor-
mance indicators such as fixed carbon (FC), ash content (ASH),
elemental composition (C and H), cellulose, lignin, potassium (K), cal-
cium (Ca), iron (Fe), and the crystallinity index (CrI). These indicators
were assessed for suitability of the gasification process, with higher
values generally preferred for most parameters except ASH and Crl,
where lower values indicated better performance. Each biomass type
(EFB, PKS, SD, RH, and CS) was scored individually for each perfor-
mance metric. The cumulative scores were then used to rank the biomass
types based on their feasibility for gasification applications.

The second tier focused on thermogravimetric analysis (TGA) ex-
periments using CO; as the reacting agent, both with and without the
inclusion of catalysts. Dolomite (DOL) and olivine (OLI) were employed
as catalysts to assess their impact on gasification performance. Two
critical indicators were analyzed: activation energy (Ea) during Stage II
decomposition and the Gibbs free energy change (AG). Lower values for
both indicators were deemed favorable, reflecting enhanced reactivity
and thermodynamic feasibility. Combined scores from these experi-
ments were computed to evaluate and rank biomass-catalyst combina-
tions. The overall research workflow for this study is provided in Fig. 1.

3. Results and discussion
3.1. Proximate and ultimate analysis and calorific value
Proximate, ultimate, and calorific values of five biomasses are shown

in Table 1, and the values are compared with the literature. The varia-
tion between the present study and literature values could be due to the
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Biomass
(Feedstock)

Table 1

Catalytic

TGA: Kinetics, reaction mechanism

(Dolomite and Olivine)

Non-Catalytic

Biomass characterization

Proximate

analysis

Kinetics &
behavior

Lignocellulosic|
composition
analysis

Ultimate
analysis

Mineral

3 XRD analysis
analysis

Biomass
ranking

Fig. 1. Schematic overview of the research workflow.

Comparison of the proximate, ultimate, and HHV values of five different biomass samples.
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Proximate analysis

Biomass Moisture content (wt.%) Volatile matter (wt.%) Fixed carbon (wt.%) Ash (wt.%) HHV (MJ/kg) References
EFB 6.51 74.92 14.44 4.14 16.52 This study
7.50 75.00 10.50 7.00 15.61 [42]
PKS 9.48 80.91 1.39 8.22 17.22 This study
9.40 82.50 1.40 6.70 18.74 [43]
SD 6.84 77.13 13.02 3.01 17.10 This study
9.20 75.46 13.80 1.54 15.09 [44]
RH 7.56 64.68 11.82 15.94 15.06 This study
6.40 62.00 15.10 16.50 17.14 [45]
CcS 6.18 72.51 19.96 1.35 18.75 This study
5.40 67.60 22.30 4.70 15.16 [45]
Ultimate analysis
Biomass Carbon (wt.%) Hydrogen (wt.%) Nitrogen (wt.%) Oxygen (wt.%)" Sulfur (wt.%) References
EFB 47.30 5.80 0.80 46.10 <0.05 This study
45.50 5.90 1.20 46.50 0.70 [46]
PKS 51.10 4.70 0.40 43.80 <0.05 This study
50.60 6.50 8.40 34.50 0.00 [46]
SD 46.10 5.30 3.60 45.00 <0.05 This study
48.88 6.04 3.16 37.41 0.45 [47]
RH 39.50 5.00 0.50 55.00 <0.05 This study
36.80 4.40 0.60 42.10 <0.05 [48]
CS 45.00 4.90 0.10 50.00 <0.05 This study
48.02 6.40 0.10 44.88 0.60 [49]

@ Oxygen is calculated by difference.

geographical conditions, planting conditions, climatic variation, and
storage conditions of the biomass samples [38]. Notably, the standard
deviation between experimental and literature data is less than 5 %. The
moisture content in all the biomass samples was lower than 10 wt%,
reducing the energy required to dry the biomass and making it suitable
for the thermochemical process. The biomass predominantly comprises
a high volatile matter (VM) content, ranging from 65 to 81 wt%. PKS had
the highest VM content among the biomass, followed by SD, EFB, CS,
and RH. The high VM in biomass indicates that high reactivity is
well-suited for thermochemical energy conversion processes such as
pyrolysis and gasification to generate syngas [39]. The VM will
decompose into small hydrocarbons and CO under low oxygen condi-
tions [40]. The VM parameter not only determines the quantity of
syngas produced but also assesses the biomass feedstock’s ignition po-
tential and efficiency in thermal conversion [41].

When the VM of biomass is high, the fixed carbon (FC) content will
be relatively low [41]. Biomass contains moderate FC, ranging from 1 to
20 wt%. CS, EFB, and SD showed high FC values (>10 wt%). The ash
content was lowest for CS (1 wt%), which has the advantage of lower

slagging, fouling, and erosion formation during the gasification process,
while RH showed the highest (16 wt%). The calorific value usually
correlates with the amount of VM and FC in the biomass, and it provides
information on the energy that the biomass can supply during the gas-
ification/pyrolysis process [50]. The calorific values of all the biomasses
range between 15 MJ/kg and 17.5 MJ/kg, which is consistent with re-
ported literature values: EFB (15.61 MJ/kg) [42], PKS (18.74 MJ/kg)
[43], sawdust (SD) (15.09 MJ/kg) [44], rice husk (RH) (17.14 MJ/kg)
[45], and coconut shell (CS) (15.16 MJ/kg) [45]. Overall, the ranking of
the positive effects of high VM on syngas production is PKS >SD > EFB
> CS > RH. In contrast, the ranking of the positive effects of low ash
content is CS < SD < EFB < PKS < RH.

During CO;, gasification, it is desirable to have a high carbon and FC
content in the biomass. They are a key component of the gasification
reaction, as they react with CO5 and steam to produce syngas (CO + Hy).
Low nitrogen and sulfur content are desirable for low NOy and SOy
emissions. The ultimate data agree with the literature with slight devi-
ation [47-49,51]. PKS showed the highest carbon content, whereas RH
showed the least. Hydrogen contributes to the calorific value of the
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syngas and reacts with oxygen or carbon to form H0 or CHy. Overall,
the ranking of the biomasses based on high carbon content is: PKS > EFB
>SD > CS > RH, whereas the ranking based on high hydrogen content is
EFB >SD > RH > CS > PKS.

3.2. Lignocellulosic composition analysis

The lignocellulosic composition (cellulose, hemicellulose, and
lignin) of biomass is critical in estimating the gas fraction produced
during gasification. Cellulose and hemicellulose are thermally labile and
decompose at relatively lower temperatures (200-400 °C), contributing
to higher volatile matter release and increased gas production [52]. The
rapid decomposition of these polysaccharides favors the formation of
CO, Hy, and CH4, making biomass with high cellulose and hemicellulose
content more suitable for gasification and hydrogen-rich syngas pro-
duction. In contrast, lignin is more thermally resistant, degrading over a
broader temperature range (250-900 °C). This leads to higher fixed
carbon and char formation [52]. Table 2 presents the cellulose, hemi-
cellulose, and lignin content of various biomass types (EFB, PKS, SD, RH,
and CS) obtained in this study. The values were comparable to those
reported in the literature, with a minor variation of 6.5 %.

In this work, most biomass comprises cellulose and hemicellulose,
except the PKS, which contains higher lignin content. The ranking of the
positive effects of high cellulose content on syngas production is SD >
EFB > RH > CS > PKS. In contrast, the ranking of the positive effects of
high hemicellulose content on syngas production is EFB > CS > PKS >
RH > SD.

3.3. FTIR analysis

The FTIR spectrum for all the biomass samples was similar and
exhibited multiple bands and peaks of varying intensities, corresponding
to the biomass chemical functional groups (Fig. 2). The high-energy part
of the spectrum is often defined by bands or peaks spanning from 4000
to 1500 cm L. Several absorption bands frequently observed in biomass
are reported by the peaks at 1102 to 1158 cm™! (C-O stretching vibra-
tions), 1317 to 1318 cm™}, and 1370 to 1371 cm™! (C-H bending vi-
brations), 1412 to 1423 em! (C-H bending vibrations and deformation
modes in carbonate or carboxylate groups), and 2898 to 2923 cm ™! (C-H
stretching vibrations in aliphatic). These absorption patterns indicate
the presence of cellulose, hemicelluloses, lignin, ethers, alcohols, car-
bohydrates, aliphatic hydrocarbons or methyl groups, phenolic com-
pounds, syringyl, guaiacyl, aliphatic hydrocarbons, methoxy groups,
carboxylate groups (-COO"), carbonate groups (CO3%"), aromatic rings
compounds, methylene groups (-CHz-), methyl groups (-CHs), lipids and
waxes, and volatile organic compounds. Hemicellulose and lignin are
dominated by ether bonds, with hemicellulose containing a substantial
amount of carboxyl groups [58].

Alcohols, phenols, lignin, and other carbohydrates have free or
intermolecularly linked -OH groups that emit a wide range from 3650 to

Table 2
Comparison of lignocellulosic composition of five different biomass samples
from this study with the literature values.

Biomass Lignocellulosic components (wt.%)
Cellulose Hemicellulose Lignin References

EFB 33.61 21.96 19.72 This study
35.20 19.60 44.30 [53]

PKS 13.27 18.21 44.75 This study
33.03 23.82 45.59 [54]

SD 36.52 10.72 32.08 This study
42.67 16.05 23.73 [55]

RH 31.74 15.16 38.03 This study
32.65 18.08 26.68 [56]

CS 22.30 20.21 36.18 This study

33.61 29.27 36.51 [57]
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Fig. 2. FTIR spectra for EFB, PKS, SD, RH, and CS biomasses.

3000 cm~! [59]. However, the band may also be attributed to
surface-bound water symmetric and asymmetric stretching vibrations
[60]. High moisture content can lower the gasification temperature;
however, some moisture is necessary for steam gasification, which en-
hances hydrogen production. Sharp peaks from 1412 to 1423 em ! and
2898 to 2923 cm ! are caused by symmetric and asymmetric C-H
stretching vibrations of aliphatic -CH3- and -CH»- groups [61], indi-
cating the presence of lignin and extractives. Furthermore, carboxylic
acids, ketones, esters, and aldehydes were found to have characteristics
of C=0 stretching vibrations at 1370 to 1371 em~ ! [62]. Aliphatic and
aromatic structures are key components of volatile matter in biomass.
These compounds decompose into lighter hydrocarbons, CO, and H,
during gasification, contributing to syngas formation. The presence of
aromatic structures may also lead to tar formation. Carbonyl groups may
decompose into CO and CO,. Ethers, esters, and alcohol functional
groups contribute to producing syngas components like CO, Hy, and
CHy4. Lignin-derived aromatics can contribute to tar formation. Aliphatic
and aromatic groups (part of the volatile matter) contribute to the
release of hydrocarbons and the formation of char, which can further
react with COz or steam to produce additional syngas.

3.4. Mineral analysis

The major mineral oxides detected by XRF in biomass (Table 3 and
Fig. 3) were Nago, MgO, A1203, SiOQ, P205, SO3, Cl, Kzo, CaO, F6203,
ZnO, and TiO», accounting for the concentrations above 1 wt% to 89.60
wt%. The mineral oxides concentration below 1 wt% (0.00-0.72 wt%)
were CuO, Br, Cry03, MnO, Rb50, SrO, NiO, ZrO,, BaO, PbO, CO,03, and
A5203.

The presence of mineral elements has a significant impact on the

Table 3
Primary mineral oxides content of five biomass samples.

Mineral Mineral content of biomass (wt. % dry ash)
EFB PKS SD RH CS

Na,O 0.00 0.13 0.07 0.01 1.24
K,0 49.10 2.35 3.45 3.34 57.30
MgO 1.95 1.09 0.71 0.40 2.23
CaO 10.70 24.10 20.50 1.30 9.66
Al,O3 1.13 7.93 1.84 0.28 0.06
Fe,03 7.48 41.60 3.48 1.23 3.34
ZnO 0.54 0.04 0.24 0.05 0.21
TiO2 0.40 0.45 62.30 0.00 0.00
SiOy 16.10 19.30 3.50 89.60 6.33
P,0s 2.17 1.18 0.61 0.86 3.17
SO3 3.95 1.13 1.25 1.70 4.67
Cl 5.18 0.35 1.12 0.71 11.20
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Fig. 3. Primary mineral composition of EFB, PKS, SD, RH, and CS biomasses.

gasification process. Nonetheless, the mineral elements with the highest
catalytic effect on gasification are unknown [46]. Alkali and alkaline
earth metals (AAEMs) may influence the viability of biomass feedstock
in recovering energy or producing syngas. Numerous studies have
proved that high AAEM content in the feedstock improves gasification
performance due to the catalytic effects of metal minerals present in
biomass [63,64]. Metal oxide catalysts reduce the starting temperature
and enhance reaction rates regardless of the gasification medium, but
only up to a certain point. According to Refs. [65,66], K has greater
catalytic activity on CO4 gasification rates than other alkali minerals.
The introduction of metal catalysts in the sequence K > Na > Ca > Fe >
Mg increased the CO, gasification reactivity of the feedstock. Hence, RH
may show the lowest CO;, gasification reactivity as it mainly consists of
non-AAEMs. In contrast, other biomasses may show high gasification
reactivity due to their high AAEM content, particularly the CS and EFB.

CS and EFB mainly contain potassium (K), with dry ash mass per-
centages of 47.60 wt% and 40.70 wt%, respectively (Fig. 3). The values
agree with Ahmad et al. [67] and Novianti et al. [68], who reported that
K20 is the main mineral in CS and EFB. PKS mainly contains iron (Fe),
with 41.60 wt% of Fe,COs, which contradicts the literature data re-
ported by Sohni et al. [69], Hussain et al. [70], and Ikubanni et al. [71],
in which their PKS consists of 1-3 wt% of Fe;Os. This may be due to the
grinding process, during which some tiny Fe particles from the grinder
bales might have mixed with the biomass. Besides Fe, Ca is another
significant mineral in PKS, which is consistent with the results of Sohni
et al. [69]. Surprisingly, SD contains a large amount of titanium (Ti)
(37.30 wt%), which also contradicts previous studies [72,73]. They
found calcium (Ca), K, silica (Si), and negligible quantities of Ti. It may
be due to the painting material of the wood or the sawing process that
has contributed to the Ti content in the SD sample. Although Ti
composition differs from previous studies, other major minerals (i.e., Ca,
K, and Si) are consistent with the literature data. RH contains Si (41.90
wt%), consistent with other reported literature [69].

However, some studies have shown that biomass with a high AAEM
content is susceptible to contamination, sintering, and agglomeration
during larger-scale gasification, particularly in fluidized bed reactors
[74,75]. The mineral component in the biomass varies according to the
type of biomass. Biomasses with extremely high ash and mineral content
are prone to pre-treatment (washing, acid treatment) before gasification
to avoid contamination, sintering, and agglomeration.

Higher metal content, especially alkali and alkaline earth metals
such as calcium (Ca) and potassium (K), usually improves the catalytic
effect during gasification. The ranking of the positive impact of high Ca
content is PKS >SD > EFB > CS > RH, whereas the hierarchy of the
positive effects of high K content is CS > EFB >SD > RH > PKS. The
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ranking of the positive impact of high Fe content is PKS > EFB >SD > CS
> RH.

3.5. Crystallinity analysis

The XRD profiles (Fig. 4) show the existence of well-defined crys-
talline peaks in various biomasses corresponding to cellulose at 26
ranges from 8.39° to 16.06° and 20.54°-22.5°, proving the existence of
cellulose in all biomasses. The Segal crystallinity index (CrI) was
observed in increasing order: PKS (17.8 %), EFB (20.7 %), CS (25.1 %),
SD (35.0 %), and RH (37.3 %). High CrI may reduce the depolymer-
ization rates, leading to a lower gasification rate [76]. A lower Crl in-
dicates a higher proportion of amorphous cellulose, which enhances the
biomass’s reactivity during gasification [77]. Hideno [78] has demon-
strated that reducing cellulose crystallinity decreases its thermal
degradation temperature, accelerating the decomposition process. In
this work, the positive effect ranking of low crystallinity on syngas
production is PKS < EFB < CS < SD < RH.

3.6. TG-DTG profiles of biomass gasification under COz environment

Fig. 5 depicts the TG and DTG profiles of biomass samples with and
without catalysts in the CO, environment. The moisture loss took place
between 30 °C and 150 °C. The weight loss between 275 °C and 300 °C
corresponds to the decomposition of hemicellulose, whereas the weight
loss between 350 °C and 400 °C corresponds to the decomposition of
cellulose. Lignin typically degrades across an extensive temperature
range, from 280 °C to 450 °C.

Above 500 °C, the CO5, gasification of fixed carbon lasts over a wide
temperature range, from 380 °C to 900 °C. CO; gas was relatively inert
within the initial temperature range from room to 700 °C. Higher tem-
peratures are required to promote the reaction between the fixed carbon
(obtained from biomass) and CO,, since the Boudouard reaction be-
tween carbon and CO5 (C + CO5 2 2CO) occurs at temperatures above
700 °C [79]. COy significantly improved the gasification process of most
biomass samples, particularly those with a high fixed carbon content, by
increasing the yield of syngas because of the reaction between fixed
carbon and CO4 [79]. At temperatures above 700 °C, EFB with catalysts
showed an additional peak on the DTG curves, indicating significant
weight loss, leaving minor residues after gasification. Other biomasses
(PKS, SD, and CS) with catalysts also showed an additional DTG peak
above 700 °C, which indicates the Boudouard reaction due to the higher
energy available at this temperature. The difference in the degradation
pattern during catalytic gasification might be attributed to the catalytic
activity or heat and mass transfer limits.

In summary, the interaction between the CO, and biomass in the
temperatures (room temperature to 700 °C) is very limited or negligible,
with a TG/DTG profile almost similar to pyrolysis or in an inert atmo-
sphere. Syngas production is expected to be low at this stage (room
temperature to 700 °C), with a high amount of tar production (con-
densable volatile matter), undesirable for gasification. The energy above
700 °C is enough to initiate the Boudouard reaction (carbon + CO3) that
can produce CO and other gaseous products. The TGA data signifies that
the temperature in a large-scale gasification plant should be higher than
700 °C to maximize syngas production. The catalyst (dolomite and
olivine) did not contribute significantly to the pyrolysis stage (volatili-
zation) between room temperature and 400 °C. However, the catalytic
activity increased beyond 400 °C. The effect of the catalyst was more
pronounced in certain biomasses than in others. For example, the re-
action between CO», biomass, and catalyst was evident in EFB biomass,
followed by PKS, SD, CS, and RH.

3.7. Kinetic analysis of biomass gasification under a COz environment

The activation energy (E,) values, either average or depending on the
extent of the gasification reaction, are essential in determining the
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feasibility of the process energy (i.e., whether the process can provide
energy on its own through exothermic reaction or require external en-
ergy input). The trends of E, against the conversion () (Fig. 6) for the
FWO, STK, and KAS methods are almost similar, with a minor deviation.
The subsequent analysis of E, and other thermodynamic parameters is
based on the averaged values derived from the three methods, offering a
more generalized and robust representation of the thermal decomposi-
tion behavior. Initially, the E, increased at 10 % conversion (attributed
to the energy required to remove the moisture). From 15 % to 60 %
conversion (during the pyrolysis reactions), it remained stable for EFB,
SD, RH, and CS biomasses, indicating a single reaction mechanism. The
E, profile for PKS biomass differed from all other biomasses. It varied
along the conversion, indicating multiple reaction mechanisms or
complex kinetics, which could be due to impurities. A drop in E, value at
60 % conversion, representing the end of biomass decomposition and
char formation. Except for RH, there was a sharp increase in E, value at
60 %, possibly due to the energy required to break the silica bonding in
the biomass. The char requires minimal gasification energy, as shown by
a slight or no increase in the E,. The peak at 60 % (or high E,) may
correspond to more resistant components (e.g., lignin decomposition).
The peak also indicates the transition points between different reaction
stages. Lower E, indicates the exothermic (release of energy) during the
reaction, which is advantageous to the CO gasification process, as less
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energy will be required at the higher temperature (Stage II). Biomasses
such as EFB and CS with lower overall E, is easier to gasify.

Fig. 7(i)-(ii), and (iii) depict the progression of conversion (o) with
temperature for non-catalytic, dolomite-catalysis (DOL), and olivine-
catalysis (OLI), respectively. Typically, all biomasses showed a low
conversion rate in Stage I (devolatilization, below 380 °C) due to the
inert behavior of CO; at low temperatures. After 380 °C (Stage II), the
conversion rate accelerated due to the gasification of fixed carbon from
the char with the CO,. Catalysts (dolomite and olivine) enhanced the
conversion rates compared to non-catalytic systems, especially during
Stage II (Fig. 7 (iv), (v), and (vi)). E, profiles demonstrate significant
reduction and smoother trends in the presence of a catalyst (Fig. 7 (v)
and (vi)), particularly for RH with dolomite, indicating improved reac-
tion kinetics. This effect is because of a change in the reaction pathway.

In this work, negative E, were observed for Stage II (fixed carbon
gasification) under conditions involving complex, multi-step mecha-
nisms, consistent with reports by Nasfi et al. [80] and Prajapati et al.
[81]. In certain systems, an overall negative E, can arise when a strongly
exothermic surface reaction or a reverse reaction becomes dominant at
higher temperatures, leading to a decline in the overall reaction rate
with increasing temperature [82]. In the present case, the dominant
reaction in CO, gasification (Boudouard reaction) is reversible. Hence,
the negative apparent E, may be attributed to this reverse reaction.
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gasification of various biomass types.

Additionally, other factors such as changes in char structure, or the
dominance of internal diffusion and mass transfer limitations could
contribute to this anomaly [82]. These effects may be amplified in
thermogravimetric analyses under non-isothermal conditions, where
apparent kinetic parameters can be influenced by physical rather than
purely chemical phenomena. In Stage II, PKS showed the lowest E,,
followed by CS, SD, EFB, and RH. Lower E, is ideal since it consumes less
energy to initiate the reaction, particularly the Boudouard reaction.
Addition of 5 wt% catalysts (dolomite and olivine) during COy gasifi-
cation helped further reduction in E, at Stage II, and significant changes
were observed at the higher conversions (above 0.6). This proves the
active role of catalysts at higher temperatures, which might enhance
syngas production. The catalysts were ineffective during Stage I of the

CO biomass gasification.

In summary, the catalyst played a significant role in Stage II of
biomass gasification, i.e., at higher conversion above 0.6 and higher
temperatures. Adding a catalyst can enhance the gas yield by changing
the reaction kinetics. The ranking of the positive effects of low E, con-
tent at Stage II will be PKS < CS < SD < EFB < RH.

3.8. Thermodynamic analysis of biomass gasification under CO2
environment

Table 4 provides thermodynamic properties such as enthalpy change
(AH), Gibbs free energy change (AG), and entropy change (AS) of
biomass subjected to gasification reaction under CO, with and without a

Table 4
Thermodynamic parameters of biomass gasification in the CO, environment compared to those in the other gasifying environment.
Biomass Gasifying agent AH (kJ/mol) AG (kJ/mol) AS (kJ/K.mol) References
Without catalyst + DOL + OLL Without catalyst + DOL + OLL Without catalyst + DOL + OLI
EFB CO- 131.84 112.88 115.52 150.33 150.93 150.41 —0.03 —-0.01 0.04 This study
Air 141.79 - - 441.62 - —0.30 - - [86]
PKS CO, 43.95 80.43 103.12 159.77 160.74 159.71 0.03 —0.01 0.03 This study
Air 132.02 - - 159.1 - - —0.04 - - [871
SD CO, 105.64 126.87 122.79 158.33 158.16 158.23 —0.01 0.02 0.01 This study
Air 155.91 - - 185.98 - —0.05 - - [88]
RH COy 168.86 124.32 103.37 157.39 155.02 149.75 0.13 0.07 0.08 This study
Air 214.60 - - 178.88 - - 0.06 - - [89]
Cs CO, 76.38 79.04 128.65 141.48 146.11 156.12 0.01 0.08 0.05 This study
Air 87.65 - - 251.14 - —-0.20 - - [90]

+DOL: Biomass with 5 wt% dolomite; +OLI: Biomass with 5 wt% olivine.
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catalyst, and the values are compared with those of air gasification from
the literature. The thermodynamic properties were determined based on
the average activation energy values derived from the FWO, STK, and
KAS methods since the E, values were broadly consistent among the
three isoconversional methods.

The positive AH values (43.95-168.86 kJ/mol) show the endo-
thermic nature of CO» gasification, indicating the requirement for
external energy input to break reactant bonds during the decomposition
stage. Lower AH values are favored in the gasification process as they
promote the formation of the activated complex (it is a state where
bonds are partially broken and new bonds are formed), thereby reducing
the overall energy demand required for the reaction [37,83]. Interest-
ingly, the average AH under the CO, environment is lower than those
observed for air-based gasification because of the complexity of biomass
and the heterogeneous reactions occurring during CO, gasification,
which reduce the overall energy demand [84,85].

Positive AG values indicate non-spontaneous gasification processes,
where external energy input is required to drive the reaction forward
[37]. The AG values for the studied biomasses (EFB, PKS, SD, RH, and
CS) are all positive, ranging from 141.48 to 159.77 kJ/mol, highlighting
CO gasification process does not occur spontaneously [91]. Among
these biomasses, PKS, SD, and RH exhibit relatively higher positive AG
values (159.77, 158.33, and 157.39 kJ/mol, respectively), whereas CS
and EFB show relatively lower values (141.48 and 150.33 kJ/mol,
respectively). This suggests that CO gasification of CS and EFB requires
less external energy input, making them more favorable for gasification
based on their AG values.

The AS values fluctuated between positive and negative, within the
—0.03 to 0.03 kJ/K.mol range, reflecting slight differences in the degree
of disorder during gasification. The low positive AS values under CO5
gasification conditions indicate limited reactivity, making it more
challenging to form the activated complex [37]. It suggests a biomass
thermochemical process shifting closer to thermodynamic equilibrium.
In contrast, the negative AS values (such as in EFB and SD) indicate that
the bond-breaking-induced disorder of gasification products is lower
than that of the reactants [92]. Since AS values are close enough among
all biomasses in this study, it is not considered in the ranking criteria.

CO3-based gasification offers advantages over air-based gasification.
Lower AH values indicate reduced energy requirements, and lower AS
values suggest more controlled reactions [93]. The relatively lower
positive AG values in CO gasification underscore its thermodynamic
favorability [93]. For instance, the AH values for CO, gasification,
ranging from 43.95 kJ/mol to 168.86 kJ/mol, are significantly lower
than those of air gasification (87.65 kJ/mol to 214.60 kJ/mol). Addi-
tionally, the AG for EFB-CO; (150.33 kJ/mol) is substantially lower than
that under air gasification (441.62 kJ/mol).

Dolomite and olivine catalysts lowered the energy barrier, enhancing
reaction kinetics and thermodynamic favorability [94]. For instance, AH
for RH-CO, decreases from 168.86 kJ/mol (uncatalyzed) to 124.32
kJ/mol with dolomite and 103.37 kJ/mol with olivine. A similar trend is
observed for EFB-CO,, where dolomite reduces AH from 131.84 kJ/mol
to 112.88 kJ/mol, and olivine further lowers it to 115.52 kJ/mol. These
reductions demonstrate the ability of catalysts to facilitate
bond-breaking and activated complex formation.

The catalytic impact of dolomite and olivine also depends on the
biomass type, reflecting the inherent heterogeneity of biomass compo-
sition. In this study, PKS-CO,, SD-CO,, and CS-CO; (43.95, 105.64, and
76.38, respectively) exhibit increased AH with dolomite (80.43, 126.87,
and 79.04 kJ/mol, respectively) and olivine (103.12, 122.79, and
128.65 kJ/mol, respectively). This increase is likely due to the specific
chemical composition of each biomass type, particularly the varying
proportions of lignin, cellulose, and hemicellulose, which interact
distinctively with the catalysts. Such interactions influence the energy
requirements of bond-breaking and reaction pathways, resulting in
distinct thermodynamic values. These findings align with those reported
by Wang et al. [95], emphasizing the critical role of biomass
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heterogeneity in determining catalytic effects and thermodynamic per-
formance during gasification.

Catalysts primarily influence reaction kinetics rather than AG, which
remained relatively stable [96]. In this study, the change in AG for
EFB-CO, was minimal with dolomite (150.93 kJ/mol) and olivine
(150.41 kJ/mol), which suggests that dolomite and olivine enhance
reaction rates without significantly altering thermodynamic spontaneity
[94]. Dolomite, composed of calcium and magnesium carbonates [97],
aids decarbonization, while olivine, rich in magnesium silicate, en-
hances heat transfer and tar cracking [98].

In summary, dolomite and olivine catalysts enhance the energy ef-
ficiency of COg-based gasification by reducing AH and improving re-
action kinetics, particularly for EFB and RH. Reactivity trends based on
thermodynamic parameters (AH and AG) revealed the ranking of the
five studied biomasses for gasification. In the CO, environment, CS
exhibited the lowest AG values (141.48-156.12 kJ/mol), indicating the
highest reaction spontaneity, followed by EFB, RH, SD, and PKS.
Conversely, PKS demonstrated the lowest AH values (43.95-103.12 kJ/
mol), signifying the least energy requirement for gasification, followed
by CS, SD, EFB, and RH.

3.9. Biomass ranking

A comprehensive ranking of selected biomass feedstocks for CO,
gasification is presented in Table 5 based on characteristics and ther-
modynamic properties. EFB emerged as the most favorable biomass
among the feedstocks, achieving the highest score (45) considering the
characteristics, including a balanced composition of cellulose and
hemicellulose combined with low ash content and higher volatile mat-
ter, which is highly suitable for gasification.

The score is relatively close for some biomasses (PKS, CS, and SD),
indicating that these feedstocks also have the potential for gasification.
RH scores the least, which would be less favored for gasification due to
its high silica content. It negatively affects gasification by causing
slagging and fouling issues in reactors [69]. Therefore, more
pre-treatment methods would be required to reduce the silicon content
in RH. Further studies in lab-scale systems would demonstrate their
feasibility for the gasification process.

Table 6 tabulates the biomass ranking based on thermodynamic
properties with catalysts (dolomite and olivine) and compares it with
those without catalysts. Notably, CS with dolomite (CS + DOL) achieved
the highest ranking, followed by CS without a catalyst (CS + N/A) and
RH with dolomite (RH + DOL).

The data revealed varying catalyst effectiveness across different

Table 5

Biomass ranking based on characterization and thermodynamic data.
Performance indicator EFB PKS SD RH CS
Biomass Characterization
1 VM 3 5 4 1 2
| ASH 3 2 4 1 5
tC 4 5 3 1 2
TH 5 1 4 3 2
1 Cellulose 4 1 5 3 2
1 Hemicellulose 5 3 1 2 4
1K 4 1 3 2 5
1 Ca 3 5 4 1 2
1 Fe 4 5 3 1 2
1 CrlI 4 5 2 1 3
Total marks 39 33 33 16 29
Ranking 1st 2nd 3rd 5th 4th
After adding thermodynamic properties
| AH 2 5 3 1 4
1 AG 4 1 2 3 5
Total marks 45 39 38 20 38
Ranking Ist 2nd 4th 5th 3rd

1 (high in value) and | (low in value): favorable for gasification.
5 is the most favorable, and 1 is the least favorable.
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Table 6
Performance ranking of biomass feedstocks with and without catalysts for thermodynamic favourability indicators (JAH and |AG).
Performance EFB + EFB + EFB + PKS + PKS + PKS + SD + SD + SD + RH + RH + RH + CS + CS + CS +
indicator N/A DOL OLI N/A DOL OLI N/A DOL OLI N/A DOL OLI N/A DOL OLI
1 AH 2 8 7 15 12 11 9 4 6 1 5 10 14 13 3
1 AG 12 10 11 2 1 3 4 6 5 7 9 13 15 14 8
Total marks 14 18 18 17 13 14 13 10 11 8 14 23 29 27 11
Ranking 7th 4th 5th 6th 10th 8th 11th 14th 12th 15th 9th 3rd 1st 2nd 13th

1: favorable in high value.

|: favorable in low value.

The higher mark is given to the higher favorability, from 15 to 1.
N/A: without catalyst.

+DOL: with dolomite catalyst.

+OLI: with olivine catalyst.

biomass feedstocks. For CS, dolomite provided minimal improvement in
energy requirements (AH), while olivine increases energy demand,
making it less effective. For EFB, dolomite significantly reduces AH,
outperforming olivine, whereas for RH, olivine showed a significant
reduction in AH, making it more effective than dolomite. In contrast,
neither catalyst improves the thermodynamic properties of PKS and SD,
as both increase AH values compared to their raw forms. These results
emphasize the importance of aligning catalyst selection with the specific
feedstock to optimize gasification performance.

4. Conclusions

This study systematically ranked five Malaysian agricultural and
industrial biomasses: empty fruit bunches (EFB) Elaeis Guineensis, palm
kernel shell (PKS) (Elaeis Guineensis), sawdust (SD) (Neobalanocarpus
Heimii, Hevea Brasiliensis, Tectona Grandis), rice husk (RH) (Oryza Sat-
iva), and coconut shell (CS) (Cocos Nucifera), based on physicochemical
characteristics, kinetic parameters, thermodynamic behavior, and cat-
alytic effects via CO4 gasification. The critical factors influencing the
CO., gasification process include high fixed carbon, low ash content,
high levels of carbon and hydrogen, significant cellulose/hemicellulose
content, abundant alkali and alkaline earth metals, and low crystallinity.
Overall, EFB emerged as the most favorable feedstock for CO; gasifica-
tion, with the ranking sequence: EFB > PKS > CS > SD > RH, due to its
balanced composition, i.e., high volatile matter (74.92 wt%), low ash
(4.14 wt%), and optimal cellulose/hemicellulose content, coupled with
moderate favorable kinetic (moderate activation energy in Stage II) and
thermodynamic (moderate AH and AG) properties, contributed to the
top ranking. CO, gasification proceeded via two stages: pyrolysis (Stage
I, below 380 °C) and char gasification (Stage II, after 380 °C). Catalysts
(dolomite and olivine) significantly reduced activation energy Ea in
Stage II, particularly for EFB (from 131.84 to 112.88 kJ/mol with
dolomite) and RH (from 168.86 to 103.37 kJ/mol with olivine), accel-
erating char conversion. Thermodynamically, lower enthalpy (AH)
(found in PKS biomass) reduces energy requirements. Dolomite was
effective in the case of EFB, while olivine was effective for RH. Future
work will focus on the lab and higher-scale CO5-biomass gasification in a
fixed-bed reactor with and without a catalyst. Further, gas analysis
produced during the gasification will be considered in the future scope
of study.
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