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The object of the study is updraft fixed-bed
gasification process of corncob biomass with
dual catalytic system calcium oxide (CaO) and
palm-fiber-derived activated carbon (AC-PF).
This study addresses the low heating value of
corn cob syngas and the high cost of upgrading
catalysts. This study using dual catalyst system
characterization along with both equivalence
ratio (0.2, 0.25, 0.3, and 0.35), catalyst loading
(4%, 6%, 8% and 10%) and finally CaO/AC-PF
mass ratio (0:1, 1:0, 1:1, 2:1), in addition to this
the final products obtained were analyzed for
dual catalyst systems further through Scanning
Electron Microscope, Fourier Transform
Infrared Spectroscopy and Brunauer-Emmett-
Teller. These results indicate that by increasing
the ER, H2 and CH4 fractions increase, where-
as CO; decreases, and the lower heating value
of syngas increases, however CO reaches an
optimum at ER = 0.3. Higher catalyst loading
tends to decrease H, and CH, but increase CO,
which potentially lowers the heating value at
high loadings. Characterization of the cata-
lyst shows that AC-PF has a porous structure
and greater gas-solid contact with enhanced
secondary reactions while addition of CaO cre-
ates a composite with surface species associ-
ated with CO, sorption. Low Heating Value of
syngas rises at high ER while decreases with
the increase in catalyst loadings due to the
minimal contribution of CH, Our obtained
results feature the demonstrated functional
synergetic mechanism between porous AC-PF
and CaO-based CO, sorption, allowing simul-
taneous catalytic upgrading and CO, capture
in one cheap dual catalyst system. Such empir-
ical observations would provide an appropri-
ate foundation for future potential designs and
operation of small-scale biomass gasification
units, specifically updraft reactors to convert
corn cob waste at the ER and catalyst loadings
investigated in this study
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1. Introduction

In recent years, with several environmental challenges
such as increased greenhouse gas emissions, depletion of
fossil fuels and agricultural waste, the global movement to-
wards green energy and sustainable technologies has taken
full steam. Because these issues involve not only factors that
degrade environmental quality but also ones that threaten
long-term energy security and sustainable economic devel-
opment, they are critical subjects of concern. This is not just
about cutting emissions developing green energy means find-
ing new, cleaner, more effective methods of using what we
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have and generating less waste. The conversion of biomass
residues into energy seems a viable and ecologically accept-
able option. Gasification of biomass to get synthesis gas is one
of such potential techniques which can convert solid biomass
into syngas or be further transformed as feedstock for manu-
facturing chemicals and other energy goods.

Indonesia is among the largest corn producers in South-
east Asia, with national production exceeding more than
18 million tons of dry seed per year. About 15-20% of this
amount refers to cobs after the kernel removal process, which
thus leads to an excessive volume of corn cob waste (around
2.5-3.5 million tons per year). Previously, corn cobs alone




were largely underutilized and could be used for traditional
Fuel as well as small quantities of Animal Feed or even burnt
on post-harvest land that can lead to Air Pollution. Most are
just left in heaps or to rot on the land, a potential source of
plant disease [1].

Chemical and energy properties of corn cobs are quite
promising. They are mainly composed of cellulose, hemi-
cellulose and lignin, with a calorific value starting from
approximately 15-17 MJ/kg, which makes them highly ap-
propriate as initial feedstock for many biomass-based energy
conversion technologies [2]. Their hardness and fibrous
nature make them ideal candidates for production of biochar
or activated charcoal process, or direct use in pyrolysis &
gasification processes. This enormous potential shows that
corn cobs are not waste, but rather a renewable resource that
can be potentially leveraged for energy security and reduced
fossil fuel dependence.

Biomass gasification is a promising thermochemical pro-
cess to convert renewable resources into syngas containing
H,, CO, CHy, and CO,. Corn cobs are among the most abun-
dant biomass types in Indonesia [3] and have a high content
of lignocellulose that supports energy conversion. Neverthe-
less, the biomass gasification process still encounters vari-
ous challenges, most notably the low hydrogen fraction of
syngas and the generation of substantial amounts of tar. Tar
formation can lead to clogging of the reactor, loss of thermal
efficiency and high purification costs.

To address such issues, an important strategy is the im-
plementation of catalysts. Several studies have shown that
metal catalysts like Ni, Ca and K are able to enhance hydro-
gen yield but at the same time suppress tar formation. On
the other side, enhanced carbon also widely used as catalyst
support owing to high surface area, porous structure and
good chemical stability. This type of biomass can be used to
produce activated carbon from waste plantations that provide
other socioeconomic benefits as an alternative source of raw
material and is an economically viable process where the use
of these resources in a circular economy opens up new poten-
tial such that palm fiber waste can be converted into valuable
products. Furthermore, calcium oxide (CaO) acts both as a
catalyst in the tar decomposition reaction and an absorber of
CO, that triggers sorption-enhanced gasification to enhance
hydrogen content in syngas [4].

While a lot of research has been done on metal catalysts
and activated carbon, studies involving biomass bases cata-
lyst like palm fiber-based activated carbon with CaO during
the gasification of corn cob remain sparse. One originality of
this study is on the use of a dual catalysts that gives a syner-
gistic effect: high-pore activated carbon enhances both cata-
lysts heterogeneous distribution and activity while the CaO
helped to decompose tars as well as absorb CO,. This strategy
could lead to major increases in hydrogen production and
decreases in carbon emissions.

The importance of improving syngas quality in biomass
gasification systems has been the subject of significant scien-
tific interest in contemporary energy studies, particularly as
society confronts escalating expectations for clean, renew-
able, sustainable energy systems. Particular focus should
be placed on these strategies aiming to increase hydrogen
production and decrease tar generation, as they are still
two of the main technology barriers preventing the broader
practical application of biomass gasification. This makes
the discovery and assessment of effective, low-cost and sus-
tainable catalytic materials scientifically significant for the

establishment of wide-ranging, efficient biomass conversion
technologies to underpin transitioning from fossil-based fu-
els to cleaner energy use.

2. Literature review and problem statement

The paper [5] presents the result on the gasification of
sago dreg waste pellets in a top-lit updraft fixed-bed gasifier.
The results show that the addition of Al,0; improved syngas
quality, especially by increasing H, content up to 31.65%
at 5% Al,05; and enhancing CO and CH,4 production, while
also increasing the H,/CO ratio to 1.65 and 1.51 for 5% and
10% Al,O3, respectively, improving LHV, and reducing tar
content by about 25-27.5% compared with pellets without
catalyst. However, this study is limited because it was con-
ducted only on one biomass type, within a laboratory-scale
TULD fixed-bed gasifier, and only considered two catalyst
loadings.

The paper [6] presents the result on hydrogen enrichment
in product gas from a pilot-scale rice husk updraft gasifica-
tion. The results show that dolomite-assisted air gasification
gave the best performance, increasing the H, content up to
15.4 mol%, with an LHV of 5.1 MJ/Nm?, while steam/air
gasification improved H; to 9.6 mol% and air alone produced
only about 7.08 mol% H,, the optimum operating condition
was reported at an airflow rate of 3 m3/h and a dolomite mix-
ing ratio of 15 wt.%. However, this study is limited because
it focused only on rice husk feedstock, used a pilot-scale
updraft gasifier with a batch capacity of 3 kg, and evaluated
only a limited range of operating conditions and catalyst
type.

The paper [7] presents the result on oxygen updraft
gasification coupled with catalytic steam reforming of ciga-
rette butts for hydrogen-rich syngas production. The results
show that the integrated process was effective in converting
cigarette butts into syngas, with gasification producing 82.3-
89.7 wt.% syngas, 6.3-8.6 wt.% soot, and 1.4-1.9 wt.% tar,
while the catalytic reforming stage significantly improved
the gas quality by increasing the H, content up to 30.27 vol.%,
increasing the HHV up to 11,528 kJ/kg, and reducing tar
concentration from about 18.15 g/m? to 13.38 g/m? under the
optimum condition. However, this study is limited because
it investigated only cigarette butt waste as feedstock, used a
specific oxygen updraft gasifier-catalytic reformer configura-
tion, and fixed most catalytic reforming parameters.

The paper [8] presents the result on the experimen-
tal assessment of pellets produced from beekeeping waste
and slumgum-pine sawdust mixtures through updraft
gasification. The results show that pure slumgum pellets
exhibited very high mechanical durability (99.98%) and
high HHV (27.66 MJ/kg), while during gasification the 50%
slumgum-50% sawdust pellets produced the highest produc-
er gas LHV of 7.62 MJ/Nm?, indicating that the addition of
sawdust improved gas quality and energy recovery potential.
However, this study is limited because the equivalence ratio
remained very low (0.0125-0.0204) compared with typical
gasification conditions, the experiments were conducted only
in a modified laboratory-scale updraft gasifier.

The paper [9] presents the result on a comparative in-
vestigation of catalyst applications in updraft and modifi-
able-downdraft fixed-bed biomass gasifiers, using a biomass
mixture of green waste, sewage sludge, and olive pomace
together with red mud (RM) and Al-Ni alloy catalysts to im-



prove syngas quality and hydrogen production. The results
show that catalyst type and reactor configuration strongly
influenced gasification performance, with the Al-Ni catalyst
giving the best hydrogen enrichment, reaching up to 65 vol.%
H, in the updraft gasifier at 900°C, while RM increased H,
to about 50 vol.%, the updraft gasifier produced better hy-
drogen-rich syngas than the modifiable-downdraft reactor.
However, this study is limited because it, used a specific
mixed biomass composition and mainly focused on high
temperature operation around 900°C with limited gasify-
ing-agent flow conditions.

The paper [10] presents the result on the experimental
investigation of producer gas composition from sorted mu-
nicipal solid wastes in an updraft fixed-bed gasifier. The
results show that reducing the equivalence ratio from 0.21
to 0.15 increased the heating value of the combustible gases.
The study indicated that the allothermal updraft fixed-bed
gasifier is suitable for producing gas that can be utilized in
gas engines. However, this study is limited because it used a
laboratory-scale 10 kW allothermal updraft gasifier at a fixed
temperature of 800°C, and evaluated only two ER conditions.

The paper [11] presents the result on the effect of adding lay-
ing hens’ manure (LHM) to wheat straw on gasification efficien-
cy in an air-blown updraft fixed-bed gasifier. The results show
that increasing ER improved the gasification performance,
with the producer gas LHV reaching 3.3-3.4 MJ/m?3, cold gas
efficiency around 60%, and carbon conversion efficiency in
the range of 82-94%. However, this study is limited because
it was focused on one specific co-feed system and produced a
relatively low-calorific gas.

The paper [12] presents the result on the gasification per-
formance of olive pomace in updraft and downdraft fixed-bed
reactors using dry air and pure oxygen. The results show that
updraft reactor achieving up to 48 vol.% H, with dry air and
53 vol.% H, with pure oxygen, while the downdraft reactor
reached up to 45 vol.% H, with dry air and 39 vol.% H, with
pure oxygen. However, this study is limited because only a lim-
ited range of gasifying agents, temperatures, and flow rates.

The paper [13] presents the result on the gasification of
MDF residue in an industrial-scale updraft fixed-bed gas-
ifier. The results show that MDF residue can be effectively
converted into useful energy, with a syngas production rate
of about 2.5 Nm3/kg, syngas LHV of around 6.0-7.0 MJ/Nm?3,
about 88 wt.% of MDF residue converted into syngas, and a
system capable of delivering 7 MWth of thermal energy and
about 955 kW net electrical power through the ORC turbine.
Nevertheless, this study is subject to some limitations as it
investigated only a single industrial waste stream (corn cob)
in a single updraft gasifier design and performance was as-
sessed with few feed rates while direct combustion of raw hot
syngas containing tar was employed.

This study shows the outcomes of researches conduct-
ed on updraft fixed-bed reactors with biomass gasification
concerning improvement of syngas quality and efficiency of
thermal conversion. Demonstrated that syngas composition
and heating value are significantly impacted by feedstock
properties, gasification conditions, and catalysts. However,
problems associated with the absence of high-performance
and inexpensive catalyst systems that can boost hydrogen
generation in addition to optimizing syngas quality simul-
taneously during corncob gasification were not solved. This
is due to the intricacy of catalytic processes occurring in the
gasification area along with reforming, cracking and CO,
capture pathways along with financial restrictions of promot-

ed catalyst existing available on a market. Perhaps utilizing
coupled composite catalysts consisting of CaO and activated
carbon palm fiber proves to be a solution for these concerns,
wherein the CaO stimulates CO, uptake and drives shift re-
actions while Coconut shell active carbon provides a porous
surface and serves as an external site for secondary cracking
reactions. It has been used in prior studies, but the application
of CaO and activated carbon palm fiber for corncob updraft
gasification is still limited. It can be concluded that a syngas
quality improvement study on corncob updraft gasification us-
ing CaO/activated carbon palm fiber catalyst is recommended.

Biomass gasification represents a significant path for
transforming agricultural remains into useable synthesis
gas, and catalytic materials (e.g., CaO and carbonaceous ad-
sorbents) has been shown to enhance the quality of produced
gases via tar decomposition, reforming reactions, and CO,
capture. A number of researchers have studied other biomass
feedstocks, catalyst type and reactor configurations for improv-
ing syngas production. Nevertheless, most of these studies were
mainly on the single performance of catalysts or gasification
systems other than corncob updraft gasification. Moreover, the
synergistic effect of CaO and activated carbon palm fiber cata-
lyst with respect to catalyst dosage ratio, catalyst loading and
equivalence ratios remained largely undocumented.

Thus, additional research is important for evaluating the
synergism of CaO as a CO, sorbent and activated carbon palm
fiber as a porous catalytic support in improving syngas compo-
sition and heating value. In view of this research gap, the cur-
rent study aims to explore the role of combined CaO/activated
carbon palm fiber catalyst in corncob updraft gasification
along with the effects of different operating parameters on syn-
thesis gas quality. Thus, this study is meant to deliver a more
clear scientific angle of catalyst interaction and practical direc-
tions for performance enhancement in biomass gasification.

3. The aim and objectives of the study

The aim of this study was to improve syngas quality from
corncob updraft gasification via a dual-synergy catalytic
system composed of calcium oxide (CaO) and palm-fiber-de-
rived activated carbon (AC-PF). This will enable cleaner and
more energy-dense producer gas production, offering practi-
cal guidance on the utilization of operating conditions and
catalyst configurations applicable to updraft gasification of
agricultural residues.

To accomplish these aims, the following objectives are
achieved:

- to prepare and characterize CaO and AC-PF catalysts
by analyzing their morphology, surface functional groups,
and pore characteristics using SEM, FTIR, and BET methods;

- to determine the effect of the equivalence ratio, catalyst
loading and CaO/AC ratio on the composition of syngas and
its lower heating value in updraft gasification of corncobs
and to obtain the catalyst condition responsible for higher
quality gas.

4. Materials and methods

4.1. The object and hypothesis of the study

It is based on the updraft fixed-bed gasification process
of corncob biomass at dual calcium oxide (CaO) and palm-fi-
ber-derived activated carbon (AC-PF) catalyst systems, which



are used for the purpose of study. Experimental parameters
adopted in the updraft reactor studying catalytic upgrading
of producer gas were expected to affect syngas composition
and heating value. The focus of this study is to develop a
method for applying its results in order to enhance the quality
syngas by increasing the flammable fraction of combustible
gases (H, and CHy) and lower heating value (LHV); while
reducing CO, concentration at the same time.

This study hypothesizes that the dual-synergy CaO/AC-PF
catalytic system is a more positive effect on syngas quality
in comparison with single-catalytic configurations during
updraft corncob gasification. The hypothesis is that CaO acts
as a CO; sorbent, driving the equilibria of reactions to yield
more hydrogen while palm fiber-derived activated carbon
provides high surface area catalytic sites, facilitating second-
ary kinetics like tar cracking and volatile reforming. Opti-
mized conditions of equivalence ratio (ER), catalyst loading,
and CaO/AC-PF ratio are expected to not only increase H,
and CH, fractions but also enhance LHV due to the effects of
a combined catalytic-sorption mechanism.

It was defined that the corncob feedstock had relatively
homogeneous composition and stable proximate/ultimate
characteristics through the duration of experiments. It was
assumed that after stabilization, the gasification process ran
under steady-state conditions. It is also assumed that the CaO
has enough CO, sorption capacity for the duration of catalytic
conversion process and activated carbon structure was stable
within applied temperature range.

Several methodological simplifications were applied
throughout the research to enable experimental feasibility and
focus on the goal of syngas quality evaluation. Detailed kinetic
modeling of individual gasification reactions was not carried
out but rather based the process performance on experimental-
ly measured syngas composition and syngas low heating value.
Moreover, although carbonation-decarbonation reactions of
CaO can take place during operation, the microstructural
evolution, sintering behavior and long-term cyclic stability of
the catalyst were not studied in this work. the catalytic perfor-
mance was assessed over the experimental time period with no
prolonged durability or regeneration-cycle assessment.

The selected methods were intended to explain both the
catalyst characteristics and their effect on syngas quality. SEM,
FTIR, and BET were used because they provide complementary
information on catalyst morphology, surface functional groups,
and pore structure, which are important for catalytic reforming,
adsorption, and CO, capture during gasification. The investi-
gated operating parameters, namely equivalence ratio, catalyst
loading, and CaO/AC ratio, were chosen because they are the
main variables governing the reaction environment, catalyst
effectiveness, and synergistic interaction between CaO and acti-
vated carbon in the updraft gasification process.

4. 2. Catalyst preparation

Approximately 6 grams of ground palm fiber was mixed
with 60 mL of distilled water and stirred for 10 minutes.
The mixture was then placed in an autoclave and heated to
200°C at a rate of 5°C per minute for 6 hours in an electric
oven. After that, the reactor is allowed to cool naturally to
room temperature. The resulting solid hydrocarbon product
(hydrochar) is then separated using Whatman No. 42 filter
paper. The filtered product is then dried at 105°C for 24 hours
and stored in a glass vial. The next stage is the activation pro-
cess. The hydrochar is immersed in a 3 M KOH solution with
a weight ratio of 1:3 (Hydrochar:KOH) for 16 hours, then dried

at 85°C for 6 hours. Spectroscopic evidence indicates that KOH
preferentially reacts with oxygenated sites and can increase
the relative abundance of C-OH functionalities, while higher
KOH ratio and activation temperature significantly enhance
porosity and BET surface area [14, 15]. To obtain the CaO/AC
mixture, CaO powder and activated carbon (AC) were mixed
in specific proportions using a grinder until a homogeneous
mixture was obtained. Next, CaO, AC, and CaO/AC were
activated using a tube furnace at a temperature of 700°C for
1 hour with a continuous flow of nitrogen during the activation
process. The resulting product was then washed using distilled
water until it reached a neutral pH. This stage produced acti-
vated carbon that was ready for use in research.

4. 3. Experimental setup

Corncob biomass was obtained from farmers in the
South Malang region of East Java. Before use, the biomass
was cleaned of impurities and dried in an oven for 6 hours
at 100°C to remove moisture (water vapor) content. The ulti-
mate and proximate test results are as follows.

The proximate and ultimate analyses of the corncob
feedstock were conducted to determine its physicochemical
characteristics prior to gasification. The results are presented
in Table 1. The data indicate that corncob has high volatile
matter content and relatively low ash content, which are fa-
vorable characteristics for gasification processes.

Table 1
Ultimate and proximate test corn cob
Parameter Units Corn cobs

Moisture % 10
Volatile matter % 71.38
Fixed carbon % 12.11
Ash % 6.51

C % 43.6

H % 6.3

(0] % 46.8

N % 0.22
HHV MJ/kg 17.61

The experimental apparatus employed in this study con-
sisted of an updraft gasifier integrated with a catalyst bed, a
vapor condensation unit, gas sensors, and temperature mea-
surement points to enable comprehensive monitoring of the
gasification process. Fig. 1 shows the updraft gasifier system
used in this study, including the schematic experiment (a)
and the experimental setup (b).

This study used an updraft gasification reactor designed
with a total height of 20 cm. The lower part of the reactor
consisted of an ash container with a height of 5cm, while
the active reactor had a height of 15cm and a diameter of
3 inches. The reactor was equipped with a 1-inch diameter
air inlet pipe connected to a blower. The blower was modified
with a potentiometer so that the air speed could be adjusted
as needed. To monitor the thermal conditions inside the re-
actor, four 3 cm long type K thermocouples were installed at
several different points so that the temperature profile in the
gasification zone could be observed in more detail. Each test
was conducted with a fixed biomass mass, a mixture of corn
cobs weighing 80 grams. The reactor was made of iron and
equipped with a gas seal to prevent leaks during the gasifica-
tion process.
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Fig. 1. Updraft gasifier: @ — schematic experiment; b — experimental setup

The gas produced by the reactor was fed into a condenser,
which cooled the hot gas so that the water vapor components
could be separated. The condenser was made of a copper spiral
pipe with a diameter of ¥2 inch and a height of 30 cm. Cooling
water was circulated from the bottom of the condenser and
exited through the top to ensure efficient heat transfer. This
cooling system was driven by a 60-watt water pump, ensuring
stable water flow and optimal condensation. The catalyst was
positioned downstream after the reactor, where it was supported
on steel wool and wrapped with an 80-um wire mesh to secure
the catalyst and prevent particle carryover with the gas flow.

To analyze the gas composition, four types of MQ gas
sensors were used. The MQ-8 sensor was used to detect H,,
MQ-4 for CH4, MQ-135 for CO, and MQ-7 for CO. Each gas
sensor was calibrated according to the manufacturer’s data-
sheet, specifically by determining the Ro value, which is the
sensor resistance in clean air conditions. This Ro value is
used as a reference in calculating the measured gas concen-
tration during the process.

Gas Line Sensor
M

All data from the gas sensors and thermo-
couples were acquired using an Arduino Uno
microcontroller. Each gas sensor is connected
to a separate Arduino Uno to facilitate the
calibration process and reduce the possibility
of interference between sensors. Arduino is
also used to record temperature data from four
thermocouples installed in the reactor, so that
gas composition and temperature distribution
data can be obtained simultaneously.

The ER range of 0.2, 0.25, 0.3 and 0.35.
The catalyst load was between 4%, 6%, 8% and
10% from the mass of input feedstock. The
CaO/AC-PF ratio was varied between 0:1, 1:0,
1:1, and 2:1. Design of experiment can be seen
in Table 2.

Table 2

Design of experiment using

Run Equw?};?{c)e ratio Catalyst load, % | CaO/AC
1 0.2 4 1:0
2 0.2 6 0:1
3 0.2 8 1:1
4 0.2 10 2:1
5 0.25 4 0:1
6 0.25 6 1:0
7 0.25 8 2:1
8 0.25 10 1:1
9 0.3 4 1:1
10 0.3 6 2:1
11 0.3 8 1:0
12 0.3 10 0:1
13 0.35 4 2:1
14 0.35 6 1:1
15 0.35 8 0:1
16 0.35 10 1:0

A total of 16 experimental runs were con-
ducted systematically to enable evaluation of
the main effects of each variable and the ten-
dency of interactions between variables on
the fractions of H,, CO, CH,4, CO,, and lower
heating value (LHV). This approach enabled identification
of the most effective combination of operating parameters
in improving syngas quality quantitatively and measurably.

5. Results of syngas quality enhancement from corncob
using calcium oxide (CaO) and palm-fiber-derived
activated carbon (AC-PF).

5.1. Characterization of calcium oxide (CaO) and
palm-fiber-derived activated carbon (AC-PF) catalysts

5.1.1. Scanning electron microscopy catalyst result

Fig. 2, a indicates the surface morphology of palm fi-
ber-based activated carbon (AC-PF). The close look at the
surface reveals a porous and non-plane structure with void
sections surrounded by massive stack surfaces. This property
shows that the activation of KOH has successfully created
micropores and mesopores, which are crucial in enhancing
activated carbon specific surface area.



a b

Fig. 2. Scanning electron microscopy catalyst result:
a — scanning electron microscopy AC-PF; b — scanning electron microscopy CaO:AC, 1:1;
¢ — scanning electron microscopy CaO:AC-PF, 2:1

This the coarse and textural surface shows that most of
the material has been exposed from lignocellulose cell wall,
which had many interparticle voids. When serving as a cata-
lyst in gasification or thermochemical reactions, this porous
architecture significantly promotes the ability of an adsorbed
dispersed gas to diffuse on and into the structure.

The small size of the voids (1-5 um) indicates that most of
the pores belong in the mesopores category where gas molecules
such as H,, CO and tar can attach during a gasification reaction.

The porosity and aspect of AC-PF exhibit the properties
of porous activated carbon materials with a heterogeneous
pore structure, where pores facilitate interaction between gas
phase reactants and active sites surrounding each other on
the surface area of materials which increases reaction rates
and improved tar or CO, capture targeting in biomass-de-
rived power applications.

Fig. 2, b represent the surface morphology of CaO:AC-PF
catalyst in 1:1. The approach of this material surface can
be observed, composed of fine particles with microns and
submicrons that bond together to build a layered and slightly
agglomerate system.

Fine and light-colored grains suggest a well-distributed CaO
particle, doped on the surface of activated carbon (AC-PF). This
distribution of CaO through the pores fills some of them cre-
ating a particle with a denser surface than that observed pure
AC-PF. Nevertheless, small gaps and tiny voids between the
grains still point to preserved microporous and mesoporous
configurations that can indeed support catalytic activity [16].

Such morphology shows the effectiveness of the CaO im-
pregnation technique using activated carbon originated from
palm fiber, where interactions between CaO and pore walls
of carbon formed a composite material that provides greater
thermal stability and chemical stability. This framework is
particularly well-suited for catalyst applications in biomass
gasification processes, because CaO particles may act as CO,
absorbers and also facilitate the tar reforming reaction [17].

Fig. 2, ¢ displays the surface appearance of CaO:AC-PF
(2:1) catalyst. This implies that the exposed material is cov-
ered in agglomerations of fine, round and irregular particles
between microns to submicrons. These results prove that,
in comparison with CaO:AC-PF (1:1) sample, its structure
becomes denser and much tighter, meaning that the increase
in the ratio of CaO will lead to a partial closure effect of acti-
vated carbon surface pore by CaO particles.

In fact, the CaO particles are more evenly distributed and fill
the carbon surface, which proves that there is a greater amount
of CaO being successfully impregnated. Notably, the light color
in certain regions suggests a calcium oxide phase that is well ad-

hered to the activated carbon matrix.
Such structure suggests the strong
bonding interactions between CaO
and AC-PF forming a high tempera-
ture stable composite.

While some of the pores are
blocked, small voids between the
CaO grains still exist where gas can
diffuse, and therefore the adsorption
ability of catalyst remains large. Due
c to the active area of CaO and porous
carbon structure, this material is very
competitive in biomass gasification
or tar reforming applications since
CaO can be CO, absorber and en-
hance conversion of carbon into H,,

5.1. 2. Fourier transform infrared spectroscopy cat-
alyst result

The FTIR analysis results shown in the Fig.3 reveal
clear spectral differences between the AC-PF, CaO, and their
mixtures (CaO:AC-PF) with ratios of 2:1 and 1:1. In the AC-
PF spectrum, the absorption band at 2926 cm™! is associated
with the stretching vibration of the C-H group from -CH,
or —~CHj; (methylene/methyl stretching), which indicates the
presence of hydrocarbon chain residues from the lignocellu-
lose structure. The peak at 1577 cm~! indicates the presence of
aromatic C=C or C=0 stretching, while the band at 1056 cm™!
represents C-O stretching from alcohol or ether groups. In ad-
dition, the -OH group that appears in the 3500-3600 cm™! re-
gion is identified as the result of AC-PF activation using a KOH
solution, which causes the formation of hydroxyl groups on the
activated carbon surface. This ~OH group plays an important
role in increasing the surface activity and adsorption capacity
of AC-PF as a catalyst support medium [18, 19].

In pure CaO, the intense band at 3639 cm™! is associated
with the stretching of the O-H group from Ca(OH),, which is
formed due to the partial hydration of CaO when exposed to
humid air. Meanwhile, the absorption bands at 1426 cm~! and
876 cm! are associated with C-O stretching and CO2” bend-
ing, respectively, indicating the formation of CaCO; due to CO,
adsorption from the air. This shows that CaO is highly reactive
to moisture and carbon dioxide in the environment.
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Fig. 3. Fourier transform infrared spectroscopy catalyst result



For the CaO:AC-PF (2:1), the main absorption bands
were detected at 3564 cm~! (O-H stretching from Ca(OH),
and the -OH group in AC-PF), 1387 cm~! (C-O stretching),
and 877 cm~! and 713 cm~! (bending vibration of CO>).
This combination of bands indicates the formation of car-
bonate compounds (CaCO3) due to the interaction between
CaO and the oxygen groups of activated carbon. The pres-
ence of -OH groups from KOH activation also strengthens
the basic properties on the surface, which can increase the
chemical interaction between CaO and AC-PF [20].

At a CaO:AC-PF ratio of 1:1, the absorption bands at
3588 cm~!, 1392 cm~!, 867 cm~, and 711 cm~! show a sim-
ilar pattern, indicating the presence of hydroxyl (O-H) and
carbonate (COj‘ groups. The difference in peak intensity
compared to the 2:1 ratio indicates variations in the level of
interaction between CaO and the —OH groups resulting from
KOH activation on AC-PF, which affects the formation of
carbonate-hydroxide complexes on the material surface [21].

5.1. 3. Brunauer-Emmett-Teller catalyst result

Fig. 4 shows the adsorption-desorption isotherm curves
for nitrogen for the AC, CaO:AC (1:1), and CaO:AC (2:1) sam-
ples are shown in Fig. 4. All three samples exhibit type IV
isotherms with clear hysteresis loops at relatively high pres-
sures (P/Po > 0.9). Based on the IUPAC classification, this
characteristic indicates that the material has a mesoporous
structure formed through capillary condensation within the
pore channels. The difference between the adsorption and de-
sorption pathways indicates that the pore shape is not perfectly
cylindrical, but rather tends to be irregular or slit-like, which is
commonly found in modified activated carbon materials [22].

The pure activated carbon (AC) sample showed a relatively
low nitrogen adsorption volume with a specific surface area of
24.51 m?/g and an average pore diameter of 0.74 nm, indicating
a predominance of microporous structures. In the CaO:AC (1:1)
composite, the surface area did not change significantly com-
pared to pure AC, indicating that the addition of a moderate
amount of CaO did not cover the carbon pores much, but only
adhered to the external surface of the carbon matrix [23].

In contrast, the CaO:AC (2:1) mixture had a prompt
sharp increase in adsorption volume at higher pressure
(P/Po > 0.9), around about 35 cm?/g STP, while with sig-
nificantly decreased BET surface area of 5.06 m?g and in-
creased pore diameter to 22.87 nm
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These changes in both isotherm shape and pore size in-
crease suggest that CaO impregnation not only contributes to
surface chemistry modification but also leads to substantial
pore structure alteration of AC. Although this transformation
is helpful, regarding catalytic applications in biomass gasifi-
cation processes with respect to tar reforming and water-gas
shift reactions, due to the generation of mesoporous structure
that improves the diffusion of gases along with better access
to active sites. Therefore, while the mesoporous catalyst has a
low specific surface area, its increased mesoporosity and pore
interconnection are able to enhance catalytic performance in
hydrogen gas production [24].

Fig. 4, b presents the BJH pore size distribution curves
that afford more insight into the textural evolution of palm-
fiber-based activated carbon subsequent to CaO impregna-
tion. The pristine AC shows a fairly moderate dV/dD value
and large contribution only at the larger pore diameters
(> 60 nm), suggesting its pore system is predominately mac-
ropores with very little amount of mesopores. This texture
is less suitable for gas-solid reactions since the surface area
available in the mesopore range (2-50 nm) is relatively small.

The BJH curves exhibit a dramatic transformation in terms
of their shape and intensity after loading with CaO. In the case
of CaO:AC-PF = 111, all other things being equal, the pore size
distribution is skewed towards smaller diameters and has a larg-
er contribution in said mesopore range (approx. 15-60 nm). This
behavior indicates that CaO impregnation partially reform the
carbon network, increasing volume of micropores and providing
access to blocked pores, thus creating additional mesoporosity.
Strengthening this effect is the CaO:AC-PF = 2:1, which shows
the highest dV/dD in its curve and a clearly defined maximum
located at ~30-40 nm. The pronounced peak within this range
confirms that the greater loading of CaO favors the appearance
of well-defined mesopores and suppresses the relative amount of
very large macropores.

Overall, the BJH analysis demonstrates that CaO acts not
only as a reactive sorbent but also as a textural promoter for the
palm-fiber AC. The increase in mesopore volume and the shift of
the dominant pore size toward 20-40 nm are expected to facili-
tate the diffusion of gasifying agents and tar molecules, as well
as to improve the accessibility of CaO active sites for CO, capture
and reforming reactions. These features are therefore beneficial
for enhancing the catalytic performance of the CaO/AC com-
posite in biomass gasification toward H,-rich syngas production.
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Fig. 4. Brunauer-Emmett-Teller result: a — surface analysis adsorption desorption isotherm;
b — Barrett-Joyner-Halenda adsorption pore size distribution



5.2. Effect of operating parameters on syngas com-
position and low heating value

5.2.1. Effect of equivalence ratio on syngas product

The composition of syngas from updraft gasification is
greatly influenced by the equivalence ratio (ER), which is the
ratio of the mass flow rate of air compared to the mass flow
rate of corncob in the experiment compared to the stoichi-
ometry of air required for complete combustion of corncob.
In this study, the ER used was 0.2-0.35 with the following
formula

(, /1 m

a cc )exp

ER=-—t o0
(i, /m

a < /ste
where m, - the air mass flow rate (kg/s), n1, - the corncob
mass flow rate (kg/s), exp denotes the experimental air-fuel
ratio, and stc denotes the stoichiometric air-fuel ratio.

The composition of syngas produced from corncob gas-
ification was evaluated at different equivalence ratios to de-
termine the variation in the main combustible and non-com-
bustible gas components. Changes in the equivalence ratio
significantly affected the concentrations of H,, CH4, CO,
and CO,, indicating that the air supply plays an important
role in the gasification performance and gas quality. Fig. 5
shows the syngas composition obtained at different equiva-
lence ratios.
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Fig. 5. Syngas composition with different equivalence ratio

The graph above shows that the higher the ER, the
higher the hydrogen composition produced. At ER 0.2,
the ppm is 3150 ppm, at ER 0.25 it is 3241 ppm, at ER 0.3
it is 3457 ppm, and at ER 0.35 it is 3914 ppm. A higher
oxidant supply promotes the formation of more stable
autothermal conditions and higher reaction temperatures
due to partial oxidation. This increase in temperature
accelerates hydrogen-forming reactions, particularly the
gasification of active carbon catalyst interactions with
steam (C + H,O - CO + H,), the reforming of volatile
compounds/light hydrocarbons (CxHy + H,O — CO + Hy),
and the cracking of tar/volatile into lighter gas species. At
low ER, some volatiles tend to be incompletely converted
and still have the potential to escape as condensable com-
ponents, while increasing ER increases heat availability,
making the conversion of volatiles into gas fractions (in-
cluding H,) more effective.

The higher the ER, the higher the CH, composition pro-
duced. At ER 0.2, 3093 ppm was obtained, at ER 0.25 6767
ppm, ER 0.3 6377 ppm, and ER 0.35 9221 ppm. This trend
indicates that the supply of oxidants not only increases au-

tothermal conditions and the rate of devolatilization, but
also shifts the reaction pathway towards the formation of
light hydrocarbons through hydrogenation and/or methan-
ation reactions in the reactor zone where the temperature
still supports CH, formation. In particular, increased H, at
higher ERs can promote the methanation reaction of CO
(CO + 3H, = CH,4 + H,0), so that CH, increases along with
a tendency for CO to decrease at the highest ER. In addition,
more intensive fragmentation of volatiles and tar at high ERs
has the potential to produce light gas precursors which are
then hydrogenated to CH,.

CO formation increased up to an ER of 0.3 and decreased
at an ER of 0.35. At an ER of 0.2, 5238 ppm was obtained, at
an ER of 0.25, 6999 ppm, at an ER of 0.3, 8532 ppm, and de-
creased at an ER of 0.35 to 6145 ppm. At low ER (0.20-0.25),
limited oxygen supply resulted in relatively low heat release,
so that the reaction zone temperature and char reactivity
were not sufficient to intensify CO formation reactions, es-
pecially the Boudouard reaction (C + CO, = 2CO) and char
gasification with steam (C + H,O = CO + H;). When the ER
is increased towards 0.30, the increase in autothermal heat
strengthens these reduction reactions, causing CO formation
to increase and reach its peak. However, at higher ERs (0.35),
the CO fraction tends to decrease because some CO can be
converted to CHy.

CO, formation continues to decrease as ER increases.
AtER 0.2, 5412 ppm is obtained; at ER 0.25, 4592 ppm; at
ER 0.3, 3916 ppm; and at ER 0.35, 3479 ppm. The increase in
oxidant supply at this ER does not promote complete combus-
tion, but rather strengthens the CO, reduction mechanism.
At higher ERs, the heat generated from partial oxidation in-
creases the temperature of the reduction zone, thereby accel-
erating the Boudouard reaction (C + CO, = 2CO), in which
CO, is reduced by char to CO. This mechanism is consistent
with the increase in CO until it reaches a maximum at an ER
of 0.30, while also explaining the decrease in CO, under the
same conditions. Interestingly, at an ER of 0.35, CO, remains
at its lowest level even though CO decreases, indicating that
the CO formed is not completely accumulated at the outlet
but has the potential to undergo further conversion along the
gas flow path.

5. 2. 2. Effect of catalyst loading on syngas product

The catalyst load or amount of catalyst in this study
was 4%, 6%, 8%, and 10% of the total biomass weight.
Fig. 6 shows that the composition of H, and CH,4 increases
as the catalyst load decreases. The H, gas composition
at catalyst loads of 4%, 6%, 8%, and 10% is 3742 ppm,
3471 ppm, 3372 ppm, and 3176 ppm, respectively. As
the catalyst load increases, the reaction pathways that
consume H, tend to strengthen, particularly the reverse
water-gas shift (CO, + H, - CO + H,0) and H, interac-
tions on the catalyst surface during the conversion of gas-
ification compounds. As a result, even though reforming
occurs, the measured net H, decreases because more H, is
used for CO formation and surface reactions. The CH, gas
composition at catalyst loads of 4%, 6%, 8%, and 10% was
7031 ppm, 6476 ppm, 6206 ppm, and 5746 ppm, respec-
tively. An increase in catalyst load increases the number of
active sites and gas-catalyst contact, so that methane/light
hydrocarbon cracking and reforming occur more intensely.
CH,4 then acts as a reactant that is converted into more re-
active syngas components, causing the CH4 concentration
to decrease at higher catalyst loads.
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Fig. 6. Syngas composition with catalyst load variation

The CO gas composition increases with increasing cata-
lyst load, namely for catalyst loads of 4%, 6%, 8% and 10% at
5782 ppm, 6576 ppm, 7111 ppm and 7445 ppm, respectively.
The increase in catalyst loading strengthens the CO-forming
reactions, particularly dry reforming (CH4 + CO, — 2CO +
+ 2H,), char — CO, reaction (C + CO, — 2CO), and reverse
water-gas shift. This combination shifts the product selectiv-
ity towards CO, so that the CO fraction increases consistently
as the catalyst is increased. The CO, gas composition tends to
stagnate with increasing catalyst loading, at catalyst loads of
4%, 6%, 8%, and 10% at 4322 ppm, 4510 ppm, 4198 ppm, and
4369 ppm, respectively. CO, shows minor changes because it
is in a searching for a chemical equilibrium between the par-
tial oxidation and the dry reforming. When the catalyst load
increases, the rate of CO, consumption may rise, but this is
often offset by CO, formation in the reaction zone, so that the
CO, value appears stable or only fluctuates.

5.2. 3. Effect of catalyst ratio on syngas product

At 4% catalyst load, the ratio of CaO/AC alters reaction
thermodynamics as differences in tar cracking/reforming
and CO, capture by CaO dominate the gasification reaction;
thus, the composition of bio-gas changed significantly at mass
loadings where greater amounts of active sites are available for
gas diffusion to contact with the catalytic surface. At 0:1 (AC),
CH,4 and CO are quite high as AC fosters volatile/tar cracking
but CO, remains elevated due to lack of absorption. At 1:0
(Ca0) CH, drops but the CO, is at its maximum, implying that
there is not enough carbonate layer formation/surface area
to absorb CO,. A 1:1 ratio yields maximal CO at moderate
levels of CO,, suggesting CaO-AC synergy that enhances
the conversion from volatiles to reactive gases. On the other
hand, the 2:1 (CaO-rich) ratio gives the highest H, and low-
est CO, due to sorption-enhanced CaO effect, but also high
CH,4 because of lower contribution of AC, therefore methane
reforming/cracking is still not optimal.

To explore the catalytic performance more closely, the
CaO/AC ratio effects on syngas composition were carried out
with multiple catalyst loading conditions. Through this study,
it was aimed to investigate the effect of varying proportions
of CaO and activated carbon using different catalyst loads
on yield distribution of H,, CHy, CO and CO, from corncob
gasification. Fig. 7 shows the influence of CaO/AC ratio at a
catalyst load of 4% (a), 6% (b), 8% (c) and also for 10% (d).

Since at a catalyst loading of 4% the CaO/AC ratio alters
the gasification reaction by switching between whether tar
cracking/reforming is favored or CO, captures more CaO, it
implies that under such conditions, the resultant gas compo-
sition is strongly dependent upon both number of active sites

and effectiveness of contact between the gas and catalyst. Be-
cause AC promotes cracking of tar and volatile, CH, and CO
are relatively high at 0:1 (AC); however, because no absorp-
tion occurs, the level of CO, remains high. By 1:0 (CaO), CH,4
is less abundant but CO, has reached its maximum concen-
tration, suggesting negligible capture of CO, as surface area
and a carbonate layer continues to grow. The high CO yield
and moderate CO, reflect the CaO-AC synergies present in a
1:1 ratio which translate to an elevated conversion of volatiles
into reactive gaseous products. On the other hand, due to the
sorption-enhanced CaO effect with wider pore area presence
alongside having lowest CO, for 2:1 (CaO-rich) ratio thus
highest H, but CHj is still high alongside since lesser contri-
bution from AC thus methane reform/cracking not ideal yet.

Ata catalyst loading of 6%, CaO/AC ratio produces mainly
an alteration in selectivity for secondary reactions (tar crack-
ing/reforming and CO, capture) as AC favors the conversion
of volatiles/light hydrocarbons, whilst CaO inhibits CO, via
carbonate formation (CaO + CO, —» CaCOj3) and modifies re-
action equilibrium. At 0:1, because there was no CO, capture
and methane reforming is not yet optimal, volatiles escape
as CH, while keeping high levels of CH, and CO,. And so, at
1:0 CO, goes down most but CHy is lifted to highest because
of the lack of AC cracking/reforming. Ideal (1:1) conditions
are shown where the H, is maximized and CO, is minimized,
suggesting synergies of CaO-AC leading to sorption-enhanced
reforming with increasing conversion of hydrocarbons into
components of a syngas. At 2:1, CO is maximized and CO, is
minimized, but CH, increases again (H, is still not maximally
usable since free circulating CaO has potential to rapidly car-
bonate or create contact limitations making AC a less efficient
contributor for cracking/reforming).

The ratio of CaO/AC influences loss of selectivity in the
syngas reaction at 8% loading. There is a high CH,4 (0:1 AC),
because some light hydrocarbon are not converted even if
tar cracking occurs. CO is very high at 1:0 (CaO) but CO,
can also be very high, implying this condition favors the
pathway towards CO formation along with not-so-optimal
conditions for capture of increased amount of CO, either due
to limited contact or carbonation saturation. The lowest CHy
means that the CaO-AC synergy proved to be most effective
in cracking/reforming light hydrocarbons and converting
methane to reactive gas with a 1:1 rate. At 2:1, CO increases
yet more but CH, does too; therefore, the lower AC fraction
suppresses the methane reforming/cracking activity causing
lower overall CO, concentration thus also dependent on ef-
fectiveness of CaO sorption.

At a catalyst load of 10%, the addition of total catalyst
makes secondary reactions, reforming, solid-gas hetero-
geneous reactions and equilibrium shifts very dominant,
so that product selectivity mainly depends on the ratio of
CaO/AC. At 0:1 (AC), CO formation is the highest because
porous carbon surfaces facilitate the cracking/reforming of
volatiles and tar-to-reactive-gases conversions. The CO, can
be retained by CaO via carbonation at ratios with CaO (1:0,
1:1, 2:1) but the effect is often encountered to be non-linear
towards high loads as the CaO quickly carbonates/diffusion
limits and pore blocking happen so that in conditions rich
of CaO (2:1) the CH, arguably might decrease however CO,
can elevate while H, would not be reach at full potential due
reaction competition. Overall, AC-dominant promotes CO at
10% load; CaO-dominant suppresses light hydrocarbons but
tempts non-ideal conditions (saturation/mass transport) that
destroy the benefits of H, and CO,.
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5.2. 4. Syngas low heating value

To calculate the LHV of syngas, it must first be converted
ppmy,

04

from ppm to % volume of gas. The formula is %vol, =
to calculate the LHV:

s

e ( MI )z 10.8(%H, )+12.63(%CO)+35.8(%CH, )
"\ Nm* 100

LHV H, = 10.8 MJ/Nm3,
LHV CO = 12.63 MJ/Nm?,
LHV CH, = 35.8 MJ/Nm?>.

As shown in Fig. 8, the syngas low heating value (LHV)
varies with the equivalence ratio (ER) and catalyst load.

Fig. 8 shows that the LHV value increases with the ER.
At the same catalyst load of 4%, the LHV will increase in line
with the increase in ER. ER 0.2 has the LHV of 230 kJ/kg
and ER 0.35 has the LHV of 481 kJ/kg. Higher ER produces
more intense autothermal conditions, causing the reactor
temperature to rise. This increase in temperature accelerates
the decomposition of volatiles and tar cracking, and promotes
more complete gasification and reforming reactions, thereby
increasing the fraction of permanent gases that contribute to
the calorific value, mainly CO and CHy, as well as some H,. In

addition, the increase in temperature is also associated with
more effective hydrogen formation, because H, formation
reactions (e.g., through steam-water and reforming reactions)
are generally more optimal at high temperatures, with the
temperature range often reported to be most conducive to H,
formation being 800-1000°C.
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Fig. 8. Syngas low heating value with various equivalence ratio

At ER 0.2, the highest LHV was obtained at a catalyst
load of 4% at 230 kJ/kg and continued to decrease with in-
creasing catalyst load to 197 kJ/kg at 10%. At ER 0.25, the
highest LHV was also obtained at a catalyst load of 4% at



377 kl/kg and also decreased to 341 kJ/kg at a catalyst load
of 10%. At ER 0.3, the highest LHV was obtained at a cata-
lyst load of 4% at 388 kJ/kg and also decreased at a catalyst
load of 10% to 347 kJ/kg. At ER 0.35, the highest LHV was
obtained at 481 kJ/kg and decreased at a catalyst load of 10%
to 428 kJ/kg.

However, all ER values show that LHV tends to decrease
when the catalyst load is increased from 4% to 10%. This de-
crease indicates that excessive catalyst addition under these
operating conditions does not always improve gas energy
quality, because the catalyst can shift the reaction selec-
tivity towards the conversion of high calorific components
especially CH, into CO and H, through reforming, while
at the same time the fraction of diluent gases such as CO,
(and steam) may increase due to reaction. Since CH, has a
very large calorific value contribution in the syngas mixture,
the decrease in its fraction is often more dominant than the
increase in CO/H,, so that the total LHV tends to decrease.

In energy system analysis, particularly in combustion,
gasification, and fuel gas utilization processes such as syn-
gas, the LHV value is often used because it better represents
the heat energy that can actually be utilized by the system.
The LHV value of a fuel gas is usually influenced by the com-
position of combustible gases such as carbon monoxide (CO),
hydrogen (H,), and methane (CH,). The higher the content of
these gases, the greater the LHV value produced. The LHV of
syngas from this study with variations in ER and CaO/AC-PF
ratio can be seen in Fig. 9.
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Fig. 9. Syngas low heating value with various CaO /AC ratio

Fig. 9 shows that the LHV of syngas increases consis-
tently with the increase in ER 0.2 to 0.35 for all CaO/AC
ratios, indicating that a higher ER strengthens autothermal
conditions so that the reaction temperature increases and the
conversion of volatiles into syngas becomes more complete.
At low ER (0.2), the difference in LHV between ratios is still
small because secondary reactions such as cracking, reform-
ing and heterogeneous reactions are not yet dominant; the
system is still relatively influenced by incompletely converted
volatiles. When the ER is increased to 0.25-0.30, the effect of
the catalyst ratio becomes apparent: compositions involving
AC tend to produce higher LHV because they accelerate tar
cracking and increase the fraction of calorific gas, while
the contribution of CaO can shift the reaction equilibrium
through a decrease in CO,. At the highest ER (0.35), the LHV
reaches its maximum at all ratios, with CaO/AC 2:1 and 0:1
showing peak values, indicating that at high temperatures,
the reactive gas formation pathway (via cracking/reforming
on the carbon surface and/or CaO-rich-promoted hetero-

geneous reactions) becomes dominant. Overall, ER acts as
the main controlling factor for LHV increase through the
temperature effect, while the CaO/AC ratio modulates LHV
through the balance between cracking/reforming (AC) and
CO, control (Ca0), especially at medium-high ER.

6. Discussion on the catalytic effect of AC-PF/Ca0O and
operating conditions on syngas composition and LHV

The interaction of the CaO-AC-PF catalyst to improve
syngas quality can be seen from the characterization of
the catalyst, the composition of the syngas and the LHV
produced. From the scanning electron microscopy results
in Fig.2, it can be seen that the CaO:AC-PF;2:1 cata-
lyst (Fig. 2, ¢) appears denser than the other catalysts. With
the addition of CaO, CaO particle dispersion can be seen on
the white carbon surface, indicating that some micro pores
are closed by CaO. With the addition of CaO, a lot of CO,
is absorbed and becomes CaCOs. This porous structure is
very important in top-flow gasification because pyrolysis
gas and volatiles move through the layer, so the presence of
a porous medium has the potential to strengthen secondary
reactions and act as carbon capture before the gas exits to the
condenser.

The interaction of the CaO-AC-PF catalyst in improving
syngas quality can be observed from the catalyst character-
ization, syngas composition, and the resulting LHV. Based
on the SEM results shown in Fig. 2, the CaO:AC-PF = 2:1
catalyst (Fig.2,c) appears denser than the other catalyst
formulations, indicating that CaO particles were dispersed
on the carbon surface and may have partially blocked some
of the smaller pores. This interpretation is reasonable because
CaO-based materials are widely known to act as high-tempera-
ture CO, sorbents, and their carbonation proceeds through
the formation of CaCO;. During gasification, such sorption
behavior can reduce CO, concentration and influence gas
quality. In addition, porous carbonaceous media are known
to promote tar cracking and secondary gas-phase reactions
when volatile products pass through a hot solid bed. This is
particularly relevant in fixed-bed gasification, where reactor
design and the interaction between volatiles, char, and cata-
lyst strongly affect tar conversion and gasification efficiency.
Therefore, the porous structure of AC-PF, together with the
CO,-capturing role of CaO, may contribute to syngas upgrad-
ing before the gas exits the reactor system.

From a surface chemistry perspective, Fourier transform
infrared spectroscopy (FTIR) shows the presence of -OH and
calcium carbonate groups, as shown in Fig. 3. This is due to
the results of KOH impregnation carried out during the man-
ufacture of AC-PF. The presence of -OH groups functions as
polar active sites capable of adsorbing polar molecules such
as H,0, CO,, and volatile compounds. Surfaces with -OH
groups tend to be hydrophilic and reactive, thereby enhanc-
ing interactions with tar compounds or heavy hydrocarbons.
These tar compounds can then undergo thermal cracking or
catalytic reforming into light gases such as H,, CO, and CHy.
In addition to -OH, there are also O-H and C-O groups. The
O-H group has characteristics that are almost the same as
the -OH group, while the C-O group plays a role in enhancing
the redox properties and chemical interactions between the
carbon surface and gas molecules. In the gasification process,
the C-O group can be part of the partial oxidation mechanism
and carbon gasification reaction, which produces CO [25].



From a surface chemistry perspective, the Fourier trans-
form infrared spectroscopy (FTIR) results indicate the pres-
ence of O-H, C-0O, and carbonate-related groups, as shown
in Fig. 3. The appearance of oxygen-containing functional
groups is consistent with the use of KOH during the prepa-
ration of AC-PF, since KOH activation is known to modify
the surface chemistry of activated carbon and promote the
formation of oxygenated groups. O-H-containing groups can
act as polar active sites that enhance the interaction of the
carbon surface with polar molecules such as H,0, CO,, and
oxygenated volatile compounds. Such surface functionality
may also facilitate the adsorption of tar-related species and
support their further conversion through thermal cracking
or reforming into lighter gases. In addition to O-H groups,
the presence of C-O groups suggests that the carbon surface
retains oxygen-containing functionalities that may contrib-
ute to surface reactivity and gas-solid interactions. During
gasification, these surface groups may participate indirectly
in oxidation-reduction interactions at the carbon surface and
support the formation of combustible gases such as CO. The
carbonate-related bands may also indicate the presence of
calcium-containing carbonate species, which is consistent
with the CO,-capturing function of CaO during the gasifica-
tion process.

The BET data in Fig.4 shows that the surface area
decreased to 5.06 m?/g, but the pore diameter increased
to a mesopore scale of 22.87 nm, which can improve the
accessibility of volatiles to active sites and improve mass
transport in the reforming reaction. In Fig. 4, b, the BJH
curve at CaO:AC-PF = 2:1 shows the highest dV/dD values
of 30-40 nm, indicating a catalyst in the mesopore size
range. The presence of these mesopores will further increase
the active sites for CO, adsorption.

The BET results presented in Fig. 4 show that the specific
surface area decreased to 5.06 m?/g, while the average pore
diameter increased to 22.87 nm, corresponding to the meso-
pore range. This change suggests that, although the surface
area became lower, the larger pore structure may improve the
accessibility of volatile compounds to active sites and enhance
mass transport during reforming reactions. In Fig. 4, b, the
BJH pore size distribution of the CaO:AC-PF = 2:1 catalyst
shows the highest dV/dD values in the pore diameter range
of 30-40 nm, confirming the dominance of mesopores in this
catalyst. The presence of these mesopores may facilitate gas
diffusion and improve contact between gaseous species and
the catalyst surface, which can contribute to CO, adsorption
and syngas upgrading during gasification.

From a process perspective, in Fig. 5, ER appears as the
dominant variable that regulates autothermal conditions,
primarily through an increase in effective temperature and
secondary reaction intensity. An increase in ER from low
to high levels consistently increases H,, which can be ex-
plained by the acceleration of H, formation reactions such as
charcoal gasification with steam (C + H,O — CO + H,) [26],
light hydrocarbon reforming, and more intense tar cracking
at high temperatures. At the same time, CH, also increases
sharply at high ER, indicating that in an autothermal upflow
system, increased temperature and changes in gas composi-
tion can facilitate the formation of light gases. Meanwhile,
CO tends to peak at moderate ER and then decreases at
high ER, consistent with competition between CO formation
and CO consumption through subsequent reactions such as
methanation [27]. The decrease in CO; at high ER indicates
the role of high temperatures in enhancing the reduction of

CO, by charcoal (Boudouard reaction) and/or the role of CaO
adsorption if available.

The effect of catalyst loading in Fig. 6 shows that adding
catalyst does not always increase H,. Increasing the catalyst
loading from low to high tends to reduce H, and CH,4 but
increase CO. Mechanistically, this condition can occur when
the catalyst strengthens pathways that increase CO and/or
promotes RWGS (CO, + H, - CO + H,0) [28], which con-
sumes H, so that net H, is reduced. Furthermore, at high
catalyst loadings, the possibility of diffusion/aggregation
penalties increases, so that selectivity may shift and some
active sites become less effective. Therefore, the target of H,-
rich synthesis gas in this reactor is more dependent on ER ad-
justment and the selection of moderate/low catalyst loadings,
rather than simply increasing the loading.

The CaO/AC-PF ratio in Fig. 7 shows synergistic but
non-linear behavior. AC-PF plays a major role as a porous
medium that enhances the cracking/reforming process of
volatile compounds, while CaO provides a basic site and CO,
absorber to shift the equilibrium. At high CaO ratios, sorp-
tion and base effects may increase, but the risk of micro-pore
closure and diffusion pathway changes also increases. This
explains why certain compositions are optimal at certain
catalyst loads: the best performance arises from a balance be-
tween pore accessibility (the role of AC-PF) and sorption/base
strength (the role of CaO).

From an energy quality perspective in Fig. 8, 9, the LHV
value of synthetic gas is highly sensitive to changes in CHy.
Therefore, high ER conditions that increase CH, tend to
increase LHV. H,, CH,; and CO are the main factors for ob-
taining high LHV. CO, has no calorific value so it must be
captured. In this study, CaO was used so that CO, could be
suppressed, meaning that the total LHV could be increased.
The highest LHV in this study was 481 kJ/kg, while in
another study, the highest was 550 kJ/kg using pinewood
with dolomite, activated carbon, silica gel, and limestone
catalysts [29]. The higher the ER, the more oxygen enters the
system, thereby increasing the reforming reaction [30].

In comparison with the literature reviewed in this study,
the present study demonstrates a comparable qualitative
trend, particularly in showing that catalyst-assisted updraft
gasification can improve syngas composition and energy
quality. For example, previous studies reported that dolo-
mite-assisted rice husk gasification increased H, content
up to 15.4 mol% with an LHV of 5.1 MJ/Nm?, while other
updraft gasification systems with catalytic enhancement
also showed improved hydrogen-rich syngas production
and higher heating values. In the present study, the high-
est syngas LHV reached 481 kJ/kg under the investigated
conditions, indicating that the CaO/AC-PF catalyst system
was effective in improving gas quality, although the absolute
value remains influenced by the use of corncob feedstock,
the small-scale reactor design, and the sensor-based gas mea-
surement approach. Therefore, the present results support
the view that the combined CaO/AC-PF catalyst is a promis-
ing low-cost alternative for syngas upgrading, particularly for
agricultural biomass gasification in simple updraft systems.

In practical terms, the present study is relevant to the
development of low-cost biomass gasification systems that
can utilize locally available agricultural residues and catalyst
materials. Corncob is a commonly available agricultural
by-product; while CaO and activated carbon are obtained
from palm-fiber waste, which can be sourced at relatively
low-cost. Thus, the suggested catalyst system may have prac-



tical application in small-scale updraft gasifiers operating on
agricultural residues where low-cost waste-to-energy tech-
nologies are needed. The syngas generated from that sort of
systems may be used straight like a combustible gas for ther-
mal functions, akin to drying or heating or in energy genera-
tion on a small scale; Its potential as an intermediate gas for
additional upgrading/conversion into different value-added
vitality and chemical substances is notable.

There are some limitations in this study. First, the gas
written is based on ppm taken from an MQ sensor, thus, there
could be a minor effect (relative accuracy) by cross-sensitivity
and limitations of the humidity in addition to possible drift
and temperature during gas capture; one entry point that
can influence the %vol estimation and consequently affect
LHYV calculation whenever variations in CO and CH, occurs
homogeneously. Second, the catalyst characterization (SEM-
FTIR-BET) confirms the importance of surface structure and
composition, but has not quantified alterations in the active
phase under reaction conditions, extent of carbonation and
gradual loss of activity due to pore blocking build-up.

The drawback of this study is that CaO catalyst is quite
reactive with CO,. Calcium oxide [CaO] (obtained from the
calcination process) has to be kept in a closed space so that it
does not form calcium carbonate CaCOj3. Because the catalyst
is covered with tar or ash, it has a limited lifetime.

Hence, some future directions are suggested based on
these limitations. It is better to use GC-TCD/GC-FID to
calibrate the gas composition so that it is possible to report
the sensor readings as more accurate %vol include LHV un-
certainty analysis. Catalyst stability and possibility for regen-
eration, particularly with respect to the highly carbonatable
CaO species, can be evaluated using carbonation-calcination
cycle tests combined with post-reaction characterization
(XRD/TGA/SEM-EDX) to assess phase alterations and loss
of activity. Design experiments directed at ANOVA or RSM
interactions such that interaction effects can be obtained
and predictive models confirmed by replication confirma-
tion tests. Include process performance metrics such as gas
yield (Nm3/kg), cold gas efficiency, pressure drop and air
consumption so that syngas quality improvement can be
shown on the basis of mass-energy balance and operability
and not only composition.

7. Conclusion

1. The current study indicated that the CaO/AC-PF cat-
alyst system can significantly enhance syngas quality for
corncob updraft gasification. Characterization of the cata-
lyst using SEM, FTIR and BET revealed that the resulting
combined catalyst possessed altered surface morphology,
oxygen-functional groups, carbonate counterpart species
and meso-porous traits; CaO:AC-PF = 2:1 boasted a specific
area of 5.06 m?/g and pore average diameter 22.87 nm. These
properties suggest that changes in the catalyst structure
occurred, which might aid gas-solid interaction during gas-
ification.

2. Equivalence ratio, catalyst loading, and CaO/AC ratio
affected syngas composition and heating value in the gasifi-
cation experiments. From ER 0.20 to 0.35, the H, concentra-
tion increased from 3150 to 3914 ppm; the CH, concentration
increased from 3093 to 9221 ppm and the syngas LHV was
elevated from 230 to 481 kJ/Nm?. For catalyst loading, by
enhancing the loading from 4 wt. % to 10 wt. With 30%

for H,, CH, was reduced from 3742 to 3176 ppm and 7031
to 5746 ppm, while CO increased (5783 to7445 ppm). These
findings suggest that the quality of syngas was influenced by
competition between catalytic activity, pore accessibility and
behavior concerning sorption of CO,.
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