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ABSTRACT

Carbon dioxide (CO2) capture is increasingly important for mitigating greenhouse gas emissions and reducing en-
vironmental impacts associated with fossil fuel utilization. Although palm oil mill boiler ash has been extensively
studied for heavy metal adsorption, its application as a CO: adsorbent remains limited. Meanwhile, the accumula-
tion of boiler ash waste presents a major environmental challenge for the palm oil industry due to the increasing
volume of solid waste generated annually. Therefore, this study investigates the potential utilization of palm oil
mill boiler ash as a sustainable silica-based adsorbent for CO: capture. The study involved silica synthesis, KOH
impregnation, and CO: adsorption evaluation. The effects of citric acid concentration (1-5 wt.%), KOH concentra-
tion (1-5 M), and impregnation temperature (60—90 °C) on the physicochemical properties and adsorption per-
formance of the adsorbent were systematically investigated. The synthesized materials were characterized using
SEM-EDX, FTIR, BET, and XRD analyses to evaluate their morphology, elemental composition, pore structure,
and crystallinity. The results showed that silica synthesized using 4% citric acid achieved the highest silica purity
of 95.6%, with crystalline phases dominated by cristobalite and tridymite structures. Subsequent impregnation
with 5 M KOH significantly enhanced the adsorption performance, resulting in a maximum CO: adsorption capac-
ity of 144.8 mg/g at an impregnation temperature of 80 °C. Kinetic analysis revealed that the adsorption process
followed a pseudo-second-order model, indicating that chemisorption was the dominant adsorption mechanism.
Palm oil mill boiler ash-derived silica adsorbents possess promising potential as sustainable and low-cost materials
for CO: capture applications.

Keyword: carbon-dioxide capture, impregnation, palm oil boiler ash, potassium adsorbent, silica.

INTRODUCTION

Rapid industrialization and sustained popula-
tion growth have been key drivers of economic
development over recent decades, but they have
also intensified environmental pressures, particu-
larly through the continuous rise in atmospheric
carbon dioxide (CO2) emissions. In Indonesia, the
energy and forestry sectors represent the largest
sources of greenhouse gas emissions, primarily
due to fossil fuel combustion, deforestation, and
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land-use change. The increasing reliance on coal
and petroleum-based fuels to support industrial
production, electricity generation, and transporta-
tion has substantially amplified the national car-
bon footprint. This trend is further exacerbated by
rising per capita income and population growth,
which continue to stimulate energy consumption
and transportation demand. Similar emission tra-
jectories have been reported in several rapidly
developing Asian economies, including China,
India, the Republic of Korea, Malaysia, Pakistan,
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Sri Lanka, and Thailand. Long-term projections
indicate that Indonesia’s CO: emissions will con-
tinue to increase through 2050, with coal remain-
ing the dominant contributor due to its extensive
utilization in power generation, particularly on
Java Island (Cahyono et al., 2022).

Globally, the combustion of fossil fuels, in-
cluding coal, oil, and natural gas, accounts for
nearly 45% of anthropogenic CO: emissions
(Sattari et al., 2021; Sathishkumar & Prakash,
2026). The continued expansion of fossil fuel
consumption has resulted in unprecedented at-
mospheric CO: accumulation, leading to de-
teriorating air quality, intensified greenhouse
effects, and accelerated climate change. Conse-
quently, mitigating CO: emissions has become
one of the most critical environmental priori-
ties, given its dominant role in global warming
and long-term climate instability (Dziejarski et
al., 2023; Putri et al., 2026).

Recognizing the urgency of this challenge,
the Intergovernmental Panel on Climate Change
(IPCC) has emphasized the need for immediate
and substantial emission reduction measures.
According to the IPCC 2022 assessment report,
global greenhouse gas emissions must peak be-
fore 2025 and decline by approximately 43% by
2030 to limit severe climate impacts. Failure to
achieve these targets could result in an increase
in global average temperature of up to 3.2 °C and
atmospheric CO: concentrations approaching 570
ppm by the end of the century (Gunawardene et
al., 2022). In response, considerable efforts have
been directed toward the development of low-
carbon technologies, including renewable energy
systems, biofuels, and gasification processes.
Nevertheless, carbon capture and storage (CCS)
has emerged as one of the most promising and
strategically important technologies due to its
ability to directly mitigate CO2 emissions from
large-scale industrial and energy-related sources
(Ajiz et al., 2025; Francy et al., 2025).

Carbon capture and storage (CCS) has
emerged as a key mitigation technology for
reducing anthropogenic CO2 emissions by en-
abling the capture and long-term sequestration
of carbon from large-scale industrial and ener-
gy-intensive processes. Despite its considerable
potential, several technical challenges continue
to limit its widespread implementation. One no-
table issue is the formation and accumulation
of solid CO2 on heat exchanger surfaces dur-
ing the capture cycle, which can impair heat

transfer performance and consequently reduce
overall process efficiency (Sattari et al., 2021;
Kupgan et al., 2018). To address these limita-
tions, adsorption-based CO: capture has attract-
ed increasing attention owing to its operational
simplicity, energy efficiency, and favorable
mass transfer characteristics. The high surface
area, well-developed pore structure, and low
diffusion resistance of porous solid adsorbents
facilitate rapid CO- transport and adsorption,
thereby enhancing capture performance. In ad-
dition, solid adsorbents exhibit superior chemi-
cal and thermal stability and are generally less
prone to corrosion than conventional liquid ab-
sorbents, making them particularly attractive
for long-term industrial applications (Penchah
et al., 2020). Consequently, substantial research
efforts have been devoted to the development of
advanced adsorbent materials, including metal—
organic frameworks (MOFs), zeolites, alkali-
based sorbents such as K.COs, and activated
carbon, all of which have demonstrated consid-
erable potential for improving CO- adsorption
capacity and selectivity (Hui et al., 2025; Dias
etal., 2026; Cho et al., 2026).

Palm oil mill boiler ash, a by-product gener-
ated from the combustion of palm kernel shells
and fibers, has attracted increasing attention as
a low-cost precursor for adsorbent development
due to its high silica (SiO2) and alumina (Al.Os)
contents. These oxides provide abundant surface
hydroxyl groups (Si—-OH and AI-OH) and porous
structures that can serve as active sites for gas ad-
sorption and subsequent surface functionalization.
However, the direct utilization of raw palm oil
mill boiler ash is often hindered by the presence of
inorganic impurities, including metal oxides and
mineral residues, which can block pore structures,
reduce accessible surface area, and limit the avail-
ability of active adsorption sites. Therefore, an ef-
fective purification step is essential to enhance the
physicochemical properties of the material prior
to its application as a CO- adsorbent.

Among various purification agents, citric acid
offers several advantages due to its environmen-
tally benign nature, biodegradability, and strong
metal-chelating capability. The treatment with
citric acid facilitates the removal of undesirable
metallic impurities while preserving the silica-
rich framework, thereby exposing a greater num-
ber of silanol groups and improving pore acces-
sibility. According to Manurung et al. (2023), the
use of citric acid as a purification agent achieved
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a silica recovery yield of 95.9%, demonstrating
its effectiveness in removing impurities while
preserving the silica-rich structure. Nevertheless,
although purification can improve surface clean-
liness and porosity, the intrinsic affinity of sili-
ca-rich materials toward CO: remains relatively
limited because of the weak interaction between
the adsorbent surface and acidic CO2 molecules.
To overcome this limitation, alkaline impregna-
tion using potassium hydroxide (KOH) has been
widely recognized as an effective surface modi-
fication strategy. KOH is frequently selected be-
cause of its ability to generate a more reactive
surface and a more open pore structure, particu-
larly in silicate-based systems. The interaction
between KOH and silica-rich materials promotes
pore development, increases specific surface area,
and introduces additional basic sites that enhance
the adsorption of acidic CO2 molecules through
acid-base interactions. Furthermore, the incor-
poration of potassium-containing species on the
adsorbent surface can improve CO: affinity and
adsorption capacity, making the material more
suitable for carbon capture applications (Tumur-
baatar et al., 2023).

Although several studies have investigated
the use of industrial by-products and porous ma-
terials for CO: capture, significant research gaps
remain. Misran et al. (2019) evaluated coal ash
as a CO: adsorbent, while Sylvia et al. (2021)
reported a relatively low adsorption capacity
of only 0.35 mg g for untreated palm oil mill
boiler ash. Other studies have focused on com-
mercial adsorbents, such as zeolite SA (Boon-
chuay and Worathanakul, 2022) and activated
carbon (Mohammad et al., 2020), which gener-
ally exhibit superior adsorption performance but
often require costly raw materials and energy-
intensive preparation processes. Based on the
available literature, systematic investigations
on the combined effects of citric acid purifica-
tion and KOH impregnation on silica-rich palm
oil mill boiler ash for CO: adsorption remain
scarce. Therefore, this study aims to develop a
value-added CO: adsorbent from palm oil mill
boiler ash through sequential purification and
alkaline impregnation treatments. The proposed
approach is expected not only to enhance the
physicochemical properties and adsorption per-
formance of the material but also to provide a
sustainable pathway for the valorization of palm
oil industry waste while contributing to carbon
emission mitigation.
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MATERIAL AND METHODS

Material

The palm oil boiler ash used in this study
was sourced from a mill located in Deli Serdang,
North Sumatra, Indonesia. This ash is a by-prod-
uct of the combustion of oil palm mesocarp fiber
at temperatures ranging from 700 to 800°C. It
consists primarily of a fine powder with particle
sizes not exceeding 0.074 mm. For the experi-
mental procedures, analytical-grade citric acid
(Merck), KOH pellets (99 wt%, Merck), deion-
ized water, distilled water, and high-purity CO:
(99.995%) were utilized.

Method

Silica synthesis

A schematic illustration of the research meth-
odology is presented in Figure 1. Citric acid so-
lutions with concentrations ranging from 1-5%
were prepared by dissolving citric acid in distilled
water. Subsequently, 20 g of palm oil boiler ash
was added to 500 mL of the prepared solution and
stirred using a magnetic stirrer at 70 °C for 60
min. The resulting mixture was then washed thor-
oughly with distilled water to remove residual
acid and subsequently filtered. The obtained solid
was oven-dried at 60 °C for 60 min, followed
by calcination at 700 °C for 3 h to obtain puri-
fied silica (Si0O:). The morphology and elemental
composition of the synthesized silica were char-
acterized using Scanning Electron Microscopy

Palm o1l boiler ash

@ Purification
using citric acid

Silica

Vs

Silica-potassium
adsorbent

CO:
adsorption

CO:-loaded silica—potassium
adsorbent

KOH
impregnation

Figure 1. Schematic CO, adsorption using silica-
potassium adsorbent
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coupled with Energy-Dispersive X-ray spectros-
copy (SEM-EDX) and X-ray Diffraction (XRD).

Synthesis of silica-potassium adsorbent

Potassium hydroxide (KOH) solutions with
concentrations ranging from 1-5 M were pre-
pared in distilled water. Purified silica derived
from palm oil ash was subsequently added to the
KOH solution at a ratio of 20 g per 1000 mL. The
mixture was stirred under reflux conditions at
temperatures between 50 and 90 °C for 4 h to fa-
cilitate the impregnation process. After impregna-
tion, the suspension was filtered and oven-dried
prior to calcination at 700 °C for 3 h. The result-
ing silica—potassium adsorbent was characterized
using Scanning Electron Microscopy—Energy
Dispersive X-ray spectroscopy (SEM-EDX) and
Fourier Transform Infrared Spectroscopy (FTIR)
to evaluate its surface morphology, elemental
composition, and functional groups. The silica—
potassium adsorbent exhibiting the best adsorp-
tion performance was selected for Brunauer—Em-
mett—Teller (BET) analysis to evaluate its specific
surface area and pore properties.

Adsorbent characterization

The synthesized silica and silica—potassium
adsorbent were comprehensively characterized
using several analytical techniques. Surface mor-
phology and elemental composition were evalu-
ated using a Hitachi S-3400N Scanning Electron
Microscope coupled with Energy-Dispersive X-
ray spectroscopy (SEM—-EDX). The crystalline
phases of the adsorbent were identified using an
Aeris Benchtop X-ray Diffraction (XRD) instru-
ment. Functional group analysis was performed

using Fourier Transform Infrared Spectroscopy
(FTIR, Nicolet iS5, Thermo Scientific) over a
wavenumber range of 4004000 cm™. Further-
more, the specific surface area and pore proper-
ties of the adsorbent were determined based on
the Brunauer—Emmett—Teller (BET) method us-
ing a Micromeritics ASAP 2020 V4.02 analyzer.

CO; adsorption

The adsorption experiment was initiated by
accurately weighing the adsorbent sample before
introducing it into a stainless-steel adsorption col-
umn (8 cm outer diameter and 20 cm height). In
the first stage (vacuuming process), both the ad-
sorption and reference columns were evacuated
to the desired vacuum pressure to remove residu-
al gases and moisture from the system. After the
evacuation process, the inlet valve of the adsorp-
tion column was closed, and the initial pressures
of both columns were recorded (presented in Fig-
ure 2 and Table 1).

In the second stage (gas filling process), the
reference column was pressurized with CO: gas
to 500 kPa, followed by closure of the inlet valve
to maintain a constant pressure condition. Subse-
quently, in the third stage (adsorption process),
the valve connecting the reference column to the
adsorption column was opened to initiate CO2
adsorption, while pressure variations were moni-
tored at 10 s intervals. Pressure data were contin-
uously recorded until adsorption equilibrium was
achieved, as indicated by five consecutive stable
pressure readings.

Upon completion of the adsorption process,
the remaining gas was safely released through
the outlet valve. The adsorbent was then removed

Reference
cylinder

. J N

Gas cylinder

Vacuum pump

Adsorption
column

Figure 2. CO, adsorption experiment set up
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Table 1. The conditions for each operating procedure

Procedure \2 vV, V, Additional operation Stop condition

Vacuuming Close Open Open Vacuum pump was turned on Duration reached 15 min

Gas filling Open Close Close CO, was released T, pressure reached 500 kPa

Adsorption Close Open Close Pressure and temperature were Data did not change for 5 consecutive
recorded every 10 second records

from the column, and its final mass was measured
and recorded for subsequent adsorption capacity
analysis.

RESULT AND DISCUSSION

Elemental composition analysis

In this study, silica was synthesized from
palm oil boiler ash using citric acid solutions with
concentrations ranging from 1-5%. The influence
of citric acid concentration on the elemental com-
position of the synthesized silica was evaluated
using Energy Dispersive X-ray (EDX) analysis.
The results are presented in Table 2.

The EDX results demonstrate that citric acid
concentration significantly influences the purity
and elemental composition of the synthesized
silica. Silicon (Si) was identified as the dominant
element in all samples, indicating the successful
extraction and purification of silica from palm oil
boiler ash. The Si content increased progressively
with increasing citric acid concentration, reach-
ing a maximum value of 95.6% at 4 % citric acid,
before slightly decreasing to 94.6% at 5%. This
trend suggests that citric acid effectively removed
inorganic impurities and enriched the silica con-
tent of the material. The enhanced silica purity
can be attributed to the chelating ability of citric
acid, which promotes the dissolution and removal
of metallic impurities from the ash matrix (Um-
eda & Kondoh, 2010).

In contrast, magnesium (Mg) and calcium
(Ca) were detected as residual impurities origi-
nating from the combustion ash. The concentra-
tions of these elements generally decreased after

citric acid treatment, indicating that the purifica-
tion process successfully reduced the presence
of metal oxides and mineral residues. Citric acid
acts as a complexing agent capable of forming
stable chelate complexes with divalent metal ions
such as Mg*" and Ca*, facilitating their removal
during the washing and filtration stages (Ward-
hani et al., 2017). However, fluctuations in Mg
and Ca concentrations were observed at higher
acid concentrations. For example, the Mg content
decreased from 1.3% at 1% citric acid to 0.7% at
2%, but subsequently increased to 1.8% at 5 %.
Similarly, the Ca concentration decreased from
5.1% to 1.9% at 4% citric acid before increasing
again at 5 %.

These fluctuations may be associated with
re-adsorption or re-precipitation of dissolved
metal species onto the silica surface at excessive
acid concentrations. In addition, overly aggres-
sive acid treatment may partially alter the silica
framework, thereby affect the stability of the po-
rous structure and promote the retention of resid-
ual metal species (Fouda-Mbanga et al., 2024; de
Castro-Alves et al., 2024). The presence of CaO
and MgO impurities is undesirable because these
compounds can block pore channels, reduce spe-
cific surface area, and negatively affect adsorption
performance. Furthermore, Mg species may react
with silica to form magnesium silicate phases,
which can reduce silica purity and interfere with
the formation of an amorphous silica structure fa-
vorable for adsorption applications.

As illustrated in Figure 3, the increase in Si
content observed at moderate citric acid concen-
trations indicates that the purification process en-
hanced the accessibility of silica-rich phases by
removing associated impurities. However, the

Table 2. Elemental composition of silica synthesized using different citric acid concentrations

Compound 1% 2% 3% 4% 5%
Mg 1.3 0.7 1.3 1.2 1.8

Si 93.4 93.3 94.0 95.6 94.6

Ca 5.1 2.6 3.0 1.9 25
Others 0.2 34 1.7 1.3 1.1
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Figure 3. Effect of citric acid concentration on the elemental composition and purity of synthesized silica

slight decline in Si content at 5 % citric acid sug-
gests that excessive acid concentration may in-
duce partial dissolution of the Si—~O—-Si network,
resulting in structural degradation of the silica
framework (Li et al., 2025). Therefore, the bal-
ance between impurity removal and silica struc-
tural stability plays a critical role in determining
the optimal purification condition.

Overall, the results indicate that 4% citric
acid produced the highest silica purity with the
lowest residual impurity content, suggesting
that this concentration represents the optimum
purification condition for silica synthesis from
palm oil boiler ash. Consequently, the silica
obtained under this condition was selected for
subsequent KOH impregnation and further CO2
adsorption studies

Silica synthesized from palm oil boiler ash
exhibited the highest silica purity at a citric acid
concentration of 4 wt.%, achieving a Si content
of 95.67%. The purified silica was subsequently
subjected to potassium hydroxide (KOH) impreg-
nation to enhance the adsorption performance
of the adsorbent by increasing surface basicity
and active adsorption sites. KOH impregnation
was carried out using five different concentra-
tions, namely 1, 2, 3, 4, and 5 M. The elemen-
tal composition of the resulting silica—potassium

adsorbents, particularly the K.O content, was
analyzed using Energy Dispersive X-ray (EDX)
spectroscopy. The compound compositions of the
adsorbents obtained at different KOH concentra-
tions are presented in Table 3.

The EDX analysis demonstrated that KOH
impregnation significantly influenced the elemen-
tal composition and structural characteristics of
the silica-based adsorbent. The major compo-
nents detected in the adsorbent included SiO-,
K20, MgO, CaO, and Al.Os, whose concentra-
tions varied considerably with increasing KOH
concentration. Among all samples, the high-
est SiO:2 content (86.43%) was obtained at 2 M
KOH, indicating that moderate alkaline treatment
effectively enhanced silica purity while preserv-
ing the integrity of the silica framework. At this
concentration, KOH promoted surface activation
and impurity removal without causing substantial
degradation of the siloxane network. However,
further increases in KOH concentration result-
ed in a sharp decline in SiO: content, reaching
36.56% at 5 M KOH. This behavior suggests that
excessive alkaline conditions induced partial dis-
solution of the silica structure through cleavage
of Si—O-Si bonds, thereby destabilizing the pore
framework and reducing silica stability (Umeda
and Kondoh, 2010).

Table 3. Analysis of compound in the adsorbent at various KOH concentrations

KOH concentration
Compound (%)
1™ 2M 3M 4M 5M
SiO, 58.614 86.434 62.978 38.848 36.559
MgO 5.862 1.857 3.822 2.802 3.689
K,O 14.347 11.004 14.100 35.132 43.414
CaO 12.229 2.148 6.982 3.407 4477
ALO, 1.304 1.323 1.096 7.265 1.228
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In contrast, the K-O content increased pro-
gressively with increasing KOH concentration,
reaching a maximum value of 43.41% at 5 M
KOH. The incorporation of potassium species
into the silica framework enhances surface basic-
ity and increases the number of active adsorption
sites available for CO: capture. Potassium-con-
taining species can facilitate stronger interactions
between the adsorbent surface and acidic CO-
molecules through chemisorption mechanisms
involving carbonate formation (Zunigal et al.,
2016). Furthermore, alkaline impregnation may
improve pore accessibility and gas diffusion by
modifying the pore structure of the adsorbent
(Fouda-Mbanga et al., 2024). Nevertheless, ex-
cessive KOH loading may simultaneously induce
over-activation, resulting in structural deteriora-
tion, partial pore collapse, and loss of structural
order within the silica matrix. Similar observa-
tions were reported by Oginni et al. (2019), who
found that excessive alkaline activation can nega-
tively affect adsorption performance due to se-
vere framework degradation.

The concentrations of MgO, CaO, and Al.Os
also exhibited fluctuating trends with increasing
KOH concentration. The gradual reduction in
MgO and CaO contents suggests partial dissolu-
tion and migration of metal species under highly
alkaline conditions, while the decrease in Al-O3

indicates hydrolysis of aluminosilicate structures
caused by hydroxide attack on Al-O-Si bonds,
which are less stable than Si—-O-Si linkages (Ma-
nurung et al., 2023). Overall, these findings indi-
cate that KOH impregnation exerts a dual effect
on the adsorbent structure by enhancing surface
basicity and potassium incorporation while si-
multaneously risking structural degradation at
excessive concentrations. Therefore, optimiza-
tion of KOH concentration is essential to balance
the beneficial increase in active basic sites with
the preservation of silica structural integrity, ulti-
mately maximizing CO: adsorption performance.

Morphological and structural
characterization

The surface morphology of silica synthesized
using different citric acid concentrations was
analyzed using Scanning Electron Microscopy
(SEM), as shown in Figure 4. In general, all sam-
ples exhibited irregular spherical particles with
rough and heterogeneous surfaces, indicating the
formation of porous silica structures during cal-
cination and acid purification. Similar morpholo-
gies have also been reported by Pa et al. (2016)
and Manurung et al. (2023).

At lower citric acid concentrations (1-2%),
the silica surfaces appeared rough and compact

Figure 4. Morphology of silica at different citric acid concentrations: (a) 1%, (b) 2%, (c) 3%, (d) 4%, and (e) 5%
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with visible agglomerated impurities, suggesting
incomplete removal of inorganic compounds such
as Ca and Mg oxides. Limited pore development
was also observed, indicating restricted accessi-
bility of the internal structure. Increasing the cit-
ric acid concentration to 3—4% resulted in cleaner
and more homogeneous surfaces with more vis-
ible pores and cavities, indicating more effective
impurity removal through the chelating action of
citric acid. Among all samples, silica treated with
4% citric acid showed the most uniform morphol-
ogy and pore distribution, consistent with the
EDX results that indicated the highest Si purity
(95.6%) and lowest Ca content. However, at 5%
citric acid, slight surface deterioration and irregu-
lar deposits reappeared, suggesting excessive acid
attack on the silica framework. This condition may
cause partial dissolution of Si—O—Si bonds and re-
precipitation of dissolved metal species, leading to
reduced structural stability.

Overall, the SEM results demonstrate that
citric acid concentration strongly affects the mor-
phology and surface characteristics of silica syn-
thesized from palm oil boiler ash. The 4% citric
acid treatment produced the most favorable mor-
phology with cleaner surfaces, better pore acces-
sibility, and minimal structural damage, making
it suitable for subsequent KOH impregnation and
CO: adsorption applications.

Figure 5 presents the XRD analysis results
of silica synthesized using a 4% citric acid con-
centration. The XRD pattern of the synthesized
silica-based adsorbent reveals several diffraction
peaks corresponding to crystalline silica phases.
A prominent diffraction peak observed at approxi-
mately 20 =21-22° and 26° indicates the presence
of cristobalite and tridymite silica phases, con-
firming the crystalline nature of the synthesized
material. Additional diffraction peaks detected
around 20 = 31°, 36°, and 48° further support the
existence of silica-related crystalline structures

within the adsorbent matrix. The broadening of
several peaks and the elevated background in-
tensity suggest that the material also contains a
partially amorphous silica phase, which is com-
monly observed in silica derived from biomass
ash. These findings are consistent with the study
reported by Pa et al. (2016), in which X-ray dif-
fraction analysis demonstrated that silica derived
from palm ash predominantly exhibits a crystal-
line structure. The dominant silica peaks indicate
that the purification and calcination processes
successfully enhanced the silica content in the
palm oil boiler ash. Furthermore, the relatively
sharp diffraction peak near 22° demonstrates
improved crystallinity after thermal treatment at
700 °C. The formation of crystalline silica struc-
tures may contribute to enhanced thermal stabil-
ity and structural integrity of the adsorbent during
the adsorption process.

Functional group analysis

FTIR analysis was performed on the adsor-
bent synthesized using 5 M KOH to investigate
the surface functional groups and chemical inter-
actions within the modified silica structure. As
shown in Figure 6, the FTIR spectrum revealed
characteristic absorption bands associated with
silica and potassium-modified silica frameworks.
The observed absorption peak is attributed to the
interaction of K* species with the silica network,
resulting in the formation of Si—-O-K. The pres-
ence of these bonds confirms the successful in-
corporation of potassium species into the silica
framework during the impregnation process. Such
chemical modification is particularly important
because the introduction of potassium-containing
functional groups enhances the surface basicity
and reactivity of the adsorbent, thereby improv-
ing its affinity toward acidic CO. molecules and
promoting adsorption performance.
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Figure 5. XRD pattern of silica synthesized using 4% citric acid
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Figure 6. FTIR analysis of the adsorbent at varying impregnation temperatures

The Fourier Transform Infrared (FTIR) spec-
tra of the KOH-impregnated boiler ash adsorbents
exhibited several characteristic absorption bands
corresponding to the functional groups present
within the modified silica framework. The spectra
obtained at different impregnation temperatures
(50-90 °C) revealed absorption peaks in the range
of 3440.38-487.90 cm™!, indicating significant
changes in surface chemistry following alkaline
modification. A broad and intense absorption band
observed at approximately 3440.38 cm ™' was attrib-
uted to O—H stretching vibrations associated with
surface hydroxyl groups and adsorbed moisture,
while the band near 2339.23 cm ™! corresponded to
C—H stretching vibrations. The absorption peak at
1379 cm™ was assigned to C—C bond vibrations,
whereas the band at 1033.66 cm™ indicated the
presence of C-O stretching associated with alco-
hol or siloxane-related functional groups. Further-
more, the absorption peak located at 1421.28 cm™
was attributed to the asymmetric stretching vibra-
tion of carbonate (COs*") species, suggesting in-
teractions between potassium-containing sites and
atmospheric or adsorbed CO- molecules.

Notably, the absorption band detected at ap-
proximately 788.74 cm™! was associated with Si—
O-K or potassium-related bonds formed during
KOH impregnation, confirming the successful
incorporation of potassium species into the ad-
sorbent framework. The intensity of these absorp-
tion peaks increased with increasing impregna-
tion temperature, indicating enhanced interaction

80

between KOH and the silica surface at elevated
temperatures. Among all samples, the adsorbent
impregnated at 80 °C exhibited the highest potas-
sium-related peak intensity, suggesting that this
temperature provided the most favorable condi-
tion for potassium incorporation and surface ac-
tivation. Enhanced potassium incorporation is
expected to increase surface basicity and generate
additional active sites for CO2 adsorption, thereby
improving adsorption performance (Taslim et al.,
2019; Manurung et al., 2023).

Overall, the FTIR results demonstrate that
controlled KOH impregnation significantly alters
the chemical structure and functional group distri-
bution of the silica-based adsorbent. The forma-
tion of potassium-containing functional groups,
together with the increased intensity of hydroxyl
and carbonate-related bands, confirms the suc-
cessful surface modification of the adsorbent and
highlights the important role of impregnation
temperature in optimizing adsorbent properties
for CO: capture applications.

Surface area analysis

The specific surface area and pore character-
istics of the adsorbent were analyzed using the
BET-BJH method. The analysis was performed
on the adsorbent synthesized under the optimum
conditions of 4 wt.% citric acid purification and
5 M KOH impregnation. The detailed BET-BJH
results are presented in Table 4.
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Table 4. Specific surface area and pore size distribution of the adsorbent

Parameter Value Unit
Surface area (BET) 0.24445 m?3/g
Total volume pore 0.0084633 cmi/g
Average pore diameter (BJH) 14.089 nm
Median pore diameter (BJH) 3.8525 nm

BET-BJH analysis was conducted to evalu-
ate the textural properties and pore structure of
the synthesized adsorbent. The results showed
that the adsorbent possessed a specific surface
areca of 0.24445 m?/g, which is relatively low
compared with conventional porous adsorbents
that typically exhibit surface areas in the range
of 100-1000 m?/g. This relatively low surface
arca may be attributed to prolonged sample
handling during the analysis, which potentially
allowed adsorption of moisture from the sur-
rounding atmosphere onto the adsorbent surface,
thereby partially blocking accessible pores and
reducing the measured surface area.

Despite the low BET surface area, the BJH
pore size distribution analysis revealed an aver-
age pore diameter of 14.089 nm and a median
pore diameter of 3.8525 nm, indicating the pres-
ence of a mesoporous structure. According to
the IUPAC classification, materials with pore
diameters between 2 and 50 nm are categorized
as mesoporous. This observation is further sup-
ported by the nitrogen adsorption—desorption

isotherm shown in Figure 7, which exhibits a
Type IV isotherm accompanied by a distinct
hysteresis loop at relative pressures (P/Po) of
0.9-1.0. Such behavior is characteristic of mes-
oporous materials and indicates multilayer ad-
sorption within the pore network.

The mesoporous characteristics of the adsor-
bent are particularly beneficial for CO2 adsorption
because mesopores facilitate efficient gas diffu-
sion and improve accessibility of CO. molecules
to active adsorption sites. In addition, the relative-
ly narrow pore size distribution enhances molec-
ular transport and adsorption interactions within
the pore structure. Previous studies have reported
that mesoporous adsorbents generally exhibit fa-
vorable CO: adsorption performance due to the
balance between pore accessibility and diffusion
efficiency (Samanta et al., 2012). Despite the rela-
tively low specific surface area and pore volume,
the mesoporous structure of the adsorbent dem-
onstrates promising potential for CO: capture ap-
plications. Further enhancement through surface
activation or impregnation with active materials
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Figure 7. Nitrogen adsorption—desorption isotherm of the silica—potassium adsorbent
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may further improve the adsorption performance
by increasing the number of accessible active
sites and strengthening interactions between the
adsorbent surface and CO- molecules.

CO, adsorption kinetics and adsorption
capacity analysis

Kinetic analysis was conducted to evaluate
the adsorption rate and mechanism of the KOH-
impregnated silica adsorbents at different impreg-
nation temperatures. The experimental data were
analyzed using pseudo-first-order and pseudo-
second-order kinetic models. The calculated ki-
netic parameters, presented in Table 5, provide in-
sights into the adsorption behavior and the effect
of impregnation temperature on the adsorption
performance of the adsorbents.

The kinetic parameters calculated from the
pseudo-first-order and pseudo-second-order
models are presented in Table 5. The pseudo-
first-order rate constant (ki) exhibited rela-
tively low values with no consistent trend as
the impregnation temperature increased, indi-
cating that this model was insufficient to accu-
rately describe the adsorption behavior of the
synthesized adsorbent. In contrast, the pseudo-
second-order rate constant (k2) increased pro-
gressively with increasing impregnation tem-
perature up to 80 °C, followed by a decline at
higher temperatures. This trend suggests that
moderate impregnation temperatures enhance
the formation of active adsorption sites and im-
prove adsorbent reactivity, whereas excessive

Table 5. Adsorbent kinetic parameter

temperatures may induce partial pore collapse
or structural degradation of the adsorbent.

The correlation coefficient (R?) further con-
firmed that the pseudo-second-order model pro-
vided a superior fit to the experimental data, with
R? values approaching unity at all temperatures,
while the pseudo-first-order model exhibited low-
er and more fluctuating R? values. These findings
indicate that CO. adsorption onto the KOH-im-
pregnated silica adsorbent is predominantly gov-
erned by chemisorption involving strong interac-
tions between CO2 molecules and potassium-con-
taining active sites. The dominance of pseudo-sec-
ond-order kinetics is consistent with the findings
reported by Wang et al. (2022), who observed that
KOH impregnation shifted the adsorption mecha-
nism from physisorption-dominated behavior to
chemisorption-controlled adsorption due to the
presence of alkali metal species such as K2O. The
enhanced adsorption performance observed at 80
°C therefore indicates that this temperature rep-
resents the optimum impregnation condition for
maximizing active site formation while preserv-
ing the structural integrity of the adsorbent.

Following the kinetic analysis, the equilib-
rium adsorption capacity of the adsorbent was
evaluated to determine its overall CO: adsorption
performance. The equilibrium adsorption capaci-
ties obtained under different operating conditions
are summarized in Table 6.

Adsorption capacity tests were conducted on
silica-based adsorbents impregnated with 5 M
KOH at temperatures ranging from 70 to 110 °C.
The adsorption performance, summarized in

Impregnation temperature (°C)
Kinetic model Unit
70 80 90 100 110
k, (sec”) 1x10¢ 7x10 9x108 2x10 2x107
18t Pseudo-order
R? 0.1362 0.9101 0.0556 0.976 0.1773
k, (g/mg.min) 0.01106 0.01353 0.01326 0.01030 0.00916
2" Pseudo-order
R? 1 1 1 1 1
Table 6. Adsorption capacity test data
KOH concentration Impregnation P, . C, q, Kapasitas adsorpstion
(M) temperature (°C) (atm) (atm) (mg/L) (mg/g) capacities (mg/g)
5 70 4.944 4.532 7.842 1.797 61.25
5 80 4.964 3.991 6.905 3.398 144.80
5 90 4.964 4.210 7.261 3.202 112.11
5 100 4.954 4.295 7.431 2.876 98.04
5 110 4.944 4.357 7.588 2.707 87.30
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Table 5, showed that the highest CO: adsorption
capacity (144.8 mg/g) was achieved at an impreg-
nation temperature of 80 °C. This result indicates
that 80 °C provides the optimum condition for
potassium incorporation, pore development, and
active site formation within the silica framework.
At higher temperatures, the adsorption capacity
gradually decreased, likely due to excessive ther-
mal activation causing partial pore collapse and
structural degradation of the adsorbent.

The improved adsorption performance after
KOH impregnation is attributed to the formation
of potassium-containing active sites, particular-
ly K2O species, which enhance surface basicity
and promote stronger chemisorption interactions
with acidic CO2 molecules. Although the adsor-
bent possesses a relatively low surface area, the
high K»O content contributes significantly to its
adsorption capability by providing abundant ac-
tive sites for CO: binding. In addition, the lower
equilibrium CO: concentration (C.) and C./q. ra-
tio observed at 80-90 °C indicate more efficient
CO: uptake within this temperature range. sur-
face functionalization significantly improves CO:
adsorption due to the introduction of chemically
active groups that strengthen adsorbate—surface
interactions (Keramati and Ghoreyshi, 2014).

The present results are also consistent with
the findings of Pattanshetti et al. (2025), who re-
ported that KOH activation effectively engineered
the pore structure and surface functionality of
nanoporous activated carbon derived from waste
floral foam, resulting in enhanced CO: adsorption
capacity. Likewise, Tumurbaatar et al. (2023)
demonstrated that surface modification of meso-
porous SBA-15 silica significantly improved CO-
adsorption performance due to enhanced surface
reactivity and active site availability. Overall,
these findings confirm that controlled KOH im-
pregnation plays a critical role in optimizing the
physicochemical properties of silica-based adsor-
bents and enhancing their potential for CO- cap-
ture applications.

CONCLUSIONS

The adsorption capacity tests demonstrated
that silica-based adsorbents impregnated with 5
M KOH exhibited the highest CO2 adsorption ca-
pacity of 144.8 mg/g at an impregnation tempera-
ture of 80 °C. This result suggests that the select-
ed impregnation condition effectively enhanced

potassium incorporation, surface basicity, and
the formation of active adsorption sites within
the silica framework. At higher temperatures, the
adsorption capacity gradually decreased, likely
due to excessive thermal activation that induced
partial pore collapse and structural degradation of
the adsorbent.

The enhanced adsorption performance after
KOH impregnation is primarily attributed to the
presence of potassium-containing active species,
particularly K-O, which promote stronger chemi-
sorption interactions with acidic CO2 molecules.
The dominance of pseudo-second-order kinetics
further supports the contribution of chemisorp-
tion mechanisms in the adsorption process. Al-
though the adsorbent exhibited a relatively low
BET surface area, the mesoporous structure and
high potassium loading, with the silica—potas-
sium adsorbent containing approximately 43%
K20 due to the use of 5 M KOH concentration
during impregnation, likely facilitated CO- diffu-
sion and increased the availability of chemically
active sites for adsorption. Therefore, the adsorp-
tion behavior observed in this study appears to be
governed more strongly by surface chemical in-
teractions than by physical adsorption associated
with high surface area alone.

Nevertheless, the relatively high CO: ad-
sorption capacity compared with the low mea-
sured surface area suggests that additional
mechanisms may contribute to the overall ad-
sorption process. Possible factors include lo-
calized chemisorption on potassium-rich active
sites, the formation of carbonate species, and
the presence of accessible mesoporous channels
that facilitate CO- transport within the adsorbent
structure. However, further investigation using
advanced surface characterization techniques
and detailed adsorption mechanism studies is
still required to fully elucidate the relationship
between potassium incorporation, pore struc-
ture, and adsorption performance. Future studies
are also recommended to investigate in greater
detail the respective contributions of chemisorp-
tion and physisorption during CO: uptake, in-
cluding the identification of reaction pathways,
carbonate formation mechanisms, and the role
of pore structure in facilitating gas diffusion and
adsorption interactions. Overall, the results indi-
cate that controlled KOH impregnation signifi-
cantly improves the physicochemical properties
and CO: adsorption potential of silica-based ad-
sorbents derived from palm oil boiler ash.
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