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Abstract. Overcoming climate change is crucial to ensure environmental sustainability. This research focuses on the development of chemically
activated biochar (CAB) from mangrove litters that can be used for CO; adsorption, which leads to reducing the impacts of climate change. The
synthesisation of CAB was carried out via pyrolysis at 400°C for 2 hours under nitrogen gas flow, followed by treatment using various activating agents
(0.1 M of H2SO4, HCI, KOH, and NaOH) for 2 hours with a biochar-to-solution ratio of 1 g : 4 mL. The activation process was designed to enhance
surface area, pore characteristics, and functional groups associated with CO; adsorption performance. The observation on the characteristics of CAB
using Scanning Electron Microscope and Energy Dispersive X-Ray (SEM-EDX), The Brunauer, Emmett, Teller and Barret-Joyner-Halenda (BET-
BJH), Fourier Transform Infrared Spectroscopy (FTIR), CHN Analyser, and static batch CO; adsorption tests shows the ability of CAB in capturing
CO; through several possible mechanism. Among the samples, KOH-activated biochar (B-KOH) exhibited the highest CO, adsorption capacity,
reaching 12.47 mmol CO; g biochar. This high performance is attributed to a potassium (K) composition of 9.74%, which effectively catalyzed the
development of a microporous structure, resulting in a micropore volume of 5.927 x 10 cm®/g and an optimized average pore width of 1.543 nm.
Furthermore, B-KOH maintained the highest O-H group area (1.533 a.u. x cm™), enhancing its affinity for CO; molecules. This research offers an
innovative and practical solution to reduce greenhouse gases and is expected to have a significant impact, both locally and globally, in advancing
sustainable development.
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1. Introduction rice husks, bagasse, and mangrove litter, can be used to produce
biochar, supporting sustainable biomass utilization and
reducing greenhouse gas emissions from natural decomposition
(Wijitkosum, 2022). Biochar has potential as a CO adsorbent,
which is governed by pore structure, functional groups, and
surface area (Guarin et al., 2025). However, biochar produced
via direct pyrolysis generally shows limited adsorption capacity
(Deng et al, 2024). Therefore, surface modifications are
necessary to enhance adsorption.

The CO: adsorption of biochar can be enhanced through
physical, chemical, or physicochemical modifications. Chemical
activation increases surface area, porosity, and surface charge,
thereby improving adsorption capacity (Zhi et al, 2025).
Chemical activation of woodchip biochar using KOH has been
reported to achieve 5.29 mmol CO; /g biochar (Faggiano et al.,
2025). In addition, pine-based biochar activated using pure CO;
showed an adsorption capacity of 2.1 mmol CO, /g biochar
(Abbaspour et al, 2025). Recent studies indicate that CO:
adsorption in biochar is increasingly governed by pore structure

Climate change and global warming are global phenomena that
cause melting of polar ice, ecosystem disruption, sea level rise,
and extreme weather events such as storms, strong winds, and
floods (Promakhova et al.,, 2019). The primary driver of climate
change is CO; emissions, which have increased from 280 ppm
to 416 ppm by volume, reaching approximately 1 gigaton in the
atmosphere over the last 3 to 10 centuries (Pradhan et al., 2024).
To limit the global temperature rise below 2°C, 125 countries
signed the 2015 Paris Agreement, requiring substantial CO;
emission reductions through a comprehensive decarbonization
strategy, including Carbon Capture and Storage (CCS)
technology (Agency EP, 2022; Wolicki et al., 2024). Research on
CO; capture by olive pomace biochar indicates that it can
adsorb 0.402 mmol CO:/g biochar (Sundaramoorthy et al,
2023; Monteagudo et al., 2026).

Biochar is a carbon-rich material produced from biomass
through pyrolysis under oxygen-limited conditions (Amalina et
al, 2022; Ong et al 2024). Various biomass sources, including
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control and surface chemistry rather than total surface area
alone (Faggiano et al., 2025; Abbaspour et al., 2025).

In this study, biochar was synthesized through pyrolysis at
400°C for 2 hours at atmospheric pressure, based on previously
reported optimal conditions (Ariyanti et al., 2025). The novelty
of this study lies in the use of mangrove litter as a biochar
precursor combined with acid and base activation. CO:
adsorption on mangrove litter biochar is governed by pore
structure and surface functional groups, which are modified
through chemical activation. Mangrove litter was selected due
to its high organic carbon content and favorable structural
properties for carbon sequestration. Compared with commonly
studied residues, mangrove litter offers a structurally
heterogeneous and carbon-rich precursor that can yield biochar
with distinct pore development behavior and surface chemistry
upon chemical activation (Ariyanti et al., 2025; Duan et al,, 2021;
Fernandes et al,, 2025; Jayakumar et al, 2023; Kumar et al,
2023; Naseem et al., 2024). Previous studies have also reported
that mangrove litter biochar activated with 0.1M HCl is effective
for CO; adsorption (Ariyanti et al., 2025).

Acid activation using H»SO, and HCI were selected to
promote surface functionalization and mineral leaching,
whereas KOH and NaOH were used to induce pore modification
and introduce basic surface sites, enabling a comparative
assessment of acid versus base activation pathways (Choi et al.,
2024; Kapoor et al., 2025). The chemically activated biochar was
applied as a CO, adsorbent, and the adsorption capacity was
determined using a static batch CO; adsorption method based
on changes in CO: concentration before and after adsorption
(Ariyanti et al., 2025).

This research supports sustainable development in tropical
and coastal regions through the utilization of mangrove litter as
a biochar feedstock, with the potential to enhance carbon
sequestration and reduce atmospheric CO,, contributing to
climate change mitigation and SDGs 13. The specific objectives
are to evaluate the effects of activator types (H.SO4, HCI, KOH,
and NaOH) on the physicochemical characteristics of mangrove
litter biochar using SEM-EDX, BET-BJH, FTIR, and CHN
analysis, and to determine its CO. adsorption capacity as a
carbon capture material.

2. Materials and Methods

2.1 Materials

Mangrove litter (Avicenna marina sp), was used as the raw
material for biochar production, consisting of twigs and stems
collected from the Tapak Mangrove Forest, Tugurejo, Tugu
District, Semarang City, Indonesia. The litter was collected
during the dry season to minimize moisture variation, and only
naturally fallen material was selected to ensure compositional
consistency. For chemical activation, analytical grade reagents
were used: H2SO4 (96-98%, Indrasari, Indonesia), HCI (37%,
Supelco-Merck, Sigma-Aldrich), KOH (Indrasari, Indonesia),
NaOH (Merck, Germany) and distilled water.

2.2 Methods

2.2.1 Biochar Synthesis

Biomass in the form of mangrove litter was collected and
cleaned to remove dirt. The litter was then cut and dried at
105°C in an oven until an equilibrium weight was achieved, as
confirmed by three consecutive weight measurements. The
dried biomass was then pyrolyzed in a batch fixed-bed reactor
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Fig 1 Pyrolysis Scheme

at a heating rate of 10°C min™ to 400°C, where it was maintained
for 2 hours under a continuous nitrogen flow of 100 mL min™! to
minimize the presence of oxygen during the process. After
pyrolysis, the resulting biochar was cooled in a desiccator to
prevent oxidation. The schematic of the pyrolysis process is
shown in Figure 1.

2.2.2 Biochar Activation

The pyrolyzed biochar was finely ground and sieved using a 50-
mesh sieve. Chemical activation was carried out by treating the
biochar with 0.1 M H2SO4 (B-H2S04); 0.1 M HCI (B-HCI); 0.1 M
KOH (B-KOH); and 0.1 M NaOH (B-NaOH) solutions at a
biochar-to-solution ratio of 1 g : 4 mL for 2 hours at room
temperature. The activator concentration of 0.1 M was selected
based on previous studies, which reported effective surface
modification without excessive structural degradation of the
biochar (Ariyanti et al., 2025). After activation, the samples were
filtered using a vacuum pump and repeatedly washed with
distilled water until a neutral pH was achieved. The chemically
activated biochar (CAB) was then dried at 105°C until it reached
a constant weight. Non-activated biochar was prepared as a
control sample (B-Control) for comparison.

2.2.3 Biochar Characterization

Characterization was carried out using several methods, Surface
morphology and elemental composition were analysed by SEM-
EDX. The specific surface area and pore structure were
determined by N adsorption-desorption using the BET-BJH
methods, respectively. Prior to BET analysis, samples were
degassed at 300°C for 3 h, and BET calculations were conducted
in the relative pressure (P/Po) range of 0.004 — 1.00. Functional
groups were identified using FTIR in the range of 4000-400 cm-
!, Elemental composition (C, H, and N) was determined using a
CHN analyser, and the CO2 adsorption capacity was evaluated
by a static batch method.

2.2.4 CO; Adsorption

Biochar obtained from pyrolysis was applied as a CO2 adsorbent
using a static batch CO; adsorption test box. Prior to adsorption,
the system was calibrated until a stable background CO:
concentration was obtained. A total of 1 g of biochar was placed
inside the adsorption box, which was then sealed to prevent gas
leakage. CO; gas was introduced at a controlled flow rate of 100
mL min? until the initial CO: concentration reached
approximately 80-85 mmol CO;. The adsorption process was
conducted at ambient temperature and pressure for 12 h. The
CO2 concentration inside the box was continuously recorded
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Fig 2 Static Batch CO Adsorption Scheme

using a data logger, and adsorption equilibrium was assumed at
the point of maximum CO; uptake, defined as the moment
immediately before the onset of desorption. The schematic
diagram of the static batch CO; adsorption test box is presented
in Figure 2.

The adsorption capacity was calculated based on the
difference between the initial and final CO; concentrations and
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expressed in mmol CO; g! biochar. This method represents a
non-isothermal static batch adsorption approach, which has
been widely used as a screening technique for evaluating the
CO; adsorption performance of biochar-based adsorbents
under ambient conditions (Ringsby et al., 2024).

3. Results and Discussions
3.1 Characterization of Biochar
3.1.1 SEM-EDX

SEM analysis was employed to determine the surface structure
of the CAB samples. Figure 3 displays the images of the control
and CAB samples, all of which illustrate irregular surface
morphologies. In B-Control, the structure exhibited an uneven
and relatively smooth surface with a fragmented pore structure.
Following activation with acids (0.1 M H2SO4; 0.1 M HCI) and
bases (0.1 M KOH; 0.1 M NaOH), the biochar showed a rougher
surface morphology with a higher density of visible macropores
distributed across the surface. The development of these pores
in the CAB structure is expected to enhance the biochar’s
surface area by providing access to the internal framework.

1 1mm sS40 x1,000  10pm
A

Fig 3 Morphological Analysis of the Chemically Activated Biochar (CAB) (a) B-Control; (b) B-H2SO4; (c) B-HCI; (d) B-KOH; (e) B-NaOH
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Table 1
Surface Pore Size Distribution Obtained from SEM Analysis
Sample Mean Diameter (nm) Biochar Surface Pore Size Category
B-Control 65,090 + 45,310 Macropore
B-H,SO4 30,810 + 1,310 Macropore
B-HCl 52,960 + 29,200 Macropore
B-KOH 61,930 + 34,260 Macropore
B-NaOH 54,870 + 1,820 Macropore
Table 2
Surface Elemental Composition Obtained from EDX Analysis
) Sample
Element (Mass %) BC B-H,SO; B-HCI B-KOH B-NaOH
C 55.46 31.39 16.68 30.99 31.54
(0] 42.43 65.23 36.20 48.62 53.53
Na 0.54 0.47 - 1.85 1.99
Mg 0.15 0.72 0.02 3.30 2.03
Cl 0.57 - 0.94 0.34 0.43
K 0.44 1.81 6.03 9.74 0.42
Ca 0.29 - 8.04 5.16 9.24
Fe - 0.37 32.09 - 1.83

This morphological transformation is comparable to the
findings of Ahuekwe et al., (2025), where pyrolysis and chemical
modification were reported to shift the surface from a near-
smooth, non-porous state to a densely packed, porous structure.
Furthermore, the increased roughness observed in CAB aligns
with the observations of Monteagudo et al, (2025), who
achieved significant corrosion and micropore creation using a
high-temperature activation (750°C). These results demonstrate
that even at a lower activator concentration and milder
conditions, the mangrove-derived biochar still exhibits a distinct
irregular and heterogeneous surface morphology. Table 1
presents the pore size categories for the biochar surfaces. Based
on IUPAC classification, the pore sizes observed by SEM fall
within the macropore range (>50 nm). These macroporous
structures function as gas diffusion pathways.

The elemental composition of the biochar samples was
analysed using EDX, showing carbon (C) and oxygen (O) as the
dominant elements, with minor contributions from Na, Mg, Cl,
K, Ca, and Fe as shown in Table 2. Compared to the B-Control
(55.46 wt% C and 42.43 wt% O), all chemically activated
samples exhibited a decrease in carbon content and an increase
in oxygen content. The most pronounced changes were
observed in acid-activated biochars, particularly B-H.SO,
where carbon decreased to 31.39 wt% (AC=-24.07 wt%) and
oxygen increased to 65.23 wt% (AO=+22.80 wt%). Similarly, B-
HCI showed a substantial reduction in carbon to 16.68 wt%
(AC=-38.78 wt%) and an oxygen content of 36.20 wt%
(AO=-6.23 wt%), indicating extensive surface modification
during acid treatment. Activation with strong acids such as
H2SO4 can oxidize biochar, resulting in the generation of more
oxygen-containing functional groups. This process increases the
oxygen content while potentially removing some carbon
through the formation of volatile organic compounds (Baharim
et al, 2023; Sivaraman et al, 2025; Song et al, 2024). Acid
treatment also enhances the surface functionalization of
biochar, leading to an increase in oxygen content due to the
presence of acidic functional groups (Baharim et al., 2023; Song
etal., 2024).

Regarding alkali-acyivated biochars, B-KOH and B-NaOH
exhibited carbon contents of 30.99 wt% and 31.54 wt%,
respectively, corresponding to reductions of 24.47 wt% and
23.92 wt% relative to B-Control, while their oxygen contents

increased to 48.62 wt% (AO=+6.19 wt%) and 55.33 wt%
(AO=+12.90 wt%). These trends are consistent with the
reaction of alkali agents with carbon in biochar, producing
gaseous products such as CO; and CO. This reaction reduces
the carbon content in the biochar (Chen et al., 2020; M & Gupta,
2025; Premchand et al., 2024). Alkali also react with oxygen-
containing species in biochar, resulting in the formation of new
oxygen-containing functional groups such as hydroxyl (-OH),
carbonyl (C=0), and carboxyl (-COOH) groups. This increases
the oxygen content in the biochar (Chen et al., 2020; Liu et al.,
2024; M & Gupta, 2025).

In addition to changes in C and O, the presence of inorganic
elements reflects the influence of the activating agents. For
instance, the enrichment of K in B-KOH (9.74 wt%) and Na in B-
NaOH (1.99 wt%) indicates residual alkali species or their
reaction products on the biochar surface, which may enhance
cation exchange capacity and alter surface morphology (Bentley
et al., 2022; Yan et al., 2024). The occurrence of MgO-related
species, as suggested by the Mg content, may contribute to
particle aggregation within or on the surface of the biochar
(Bentley et al., 2022; Yan et al., 2024).

3.1.2 BET-BJH

The surface area and pore size of biochar were characterized
using the Brunauer-Emmett-Teller (BET) and Barret-Joyner-
Halenda (BJH) methods. Table 3 presents the spesific surface
area (SSA), average pore width, total pore volume, and
micropore volume of the biochar samples. Micropores are
defined as pores with a diameter of less than 2 nm, mesopores
range from 2-50 nm, and macropores have a diameter of more
than 50 nm (Ariyanti et al., 2024). Based on the average pore
width values, all biochar samples exhibit microporous
characteristics (<2 nm), indicating that micropores are the
dominant pore structure across all samples. Chemical activation
significantly increased the specific surface area and micropore
volume compared to the control biochar. This enhancement is
attributed to the release of gases (Hz, CO, and CO) during the
activation process, which enlarges existing pores and generates
new micropores within the carbon matrix (Qu et al., 2021). The
highest micropore volume was observed in B-KOH, indicating
that KOH activation was the most effective in developing
microporous structures among all samples. A high micropore
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Sample Surface Area (m?/g) Average Pore Width Total Por;e Volume Micropor;e Volume
(nm) (cm’/g) (cm®/g)
B-Control 72.149 1.688 0.05 0.001749
B-H2SO4 211.124 1.614 0.01494 0.004586
B-HC1 184.068 1.614 0.03037 0.004836
B-KOH 195.896 1.543 0.03546 0.005927
B-NaOH 192.348 1.614 0.01098 0.0045

content is known to enhance CO: adsorption capacity, as
micropore volume is a key controlling factor in CO; uptake by
carbonaceous adsorbents (J. Zhang et al,, 2020). In this study,
the highest micropore content was found in KOH-activated
biochar.

A high micropore content can increase CO; adsorption
capacity. This finding aligns with research by J. Zhang et al,

(2020) that found that micropore volume is a key factor in CO;
adsorption capacity in activated biochar. In this study, the
highest micropore content was found in KOH-activated biochar.
Figure 4 illustrates the N2 adsorption/desorption isotherms of
mangrove biochar. All samples were degassed at 300°C for 3
hours to ensure the removal of surface impurities. The N;
adsorption-desorption isotherms exhibit a combination of Type
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I and Type IV characteristics according to IUPAC classification.
The sharp volume uptake at P/P0 < 0.1 confirms the presence
of micropores (Type I), while the hysteresis loop at medium
pressure indicates mesoporosity (Type IV) (Wang et al., 2023).
The hysteresis loops are identified as Type H4, reflecting a slit-
like pore structure. The hysteresis phenomenon is clearly visible
in all samples, characterized by a gap between the adsorption
and desorption curves (Peng et al., 2023). This occurrence can
be caused by various factors, mainly involving changes in the
physical structure of the material and the presence of impurities
on the biochar surface (Feng et al, 2024; Li et al, 2025).
Quantitative data in Table 3 supports these findings, with
average pore widths ranging from 1.543 nm to 1.688 nm, which
strictly fall within the micropore category (<2 nm).

3.1.3 FTIR

The FTIR spectrum shown in Figure 5 demonstrates
changes in the intensity and presence of functional groups
following pyrolysis and chemical activation. As mangrove
biomass is a heterogeneous material, numerous characteristic
peaks are observed (Rahman et al, 2023). Functional groups
that were initially dominant in the raw mangrove biomass
underwent  degradation, = weakening, or  structural
rearrangement depending on the type of activator used as
shows in Table 4. In the raw mangrove biomass, a broad peak
around 3250-3650 cm? is attributed to O-H stretching,
representing hydrogen-bonded water, alcohol, and carboxylic
acid (Nandiyanto et al., 2023). However, this peak weakened
considerably in the biochar samples after pyrolysis and
chemical activation. This trend indicates that the hydroxyl
groups underwent thermal degradation and decomposed into
volatile compounds during pyrolysis at 400°C (Ahuekwe et al.,
2025). This observation is analytically consistent with the
findings of Ahuekwe et al,, (2025), who reported that the near-
total disappearance of the -OH stretching vibration is a hallmark
of successful carbonization. While Ahuekwe et al, (2025)
observed this transition during the shift from raw biomass to
biochar at similar temperatures, our results further show that
chemical activation accelerates the removal of these polar
groups compared to the B-Control. This suggests that the
activators in our study not only facilitated carbonization but also
promoted the dehydration of the mangrove’s lignocellulosic
framework more effectively than thermal treatment alone. The
reduction of these hydrophilic groups is crucial for CO.
adsorption, as it potentially increases the surface
hydrophobicity, thereby reducing moisture interference during
gas capture.

C-H stretching between 2800 — 3000 cm'! indicate aliphatic
hydrocarbons present in all samples (Nandiyanto et al., 2023),
but their intensity decreases compared to that in mangrove
biomass, indicating partial decomposition of the aliphatic chains
of cellulose and hemicellulose compounds. Acid (H2SO4, HCI)

Table 4

The Effect of Chemically Activated Biochar (CAB) on Functional Groups
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and base (KOH, NaOH) activation did not completely remove
the C-H functional groups. In the range 1580-1630 cm,
indicate C=C peaks and some C=0 peaks (Nandiyanto et al.,
2023). These peaks appear in all samples with varying intensity.
In mangrove biomass, these peaks represent the carbonyl
groups of carboxylic acids and aldehydes (Nandiyanto et al,
2023). After pyrolysis, the peak shifts to the range 1581-1595
cm?, indicating the transformation of polar groups into stable
aromatic structures through decarboxylation and aromatic
condensation (Birhanu et al., 2025). Base and acid activation do
not remove these groups but instead strengthen the aromatic
structure through dehydrogenation.

The C-H group appearing between 1416 and 1420 cm
indicates the presence of an aliphatic methylene chain
(Nandiyanto et al., 2023). This group still appears after pyrolysis,
but with reduced intensity. This change indicates that some of
the aliphatic structure remains in a carbonized form and not
entirely decomposed into aromatics. Base activation showed a
slight improve in this group compared to the B-Control. The C-
O-C (eter) peak was clearly detected in mangrove biomass,
indicating a lignocellulosic structure rich in polar compounds
(Nandiyanto et al., 2023). After pyrolysis, this peak weakened or
shifted, indicating the cleavage of glycosidic bonds and
fragmentation of the eter structure (Birhanu et al,, 2025). Base
activation generally causes the disappearance of this group,
indicating the ability of strong bases to hydrolyze C—O bonds.
Absorption bands under 600 cm™ correspond to Si—O-Si
vibrations originating from ash and natural minerals in the
biomass (Nandiyanto et al., 2023). These peaks persisted in all
samples, indicating that the inorganic components were neither
dissolved by activation nor degraded by heat, thus contributing
to the stability of the final biochar structure.

Functional Wavelength (cm™)

Group M BC B-H,SO4 B-HCl B-KOH B-NaOH
O-H 3328 3342 3344 3342 3330 3333
C-H 2916 2908 2920 2914 2910 2908
C=C 1639 1595 1589 1583 1582 1583
Cc=0 1228 1207 1217 1224 1419 1419
C-H - 778 872 870 873 871

C-0-C 1028 - - - - -

Si-O-Si 545 515 547 546 560 569
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Fig 6 The Effect of Chemically Activated Biochar (CAB) on Area Functional Group
Table 5

The Effect of Chemically Activated Biochar (CAB) on Total Peak Area

Functional Group

Peak Area (a.u. x cm™)

M BC B-H2SO4 B-HCI B-KOH B-NaOH

O-H 1,906 1,242 1,223 1,299 1,533 1,906

C-H 0,329 0,371 0,822 0,739 0,573 0,329

C=C 0,961 1,198 1,742 1,751 1,513 0,961

C=0 0,612 3,276 5,853 5,899 4,955 0,612

C-0-C 2,865 - - - - 2,865
C-H - 0,093 0,080 0,081 0,109 -

Si-O-Si 0,383 0,269 0,226 0,319 0,406 0,383

Total Peak Area 7,056 6,449 10,056 10,087 9,089 7,056

compared with mangrove biomass, indicating that the pyrolysis
process at 400°C for 2 hours resulted the loss of volatile groups
from the biochar. After chemical activation, the functional group

The functional group area of mangrove biomass, control
biochar, and CAB is shown in Figure 6 and Table 5. There was
a decrease in the functional group area in control biochar
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area of the biochar increased compared with B-Control. This
increase is commonly attributed to surface oxidation and
structural rearrangement during activation, which can generate
or expose new active oxygen-containing functional groups on
the carbon surface (Xie et al., 2025; Birhanu et al., 2025). The
functional group area can be an indicator of CO, adsorption
capacity, Because the presence of polar groups, including
hydroxyl (-OH) and carbonyl (-CO) have the ability to interact
with CO, molecules through electrostatic and hydrogen bonds
(Xie et al., 2025). However, this factor is not always directly
proportional to the adsorption capacity. The CO, adsorption
capacities of biochar are more dominantly controlled by the
volume and distribution of micropores. Polar functional groups
increase chemical interactions with CO,.

3.1.4 CHNS

The elemental content was detected with CHNS/O Analyser.
Table 6 shows the elemental composition of biochar. The most
basic and essential element is C, also generally the highest
(Hameed et al., 2024). In this study, the percentage of C was the
highest of all elements and increased in acid-activated (H2SO,,
HCI) and base-activated (KOH, NaOH) biochar compared to the
control biochar. This carbon enrichment aligns with the findings
of Alcazar-Ruiz et al., (2024), who stated that chemical activation
promotes the removal of non-carbonaceous compounds to
enrich the carbon framework, that excessive KOH activation
could potentially decrease the carbon fraction. This result
demonstrates that 0.1M concentration used successfully
maintain the aromatic structural stability. This indicates that
there is potential for CAB for adsorption activity (Monteagudo
et al., 2025). The percentage of O tended to decrease from the
control biochar, this likely occurred due to the washing process
after activation which resulted in the loss of non-carbon soluble
compounds and unreacted activator residues attached to the
biochar surface (Bakshi et al, 2020). As research from
Monteagudo et al., (2025) found that the washing process using
H>O and HCl resulted in a decrease in the O content in biochar.
Meanwhile, H, although small, generally accounts for 1%-3% of
the total biochar mass. H is an important active component,
such as hydrogen bonds and active functional groups (Xiao et
al, 2018). The increased N concentration indicates that CAB
receives additional functional groups from the activator,
potentially enhancing CO: uptake through chemisorption
(Zhang et al.,, 2023).

Aromaticity and polarity through the H/C and (N+0O)/C
ratios (Bakshi et al, 2020). A higher (N+0O)/C ratio implies
enrichment of polar functional groups, which can improve the
biochar's affinity for polar molecules such as CO, and water
(Bakshi et al., 2020). The O/C atomic ratio decreased in CAB
compared to the control biochar, indicating an increase in
aromatic structure in CAB (X. Liu et al,, 2022; Q. W. Li et al,
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2021). Carbon stability in biochar is reflected in the H/C molar
ratio, where a low H/C value correlates with increased carbon
stability (Adhikari et al, 2024). Based on the International
Biochar Initiative (Standardized Product Definition and Product
Testing Guidelines for Biochar That Is Used in Soil (Aka IBI
Biochar Standards), n.d.) standards, high-quality biochar It is
required to exhibit an H/C ratio below 0.7. The H/C values in
this study met this standard for all samples. A high N/C ratio
indicates sufficient nitrogen content, which can also increase
adsorption capacity through the formation of active nitrogen
sites (Zhang et al., 2024). The biochar produced in this study is
classified as class 1 because it has a carbon content above
60%(Standardized Product Definition and Product Testing
Guidelines for Biochar That Is Used in Soil (Aka IBI Biochar
Standards), n.d.; Yadav et al.,, 2023).

2.2 CO, Adsorption

The CO, adsorption capacities were measured using a static
batch CO, Adsorption test box for 12 hours using B-Control and
CAB. Figure 7 shows the CO; adsorption profiles of the biochar
samples. Among the samples, B-Control exhibited the lowest
adsorption capacity (5.65 mmol/g), while B-KOH showed the
highest adsorption capacity (12.47 mmol/g). The other
chemically activated biochars (B-HCl, B-H.SOs, and B-NaOH)
also showed higher adsorption capacities than the control
biochar, following a similar trend.

CO2 adsorption capacity can be enhaned through surface
and pore structure modification, such as acid-base activation
(Bhattacharjee et al., 2025). The CO; capture mechanism by
biochar involves both physical and chemical adsorption
processes (Long et al., 2025). Physical adsorption is governed
by van der Waals forces and pore filling, whereas chemical
adsorption involves Lewis acid-base interactions and hydrogen
bonding between CO2 and surface functional groups
(Bhattacharjee et al,, 2025; Quan et al., 2023).

Chemical activation using KOH significantly increased the
CO:2 adsorption capacity, which is closely related to the
development of microporosity and surface chemistry of the
biochar (Alcazar-Ruiz et al., 2024). KOH activation is widely
reported to be more effective than physical activation in
enhancing CO2 adsorption performance due to its strong pore-
forming (porogenic) effect and its ability to intercalate into the
carbon matrix during activation (Alcazar-Ruiz et al., 2024).

The redox reaction between KOH and the carbon material
resulted in an increase in potassium (K) content in the biochar
(Komatsu et al, 2022), with EDX characterization results
showing the highest K content in KOH-activated biochar (B-
KOH), at 9.74%. Rather than evaporating and directly bonding
to carbon sites, potassium primarily acts as a porogen and
intercalation agent that penetrates the carbon matrix, enlarges
existing pores, and promotes pore structure development

Table 6
The Effect of Chemically Activation Biochar (CAB) on Elemental Composition and Ratio
Sample BC B-H,SO4 B-HCl B-KOH B-NaOH
C 64.32 73.40 73.69 70.33 70.39
H 4.764 4.383 4.504 4.22 4.351
N 0.97 1.45 1.44 1.35 1.38
S 0.048 0.169 0.513 0.068 0.071
o? 29.898 20.598 19.853 23.868 23.808
H/C 0.074 0.059 0.061 0.06 0.062
o/C 0.465 0.281 0.269 0.339 0.338
N/C 0.015 0.0197 0.0195 0.0192 0.0196
(N+0)/C 0.479 0.3 0.289 0.359 0.358
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through carbon lattice expansion and gasification reactions
(Komatsu et al., 2022; J. Liu et al., 2022). As a result, B-KOH
exhibited the highest micropore volume among the samples
(5.927 x 107 cm?® g™' based on BET analysis). Although this
micropore volume is lower than that of highly activated
commercial carbons, it is relatively higher within the set of
biochars investigated in this study and is sufficient to explain the
observed enhancement in CO, adsorption.

The weakly acidic property of CO, enables the enhancement
of its adsorption capacity when basic Lewis sites, such as K*
ions, are introduced onto the carbon surface (Ma et al., 2025).
his improvement is attributed to chemisorption interactions
between CO, molecules and the adsorbent, where hydrogen
bonding is established with —OH groups formed during KOH
activation (Freyre et al., 2023). Supporting evidence is seen from
the FTIR characterization results, which show that the —-OH
group area in KOH-activated biochar is larger than in other
activated biochar. Further analysis revealed that these
hydrogen bonds can lower the bond the interaction energy

Int. J. Renew. Energy Dev 2026, 15(3), 474-485

| 482

between the adsorbent and CO,, thus improving the overall CO,
adsorption capacity (Long et al., 2025; Quan et al., 2023).

The capacity of CO, adsorption activated biochar is also
affected by an elevated (N+0O)/C ratio, which reflects the
abundance of polar functional groups and thereby enhances its
interaction with polar molecules like CO, and water. Meanwhile,
a lower O/C atomic ratio signifies greater stability of the
aromatic framework within the activated biochar (Li et al., 2021).
The stability of carbon in biochar is reflected in the H/C molar
ratio, where a low H/C value correlates with increased carbon
stability. These factors positively influence CO: adsorption
(Alcazar-Ruiz et al., 2024).

The CO; adsorption mechanism is governed not by a single
parameter, but by the combined influence of multiple factors,
such as elemental composition, functional groups, pore
structure, and surface chemical characteristics, including
acidity, hydrophilicity, and polarity of the activated biochar
(Igalavithana et al., 2020). Based on the BET results, micropore
filling is identified as the dominant mechanism, as the narrow
micropores (< 2 nm) provide strong adsorption potential due to
overlapping adsorption fields. KOH activation promotes the
development of a well-defined microporous structure,
increasing the number of available adsorption sites. SEM
analysis reveals the presence of microporous, which act as
transport channels facilitating CO. diffusion toward internal
micropores where adsorption predominantly occurs. In
addition, FTIR analysis confirms the presence of oxygen-
containing functional groups that enhance CO2-surface
interactions, while CHN results indicate surface polarity and
aromaticity that further contribute to adsorption capacity. Thus,
the results showed that the CO. adsorption capacity of all
activated biochar samples tested followed the order KOH > HCI
> H>SO4 > NaOH > Control. Therefore, the best activator is
KOH which produces a more microporous structure and has
superior adsorption properties.

4, Conclusion

A study of acid and base-activated biochar derived from
mangroves demonstrated its interesting function in carbon
sequestration. The results showed that chemical activation of
biochar significantly increased CO. adsorption capacity
compared to non-activated biochar (B-Control). Of all the
activation types tested, KOH was the most effective activator,
producing the highest capacity of 12.47 mmol/g. This increase
was due to the formation of a wide micropore distribution, high
potassium (K) content, and due to the existence of polar groups,
for instance —OH that strengthen the chemisorption interaction
through hydrogen bonds and Lewis acid-base interactions with
CO: molecules. Characterization showed that KOH-activated
biochar had the highest K content (9.74%), the largest
micropore volume (5.927 x 10 cm?®/g). In addition, the stability
of the aromatic structure and hydrophilic properties also
supported the increase in adsorption. The CO, adsorption
mechanism involves a synergy between pore structure,
elemental composition, functional groups and surface
characteristics, including polarity and acidity. The order of
activation effectiveness in increasing CO; adsorption is: KOH >
HCI > H2SO4 > NaOH > Control.
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