
Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

Volume 13
Number 20
28 May 2025
Pages 14425–15280

ISSN 2050-7488

PAPER
Mantae Kim, Seul-Yi Lee, Soo-Jin Park et al.
Steam activation of pitch-based carbon fi bers for increasing 
CO2 adsorption behaviors 



Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 3
:4

0:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Steam activation
aDepartment of Chemistry, Inha University, I

hm326000@naver.con; leesy1019@inha.ac.
bAerospace Convergence Materials Center, K

Technology, Republic of Korea. E-mail: ging
cSG Safety Corporation, 28 Sinpyeong-ro,

Korea. E-mail: jaein.lee5@cj.net; hokab.cho
dDepartment of Mechanical Engineering, Col

Yongin 17104, Republic of Korea. E-mail: so

† Electronic supplementary informa
https://doi.org/10.1039/d5ta00486a

Cite this: J. Mater. Chem. A, 2025, 13,
14580

Received 18th January 2025
Accepted 19th February 2025

DOI: 10.1039/d5ta00486a

rsc.li/materials-a

14580 | J. Mater. Chem. A, 2025, 13,
of pitch-based carbon fibers for
increasing CO2 adsorption behaviors†

Choong-Hee Kim,a Mantae Kim, *b Jaein Lee,c Hokab Choi,c Seul-Yi Lee*a

and Soo-Jin Park *ad

Activated carbon fibers (ACFs) have attracted considerable interest as versatile adsorbents for gas separation,

water treatment, and similar applications due to their high specific surface area, chemical stability, and robust

mechanical properties. In this study, we synthesized ACFs using steam activation and systematically evaluated

their CO2 capture performance. The specific surface area of pitch-derived ACFs (SCF-X, where X is the

activation temperature) increased significantly, reaching 2564 m2 g−1 in SCF-900. Notably, SCF-800

exhibited the highest CO2 adsorption capacity, emphasizing the role of micropores <0.73 nm in facilitating

efficient CO2 uptake at 273 K (4.32 mmol g−1), while larger micropores <1.1 nm contributed to a maximum

adsorption of 3.50 mmol g−1 at 298 K. Additionally, the adsorption kinetics were described by the pseudo-

first-order model (R2 > 0.99) across all temperatures (303, 313, and 323 K). This indicated that

physisorption predominantly governs the process. Moreover, stable cyclic adsorption–desorption tests

performed under simulated flue gas conditions (15% CO2/85% N2 at 313 K) demonstrated energy-efficient

regeneration. These findings suggest that steam-activated ACFs are highly promising for CO2 capture

applications, offering advantages in terms of environmental sustainability, energy efficiency, and scalability.
1. Introduction

Global warming is accelerating, with the climate potentially
undergoing more rapid changes than previously anticipated in
the coming years. The global average temperature in January
2024 increased 1.6 °C above pre-industrial levels, surpassing the
critical 1.5 °C threshold, as reported by the Copernicus Climate
Change Service (C3S).1–3 This concerning trend has raised
alarms within the scientic community, which warns that sus-
tained exceedances of this temperature limit could trigger
irreversible and catastrophic consequences for the planet. To
achieve global net-zero CO2 emissions by 2050, an extensive
range of carbon reduction and removal strategies is required.
Key measures include scaling up renewable energy resources
such as solar, wind, green hydrogen, and nuclear power, tran-
sitioning away from fossil fuels, promoting the widespread
adoption of electric vehicles, enhancing afforestation efforts,
and implementing carbon capture and storage technologies.4–6
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The carbon capture and storage (CCS) strategy is a key
approach for achieving long-term reductions in CO2 emissions.
To date, various CO2 capture techniques, such as chemical
absorption, physisorption, cryogenic distillation, direct air
capture, mineral carbonation, and oxyfuel processes, have been
extensively studied and reported.7–9 Among these, physisorption
using solid adsorbents has emerged as a particularly promising
technology due to its cost-effectiveness, accessibility, environ-
mental sustainability, and the stability of CO2 adsorption–
desorption cycles.10 An effective solid adsorbent must possess
the following characteristics: (i) high CO2 adsorption capacity,
(ii) appropriate kinetics to ensure efficient CO2 capture under
varying pressure and temperature conditions, (iii) stability over
multiple adsorption–desorption cycles, particularly in real-
world applications involving ue gas, and (iv) resistance to
moisture andmechanical degradation.11–13 The rapid kinetics of
CO2 adsorption–desorption is particularly crucial in industrial
applications as they directly impact the cost efficiency and
scalability of carbon dioxide capture processes.14,15

Activated carbon bers (ACFs) are considered highly prom-
ising adsorbents for CO2 capture because of their high specic
surface areas, well-developed microporosity, cost-effectiveness,
ease of production, and exceptional stability under humid
conditions. Unlike polymer-based precursors that require
additional activation steps, pitch naturally possesses a high
xed carbon content, enabling efficient pore development.16,17

The chemical activation of ACFs involves impregnating carbon
precursors with activating agents such as KOH, ZnCl2, or
This journal is © The Royal Society of Chemistry 2025
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H3PO4, followed by heat treatment at elevated temperatures
(600–900 °C). This process induces pore formation through
chemical reactions that remove non-carbon species, leading to
the development of a highly microporous structure.18,19 Among
these reagents, KOH is widely used due to its ability to generate
a well-developed pore network, but it poses environmental and
handling concerns due to its corrosive nature.20 ZnCl2 and
H3PO4 offer alternative activation routes with distinct pore
structures, oen favoring mesopore formation.21,22 In contrast,
physical activation is carried out by exposing carbon precursors
to oxidizing gases such as CO2, air, or steam at high tempera-
tures (700–1100 °C). Steam activation, in particular, enhances
microporosity by selectively removing less stable carbon struc-
tures while preserving the integrity of the porous network. This
method eliminates the need for chemical reagents, making it
a more environmentally friendly and scalable approach.23,24

The microporous structure of ACFs is crucial in enhancing
their CO2 capture performance due to the presence of narrow
pores that are particularly favorable for CO2 adsorption.25–27

ACFs with an abundance of micropores with diameters less
than 1 nm are expected to exhibit substantial CO2 storage
capacity, while the contribution of larger pores to the adsorp-
tion process is considered negligible.28 Heo et al. produced PAN/
PVDF-based ACFs through steam activation, exhibiting
a specic surface area of 925 m2 g−1, total pore volume of 0.404
cm3 g−1, and micropore volume of 0.377 cm3 g−1. The samples
exhibited a remarkable CO2 uptake capacity of 2.21 mmol g−1 at
298 K.29 Presser et al. demonstrated that micropores smaller
than 0.8 nm contribute the most to CO2 uptake at 273 K and 1
bar.30 Yan et al. reported porous polyimide-based activated
carbon bers with a specic surface area of 1156 m2 g−1, total
pore volume of 0.54 cm3 g−1, and micropore volume of 0.44 cm3

g−1. High CO2 adsorption amounts of 6.2 and 4.4 mmol g−1 at
273 and 298 K were observed even with a lower specic surface
area. They reported that the range of ultramicropore volume (<1
nm) played a key role in enhancing the CO2 capacity.31,32

While numerous studies have explored the relationship
between the pore size of activated carbons (ACs) and their CO2
Fig. 1 Schematic of the preparation procedure of an ACF sample.

This journal is © The Royal Society of Chemistry 2025
uptake capacity, most of these studies focus on reporting the
equilibrium adsorption capacity at a specic temperature as
a key criterion for identifying the most effective adsorbent.33,34

Although the total CO2 adsorption capacity is a useful metric for
comparing different sorbents, this parameter may not fully
reect the performance in real-world cyclic processes. From
a practical standpoint, assessing the working capacity—dened
as the amount of CO2 adsorbed at varying temperatures and/or
low CO2 partial pressures throughout a complete adsorption–
desorption cycle—is a more appropriate approach for evalu-
ating adsorbent efficiency.35,36 Furthermore, a comprehensive
understanding of adsorption kinetics and thermodynamics is
crucial for developing adsorbents optimized for effective CO2

capture in practical applications.
In this study, we synthesized pitch-derived ACFs using steam

activation to assess their CO2 capture performance. Further-
more, we systematically investigated the adsorption kinetics at
various temperatures to determine key thermodynamic
parameters, such as isosteric adsorption enthalpy, pseudo-rst-
order adsorption rate constants, and activation energy. Our
ndings revealed that micropores with sizes <0.73 nm and
<1.1 nm were highly effective for CO2 capture, yielding
adsorption capacities of 4.32 and 3.50 mmol g−1 at 273 K and
298 K, respectively. Additionally, the stable cycling behavior
observed during CO2 adsorption–desorption under simulated
ue gas conditions conrmed the predominance of phys-
isorption, which is advantageous for energy-efficient regenera-
tion processes. In summary, pitch-based ACFs synthesized
through steam activation exhibited excellent adsorption
capacity, indicating their potential as a sustainable green
alternative for CO2 capture.
2. Experimental
2.1. Materials and preparation of ACFs

The pitch precursor, with a soening point of 220 °C and
a quinoline insoluble content of 2%, provided by DONGYANG
ENVIRON-MENT Co., was spun into bers using a melt-blown
J. Mater. Chem. A, 2025, 13, 14580–14587 | 14581
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extruder. The spinning took place in the temperature range of
255–260 °C, utilizing a nozzle with a diameter of 0.75 mm at 380
rpm, yielding pitch bers with a diameter of approximately 25
mm. These bers underwent oxidation stabilization, pre-
carbonization, and activation to produce ACFs. Oxidation
stabilization was conducted by heating the bers to a tempera-
ture 40–60 °C above the soening point of the pitch and
maintaining it for 1 hour. Subsequently, pre-carbonization and
activation were carried out sequentially in a tube furnace under
a nitrogen (N2) atmosphere. During the pre-carbonization stage,
the stabilized pitch bers were heated to 700 °C at a rate of 10 °C
min−1 and held at this temperature for 1 h. For activation,
physical activation was utilized, with steam being quantitatively
supplied using a steam generator (E-1500, Cellkra, Sweden)
and a mass ow controller to regulate the steam ow rate.
Physical activation was conducted at 500–700 °C for 1 h in
a tube furnace under N2 ow. The resulting samples were
labeled as SCF-X, where “X” represents the temperature. A
schematic of the synthesis route is shown in Fig. 1.
2.2. Characterization

The as-prepared ACF samples were characterized by a range of
analytical techniques, the full details of which are provided in
the ESI.†
3. Results and discussion
3.1. Morphological and structural properties

To clarify the impact of steam-assisted physical activation on
the morphology of SCF samples, scanning electron microscopy
(SEM) was conducted, as shown in Fig. 2. A signicant
morphological disparity between PACF (non-activated ACF) and
SCF (steam-activated ACF) samples is clearly visible in the SEM
images. The non-activated PACF sample exhibits densely
packed structures with a smooth surface, while the SCF samples
exhibit pronounced pore formation. Steam activation was per-
formed under inert conditions at temperatures above 600 °C to
prevent oxidative degradation of the porous carbon struc-
ture.37,38 During this process, steam molecules interact with the
carbon matrix, leading to the expansion of pre-existing ultra-
micropores and the generation of new ones. With increasing
activation temperature, a more uniform distribution of pores
Fig. 2 High-resolution scanning electron microscopy image of the
PACF and SCF samples.

14582 | J. Mater. Chem. A, 2025, 13, 14580–14587
emerges across the carbon surface, and thinner carbon layers
become evident in the SCF samples. These observations indi-
cate that steam gradually inltrates the ACF channels
throughout the activation process, causing the carbon layers to
expand and etch, thereby forming well-dened pore structures.

The steam-activation mechanism to produce ACFs is out-
lined as follows:39

C* + H2O / C$H2O (1)

C$H2O / H2 + C$O (2)

C$O / CO (3)

C*H2 / C$H2 (4)

To investigate the microcrystalline characteristics of the
samples, X-ray diffraction (XRD) patterns were analyzed, as
shown in Fig. 3(a). The XRD pattern of PACF exhibits charac-
teristic carbon ber peaks at 2q= 22° and 44°, corresponding to
the C (002) and C (100, 101) planes, respectively.40 In contrast to
the diffraction angle of 26° of the C (002) peak in graphite
crystallites, the 002 peaks in the prepared-ACF samples are
observed at approximately 23°, indicating signicant differ-
ences in the crystallite structure compared to that of graphite.
Furthermore, with increasing activation temperature, the ACF
samples show broader C (002) diffraction peaks, indicating
reduced crystallinity due to the formation of highly disordered
structures and an abundance of defects.

The microcrystalline graphitic structures of the samples
were further analyzed using Raman spectroscopy, and the cor-
responding spectra are shown in Fig. 3(b). Two characteristic
peaks, the D-band and G-band, appeared at approximately 1350
and 1580 cm−1, respectively. The D-band is typically attributed
to vibrations of carbon atoms with dangling bonds, indicating
the presence of disordered and defective graphite. In contrast,
the G-band is associated with the stretching of the carbon–
Fig. 3 (a) XRD patterns, (b) Raman spectra, (c) FT-IR spectra, and (d)
XPS survey scan of the PACF and SCF samples.

This journal is © The Royal Society of Chemistry 2025
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carbon bonds in a hexagonal, two-dimensional lattice, charac-
teristic of ordered graphite structures.14 Notably, the intensity of
the D-band peak progressively increases up to SCF-900, while
that of the G-band remains largely unchanged. The degree of
disorder in carbon-based materials is commonly evaluated by
calculating the intensity ratio of the D-band to the G-band (ID/
IG).41 In this study, the SCF-900 sample exhibited the highest ID/
IG ratio (1.12), indicating a highly disordered, amorphous
structure. Thus, we can assume that the activation affects the
sp3 bonds and not the sp2 bonds, and ACF becomes more
amorphous as the activation temperature increases.

Fourier-transform infrared (FT-IR) spectroscopy was used to
identify the functional groups present in the ACF samples, as
shown in Fig. 3(c). The FT-IR spectrum of PACF exhibited
a broad shoulder at 3450 cm−1, corresponding to the stretching
vibrations of hydroxyl groups (–OH). A distinct band at
2655 cm−1 was attributed to the stretching vibrations of
hydrocarbon groups (–CH2 and –CH3). Furthermore, the band
at 1625 cm−1 was associated with alkane (C–C), alkene (C]C),
and carbonyl (C]O) groups. These spectral characteristics are
consistent with the standard peaks reported in previous
studies.42 Similarly, the FT-IR spectra of the activated SCF
samples exhibited peaks at approximately 3450 cm−1, indi-
cating the presence of hydroxyl groups (–OH), while the peaks at
2655 cm−1 were attributed to the –CH2 and –CH3 groups. The
band at 1625 cm−1 was once again linked to alkane, alkene, and
carbonyl groups.43 These results demonstrate a comparable
trend to that observed in the PACF samples. Importantly, with
increasing activation temperature, there was a gradual increase
in the peak intensity, suggesting that higher activation
temperatures facilitate the incorporation of several oxygen
functional groups on the surface.

The elemental and surface chemical compositions of the
samples were analyzed using elemental analysis (EA) and X-ray
photoelectron spectroscopy (XPS), respectively, with the results
summarized in Table S1.† The EA data indicated that PACF
consisted of 92.9 wt% carbon, 3.3 wt% oxygen, and 2.0 wt%
hydrogen. Following physical activation, SCF contained 91.4–
92.5 wt% carbon, 4.1–5.2 wt% oxygen, and 1.4–1.9 wt%
hydrogen. A detailed quantitative XPS survey is provided in
Fig. 3(d), showing a high carbon content of 90.7–96.2 at% and
a moderate oxygen content of 3.8–7.2 at% in the ACF samples.
Additionally, with increasing activation temperature, the total
oxygen content increases from 3.6% to 7.2%. These ndings are
consistent with the bulk EA, demonstrating a correlation
between the surface and bulk chemical compositions.44,45
3.2. Textural properties and CO2 adsorption capacities

To assess the textural properties, N2 adsorption–desorption
isotherms and pore size distributions were obtained using non-
local density functional theory (NLDFT), as shown in Fig. 4(a
and b), with detailed textural characteristics summarized in
Table 1. The isotherms of the prepared samples demonstrated
a sharp increase in the low-pressure region (P/P0 < 0.01), which
is characteristic of a type I isotherm according to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)
This journal is © The Royal Society of Chemistry 2025
classication, indicating the predominant microporosity of the
SCF samples.46 Specically, the SCF samples activated at rela-
tively low temperatures (SCF-500, SCF-600, SCF-700, and SCF-
800) exhibit no hysteresis, conrming their potential as ideal
microporous materials. However, a small type H4 hysteresis
loop was observed in SCF-900 within the P/P0 range of 0.8–0.99
(Fig. S2†), associated with a higher temperature of steam acti-
vation.47 This small hysteresis indicates the presence of a highly
porous structure with a limited number of mesopores, facili-
tating gas uptake through capillary condensation. These results
emphasize the crucial role of steam as a porogen in forming and
enhancing microporous networks.48

To date, substantial literature has emerged on carbon ber-
derived ACFs, indicating a growing interest in utilizing carbon
bers for various applications. Tsuchiya et al. utilized ZnCl2 as
an activating agent to produce ACFs with a specic surface area
(SBET) of 1197 m2 g−1 and a total pore volume (Vtotal) of 1.08 cm3

g−1.49 Abedi et al. fabricated asphaltene-derived ACFs through
KOH activation, achieving an SBET of 2290 m2 g−1 and a Vtotal of
1.27 cm3 g−1, which are suitable for supercapacitor applica-
tions.50 Similarly, Garćıa-Mateos et al. demonstrated H3PO4-
activated lignin-derived ACFs with a moderate SBET of 2340 m2

g−1 and a Vtotal of 0.97 cm3 g−1, which can be optimized for
supercapacitor electrodes.51 In contrast, Choi et al. produced
coal tar pitch-derived ACFs through physical activation (using
water and CO2), yielding a relatively lower SBET of 1233 m2 g−1

and a Vtotal of 0.50 cm3 g−1 compared to other studies.52 As
demonstrated in the aforementioned studies, both chemical
and physical activation agents have been predominantly used to
synthesize microporous carbons with well-developed struc-
tures, leading to ACFs that typically exhibit only moderate
textural properties. In contrast, our study achieved a signi-
cantly higher SBET of 2564 m2 g−1 and an enhanced Vtotal of
1.110 cm3 g−1 for SCF-900.

The CO2 adsorption isotherms of the ACF samples synthe-
sized in this study were obtained at three different temperatures
(273, 283, and 298 K) and at 1 bar to evaluate the adsorption
kinetics (Fig. 4(c and d) and Table 2). The samples demon-
strated CO2 adsorption capacities ranging from 3.33 to
4.32mmol g−1 at 273 K, 2.46 to 3.94 mmol g−1 at 283 K, and 2.01
to 2.32 mmol g−1 at 298 K. As expected, the adsorption capac-
ities decrease progressively with increasing temperature, indi-
cating that higher kinetic energy at elevated temperatures
disrupts the van der Waals forces between the CO2 molecules
and solid adsorbents. This behavior is characteristic of an
exothermic adsorption process, which limits the potential for
high CO2 adsorption at elevated temperatures.53 Moreover,
despite SCF-800 having relatively lower SBET (1910 m2 g−1) and
Vtotal (0.859 cm3 g−1) compared to SCF-900 (SBET of 2564 m2 g−1

and Vtotal of 1.110 cm3 g−1), its highest CO2 adsorption capacity
of 4.32 mmol g−1 at 273 K exceeds that of SCF-900, which has
a CO2 adsorption capacity of 3.43 mmol g−1. The correlation
between the CO2 adsorption capacity and SBET indicates a weak
correlation, with R2 values between 0.01 and 0.06, as shown in
Fig. 4(f). These results suggest that the contribution of SBET to
the CO2 adsorption capacity is minimal at all tested
temperatures.
J. Mater. Chem. A, 2025, 13, 14580–14587 | 14583
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Fig. 4 (a) N2 adsorption–desorption isotherms of the prepared samples at 77 K; (b) pore size distribution; (c–e) CO2 adsorption–desorption
isotherms at 273, 283, and 298 K, and the correlations between the CO2 adsorption capacity and textural properties at different temperatures:
273, 283, and 298 K; (f) BET specific surface area with different pore size ranges less than (g) 0.73 and (h) 1.1 nm; (i) isosteric heat of adsorption for
the prepared samples.

Table 1 Textural properties of the prepared samples

Sample aSBET (m2 g−1) bVtotal (cm
3 g−1) cVmicro (cm

3 g−1) dVmeso (cm
3 g−1)

PACF 8 0.006 0.006 —
SCF-500 543 0.395 0.283 0.112
SCF-600 767 0.448 0.357 0.091
SCF-700 1552 0.783 0.299 0.484
SCF-800 1910 0.859 0.331 0.528
SCF-900 2564 1.110 0.481 0.629

a SBET: specic surface area computed using the BET method. b Vtotal: total pore (0–50 nm) volume determined from the NLDFT method. c Vmicro:
micropore (0–2 nm) volume determined from the NLDFT method. d Vmeso: mesopore (2–50 nm) volume determined from the NLDFT method.
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Numerous studies have demonstrated that nely tuned
micropores, along with a high specic surface area and total
micropore volume, are crucial for enhancing CO2 adsorption
capacity. Consistent with these ndings, our data indicate that
micropore volume has a stronger correlation with the CO2

adsorption capacity,54 as shown in Fig. 4(g and h). Notably, the
highest R2 value of 0.99 was observed for the relationship
between the CO2 adsorption capacity and micropores smaller
than 0.73 nm at 298 K. Similarly, a strong correlation with an R2
14584 | J. Mater. Chem. A, 2025, 13, 14580–14587
of 0.99 was found for micropores less than 1.1 nm at 273 K.
These results suggest that sub-micropores, specically
those with sizes below 0.73 nm and 1.1 nm, play a crucial role in
enhancing the CO2 adsorption capacity at 298 K and
273 K,14,55–57 respectively. Furthermore, these correlations imply
that the optimal pore size for maximizing CO2 adsorption varies
with temperature. Additionally, smaller micropores are partic-
ularly effective at lower temperatures, as they enhance the
interaction between the adsorbent surface and CO2 molecules,
This journal is © The Royal Society of Chemistry 2025
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Table 2 CO2 adsorption performances and isosteric heat of adsorp-
tion of as-fabricated samples

Sample

CO2 adsorption capacity
(mmol g−1)

DHads for CO2 (kJ mol−1)273 K 283 K 298 K

SCF-500 3.33 2.92 2.32 24.2
SCF-600 3.93 3.74 3.45 27.0
SCF-700 2.96 2.46 2.01 27.4
SCF-800 4.32 3.94 3.50 29.2
SCF-900 3.43 2.88 2.57 30.5
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thereby increasing the adsorption capacity.58 The comparable
CO2 adsorption capacities of SCF-600 and SCF-800 at 298 K can
be attributed to their similar micropore volumes for pores
smaller than 0.73 nm, with SCF-600 and SCF-800 having pore
volumes of 0.59 cm3 g−1 and 0.63 cm3 g−1, respectively. Simi-
larly, at 273 K, the dominance of SCF-800 in CO2 adsorption
capacity can be attributed to its largest micropore volume (0.71
cm3 g−1) for pores smaller than 1.1 nm.

The isosteric heat of adsorption (DHads) indicates the bond
strength between the adsorbate and the solid adsorbent, and it
is calculated using the Clausius–Clapeyron equation as
follows:59

ln

�
P2

P1

�
¼ �DHads

R

�
1

T2

� 1

T1

�
(5)

where P2 and P1 denote p(CO2); R is the universal gas constant;
and T2 and T1 are 298 and 313 K, respectively.60

The isosteric heat of adsorption, as calculated for the
samples, ranges from 24.2 to 30.5 kJ mol−1 (refer to Fig. 4(i) and
Table 2). The CO2 adsorption mechanism for all samples is
identied as physisorption, which is advantageous due to its
energy efficiency. During the initial low CO2 loading phase, SCF-
900 exhibits the highest initial DHads value, likely due to the
favorable interaction of CO2 molecules with the micro- and
mesopores, acting as effective binding sites. However, at higher
CO2 loading levels, SCF-900 experiences a signicant decline in
the DHads value, which is attributed to the scarcity of efficient
pores necessary for sustained CO2 adsorption, thereby
impeding CO2 retention on the carbon surface. In contrast, SCF-
800 exhibits a relatively stable curve with only a slight reduction
in DHads, suggesting an abundance of active sites and a high
adsorption potential, which can be attributed to the presence of
micropores with diameters between 0.73 and 1.1 nm.20

Tables S2 and S3† show the comparison of various adsor-
bents for specic surface area and CO2 adsorption perfor-
mances. We believe that our preparation method for ACFs had
signicantly contributed to the emergence of efficient pores for
CO2 adsorption, affording the highest CO2 adsorbed amount of
3.50 mmol g−1 at 298 K among the various ACFs investigated.
Fig. 5 (a) CO2 adsorption–desorption profiles over 10 continuous
vacuum swing adsorption cycles of SCF-800 under flue gas conditions
(15% CO2/85% N2 gas mixture) at 313 K. (b) Kinetic study of CO2

adsorption in SCF-800. (c) Pseudo first-order adsorption rate
constant-based Arrhenius plot for estimating the activation energy.
3.3. Kinetic adsorption–desorption behaviour
characterization by thermogravimetric analysis under ue gas

The CO2 adsorption–desorption behavior of the SCF-800 sample
was evaluated using thermogravimetric analysis (TGA) under
This journal is © The Royal Society of Chemistry 2025
simulated ue gas conditions (15% CO2/85% N2 at 313 K), as
shown in Fig. 5(a). As expected, the CO2 uptake initially
increases and eventually reaches saturation. Owing to the rela-
tively low heat of adsorption (ranging from 0 to 40 kJ mol−1) for
these samples, the adsorbed CO2 molecules are readily des-
orbed when switching the gas ow between CO2 and N2, indi-
cating the predominance of physisorption.61 Notably, the
sample recovered 99% of its original CO2 uptake capacity aer
gas purging. The adsorption and desorption cycles were con-
ducted over a 1 h period under similar conditions, demon-
strating an adsorption capacity of 52.8 mg g−1 for SCF-800
under ue gas conditions. Furthermore, complete CO2 desorp-
tion occurred at 313 K within 1 h, with no signicant loss in
performance over 10 cycles, indicating robust regeneration
capability.

To explore the kinetics of CO2 adsorption in more detail, we
obtained time-dependent CO2 adsorption isotherms for
a representative sample (SCF-800) at different temperatures
(303, 313, and 323 K) under atmospheric pressure using TGA
(Fig. 5(b), eqn (S1) and (S2), and Table S4†). The experimental
data were analyzed using pseudo-rst-order and pseudo-
second-order kinetic models. While both models determine
the adsorption rate, the pseudo-rst-order model is based on
the availability of adsorption sites (eqn (S1)†), whereas the
pseudo-second-order model assumes that the rate is directly
proportional to the square of the number of adsorption sites
(eqn (S2)†). The experimental data showed the best t with the
pseudo-rst-order model across all temperatures, with R2 values
exceeding 0.99, strongly suggesting a physisorption-dominated
CO2 capture mechanism.62,63 Additionally, activation energy
serves as a key parameter for evaluating the CO2 adsorption
J. Mater. Chem. A, 2025, 13, 14580–14587 | 14585
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efficiency of SCF-800. Lower activation energy values (Ea = 0–
40 kJ mol−1) typically indicate a physisorption-driven process.
From the pseudo-rst-order Arrhenius plot (Fig. 5(c)), an acti-
vation energy of 5.41 kJ mol−1 (eqn (S3)†) was calculated, indi-
cating weak bonding between CO2 molecules and the adsorbent
surface, and highlighting the efficacy of steam activation in
facilitating energy-efficient regeneration of ACFs.

4. Conclusions

In this study, pitch-based activated carbon bers (ACFs) were
synthesized via steam activation, demonstrating high CO2

adsorption capacities of 4.32 mmol g−1 at 273 K and 3.50 mmol
g−1 at 298 K. The enhanced adsorption performance was
attributed to the presence of well-developed micropores
(<0.73 nm and <1.1 nm), which played a key role in CO2 uptake.
The adsorption process followed a physisorption mechanism,
conrmed by the isosteric heat of adsorption and pseudo-rst-
order kinetic model (R2 > 0.99), with a low activation energy of
5.41 kJ mol−1. Furthermore, SCF-800 exhibited stable adsorp-
tion–desorption performance over 10 cycles under simulated
ue gas conditions (15% CO2/85% N2 at 313 K), highlighting its
energy-efficient regeneration capability. Beyond CO2 capture,
the developed ACFs, with their high surface area, tunable
porosity, and chemical stability, hold great potential for appli-
cations in gas storage and separation (e.g., CH4, H2, or VOCs),
water purication, energy storage devices, and catalytic support
materials in environmental and industrial processes.
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