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a b s t r a c t

Three-dimensionally ordered micromesoporous carbon (3DOmm) has been studied recently as a po-
tential sorbent for CO2 capture at higher pressures. However, the as-synthesized material usually has a
low microporous fraction, which could significantly limit CO2 uptake. Herein, we showed that micro-
porosity in 3DOmm carbon can be increased by physical activation, substantially improving its CO2

capture performance in the wide pressure range. The highly porous activated 3DOmm carbons, having
amorphous structure, were prepared with ordered spherical mesopores of diameter 22.7e24.7 nm and
ultramicropores in the walls of diameter 0.41e0.55 nm. Physical activation was performed by exposing
the post-synthesized 3DOmm carbon to high temperatures of 973e1173 K under a CO2 flow for 30 min.
The activation procedure did not show any visible destruction of the ordered mesoporous structure in
the 3DOmm carbon. However, it had a significant impact on micropore and mesopore volumes and the
specific surface area, which in turn affected the CO2 adsorption capacity of the carbons. Accordingly, after
activation at 973 K, the micropore volume of 0.23 cm3/g, the mesopore volume of 3.70 cm3/g and the
specific surface area of 1058 m2/g in the 3DOmm carbon increased to 0.27 cm3/g, 3.94 cm3/g and
1462 m2/g, respectively. Further increase in activation temperature led to decreasing pore values due to
widening and shrinking of the thin carbon walls in the 3DOmm carbon. The 3DOmm carbon activated at
973 K had the highest micropore and mesopore volumes and the highest CO2 adsorption performance
over the whole pressure range (3.19 mmol/g at 273 K and 100 kPa; 11.18 mmol/g at 298 K and 2 MPa and
0.38 mmol/g under flue 15% CO2/85% N2 gas conditions at 298 K). All 3DOmm carbons showed fast ki-
netics, high selectivity for CO2 over N2 (33.2e51.5), the excellent regenerative ability and isosteric heats
(18.9e29.2 kJ/mol), indicating physical adsorption.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Climate change that has been taking place over recent decades
has become a major concern for human society [1]. Carbon dioxide
is considered the main greenhouse gas, playing a central role in
raising the global atmospheric temperature [2]. Since 1950, atmo-
spheric CO2 levels have risen from 280 ppm (parts per million) to
419 ppm as a result of industrial activity, which is more than any
increase that took place over the pre-industrial 20,000 years (from
a).
185 ppm at the Last Glacial Maximum to 280 ppm in 1850). Such a
rapid increase in CO2 levels in the atmosphere has resulted in the
average Earth temperature increasing by ~2� Celsius during the 20th

century [3]. If CO2 emissions are not reduced, atmospheric CO2

levels are predicted to increase to 550 ppm by 2100 [4].
Considerable efforts have been made to develop strategies for

increasing the effectiveness of CO2 reduction in the atmosphere.
Some approaches include CO2 capture from stationary sources,
where the concentration of CO2 is very high, or the capturing of CO2
gas directly from the atmosphere, where the concentration of CO2
gas is low [5]. Because the main stationary sources are considered
to be the flue gases of coal-fired power plants, emitting about 40%
of the average CO2 levels in the atmosphere [5,6], methods for
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capturing CO2 from power plant sources are critical. There are a few
methods, including pre-combustion capture, post-combustion
capture, oxy-fuel combustion and chemical looping combustion
[7,8]. Adsorption onto solid adsorbents is one of the methods used
in the case of post-combustion capture at low pressures [4] and
pre-combustion capture at elevated pressures [9]. Pre-combustion
capture implies the gasification of fuel and air/O2, resulting in CO
and H2 syngas. The CO then reacts with steam to yield CO2 and H2,
followed by their separation. Post-combustion capture technology
is based on CO2 capture from the flue gas after combustion. Typi-
cally, flue gas contains a low concentration of CO2 (~15 vol %) [10].

The capture of CO2 using adsorbents is attracting increased
attention due to its simplicity, low cost, high capture efficiency and
low energy consumption [11e13]. Many academic studies have
therefore aimed at developing inexpensive and efficient adsorbents
for CO2 capture [14e17]. Among different adsorbents, porous car-
bon materials have shown promising results in CO2 capture over a
wide range of pressures and temperatures [18e20]. High efficiency
CO2 capture by carbon materials at atmospheric pressure was
observed in the presence of a large volume of micropores, espe-
cially ultramicropores less than ~0.7 nm [21e23]. In contrast,
mesopores played a significant role at higher pressures [24,25].

Surface modification of carbon materials with different func-
tional groups also significantly affects CO2 adsorption capacity
[26,27]. In particular, oxygen-containing groups showed an
attractive force to CO2, for example, in activated coal chars [28] and
pyrazole-derived micromesoporous carbons [29]. The nitrogen
content in the carbon structure enhances CO2 adsorption in the
case of microporous carbons [22] and hydrochar-derived micro-
porous carbons [30], carbon-based monolithic [31], nanoporous
carbons prepared from metal-organic framework [32], ordered
mesoporous carbons [33], activated carbons [34] and activated
carbon fibers [35], and others [36,37]. However, at low pressures,
CO2 adsorption capacity was found to depend on narrow micro-
pores rather than on the total nitrogen content [22,38,39] and
specific surface area [11,22,39]. The high micropore content and
introduction of nitrogen groups into the carbon structure was
found to enhance the selectivity of CO2 over N2 as well [40,41]. For
example, highly porous nitrogen-doped carbon cryogels, in addi-
tion to excellent CO2 uptake, exhibited the significantly higher CO2/
N2 selectivity compared to many carbon cryogels that have been
reported [42]. Despite the high adsorption capacity of carbon ma-
terials modified with nitrogen, the nitrogen groups in the carbon
structure can cause an undesirable reduction in regenerative ability
of the carbon adsorbent. This is due to the formation of chemical
bonds between CO2 molecules and the carbon surface [43], the
breaking of which requires much more energy than for carbon
materials with weak Van der Waals forces. Additionally, an exces-
sive amount of nitrogen groups can lead to a decrease in narrow
micropores, resulting in a trade-off in CO2 uptake [44]. Recent
studies have reported the preparation of (nitrogen and sulfur)-dual
doped porous carbons from sources, such as corn-starch [45] and
shrimp shells [46], which exhibit remarkable CO2 adsorption and
CO2/N2 selectivity due to Lewis acid-base interactions between CO2
and heteroatoms at low pressures. Thus, while the presence of
heteroatoms has been shown to increase CO2 uptake at low pres-
sures, micropores less than 1 nm in size play a dominant role in CO2
adsorption as the pressure approaches atmospheric.

In addition to these factors, the order of the porous structure
also influences CO2 capture. A well-ordered porous carbon struc-
ture has a significant advantage over carbon materials with a non-
regular pore order because well-developed pores allow CO2 to
reach adsorption sites very quickly, improving the kinetics of the
adsorption process [47,48]. Micromesoporous carbons with or-
dered mesopores have, therefore, attracted a lot of attention due to
2

their significant mesopore volume, specific surface area, perfect
regenerative ability, sorption rate, etc. [49,50].

We have recently shown that three-dimensionally ordered
micromesoporous carbon (3DOmm) has a potential for CO2 capture
in pre-combustion capture due to its ability to adsorb a tremendous
amount of CO2 at high pressures in a large mesopore volume [51].
But, this carbon did not show such excellent CO2 capture at at-
mospheric pressure due to its low microporous volume. Increasing
the number of micropores in such types of 3DOmm carbon may
lead to improvements in its capture properties at low pressures,
also contributing to the higher CO2 adsorption amount at high
pressures. The goal of this work was therefore to prepare a complex
3DOmm adsorbent, providing high CO2 uptake for a wide pressure
range.

Herein, the synthetic process of 3DOmm carbon was improved
by submitting as-synthesized 3DOmm carbon to a further stage e

physical activation with CO2 at high temperatures e in order to
achieve better micropore characteristics. A novel type of activated
carbonmaterials with orderedmesopores revealed well-developed
microporosity, showing that the known 3DOmm structure can be
further optimised towards enhanced CO2 capture. The prepared
activated 3DOmm carbons revealed that the activation procedure
did not have a destructive impact on the ordered structure, but it
impacted significantly on pore volumes, which in turn had an
impact on the CO2 capture performance at different pressures. The
CO2 adsorption capacities of non-activated and activated 3DOmm
carbons were determined at atmospheric pressure and pressures
up to 2 MPa, and at different temperatures. The relationship be-
tween CO2 molecules and the carbon surface was studied by esti-
mating isosteric heats, depending on the adsorbed amount, and
regenerative ability. Separation of CO2 from N2 was also evaluated
for all 3DOmm carbons studied.

2. Experimental

2.1. Chemicals and gases used

For preparing the SiO2 nanoparticles, we used L-lysine
(H2N(CH2)4CH(NH2)CO2H, purity of �98%), tetraethyl orthosilicate
(Si(OC2H5)4, purity of 98%) and deionized water. For the carbon
synthesis, furfurylalcohol (C5H6O2, purity of 98%) as a carbon pre-
cursor, oxalic acid (C2H2O4, purity of 99%) as an acid catalyst and a
solution of 40% hydrofluoric acid as a silica nanoparticle remover
were used. All reagents were purchased from Sigma-Aldrich Ltd.,
Czech Republic.

For the sorption measurements, we used CO2 gas with purity of
99.995 vol % and N2 gas with purity of 99.995 vol % from Linde Gas
Ltd., Czech Republic.

2.2. Preparation and activation of three-dimensionally ordered
micromesoporous carbon

The 3DOmm carbon was prepared using SiO2 nanoparticles as a
hard template [51]. The SiO2 nanoparticles were prepared in the
compositional series of 150SiO2-1.2lysine-9500H2Oe600EtOH. The
initial compounds (L-lysine, tetraethyl orthosilicate and deionized
water) were mixed, followed by stirring at 500 rpm and a tem-
perature of 363 K for 48 h. After this, removal of lysine-silica
nanoparticle sols was carried out at 823 K for 12 h in a calcina-
tion oven (CLASIC Ltd.). The space between silica nanoparticles was
filled with a carbon precursor (furfurylalcohol) and oxalic acid, at a
ratio of 200/1. The mixture of SiO2 particles with carbon precursor
was placed in the calcination oven for carbon precursor polymeri-
zation at 363 K for 3 days. The calcined product was first heated in a
tube furnace (CLASIC Ltd.) to the pyrolysis temperature of 473 K for
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3 h, then to the carbonization temperature of 1173 K for 3 h at a
heating rate of 3 K/min under a nitrogen flow of 100 ml/min. After
carbonization, the product was added to a solution of 40% hydro-
fluoric acid for at least 24 h at room temperature to remove the SiO2
nanoparticles. The resulting carbon was washed with deionized
water, filtered and then dried. To confirm the complete removal of
SiO2, the 3DOmm carbon underwent ash content determination
using the ISO 1171:2010 standard method (Solid mineral fuels d

Determination of ash [52]). The analysis yielded no ash content,
providing evidence for the absence of silica nanoparticles within
the carbon network. Synthetic route of the carbon samples prep-
aration using the SiO2 nanoparticles as the hard template is shown
in Fig. 1.

Physical activation of the post-synthesized 3DOmm carbon was
carried out using CO2 gas as the activating agent at temperatures of
973 K, 1073 K and 1173 K for 30 min in the tube furnace. Accord-
ingly, the samples weremarked as 3DOmm-973, 3DOmm-1073 and
3DOmm-1173, where the numbers correspond to the correspond-
ing activation temperatures. The weight loss percentage of the
3DOmm carbon as a result of physical activationwas in the range of
~3e5%, and it increased with increasing activation temperature.

2.3. Characterization of carbon materials

The ordered mesoporous structure of the prepared carbon
materials was determined from small-angle X-ray scattering
(SAXS) using a Xenocs Xeuss 2.0 SAXS instrument equipped with
Cu Ka (l ¼ 0.15418 nm) radiation X-ray micro-focus sources,
parallel beam point focus collimating system, and a Pilatus 200k
(Dectris) hybrid pixel single-photon counting detector. The scat-
tering vector (q) was calculated as q ¼ (4p/l)sinq, where l is the
wavelength and 2q is the scattering angle. Calibration of the pri-
mary beam position and distances from a sample to the detector
was carried out using the AgBehenate powder sample. Measured
2D SAXS images were azimuthally integrated into 1D SAXS curves.
The scattering from the sample holder was subtracted from
measured data.

To evaluate the crystallographic properties of the prepared
carbon samples, X-ray diffraction (XRD) was performed. The
XRD patterns were measured using a Rigaku SmartLab diffrac-
tometer equipped with X-ray source, having Cu Ka radiation
(l ¼ 0.15418 nm) of 9 kW power. High Pix-3000 2D hybrid
pixel single photon counting detector was used to record the
Fig. 1. Synthetic route of the activated 3DOmm carbons prepared using silica nanoparticl
activator.

3

diffractograms, and s set of axial divergence eliminating soller slits
with acceptance 5� in both incident and diffracted beam was
applied.

To estimate disorder (i.e. the relative amount of crystallite
boundaries) of the powder carbon samples, Raman spectroscopy
was carried out using confocal Raman micro-spectrometer
alpha300 RSA (WITec, Germany) with 633 nm HeeNe excitation
laser. 50 � microscope objective (LD EC Epiplan-Neofluar, N.A.
0.55, Zeiss, Germany) was used to focus the 1 mW excitation laser
to a diameter ~1.5 mm on the sample, and the single point spectra
were integrated for 120 s (240 � 0.5 s, i.e. 2 min.). Spectra were
collected using a 300 grooves/mm grating and thermoelectrically
cooled CCD detector. The spectrometer was calibrated using Ar/
Hg-glow lamp. The data were analysed using Project SIX Plus
6.0 software (WITec, Germany) to remove cosmic ray traces and
background subtraction. Subsequent spectra normalization (at G-
peak) and fitting were performed in Grams/AI 9.1 (Thermo Fisher
Scientific Ltd., USA). To analyse ID/IG ratio, 10 spectra of each
sample were used.

The morphology of the carbon samples was studied using a JEOL
JEM 2200 high-resolution transmission electron microscope
(HRTEM) operated at an accelerating voltage of 200 kV and aMira 3
(Tescan) scanning electron microscope (SEM) operating at 30 keV
electron beam energy.

The micropore and mesopore parameters of the carbon mate-
rials were determined using the adsorption technique. Accordingly,
the ultramicropore parameters were evaluated from the CO2

adsorption isotherms measured at 273 K using an IGA-100 gravi-
metric sorption analyzer (Hiden Isochema Ltd.). The CO2 adsorption
isotherms measured at p/ps up to ~0.028 (the CO2 saturation vapour
pressure ps ~3.5 MPa at 273 K) were fitted with the Dubinin-
Radushkevich (DR) model [53] to determine the volume of nar-
row micropores (Vmicro), and the Non-local density functional the-
ory (NLDFT) model using the SAIEUS software from Micromeritics
Ltd. to plot the pore size distribution in the narrowmicropore range
(<1 nm), and to evaluate the diameters of ultramicropores (dultra).
The N2 adsorption isotherms measured at 77 K using a SURFER
volumetric sorption analyzer (Thermo Fisher Scientific Ltd.) were
fitted with the Brauner-Emmet-Teller (BET) to determine the spe-
cific surface area (SBET) and the NLDFT to obtain the pore size dis-
tribution in the range of supermicropores and mesopores
(1e30 nm), and to estimate the diameters of micropores (dmicro)
and mesopores (Dmeso). The mesopore volume (Vmeso) was
es as a hard template, furfuryl alcohol (FA) as a carbon precursor and CO2 gas as an
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calculated as the difference between the total pore volume (Vtot)
estimated at p/ps ¼ 0.98 by the Gurvitch equation and the Vmicro

estimated from the NLDFT data.
2.4. CO2 adsorption measurements

The CO2 adsorption-desorption measurements were carried out
on the carbon samples degassed at 433 K under a vacuum
(10�6 kPa) overnight using an IGA-100 gravimetric sorption
analyzer (Hiden Isochema Ltd.). A schematic representation of the
IGA-100 is shown in our previous work [51]. The CO2 adsorption-
desorption isotherms were collected at low (up to 100 kPa) and
higher (up to 2 MPa) pressures at different temperatures on about
30 mg of carbon. A time of 30 min was set for reaching equilibrium
for each isotherm point in the measured pressure range, as well as
for the adsorption-desorption cycles performed at 298 K and
100 kPa. The pressure accuracy was ±0.02%, and the temperature
accuracy was ±0.05 K.

The CO2 breakthrough curves were measured with the IGA-100
analyzer connected to the HRP-20 QIC quadrupole mass (Hiden
Isochema Ltd.), which recorded the CO2 concentration exiting the
adsorption bed. The breakthrough curves, representing C/C0 vs.
time, where C is the outlet CO2 concentration and C0 is the inlet CO2
concentration measured at time t, were recorded on a sample with
a weight of ca. 20e30 mg under a dynamic gas mixture, containing
15 vol % of CO2 and 85 vol % of N2 at 298 K with a flow rate of 50 ml/
min. A schematic representation of the experimental breakthrough
measurements is shown in our previous study [44].
2.5. Kinetics of CO2 adsorption

Pseudo-first order (PFO) [47] and pseudo-second order (PSO)
models [54] were used to analyse the kinetics of the CO2 adsorp-
tion. According to PFO (Eq. (1)), the adsorption rate is proportional
to the number of adsorption sites, while the pseudo-second order
(PSO) (Eq. (2)) assumes that the adsorption rate is proportional to
the square of the number of adsorption sites.

qðtÞ¼ qe
�
1� ek1t

�
(1)

qðtÞ¼ q2ek2t
1þ qek2t

(2)

where q(t) and qe are the amount of CO2 adsorbed at time t and at
equilibrium, respectively, and k1 and k2 are kinetic constants from
PFO and PSO, respectively.
Fig. 2. Measured (open blue circles) and fitted (red lines) SAXS profiles of the 3DOmm
carbon materials, and model used for the SAXS fittings (inset).
2.6. Selectivity of CO2 over N2

The determination of CO2/N2 selectivity (SCO2=N2
) was carried out

using the Ideal Adsorbed Solution Theory (IAST) [55], where the
data of pure CO2 and N2 adsorption isotherms were applied ac-
cording to Eq. (3):

SCO2=N2
¼ xCO2

�
xN2

yCO2

�
yN2

(3)

where xCO2
and xN2

are the molar fraction of CO2 and N2, respec-
tively, in the adsorbed phase, while yCO2

and yN2
are the molar

fraction of CO2 and N2, respectively, in the bulk phase. The CO2 and
N2 adsorption isotherms were measured with the IGA-100 gravi-
metric sorption analyzer. The N2 gas used had a purity of 99.995 vol
% (Linde Gas Ltd.).
4

2.7. Isosteric heats of CO2 adsorption

Isosteric heats of CO2 adsorption, as a function of the adsorbed
amount at different temperatures, were estimated using the Clau-
sius e Clapeyron Eq. (4).

ln p¼ �
�
DHst

RT

�
þ C (4)

where R is the ideal gas constant (8.315 J/K/mol), T is the absolute
temperature, and C is a constant. Adsorption isosteres needed for
calculating the isosteric heats were obtained using the Sips model.
3. Results and discussion

3.1. Characterization of the 3DOmm carbon materials

3.1.1. Ordered porous structure and morphology
SAXS profiles of the 3DOmm carbon samples are shown in Fig. 2.

All studied samples show a sequence of intensive peaks with a first
maximum at scattering vector magnitude q around of 0.027 Å�1

and consequent peaks at 0.044 Å�1, 0.050 Å�1, 0.068 Å�1 and
0.091 Å�1. Considering a simplest model of close arrangement of
solid spheres, it leads to the hexagonal close-packed (hcp) or face-
centered cubic (fcc) stacking. A detailed inspection of peaks
sequence and its intensities showed a periodic face center cubic
arrangement of scattering objects.

A relevant physical model was developed for the SAXS data
measured on 3DOmm samples: we assumed the spherical clusters
of 3DOmm carbon having a mean size (Rc) and root mean square
deviation of clusters radii (sRc). The clusters are filled with an
ensemble of spherical bubbles arranged in the fcc lattice with
centers of bubbles displaced by distance (D) and root mean square
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deviation (sD). Individual bubbles having an internal core-shell
structure with radius (R), root mean square deviation (sR) and
shell thickness (t). The SAXS intensity distribution is assumed as a
weighted sum of intensities calculated using the decoupling (DA)
and local monodisperse (LMA) approximations.

In all samples under study the mean cluster radius Rc lies
around 280 nm. The mean distance of the bubbles centers D is
around 28 nm, which represents the lattice parameter of the face
centered cubic structure, calculated as a ¼ D√2, around 40 nm.
The mean bubble diameter (d) decreases from 18.26 nm in the
3DOmm sample to 9.72 nm in the 3DOmm-1173 K. The mean shell
thickness (t) represents the fluctuations in densities or by the other
words increasing porosity in the carbon walls (bubble interface),
while the mean shell thickness (t1) corresponds to the carbon wall
according to the model shown as inset in Fig. 2.

As it is clearly seen in Fig. 2 the model pretty well describes/fits
the measure data (compare the measured and fitted SAXS intensity
profiles in Fig. 2). However still some deviations of the model from
measured data are visible (the correlation coefficients
R2 ¼ 0.9297e0.9638, being the lowest for the non-activated
3DOmm carbon and the best for the 3DOmm-973K). This is prob-
ably caused by fact that the model does not consider either the
unorganized micro, or nanoporosity, or unorganized carbon atoms,
which are usually present in carbon materials creating additional
SAXS signal contribution. The refined values of the 3DOmm model
are given in Table 1. Observation from the SAXS results indicated
that the activation process of the 3DOmm carbon did not disrupt
the ordered mesoporous structure of this carbon. With an increase
in the activation temperature, the shrinkage of the thin carbon
walls determined in the 3DOmm carbonwas observed, which led to
a decrease in the diameter of the orderedmesopores and formation
of the thicker carbon walls (t1) in the sample 3DOmm-1173K
(Table 1).

The crystallographic structure of the prepared 3DOmm carbon
samples measured by XRD (Fig. S1a) revealed one tiny broad peak
at 2q ¼ ~18e28� characteristic for the (002) crystalline plane of
graphitic carbon [56], indicating an amorphous structure of the
3DOmm carbons with a small graphitization. The Raman spectra
measured on the 3DOmm carbons (Fig. S1b) were used to estimate
disorder (i.e. the relative amount of crystallite boundaries) from
estimation of the D- and G-peaks [15]. Accordingly, a broad peak at
1316 cm�1, denoted as D-band, reflects breathing vibrations of C sp2

atoms in rings and indicates the presence of disorder, distortions,
and other crystal defects in the material. At the same time, the peak
at 1589-1593 cm�1, denoted as G-band, corresponds to the in-plane
bond-stretching vibrations of pairs of C sp2 atoms in graphitic
structure [57]. The intensity ratios (ID/IG) determined in the range of
1.05e1.08 indicated the prevailing amorphous structure of the
3DOmm carbon samples [58]. It is also evident that the ID/IG values
of the non-activated 3DOmm carbon and the 3DOmm-973K were
similar, showing that the amount of disorder at an activation
temperature of 973 K did not change. However, at activation tem-
peratures above 973 K, the ID/IG values increased slightly, indicating
Table 1
Parameters of the 3DOmm carbons obtained from the fitting of the SAXS profiles.

Sample Rc sRc D a

(nm) (nm) (nm)

3DOmm 374.1 2.86 28.6 40.5
3DOmm-973K 279.9 2.26 27.9 39.6
3DOmm-1073K 276.1 2.27 28.8 40.7
3DOmm-1173K 286.7 2.11 28.5 40.3

Rc is mean cluster radius, sRc is rmc of the mean cluster radius, D is mean distance of bub
mean bubble radius, sR is rmc of the mean bubble radius, d is mean bubble diameter, t

5

that more destruction of the graphite structure occurred compared
with the non-activated 3DOmm carbon. The growth of defects in
carbon materials can be attributed to pore generation during the
activation process, which leads to arbitrarily oriented graphitic
carbon layers [56].

The HRTEM and the SEM images of the 3DOmm carbon samples
at differentmagnifications are given in Fig. 3. This analysis was used
to describe the morphology of the carbon samples. All carbon
materials revealed a well-ordered structure composed of spherical
bubbles of diameter about 25 nm. The physical activation of the
initial 3DOmm carbon at different temperatures did not cause any
visible destruction of the carbon structure. The observations from
HRTEM and SEM images coincided well with the results obtained
from the SAXS, where the mean distance of bubble centers, corre-
sponding to the diameter of the entire spherical bubbles in the
3DOmm carbon materials was about 28 nm (Table 1). For a com-
parison of the morphology of the 3DOmm carbons with typical
carbons, SEM images of commercial activated carbons marked as
SH-PU 4.0 (Hübner sorbents) used for air purification and SC 40
(Silcarbon) used for air and water purification are shown in Fig. S2.

3.1.2. Microporous and mesoporous structure
The CO2 adsorption isotherms, measured at a temperature of

273 K and relative pressures (p/ps) of up to ~0.028 (saturation CO2
vapour pressure ps ~ 3.5 MPa at 273 K) were fitted with the
Dubinin-Radushkevich adsorption model [53] to determine the
volume of narrow micropores (Vmicro) and with the NLDFT
adsorption model to obtain the size distribution of the narrow
micropores shown in Fig. 4a (cumulative pore volume as a function
of narrow pores less than 1 nm is shown in Fig. S3a). The deter-
mined parameters are listed in Table 2. The non-activated 3DOmm
carbon revealed the lowest Vmicro, having 0.23 cm3/g with the
ultramicropore diameters d1ultra and d2ultra of 0.41 nm and 0.55 nm,
respectively (narrow micropores less than ~0.7 nm are known as
ultramicropores [22]). By subjecting this carbon to a CO2 atmo-
sphere for 30 min at 973 K, the ultramicropores of 0.41 nm were
expanded over a wider range with a diameter of 0.46 nm in the
3DOmm-973K, occupying the volume of 0.27 cm3/g. The micropore
volume value obtained for the 3DOmm-973K sample was the
highest obtained amongst all activated 3DOmm carbons. With
increasing activation temperature above 973 K, the micropore
volume decreased, depending on the activation temperature
similar to mesopore and micropore volumes (Table 2). However,
the diameters of the ultramicropores in the 3DOmm-1073K and
3DOmm-1173K remained the same as those of the initial non-
activated 3DOmm sample.

The N2 adsorption-desorption isotherms measured on the car-
bon samples at a temperature of 77 K were used to plot the BJH
pore size distribution in the range of mesopores (2e50 nm) shown
in Fig. 4b (cumulative pore volume as a function of pore size can be
seen in Fig. S3b). The measured N2 sorption isotherms showed a
type IV shape with a type H1 hysteresis loop typical for cylindrical
mesopores in a narrow distribution range [59] (Fig. S4). The type IV
sD R sR d t t1

(nm) (nm) (nm) (nm)

2.22 9.13 1.65 18.26 2.53 2.64
2.23 6.05 5.53 12.01 2.33 5.57
2.27 6.38 5.46 12.76 2.32 6.62
2.06 4.86 4.09 9.72 2.76 7.40

ble centers, a is lattice parameter, sD is rmc of mean distance of bubble centers, R is
is porosity thickness, t1 is wall thickness.



Fig. 3. The left panel displays HRTEM images at a scale bar of 50 nm, the middle panel shows SEM images at a scale bar of 200 nm, and the right panel shows SEM images at a scale
bar of 500 nm obtained on a-c) 3DOmm, d-f) 3DOmm-973K, g-i) 3DOmm-1073K and j-l) 3DOmm-1173K carbon samples.
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Fig. 4. Pore size distribution obtained from the a) NLDFT applied to the CO2 adsorption isotherms measured at 273 K and b) BJH applied to the N2 adsorption isotherms at 77 K.

Table 2
Pore parameters of the 3DOmm samples.

Sample CO2 adsorption at 273 K N2 adsorption at 77 K

Vmicro d1ultra d2ultra Vmeso Dmeso Vtot SBET

(cm3/g) (nm) (nm) (cm3/g) (nm) (cm3/g) (m2/g)

3DOmm 0.23 0.41 0.55 3.70 24.7 3.79 1058
3DOmm-973K 0.27 0.46 e 3.94 23.3 4.20 1462
3DOmm-1073K 0.25 0.41 0.55 3.42 24.0 3.64 1256
3DOmm-1173K 0.24 0.41 0.55 2.75 22.7 2.91 1052

CO2 adsorption at 273 K: Vmicro from DR; d1ultra and d2ultra from NLDFT.
N2 adsorption at 77 K: Vmeso¼ Vtot-Vmicro; Vtot from Gurvich at p/ps¼ 0.99; Dmeso from
BJH; SBET from BET.
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shape also indicated the presence of abundant micropores at a
relative pressure less than 0.02 [60]. The shapes and hysteresis
loops of N2 adsorption-desorption isotherms obtained on the
3DOmm carbons were in good agreement with the results obtained
on a similar carbon type published in our previous work [51]. In the
mesopore region, the BJH pore size distribution for the carbons
revealed an intense peak within the range of ~20e30 nm with a
maximum, corresponding to the mesopore diameter (Dmeso), laying
within the range of 22.7e24.7 nm (Fig. 4b, Table 2). The mesopore
diameters coincided well with the SEM analysis (see Fig. 3). The
activation procedure of the post-synthesized 3DOmm carbon had a
considerable impact on the BET specific surface area (SBET) and
mesopore volumes (Vmeso). Accordingly, activating it at a temper-
ature of 973 K led to an increase of the SBET value from 1058m2/g (in
the post-synthesized 3DOmm carbon) to 1462 m2/g (in the acti-
vated 3DOmm-973K carbon), and the mesopore volume increased
from 3.70 cm3/g to 3.94 cm3/g, respectively. However, with a
further increase in activation temperature, these parameters
decreased.

It is known that an increase in activation temperature causes a
more intense interaction of CO2 molecules with the carbon surface,
which can lead to the creation of new micropores in the carbon
walls and widening of already existing pores [61,62]. The results
obtained here indicate that activation of the 3DOmm carbon at
973 K leads to additional microporosity together with broadening
7

of existing mesopores, causing an increase in the microporous and
mesoporous volumes. However, it was apparent that increasing
activation temperature above 973 K caused the decrease of the
volume of the micropores possibly due to growth of existing mi-
cropores in the very thin carbon walls of about 2.64 nm in the
3DOmm carbon (see Table 1) to the size of small mesopores, leading
to decreased microporosity (i.e. micropore volume) and SBET values.
As the SAXS results showed, shrinkage of the thin carbon walls in
the 3DOmm carbon with the increased activation temperature
occurred, leading to a thickening of the carbonwalls and a decrease
in the diameter of the ordered mesopores in the activated 3DOmm
carbons (Table 1, Fig. 2). Thus, smaller ordered mesopores occupied
smaller volumes. In addition, expansion of some mesopores to
macropores, which cannot be determined from the adsorption
isotherm, influencing the decrease of the mesopore volume with
the activation temperature could also take place.
3.2. CO2 adsorption performance

3.2.1. CO2 adsorption capacities
The CO2 adsorption performances of non-activated and acti-

vated 3DOmm carbon materials were evaluated from measure-
ments of CO2 adsorption capacities at atmospheric (100 kPa) and
higher (up to 2 MPa) pressures and at different temperatures.

In addition to the CO2 adsorption measurements performed at
273 K and pressures within the range of 0e100 kPa, CO2 adsorption
isotherms were also measured at 298 and 323 K. These adsorption
and desorption isotherms are shown in Fig. 5. The desorption iso-
therms exhibited a significant overlap with their respective
adsorption isotherms, indicating a high degree of reversibility for
the 3DOmmcarbon samples. Due to the strong overlap between the
desorption and adsorption isotherms, the desorption curves may
not be clearly distinguishable in some instances in Fig. 5. The CO2

adsorption capacities of all carbon materials were dependent on
temperature, i.e. they decreased as the temperature increased, due
to the increase inmolecular kinetic energy of CO2 with temperature
[63]. The CO2 adsorption capacity at a pressure of 100 kPa was
found to be in the range of 2.71e3.19 mmol/g at 273 K (Figs. 5a),



Fig. 5. CO2 adsorption isotherms measured at 100 kPa on carbon samples at different temperatures: a) 273 K, b) 298 K and c) 323 K. The bold symbols correspond to the adsorption
isotherm, and the empty symbols correspond to the desorption isotherm.
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1.56e1.87 mmol/g at 298 K (Figs. 5b) and 1.16e1.40 mmol/g at
323 K (Fig. 5c). The initial non-activated 3DOmm carbon revealed
the lowest adsorption performance at each measured temperature,
while by activating the 3DOmm carbon at 973 K, the CO2 adsorption
capacity was significantly enhanced, showing the highest adsorp-
tion capacity amongst all the activated carbons.

The CO2 adsorption and desorption isotherms measured on the
carbon samples at 298 K, 308 K and 323 K and pressures up to
2 MPa are shown in Fig. 6aec, respectively. At 2 MPa, the 3DOmm-
973 K carbon also revealed the highest CO2 adsorption perfor-
mance, adsorbing 11.18 mmol/g at 298 K, 9.98 mmol/g at 308 K and
7.70 mmol/g at 323 K. In contrast to the atmospheric pressure, the
activated 3DOmm-1173K carbon adsorbed the smallest amount of
CO2 among all carbons studied (7.21 mmol/g at 298 K, 6.4 mmol/g
at 308 K and 5.43 mmol/g at 323 K). As in the case of atmospheric
pressure, exothermic adsorption was observed.

Variations in adsorption capacity in the carbon materials at
different pressures are attributed to the number of micropores and
mesopores present in their structure. The effect of porosity on the
CO2 adsorption properties of carbon materials has been widely
described [20,38]. Two processes influence adsorption in micro-
pores - the filling mechanism and surface coverage [51]. During CO2
adsorption in micropores, both these processes are related to the
kinetic diameter of the CO2 molecule (0.33 nm) and micropore size.
The surfaces of narrow micropores with widths below 0.6 nm have
very strong Van derWaals interactions with CO2 molecules, leading
to the filling mechanism. However, if the micropore size is greater
than 0.6 nm, corresponding to about two CO2 molecular di-
mensions, then the coverage CO2 adsorption mechanism takes
8

place [21]. For high adsorption of the CO2 at atmospheric pressure,
the requirement of narrow micropores was considered [22,64].

For the carbon samples studied, the CO2 adsorption capacity of
1.56 mmol/g determined in the 3DOmm carbon with a micropore
volume of 0.23 cm3/g increased to 1.87 mmol/g in 3DOmm-973 K
with a micropore volume of 0.27 cm3/g, both at atmospheric
pressure (Table 2, Fig. 5). In contrast, an increase in volume of
bigger micropores and mesopores led to an increase in adsorption
capacity at higher pressures. The 3DOmm-1173K carbon with
mesopore volume of 2.75 cm3/g adsorbed the lowest amount of CO2

of 7.21 mmol/g, and the 3DOmm-973 K, comprising a mesopore
volume of 3.94 cm3/g showed the highest adsorption capacity of
11.26 mmol/g at 2 MPa (Table 2, Fig. 6). The changes in adsorption
capacity with pressure obtained on the 3DOmm carbon samples are
in good agreement with the theory of micropore filling of CO2 at
low pressures [34,65] and mesopore filling of CO2 at higher pres-
sures [19].

The experimental CO2 adsorption isotherms measured up to
2 MPawere fitted with the Sips adsorption model, which combines
the Langmuir and Freundlich adsorption models to study the
adsorption process on the 3DOmm carbon materials [47]. Accord-
ing to the Langmuir model, monolayer adsorption takes place,
assuming that the molecules do not interact amongst themselves
and each molecule occupies the one adsorption site (homogeneous
adsorption). On the contrary, the Freundlich model is not limited to
monolayer adsorption. Therefore, it can be applied to multilayer
adsorption, determining the exponential distribution of adsorption
sites and their energies (heterogeneous adsorption) [66]. Thus, in
the case of the Sips equation, the exponent n, being in the range of



Fig. 6. CO2 adsorption isotherms measured on 3DOmm carbon samples at 2 MPa at different temperatures: a) 298 K, b) 308 K, c) 323 K. The bold symbols correspond to the
adsorption isotherm, and the empty symbols correspond to the desorption isotherm.
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0e1, shows the degree of heterogeneity. When n ¼ 1, then the Sips
equation turns into the Langmuir equation, describing homoge-
neous adsorption. The fittings of experimental adsorption iso-
therms measured at pressures up to 2 MPa and different
temperatures with the described adsorption model are shown in
Fig. 7aed. The adsorption model showed very good fitting results,
having correlation coefficients (R2) close to 1. The parameters
calculated for the Sips model are summarised in Table 3. Since the
exponent n is in the range of 0.57e0.70, it was assumed that the
heterogeneous adsorption mechanism on the 3DOmm carbon
surfaces prevailed when CO2 adsorption occurred at pressures up to
2MPa. The heterogeneous CO2 adsorption observed on the 3DOmm
carbons can be explained by the variety of pore sizes in the
micromesoporous carbon materials, i.e. first the micropores are
filled with CO2 at low pressures, and then the mesopores at higher
pressures [19].

The CO2 adsorption capacities of the 3DOmm-973K carbon,
which showed the best CO2 adsorption performance, were
compared with the adsorption capacities observed on different
carbon-based materials and are given in Table 4. At atmospheric
pressure, the carbon samples containing higher micropore volumes
showed higher CO2 adsorption performance compared to those
with lower micropore volumes [17,21,23,24,26,38,49e51]. High
microporosity in the carbon materials was obtained primarily due
to various activating agents, such as KOH [19,21e24,29,46,68,69],
K2CO3 [34] and K2C2O4 [30]. Especially, an extremely high CO2
uptake of 9.05 mmol/g at 273 K was reported by the activated
carbons prepared from the common polypody as a feedstock due to
a large volume of micropores [23]. However, nanoporous carbon
9

materials published in Ref. [19] showed a controversial trend with
micropores andmesopores, i.e. a fairly low adsorption performance
at 100 kPa despite having a high volume of micropores, and very
high adsorption capacity at 2 MPa despite having a small meso-
porous volume compared to the 3DOmm carbons studied in this
work and previously studied by us [51]. The carbon samples con-
taining functionalities in their structure also declined from the
trend of CO2 depending on the micropore volume at low pressures
since the different functionalities enhanced the CO2 adsorption
[22,29,43,70,71]. Accordingly, heteroatom (N, S, O) doping of car-
bons showed a positive effect on CO2 capture performance due to
Lewis acid-base interactions between pyrrolic/pyridinic nitrogen
and CO2 molecules, and strong energy interactions between
oxidized sulfur atoms and CO2 molecules [30,46]. The CO2
adsorption at 2MPa (a relative pressure p/ps ~0.31 at 298 K) showed
a dependence on mesopore volume in the case of pure non-doped
carbons such as 3DOmm carbon [51] and mesoporous CMK-3 and
FCMK-3 carbons [25]. However, the microporous carbon (G-850-5)
and the micromesoporous carbon (G-3.6e2) [24], having a smaller
mesopore volume compared with 3DOmm carbons, showed higher
adsorption performance of CO2 at 2 MPa. According to the authors
suggestion [24], the G-850-5 and G-3.6e2 carbon materials
comprised the large volume of pores less than 2.0e2.4 nm, leading
to high adsorption performance in carbon materials containing
bigger mesopore volumes.

3.2.2. CO2/N2 selectivity
In the case of the post-combustion capture, a typical flue gas

contains a low level of CO2 (~15 vol %) and a large amount of N2



Fig. 7. CO2 adsorption isotherms and their fittings with the Sips model obtained on the a) 3DOmm, b) 3DOmm-973 K, c) 3DOmm-1073 K and d) 3DOmm-1173 K carbon materials at
different temperatures.

Table 3
Results from Sips fittings of the adsorption isotherms measured at different temperatures and pressures up to 2 MPa.

Sample 298 K 308 K 323 K

Vm k n R2 Vm k n R2 Vm k n R2

3DOmm 38.39 0.0961 0.6604 0.9995 29.29 0.1164 0.6664 0.9998 23.46 0.1404 0.7027 0.9998
3DOmm-973K 58.21 0.0547 0.6476 0.9998 43.05 0.0854 0.6812 0.9998 30.26 0.1004 0.6812 0.9994
3DOmm-1073K 35.51 0.0742 0.5913 0.9999 26.40 0.1148 0.6169 0.9999 21.32 0.1304 0.6410 0.9999
3DOmm-1173K 29.41 0.0668 0.5704 0.9991 20.81 0.1397 0.6474 0.9999 16.91 0.1456 0.6316 0.9992

Vm is maximum adsorption capacity (mmol/g), k is Sips isotherm model constant, n is Sips isotherm model exponent, R2 is the correlation coefficient.
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(~85 vol %) [10]. Due to the low partial pressure of CO2, the esti-
mation of selectivity of CO2 towards N2 in the binary gas mixture is
very important. The CO2/N2 selectivity can be determined fromdata
of the pure CO2 and N2 adsorption isotherms according to Eq. (3)
based on IAST theory [72].

The pure CO2 and N2 adsorption isotherms measured on the
3DOmm carbon samples at pressures of up to 100 kPa and a tem-
perature of 298 K are shown in Fig. 8a. Using the data of the CO2 and
N2 adsorption isotherms, we calculated the CO2/N2 selectivity
(SCO2=N2

) of the 3DOmm carbon samples for the gas mixture with a
volume ratio of 15:85 according to Eq. (3). The dependence of the
SCO2=N2

values on the pressure at 298 K are shown in Fig. 8b. At
5 kPa, the highest value of 119 was determined for 3DOmm, while
the lowest selectivity was 41.4 in the 3DOmm-1173K. Selectivity
then decreased with pressure over the entire pressure range for the
three 3DOmm, 3DOmm-1073K and 3DOmm-1173K carbon sam-
ples. The last activated carbon, i.e. the 3DOmm-973K carbon,
showed a slight increase in selectivity with pressure up to
10
16e20 kPa. However, a further pressure increase led to a slow
decrease in selectivity (Fig. 8b). At 100 kPa, the CO2/N2 selectivity
was in the range of 33.2e51.5. Within the pressure range above
40 kPa, the activated 3DOmm-973K carbon showed the highest
selectivity, while the non-activated 3DOmm carbon was the worst
carbon for selection of CO2 from the binary CO2eN2 gas system.

The difference in the SCO2=N2
values at 5 kPa is due to the fact that

the CO2 is filled in the narrowest ultramicropores at low pressures
[73], while the N2 gas requires a little wider micropores due to
higher kinetic diameter [51]. The 3DOmm carbon revealed the
highest amount of the narrow micropores amongst the studied
carbon materials (Table 2), and therefore it could capture higher
amount of CO2, reflecting in the highest selectivity value. On the
contrary, the 3DOmm-973K carbon revealed the wider ultra-
micropores than the other carbon materials, and therefore this
carbon adsorbed the smallest CO2 amount at pressures up to 5 kPa.
However, the best selectivity of 3DOmm-973K carbon at 100 kPa
can be attributed to its highest microporosity compared to other



Table 4
Comparison of CO2 adsorption capacities of initial non-activated 3DOmm carbon and activated at 973 K (3DOmm-973K) with the reported carbon materials.

Sample Activating
agent

Conditions (Temp;
Pressure)

CO2 adsorption Specific surface area (SBET) Micropore
volume (Vmicro)

Mesopore
volume (Vmeso)

Reference

(mmol/g) (m2/g) (cm3/g) (cm3/g)

3DOmm-973K CO2 273 K; 100 kPa
298 K; 100 kPa
298 K; 2 MPa

3.19
1.87
11.26

1462 0.27 4.03 This work

3DOmm Non 273 K; 100 kPa
298 K; 100 kPa
298 K; 2 MPa

2.71
1.56
8.12

1058 0.23 3.72 This work

3DOmm Non 298 K; 100 kPa
298 K; 2 MPa

1.49
9.12

1343 0.17 3.42 [51]

N-doped ordered
mesoporous carbon
(N-CMK-3_900)

Non 273 K; 100 kPa ~3.34 667 0.16 0.84 [33]

Halloysite-derived
carbon

ZnCl2 298 K; 2 MPa ~18 1646 0.43 1.29 [14]

Composite-derived
carbons (C_ZIF-8)

303 K; 100 kPa
303 K; 1 MPa

~2.5
~7.0

1862 0.65 0.01 [20]

Nanoporous carbons KOH 298 K; 100 kPa
298 K; 2 MPa

~2.5e3.8
~13e22

1770e3575 0.70e1.06 0.03e0.71 [19]

Microporous carbon
spheres

KOH 273 K, 100 kPa 5.96e6.35 831e986 e e [21]

Non 273 K, 100 kPa 3.51e3.78 462e486 e e

N-doped carbon (CUK-
113)

KOH 273 K; 100 kPa
298 K; 100 kPa

6.37
3.91

2150 0.43 0.49 [22]

Nanoporous carbons
(NCs)

KOH 273 K; 100 kPa ~4.00e9.05 187e1994 0.14e0.92 0.02e0.23 [23]

Microporous carbon (G-
850-5)

KOH 298 K; 100 kPa
298 K; 2 MPa

4.5
~12

1690 0.67 0.05 [24]

Micromesoporous
carbon (G-3.6e2)

KOH 298 K; 100 kPa
298 K; 2 MPa

1.5
~22

3460 1.00 1.72

Mesoporous carbons
(CMK types)

Non 298 K; 100 kPa
298 K; 2 MPa

~2.2
~8.5e9.6

1258e1491 e e [25]

N,O-doped
micromesoporous
carbons

KOH 273 K; 100 kPa
298 K; 100 kPa

6.24e8.59
4.05e6.06

1266e2013 0.47e0.75 0.22e0.42 [29]

Activated carbons K2CO3 273 K; 100 kPa ~3.11e4.2 2750e2910 1.33e1.47 0.44e0.51 [34]
N,O-doped carbon

(PHC4)
ZnCl2 273 K; 100 kPa

298 K; 2 MPa
3.5
~13

1080 0.16 0.43 [43]

Activated CNFs CO2 298 K; 100 kPa 0.38e1.21 201e413 e e [60]
N-doped mesoporous

carbons
at 373 K 273 K; 100 kPa

298 K; 100 kPa
2.84e3.40
1.32e1.63

491e610 0.24 0.15 [67]

Activated mesoporous
carbons

KOH 298 K; 100 kPa 2.9e3.2 1200e2660 0.48e1.03 0.16e0.35 [68]

Microporous walnut
shell-based carbons:

KOH 273 K; 100 kPa
273 K; 2 MPa

~3.16e3.55
~8.3e9.6

1982e2497 0.57e0.64 0.02e0.13 [69]

N, S, O-doped activated
carbons

KOH 273 K; 100 kPa
298 K; 100 kPa

2.37e5.38
1.64e3.57

430e2095 0.27e1.26 0.05e0.55 [46]

N-doped activated
carbons (OPMKs)

K2C2O4 273 K; 100 kPa
298 K; 100 kPa

3.16e6.67
1.86e3.97

1830e2130 0.96e1.12 1.11e1.20 [30]

N-doped mesoporous
carbons

Non 298 K; 100 kPa 2.43e2.53 514e540 e e [70]

Carbon nanofibers: Non 273 K; 100 kPa 4.63e5.08 990e1084 0.44e0.49 0.57e0.67 [71]

Fig. 8. a) CO2 and N2 adsorption isotherms and b) CO2/N2 selectivity for a volume ratio of 15:85 depending on different pressures up to 100 kPa at 298 K for all samples measured.
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Table 5
Results from pseudo-first order (PFO) and pseudo-second order (PSO) fittings of the
kinetics data measured for a pressure step from 0 to 100 kPa at 298 K.

PFO PSO

k1 (min�1) R2 RMSE k2 (min�1) R2 RMSE

3DOmm 0.2217 0.9932 0.0739 0.2473 0.9691 0.2200
3DOmm-973K 0.1616 0.9840 0.1071 0.1753 0.9706 0.2030
3DOmm-1073K 0.2187 0.9928 0.1174 0.1029 0.9837 0.2166
3DOmm-1173K 0.2260 0.9924 0.1298 0.1593 0.9673 0.3645

k1 and k2 are kinetic constants from PFO and PSO, respectively, R2 is correlation
coefficient, RMSE is root-mean-square deviation.
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3DOmm carbon materials. At the same time, the 3DOmm carbon
with the poorest microporosity exhibited the worst selectivity of
CO2 towards N2. The selectivity of the 3DOmm-973K carbon was
higher than the selectivity obtained on many other carbon-based
materials for a gas mixture with a volume ratio of 15:85 at 298 K
and 100 kPa [74,75].

To show how 3DOmm carbonmaterials capture CO2 under post-
combustion capture conditions, a dynamic sorption experiment
was performed with a CO2eN2 gas mixture, keeping a volume ratio
of CO2:N2 ¼ 15:85 and a flow rate of 50 ml/min. Breakthrough
curves obtained on the 3DOmm carbon materials at 298 K (Fig. S5)
showed that the CO2 uptake of the 3DOmm carbon materials
ranged from 0.29 to 0.38 mmol/g. Notably, 3DOmm-973K carbon
exhibited the highest performance among all the tested materials.
The breakthrough of the 3DOmm carbon samples occurred at
0.91e1.51 min, considering the breakout time at C/C0 ¼ 0.05 [76].
The breakthrough time is directly proportional to the mass of the
sample, and the sample amount used for the breakthrough exper-
iments was only 20e30 mg, due to the limitations of the analyzer.
The recorded breakthrough time was therefore relatively short
compared to the published carbons [76e78]. To overcome this
limitation and to gain a deeper understanding of the breakthrough
behaviour with larger sample masses, we conducted breakthrough
time calculations for each carbon sample using an amount of 1 g,
resulting in breakthrough times ranging from 40.9 to 58.5 min.
These breakthrough times exceeded those of amine-doped com-
mercial activated carbons, which exhibited a slightly longer
breakthrough time of 61.5 min. However, the amine-doped acti-
vated carbons required 3e6 times greater amounts of sorbent than
our samples [79], and chemically activated nanoporous carbonwith
a breakthrough time of 3.15 min required an adsorbent weight of
2 g [56], etc. Moreover, a previous investigation [76] has revealed
that the flow rate plays a pivotal role in both adsorption capacity
and breakthrough time. At the lowest flow rate, the adsorption
capacity was found to be highest, and the breakthrough time was
longest, suggesting that a low flow rate is optimal for efficient CO2
capture from a flue gas. It was also observed that a higher occu-
pation of adsorption sites by N2 molecules occurs during the initial
stages of the breakthrough experiments. However, as the experi-
ment progressed, the N2 molecules were replaced by CO2, leading
to higher selectivity [56].

3.2.3. CO2 adsorption kinetics
To analyse the kinetics of the dynamic CO2 adsorption, the

change inweight over time during the breakthrough experiment at
298 K shown in Figs. S6aed was analysed. It was found that 95% of
the adsorption saturation occurs within first 6.1e9.3 min. This is
comparable with self S-doped porous carbon [80], and is consid-
ered to be fast adsorption kinetics. Fast adsorption kinetics is very
important for practical applications.

To investigate the kinetics of CO2 adsorption, we also analysed
the change in weight over time during the pressure step from 0 to
100 kPa at 298 K under equilibrium conditions. As the carbon
samples are lightweight and could potentially be blown out of the
device, we adopted a cautious approach by using a slow pressure
increase of 10 kPa per minute. However, this means that it could be
challenging to evaluate the time of saturation accurately, due to the
extended duration of the pressure increase. To overcome this lim-
itation and to obtain a reliable understanding of the adsorption
kinetics, we employed the pseudo-first order (PFO) model (Eq. (1))
[47] and the pseudo-second order (PSO) model (Eq. (2)) [54] for
fitting the kinetics data. By comparing the results obtained from
both models, we estimated the kinetics constants, providing valu-
able insights into the adsorption kinetics of CO2 on the carbon
samples. Fig. S7 illustrates the model fittings and their residuals,
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and Table 5 lists the values of the kinetic constants (k1 and k2), the
correlation coefficients (R2) and the root-mean-square deviation
(RMSE) of the two models used for all carbon samples. Notably, the
pseudo-first order model demonstrated superior fittings, as indi-
cated by higher R2 and lower RMSE values, suggesting that physical
adsorption of CO2 occurs. Furthermore, when comparing the car-
bon samples, we observed that the kinetic constant (k1) was largest
in the sample with the least CO2 adsorption, namely 3DOmm-
1173K. Interestingly, the value of k1 decreased as the CO2 adsorption
amount increased across the samples. This trend can be attributed
to the partial saturation as the available active sites on the carbon
surface gradually become occupied by CO2 molecules with
increased CO2 uptake. As a result, the rate of CO2 adsorption starts
to slow down, leading to a decrease in the kinetic constant [81].
This saturation effect occurs because the surface sites become less
accessible to additional CO2 molecules, reducing the overall rate of
adsorption. Also, the slower diffusion rates of the CO2 molecules
through the gas phase towards the adsorption sites on the carbon
surface can lead to a decrease in the kinetic constant (k1) [82].
3.2.4. Interaction strength between CO2 gas and carbon surfaces
The interaction strength between the CO2 gas and carbon sur-

face was evaluated from performing the CO2 adsorption-desorption
cycles on the 3DOmm carbons at 298 K and 100 kPa (Fig. 9a) and
estimating the isosteric heats of CO2 adsorption (DHst) calculated as
a function of the amount adsorbed at different temperatures using
the Clausius e Clapeyron Eq. (4) (Fig. 9b).

Adsorption-desorption cycles with CO2 performed on all
3DOmm carbon samples at 298 K and 100 kPa shown in Fig. 9a
revealed that all samples exhibited excellent reversibility after
applying adsorption-desorption cycles. The excellent reversibility
of the samples confirms that the CO2 molecules were connected to
the carbon surface by weak Van der Waals forces characteristic of
the physical adsorption process [66].

The adsorption isotherms measured at 298 K, 308 K and 323 K
were used to calculate the isosteric heats of CO2 adsorption, cor-
responding to the heat released during the adsorption of CO2 on the
carbon surface. The adsorption isosteres are shown in Fig. S8.
Table S1 lists and Fig. 9b shows the dependence of isosteric heats of
CO2 adsorption (DHst) on surface coverage for the series of post-
synthesized and activated 3DOmm carbon materials. At an
adsorption of 0.5 mmol/g, the DHst was within the range of
19.98e29.2 kJ/mol for the carbon samples, where the initial non-
activated 3DOmm carbon revealed the lowest DHst value and the
3DOmm-973K carbon showed the highest value of DHst. With the
increase in VCO2 there was a very small decrease in isosteric heat for
the 3DOmm carbon (19.25 kJ/mol at 7 mmol/g). The activated
3DOmm carbon samples showed a more rapid decline in DHst with
increasing adsorption capacity at the beginning (up to ~2 mmol/g)
followed by a slight decrease. At the adsorption capacity of 8 mmol/
g, the isosteric heats were in the range of 18.9e22.3 kJ/mol.



Fig. 9. a) time-dependent CO2 cycles obtained on the 3DOmm carbon samples at 298 K and 100 kPa and b) Isosteric heats of CO2 adsorption depending on surface coverage.
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The isosteric heats determined for the 3DOmm carbons were
less than 50 kJ/mol, indicating that the physical adsorption of CO2
took place on the 3DOmm carbon surfaces [83,84]. The physical
adsorption determined from the isosteric heats coincides nicely
with the results obtained from the study of the regeneration ability
of the carbon materials (Fig. 9a). The decrease in isosteric heats
with adsorption suggested that the interaction of CO2 molecules
with the carbon surface was stronger than the interaction between
CO2 molecules; heterogeneous CO2 adsorption also took place
[85,86]. The values of isosteric heats and their trends were very
similar for all 3DOmm carbons, indicating that similar adsorption
sites were involved in CO2 adsorption. The isosteric heats of CO2
adsorption of the 3DOmm carbon materials were consistent with
other porous carbonmaterials [68,87]. In contrast, carbonmaterials
containing nitrogen functional groups showed stronger CO2 ‒
carbon surface interactions, resulting in higher DHst values
[33,43,70].
4. Conclusions

In this study, three-dimensionally ordered micromesoporous
3DOmm carbon was synthesized by the hard-templating method,
followed by physical activation using CO2 gas at different high
temperatures to improve CO2 capture ability. All 3DOmm carbon
materials were characterised and then studied for CO2 capture
performance at atmospheric and higher pressures (up to 2 MPa)
and at different temperatures. The 3DOmm carbons revealed an
amorphous structure with a very low graphitization degree.
Furthermore, the amount of disorder was more prominent in the
carbon samples activated at temperatures above 973 K. It was also
evident that activation did not have a destructive impact on the
ordered structure. However, it was clearly seen that activation had a
significant impact on pore volumes, which in turn had a significant
impact on CO2 adsorption performance over the whole range
measured. The highest micropore and mesopore volumes and
specific surface area were determined in the carbon sample acti-
vated at 973 K. A further increase in activating temperature led to a
decrease in those parameters due to a broadening of the micro-
pores and mesopores and shrinkage of the thin mesopore carbon
walls. Exothermic CO2 adsorption in the 3DOmm carbons varied
with micropore volumes at atmospheric pressure and with meso-
pore volumes at higher pressures. The isosteric heats of adsorption
indicated weak Van der Waals interactions between CO2 molecules
and the carbon surface, characteristic of physical adsorption.
Physical adsorption was also confirmed from the kinetics results,
where the pseudo first order model showed a perfect fit with the
13
experimental data. It was also seen from the adsorption-desorption
cycles that were performed, where perfect regenerative ability of
the carbon materials was observed. The 3DOmm carbon samples
showed high selectivity for CO2 over N2 at atmospheric pressure,
depending on microporosity and fast adsorption kinetics.

This research reports the first study of the activated three-
dimensionally ordered micromesoporous carbons synthesized by
the hard-templating method investigated as adsorbents for CO2
capture in awide range of pressures and temperatures. It was found
that the microporous structure of the 3DOmm carbon can be
improved, leading to a better CO2 capture performance in the
whole pressure range. Comparison of the estimated CO2 adsorption
capacity of the 3DOmm carbons studied with other known carbon
materials in the literature indicated that the physically activated
3DOmm carbon at 973 K has a big potential to be used as an
adsorbent at different pressures, especially in the case of the pre-
combustion capture. The above findings are essential in the field
of material sciences, particularly in the design of advanced highly
structured ordered microporous and mesoporous sustainable car-
bon adsorbents which might have a potential to be candidates for
CO2 capture, especially at high pressures due to a superior CO2

capture performance and the reusability.
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