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Abstract A simple method was developed to tune the
porosity of coal-derived activated carbons, which provided
a model adsorbent system to investigate the volumetric
CO, adsorption performance. Specifically, the method
involved the variation of the activation temperature in a
K,CO; induced chemical activation process which could
yield activated carbons with defined microporous (< 2 nm,
including ultra-microporous < 1 nm) and meso-micro-
porous structures. CO, adsorption isotherms revealed that
the microporous activated carbon has the highest measured
CO, adsorption capacity (6.0 mmol-g! at 0 °C and 4.1
mmol-g~! at 25 °C), whilst ultra-microporous activated
carbon with a high packing density exhibited the highest
normalized cag)acity with respect to packing volume
(1.8 mmol-cm™ at 0 °C and 1.3 mmol-cm™ at 25 °C),
which is significant. Both experimental correlation analysis
and molecular dynamics simulation demonstrated that
(i) volumetric CO, adsorption capacity is directly
proportional to the ultra-micropore volume, and (ii) an
increase in micropore sizes is beneficial to improve the
volumetric capacity, but may lead a low CO, adsorption
density and thus low pore space utilization efficiency. The
adsorption experiments on the activated carbons
established the criterion for designing CO, adsorbents with
high volumetric adsorption capacity.

Keywords coal-derived activated carbons, porosity,
CO, adsorption, molecular dynamics

1 Introduction

Serious environmental problems (such as acid rain, haze
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and greenhouse gases) have arisen due to the widespread
use of fossil fuels. Especially, the sharp rise of concen-
tration of CO, from ca. 325 ppm (1967) to 409.8 ppm
(2019) has aroused wide public concern [1,2]. Nowadays,
several chemical absorption and/or physical adsorption
technologies (based on membranes [3,4], alkanol amine
solvents [5], ionic liquids [6] and solid adsorbents [7,8])
have been used for CO, capture and storage. Among
them, CO, adsorption by solid adsorbents is considered
one of the most promising technologies due to low energy
requirement, good stability and relatively wide operation
ranges of temperatures and pressures. Solid adsorbents
mainly include carbon-based materials [9,10] zeolites
[11], metal-organic frameworks [12] and amine function-
alized/supported adsorbents [13]. Among them, carbon-
based materials have been widely explored and applied in
CO, capture due to their favorable properties of high
adsorption capacity, superior cycle stability, adjustable
pore structures and, more importantly, reasonable costs.
For example, coal/biomass-based activated carbons (ACs)
are common adsorbents which are derived from low-cost
raw materials and can be produced at scales. Among
various approaches for preparing ACs, chemical
activation using KOH [14], K,CO; [15], H,PO, [16] and
NaOH [17] is commonly employed, as well as being
practical for applications at scales. Especially, K,CO, is
more environmentally friendly compared to hazardous
KOH and NaOH, but being comparable regarding its
performance for activation. Yue et al. [18] investigated
the activation of coconut shell using K,CO;, and the
optimized microporous sample showed a high CO,
capacity of 3.71 mmol-g™! at 25 °C and 5.12 mmol-g™" at
0 °C. Kim et al. [19] prepared a series of coffee ground-
based microporous carbons using K,CO; activation,
which also showed good CO, uptakes, proving that
K,CO; activation was capable of producing high-
performance CO, adsorbents.
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Textural and surface chemical properties of ACs are
key to determine their performance for CO, capture. In
this regard, continuous efforts have been made to tune
the pore structure and surface functionality of ACs to
improve their CO, adsorption performance. It is generally
agreed that CO, adsorption on ACs is based on a micro-
pore filling mechanism, and the CO, adsorption
capability of ACs is mostly related to narrow micropore
structure [20]. Previous studies have demonstrated micro-
pores with sizes smaller than 1 nm, i.e., ultra-micropores,
are mainly responsible for CO, uptake at ambient
pressure [21,22]. Additionally, chemical environment of
ACs is also an important factor of affecting CO,
adsorption, which can induce chemisorption, hydrogen
bonding, and/or electrostatic interactions between the
CO, molecule and surface functional groups [23,24]. The
porosity of ACs can be effectively adjusted by carbon
precursors [25] and activation methods [26], as well as
the conditions of the method [27]. Based on pore adjust-
ment and surface modification, CO, adsorption capabi-
lities of the reported ACs have been significantly
increased, and some of the reported ACs with the
appropriate pores and active sites could achieve the CO,
adsorption capacity of > 7 mmol-g™' at 0 °C and 1 bar
[28]. However, it is worth mentioning that the majority of
previous studies focused mainly on improving the CO,
gravimetric capacitive performance of porous carbons
with the low packing density, which could cause the
insufficient use of pores in ACs. Conversely, in compari-
son with the gravimetric performance, CO, adsorption
capability per volume of porous carbons may provide a
relatively realistic indication of the performance. Besides,
the volumetric CO, adsorption capability of porous
carbons is also an important indicator to determine the
scale and efficiency of adsorption systems [29-31],
which, however, was commonly overlooked in most of
the previous studies [20,32]. To achieve a high volum-
etric CO, adsorption capacity, porosity regulation of
carbon materials is the prerequisite since pore configu-
ration and size greatly correspond to the packing density
of porous carbons [33]. Regardless gravimetric and
volumetric adsorption, it is very necessary to explore the
critical factors, which determine volumetric and/or gravi-
metric capability of porous carbons, and hence devise
controllable methods for porosity regulation towards
high-performance CO, adsorbents.

Here, we report a simple chemical activation method
using K,CO, as the activating agent to prepare coal-
derived ACs. By simply varying the activation
temperature (in a range of 600-900 °C), the porosity of
the resulting ACs can be tailored. Specifically, the low-
temperature (at 600 °C) activation produced the AC with
mainly ultra-micropores (< 1 nm), whilst an increase in
the activation temperature can increase the pore sizes.
The series ACs obtained can be used as a model adsor-
bent system for investigating the correlation between pore
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parameters and volumetric CO, adsorption character-
istics. Based on the combined experimental study and
molecular dynamics simulation, the correlation between
the CO, adsorption capacity and pore characteristics of
the ACs is proposed.

2 Experimental

2.1 Preparation of ACs

To prepare the ACs, a low-rank coal from Xinjiang
province (China) was used as the carbon source, and the
proximate, ultimate analyses, ash compositions of the
coal are presented in Tables S1 and S2 (cf. Electronic
Supplementary Material, ESM). The activation of the coal
precursor towards ACs is illustrated in Fig. 1. In detail,
coal particles (< 1 mm) were first washed using acids
(mixture of 5 mol-L™" hydrochloric acid and 20 wt%
hydrofluoric acid) to remove the minerals. To prepare
ACs, the acid-washed coal particles were added into
0.2 gmL~! K,CO; solution with a mass ratio of 1:3 to
form the coal-water slurry under magnetic stirring. The
mixture was then evaporated at 100 °C to obtain the dry
solid and further carbonized at the setting temperature for
1 h under nitrogen atmosphere (200 mL-min') at a
heating rate of 5 °C-min~! in a horizontal tube furnace, as
shown in Fig. S1 (cf. ESM). After activation, the sample
was washed using 2 mol-L™! hydrochloric acid and
deionized water (three times) sequentially, and then dried
at 80 °C for 12 h to obtain the ACs. The resulting ACs
were denoted as AC-600, AC-700, AC-800 and AC-900
for the activation temperatures of 600, 700, 800, 900 °C,
respectively.

2.2 Structural characterization and CO, adsorption

The morphology, microstructure and element composi-
tion of the obtained ACs were characterized by scanning
electron microscopy (SEM, Helios Nanolab600i) and
transmission electron microscopy (TEM, JEM-2100, at
200 kV). Porous properties of the ACs including specific
surface area, pore volume and pore size distribution were
measured by N, adsorption/desorption analysis (Microme-
ritics ASAP 2020 adsorption analyzer) at liquid nitrogen
temperature (—196 °C). Before the test, ACs samples were
degassed at 160 °C for 8 h. Specifically, the Brunauer—
Emmett-Teller (BET) theory was used to determine the
specific surface area (Sppy); the total pore volume (V)
was determined using the amount adsorbed at relative
pressure (p/p°) of 0.975; the ultra-micropore (< 1 nm)
volume (V<) are calculated using the density
functional theory (DFT ) model, i.e., the accumulated
pore volume with pore size less than 1 nm [34]. X-ray
diffraction (XRD) patterns of materials were collected



Zhipeng Qie et al. Tuning porosity of coal-derived activated carbons for CO, adsorption

1347

K,CO; concentrated solution

Low temperature

800 °C

Micropore

Activated carbon

= Meso-micropore

e

High temperature

Fig. 1 Schematic K,CO; activation of the coal precursor to prepare ACs, and the associated pore formation process in the ACs.

using a Rigaku D/Max 2400 diffractometer with CuKa
radiation (40 kV, 40 mA, 1 = 1.5406 A). The packing
density of the ACs (dcxine) Was defined as the mass per
unit volume measured after packing the AC samples in a
10 mL measuring cylinder by vibration method, in which
the frequency was 120 min~' and the amplitude was 3
mm. CO, adsorption on the ACs was conducted using the
Micromeritics ASAP 2020 adsorption analyzer at 0 and
25 °C to obtain the isotherms in a pressure range of 0 to
1 bar, and the CO, adsorption capacity directly acquired
from this instrument was denoted as q. Before CO,
adsorption, the ACs samples were degassed at 180 °C
under N, for 8 h.

2.3 Molecular dynamics simulation

In this study, the 3-layer graphitic slit-pore models with
different pore sizes were used to simulate CO, adsorption
on the ACs [35,36]. The effective pore sizes (D) were
selected as 0.2, 0.4, 0.6, 0.9, 2.0 and 3.5 nm, and the
actual pore spaces (D, ) were calculated by D, = D ¢ +
0.335 nm correspondingly, where 0.335 nm is the layer
distance of graphite. The structure file (.pdb) of CO,
molecule was built by Gview (GaussView 5.0). The
corresponding topology file (.itp) and relevant parameters
of CO, molecule in the forcefield file (such as C-O bond
length and atom charge) were obtained from the
automated topology builder online molecular library [37].
The topology file of CO, molecule was optimized using
DFT at B3LYP 6-31(G) level. Graphite laminates were
created by visual molecular dynamics software. Here we
used the command x2top in GROMOS 54A7 to generate

the topology file of the graphene-like structure. Specifi-
cally, the atomic type was aromatic carbon CR1, and the
standard C—C bond length was 0.142 nm [38]. All
simulations in this work were performed in the NVT
ensemble (i.e., the number of particles N, the volume V'
and the temperature 7' of the system were kept constant),
and a V-RESCALE thermostat method was used to
maintain the system temperature with a relaxation
constant of 1.0 ps. In Gromos force field, non-bonded
force dominates the interactions between gas molecules
and the inner wall of carbon slit pore, which is based on
Lennard—Jones potential. Van der Waals interactions
were calculated using the cut-off method within a cut-off
distance of 1.0 nm, and the smooth particle-mesh Ewald
method was employed to account for the long-range
electrostatic interactions. The total simulation time is 10
ns for each system with an integration time step of 1 fs,
which is sufficient to achieve the balance of total energy
of the simulation system.

3 Results and discussion

3.1 Coal-derived ACs and their structural characteristics

During the activation with K,CO,, carbonization of the
coal precursor with the main reactions of K,CO; + C <
K,0 +2 CO and K,0 + C < 2 K + CO are expected at
elevated temperatures, to form ACs with various pore
structures, as illustrated in Fig. 1. An increase in the
activation temperature caused the variation in pore sizes
of the ACs, which was evidenced by the N, adsorption/
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desorption analysis. Figure 2 and Table 1 show the corres-
ponding pore size distributions and detailed pore para-
meters of prepared ACs, which exhibit significant
differences.

N, adsorption/desorption isotherms of the ACs are
shown in Fig. 2(a), in which the ACs obtained at low
activation temperatures of < 900 °C show the typical
Type I adsorption/desorption isotherms with predominant
N, uptake at p/p° > 0.1, that is, microporous structures.
Conversely, AC-900 exhibits the IV isotherm with a
hysteresis loop at 0.45 < p/p < 1.0, which suggests the
presence of mesopores [39]. The N, amount adsorbed on
the ACs (Fig.2(a)), the BET surface area and pore
volumes of the ACs (Table 1) showed the strong
dependence on the activation temperature. In detail, Sgpr

and V,_,,; of AC-600 were the lowest at about 415 m*-g!
and 022 cm?-g!, respectively. By increasing the
activation temperature to 700 and 800 °C, Sgpr was
enhanced to about 636 and 941 m?-g™' for AC-700 and
AC-800, respectively. For AC-900, its Sgpr and V.,
were the highest among the ACs under investigation at
1592 and 0.95 m?-g!, respectively. DFT pore size
distributions (PSDs) of the ACs are shown in Fig. 2(b),
which show that all the ACs possess ultra-micopores of
0.6—0.9 nm and micropores of about 1.3 nm. By increas-
ing the activation temperature to 900 °C, in addition to
the ultra-micopores and micropores, development of
larger pores was observed to have the PSD at 1.5-5 nm,
which extended into the mesopores. It is also worth
noticing that, with an increase in the activation temper-
ature, the PSD of the ACs shifted slightly to the right. For
example, in the ultra-microporous range (i.e., < 1 nm),
PSD of AC-600 centered at ca. 0.7 nm, whiles that of
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AC-800 shifted to 0.8 nm. Also, the intensity of differ-
ential PSDs increased as well as a function of the
activation temperature, which suggests the expansion of
pore volume, being in line with the specific pore volume
data (Table 1). To demonstrate this further, a ratio of
ultra-micropore volume to total pore volume (Vi <; ym
Vo) Was defined, which represent the proportion of
ultra-micropores in the porous network of the ACs, as
shown in Table 1. Clearly, a continuous decrease of the
Vi<1 nm) /Viotar Tatio was found from 0.95 (for AC-600) to
0.48 (for AC-900) as a function of activation temperature
from 600 to 900 °C. In summary, based on the discussion
above, variation of the temperature of the K,CO; activa-
tion of the coal precursor created a series of ACs with
different porous properties, which can serve as a model
adsorbent system for exploring the relationship between
the pore structure and CO, adsorption performance.

As shown in Fig. 3, more characterization methods
were employed to investigate the properties of ACs.
Figures 3(a)-3(h) show SEM and TEM micrographs of
the ACs under investigation, and all the ACs show
uneven surfaces with wrinkles inherited from the parent.
Comparatively, the ACs obtained from relatively high
activation temperatures, i.e., AC-800 and AC-900, show
the presence of surface cracks (dotted frames in Figs. 3(e)
and 3(g)) compared with AC-600 (Fig. 3(c)), which could
be due to the severer carbonization reactions at higher
temperatures. TEM characterisation of the AC-600/700/
800 (Figs. 3(b), 3(d) and 3(f)) show that these AC sam-
ples have similar amorphous microstructures dominated
by micropores. In comparison, TEM image of AC-900
also suggests the presence of local long-range ordered
graphene-like structures, which might be associated with
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Fig.2 (a) N, adsorption/desorption isotherms and (b) DFT pore size distribution of the ACs.

Table 1 Textural properties of the ACs under investigation

Sample Sper/ (m*g™) Viotat/ (em*g ™) Vi< om) (em®g ™) Vi<t omy Vol
AC-600 415 0.22 0.20 0.95
AC-700 636 0.34 0.30 0.88
AC-800 941 0.50 0.40 0.82
AC-900 1592 0.95 0.46 0.48
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the formation of potassium-carbon complex at high
activation temperatures, as reported in our previous work
[39,40].

Raman spectroscopy and XRD analyses of the ACs,
and the results are shown in Figs. 3(1)-3(j). Raman
spectra of the ACs (Fig. 3(i)) exhibit the two peaks at
1350 and 1596 cm™', respectively, which represent the D
band of sp” carbon atoms with defects and G band of
planar sp’-configured carbon atoms, and are typical for
the amorphous carbon structure of the ACs. XRD patterns
of the ACs (Fig. 3(j)) show some differences, that is, AC-
600 and AC-700 exhibit two broad diffraction peaks at
ca. 23° and 43°, which can be assigned to the (002) and
(100) planes of amorphous carbon, being in good
agreement with the amorphous structures shown in TEM
images (i.e., Figs. 3(b) and 3(d)). As compared with AC-
600 and AC-700, the diffraction peaks of the (002) and
(100) planes in AC-800 and AC-900 were less obvious.
This should be ascribed to the well-developed porosity,
which was also reported in the previous study on
developing porous carbons [34].

3.2 CO, adsorption on the ACs

Figure 4 illustrates CO, adsorption performance of the
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ACs developed by this work. As shown in Fig. 4(a) and
Fig. S2 (cf. ESM), CO, adsorption isotherms were
measured at 0 and 25 °C, respectively. All adsorption
experiments were conducted with the cut-off pressure of
1 bar. As one can see in Fig. 4(a), at 0 °C, isotherms of
AC-600 and AC-700 leveled off with an increase in
adsorption pressure, which suggest that CO, adsorption
on them was approaching the equilibrium. Conversely,
that of AC-800 and AC-900 increased continuously with
an increase in pressure. The findings are in good agree-
ment with the porous property of the ACs, that is, the
enhanced pore volume of the ACs with an increase in the
activation temperature. Interestingly, at the end of the
adsorption analysis (at 1 bar), the measured CO, adsorp-
tion capacity (¢q) of AC-800 was the highest (i.e.,
6.0 mmol-g! at 0 °C and 4.1 mmol-g™!' at 25 °C), rather
than AC-900, which has the highest Sy and V, ,, values,
as well as mesopores. Such findings suggest that the
micro-mesopore network in AC-900 might not be
hierarchical, which could hinder the uptake of CO, mole-
cules during adsorption assessment. This can be proved
by examining the slopes of adsorption isotherms of AC-
800 and AC-900. Specifically, from 0 to 1 bar, the increas-
ing rate of CO, uptake of AC-800 is 6.1 mmol-g " -bar !,
which is much higher than that of the AC-900

AC-700
=

(eJ| S0

Intensity

10 20 30 40 50 60 70 80
20/°)

Fig.3 (a) SEM and (b) TEM images of AC-600; (c) SEM and (d) TEM images of AC-700; (e) SEM and (f) TEM images of AC-
800; (g) SEM and (h) TEM images of AC-900; (i) Raman spectra of the ACs; (j) XRD patterns of the ACs.
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(4.7 mmol-g""-bar™!). One possible explanation for the
relatively poor CO, adsorption of AC-900 is the possible
creation of slit-shaped ink-bottle pores or closed-end slit
pores at 900 °C. Although AC-900 has the highest
specific surface area and pore volume, its CO, adsorption
capacity was still poor compared to AC-800, which is
mainly microporous with the Vo /¥y, ratio of 0.82.
Similar adsorption performance was also measured at
25 °C, as shown in Fig. S2. Regarding the microporous
ACs (i.e., AC-600/700/800), the measured CO, adsorp-
tion performance corresponds to their pore characteristics
well. Importantly, as the best-performed material under
investigation, the capacity of AC-800 is much higher than
that reported for other coal/biomass-based ACs, as shown
in Table S3 (cf. ESM).

Figure 4(b) shows the packing patterns of the ACs
(with the mass of ca. 150 mg), which suggest the
difference in the packing density of the ACs. The calcu—
lated packing densities of the ACs (d packing )are 0.45 g-cm ™3
(AC-600), 0.23 g-cm™> (AC-700), 0.17 g-em > (AC-800)
and 0.11 g-em™> (AC-900). Accordingly, measured CO,
adsorption capacity (g) was corrected using the packing
density to obtain the adsorption capacity of packing bed
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(e, gog=9g *d aCkmg) and normalized with respect to
Sger (L€, qszET) and Vi, (i.e., gy, the to further
understand their CO, adsorption behaviors (all the
calculated values of g, 4, ¢, gt and g, v, are presented
in Table 2 and Fig. S3 (cf ESM)) Figuré 4(c) shows the
calculated ¢, 4 values of the ACs, in which AC-600
exhibits the hlghest value of 1.8 mmol-cm™. Therefore,
considering the scenario for practical apphcatlons, espe-
cially industrial fixed adsorption beds/towers for dealing
with a large amount of gaseous pollutants, ACs with the
high packing density have the potential to achieve a high
CO, capacity with the reduced reactor volume.

The correlation between the measured CO, adsorption
capacity (¢g) and the total pore volume of the ACs (V)
is shown in Fig. 4(d), which shows that there is positive
linear relationship between the ¢ values of the micro-
porous ACs (i.e., AC-600/700/800) and their total pore
volumes. Conversely, for the meso-micro-porous AC-
900, although it has the highest V., value, the distri-
bution of its ¢ value deviated significantly from the linear
correlation of AC-600/700/800. This again proves that the
pore volume of the meso-micro-porous AC-900 was not
fully utilized during CO, adsorption at 0 °C. The specific
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Fig. 4 (a) CO, adsorption isotherms of the ACs measured at 0 °C; (b) photos of the packing patterns of the ACs at ca. 150 mg;

(c) packing dens1ty (
correlation of the ACs at 0 °C and 1 bar; (€) g, vi(V(<1 amy

Apacking) cOrTECted volumetric CO, adsorption capacities (g, ) of the ACs at 0 °C and 1 bar; (d) g-V,

otal

Viota) correlation of the ACs at 0 °C; (f) comparison of g, v, and g, et

values of different biomass/coal-derived ACs with AC-600 for CO, adsorption at 0 °C.

Table2 CO, adsorption capacities at 0 °C of the ACs under investigation

Sample q a)/(mmol~g’1) qcv’d/(mmol-cm%) qSV’BET/(mmol-cm’z) qSV’Vt/(mmol-ch)
AC-600 4.1 1.8 96.4 18.2
AC-700 53 1.2 82.6 154
AC-800 6.0 1.0 64.1 12.1
AC-900 5.0 0.5 31.5 53

a) g values in this table are selected from Fig. 4(a) at the condition of 0 °C and 1 bar.
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CO, adsorption capacities (g, ) of the ACs were further
correlated with the Vo ,,/Vio ratio, as shown in
Fig. 4(e). A linear relationship was established for all the
ACs, which shows the increase of g, values as an
increase in the Vo Vi ratio for the ACs under
investigation. The addition analysis clearly demonstrates
that, during CO, adsorption at 0 °C, packing of CO,
molecules was preferably in the ultra-micropores of the
ACs. In addition, it also suggests that an increase in the
activation temperature caused the formation of ink-bottle
or closed-end slit mesopores, which was not desirable for
CO, adsorption since the mesopore and/or micropore
volumes in the ACs could become inaccessible after the
occupation of ultra-micropores. Same practice was
conducted for the adsorption data at 25 °C (Table S4, cf.
ESM), and same conclusions were drawn as shown by the
findings presented in Fig. S4 (cf. ESM).

Figure 4(f) presents the g, v, per plots of various
reported porous carbons [20,26,28,41-50] in comparison
with AC-600 which has shown the best CO, adsorption
performance (on the basis of g, due to its well-
developed ultra-micropore structure. One can see that the
developed AC-600 outperformed the state-of-the-art
materials regarding both the CO, adsorption per total pore
volume and BET surface area, which suggests the very
efficient use of its micropore space for packing CO,
molecules and the great potential for being adopted by
industrial adsorption systems for practical CO, capture.
Further comparison based on g, v, and g, gy values is
presented in Table S3, again AC-600 demonstrated the
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best performance. To assess the selectivity of the deve-
loped ACs, AC-800 with the highest measured CO,
capacity was selected to perform N, adsorption at 0 °C.
Figure S5 (cf. ESM) compares the relevant N, and CO,
isotherms. At 1 bar, the measured N, adsorption capacity
of AC-800 was 1.17 mmol-g”!, which was much lower
than the measured CO, adsorption capacity of AC-800,
suggesting the good selectivity to CO, adsorption against
N, for the developed ACs.

3.3 Molecular dynamics simulation

To further investigate the correlations between pore
parameters of ACs and CO, adsorption performance,
molecular dynamics simulation was carried out based on
the typical 3-layer slit pore models, and relevant results
were summarized and shown in Fig. 5. Figure 5(a) shows
snapshots of the simulation system when the total energy
reaches equilibrium, from which it can be found that:
(i) pores with effective size (D,y) smaller than the
diameter of CO, molecule (i.e., 0.33 nm) have no CO,
capacity; (ii) in the pore with D = 0.4 nm, mono-layer
CO, adsorption dominates to give the highest local
density (205 kg'm™) and overall number density (24.60
nm~>) as shown in the narrow peak of Fig. 5(b); (iii) in
the pore with D ;= 0.6 nm, double-layer CO, adsorption
existswithalocaldensityof128kg-m > ineachlayer. Interest-
ingly, the CO, layer density in ultra-micro pores is close
to the magnitude of liquid (e.g., water density is 997 kg-m™
under standard condition), which indicates the dense
adsorption of CO,; (iv) in the pores with D > 2.0 nm,
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Fig.5 (a) CO, adsorption on AC models of different effective pore sizes; (b) density profiles of CO, molecules along the pores
with pore diameters ranging from 0.2 to 3.5 nm; (c) number density and percentage of CO, molecules adsorbed inside the slit pore;
(d) self-diffusion coefficients of CO, in pores with different effective sizes.
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multi-layer adsorption appears, in which only the layers
close to the pore wall show high density, whilst the CO,
molecules in the outer layers are loosely packed with
insignificant density peaks, as shown in Fig. 5(b). Thus,
based on the simulation results, the ultra-micropores
possess extremely high CO, adsorption density as com-
pared to mesopores, which is the microscopic explanation
of the positive correlation between volumetric capacity
qg.vi and the volume of ultra-micro pores (i.e., V(< y)-
In addition, as shown in Fig. 5(c) and Table S5 (cf.
ESM), the overall CO, density shows a dramatic fall as
the pore size increases from 1 nm to 2 nm, which corres-
ponds with the drop of g, y, between AC-800 and AC-
900 as listed in Table 2.

Molecular dynamics simulation also suggested that an
increase in pore sizes provides sufficient space to allow
the transportation of CO, molecules, and thus the self-
diffusion coefficient of CO, molecules in the slit pore
space increases (Tables S5-S6 (cf. ESM) and Fig. 5(d)).
This verifies the conclusion that the measured CO,
capacities (g) increase linearly with the total pore
volumes (i.e., Fig. 4(d)). However, based on this model, it
is difficult to explain the result that meso-micro porous
AC-900 has relatively lower measured CO, capacity (g)
than microporous AC-800, which may be due to the
developed ink pore structure of AC-900 as discussed
above.

4 Conclusions

In summary, a facile chemical activation method was
developed (by simply varying the temperature of K,CO,
solution) to convert coal to ACs with the controlled
porosity, i.e., microporous and meso-micro porous ACs
with different proportion of ultra-micropores (< 1 nm).
The obtained ACs were used as model adsorbents to study
the relationship between CO, adsorption capacity and
porosity of ACs, which revealed the importance of ultra-
micropores of the ACs for CO, uptake. Sample AC-800
(i.e., activation at 800 °C) possesses the highest measured
CO, adsorption capacity (6.0 mmol-g™! at 0 °C and
4.0 mmol-g™! at 25 °C), while AC-600 shows the highest
volumetric capacity normalized with respect to packing
volume (1.8 mmol-cm™ at 0 °C and 1.3 mmol-cm™ at
25 °C) and total pore volume (18.2 mmol-cm™ at 0 °C
and 12.8 mmol-cm™ at 25 °C), which are among the
highest levels of reported ACs. Both experimental results
and molecular dynamics simulation demonstrate that the
measured CO, adsorption capacities increase linearly
with the pore volume of microporous carbons while CO,
volumetric capacities are directly proportional to the ultra-
micropore volume. This work offers a design principle
towards solid porous adsorbents with high CO, volume-
tric or specific capability of packing bed.
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