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Abstract. This work contributes to the estimation of new and complementary density data for carbon dioxide (CO2)
confined in carbon slit pores at different conditions. Grand canonical Monte Carlo (GCMC) simulations were employed to
predict the CO2 adsorption capacities in carbon slit pores of height 20, 31.6, 63.2, 94.85 and 126.5 Å at 673.15 and 873.15
K over a pressure range of 500–4000 kPa, which corresponds to steam reforming of methane process. The bulk densities
of CO2 at these temperature and pressure conditions have been estimated via isothermal–isobaric ensemble MC simulations using the Elementary Physical Model. The predicted density shows an excellent agreement with the experimental
data. The adsorption capacities of CO2 in all the aforementioned pores at 673.15 and 873.15 K over the pressure range of
500–4000 kPa have also been estimated in the presence of wall–fluid interactions, in addition to the fluid–fluid interactions. The study on the thermodynamic phase behaviour of confined CO2 in the presence of wall–fluid interactions
showed the existence of vapour–liquid equilibria at high temperature and pressure conditions.
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Introduction

Global climatic change is an important issue for the environment nowadays. Carbon dioxide (CO2), a significant
anthropogenic greenhouse gas, is considered to be a substantial contributor to global warming because of its emission levels via the burning of fossil fuels [1]. Although the
accumulation of CO2 in the atmosphere can be gradually cut
down by using other energy storage media like hydrogen,
there is a growing realization that the petroleum economy
will continue for the next few decades, which will ultimately ascend the CO2 levels in the atmosphere. Carbon
capture and storage (CCS) technology, which is aimed to
mitigate CO2 emissions from the atmosphere, have been
developed and tested intensely since 1970s [2]. Several new
and state-of-the-art technologies are being developed to
capture CO2 from stationary point sources; such as steel
plants, natural gas-fired and coal-fired power plants, and oil
refineries [3]. CCS has projected various promising methods and technologies such as absorption, adsorption,
membrane separation and cryogenic distillation to capture
CO2 from flue gases [4]. The chemical absorption process
using aqueous alkanol-amine solutions is the most pertinent

technology in the post-combustion CO2 capture process [5].
However, the process has some complicating factors, such
as degradation of amines at higher temperatures, corrosion,
formation of stable salts due to irreversible reactions
between absorbent and aggressive species, and a large
amount of energy requirements for solvent regeneration
[6–8]. Adsorption technology is a promising alternative to
overcome the constraints and issues of the chemical
absorption process. CO2 capture using adsorption technology requires potential adsorbents with high CO2 selectivity
and uptake capacity. Research is currently advancing in
determining and developing such adsorbents, and few of
them include carbon-based porous adsorbents, zeolites and
metal–organic frameworks (MOFs) [9–13].
Significant researches on CO2 storage simulation at low
temperatures and pressures have been performed in the
recent past on carbon-based materials [14–27]. Tenney and
Lastoskie [15] showed that electrostatic interactions influenced more CO2 adsorption at 273 K inside carbon slit
pores. The study shows that CO2 adsorption increased with
an increase in oxygen-containing functional groups. Heuchel et al [16] have compared the CO2 adsorption capacities
obtained from GCMC simulation and experiments in carbon
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slit pores ranging from 5.7 to 72.2 Å within the pressure and
temperature ranges between 100 and 2000 kPa, and 293 and
333 K, respectively. It is reported that the simulations
predicted CO2 adsorption capacity matches well with the
experimentally obtained adsorption data. GCMC simulations from Lithoxoos et al [25] have studied CO2 adsorption
inside pure and modified carbon slit pore of height 54.3 Å at
298 K. The study showed an occurrence of abrupt phase
change of confined CO2 from vapour to liquid phase densities along the isotherms of 298 K at the pressure range of
2800–3000 kPa. It is also observed that carbon slit pore
functionalized with carboxyl and hydroxyl groups enhanced
the CO2 adsorption. Kurniawan et al [26] performed GCMC
simulations to study CO2 adsorption in carbon slit pores
ranging from 7.5 to 75 Å. In this work, the temperature and
pressure of the system was varied in the range of 308–348 K
and 100–3000 kPa, respectively. This study shows that the
local density of CO2 inside the pore decreases with an
increase in pore size along with the local density inside a
given pore reaching a maximum at the pore walls. However,
there is still a deficit in understanding equilibrium behaviour of CO2 inside pores at elevated temperature and
pressure conditions due to the complex interplay between
the wall–fluid and fluid–fluid interactions.
Recent research has shown that capturing CO2 from high
temperature operating sources is of particular interest as it is
more economical over low-temperature CO2 capture processes in the post-combustion process [28,29]. In recent
years, molecular simulations have become an effective and
attractive tool for understanding, characterizing and developing adsorption systems for CO2 capture. A high-performance computation involving molecular modelling and
simulations are capable of investigating the complex
interplay between the fluid–fluid (CO2–CO2) and pore–fluid
(carbon wall–CO2) interactions depending on various
parameters, such as the pore size, pore geometry and surface chemistry. Balbuena and Gubbins [30] have shown that
the traditional simulations in the grand canonical (GC)
ensemble of simple fluids in two different pore geometries
correctly predict the adsorption isotherms inside porous
media. Also, as stated by Frenkel and Smit [31], the GC
ensemble is the natural ensemble for studying adsorption
phenomena.
To the best of our knowledge, CO2 adsorption on carbon-based porous materials has not been investigated at
elevated temperatures and pressures, which have a potential interest towards the steam-reforming process of
methane. The in situ capture of CO2 under elevated temperatures and pressures would be beneficial for a reforming
process. CO2 adsorption isotherms, which are available, are
only for limited pore sizes and geometries at lower temperatures. Consequently, there is an inadequate understanding of the mechanism of CO2 adsorption inside
carbon-based porous materials at elevated temperature and
pressure conditions. A conscientious understanding of the
confined CO2 is, therefore, of critical importance in
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achieving desired CO2 uptake under high temperature and
pressure conditions. In the present work, CO2 adsorption
capacity in carbon slit pores is predicted by performing
GCMC simulations. Initially, CO2 is simulated in the
isothermal–isobaric ensemble to estimate the bulk density
of CO2. Later, the chemical potentials of the bulk phase
CO2 are calculated from canonical ensemble simulations
using the Widom insertion technique. The estimated
chemical potential values are further used to obtain the
adsorption isotherms of CO2 at the potential operating
conditions of steam reforming for methane; inside the
carbon adsorbents (modelled as slit pores shown in figure 1) via the GCMC simulations. The influence of temperatures and pressures inside slit pores with different pore
heights is also evaluated. Further, the attainable structure of
confined CO2 inside slit-pores is predicted using the density distribution plots, which are obtained through the
canonical ensemble simulations. The results provide a
fundamental and molecular level insight on critical aspects
of confined CO2 that arise due to the pore–fluid interactions
along with the fluid–fluid interactions inside the mesoporous carbon-based adsorbents. Thus, the present simulation work provides an understanding of the high
temperature CO2 adsorption phenomena at the molecular
level, inside carbon-based adsorbents; which will also shed
light on designing efficient and selective adsorbents for
CO2 capture at elevated temperatures.

2.

Simulation details

Adsorption isotherms of CO2 in slit-shaped carbon pores
were generated by the GCMC simulations at 673.15 and
873.15 K within a pressure range of 500–4000 kPa. To
study the effect of pore heights on the adsorption phenomenon of CO2 inside carbon slit pores, the pore height
(H) of the carbon-based adsorbents has been varied from 20
to 126.5 Å with constant pore surface area of 100 9 70 Å2.
In the present work, CO2 is represented by the Elementary
Physical Model, which has three 12-6 Lennard-Jones (LJ)
sites with charges centred at each atom [32]. The relation
used to estimate the atomic pair interactions (uff ) between

Figure 1.

Schematic of the carbon slit pore.
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CO2 molecules having a rigid bending angle of 180° and a
bond length of 1.161 Å is shown in equation (1),
 12  6 !
rff
rff
uff ¼ 4eff

ð1Þ
rij
rij
where (eff ) is the potential well depth, (rff ) is the collision
diameter and (rij ) is the inter-site distance between two
fluid atoms. The cut-off distance has been set to 10 Å,
which is 3.42rff . Coulomb’s law, which governs the interactions (wij ) between two charged molecules, is shown in
equation (2), where the effective values of the partial
charges (qci and qdi ) on C and O atoms of CO2 molecules are
?0.6645 and -0.3322 e, respectively and rijc;d is the distance
between two charges c and d on molecule i and molecule j,
and e0 is vacuum permittivity.

 c d!
1
qi qi
wij ¼
ð2Þ
4pe0
rijc;d
The adsorbent is modelled as slit pore, shown in figure 1,
where the walls in the z-direction are modelled as carbonbased materials, using Steele wall potential (shown in
equation (3) [33,34].
usf ¼ 2pesf qs r2sf
"
10

D 0:4ðrsf =zÞ ðrsf =zÞ 

#
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4
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ð4Þ

ðrss þ rff Þ
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For calculating bulk phase CO2 properties (average
density, radial distribution functions (RDFs) and average

Results and discussion

This section has been organized into two parts. The first part
reports the simulated bulk phase CO2 density obtained from
the isothermal–isobaric ensemble simulations. In the second
part, adsorption uptake of CO2 inside carbon slit pores
along with the attainable structure of confined CO2 in these
carbons slit pores are discussed.

3.1

esf ¼ ðesf esf Þ0:5

Table 1.

chemical potential), MC simulations (in isothermal–isobaric
ensemble and in canonical ensemble) are equilibrated over
2.5 9 107 cycles, and the property averages are taken from
the next 2.5 9 107 production cycles. Similarly, MC simulations inside the pores of the carbon-based adsorbents
(represented as slit pore bounded in the z-direction) are
performed for 2.5 9 107 equilibration cycles and 2.5 9 107
production cycles in both the GC ensemble and canonical
ensemble simulations. The average molar density of CO2
confined inside a slit pore is obtained via GCMC simulations inside the slit pore, while the average molar density
variation plots inside slit pores are obtained via canonical
ensemble MC simulations inside the corresponding slit
pores. Singh et al [35] have shown the existence of vapour
liquid equilibrium of confined generic square well fluids
inside square well type pores with pore height varying
between 1 and 40 molecular diameter. Lithoxoos et al [25]
studied the CO2 adsorption at 298 K inside the carbon pore
of slit height 54.3 and 64.2 9 74.1 Å2 surface area. In the
present work, the pore height (H) of the carbon-based
adsorbents has been varied between 6.32rsf and 40rsf (H =
20–126.5 Å) with constant pore surface area of 31.62rsf 9
22.13rsf to study the effect of pore height on the high
temperature adsorption of CO2. The open software package
of MCCCS-Towhee [36] is used to perform all the simulations of the present work for studying high-temperature
CO2 adsorption inside carbon slit pores.

3Dðz þ 0:61DÞ3

where (esf ) is the LJ well depth of adsorbate–fluid site
interaction parameter, (rsf ) is the effective adsorbate–fluid
intermolecular diameter. The parameters ðesf Þand (rsf ) were
calculated using Lorentz–Berthelot mixing rules, as shown
in equations (4 and 5), respectively. The number density
(qs ) of carbon atoms on the adsorbent wall is 0.114 Å-3, the
separation distance (D) between carbon layers in the
adsorbent is 3.35 Å. All the parameter values used for CO2
in this work (referred as fluid) and the carbon-based
adsorbent wall (referred as adsorbent) are given in table 1.

rsf ¼

296

Bulk phase CO2

The bulk densities of CO2 have been simulated through MC
simulations in the isothermal–isobaric ensemble at temperatures of 673.15 and 873.15 K from pressures 500 to 4000
kPa. The densities of bulk CO2 obtained from the simulations
are tabulated in table 2. The result shows an excellent

Molecular parameters used for CO2 molecules and slit carbon wall.
Carbon wall

CO2
rff (Å)
rc-c = 2.785
rc-o = 2.921
ro-o = 3.064

Pore–fluid parameters

k-1
B eff (K)

rss (Å)

k-1
B ess (K)

rsf (Å)

k-1
B eff (K)

k-1
B ec-c = 28.99
k-1
B ec-o = 49.06
k-1
B eo-o = 82.997

rw-w = 3.4

k-1
B ew-w = 28

rw-c = 3.0925
rw-o = 3.232
rw-(c-o) = 3.160

k-1
B ew-c = 28.495
k-1
B ew-o = 48.207
k-1
B ew-(c-o) = 37.063
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Table 2.
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Simulated bulk CO2 densities (qb) from this work and the corresponding experimental values from the literature.
T (K)

P (kPa)
500
1000
1500
2000
2500
3000
3500
4000
*

673.15

873.15

qb (mmol cm-3)

qb (mmol cm-3)

Present work*

Span and Wagner [37]

Present work*

Span and Wagner [37]

0.0893
0.1784
0.2674
0.3561
0.4448
0.5333
0.6217
0.7098

0.0894
0.1788
0.2683
0.3579
0.4474
0.5371
0.6267
0.7164

0.0687
0.1373
0.2057
0.2739
0.3419
0.4096
0.4772
0.5445

0.0688
0.1375
0.2062
0.2747
0.3431
0.4113
0.4795
0.5476

Tolerance range for present work is ±8.8 9 10-6.
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Figure 2. Variations in chemical potential (l) with pressure,
with the standard deviation of order HN; where N is the number of
CO2 molecules at the given temperature and pressure conditions.

agreement with the corresponding experimental values from
the literature [37]. The average volumes obtained from the
isothermal–isobaric ensemble simulations are used in the
canonical ensemble to estimate the bulk phase RDFs and the
average bulk phase chemical potential (l) values at these
operating conditions by performing the MC simulations. The
Widom insertion technique has been used in conjuncture to
the canonical ensemble simulations to estimate the l values.
The average volume data used for the canonical ensemble
simulations is the average value taken from the production
cycles (2.5 9 107 cycles) of isobaric–isothermal simulations
at each operating conditions. The chemical potential values
gradually increase with an increase in pressure at a given
temperature, as shown in figure 2.
The RDFs, ((gxy(r)), where x and y are the two atoms in
CO2 molecule separated by a distance (r) of the bulk phase
CO2 at 673.15 and 873.15 K for pressures 500, 2500 and

Figure 3. RDFs of bulk phase CO2 at 673.15 K. (a) C–C,
(b) C–O and (c) O–O RDF of CO2 molecules.

4000 kPa are shown in figures 3 and 4. The absence of
second peak in the gcc(r), gco(r) and goo(r) of CO2–CO2
molecules represents that the CO2 are in the gas phase at
these thermodynamic conditions, and as expected, the peak
heights decreased as the temperature increased from 673.15
to 873.15 K. At temperatures 673.15 and 873.15 K, no
significant changes have been observed for the peak heights
of gcc(r), gco(r) and goo(r) upon increasing pressure. The
position of the first peaks in gcc(r), gco(r) and goo(r) at
673.15 and 873.15 K for the plotted pressures are presented

Bull Mater Sci (2020)43:296
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Figure 5. Simulated adsorption isotherms of CO2 in carbon slit
pores at (a) 673.15 and (b) 873.15 K. The dotted lines represent the
desorption isotherms and the dashed line indicates bulk density of
CO2.

Figure 4. RDFs of bulk phase CO2 at 873.15 K. (a) C–C,
(b) C–O and (c) O–O RDF of CO2 molecules.

Table 3. CO2 RDF peak for gcc(r), gco(r) and goo(r) at 673.15
and 873.15 K at different pressures.
500 kPa

2500 kPa

4000 kPa

673.15 K
gcc(r)
gco(r)
goo(r)

4.48 Å
4.48 Å
4.54 Å

4.84 Å
4.86 Å
4.83 Å

4.90 Å
4.97 Å
4.91 Å

873.15 K
gcc(r)
gco(r)
goo(r)

5.02 Å
5.03 Å
5.03 Å

5.03 Å
5.07 Å
5.07 Å

5.45 Å
5.41 Å
5.46 Å

in table 3. The RDFs for both 673.15 and 873.15 K at all the
pressures considered, reaches unity after the first peak.

3.2

CO2 isotherms inside carbon slit pores

To investigate the adsorption isotherms of CO2 at 673.15
and 873.15 K inside carbon slit pores of height ranging
between 20 and 126.5 Å, GCMC simulations were
performed for five slit pores over the pressure range
of 500–4000 kPa. Figure 5 represents simulated

adsorption–desorption isotherms of CO2 confined inside slit
pores. The CO2 adsorption capacity inside a given slit pore
increased with an increase in the loading pressure and
decreased with the increase in the operating temperature. In the
present work, hysteresis between the adsorption and desorption
isotherms has not been observed at higher temperatures of
673.15 and 873.15 K, unlike that reported by Lithoxoos et al
[25] at low temperatures. Similarly, no hysteresis was observed
by Shing-Cheng et al [38], while simulating CO2 adsorption
inside solid (MCM-41) at 498 K until 100 kPa.
Figure 5 shows that the physical adsorption capacity of
the mesoporous carbon-based adsorbent decreases with an
increase in slit pore height. The adsorption density reaches
to 0.1042 from 0.1878 mmol cm-3 and to 0.06909 from
0.0974 mmol cm-3 as the slit height is increased from 20 to
126.5 Å at 673.15 and 873.15 K, respectively, at 500 kPa
pressure. The bulk phase densities of CO2 at these operating
conditions are 0.0893 and 0.0687 mmol cm-3, respectively
(refer table 3). Similarly, at 4000 kPa, the adsorption density of confined CO2 falls to 0.8077 from 1.3987 mmol
cm-3 and to a value of 0.5779 from 0.7935 mmol cm-3 as
the slit height is increased from 20 to 126.5 Å at 673.15 and
873.15 K, respectively. The bulk densities of CO2 at these
operating conditions are 0.7098 and 0.5445 mmol cm-3,
respectively. The adsorption capacity of CO2 for different
pore heights at all the temperature and pressure conditions
are shown in supplementary figure S1. Figures 5 and S1
show that an increase in the slit pore heights gradually shifts
the adsorption isotherms towards the bulk phase densities of
CO2, and the maximum adsorption capacities for CO2 have
been observed in 20 Å pore height for both the temperature
conditions considered in the present study.
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Figure 7. One-dimensional local CO2 density profile along
z-direction in 63.2 Å pore height at (a) 673.15 and (b) 873.15 K.
Figure 6. One-dimensional local CO2 density profile along
z-direction in 20 Å pore height at (a) 673.15 and (b) 873.15 K.

3.3

Structure of CO2 inside carbon slit pores

The study of density profiles across the height of a slit pore
geometry provides relevant information about the attainable
structure of confined fluids inside the slit pores. The density
profiles of CO2 confined inside carbon slit pores of various
slit heights at different operating conditions are shown in
figures 6, 7 and 8 and the visualizations are presented in
supplementary figure S2. It is observed that irrespective of
pore height, operating temperature and pressure, the density
profiles for the carbon atoms and oxygen atoms of the
confined CO2 molecules undergo layering phenomena at a
distance of 2.5 Å from the walls of the carbon slit pores;
showing the likely attainment of a liquid-like phase for the
confined CO2 near the pore walls. Inside the smallest slit
pore considered (i.e., H = 20 Å) and at a loading pressure of
2500 kPa, the density profiles for C- and O-atoms show
(figure 6) two layers near the hard walls of the pore and one
incipient layer at the centre of the pore, both at 673.15 and
873.15 K. However, the peak height of the density profiles
reduced with the increase in operating temperature, inferring a lesser adsorption at higher temperature (refer figure 5). At 4000 kPa, similar three layers in the density

profiles are seen at both the temperatures with higher peak
heights, indicating enhanced adsorption at a higher pressure
(refer figure 5). Figures 7 and 8 show the density profiles of
the C- and O-atoms of the confined CO2 inside the 63.2 and
126.5 Å slit pores, respectively. In case of 63.2 Å pore
height, layering is observed only near the hard walls of the
carbon slit pores, which is followed by a vapour-like phase
of confined CO2 throughout the rest of the pore, where the
density fluctuates about the bulk phase density of CO2 at the
corresponding thermodynamic state (refer table 3). It is also
noted that the peak heights of the layers near the wall of
63.2 Å slit pore increases with an increase in pressure
and with decrease in operating temperature. Similarly, for
126.5 Å slit pore (figure 8), we also noted two layers near
the walls of the carbon slit pore and vapour-like phase at the
centre of the pore with the average density corresponding to
the bulk phase CO2 densities (refer table 3).
The peak heights of the layers in the density profiles
increase with an increase in pressure. The layering phenomena in all the cases discussed in the present study
confirm the co-existence of liquid- and vapour-like phases
of CO2 under confinement even at the temperatures higher
than the critical temperature (Tc = 304.12 K) of CO2.
Existence of a vapour–liquid equilibrium above Tc has also
been reported for generic triangle well fluids confined inside
slit pores [39–42]. The decrease in the peak heights of the

Bull Mater Sci (2020)43:296

Figure 8. One-dimensional local CO2 density profile along
z-direction in 126.5 Å pore height at (a) 673.15 and (b) 873.15 K.

layers and the existence of vapour-like densities at the
centre of the larger slit pores indicate that the molar densities of the confined CO2 inside the larger pores reach the
estimated values close to that of bulk phase density at the
corresponding thermodynamic states (refer figure 5).
However, the existence of higher density profile peaks near
the walls of the pore at high pressures infer the existence of
ordered liquid-like phase even inside the largest pore of
height 126.5 Å, resulting in a slight deviation of the density
values inside the pore from that of the corresponding bulk
phase densities that are in gas phase (refer figures 3 and 4).
Presence of coexisting liquid and vapour phases inside
wider pores are also reported in the literature for confined
generic fluids [35,39,42] inside slit pores.

4.

Conclusion

In the present work, new and complementary density data
for CO2 using Elementary Physical Model is evaluated at
elevated temperatures of 673.15 and 873.15 K over a
pressure range of 500–4000 kPa, both in bulk phase and
under confinement inside carbon slit pores. The temperature
and pressure range considered in the present study is that of
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a steam reforming process for methane. The estimated bulk
phase densities at these conditions obtained from isothermal–isobaric ensemble MC simulations show an excellent
agreement with the experimental data. Also, the predicted
RDFs of the bulk phase CO2 at these operating conditions
show the existence of gas-phase CO2. Later, the bulk phase
CO2 has been confined inside carbon-based adsorbent
(modelled as slit pores of various heights ranging from 20 to
126.5 Å, with Steele wall potential acting as the wall–fluid
interactions) under the above-mentioned operating conditions. CO2 densities inside the pores at the said operating
condition are estimated using the traditional GCMC simulations, which adequately represent a thermodynamically
open system under a given volume, temperature, and
chemical potential conditions. The isotherms obtained at
each of the high temperatures considered, do not show
adsorption–desorption hysteresis, unlike that reported at
low temperatures.
Furthermore, an increase in the slit pore height shows a
gradual shift of the isotherms towards the bulk phase densities of CO2, which is due to the decrease in the peak
heights of the layers near the pore walls and existence of
vapour-like densities at the pore centre of the larger slit
pores. For all the slit pores (H = 20–126.5 Å) considered in
this study, an increase in loading pressure at both the
temperatures resulted in an increase in the peak heights of
the layers, inferring more adsorption. Also increase in the
operating temperature resulted in lower adsorption at a
given pressure and inside a given pore, thus, decreasing
peak heights of the layers formed.
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