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ABSTRACT: Adsorption and separation of gases in porous carbon models are
studied using molecular simulations. We use three porous carbon models (named as
cs400, cs1000, and cs1000a) developed in a previous work obtained from Hybrid
Reverse Monte Carlo simulations. The density of carbon atoms as well as the presence
of heteroatoms (hydrogen and oxygen) differ between the three carbon models. Gas
adsorption in the carbon models were studied using Grand Canonical Monte Carlo
simulations. We found that cs1000 sample (with highest carbon density) shows the
largest separation ability for N2/CH4, CH4/CO2, and N2/CO2 systems. cs1000a
sample (with larger pore width up to 1.2 nm) shows higher selectivity for SO2/N2 and
SO2/CO2 systems. We also studied the influence of surface chemistry (presence of
carbonyl and carboxyl groups) in the porous carbon models on adsorption and
separation of gases. We found that the presence of carbonyl and carboxyl groups has a
significant effect on the adsorption and separation of polar gas molecules.
Interestingly, the presence of functional groups does not seem to have much impact on SO2/CO2 separation at moderate to
high pressures for carbonyl functional groups. For carboxyl functional groups, this is not the case, and the selectivity curves
remain flat or decrease slightly at moderate to high pressures. We found increasing selectivity for all binary gas systems except for
the N2/CH4 system, which is expected, as both the gases are nonpolar. For all binary gas systems studied, the maximum
selectivity was found for SO2/N2 system.

■ INTRODUCTION

Porous carbons are disordered materials with a heterogeneous
pore structure. These materials have found widespread use in
industry owing to their excellent surface activity. The surface
activity comes from the high density of carbon atoms at the
surface.1 These materials have found application in separation
and storage of gases2,3 and also as a means to store methane
and hydrogen.4,5 The adsorption of gases in activated carbons is
mainly dependent on the adsorbate gases. The adsorption of
nonpolar gases is dependent mainly on pore size and the
density of carbon atoms. However, the adsorption of polar
gases is dependent on the nature of chemical groups present in
the activated carbons.
Emission of CO2 and SO2 has become an environmental

concern and has drawn widespread attention.6−8 Numerous
studies have been conducted to separate and capture CO2

9−11

and SO2
12−17 from flue gas. To understand CO2 and SO2

capture, numerous adsorbents have been reported in the
literature using activated carbons, carbon nanotubes, zeolites,
and metal organic framework.18−36 Among these adsorbents,
carbon-based materials have shown great promise due to their
better adsorbent qualities, effective surface modification, and
functionalization.37−39 Porous carbons also possess high spe-
cific surface area, moderate heat of adsorption, low-cost prepa-
ration, relatively easy regeneration, and less sensitivity to the
humidity effect than the other CO2-philic materials. A number

of techniques have been developed to capture SO2 and CO2
from flue gas. Adsorption technique has emerged a powerful
technique to capture these harmful gases. A desirable adsorbent
material should have high selectivity for these harmful gases,
have high storage capacity, and should be easily regenerated.
Porous carbons have emerged as a promising adsorbent to
capture these harmful gases. Numerous studies have been
undertaken to tune the pore size and chemical composition
(presence of functional groups) of porous carbons for optimal
storage and capture of these gases. The major component of
natural gas is CH4. It is well known that the presence of CO2
and N2 in natural gas leads to less efficiency of natural gas as a
fuel. Therefore, the separation of CO2/CH4 and N2/CH4 mix-
ture is highly desirable. Also, the presence of CO2 in natural gas
will degrade the transportation and storage systems of natural
gas.40−45 By carefully selecting adsorbent, CO2 can be separated
from CH4 depending on their binding affinity to the adsorbent.
The nature of interactions in porous materials is hard to elicit

from experiments because of the myriad of factors that affect
adsorption, including functional group concentration and
topology,46 finite extent of pores,47 and pore connectivity.48,49

Thus molecular simulation plays an important role in examining
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these above-mentioned factors, affecting adsorption and
dynamics of fluid molecules. However, to understand the factors
affecting adsorption and transport properties of confined fluids, a
realistic model of the porous material sample and reliable
interaction potential between the adsorbent and fluid molecules
are needed. A large number of studies have gone into developing
accurate interatomic potentials using both experiments and first-
principle calculations50 (and references therein). However, our
understanding of the underlying microstructure of porous
carbons is still not clear.
In a recent work, we developed molecular models for three

microporous carbons (named cs400, cs1000, and cs1000a)
using Hybrid Reverse Monte Carlo (HRMC) method.51 Our
models reveal a heterogeneous pore structure that intercon-
nected in a complex way. The isosteric heat of adsorption for
argon adsorption predicted from those models was in good
agreement with experiments.52 We have developed molecular
models of cs400, cs1000, and cs1000a in a previous study.51

The radial distribution functions from HRMC simulations
match very well the experimental ones. We show the simulated
and experimental radial distribution functions in Figures S1−S3
of the Supporting Information. In HRMC, we also used an
energy penalty term that makes sure we do not have unrealistic
features in the HRMC carbon models. Thus the HRMC
procedure produces a 3D carbon model that matches the radial
distribution functions with that of experiments and minimizes
the energy. We also calculated the neighbor distributions and
bond-angle distributions of sp, sp2, and sp3 carbons and found
that bond-angle distributions are according to the carbon
hybridization. We also calculated the ring statistics and found
that our HRMC carbon models contain five-, six-, and seven-
membered rings and statistically no three- or four-membered
rings. We further calculated the bond-angle distributions in
five-, six-, and seven-membered and found those to be
consistent with the actual values. This shows that our HRMC
models can capture the correct chemistry at the local level while
still matching the experimental radial distribution functions. We
also calculated the geometric pore-size distribution in the three
HRMC carbon models and found that the carbon models
contain micropores (as present in normal microporous carbon
materials), and the distribution is different for each case.
In another study,52 we computed the adsorption isotherms and
isosteric heats of adsorption, in our HRMC models, using
Grand Canonical Monte Carlo (GCMC) simulations. Our
simulated isosteric heat is in good agreement with that of
experiments. This shows that the pore heterogeneity is
captured well by our models. By visual inspection of the car-
bon models, we found that the pore morphology and topology
are different from standard slit-pore models. In another study,53

we found that the dynamics of argon inside a disordered car-
bon model is different from slit-pore model. While the self-
diffusivity of argon in slit-pore models decreases with loading,
it exhibits a maximum for disordered porous carbon model.
Such a nonmonotonous behavior of self-diffusivities in dis-
ordered porous carbon models can be explained by their surface
(energetic) heterogeneities. In a recent study,54 the authors
found good agreement between experimental and simulated
selectivity between CO2 and CH4. The carbon model used was
developed by one of us using a constrained Reverse Monte
Carlo (RMC) method.55 The authors added −OH groups to
the carbon models and noted that adding functional groups is
necessary to accurately predict the selectivities in the
hydrophobic carbon models. HRMC simulations have been

used by other researchers56,57 to model successfully disordered
microporous carbons prepared experimentally via different
routes. All of these above studies show that HRMC is able to
capture the pore and surface heterogeneity present in the real
microporous carbons.
Thus we use those HRMC carbon models in this work to

predict the adsorption and selectivity of a number of gases. It is
widely known that the adsorption and transport properties of
fluid (mainly polar) molecules are governed by the presence of
functional groups (those containing oxygen), mainly at low
pressure (and thus at low loadings).58,59 The presence of
functional groups enhances the adsorption and separation of
carbon materials. These functional groups interact via multipole
interaction with the gas molecules and hence enhance the
binding of the gas to the adsorbent. It is very difficult to identify
and quantify the functional groups present in the real adsorbent
by experiments owing to the complex pore structure of
the adsorbent. Molecular simulation plays an important role, as
we can study the effect of the nature and concentration of the
polar groups on adsorption and separation. Consequently, it
is pertinent to add functional groups to the carbon models
to realistically predict adsorption and diffusion properties. A
number of papers have been published in the past few years
where researchers have added functional groups to the graphite
slit-pore model. The functional groups are normally added
to the surface of the slit pore or at the edges of the graphite
planes. Ayappa and coworkers50 studied the effect of edge-
functionalized graphene nanoribbons, of a number of functional
groups, on the selectivity of CO2/N2 mixture using GCMC
simulations. They found that the presence of functional groups,
especially COOH, increases the selectivity of CO2 over N2 as
compared with other functional groups (OH, NO2, NH2, CH3).
Wilcox and coworkers60 studied the effect of oxygen-containing
functional groups on the adsorption of mixtures of CO2/CH4
and CO2/N2. They found that due to the presence of functional
groups CO2 adsorbs preferentially at these sites as compared
with CH4 and N2. Thus the selectivity of CO2 over CH4 and N2
was found to be much higher, especially in the low-pressure
regime. They concluded that by tuning the surface chemistry
(having a significant amount of COOH groups) of the porous
carbons, a higher selectivity of CO2 over other gases could be
achieved. Shen and coworkers61 studied the effect of edge
functionalization of graphene segments on the adsorption of
CO2/CH4 mixture using density functional theory (DFT) and
GCMC simulations. The functional groups studied are NH2,
COOH, OH, and H groups. They found that edge
functionalization had a significant effect on CO2 adsorption
but had less influence on CH4 adsorption. They also found that
temperature had negative influence on adsorption but no
obvious influence on the selectivity. Steriotis and coworkers62

studied the influence of functional groups on the adsorption
of CO2 and N2. They used epoxy and hydroxyl groups with
different concentrations on graphite surfaces of slit pore.
They found that the adsorption increases dramatically with
the introduction of the surface functional groups, and the
adsorption isotherm gets smoother as compared with the
pristine graphitic slit pore. In a recent work, Maurya et al.63

studied the adsorption and separation of SO2/CO2/N2 gases in
edge-functionalized graphene nanoribbons. They found that the
adsorption and selectivity of SO2 increase with increased
functionalization, mainly at low pressure.
The above-mentioned simulation studies have been reported

with attached functional groups on slit-pore carbon models.
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However, not much literature is available on the realistic carbon
models with attached functional groups. Recently, De Weireld
and coworkers64 have reported experimental measurements and
GCMC simulations of CO2, CH4, and water in porous carbons.
The porous carbon model used in their study is a realistic
molecular model obtained from HRMC simulations. (The
HRMC molecular model for carbon was originally developed
by Jain et al.55) The authors added random H and OH
functional groups to the original HRMC model to study the
effect of functionalization on the adsorption properties of gas
molecules. They found qualitative agreement between experi-
ments and simulation at low pressure. The authors pointed out
that the discrepancy between experiment and simulation was
due to the insufficient number of functional groups and also
due to the absence of other polar groups normally present in
the porous carbons. Thus they concluded that the carbon
model used was not hydrophilic enough to describe adsorption
in real active carbons. In a recent work, Halder et al.65 have
studied the influence of functional groups in CMK-5 models on
adsorption and separation of CO2/N2/CH4 gases. They found
that the functionalization increases the selectivity of CO2 over
other gases. Furmaniak et al.66 studied the influence of func-
tional groups on SO2 adsorption in virtual porous carbons.
They used only carbonyl functional groups in their study and
found that the electrostatic interaction of carbonyl with SO2
molecules resulted in an increase in adsorption of SO2 and that
the pore-filling pressure decreases with increasing functional
groups. Wang et al.20 also studied the influence of carbonyl
functional groups on the separation of binary mixture con-
taining SO2/CO2/N2/H2S gases in carbon nanotubes. They
found that the presence of carbonyl groups enhances the
adsorption of SO2 compared with other gas molecules. All of
this literature points to the importance of attached functional
groups to the carbon models to capture the real chemistry
between the fluid molecules and the adsorbent (carbon matrix).
In our previous work,67 we have extensively investigated 18

kinds of porous materials from carbons, zeolites, and metal
organic frameworks (MOFs) for desulfurization and decarbu-
rization of the biogas, natural gas, and flue gas. However, the
above-mentioned porous materials are highly ordered crystal
materials, which may give different adsorption properties from
the disordered carbons used here. Therefore, in this work we

report results from GCMC simulations of gases in the pristine
carbon models and carbon models with attached carbonyl
(−CO) groups and carboxyl groups (−COOH) obtained
from HRMC simulations. We have studied the presence of
carbonyl and carboxyl groups, as it was shown by Jorge et al.46

that the nature of functional groups is of little significance for
physisorption. Carbonyl functional groups have been used by
researchers before to understand adsorption in porous car-
bons.20,66 We investigate the presence of hydrogen atoms and
carbonyl and carboxyl functional groups on the adsorption
properties and selectivity of gases. We performed GCMC simu-
lation of gases in HRMC models containing (a) only carbon
atoms, (b) both carbon and hydrogen atoms, (c) carbon,
hydrogen, and carbonyl functional groups, and (d) carbon,
hydrogen, and carboxyl functional groups. We further studied
the separation of gases from equimolar gaseous mixtures.
We also report the effect of carbonyl and carboxyl functional
groups on the separation of gaseous mixtures.

■ COMPUTATIONAL DETAILS
Models of Microporous Carbons. Microporous carbons

used in this work have been prepared using a HRMC method,
in a previous work.51,52 Normal RMC method includes gener-
ating atomistic models that match the structural data (normally
pair correlation function or structure factor) of the real mate-
rials. However, the RMC method suffers from a drawback; that
is, the models obtained from RMC are not unique if many body
forces exist in the system. To overcome the drawback, in
HRMC, an energy penalty term is added so that the resultant
model obtained matches the pair correlation function of the
system and also has low energy.
Here we used atomistic models for three carbon samples

obtained from Saccharose coke.51,52 The samples are named as
cs400, cs1000, and cs1000a. cs400 was obtained by heating
coke at 400 °C, cs1000 was obtained by heating coke at
1000 °C, and cs1000a was obtained by activating cs1000
sample. The cs1000 sample has the highest density, and
cs1000a has the lowest density. The number of carbon atoms is
the highest in cs1000 and lowest in cs1000a models. In
generating the atomistic models, we considered both carbon
and hydrogen atoms in our simulation box. The number of
carbon atoms and hydrogen atoms was obtained from the

Table 1. Force-Field Parameters for Adsorbates and Adsorbents

adsorbate atom σ (Å) ε/kb (K) q (e) angle (deg) bl (Å)a

N2 N 3.31 36.0 −0.482 180 1.1
com 0.964

CH4 3.73 148.0
CO2 C 2.8 27.0 +0.7 180 1.16

O 3.05 79.0 −0.35
SO2 S 3.585 154.4 +0.470 119.5 1.4321

O 2.993 62.3 −0.235
adsorbent C 3.36 28.0

H 2.42 15.08
−CO Cb +0.5

O 2.96 105.8 −0.5
−COOH Cb +0.08

C 3.75 52.0 +0.55
O(C) 2.96 105.7 −0.5
O(−H) 3.0 85.6 −0.58
H(−O) +0.45

abl is the bond length. bCarbon atom of HRMC carbon matrix that connects the functional groups.
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density and H/C ratio, determined from experiments. During
the course of HRMC simulation, both carbon and hydrogen
atoms were moved. More details of generating the models can
be found here.51,52 Our models reproduced the experimental
pair correlation function very well and also captured correct
chemistry of the carbon atoms at the local level. The pore-size
distribution51,52 of the carbon models revealed that cs400
and cs1000 have very narrow micropores (3.5−7 Å), whereas
cs1000a contains pores ranging until 12 Å. The isosteric heat of
adsorption predicted by our models was found to be in good
agreement with the experiments,52 which shows that our
models capture the energetic heterogeneity present in the real
materials with complex pore morphology and topology. This
gives us confidence in using these models to study the
adsorption and separation of gases.
Adding Carbonyl Functional Groups to the HRMC

Models. In this work, we add functional groups to the HRMC
models.51 We consider both carbonyl and carboxyl groups. The
potential parameters for both functional groups are taken from
the literature of Zeng et al.68 It has been shown by Jorge et al.46

that the nature of the oxygen functional groups is not as criti-
cal as the concentration of the functional groups. Carbonyl
functional group has been used before in porous carbon
models.20,66 Furmaniak et al.66 studied the influence of carbonyl
groups, in virtual porous carbon models, on SO2 adsorption.
Wang et al.20 studied the influence of carbonyl groups, in
carbon nanotubes, on separation of gases. Both of these studies
attached an oxygen atom to a carbon atom in the carbon matrix
for carbonyl groups. Thus only oxygen atom was attached to
an existing carbon atom to generate a carbonyl group. We also
followed a similar procedure to obtain carbonyl functional
groups. The recipe to add carbonyl (−CO) groups is as
follows: We first find carbon atoms that have one or more
hydrogen neighbors. We then randomly select a carbon atom

(having hydrogen neighbors) and randomly replace one of the
hydrogen atom neighbors with an oxygen atom. The distance
between the carbon atom and oxygen atom is that of CO
distance. Care is taken that the oxygen atom being added does
not overlap with other carbon, hydrogen, or oxygen atoms. The
carbon atom to which the oxygen is being attached is treated as
the carbon of the −CO (carbonyl group). The charge on the
oxygen atom is (−0.5e), and the charge on the carbon of
the −CO group has a charge of +0.5e. This procedure makes
sure that the oxygen atom is not overlapped with any of the
carbon and hydrogen atoms present in the system. Thus the
total number of atoms present in the models remains the same.
Some of the hydrogen atoms are converted into oxygen (of
carbonyl group) atoms. These carbon atoms having hydrogen
neighbors may be thought of as edge carbon atoms in a
graphene segment.
We investigated the effect of carbonyl functional groups on

the separation of gases for all three carbon samples. The
number of carbonyl groups added is as follows: (a)
cs400_28:28 carbonyl functional groups added to cs400
sample, (b) cs400_84:84 carbonyl functional groups added to
cs400 sample, (c) cs400_140:140 carbonyl functional groups
added to cs400 sample, (d) cs1000_28:28 carbonyl functional
groups added to cs1000 sample, (e) cs1000_84:84 carbonyl func-
tional groups added to cs1000 sample, and (f) cs1000a_28:28
carbonyl functional groups added to cs1000a sample. We have
added more carbonyl functional groups to cs400 because it
contains the highest number of hydrogen atoms and cs1000a has
the lowest number of hydrogen atoms.

Adding Carboxyl Functional Groups to the HRMC
Models. The recipe adding −COOH groups is as follows:
There are some carbon atoms with one carbon neighbor. We
add a double-bond oxygen (O) and −OH group to those
carbon atoms. To add a double-bonded oxygen (O), we

Figure 1. Absolute adsorption isotherms of pure gases in carbon materials at 303 K.
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chose a random point on a sphere of the desirable radius (same
as CO distance) and added the oxygen atom. Care is taken
that the added oxygen is not overlapping with other atoms.
Similarly, to add a hydroxyl group (−OH) group we chose
a random point on a sphere of the desired radius (same as
C−OH) distance an add the oxygen atom and similarly add the
hydrogen atom to the oxygen atom. We remove any hydrogen

neighbors that these carbon atoms (with one carbon neighbor,
which we treat as COOH group) have. We then relax the
HRMC models with attached functional groups (−COOH)
using the REBO potential developed for carbon−oxygen−
hydrogen systems.69,70 During the relaxation process, carbon
atoms are held fixed and the hydrogen and oxygen atoms are
allowed to move.
We investigated the effect of carboxyl functional groups on

the separation of gases for all three carbon samples. The number
of carboxyl groups added is as follows: (a) cs400_28cooh: 28
carboxyl functional groups added to cs400 sample, (b)
cs400_48cooh: 48 carboxyl functional groups added to cs400
sample, (c) cs1000_23cooh: 23 carboxyl functional groups added
to cs1000 sample, and (d) cs1000a_24cooh: 24 carboxyl
functional groups added to cs1000a sample. We have a smaller
number of carboxyl groups as compared with carbonyl groups to
our carbon samples because the number of carbon atoms with
one carbon neighbor is less in all of those carbon samples, which
is not surprising.

Grand Canonical Monte Carlo Simulations. Using the
HRMC simulation-built carbon atomic models, we further
performed GCMC71 simulations to investigate adsorption and
separation of binary gases in these materials. During the simu-
lations, the adsorbents were treated as a rigid material with
atoms frozen. The periodic boundary conditions were imposed
in three dimensions. The LJ and electrostatic potentials were
truncated at a cutoff radius of 12.5 Å without long-range cor-
rections. The fluid−fluid interactions of the species are com-
posed of the LJ and electrostatic interactions. We used the
TraPPE force field72,73 to describe the interaction potentials of
CH4, N2, and CO2, where CH4 is regarded as a spherical one-
site geometry, and CO2 is represented by a linear three-site
model with the C−O bond length of 1.16 Å. The partial point

Table 2. Summary of Structural Properties for Carbon
Materialsa

materials ρf (g/cm
3) Vfree (cm

3/g) ϕ

cs400 1.056 0.442 0.466
cs400_h 1.103 0.369 0.407
cs400_28 1.147 0.349 0.399
cs400_84 1.236 0.311 0.384
cs400_140 1.326 0.277 0.368
cs400_28cooh 1.199 0.322 0.386
cs400_48cooh 1.264 0.295 0.373
cs1000 1.481 0.231 0.342
cs1000_h 1.499 0.216 0.324
cs1000_28 1.544 0.205 0.316
cs1000_84 1.633 0.185 0.302
cs1000_23cooh 1.579 0.195 0.308
cs1000a 0.723 0.912 0.659
cs1000a_h 0.728 0.897 0.653
cs1000a_28 0.773 0.831 0.642
cs1000a_24cooh 0.811 0.774 0.628

aLattice parameters at x, y, and z axes are equal to 25 Å for all
materials, ρf is the framework density, Vfree is the free pore volume of
the available void volume to fluid molecules, calculated by a Monte
Carlo integration with the reentrant surface definition,69 and ϕ is the
porosity expressed by the ratio of the free volume of adsorbent
accessible to gas molecules to the adsorbent volume.

Figure 2. Isosteric heats of pure gases in carbon materials at 303 K.
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charge on the C atom is +0.7e, and electric neutrality is main-
tained by the partial charge of −0.35e on O atom. For N2, each
N atom is modeled by a LJ site separated by the experimental
bond length of 1.1 Å. The point charge of −0.482 e is placed on
each LJ site to reproduce the gas-phase quadrupole moment of
N2, and a point charge of +0.964 e was placed at the center of
mass (COM) of the molecule to maintain charge neutrality.
Similarly, in Ribeiro’s potential model67,74 for SO2 mole-
cule, the S−O bond length and the O−S−O bond angle are
1.4321 Å and 119.5°, and the partial charges on S and O atoms
are +0.470e and −0.235e. All of the potential parameters are
given in Table 1 and the Lorentz−Berthelot combining rules
are used to calculate the cross-interaction parameters.
To accelerate the simulations, a 3D tabular table of inter-

actions between adsorbate and adsorbent is precalculated with a
grid spacing of 0.2 Å. To obtain accurate ensemble averages in
GCMC simulations, a total number of 2 × 107 configurations
was generated for each pressure point, where the first 1 × 107

configurations were discarded to guarantee equilibration,
and the second one was divided into 20 blocks to calculate
the ensemble average. For CH4 with a spherical geometry, only
three types of moves, viz., translation, insertion, and deletion,
are attempted, whereas for other molecules an additional

rotation move is implemented. The normal move acceptance
probability is transformed to relate the component fugacity of
bulk phase by Peng−Robinson equation of state.75

To investigate the separation ability of porous material for
gas mixtures, we defined the adsorption selectivities as follows

=S
x x

y y

/

/i j
i j

i j
/

(1)

where Si/j refers to the selectivity of the first component i over
the second component j. For the ternary mixture such as
N2−CO2−SO2, CO2 and SO2 are combined into one pseudo-
component, and the selectivity of (CO2 + SO2) over N2 is
calculated according to the above equation. More details of the
calculations of adsorption selectivity mixtures and isosteric heat
are referred to our previous work.76

IAST Prediction for Adsorption of Binary Mixture. It is
interesting to compare the binary mixture adsorption from
molecular simulation and Ideal Adsorbed Solution Theory
(IAST).76,77 We adopted the dual-site Langmuir−Freundlich
(DSLF) adsorption model42,76 to correlate the pure-component
equilibrium data from molecular simulations. The DSLF model
is given by

° =
+

+
+
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N k f

k f
N k f

k f
( )
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n

n

n

n
1 1

1

2 2

2
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where f is the fugacity of bulk gas at equilibrium with adsorbed
phase and Ni, ki, and ni are model parameters of maximum
adsorption amount at site i (i = 1 or 2), the affinity constant,
and the deviation from the simple Langmuir equation, respec-
tively.
On the basis of the available DSLF model parameters of

pure gas adsorption, we further predicted the multicomponent
adsorptions with IAST, where the adsorbed solutions are
assumed to be ideal and all activity coefficients in the adsorbed
phase are unity. When adsorption equilibrium is reached
between adsorbed phase and gas phase, we obtained76,77

ϕ π= °Py x f ( )i i i i (3)

where f i° is the fugacity of the equilibrium gas phase
corresponding to the spreading pressure π for the adsorption
of pure gas i, ϕi is the gas fugacity coefficient of component i
calculated by PR EOS, and xi and yi are the molar fraction of
component i at adsorbed and bulk phases, respectively. The
binary gas mixing process at constant spreading pressure π is
indicated by76,77

∫ ∫° = °
° °

N f f N f f( ) d ln ( ) d ln
f f

0
1 1 1 0

2 2 2
i 2

(4)

where the single-component adsorption loading and selectivity
are computed by numerical integration and root exploration.

■ RESULTS AND DISCUSSION
We studied the adsorption and separation of gases in three
different versions of carbon models (for the samples: cs400,
cs1000, and cs1000a). These are denoted as follows in the rest
of the paper: cs400 contains only carbon atoms, cs400_h
contains both carbon and hydrogen, cs400_28 contains carbon,
hydrogen, and 28 carbonyl groups, and cs400_28cooh contains
carbon, hydrogen, and 28 carboxyl groups. Similarly, for cs1000
and cs1000a models we have carbon-only, carbon−hydrogen,

Figure 3. Adsorption configurations of CH4 in porous materials at
303 K and 4500 kPa.
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carbon−hydrogen, and carbonyl groups and carbon−hydrogen
and carboxyl groups.
Adsorption of Pure Gases. Figure 1 shows the absolute

adsorption isotherms of pure gases in carbon materials at
303 K. We can see that for all of the species, cs1000a and
cs1000a_h show much higher adsorption amounts than other
carbon materials. For instance, the uptake of CO2 in cs1000a is
about four times that of cs400, approaching 12 mmol/g at
4500 kPa. This is because cs1000a has a larger pore volume of
0.912 cm3/g to accommodate more adsorbate molecules,
compared with that of 0.442 cm3/g for cs400 (see Table 2).
Moreover, CO2 has the largest loading at 4500 kPa, followed by
CH4 and N2. The amount adsorbed for carbon-only and
carbon−hydrogen models is approximately the same for CO2,
CH4, and N2 gases for cs1000 and cs1000a models. However,
the carbon-only model of cs400 sample shows more gas
intake, as compared with carbon hydrogen model of cs400_h
(Figure 3). From Figure 2, we can also observe that those
species with a higher heat of adsorptions have larger uptakes.
In particular, at low pressures, there is a strong correlation
between loading and heat of adsorption. The higher uptakes are
attributed to the stronger binding energy between the guest
molecules and frameworks. For cs1000a/cs1000a_h, the
strongly adsorbed species such as CO2 and SO2 exhibit a
local minimum of the adsorption heats. As expected, the con-
tribution of the solid−fluid interactions dominates at low
loadings, while the contribution from the fluid−fluid inter-
actions is of more importance at high adsorption densities.
As a result, the local minimum of isosteric heats appears due to
the competitive balance of the isosteric heats contributed by the

solid−fluid interactions and the fluid−fluid interactions. Note
that for all of the species cs1000a and cs1000a_h have the
lowest isosteric heats despite the greatest loadings. This is due
to the smaller number of carbon atoms (which results in less
dispersion interaction between solid and fluid molecules) in
cs1000a as compared with cs400 and cs1000. Furthermore,
cs1000 and cs1000_h have the highest heats of adsorption. The
inconsistence for the variations of loading and isosteric heat
results from the material structure and molecular adsorption
state. Figure 4 shows the snapshots of CO2 in cs400, cs1000,
and cs1000_a at 4500 kPa and 303 K. We can see that for
cs1000a, the smallest material density caused by the large pore
volume will definitely reduce the isosteric heat of adsorption,
whereas the carbon networks of cs1000 are distributed more
densely (due to the higher carbon density of cs1000), and
accordingly their isosteric heats are the largest ones. The order
of isosteric heat for the adsorbed gases shows the following
order for all carbon models: SO2 > CO2 > CH4 > N2. This is
not surprising because the interaction strength between gases
and the carbon matrix also follows the same order. There is a
marked difference between the isosteric heat for a particular
adsorbent for all of the gases studied. This difference in isosteric
heat between the gases is >5 kJ/mol for all of the adsorbents,
suggesting that the porous carbons have preference of one gas
over other and can be used for separation of gases.

Separation of Binary Mixture. Figures 5−9 show the
pairwise adsorption selectivities and the single-component iso-
therms of CH4−CO2, N2−CH4, N2−CO2, N2−SO2, and CO2−
SO2 systems in the cs400/cs400_h, cs1000/cs1000_h, and
cs1000a/cs1000a_h materials. We find that cs1000a/cs1000a_h

Figure 4. Adsorption configurations of CO2 in porous materials at 303 K and 300 kPa.
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materials occupy the greatest adsorption capacities for all of
the binary mixtures. For CH4−CO2, N2−CH4, and N2−CO2
systems, cs1000/cs1000_h shows the best separation perform-
ance, while for N2−SO2 and CO2−SO2 systems, cs1000a/
cs1000a_h have the largest adsorption selectivities. For the
former, the confinement of the cs1000/cs1000_h sample with
highest carbon density plays an important role to affect
separation for the nonpolar molecules in the N2−CH4−CO2
system. For the latter, the large pore size of the cs1000a/
cs1000a_h sample can accommodate larger SO2 molecules and
thus improve the separation for the gas mixtures containing
sulfide. As reported in the literature, the optimum pore size for
SO2/N2 separation is 0.81 nm and that for SO2/CO2 separation
is 1.09 nm.20 cs1000a/cs1000a_h models have pore size
ranging to 1.2 nm, and cs400/cs1000 models have pore size up
to 0.7 nm. This explains the greater selectivity of cs1000a/
cs1000a_h models containing SO2 molecules. Furthermore,
the selectivity curves exhibit apparently different behaviors with
the increase in pressure, such as monotonically ascending for

CH4−CO2, descending for N2−CH4, constant for N2−CO2,
and fluctuating for N2−SO2 in cs1000a/cs1000a_h. For
CO2/CH4 system, cs1000/cs1000_h shows the highest
selectivity (∼4.8), which is consistent with the results reported
in the literature for activated carbons.78 For CH4/N2 system,
cs1000_h/cs1000 has the highest selectivity. The selectivity
varies from 7.5 at low pressure to 4.2 at high pressure.
Interestingly, the presence of carbon−hydrogen models shows
a slight higher selectivity than the carbon-only models. It has
been reported in the literature that the smallest pore where
CO2 can adsorb is 0.57 nm and the smallest pore for CH4
adsorption is 0.61 nm. Thus cs1000/cs400 with pore size up to
0.7 nm shows higher selectivity compared with cs1000a, which
has higher pore size. This can be shown from the isosteric heat
for CO2/CH4 gases, where cs1000 has higher values compared
with cs1000a and cs400. For CO2/N2 system, the selectivity of
cs1000/cs1000_h models is higher than that of cs400 and
cs1000a samples, which can be explained by the amount
adsorbed for the CO2/N2 mixture. The amount adsorbed for

Figure 5. Adsorption isotherms and selectivity of equimolar
CH4−CO2 mixture at 303 K.

Figure 6. Adsorption isotherms and selectivity of equimolar N2−CH4
mixture at 303 K.
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CO2 is five to six times that of N2. Here also the carbon−
hydrogen models show greater selectivity than carbon-only
models. This is due to the added dispersion interaction
between hydrogen and gas molecules. The selectivity for
cs1000/cs1000_h models varies between 20 and 25, which is
greater than carbon nanotubes and CMK-5.79,80 The adsorp-
tion isotherm for both CO2 and N2 increases with pressure;
however, the CO2 molecules preferentially adsorb at the surface
and N2 molecules adsorb in the space between the CO2
molecules. For SO2/N2 system, cs1000a/cs1000a_h has the
highest selectivity. This is due to the bigger pore size that can
accommodate SO2 molecules as compared with cs1000/cs400.
The selectivity for cs1000 is ∼700 at very low pressures. This is
due to the fact that at very low pressure only SO2 molecules are
adsorbed due to its high isosteric heat as compared with N2 and
thus the high selectivity. For SO2/N2 system, the selectivity is
around 300−400 in cs1000a at moderate to high pressures,
which is comparable to that with carbon nanotubes.81 From
Figure 8, it can been seen that the SO2 molecules are saturated

by 300 kPa, and further increase in pressure does not increase
the amount of SO2. However, the adsorption of N2 is an
increasing function of pressure. This is because N2 molecules
can accommodate in the space between the SO2 molecules.
Thus the selectivity decreases at higher pressures. For
SO2/CO2 system, cs1000a shows better selectivity (again due
to its comparatively larger pore size that can accommodate SO2
molecules). The selectivity is ∼20 at low pressure (more than
that reported for carbon nanotubes at low pressures81) and
monotonously decreases with pressure. The reason is that SO2
molecules are saturated around 300 kPa and CO2 molecules
show an increase in adsorption amount as the pressure
increases. Furthermore, these selectivities (for different gases)
span several orders of magnitude from 2 to 700 for different
pairs, which is strongly dependent on the types of the adsor-
bents and adsorbates. For the CO2−N2 system, the selectivity
is 20−25 for cs1000/cs1000_h system, followed by cs400/
cs400_h (selectivity is 8−12), followed by cs1000a/cs1000a_h
(selectivity is 5−8). This shows that microporous carbons can

Figure 7. Adsorption isotherms and selectivity of equimolar N2−CO2
mixture at 303 K.

Figure 8. Adsorption isotherms and selectivity of equimolar N2−SO2
mixture at 303 K.
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be used as separation materials for CO2−N2 systems. Again,
the selectivity for N2−SO2 is highest for cs1000a/cs1000a_h with
a value of ∼400 at medium to high pressures. Interestingly,
cs1000/cs1000_h and cs400/cs400_h show a monotonously
decreasing function for selectivity for N2−SO2 systems.
cs1000/cs1000_h materials have a selectivity of ∼700 at low
pressures and fall to ∼100 at high pressures. cs1000a/cs1000a_h
also have higher selectivity for CO2/SO2 systems. Thus cs1000a/
cs1000a_h materials can be used for the separation of N2−SO2
and CO2/SO2 systems. For the cs1000a_h material that has the
greatest loadings, the selectivities of CO2 in CH4−CO2 and N2−
CO2 systems are 2.43 and 5.95 at 4000 kPa, which is very close to
the 2.9 and 5.4 at 298 K and 4000 kPa for a member of
mesoporous materials UMCM-1 MOF.82 As we show in the next
section, the selectivity of CO2 can be enhanced by incorporating
functional groups to the carbon matrix.
Effect of Carbonyl Functional Groups on Separation

of Binary Mixtures. We investigated the effect of carbonyl

functional groups on the separation of gases for all three carbon
samples. Figure 10 shows the selectivity of different binary
gaseous systems in the carbon models with attached functional
groups. From Figure 10a, we can see that for CH4/CO2 system
cs1000_84 has the highest selectivity. The selectivity is around
4 to 5 for cs1000 without functional groups (see Figure 5c),
and the selectivity increases to around 20−40 across pressures
for cs1000_84. cs400_140 has the second highest selectivity
around 10−15. Interestingly, cs1000_84 has higher selectivity
than cs400_140, which has the highest number of attached
functional groups. However, cs400 has a lower density than
cs1000. This shows that the density of carbon samples also
plays a major role in addition to the attached functional groups
in determining the selectivity of gases. For SO2/CO2 system the
selectivities increase only slightly on adding functional groups.
For the carbon samples without functional groups, cs1000a/
cs1000a_h have the highest selectivities and the selectivities
have the decreasing function with pressure (see Figure 9c). On
adding functional groups we find that cs1000a_28 has the
highest selectivity. This shows that functional groups have no
significant effect on the separation of SO2/CO2 system. cs1000_84
and cs400_140 have selectivities lower than cs1000a_28 system.
For CH4/N2 system, the selectivities are of similar values for all
carbon samples with and without functional groups. This
shows that the functional groups do not have much effect on
selectivities of CH4/N2 system, which is expected, as these
gases are nonpolar gases. For CO2/N2 system, cs1000_84 has
the highest selectivity. The selectivity varied from 20 to 25
without functional groups (see Figure 7c) but varied from 100
to 170 with attached functional groups. The selectivities are
high for pressures up to 2000 kPa. At high pressures the
selectivity decreases. This is due to the fact that at low pressures
CO2 is preferentially adsorbed, and as pressure increases N2
molecules are adsorbed in the space between CO2 and thus
results in decrease in selectivity. The selectivities increases for
all the carbon samples with attached functional groups as
compared to pristine carbon samples. For SO2/N2 system, the
selectivity with attached functional groups shows a decreasing
function of pressure for cs1000_84 and cs400_140. The selec-
tivities increase around 10-fold with attached functional groups
compared with those of pristine carbons without attached
functional groups. cs1000_84 and cs400_140 have the highest
selectivities for SO2/N2 system. At very low pressure, only SO2
molecules are adsorbed, and so there is a spike in selectivity.
At pressures until 1500 kPa, cs1000_84 and cs400_140 have
the highest selectivities, but at pressures above 2000 kPa,
cs1000a_28 also has selectivities similar to that seen for
cs400_140 and cs1000_84. It should be noted that cs1000 and
cs400 show enhanced selectivity for SO2 on addition of
functional groups. cs400 and cs1000 have smaller pore size, and
on addition of functional groups, SO2 is preferentially adsorbed,
and thus they show more selectivity for SO2/N2 as compared
with cs1000a (which has a larger pore volume and larger pore
sizes) at low pressures. Here also the selectivity shows a mono-
tonous decrease with respect to pressure as SO2 adsorption is
saturated around 300 kPa and N2 adsorption increases, as it fills
the gap between SO2 molecules.
Figure 11 shows the adsorption isotherms of preferential

adsorbed species in the carbon models with attached functional
groups. Despite the smallest number of functional groups, the
loadings of preferential adsorbed species are the largest for
cs1000a_28, arising from the greatest pore volume. Further-
more, for CH4−CO2, N2−CH4, and N2−CO2 systems, the

Figure 9. Adsorption isotherms and selectivity of equimolar CO2−SO2
mixture at 303 K.
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adsorption isotherms in cs1000a_28 exhibit a monotonic
increasing with pressure, while for CO2−SO2 and N2−SO2
systems, there is a sudden jump of loading at the pressure of
200−300 kPa, which indicates the cooperative filling of SO2
molecules in the wide micropores of cs1000a_28. Different
from N2−SO2 system, the loading of SO2 decreases for
CO2−SO2 system at the pressures >3500 kPa. This is because
CO2 produces the stronger competitive adsorption effect
with SO2 molecules. The loadings of SO2 in cs1000a_28 are
∼14 mmol/g for both systems. It means cs1000a_28 is an
excellent separation adsorbent for SO2 removal due to high
loading and high selectivity of SO2.
Effect of Carboxyl Functional Groups on Separation

of Binary Mixtures. Figure 12 shows the selectivities of
SO2/CO2, CO2/N2, and SO2/N2 in carbon materials decorated
by different numbers of carboxyl functional groups. We can see
that the selectivity of SO2/CO2 mixture shows fluctuating
trends for cs1000a_24cooh and decreases at high pressures
(∼4000 kPa). cs1000a_24cooh shows higher selectivities
compared with the rest of the cases. This was also seen for

carbonyl functional groups. This is because cs1000a has higher
pore sizes. Interestingly, the selectivity of cs1000_23cooh
decreases for lower to moderate pressures (up to 2000 kPa)
and then increases and eventually decreases at higher pressures
(at 4000 kPa). Also, the cs400_28cooh shows higher selectivity
than cs400_48cooh. This might be because of smaller pores in
cs400 that cannot be accessed by SO2 molecules due to the
addition of the functional groups (decreasing the pore size).
For approximately the same number of functional groups, the
−COOH functional groups show slightly higher selectivities for
SO2/CO2 mixtures than the carbonyl functional groups.
Selectivity of CO2/N2 mixtures in −COOH functional

groups shows a decreasing trend. cs400_48cooh shows the
maximum selectivity in all four cases studied here. The trend
is cs400_48cooh > cs1000_23cooh > cs400_28cooh >
cs1000a_24cooh. At the pressure of 2000 kPa, cs1000_23cooh
shows a maximum and more selectivity than cs400_48cooh.
Otherwise, the trend is decreasing for all cases. For approxi-
mately the same number of functional groups, the −COOH

Figure 10. Adsorption selectivity of equimolar mixture at 303 K for cs400, cs1000, and cs1000a decorated by different numbers of carbonyl
functional groups.
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functional groups show higher selectivities for CO2/N2 mix-
tures than the carbonyl functional groups.
Selectivity of SO2/N2 mixtures in −COOH functional

groups shows fluctuating trends for cs1000a_24cooh. For
cs1000_23cooh, the selectivity shows a fluctuating trend until
pressure = 1000 kPa and decreasing trend thereafter. For
cs400_48cooh, the selectivity increases at low pressure and
decreases for moderate and high pressures. Interestingly, at very
low pressure, cs1000_23cooh shows higher selectivities, and for
moderate to high pressure, cs1000a_24cooh shows higher
selectivities. For approximately the same number of functional
groups, the −COOH functional groups show higher selec-
tivities for SO2/N2 mixtures than the carbonyl functional
groups.
Comparison of GCMC Simulations and IAST Predic-

tions for N2−CO2 Adsorption. We predicted the adsorption
of equimolar N2/CO2 mixture by IAST modeling and
compared the results with those from GCMC simulations.
Figure 13a shows the fitting of GCMC simulations of pure
gases by DSLF model, and Table 3 gives the fitted DSLF

parameters. From Figure 13a and Table 3, we see that the
fitting of DSLF model is excellent because the average rela-
tive deviations (ARDs) are <6% for all pure gas isotherms.
It indicates that the obtained DSLF parameters are suitable for
IAST predictions. However, we fail to fit the adsorption iso-
therm of pure SO2 gas. This is because the loading of SO2
quickly reaches a saturated value at a low pressure, corres-
ponding to micropore filling of a type-I isotherm. This isotherm
shape is inappropriate to be described by the DSLF equation.
Therefore, we only present the results of N2/CO2 system.
Figure 13b,c shows the comparison of IAST predictions with
GCMC simulations for mixture adsorption. For cs1000a with-
out functional groups, the adsorption isotherms and the
selectivities by IAST prediction agree well with the GCMC
results. However, for cs1000a_24cooh that has COOH func-
tional groups, IAST predicted the selectivities of CO2/N2 about
15−35 higher than the GCMC results at the investigated
pressure ranges. This inconsistency of both methods in the
cs1000a_24cooh case is due to the existence of strong inter-
actions between COOH functional groups and CO2 molecules.

Figure 11. Adsorption isotherms of preferential adsorbed species in equimolar mixture at 303 K for cs400, cs1000, and cs1000a decorated by
different numbers of carbonyl functional groups.
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Figure 12. Adsorption selectivity of equimolar N2−CO2, CO2−SO2, and N2−SO2 mixtures at 303 K for cs400, cs1000, and cs1000a decorated by
different numbers of carboxyl functional groups.

Figure 13. Adsorption loading and selectivity of CO2/N2 system in cs1000a and cs1000a_24cooh that decorated by 24 carboxyl functional groups at
303 K. (a) Pure CO2 and N2 adsorption isotherms. The lines are fits of the dual-site Langmuir−Freundlich equation to GCMC simulation results.
(b) Adsorption loadings of single-component for the equimolar N2−CO2 mixtures, where the solid symbols are the GCMC simulations and the lines
are IAST predictions. (c) Adsorption selectivities of CO2/N2 for the equimolar mixtures from GCMC simulations and IAST predictions.
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Even so, IAST predicted a similar variation trend of the
selectivities as the GCMC results. Consequently, we should
be cautious to apply IAST for quantitative description of the
adsorption systems that possess strong polarity characteristics.
However, IAST may be used in qualitative prediction for such
case.
Effect of Carboxyl Functional Groups on Separation

of Ternary Mixtures. In recent studies of graphene
nanoribbons with edge functionalized63 and CNT bundles,81

the authors found that the selectivity of SO2/N2 shows
improvement in SO2/CO2/N2 ternary mixtures as compared
with SO2/N2 binary mixtures. It will be nice to study ternary
mixtures in our carbon models and see how the selectivites
compare with the graphene and CNT bundles. Therefore, we
performed the GCMC simulations for N2/CO2/SO2 ternary
mixture with a bulk concentration of yN2 = 0.8 and ySO2 =
0.002. As shown in Figure 14, selectivity of SO2/CO2 is higher
in ternary mixture of SO2/CO2/N2 than binary mixtures of
SO2/CO2 for all of the cases studied here. Interestingly,
cs1000_23cooh has the highest selectivity of all of the cases.
In the binary case, cs1000a_24cooh shows the highest
selectivity among all of the samples. Selectivity of CO2/N2 in

ternary mixtures does not vary much from the binary mixtures.
The trend in selectivities is roughly the same as that of binary
CO2/N2 mixtures. This shows that the presence of SO2 does
not have much effect on CO2/N2 separation. Selectivity of
SO2/N2 is higher in ternary mixtures as compared with the
binary mixtures. Here also cs1000_23cooh shows the highest
selectivity as compared with other samples. In binary SO2/N2
case, cs1000a_24cooh shows higher selectivity at moderate to
higher pressures. Overall, our observation are consistent with
the enhanced selectivity of SO2/N2 in ternary mixtures found
by Maurya et al.63 and Rahimi et al.81

■ CONCLUSIONS

We have studied adsorption and separation of gases in realistic
molecular models of three porous carbon samples. Molecular
models of carbons were developed using a HRMC method,
which captures the pore topology and morphology actually
present in real porous carbon materials. The pore size of cs400
and cs1000 models spans from 0.34 to 0.7 nm, and that of
cs1000a spans to 1.2 nm. cs1000a/cs1000a_h system shows
maximum uptake for all gases studied. This is because the pore
volume of cs1000a is maximum. The isosteric heat of

Table 3. Parameters of Dual-Site Langmuir−Freundlich Equation by Fitting Absolute Adsorption Isotherms at 303 K from
GCMC Simulations

adsorbent adsorbate N1 k1 n1 N2 k2 n2 ARDa

cs1000a N2 3.4748 0.4166 1.0085 5.3664 0.0415 1.587 3.05
CO2 9.6041 0.1079 2.2810 9.1575 0.7710 0.8823 5.25

cs1000a_24cooh N2 5.8323 0.069 1.4334 2.8021 0.6156 1.0144 2.79
CO2 9.107 1.1935 1.1952 7.0928 3.3012 0.676 0.82

aARD is the average relative deviation (%) of fitted results from GCMC simulations.

Figure 14. Adsorption selectivities of preferential adsorbed species in N2/CO2/SO2 ternary mixture (gas composition of yN2:yCO2:ySO2 =
0.8:0.198:0.002) at 303 K for cs400, cs1000, and cs1000a materials decorated by different numbers of carboxyl functional groups.
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adsorption for all the gases considered in this work was larger
for cs1000/cs1000_h models at low pressure. This is because
the carbon density of cs1000 is the highest. We found that
cs1000 sample (with highest carbon density) shows the largest
separation ability for N2/CH4, CH4/CO2, and N2/CO2 sys-
tems. cs1000a sample (with comparatively larger pore size)
shows higher selectivity for SO2/N2 and SO2/CO2 systems.
This shows that the SO2-containing system displays better
separation ability for carbon samples with large pore widths (up
to 1.2 nm studied in this work). The carbon models with
hydrogen show marginally higher separation ability as
compared with carbon-only models for all gases (except for
the SO2 system). We further studied the effect of functional
groups on the separation ability of the carbon models by adding
carbonyl and carboxyl functional groups to the carbon−
hydrogen models of the three samples. Carboxyl functional
groups show higher selectivities than carbonyl functional
groups. We found that the presence of functional groups
results in higher selection abilities for all gases studied, except
for the N2/CH4 system. This is expected because both N2 and
CH4 are nonpolar gases. The separation ability of CO2/N2 and
CO2/CH4 was enhanced for the carbon samples on adding
functional groups, with cs1000 having the highest selectivity.
Thus activated porous carbons with attached functional groups
can be used to separate binary gas mixtures. The separation
abilities of microporous carbons with attached functional groups
are comparable to or better than carbon nanotubes for CO2/N2/
SO2 binary mixture considered in this work. The selectivity of the
gases was observed in the following order: SO2/N2> CO2/N2 >
SO2/CO2 > CO2/CH4 > CH4/N2.
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