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ABSTRACT: With renewed interest in CO2 separations, carbon
molecular sieving (CMS) membrane performance evaluation
requires diffusion coefficients as inputs to have a reliable estimate
of the permeability. An optimal material is desired to have both
high selectivity and permeability. Gases diffusing through dense
CMS and polymeric membranes experience extended subdiffusive
regimes, which hinders reliable extraction of diffusion coefficients
from mean squared displacement data. We improve the sampling of
the diffusive landscape by implementing the trajectory-extending
kinetic Monte Carlo (TEKMC) technique to efficiently extend
molecular dynamics (MD) trajectories from ns to μs time scales.
The obtained self-diffusion coefficient of pure CO2 in CMS membranes derived from a 6FDA/BPDA-DAM precursor polymer melt
is found to linearly increase from 0.8−1.3 × 10−6 cm2 s−1 in the pressure range of 1−20 bar, which supports previous experimental
findings. We also extended the TEKMC algorithm to evaluate the mixture diffusivities in binary mixtures to determine the
permselectivity of CO2 in CH4 and N2 mixtures. The mixture diffusion coefficient of CO2 ranges from 1.3−7 × 10−6 cm2 s−1 in the
binary mixture CO2/CH4, which is significantly higher than the pure gas diffusion coefficient. Robeson plot comparisons show that
the permselectivity obtained from pure gas diffusion data is significantly lower than that predicted using mixture diffusivity data.
Specifically, in the case of the CO2/N2 mixture, we find that using mixture diffusivities led to permselectivities lying above the
Robeson limit highlighting the importance of using mixture diffusivity data for an accurate evaluation of the membrane performance.
Combined with gas solubilities obtained from grand canonical Monte Carlo (GCMC) simulations, our work shows that simulations
with the TEKMC method can be used to reliably evaluate the performance of materials for gas separations.

■ INTRODUCTION
Separating CO2 from natural gas streams primarily involves the
separation of CO2 from gas mixtures. Separation technologies
are largely comprised of solvent-based extraction techniques,
cryogenic distillation, and membrane-based separations.1

Solvent-based extraction techniques, like amine filtration,
exhibit long term environmental concerns regarding energy
consumption, operating challenges, and emission of hazardous
byproducts.2 Currently, industrial applications are dominated
by cryogenic distillation. However, it has serious drawbacks
pertaining to high energy requirements and high operating
costs.3 Membrane-based gas separation offers significant
advantages due to increased stability and scalability, with the
potential to improve performance based on the synthesis of
novel materials while being relatively hazard free.4 Carbon-
based membranes have shown a lot of promise for effectively
separating CO2 from natural gas streams. Carbon molecular
sieving (CMS) membranes are carbon-based high-performance
gas separation membranes derived from the pyrolysis of
polymeric precursors in vacuum or an inert atmosphere. CMS
membranes present a bimodal pore size distribution and a rich

network of interconnected micropores (∼0.7−2 nm) and
ultramicropores (<0.7 nm) that can differentiate between pairs
of gas molecules having similar kinetic diameters.5−8 Similar
pore network topologies are observed in a variety of other
polymeric membranes, enabling one to modify membranes by
varying the chemistry and processing conditions.9 Membrane-
based technologies also have the advantage of excellent gas
selectivity with high gas permeabilities and chemical and
thermal stability.10,11 CMS membranes show great promise in
carbon capture and storage applications, with their monomer
composition and choice of precursor playing an important role
in determining their gas adsorption and selectivity perform-
ances.
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Molecular simulations are widely used to study gas
adsorption and separation processes. Grand canonical Monte
Carlo (GCMC) simulations have been used to obtain
adsorption isotherms for a variety of molecules and micro-
porous materials such as metal organic frameworks (MOFs),
zeolites, and carbon-based materials. These simulations are
carried out under equilibrium conditions. In contrast, the
transport mechanism of gases inside membranes occurs in
nonequilibrium conditions across an applied pressure gradient
between the upstream feed gas to be separated and the
downstream gas. In this regard, polymeric membranes have
been widely studied for effective CO2 separations. Gas
transport through dense polymer membranes is generally
modeled by the sorption-diffusion mechanism.12−14 Gas
molecules first adsorb in the membrane under the upstream
conditions, diffuse under the influence of a chemical potential
gradient, and finally desorb from the membrane at the
downstream compartment. The diffusive flux of the gas
molecule through the membrane is measured using its
permeability

SD= (1)

where S and D are the solubility and diffusion coefficients of
the gas molecule, respectively, in the membrane.15 High
permeability values can be achieved by increasing either D or S
or both D and S. If the upstream pressure is much larger than
the downstream pressure, then the solubility S can be obtained
from an equilibrium GCMC simulation evaluated under the
thermodynamic conditions at the upstream pressure. Molec-
ular dynamics (MD) simulations have been widely used to
evaluate the diffusion coefficient, D, in a variety of microporous
materials.16−20 Due to the complex porous networks present in
glassy polymeric membranes and their derivatives, there is a
drastic slowing down of the dynamics of the diffusing species.
As a result, carrying out all-atom MD simulations to adequately
sample the diffusive regime and reliably evaluate D is a
computational challenge. Alternate approaches have been
devised to overcome this limitation with the primary goal of
evaluating the self-diffusion coefficients of slowly diffusing gas
species. Thornton et al. presented an approximate dependence
of gas diffusivity on the fractional free volume of the porous
media and the kinetic diameter of the gas, derived empirically
from available experimental data.21 Bousige et al. analyzed the
residence and relocation times of fluid in ultraconfining
disordered porous materials by mapping MD simulations to
mesoscopic random walks.22 Neyertz and Brown proposed a
variant of kinetic Monte Carlo (kMC), referred to as
trajectory-extending kinetic Monte Carlo (TEKMC).23 The
algorithm has been successfully used to calculate the diffusion
coefficients of small molecules such as H2O, O2, and N2 in
glassy polymers.23,24

While assessing a given material for a particular gas
separation technology, both solubility and diffusion coefficients
in a gas mixture need to be evaluated. The gas solubility can be
obtained from mixture GCMC simulations; however, evaluat-
ing the diffusion coefficients of mixtures is more challeng-
ing.25,26 There are several reports of computing gas
permeabilities in polymers, metal organic frameworks, and
zeolites using both pure and mixture gas data while comparing
them with the Robeson upper limit (RUL)27,28 where higher
selectivity is correlated with lowered permeability. These plots
are used as a standard to assess the performance of newly
fabricated adsorbents, where the goal is to design a material

with both high selectivity and permeability. There are also
ongoing efforts to redefine and increase the upper limits for
different materials.29−31 With a wide range of data available,
machine learning techniques have also been leveraged to
understand and find materials that can surpass the Robeson
upper bounds.32 Recent attempts to address mixture
diffusivities from MD simulations showed that gas molecules
tend to oscillate between adsorption sites,33 making it difficult
to evaluate the long time gas diffusivity. Since the evaluation of
diffusion coefficients in mixtures is challenging, several studies
have evaluated the permeabilities using pure component
diffusion coefficients. Semiempirical approaches have been
developed with varying degrees of success to obtain mixture
diffusion coefficients from pure diffusivity data.34 Lattice-based
techniques have been used to compute the diffusion of gases
inside such variable pore structures;35,36 however, they require
various parameters which are difficult to determine. In this
work, to overcome these limitations, we extend the TEKMC
technique to reliably obtain the mixture diffusivities of gases
inside the 6F-CMSM membrane. Robeson plot comparisons
are made with permeability data obtained from both pure and
mixture diffusivities to highlight the limitations of using pure
component diffusivity data while designing membranes for gas
separation applications.
In our previous study,37 we modeled CMS membranes

derived from a 6FDA/BPDA-DAM precursor polymer
melt38,39 (denoted as 6F-CMSM). The molecular structures
were built in close correspondence with experimental
compositions using density functional theory (DFT) for
optimizing the two monomeric units (pyridine and pyrrole),
followed by their polymerization using all-atom MD
simulations. GCMC simulations were used to obtain gas
adsorption isotherms inside the membrane for a range of
pressures. Our simulated 6F-CMSM morphologies helped us
understand the importance of the length of carbon chains in
determining the density of the membrane and their accessible
pore volumes, which in turn influence their adsorption
performances. More details about the CMS membrane
simulations can be found in our previous publication.37 In
continuation of our previous study, here, we analyze the
dynamics of the adsorbed gases through the porous networks
of 6F-CMSM. The solubility coefficients needed in this work
are obtained from the previous gas adsorption isotherms under
different pressures. Predicting accurate values of requires
estimating both S and D for each gas component. The novelty
of our work lies in using TEKMC to obtain the self-diffusion
coefficients of CO2, CH4, and N2 in pure gases and the
multicomponent diffusivities in binary mixtures as a function of
pressure. We obtained the permeability for pure gases and
binary CO2/CH4 and CO2/N2 mixtures to evaluate the
membrane performance. The article is organized as follows.
We have first discussed in detail the methodology used to
perform the TEKMC steps. Next, we studied the variation of
gas diffusivities and ultimately their permeation through 6F-
CMSM. We further studied the relative permeabilities of these
gases in both the pure state and binary mixtures in the 6F-
CMSM polymeric membrane to understand its dependence on
system pressure and gas compositions. Finally, we have
presented the Robeson plots for the different systems to
illustrate the importance of using accurate mixture diffusion
coefficients while assessing a material’s capacity for separating a
given gas mixture.
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■ METHODS
Computational Modeling and Simulation. The 6F-

CMSM used in this work is composed of pyridinic and pyrrolic
monomer units, as shown in Figure 1a. These monomers
polymerize to form various morphologies, among which we
select the structure that yields the closest match with
experimental gas adsorption isotherms as discussed in our
earlier work.37 The structures of CO2, CH4, and N2 molecules
used are shown in Figure 1b. The interactions involving the gas
molecules are modeled using the TraPPE force fields40 and the
6F-CMSM atoms are modeled using the modified Dreiding
force field.38,41 The force field values used in this work are
reported in Table S1 of the Supporting Information. The
distribution of gas molecules inside 6F-CMSM is obtained
from GCMC simulations as discussed in our earlier work. To
account for the structural rearrangement of monomer
constituents upon interaction with gas molecules, 6F-CMSM
is modeled as a flexible membrane. We first perform all-atom
MD simulations of 6F-CMSMs along with the adsorbed gases
for 20 ns duration in an NVT ensemble using LAMMPS.42 The
temperature of the system is maintained at 308 K using a
Nose−́Hoover thermostat. The coordinates of the gas
molecules from the MD simulation are stored at intervals of
τMD = 10 ps. Figure 1c shows a snapshot from our all-atom MD
simulation of 6F-CMSM loaded with CO2 corresponding to a

20 bar pressure. The porous nature of the membrane for
different cross sections along the bulk of the membrane is also
visible from the simulation snapshot.

Implementing Kinetic Monte Carlo. The simulation box
is uniformly divided into voxels of grid size (dgrid) along the x,
y, and z directions. Each voxel is identified by a single index,
spanning from 1 to n L d( / )voxel grid

3= , for a cubic simulation
box having length L on each side. All gas molecules are
mapped from their real-space (x, y, and z) coordinates to their
respective voxel indices. The trajectories of the gas molecules
from the MD simulations are used to compute the transition
probability matrix (πij) required as input for the TEKMC
simulation. We define the probability of transition between
voxels i and j, given that the gas is in voxel i as

N

Nij
ij

i
=

(2)

where Nij is the number of transitions between voxels i and j
and Ni is the number of times the gas molecule visits voxel i.
Since the transition probability matrix is constructed from the
all-atom MD trajectories, πij implicitly takes into account all of
the gas−gas and gas−membrane interactions. The probability
matrix is symmetrized to maintain detailed balance, such that
πij = πji, which is equivalent to

Figure 1. (a) Atomic structures of pyridinic and pyrrolic monomer fragments that cross-link and polymerize to form the derived 6F-CMSM. Gray
denotes carbon, blue denotes nitrogen, and white denotes hydrogen atoms. (b) Atomic structure for the three gases considered in this work based
on the TraPPE force field. Three-site CO2 is modeled with two oxygen (red) and one carbon (gray) atoms. CH4 is represented by a united atom
model, having a single bead (green). The three-site N2 with two nitrogen atoms (blue) and one fictitious center of mass bead (cyan). (c) Snapshot
showing the derived 6F-CMSM containing adsorbed CO2 in the pores, corresponding to T = 308 K and P = 20 bar. The surfaces of the cross-linked
monomers are colored orange. Shown on the right are in-plane density profiles for three cross sections. The blue regions represent the pores, and
the green to red regions denote the presence of 6F-CMSM atoms. The difference in porous structure across the z-plane indicates the formation of
complex network pathways along the bulk of 6F-CMSM. These interconnected pores govern the dynamics and diffusion of gases inside 6F-CMSM.

Figure 2.Mean squared displacement (Δr2) of (a) CO2, (b) CH4, and (c) N2 inside 6F-CMSM at a temperature of 308 K and 20 bar pressure. The
thick black line shows the values obtained from the all-atom MD simulations. The finer colored lines show the values obtained from 50 ns TEKMC
simulations for different values of dgrid (nm). The values of dgrid are tuned to obtain an MSD with the least mean squared error w.r.t. the values
obtained from the MD simulation.
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N N N N( )/2ij ji ij ji= = + (3)

where Nij′ and Nji′ are the recorded number of transitions from
voxel i to j and j to i, respectively. Voxels with πii = 0 indicate
regions inside the simulation box where the atoms of the CMS
molecules are located. The values of πii for CO2, CH4, and N2
for 1 and 20 bar pressures are shown in Figure S1 of the
Supporting Information. In the case of binary gas mixtures, π
of each component is obtained from the trajectory of that
component. The interaction between two components changes
the probability distribution in the pure gas system, as shown in
Figure S2 of the Supporting Information for 20 bar pressure.
From the conservation of the number of particles, we have the
condition Σjπij = 1, ∀i. For each kMC move, a walker is placed
randomly in one of the visited voxels i such that πii ≠ 0. The
voxel j that the walker visits from i is determined from the sum,

j( ) j
ij1= . The destination voxel is identified to be j = j′

when σ(j′) ≥ r is satisfied, where r is a random number drawn
from a uniform distribution. A total of 5000 random walkers
are inserted for each simulation, and the time associated with
each kMC step is τkMC. The trajectories of these random
walkers are mapped back from the voxel index to the real space
coordinates, and their average mean squared displacement
(MSD) is determined.

Optimization to Obtain Diffusion and Permeability.
The optimal values of τMD and dgrid combinations first need to
be determined for obtaining the correct MSD from the
TEKMC simulation. Different techniques can be used to
obtain the time interval between two successive kMC steps,
τkMC.43 We follow the procedure prescribed by Neyertz et al.,
where τkMC = τMD (=τ). Figure 2 illustrates the values of MSD
obtained from all-atom MD and TEKMC simulations for CO2,
CH4, and N2 at 20 bar pressure. For a diffusing particle, the
MSD is ⟨Δr(t)2⟩ ∝ tα. The value of the exponent α from the
MSD data obtained from MD simulations lies in the range of
0.6−0.8, indicating the subdiffusive nature of the diffusing
molecule in the polymeric membrane. In the diffusive regime
where the value of α ≃ 1, the diffusivity is obtained from the
Einstein relation

r r rD
t

t
t

t t tlim
1
6

( ) lim
1
6

( ) ( )
t t

2
0 0

2= = [ + ]
(4)

where ⟨···⟩ represent averages over all particles and shifted
time origins (t0). The TEKMC simulations enable us to access
the Brownian regime for restricted diffusing molecules, which
predominantly sample the subdiffusive regime during the small
time scale of MD simulations. In order to determine the
optimal value of dgrid, we used the lowest mean squared error
(MSE) between MSDs obtained from the MD simulation and
those obtained from 100 ns TEKMC simulations. The
optimum values of dgrid for the different cases considered are
shown in Table 1. To determine the diffusion coefficients, we
carry out additional TEKMC simulations for three different

dgrid values, which include the optimal dgrid (Table 1) as well as
simulations at dgrid ± 0.01 nm. For these three different values
of dgrid, random walks are performed up to 5 μs to ensure all
gases attain the Brownian diffusion regime, and the reported
values of D are an average over these TEKMC simulations.
The in-house TEKMC code developed in this study was
validated by reproducing the diffusivity of bulk water and is
discussed in the Supporting Information section. From
TEKMC, we obtain the diffusion coefficient of SPC/E water
to be 2.47 ± 0.15 × 10−5 cm2 s−1 at 300 K, in agreement with
literature.44,45 The algorithm is generic and can be used for
other systems, where such kMC algorithms are applicable.
The solubility coefficient of the ith gas species (Si) in a

membrane is the ratio between its volumetric loading VL,i and
its partial pressure pi at a constant temperature

46

S
V

pi
L i

i

,=
(5)

The adsorption isotherm is expressed in terms of the
volumetric loading as

V
N T P

V
k T

P
( , )

L i
i

,
CMS

B STP

STP
=

(6)

where N(T, P) is the number of gas molecules adsorbed in the
6F-CMSM membrane at temperature T and pressure P, VCMS
is the volume of the 6F-CMSM membrane, kB is the
Boltzmann constant, and TSTP and PSTP correspond to the
standard temperature and pressure, respectively. The equili-
brated values of VL were obtained using the Peng−Robinson
equation of state47 implemented in RASPA,48 detailed in our
previous work.37 The solubility coefficients can be estimated
accurately using the above equations, ultimately allowing us to
compute their corresponding permeabilities.

■ RESULTS AND DISCUSSION
Gas Dynamics inside 6F-CMSM. Figure 3a shows the

averaged MSD (Δr2) of CO2, CH4, and N2 for the entire range
of system pressures obtained from 5 μs TEKMC simulations
and the corresponding values of the exponent α are illustrated
in Figure 3b. The time taken to attain the Brownian regime for
the three gases is significantly higher at low pressures
compared to the time taken at higher pressures. We observe
a slow growth of the exponent toward α = 1, and the Brownian
regime is observed above a sampling time of 1 μs. The inset in
Figure 3a illustrates two representative trajectories for CO2
molecules corresponding to 0.1 and 20 bar pressures. At low
pressures (0.1 bar), gas molecules remain trapped in higher
energy adsorption sites restricting displacements to a small
region of the CMS membrane and resulting in a subdiffusive
nature of the MSD (α < 0.7) even after 5 μs. At higher
pressures, a distinct crossover from subdiffusive to diffusive
regimes is observed. We note that at higher pressures,
increased gas uptake results in the swelling of 6F-CMSM
giving rise to flexible permeation pathways.37

The diffusion coefficients obtained from the Brownian
regimes, (α ≃ 1), for different pressures are shown in Figure
4a. In literature, the experimentally reported value of D for
CO2 inside 6F-CMSM derived from 6FDA/BPDA-DAM
pyrolyzed at 550 °C is 1.32 × 10−6 cm2 s−1.49 Our calculated
value of DCO2

is in excellent agreement with the experimental
value. From the values obtained in Figure 3, the estimated time

Table 1. Optimum Values of dgrid (nm) Corresponding to
the Lowest MSE between MSD Obtained from TEKMC and
MD Simulations for the Three Gases

P (bar) 0.1 0.6 1 6 10 15 20

CO2 0.41 0.32 0.22 0.19 0.20 0.20 0.20
CH4 0.61 0.42 0.34 0.30 0.32 0.24 0.25
N2 0.60 0.55 0.47 0.45 0.44 0.35 0.33
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scale for obtaining a diffusive regime at pressure P = 20 bar is
around 500 ns for CO2. For cross-validation against all-atom
MD results, we performed an additional all-atom MD
simulation of 500 ns. The diffusion coefficient from the all-
atom MD ∼ 1.23 × 10−6 cm2 s−1. Both the experimental and
all-atom MD values are close to the converged value obtained
using TEKMC. This remarkable agreement further allows us to
conclude that the algorithm can successfully extrapolate short
MD results to a longer duration and can be successfully used
for computing the diffusion of confined gas molecules. We also
observe that a sufficient number of percolating pathways are
required during the atomistic MD simulation in order to
adequately access all possible pores available for the gas
molecules to diffuse through. From the dependence of D on P,
in Figure 4a, we observe a weak linear increase in the
diffusivities of all three gases inside 6F-CMSM as a function of
pressure. The loading-dependent diffusion coefficients have
been observed for hydrocarbons in metal organic frame-

works,17 which lead to structural changes of the adsorbing
framework.50 There is a monotonic increase of D in the
pressure range studied for all gases, which is nontrivial and to
the best of our knowledge not reported earlier for CMS
membranes. We observe that N2 diffuses faster than CO2
inside 6F-CMSM, which is similar to the diffusive nature inside
zeolites reported in literature.18

Solubility and Permeability of Pure Gases. The
solubilities (S) of CO2, CH4, and N2 versus pressure for 6F-
CMSM corresponding to temperature 308 K using the values
of VL from our previous study of gas uptake in 6F-CMSM37

calculated using eq 5 are shown in Figure 4b. The values of S
for CO2 are the highest followed by CH4. N2 solubilities are
the lowest and are independent of pressure. We observe a
monotonic decrease in the solubility coefficient with an
increase in pressure for all gases inside 6F-CMSM.
Permeability ( ) is then obtained using eq 1 in units of
Barrer, as shown in Figure 4c. In general, the permeability
values for CO2 are the highest when compared with those of
CH4 and N2. We also observe that the permeability decreases
with pressure with the most noticeable variation seen in CO2
and CH4, and the effect is less pronounced for N2. The linear
growth of D with P signifies that any variation in is strongly
dominated by S.

Permselectivity in Binary Gas Mixtures. In order to
understand the relative permeability of different gases inside
6F-CMSM, we also compute the permselectivity ( ) of CO2
in binary gas mixtures of CO2/CH4 (50:50 and 10:90) and
CO2/N2 (20:80). The permselectivity of a gas mixture is given
by

Figure 3. (a) MSD (Δr2) versus time for different gases CO2, CH4, and N2. The dynamics of the gas molecules vary significantly depending on the
system pressure (indicated by the different colors shown in the legend). The inset shows two sample, unwrapped trajectories of a walker
representing CO2 molecules inside 6F-CMSM at 0.1 and 20 bar pressures obtained from kMC. (b) The growth of the MSD exponent (α) versus
time for the three gases is presented for systems that attain the Brownian regime successfully. The dashed line shows the reference level of α = 1.
The time taken to reach α = 1 decreases with increasing pressure.

Figure 4. Dependence of (a) self-diffusion coefficient, D; (b)
solubility coefficient, S; and (c) permeability, , of pure CO2, CH4,
and N2 adsorbed inside 6F-CMSM for increasing pressure P at T =
308 K. The data shown are averaged over independent kMC
simulations using the three best grid sizes for each pressure point.
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X

Y
=

(7)

where X denotes CO2 and Y denotes CH4 or N2, depending on
the composition of the gas mixture. The diffusion coefficients
of gas molecules are influenced by their interactions with the
membrane as well as with neighboring gas molecules.
Consequently, the diffusion coefficient of each component in
a mixture deviates from the corresponding pure gas diffusion
coefficients. The deviation is nontrivial, and there is an
ongoing effort to understand multicomponent gas diffusion in
different adsorbing frameworks.16,18,19,51,52 To address this
challenge, we extended the TEKMC simulations to gas
mixtures of different compositions. The probability matrix
for the binary gas mixture is created by tracking the positions
of individual gas species during the MD runs, as was done for
the pure single-component system described earlier. We
performed separate TEKMC simulations for each species in
the binary gas mixture system to obtain the corresponding
mixture diffusion coefficients for each component in the
mixture. The TEKMC optimization was also carried out
independently for each mixture at different pressures to obtain
the diffusivities. This data is obtained from 5 μs long TEKMC
simulations, and the diffusivities were computed from the
MSD data over 2.5 μs to sample the Brownian diffusive regime
(Figure S3). For the binary mixtures, the permeability i for
the ith component is obtained from the corresponding
solubility Si. Si values are obtained using eq 5, from binary
mixture GCMC simulations reported in our previous work.37

The corresponding values of Di, Si, and i for the different gas
mixtures are given in Table 2. The variations of the diffusive
exponent α for the mixtures are illustrated in Figure S3 of the
Supporting Information. We observe that the diffusivities of
CO2, CH4, and N2 in their binary mixtures deviate significantly
from the pure component values. DCO2

is greater in the
majority of the binary mixtures when compared to the
diffusivity of pure CO2 for a given pressure value reflecting

the altered energy landscape for CO2 in the mixture. The
diffusivities of both CH4 and N2 are higher than that of CO2,
particularly at higher pressures. The difference in the mixture
diffusivities of the two species is higher for CH4 than those of
N2. However, the high adsorption of CO2 onto 6F-CMSM
leads to significantly higher SCO2

, which in turn results in a
greater increase for CO2

when compared with CH4 and N2.
We also note a decrease in the diffusivities for CO2/CH4
(10:90) at a pressure of 15 bar; however, the reason for this
particular deviation is not completely understood as the MSD
data was well within the diffusive regime for both species.
Figure 5a shows the Robeson plots for different mixtures

where we have used the solubility mixture data with pure
component diffusivity values to obtain the permeabilities. In
Figure 5b, mixture data (Table 2) were used for both the
solubilities and diffusivities. The RUL for different CO2/CH4
and CO2/N2 is plotted for comparison.

27 Upon comparing

Table 2. Diffusion Coefficients, Solubility, and Permeability of Each Species for Different Binary Gas Mixtures inside 6F-
CMSM

P (bar) Di (10−6 cm2 s−1) Si (10−2 cm[STP]3 cm−3 cmHg) i (103 Barrer)

CO2/CH4 (50:50)

CO2 CH4 CO2 CH4 CO2 CH4
4 1.34 ± 0.12 0.78 ± 0.26 39.96 ± 3.00 4.85 ± 0.76 5.34 ± 0.61 0.38 ± 0.14
6 1.65 ± 0.20 0.50 ± 0.13 29.78 ± 2.22 3.59 ± 0.56 4.91 ± 0.69 0.18 ± 0.06
10 3.35 ± 0.14 4.75 ± 0.83 20.09 ± 1.49 2.35 ± 0.38 6.72 ± 0.58 1.12 ± 0.27
15 3.42 ± 0.44 4.24 ± 0.78 14.36 ± 1.03 1.68 ± 0.26 4.91 ± 0.72 0.71 ± 0.11
20 7.02 ± 0.67 13.55 ± 0.78 11.22 ± 0.78 1.27 ± 0.20 7.88 ± 0.93 1.73 ± 0.28

CO2/CH4 (10:90)
CO2 CH4 CO2 CH4 CO2 CH4

4 2.07 ± 0.07 0.73 ± 0.26 78.28 ± 28.29 8.55 ± 0.80 16.16 ± 5.87 0.62 ± 0.23
6 5.87 ± 0.35 7.25 ± 0.52 61.31 ± 19.76 6.61 ± 0.56 35.99 ± 11.80 4.80 ± 0.53
10 5.4 ± 0.43 9.92 ± 0.53 43.21 ± 10.66 4.62 ± 0.3 23.31 ± 6.04 4.59 ± 0.39
15 2.12 ± 0.20 1.47 ± 0.13 32.34 ± 7.76 3.41 ± 0.22 6.87 ± 1.77 0.50 ± 0.06
20 7.41 ± 0.36 12.90 ± 0.82 26.01 ± 5.64 2.70 ± 0.16 19.27 ± 4.28 3.48 ± 0.30

CO2/N2 (20:80)
CO2 N2 CO2 N2 CO2 N2

4 1.50 ± 0.12 3.00 ± 0.45 71.91 ± 7.66 2.03 ± 0.49 10.77 ± 1.44 0.61 ± 0.17
6 2.14 ± 0.19 2.80 ± 0.16 56.13 ± 5.41 1.58 ± 0.35 11.98 ± 1.56 0.44 ± 0.10
10 2.44 ± 0.16 2.11 ± 0.19 39.59 ± 3.53 1.14 ± 0.23 9.65 ± 1.07 0.24 ± 0.05
15 1.44 ± 0.08 2.27 ± 0.22 29.57 ± 2.47 0.86 ± 0.02 4.26 ± 0.43 0.20 ± 0.04
20 2.35 ± 0.16 3.18 ± 0.22 23.81 ± 2.00 0.67 ± 0.01 5.59 ± 0.60 0.21 ± 0.04

Figure 5. (a) Permselectivity ( ) calculated using diffusion (D) from
pure gas simulations and solubility (S) from binary gas mixtures inside
6F-CMSM. (b) calculated using both D and S from binary gas
mixtures. and computed from binary gas simulations are higher
than those from pure gas simulations. The dashed lines correspond to
the RUL for different gases.27 obtained from mixture simulations
are significantly higher than that from pure simulation values.
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Figure 5a,b, we first note that both and increase while
using values for Si and i computed from mixture data. Using
pure component Di values for the Robeson plot results in a
lowering of the corresponding values, leading to under-
predicting the performance of a given material. In Figure 5a,
we observe a single point for the CO2/N2 (20:80) mixture that
lies above the Robeson limit. This point corresponds to the
lowest pressure of 0.6 bar, for which we did not evaluate the
corresponding mixture diffusivities. Interestingly, we observe
that the data for the CO2/N2 (20:80) mixture lies at or above
the RUL when mixture diffusivity data is used (Figure 5b).
Similar trends are observed for the CO2/CH4 (10:90) mixture
as well as for CO2/CH4 (50:50). The increase in i for CO2 is
primarily due to the increase in the diffusivities of CO2 in the
mixtures compared to the pure gas diffusivities. The increased
permselectivities, , are due to a higher diffusivity ratio
obtained with mixture diffusivities.
Our results indicate that using values of single-component

gas diffusivities can lead to an underestimation of the true
permselectivity of a membrane. Hence, accurate estimates of
the diffusivity in both experiments and simulations are needed
in order to assess the separation performance of a given
material. This will also facilitate a better understanding of the
RULs possessed by different membranes synthesized in the
laboratory as well as from in silico predictions using MD
simulations and machine learning-based predictions.30,32 We
finally point out that although we have observed these trends
for a specific adsorbent, in this case, for 6F-CMSM a similar
analysis would be required to assess the generality of the trends
observed in this study.

■ CONCLUSIONS AND OUTLOOK
In this work, we obtained the permeability of CO2, CH4, and
N2 gases inside 6F-CMSM for different pressure conditions
using multiscale computational techniques, namely, all-atom
MD followed by TEKMC simulations. The dynamics of
adsorbed gas molecules inside the membrane is usually
retarded, leading to subdiffusive mean squared displacements
in the time scales of typical all-atom MD simulations. To
sample the diffusive dynamics regime, the TEKMC algorithm
enables us to extend all-atom MD trajectories to 5 μs time
scales where the diffusive limit can be reliably sampled. The
constructed transition probability matrices also help us
understand the accessible and inaccessible regions of the
complex pore networks in the membrane. In a distinct
departure from earlier works, we extend the TEKMC
simulations to obtain the diffusion coefficients of gas mixtures.
To our knowledge, this is the first time that mixture diffusivity
data has been obtained using this method. For the pure
components CO2, N2, and CH4, we report a linear increase in
the gas diffusivity confined in the 6F-CMSM matrix with an
increase in pressure. Conversely, both the solubility and
permeability of the gases are found to decrease with pressure.
We make a detailed comparison of the permselectivity using

both pure component and mixture diffusivity data in 6F-
CMSM to assess the extent of deviations observed when pure
component diffusivity data are used in lieu of mixture
diffusivities. The implementation of the TEKMC algorithm is
available as a package on request. Gas solubility data are
calculated using previous GCMC mixture simulations.37 CO2
diffusivities in both CH4 and N2 mixtures in 6F-CMSM were
found to be higher than the pure component values. This leads

to a significant increase in both the permselectivity and
permeabilities with the use of mixture diffusivities on the
Robeson plots, with data lying at or above the RUL for the
CO2/N2 (20:80) mixtures. Our analysis indicates that for the
CO2/CH4 and CO2/N2 mixtures investigated in this study,
pure component diffusivities underestimate the membrane
performance by varying amounts. Our findings emphasize the
importance of obtaining accurate mixture diffusivity data while
designing membranes for a given separation process. Coupled
with GCMC and combined MD and TEKMC simulations, our
study provides a complete in silico framework that can be
routinely used to assess the performance of membranes for gas
separation processes. We restricted our analysis to the TEKMC
study of self-diffusion coefficients in order to determine the gas
permeabilities for the Robeson plots to assess separation
performance in the polymeric membranes. The TEKMC
analysis can potentially be extended to obtain the mutual
diffusion coefficients, determined from cross-correlations
between different species in the mixture.53 Correlations
between species in a mixture are a function of the pore size,
gas loading, and interactions between the gas and the surface.
A detailed analysis is needed to fully assess the determination
of transport diffusivities while evaluating the gas permeabilities
in polymeric membranes.
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