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HIGHLIGHTS

e Nanoporous graphene is a very pro-
mising gas separation membrane.

e Separation of CH4/CO,, CH4/H,S and
CH4/N, gas mixtures is very efficient.

e Appropriate pore size and geometry
can achieve high permeability and
selectivity.

e Performance of NPG membranes far
surpasses the conventional polymer
membranes.
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ABSTRACT

Nanoporous graphene is a very promising gas separation membrane with ultrahigh permeability and
selectivity. We demonstrate from molecular dynamics insights that the nanoporous graphene mem-
branes with appropriate pore size and geometry can achieve high permeability and selectivity for
separating CH,4/CO,, CH4/H,S and CH4/N, mixtures. For the 12-graphene-ring-units nanopores functio-
nalized by N and H atoms, the permeance of CO,, H.S and N, are on the order of 10°-10° GPU (gas
permeation unit); the selectivity of permeating gases (i.e. CO,, HoS and N;) over the non-permeating
gases (i.e. CHy) is as high as 102 The separation performance of the nanoporous graphene membranes for
the three gas mixtures far surpasses the upper bond of the conventional polymer membranes. We
anticipate that the development of nanoporous graphene membranes will provide a novel and high
efficiency membrane separation technology for the natural gas processing and other gas separation
processes in the industries.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

1. Introduction

e.g. ethane, propane and butane. In addition, the gas contains some
undesirable impurities, e.g. water, nitrogen, carbon dioxide, and

Natural gas is one of the most important energy sources, fea-
turing high calorific value, high efficiency and low pollution. Raw
natural gas contains many different components and varies dis-
tinctly in composition from source to source. Natural gas contains
methane (typically 75-90% of the total) and other hydrocarbons,
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hydrogen sulfide. For the transportation safety, the composition of
natural gas delivered to the commercial pipeline grids is tightly
controlled. Thus, a natural gas processing must be conducted
before it enters the pipelines, which mainly involves the gas
separation processes. There are many technologies to perform the
gas separation process, including cryogenic separation, absorption/
adsorption separation, supersonic separation and membrane
separation, etc. In natural gas processing, membrane separation
technology is widely used owing to its low energy cost, high
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efficiency and low pollution. It is usually employed to separate
carbon dioxide, nitrogen, hydrogen sulfide and others from
natural gas.

For the separation membranes, it was shown that the nanos-
tructured materials exhibited better performance than the con-
ventional polymer materials (Celebi et al., 2014; Dasgupta et al.,
2015; Kim et al., 2013; Kwon and Jeong, 2015; Lee and Aluru, 2010;
Li et al., 2013; Walker et al., 2015; Wang and Karnik, 2012; Xu et
al,, 2015; Zhao et al,, 2014). Among them, nanoporous graphene
(NPG) (Azamat et al., 2015; Bieri et al., 2009; Jiang et al., 2009; Jiao
et al., 2013; Nieszporek and Drach, 2015; Schrier, 2010; Sun et al.,
2015), a graphene sheet containing pores of size sub-nanometers,
has been demonstrated as a very promising gas separation
membrane, particularly due to its one-atomic thickness. At first, it
was suggested theoretically that the NPG membranes exhibited
ultrahigh permeability and selectivity far exceeding the existing
state-of-the-art membranes by orders of magnitude. Schrier
(Schrier, 2012) reported a CO, permeance of 4 x 10° GPU (gas
permeation unit, 1 GPU=3.35x 107" mol/s m? Pa) through a
special porous graphene extended in one direction by an E-
stilbene-like unit. Tao et al. (Tao et al., 2014) also found a high
permeance of H,, CO, N, and CH, for this special NPG membrane.
Liu et al. (Liu et al., 2013a, 2013b) reported a permeance of H, in
the range of 1 x 10°-4 x 10° GPU and a permeance of CO, on the
order of 10° GPU using molecular dynamics (MD) simulations. Lu
et al. (2012) found a high selectivity for H; relative to CO, CH4 and
CO, through the graphene nanopores doped by B and N atoms. The
permeation of gas molecules are affected by many factors,
including the adsorption of molecules on graphene surface (Dai et
al.,, 2009; Drahushuk and Strano, 2012; Du et al., 2011), the func-
tionalization of pore rim and surface (Shan et al., 2012; Wu et al.,
2014), the geometry distortion (Hauser and Schwerdtfeger, 2012)
and the pore charge (Lei et al., 2014), etc. Huang et al. (2014)
demonstrated that the permeance of H, (2.4 x 10° GPU) and
selectivity ( ~ 10%*) were significantly improved for the separation
of H,/CH4 with the development of an inter-layer-connected por-
ous graphene bilayer. Wen et al. (2015) found that the gas per-
meability of NPG membranes could be inhibited by the non-
permeating components of the gas mixtures. The gas molecular
permeation mechanisms through the NPG membranes were
revealed in our early work (Sun et al., 2014). We proposed that the
total permeation flux is consisted of direct flux and surface flux.

Recently, some experimental studies were conducted to pro-
mote the realization of the conceptual NPG-based membranes.
Koenig et al. (2012) measured the transport rates of a variety of
gases, i.e. Ha, CO,, Ar, N,, CH4 and SFg, through a micrometer-sized
NPG membrane and showed that the measured data was con-
sistent with the theoretical models based on effusion through
angstrom-sized pores. Celebi et al. (2014) reported a high trans-
port rate for numerous gases across the physically perforated
double-layer graphene featuring pores with narrowly distributed
diameters. Boutilier et al. (2014) reported a systematic experi-
mental and theoretical investigation on the gas transport through
single- and multi-layer graphene membranes with intrinsic
defects and revealed that a selective transport could be achieved
in the presence of non-selective defects. This study further pro-
moted the realization of practical and high-quality NPG-based gas
separation membranes. All above researches have demonstrated
that the NPG membrane is becoming a reality.

The studies on the application of NPG membranes in a practical
gas separation process in the industries were very limited. Here,
we discuss the potential application of NPG membranes in the
separation of natural gas mixtures. We anticipate that the present
work will give an opportunity to enable the NPG membranes to be
applied in natural gas processing and others. Toward this end, we
conduct a systematic and comprehensive theoretical study on the

separation capability of NPG membranes for natural gas mixtures,
including CH4/CO,, CH4/H,S and CH4/N, mixtures. The MD simu-
lation method is adopted, because it can accurately predict the
atomic level transport phenomenon based on the movement of
atoms/molecules. We employ three different nanopores functio-
nalized by N and H atoms for each gas mixture. It is demonstrated
that the NPG membranes with appropriate pore size and geometry
can separate the gas mixtures with high permeability and selec-
tivity. Although this work is conducted from the theoretical points
of view and many challenges are faced currently for the applica-
tion of NPG membranes in the industries, this work is valuable for
showing the promise of NPG membranes in natural gas processing.

2. Simulation model

We performed the MD simulations in an equilibrium system, in
which the graphene membrane of area 4 x 4 nm? divided the
simulation box into two chambers with equal volume. The simu-
lation box of height 30 nm contained 400 molecules for the gas
mixtures, i.e. 200 for one component and 200 for the other com-
ponent. Initially, there were 200 molecules arranged uniformly
and alternately in each side to ensure an equal pressure. The
simulations were performed using LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator). Periodic boundary con-
ditions were applied in the directions parallel to the graphene
membrane, while reflective wall boundary conditions were
applied in the direction perpendicular to the graphene membrane.
In order to be more close to the real situation in the applications,
the graphene sheet was not fixed, but vibrated during the simu-
lation caused by the interactions with the gas molecules. For more
details of the simulation system, one can refer to the Section 1 of
Supplementary information. The simulations were run for
1.5 x 10® timesteps with a time step of 0.3 fs, involving a NVT
ensemble at 300 K using a Nosé-Hoover thermostat. In the calcu-
lation, the electrostatic interactions among gas molecules and
graphene membranes were specially considered due to the pre-
sence of polar molecules (e.g., CO, and H,S). The pair interactions
among carbon and hydrogen atoms in the graphene were modeled
by the AIREBO potential (the parameters were specified within the
LAMMPS package). For carbon and hydrogen atoms, this potential
model is more accurate than a simple Lennard-Jones potential. For
the gas molecules, the atomic models were adopted. Apart from
the AIREBO potential for CH,4, the preferable three-site model
(Harris and Yung, 1995) with three partial charges was adopted for
the polar CO, and H,S (Lei et al., 2014; Liu et al., 2013a; Schrier,
2012), while the well-known Lennard-Jones potential was adopted
to model the neutral N, (Du et al,, 2011; Sun et al., 2014). The
parameters for cross terms were evaluated by the Lorentz-Ber-
thelot mixing rule. The bond stretch and bond angle deformation
information of CH4 was included in the AIREBO potential, while
those of other gas molecules (i.e. N,, CO, and H,S) were all mod-
eled by the harmonic type potential. The form and parameters of
these potential models can be found in the Section 2 of Supple-
mentary information. The cutoff distance for Lennard-Jones and

Coulombic interactions was 10@.

We employed 3 functionalized nanopores (denoted as Pore 1,
Pore 2 and Pore 3) to perform the separation process, as shown in
Fig. 1. The three nanopores were created based on the 12-units
pore, which contained 12 graphene ring units removed or partially
opened. Pore 1 corresponds to two carbon atoms replaced with
nitrogen atoms on the pore rim and single hydrogen atoms added
to the other pore-rim carbon atoms; Pore 2 corresponds to three
triangular distributed carbon atoms replaced with nitrogen atoms
on the pore rim and single hydrogen atoms added to the other
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Fig. 1. Total bidirectional crossings versus time through the NPG membranes with different nanopores. (a) Pore 1; (b) Pore 2; (c) Pore 3. Light blue spheres denote C atoms in
graphene, orange spheres denote the doped N atoms, and purple spheres denote the passivated H atoms. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

pore-rim carbon atoms; Pore 3 corresponds to single hydrogen
atom added to each carbon atom on the pore rim. The values of the
charges on the graphene membrane were obtained through a
density functional theory calculation using the DMol®> module in
the Material Studio software. To save the computation cost, only
the charges near the pores were considered, as shown in Fig. S2.

3. Results and discussion
3.1. Molecular crossing

During the simulation, the molecules can migrate from one side
of the graphene to the other side by permeating through the
nanopores (see Section 5 of Supplementary information). A
molecule is considered to have crossed the graphene membrane if
it moves from the bulk zone on one side to the bulk zone on the
other side of the membrane, as illustrated in our previous work
(Sun et al., 2014). In this study, an equilibrium system was
employed and thus the molecular crossings in either direction
(denoted as bidirectional crossings) during the entire simulation
period were counted. It is noted that the permeate flux measured
via bidirectional crossings in an equilibrium dilute system equals
twice the flux in a non-equilibrium dilute system. We analyzed the
molecular coordinates every 15,000 timesteps (4.5 ps), i.e. 10000
data points were collected to observe every possible crossing. The
number of crossings increases linearly with time during the
simulation (see Fig. 1), of which the slope can be adopted to obtain
the permeation flux (in units of mol/m?s based on the area of the

graphene membrane). For the nanopores employed in this study,
few crossings are observed for CH, because of its bigger size
(especially for Pore 3, CH,4 has zero crossing), as shown in Fig. 1.

The observed crossings are different for the permeating gases
(CO3, HS and N,) due to the distinct kinetic parameters of
molecules, i.e. kinetic diameter and molecular mass, and the dis-
tinct adsorption abilities on the graphene surface. For Pore 1 and
Pore 2, the number of crossings is in the order of H,S > CO; > Ny;
for Pore 3, CO, has a maximum crossing number while N, has a
minimum crossing number. Although the kinetic diameters (H,S:
0.360 nm and N,: 0.364 nm) and the relative molecular masses
(H,S: 34 and N,: 28) of H,S and N, are comparable, H,S has a
bigger crossing number due to its stronger adsorption ability on
the graphene surface (see below). For CO,, the kinetic diameter
(0.330 nm) is smallest while the relative molecular mass (44) is
largest, resulting in a moderate permeation ability. Therefore, for
the permeable pores, i.e. Pore 1 and Pore 2, the order of crossing
number is H,S > CO;, > N,. For the weakly permeable Pore 3, the
permeation ability totally depends on the molecular diameter.
Thus, the crossing number of CO, is the maximum while that of N,
is the minimum. Meanwhile, we find that Pore 1 is the most
permeable while Pore 3 is the worst, because the permeable area
is different for the distinct chemical functionalizations by the N
and H atoms. Pore 3 is the least permeable due to the blocking of
the nine passivated H atoms, while Pore 1 is the most permeable
because two longitudinal symmetrical passivated H atoms are
replaced with doped N atoms, resulting in an elliptic
permeable area.
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3.2. Molecular adsorption

The gas molecules can strongly adsorb onto the graphene sur-
face (the graphene membrane is located at z=0), which has a great
impact on the molecular permeation, as illustrated in our early
work (Sun et al., 2014). As shown in Fig. 2(a), the molecules have a
high probability density in the regions 0.17 nm < Izl < 0.6 nm
(denoted as adsorption layer). As IzI> 0.6 nm (bulk zone), the
molecules have a uniform distribution along the z-direction. In the
graphene zone (Izl < 0.17 nm), few molecules are confined in the
nanopores, because only the molecules permeating through the
nanopores appear in this zone. The molecular adsorption on the
graphene surface is caused by the strong interactions between the
graphene atoms and the gas molecules near the graphene surface.
The adsorption intensity of different gases is different for the
distinct interactions between the gas molecules and the graphene
atoms. For example, owing to the stronger atomic interactions
with the graphene, CO, molecules feature a higher density in the
adsorption layer comparing with CH4 molecules (see Fig. 2(a)). Fig.
2(b) displays the molecular number in the adsorption layers for
various gases. As seen from the figure, H,S possesses the densest
adsorption layer, CO, takes second place, and the adsorption layer
of N, is the sparsest. We note that the adsorbed molecular number
of CH, in the CH4/N, group is higher than those in the CH,4/CO,
and CHy4/H,S groups. This phenomenon is related to the weakly
adsorbed N, molecules, more surface places are available for the
CH,4 molecules to be adsorbed in the CH4/N, group resulted by the
competitive adsorption mechanisms. Meanwhile, the number of
adsorbed molecules on the NPGs with Pore 3 is smaller than those

on the NPGs with Pore 1 and Pore 2. This result can be attributed
to the stronger interactions between the gas molecules and the
doped N atoms in Pore 1 and Pore 2. In the adsorption layer, the
molecules have a non-uniform distribution on the graphene sur-
face due to the molecular permeation through the nanopores. As
shown in Fig. 2(c), the CO, molecules have a low distribution in
the regions near the pore, because the molecules near the pore
migrate to the other side of the graphene and accordingly the
density is lower than those in the zones far away from the pore. It
is noted that in the center of the pore the molecules are con-
centrated because they are in line waiting to permeate through.
The molecular adsorption is beneficial for the molecular per-
meation. For the molecules with high adsorption intensity, apart
from the molecular crossings directly from the bulk zone, plenty of
molecules can cross the nanopores after being adsorbed on the
graphene surface, as illustrated in our early work (Sun et al., 2014).
Namely, these molecules firstly enter the adsorption layer and
then migrate to the pore regions before they cross the membranes.
This surface mechanism would have a great contribution on the
total permeation flux of the strongly adsorbed gas molecules. As a
molecule moving from one bulk zone to the other bulk zone, the
probability distribution of the experience time during crossing, i.e.
the time spends in the two adjacent adsorption layers and the
graphene zone, are different for different molecules, as shown in
Fig. 3. There are a few molecules in the adsorption layer for N,
hence the molecules can easily migrate to the pore regions
accompanied by few collisions with other molecules when they
try to cross the nanopores from the adsorption layer. For CO, and
H,S, plenty of molecules appear in the adsorption layer; during the
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molecular crossing from the adsorption layer, the molecules only
can migrate to the pore regions after massive collisions with other
molecules. Therefore, most of the crossings experience a long time
period for CO, and H,S; while the crossing can be happened in a
short time period for Ns.

3.3. Permeance and selectivity

Although the experience time during crossing for N is shortest,
the permeation flux is not highest, because the total number of
molecules waiting to permeate through the nanopore is different.
The permeation flux across the membrane is calculated by aver-
aging the bidirectional molecular crossings during the simulation
period (see Fig. 1) and dividing by a factor of 2, as mentioned
above. The permeance is obtained from the permeation flux nor-
malized by the pressure of the gas phase. Due to the adsorption of
gas molecules on the graphene surface, the gas phase pressure is
calculated by considering only the molecules in the bulk zone (I
z> 0.6 nm) and the volume available to them. The pressures for
the various gases are listed in Table S4; for the molecules with
strong adsorption abilities, the gas phase pressures are much
smaller than the initial nominal pressure (17.07 bar) of the system
at the beginning of the simulation. In the calculations of per-
meance, the error bar is estimated based on a 95% confidence level
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Fig. 3. Probability distribution of the experience time during the crossing for CO,,
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a 10’
Pore 1 Pore 2 Pore 3
10°F
=)
=%}
e
g 10°F
e T\ p
5 7%
e 104 éﬂ
1
1\
103 é
or & < Qv &
O R v F v O RV o
R L e Gzy\h S Y Y @

using Poisson statistics (see the Section 4 of Supplementary
information).

As shown in Fig. 4(a), the permeance of CO, and H,S are higher
than that of N, for all the pores in this study. For Pore 1 and Pore 2,
the flux of H,S is higher than that of CO,; while for Pore 3 the flux
of CO5 is higher. We note that the fluxes of permeating gases (i.e.
CO,, H,S and N,) are on the order of 10°-10° GPU and 1-2 orders
of magnitude higher than those of non-permeating gases (i.e. CHy).
Thus, the selectivity of the permeating gases over the non-
permeating gases is very high for the NPG membranes involved
in this study, as shown in Fig. 4(b). Typically, the selectivity of Ny
over CH, is lower than those for the CO,/CH,4 and H,S/CH,4 groups.
Meanwhile, we compare our results with the Robeson upper
bound of polymer separation membranes (Robeson, 2008) and
find that the data for NPG membranes far exceeds the upper
bound of polymer membranes. It means that the NPG membranes
can achieve a higher selectivity at higher permeance of permeat-
ing gases comparing to the conventional polymer membranes.

4. Conclusion

We have demonstrated from molecular dynamics insights that
the NPG membranes with appropriate pore size and geometry can
achieve high permeability and selectivity for separating the CH,/
CO,, CH4/H,S and CH4/N; mixtures. The permeance of CO,, H,S
and N, are on the order of 10°-10° GPU; the selectivity of per-
meating gases over non-permeating gases is as high as 10%. The
permeation ability of gas molecules has a great dependence with
the molecular kinetic parameters and the adsorption on the gra-
phene surface. A competitive adsorption mechanism on the gra-
phene surface exists between the two components of the binary
mixtures. In the adsorption layer, the molecules distribute non-
uniformly due to the molecular permeation through the nano-
pores. For the molecules with different adsorption abilities, the
probability distribution of the experience time during crossing is
different. The separation performance of NPG membranes is far
better than the conventional polymer membranes. We must note
that this study was just conducted from theoretical points of view,
the experimental works are urgently needed to facilitate the
application of NPG membranes in the practical gas separation
processes, such as natural gas processing.
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Fig. 4. Separation performance of the gas mixtures involved in this study by the NPG membranes. (a) Permeance of various gases for the NPGs with Pore 1, Pore 2 and Pore 3;
(b) relationship between the permeance of permeating gases and the selectivity of permeating gases over the non-permeating gases. To obtain the upper bound of polymer
membranes, in the conversion of permeability (in unit of barrer) to permeance (in unit of GPU), we assume the thickness of polymer membranes is 0.1 um referring to the

work by Li et al. (2013).
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