Downloaded via RICE UNIV on June 4, 2021 at 18:49:53 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem.

Molecular Simulations of Binary Ga
Separation in Slit Nanopores

Tianhao Wu and Abbas Firoozabadi*

Reservoir Engineering Research Institute, 595 Lytton Avenue Suite

O Supporting Information

ABSTRACT: We propose a new method to simulate the gas
mixture transport and separation in slit nanopores. The method is
based on the random removal of molecules from the permeate side
in the dual control volume—grand canonical molecular dynamics
(DCV-GCMD) method. Each step in the random removal is
independent of the previous steps. The conventional method,
DCV-GCMD, simulates the gas mixture in control volumes based
on the chemical potential of each component, in which the gas
compositions have to be known in advance and kept constant.
However, the transport process affects the composition of the
nanopores. This process has been modeled iteratively in the lite
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produced gas mixture due to selective adsorption in the
rature. We propose an alternative method to calculate the

composition in the permeate side directly; in our approach, the computational efficiency is improved by an order of magnitude
compared to the iterative method. Transport of gas mixtures of CH,/He and CO,/CH, is investigated in graphene, graphite,
and tetrahedral—octahedral—tetrahedral (TOT) structure slit pores. Pore width is the dominant factor in the species separation.
The solid substrates and surface roughness have a pronounced effect on gas separation. The average pressure may have a

pronounced effect when the pore width is less than 1.00 nm.

B INTRODUCTION

Gas mixture transport through nanopores is a classic topic and
of great interest. The porous materials, with pore scales ranging
from micropores to mesopores, are widely utilized in
adsorption and gas separation, including natural gas sweet-
ening, flue gas purification, gas storage, carbon dioxide capture,
and shale gas development.'™> In gas separation, various
parameters affect the transport and separation of species,
including the molecular size, the pore geometry and
connectivity, and the interactions between the molecules and
the pore surface."”® In shale gas formations, due to the
nanometer size of pores, there may be a separation of species at
high pressure. The investigation of the mechanisms will shed
light on the gas transport and separation and the engineering
of the material design accordingly.

The grand canonical Monte Carlo (GCMC) simulation has
been widely applied to investigate the selectivity based on
adsorption for various materials,””'” including porous carbon
materials,”*> zeolites,"*™'° and metal—organic frameworks
(MOFs).>"”~** Various methods have also been proposed to
simulate the gas transport and separation in nanopores,”**
including the external force (EF) method, the boundary driven
(BD) method, and the dual control volume—grand canonical
molecular dynamics (DCV-GCMD) method.”* The EF
method performs an external force field on each atom in the
simulation box with periodic boundary conditions to achieve
an equivalent pressure gradient in an infinite pore.”>*° Ho and
Striolo”” have studied the transport of a mixture of methane
and water through slit muscovite nanopores. The pressure
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gradient in the BD method is generated by means of the
specific actions on the boundary, such as the moving
“piston”,”® the external force within a specific region,”” and
the virtual semimembrane.”*° The DCV-GCMD method is a
hybrid technique of grand canonical Monte Carlo (GCMC)
and molecular dynamics (MD) simulations.”" ~** It contains
two control volumes (CVs) at the upstream side (feed side)
and the downstream side (permeate side) of the slit pore, with
different pressures or chemical potentials. The simulation is
carried out with an alternation of the Monte Carlo (MC) steps
and the MD steps based on the MC/MD ratio. Due to the
stability of simulation and the similarity to physical processes,
the DCV-GCMD is widely used in gas transport simulation.
Various studies of single-component flow with the DCV-
GCMD method have been carried out.””**7*® The flow rates
in 2 nm slit pores have been measured to be 1 to 2 orders of
magnitude higher than the predictions by the Knudsen
diffusion. Jin and Firoozabadi’* performed the flow of single-
component species in the slit nanopore to investigate the large
disparity between measurements and the prediction from the
Knudsen diffusion. They found that the flow of the high
density adsorbed layer contributes to flow enhancement. For
the multicomponent gas transport, much effort has been
devoted to developing effective algorithms and investigating
the separation factor of advanced materials. Xu et al.’’
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Figure 1. Sketch of the model configuration used in gas mixture transport in slit nanopores with the dual control volume.

performed the binary gas mixture transport through a
structureless carbon slit pore by the DCV-GCMD simulations.
To improve the efficiency for the simulation of alkanes, the
configurational-bias MC was also proposed.”® " These
methods have been widely utilized to simulate the gas mixture
transport through various materials, such as graphitic slit
pores,">*>* =% carbon nanotubes,”” nanoporous carbons with
complex pore networks,”**~ zeolites,”" and silicon—carbide
membranes.’”*” In the conventional method, the chemical
potential or partial pressure of each component is maintained
by the GCMC method. The value of target chemical potential
is obtained using equation of state (EOS) based on pressure,
gas species, and compositions. One has to assign the
compositions of gas mixture in the system before launching
the simulation. The compositions are often set the same at
both the feed side and the permeate side, which is kept
constant in each control volume despite the fact that selectivity
of the substrate may lead to different compositions. This
assumption will lead to the inconsistency of the flux ratio
between the two components in the pore and produced
composition ratio in the permeate side.

Generally, the pressure at the permeate side should be set,
but the composition is unknown. In GCMC simulations, the
composition in each control volume should be known before
launching the simulation to calculate the chemical potentials.
The conventional method, namely, DCV-GCMD, cannot be
used to simulate the condition of constant pressure with
unknown composition in the permeate side for gas mixtures
transport. Wang et al.° have proposed an iteration workflow
based on the conventional method. The computational cost of
each loop from the iteration method is similar to one complete
run of the conventional DCV-GCMD simulation. The
computations are time-consuming, and the stability of
computations should be managed carefully.® Phan et al.**
have simulated the H,S/CH, mixture transport through a
membrane containing water. The molecules in the permeate
side are removed in different time intervals, which can model
the condition close to vacuum. Cabrales-Navarro et al.>®
applied a similar method for vacuum conditions as well as a
dynamic process of gas mixture transport with canonical
ensemble. Because the parameters in the two control volumes
are changing with time, one cannot determine the boundary
conditions for macroscopic analysis. An accurate and efficient
method will facilitate the molecular simulation of gas mixture
transport and separation in nanopores.

In this work, we introduce a method to simulate gas mixture
transport and separation in slit nanopores. In the Methodology
Section, the molecular model and the methods of gas mixture
transport are introduced, including conventional method,
iterative method, and our proposed approach. In the Method
Validation Section, our approach is validated by methane
transport with marked components. The results from the

conventional method, the iterative method, and the proposed
method are compared. In the Application and Discussion
Section, we use our proposed method to perform the
simulations of CH,/He and CO,/CH, mixture transport
through slit pores made of graphite, graphene, and
tetrahedral—octahedral—tetrahedral (TOT) structures. The
effects of various parameters on separation are discussed.
The conclusions are drawn in the Conclusions Section.

B METHODOLOGY

Model Description. A schematic representation of the
system of this study is shown in Figure 1. The simulation box
consists of three regions. The H-CV, L-CV, and C-regions
correspond to the high-pressure CV at the upstream side (feed
side), the low-pressure CV at the downstream side (permeate
side), and the slit nanopore in the middle, respectively. The
periodic boundary condition is applied in the y- and z-
directions, while the fixed boundary condition is applied in the
x-direction by means of a virtual reflective wall. Flow is along
the x-direction. We performed simulations with three different
solid structures including graphene, graphite (three sheets),
and tetrahedral—octahedral—tetrahedral (TOT) structure from
pyrophyllite (see Figure 2). The tetrahedral—octahedral—
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Figure 2. Molecular structure of the solid substrates of the slit pores.

(a) Graphene, (b) graphite, and (c) tetrahedral—octahedral—
tetrahedral (TOT) structure of clay mineral.

tetrahedral (TOT) structure exists in many clay minerals,
which can represent the main properties of ideal Si—O surface
in clays and construct the symmetric slit pore.

The solid substrates are fixed in the C-region which are
parallel to the xy-plane. The pore lengths are 10.00, 30.12, and
90.36 nm in different settings. The pore width ranges from
0.80 to 10.00 nm. The widths in the y-direction are 4.47, 4.47,
and 5.44 nm for graphene, graphite, and TOT, respectively.
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For H- and the L-CVs, the domain size in the x- and y-
directions is 30.00 nm X 4.47 nm, while the domain size in the
z-direction will change with the settings for different pore
widths. The gas molecules are modeled as the Lennard—]Jones
(LJ) fluid. The interactions between the gas—gas and the gas—
solid particles i and j are modeled with the cut and shifted
(CS) LJ 12-6 potential

¢1](r1]) - (ﬁij(rcut) rl] < Teut

cs _
’ 0 T > Teut (1)
where
5|2 N
qﬁij(ﬁj) = 481']' r_ll - r_ll
7 7 (2)

The cutoff distance r., is set as 1 nm in this study. The
effective L] size and the energy parameters, ¢ and &, are listed
in Table 1.**°° For all the cross-term L] parameters, the
Lorentz—Berthelot mixing rules are employed.

Table 1. Parameters for L (12-6) potential***

o (nm) e/kg (K)
CH, 0.381 148.1
He 0.255 10.2
co, 0.379 2253
C (graphene/graphite) 0.340 28.0
0 (TOT) 0317 782
Si (TOT) 0.395 478
Al (TOT) 0411 327

The simulations are performed based on the open-source
package LAMMPS,”” with the additional function of the
proposed method developed by the authors. The time step for
MD simulation ranges from 1 to 5 fs depending on the case.
We use 25 ns simulation time for the system to reach steady
state and another 235 ns simulation time to calculate the density
and pressure. The simulation time is extended to 50 ns for each
process in the slit pore less than 1.00 nm width. The snapshots
are taken every 0.5 ps for density and velocity calculation. At
every 0.5 ns, the average properties are recorded for the
calculation of mean value and standard deviation. The Nose—
Hoover thermostat is performed for the entire domain at 298
K except the simulations for examining the effect of
temperature.

Conventional and Iterative Methods. In the conven-
tional DCV-GCMD, the pressure is maintained by performing
a sufficient number of MC attempts, including insertions and
deletions of molecules. For component i, the probability of
acceptance for insertion is given by

+ ) A AU
p = min exp| ———|, 1
' N +1 kyT (3)

where Z; = exp(u;/ksT)/A; is the absolute activity at
temperature T; A; is the de Broglie wavelength; kg is the
Boltzmann’s constant; y; is the chemical potential; V is the
volume of the CV; N; is the number of molecules; and AU is
the potential energy change resulting from inserting or deleting
the molecule. When the insertion is accepted, the velocity of
the molecule is assigned based on the Maxwell-Boltzmann

distribution. The probability of acceptance for deletion is given

by

p = min{ﬂ exp(—A—U) 1}
i zv kgT (4)

The MC moves in each CV are followed by one MD step. The
MC/MD ratio is set to 10 in this study.

The iterative method is a modified approach based on the
conventional DCV-GCMD.® It resets the chemical potential in
the L-CV based on the flux ratio of the two species in each
loop. The iteration process will continue until the flux ratio in
the nanopore and the mole ratio in the L-CV converge to the
same value.

Proposed Method. At many experimental conditions and
in many industrial processes, the pressure at the permeate side
is not zero. The target chemical potentials in the H-CV can be
obtained based on the feed composition and pressure. Then,
the chemical potentials in the H-CV can be maintained by the
conventional GCMC method. In the H-CV, the molecule
exchanges come from the insertion and deletion by MC steps
and the net flux between the H-CV and C-region. However, in
the L-CV, because the composition is unknown, the chemical
potential cannot be determined before launching the
simulation. As a result, the insertion attempt cannot be
performed in the conventional GCMC simulation. The
molecule exchanges are from the molecule deletion in MC
steps and the net flux between the L-CV and C-region. The
removal of the molecules in the MC step is the key step in our
proposed method.

The workflow is shown in Figure 3. We check for pressure in
the L-CV during a given time interval. When the current

o
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P ‘.‘.’“\ deletion of
® % ® molecules

Calculate current
pressure Pgyrent

Continue

Figure 3. Pressure control in the permeate side.

pressure P, is higher than the target pressure Py, we
remove one molecule randomly at a time to reach the target
pressure. In each step the random removal is independent of
the previous steps. The target pressure is treated as a threshold
value. Every molecule in the L-CV has the same probability to
be picked up. However, because a reliable current pressure
should be calculated with the information from many time
steps, a time window should be assigned for pressure
calculation. For the initial period, the time window is set the
same as the current simulation time, which is shorter than the
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Figure 4. Simulation of the CH,/He gas mixture transport by the conventional method: graphite slit pores; pore width = 1.00 nm; pore length =
30.12 nm; pressure gradient = 0.33 bar/nm; pressure = 60 bar in the H-CV; pressure = 50 bar in the L-CV; temperature = 298 K. (a) Composition
along the x-direction. (b) Velocity in the x-direction at the middle of the slit pore. Molecular number density of CH, (c) and He (d) along the z-

direction at three locations in the pore.

assigned value of the time window (see Figure SI1). Pen is
usually zero in the early period because the initial condition is
vacuum. In our approach, we define the separation factor as

_ CL,A/CL,B
g = ————
A/ B (5)

where ¢ is the molar concentration; the subscripts H and L
denote the H- and the L-CVs, respectively; and A and B
denote Species A and Species B, respectively. Note that in our
method in each step the random removal is independent of the
previous steps.

B METHOD VALIDATION

Simulation with Marked Component. To validate the
proposed method, we performed the simulation without
pressure difference between the H-CV and the L-CV first.
The simulation was carried out in the graphene slit pore with
the length of 30.12 nm and the pore width of 2.00 nm. The
flow of single component gas was investigated, while the gas
molecules were marked as two different species with the
property of methane, namely, Species A and Species B. The
pressures in the H-CV and the L-CV were set as 40 bar. The
feed composition in the H-CV was maintained by the GCMC
method with 70% Species A and 30% Species B in mole
percentage. If the method is valid, the composition in each
region should be uniform, and the number density in the H-
CV and the L-CV should be the same. The result in Figure
S2(a) is the average composition in each region. The number
density in Figure S2(b) and the mole percentage in Figure

20730

S2(c) are the average values in each cross-section, including
the adsorbed layer. The time window for pressure monitoring
was set as S ps, which should be compatible with the MC/MD
ratio. Otherwise, it may lead to a delay response of current
pressure or have significant fluctuations.

A simulation with pressure difference was also performed in
the same configuration as above; the pressure in the L-CV is 30
bar instead of 40 bar. The velocity in the y- and z-directions
was taken into account for temperature calculation. The
composition in each region should be uniform as well. The
results are as expected (see Figure S3).

Comparison of Results from the Conventional
Method and Proposed Method. The transport of the
CH,/He mixture was investigated in the graphite slit pore with
the length of 30.12 nm and the pore width of 1.00 nm. The
pressure is set as 60 and SO bar in the H-CV and the L-CV,
respectively. The feed composition of each component was 0.5
in mole fraction for the two methods in the H-CV. In the L-
CV, the composition of each component was set as 0.5 in mole
fraction in the conventional method as well, while in our
method the composition was determined from the simulation.

The results are presented in Figures 4 and 5. In the
conventional method, the composition is kept constant in both
the H-CV and the L-CV. In our method, the composition in
the L-CV shows significant difference from the feed
composition due to the separation in the slit nanopore. The
solid substrate selectively adsorbs CH,, which has a higher
number density and a higher mole percentage than He. In the
conventional method, the mole percentage is uniform in each
region. In our method, the mole percentage of CH, in the pore

DOI: 10.1021/acs.jpcc.8b04976
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Figure S. Simulation of the CH,/He gas mixture transport by the proposed method: graphite slit pores; pore width = 1.00 nm; pore length = 30.12
nm; pressure gradient = 0.33 bar/nm; pressure = 60 bar in the H-CV; pressure = 50 bar in the L-CV; temperature = 298 K. (a) Composition along
the «x-direction. (b) Velocity in the x-direction at the middle of the slit pore. Molecular number density of CH, (c) and He (d) along the z-direction

at three locations in the pore.

exhibits slight increasing trend along the flow direction.
Helium has the opposite trend. The molecule number density
profiles at the locations of 1/4, 1/2, and 3/4 of the pore length
have minor differences as well. The velocity profiles reveal a
pronounced difference between the two methods. The velocity
profiles of CH, and He are very close to each other in the
conventional method, whereas the velocity of He is much
higher than CH, in our method. The concentration difference
of He between the feed side and permeate side is under-
estimated in the conventional method because the mole
percentage of He is much lower in the permeate side due to
the selectivity of the pore. Therefore, He should have larger
driving force for the gas transport, just like in the proposed
method (see Figure S(b)), which will lead to higher He
velocity than CH,. Graphite has an extremely smooth surface,
and then each component has pronounced slip velocity which
will lead to substantial mobility near the solid surface. As a
result, the adsorption has a significant contribution to the total
flux. The separation factor is related to the coupled effect
between the two factors: one is the enhanced flux for the
preferred component due to adsorption, and the other is the
higher concentration difference for the less adsorbed
component. We also performed the comparative simulations
for the two methods in nanopores with the widths of 2.00 and
10.00 nm. The results reveal much lower selectivity of the 2.00
nm pore and almost no selectivity of the 10.00 nm pore
(Figures S4—S7).

Comparison of the Iterative Method and Proposed
Method. We have compared the performance of the iterative
method and our proposed method using the data for example
in Figure 5. The parameters in the iterative method were set

20731

the same as the conventional method except for the chemical
potentials in the L-CV. In the iterative method, the
composition in the permeate side is set the same as in the
feed side in the first iteration. Based on the flux, in the
subsequent iterations, the composition in the permeate side is
updated, and the flux ratio is then computed for the next
iteration. The process of the iterative method is presented in
Figure 6. The mole ratio in the L-CV (same as the separation
factor S,p) from the proposed method is presented using the
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Figure 6. Mole ratio of CH,/He in the L-CV and flux ratio in the slit
nanopore from the iterative method. The mole ratio in the L-CV
(separation factor S,p) from the proposed method is presented using
a dashed line as a reference. Graphite slit pores; pore width = 1.00
nm; pore length = 30.12 nm; pressure gradient = 0.33 bar/nm;
pressure = 60 bar in the H-CV; pressure = SO bar in the L-CV;
temperature = 298 K.
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dashed line as a reference. The flux ratio and mole ratio
converge to the same value after 11 iterations. The results from
the iterative method agree with the results from our proposed
method. We noticed convergence issues in the iterative
method. In some iterations, there were negative flux ratios.
We cut back the mole ratio in the L-CV for the next iteration
to reduce the convergence issue (see the second to fourth
iterations in Figure 6). The convergence problems in the
iterative method have been discussed by Wang et al.®

We used the workstation with two Intel Xeon 2690 v4 CPUs
and two Nvidia P100 GPUs to compare the computational
efficiency. It took 71 h 44 min 28 s for the entire simulation of
the proposed method. One iteration of the iterative method
took 78 h 1S5 min 27 s. The number of iterations may vary in
different systems. For this particular example, there were 11
iterations to achieve the convergence, and then our approach is
about 12 times faster than the iterative method.

Bl APPLICATION AND DISCUSSION

Three solid structures, including graphene, graphite, and TOT,
were selected for investigation of transport and separation.
Graphene and graphite have the same surface structure but
different strengths for adsorption. The three layers of graphitic
sheets can provide stronger interaction with the gas molecules
than in graphene. The TOT surface has a different molecular
structure and pairwise interaction which has a rougher surface
than graphene and graphite.

First, we performed the simulations for the CH,/He mixture
in the slit pores with different widths ranging from 0.80 to
10.00 nm. The pore length is 30.12 nm. The pressure was set
as 60 and 50 bar in the H-CV and the L-CV, respectively. The
rest of the model configurations were the same as in the
Method Validation Section. The separation factor was
calculated from eq S. The results are presented in Figure 7.
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Figure 7. Separation factor of the CH,/He mixture vs pore width in
three slit pores: pore length = 30.12 nmj; pressure gradient = 0.33 bar/
nm; pressure = 60 bar in the H-CV; pressure = 50 bar in the L-CV;
temperature = 298 K. Simulations based on the proposed method.

The separation factor increases significantly with the decrease
of pore width, especially below 1.00 nm. When the pore width
is larger than 2.00 nm, the material can hardly provide
selectivity. The trend of separation factor is mainly due to the
coupled effect between the enhanced flux of CH, due to
adsorption and the higher concentration difference of He due
to selectivity. The flux from the adsorbed layer has much larger
contribution to the total flux in the smaller pores than in the
larger pores. The effect of higher concentration difference of

He is relatively weak when the pore width is very small. The
separation factors for the three substrates are close to one in
pore widths greater than 5.00 nm, while it is enhanced in pore
widths less than 1.00 nm. TOT shows less selectivity than the
other two materials. These phenomena are mainly controlled
by the effect of substrate surface roughness.

The simulations were performed in the slit pores with a
width of 1.00 and 2.00 nm at different average pressures at the
same pressure gradient of 0.33 bar/nm. The results show that
the separation factor decreases with the average pressure
increase in 1.00 nm pore width (see Figure 8(a)), due to less
contribution at high pressure for flux from the adsorbed layer
than at low pressure. However, there is almost no change with
average pressure in the 2.00 nm pore (see Figure 8(b)).
Extensive simulations for 10.00 nm pore width in graphite are
also made (see Figure S8). There is no clear relationship
between the separation factor and average pressure in the
10.00 nm pore width. There is almost no separation for the gas
mixture. In the pore widths larger than 2.00 nm, the mobility
of the adsorbed layer cannot provide pronounced contribution
to the total flux, so that the separation factors as well as their
changes are negligible. The results indicate that the average
pressure may have a pronounced effect when the pore width is
less than 1.00 nm. Graphene and graphite have different
macroscopic interaction strengths with gas molecules, but the
separation factors are very close. The separation factor of TOT
is lower than the other two substrates. The surface roughness
has a more pronounced effect than the interaction strength.

We also carried out the simulations for transport of the
CO,/CH, mixture in the three materials. The pressure
gradient was 0.33 bar/nm. For the effect of pore width, the
pressures were set as 40 and 30 bar in the H-CV and the L-CV,
respectively. For the effect of average pressure, the pressures in
the H-CV and the L-CV were adjusted to maintain the
pressure gradient. The rest of the model configurations were
the same as the CH,/He gas mixture simulations. Due to the
preferred adsorption of CO, instead of CH,, the slit pores
show selectivity for CO,. The separation factors with respect to
CO, in the mixture are presented in Figures 9 and 10. The
results of 1.00 and 2.00 nm pore widths on composition,
velocity profile, and number density are shown in Figures S9
and S10. Similar to the CH,/He mixture, the separation factor
shows a clear trend of the effect of pore width. The reason is
related to the coupled effect of the enhanced flux of CO, due
to selective adsorption and the higher concentration difference
of CH, between the two sides due to the selectivity, which is
similar to the CH,/He mixture. When the pore width is larger
than 5.00 nm, the material cannot provide pronounced
selectivity, especially in TOT. The separation factors for
graphite and graphene are still very close in pore widths larger
than 2.00 nm, whereas they show differences in pore widths
less than 1.00 nm. In the 1.00 nm pore width, the separation
factor presents a minor downward trend as average pressure
increases. The effect of average pressure is negligible in the
2.00 nm pore width. TOT has weaker selectivity than the other
two materials in the whole range.

The effects of pore length, temperature, pressure gradient,
and feed composition are also investigated. The details and
results are provided in the Supporting Information (see Figures
S11 and S12).
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pore length = 30.12 nm; pressure gradient = 0.33 bar/nm; and temperature = 298 K. The pressures in the H-CV and the L-CV are assigned based
on the average pressure, pressure gradient, and pore length. Simulations based on the proposed method.
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Figure 9. Separation factor of the CO,/CH, mixture vs pore width in
three slit pores: pore length = 30.12 nm; pressure gradient = 0.33 bar/
nm; pressure = 40 bar in the H-CV; pressure = 30 bar in the L-CV;
temperature = 298 K. Simulations based on the proposed method.

B CONCLUSIONS

In this work, we have simulated separation of binary gas
mixtures in slit nanopores. We introduce a new method based
on the dual control volume—grand canonical molecular
dynamics (DCV-GCMD) simulations. In our approach we
directly compute the gas composition at the permeate side.
Our method is based on random removal of molecules from
the permeate side to keep the pressure constant. The

inconsistency of the species flux ratio in the pore and the
mole ratio of the produced fluid in the permeate side is
eliminated. We improve the computational efficiency signifi-
cantly compared to the iterative method. We used the
proposed method to investigate flow and separation of binary
mixtures of CH,/He and CO,/CH, in nanopores of various
widths and length and three different slit pores. We compared
the results from our method and the conventional method and
the iterative method. The results from the iterative methods
are the same as our proposed method. Our method is 1 order
of magnitude faster. The main conclusions drawn from this
work are:

(1) The composition in the permeate side is significantly
different from the feed composition when the pore widths are
less than 2.00 nm.

(2) There is a significant difference between the computed
velocity of species in the nanopores from the conventional
DCV-GCMD simulation and our method.

(3) The separation in molecularly nonsmooth nanopores is
less than molecularly smooth nanopores.
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Figure 10. Separation factor of the CO,/CH, mixture vs average pressure in three slit pores. (a) Pore width = 1.00 nm; (b) pore width = 2.00 nm;
pore length = 30.12 nm; pressure gradient = 0.33 bar/nm; temperature = 298 K. The pressures in the H-CV and the L-CV are assigned based on
the average pressure, pressure gradient, and pore length. Simulations based on the proposed method.
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