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Nonequilibrium molecular dynamics simulations of transport and separation of gas mixtures
in nanoporous materials

Lifang Xu, Muhammad Sahimi,* and Theodore T. Tsotsis
Department of Chemical Engineering, University of Southern California, Los Angeles, California 90089-1211

~Received 22 June 2000!

The nonequilibrium molecular dynamics simulations of transport and separation of a binary gas mixture
through a porous membrane with interconnected pores of distributed sizes are reported. The membrane is
modeled by a three-dimensional disorderedmolecularnetwork of interconnected pores consisting of tens of
thousands of atoms, based on a Voronoi tessellation of space. Results are presented for transport and adsorp-
tion of the gases, including the existence of an optimal pore structure for maximum separation of the gases.

PACS number~s!: 47.55.Mh, 02.70.Ns, 05.60.Cd, 61.20.Ja
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I. INTRODUCTION

Transport and separation of gaseous or liquid mixtu
through technologically important porous materials, such
membranes, catalysts, and adsorbents, is a subject of
current interest@1,2#. These porous materials can, depend
on their pore structure, contain a range of pore sizes, f
nano- to meso- to micropores. However, the main resista
to the transport process is offered by interconnected na
and mesopores. The small size of the pores also necess
the use of molecular modeling. For example, since the a
age pore size of many membranes is typically of the orde
a few angstroms, the traditional continuum approach@1# can-
not be used for modeling such phenomena, and hence
must resort to molecular modeling. However, molecu
simulation of transport and separation of a fluid mixture in
disordered pore space with interconnected pores is a fo
dable computational task. Because of this, and despite
technological importance, previous molecular studies
these phenomena have used only single pores, wherea
pore space morphology, i.e., the shape, size, and inter
nectivity of the pores, as well as pore entrance effects
pore surface heterogeneity, all play important roles in de
mining the transport and separation properties of
croporous materials.

In this paper we study, using molecular simulation, t
transport and separation of gas mixtures in one class of
noporous materials which are carbon based and have
gaining considerable attention. Carbon-based materials,
as carbon nanotubes, carbon nanoparticles, and ca
molecular-sieve membranes~CMSMs! have wide applica-
tions in many branches of science and technology. We fo
here on CMSMs that are prepared by carbonization of po
meric precursors, and have been studied as a promisin
ternative to both inorganic~such as SiO2 and metal! and
polymeric membranes@3–6#.

The molecular modeling methods are based on ei
equilibrium @7,8# or nonequilibrium molecular dynamic
~NEMD! simulations. However, as is well-known, use
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equilibrium MD ~EMD! is not feasible for estimating the
transport properties of mixtures in a system which, in a pr
tical situation, is under the influence of an external poten
~pressure, chemical potential, or concentration! gradient.
NEMD techniques, such as the grand canonical molec
dynamics~GCMD! @9,10# and dual control volume GCMD
~DCV-GCMD! @11–16#, represent effective alternatives t
EMD for such systems, and have been used for calcula
the diffusivity of a single gas@11–14#, as well as for mix-
tures of several gases@15,16#, through a slit pore under the
influence of an external potential gradient. Their extension
the technologically important phenomena of transport a
separation of a fluid mixture through a real porous me
brane, the pore space of which has a complex network
interconnected pores of various shapes and sizes, is
trivial and, to our knowledge, has not been undertaken so
This extension is, however, crucial to practical applicatio
in which the affinities for adsorption of the various gases
a mixture greatly differ from each other, in which case th
separation is not just by adsorption on the surface of
pores, but also by molecular sieving or due to the fact t
some of the gases are transported across the membrane
faster than others, or a combination of all three mechanis
While adsorption is mainly controlled by the porosity an
surface area of the pore space, molecular sieving and tr
port of gases across the membrane are both controlled by
membrane’s morphology, i.e., its pore size distribution a
pore connectivity. Even when adsorption is the most imp
tant mechanism of separation, the pore space connectivi
still critical, because, while the pore space may have a la
porosity, a large fraction of it can be isolated and inacc
sible, in which case the way the pores are connected to e
other is crucial. None of these effects can be accounted
by the single pore models.

The goal of this paper is to report the preliminary resu
of a molecular simulation of transport of gaseous mixtures
a nanoporous membrane in which the membrane is re
sented by a three-dimensional~3D! molecularpore network
with interconnected pores. The pores have completely
regular shapes and sizes. We carry out EMD and NEM
simulation of transport and separation of a typical binary g
mixture—CO2/CH4—which is the focus of many studies, a
it is encountered in many industrial and environmental pr
lems, such as dealing with landfill gases.
ic
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The plan of this paper is as follows. In the next section
describe how the model of the pore space is generated.
tion III contains a description of the NEMD simulation tec
nique that we use in this paper. The results are presented
discussed in Sec. IV.

II. GENERATION OF THE MOLECULAR
PORE NETWORK

To address the problem of representing the morpholog
a nanoporous membrane by a realistic model, we have
veloped an algorithm for generating a molecular pore n
work. In our algorithm, we first create a 3D simulation b
of carbon atoms with a structure corresponding to graph
The reason for this is that, if the pyrolysis of the polyme
precursor is done at high enough temperatures, the resu
matrix of the pore space has a structure similar to tha
graphite. We then tessellate the graphite box by insertin
it a given number of Poisson points each of which is
basis for a Voronoi polyhedron. Each polyhedron is that p
of the box which is nearer to its Poisson point than to a
other Poisson point. The pore space is created by fixing
desired porosity and then selecting a number of the poly
dra in such a way that their total volume fraction equals
fixed porosity. The polyhedra, so chosen, are then design
as the membrane pores by removing the carbon atoms in
them, as well as those that are connected to only one ne
boring carbon atom~the dangling atoms!, since it is impos-
sible to actually have such atoms connected to the surfac
the pores. The remaining carbon atoms constitute the m
brane’s solid matrix, while the pore space consists of in
connected pores of various shapes and sizes.

However, the pore space can be created by at least
different methods. If the pore polyhedra are selected at
dom, then, given that the size of the simulation box is la
enough, their size distribution will always be Gaussian,
gardless of the porosity of the pore space. This, howeve
not very realistic from a practical viewpoint, because oft
the membranes that are used in practice donot possess a
Gaussian pore size distribution~PSD! @6,16#. In the second
method, one designates the pore polyhedra in such a way
the resulting PSD would mimic that of a real membran
which is typically skewed@6,16#. To obtain such PSDs, w
first sort and list the polyhedra in the box according to th
sizes, from the smallest to the largest. The size of each p
hedron is taken to be its volume, or the radius of a sph
that has the same volume as the polyhedron. We then de
nate the polyhedra as the pores according to their sizes, s
ing from the smallest ones in the list. Figure 1 compares
PSDs of the pore networks generated by the two meth
~more details about the simulations will be given shortl!.
The PSDs and their average pore sizes that are gene
with the bias toward the smallest pores are of course de
dent upon the porosity and resemble to some extent the
perimental PSD@6,16#. Note that, unlike the traditional por
networks that are used in the simulation of flow and transp
in porous media@1#, the pore networks generated here a
molecularnetworks in which the interactions of the gas mo
ecules withall the atoms in the network are taken into a
count.

We must point out that in the type of molecular po
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networks that are generated here, there is a difference
tween the ideal or total porosity, i.e., the total volume fra
tion of the pore polyhedra, and theaccessibleporosity, i.e.,
the volume fraction of the pores that not only can be reac
by gas molecules from the membrane’s surface, but can
accommodate the gas molecules, as some of the topo
cally accessible pore polyhedra may be too small to con
a gas molecule with a given finite size. In this sense,
definition of accessible pores is more restrictive than the
that is usually used in percolation theory@17,18#. In perco-
lation theory, the mere connection of a pore to the outs
surface of a membrane renders it accessible, whereas in
present problem the size of the transporting molecules is
important. Indeed, some of the pores may be accessibl
one of the gases in a gaseous mixture, but too small to
commodate a much larger gas molecule in the same mixt
and in fact the molecular sieving property of a membrane
based and built upon this restricted accessibility.

Figure 2 presents the dependence of the accessible p

FIG. 1. Pore size distribution of the pore network for porosit
0.5 ~solid curve!, 0.6 ~dashed!, and 0.7~dash-dotted!. The dotted
curve is the PSD when the pores are selected randomly.

FIG. 2. Dependence of the accessible porosity on the total
rosity.



th
O
ab
te

bl
is

i
re
is
an
da
ho
d
-

w
CH

e
d

te

ni
d
na

as-
rib-
nd-
he
and

ere

ing
and

ore
es
ions

p-
im-
ing

t by
te

th

-

-

er-
u-
-
d
en
pri-

cal
s at
our

o
k

be

is-
be-
city

s.

n-

6944 PRE 62LIFANG XU, MUHAMMAD SAHIMI, AND THEODORE T. TSOTSIS
ity on the total porosity. These results were obtained with
CH4 molecules. However, since the kinetic diameters of C2
and CH4 are close, the same results are essentially applic
to CO2; the difference between the two cases is small. No
for example, that for a total porosity of 0.5, the accessi
porosity to CH4 is about 0.22. If the size of all the pores
such that they can all accommodate the CH4 molecules, then
the percolation threshold of our molecular pore networks
the same as that of the traditional 3D Voronoi structu
which is about 0.16. However, if the PSD of the network
heavily biased toward the smallest pores, i.e., if a signific
fraction of the pores are such that they cannot accommo
a gas molecule of a given size, then the percolation thres
of the network,as far as transport of that gas is concerne,
is very different from that of traditional 3D Voronoi struc
tures, and will in fact behigher than that of the Voronoi
structure.

III. NONEQUILIBRIUM MOLECULAR DYNAMICS
SIMULATIONS

As a typical and important binary gaseous mixture,
have studied transport, adsorption, and separation of4
and CO2 ~components 1 and 2, respectively! and their binary
mixtures. The two gases, as well as the carbon atoms, w
assumed to be Lennard-Jones~LJ! hard spheres characterize
by the LJ size and energy parameterss ande; the values we
used are listed in Table I. For the cross-term LJ parame
the Lorentz-Berthelot mixing rule was used@7#:

e i j 5Ae ie j , ~1!

s i j 5~s i1s j !/2. ~2!

All the physical quantities were expressed in reduced u
by using eCH4

and sCH4
as the basic units of energy an

length. Table II lists the relation between the dimensio

TABLE I. Values of the LJ parameters used in the simulation

Molecule s ~Å! e/k ~K!

CH4 3.810 148.1
CO2 3.794 225.0
C 3.4 28.00

TABLE II. The relation between the dimensional and dime
sionless quantities~with an asterisk!. kB is the Boltzmann’s con-
stant.

Variable Dimensionless form

LengthL L* 5L/sCH4

EnergyU U* 5U/eCH4

MassM M* 5m/MCH4

Densityr r* 5rsCH4

3

TemperatureT T* 5kBT/eCH4

PressureP P* 5PsCH4

3 /eCH4

Time t t* 5t(eCH4
/MCH4

sCH4

2 )1/2

Flux J J* 5JsCH4

3 (MCH4
/eCH4

)1/2

PermeabilityK K* 5K(MCH4
eCH4

)1/2/sCH4
e
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and dimensionless quantities. The carbon walls were
sumed to be rigid and pairwise additivity was used desc
ing the gas-gas and solid-gas interactions. The cut-a
shifted LJ 6-12 potential was used for describing t
interactions between the gases, as well as between them
the carbon atoms,

U~r !5H ULJ~r !2ULJ~r c! if r<r c

0 if r .r c
~3!

wherer c is the truncation distance; we tookr c55sCH4
for

the LJ potentials, which proved to be very accurate. H
ULJ(r ) is the usual LJ 6-12 potential:

ULJ~r !54eF S s

r D 12

2S s

r D 6G . ~4!

The interaction between the gas molecules and theentire
carbon pore network was taken into account by calculat
the sum of the LJ potentials between the gas molecules
each individual carbon atom in the network.

To impose a macroscopic potential gradient on the p
network in a given direction, we insert two control volum
~CVs!, one each at the upstream and downstream posit
of the network~in, say, thex direction!. The two CVs are in
equilibrium with two bulk phases that are kept at fixed u
stream and downstream pressures or chemical potentials
posed on the network. The densities, or the correspond
chemical potentials in the CVs, were maintained constan
carrying out a sufficient number of grand canonical Mon
Carlo ~GCMC! insertions and deletions of the particles, wi
the probabilitypi

1 of inserting a gas particle of typei being

pi
15min$ZiVci exp@2~DE/kT!/~Ni11!#,1%, ~5!

whereZi5exp(mi /kT)/L3 is the absolute activity at tempera
ture T, L i the de Broglie wave-length,m i the chemical po-
tential of componenti, DE the potential energy change re
sulting from creating or removing a particle, andVci andNi
the volume and number of atoms of componenti in each CV,
respectively. The probabilitypi

2 of deleting a particle is
given by

pi
25min$Ni exp@~2DE/kT!/~ZiVci!#,1%. ~6!

When a particle is inserted in a CV, it is assigned a th
mal velocity selected from the Maxwell-Boltzmann distrib
tion at the givenT. An important parameter of the simula
tions is the ratioR of the number of GCMC insertions an
deletions in each CV to the number of MD steps betwe
successive GCMC steps. This ratio must be chosen appro
ately in order to maintain the correct density and chemi
potentials in the CVs, and also reasonable transport rate
the boundaries between the CVs and the pore space. In
simulationsR550:1 proved to be sufficient. Since the tw
CVs are well mixed and in equilibrium with the two bul
phases that are in direct contact with them, there should
no overall nonzero streaming velocity~ratio of the flux to the
concentration of each gas component! in these regions. How-
ever, to reduce the numerical instability caused by the d
continuity of the streaming velocities at the boundaries
tween the CVs and the pore space, a small streaming velo
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was added to the thermal velocity of all the newly inser
molecules within each CV that were located within a d
tance 0.5sCH4

from the boundaries.
In the MD simulation of transport and separation of t

gases in the pore network, the Verlet velocity algorithm@7#
was used to solve the equations of motion. The time stepDt
was adjusted according to the loading of the gas molec
and the average pore size, such that the standard devia
of the total energy relative to the mean was about 531024

or less. A typical value ofDt selected in this way was 5
31023 in reduced units, or 7.3731023 ps. To reduce the
time for calculating the interaction between a gas molec
and all the carbon atoms, the simulation box was discreti
into n3 grid points with n5111, thus resulting in ove
1 367 000 small subcells. We then used a 3D piecewise c
Hermite interpolation@19# to compute the potential energ
and forces for the gas particle at any position using the
formation at then3 grid points. Isokinetic conditions wer
maintained by rescaling the velocity independently in
three directions. During the MD calculations gas partic
crossing the outer boundaries of the CVs were removed
addition, we allowed for a nonzero streaming velocity~i.e.,
the ratio of the flux to the concentration of each gas com
nent! in the entire pore space, consistent with the presenc
bulk pressure/chemical potential gradients along the flow
rection. The unrealistic assumption of a zero streaming
locity used in many of the single pore models leads to
verely underestimated fluxes. The streaming velocity of e
component in the pore space was obtained by linearly in
polating between its two values in the two CVs. Energy co
servation in the system was monitored, and care was take
ensure that the temperature of the system remained con
in order to eliminate any contribution of the temperature g
dient to the transport. All the results reported here are
T525 °C.

IV. RESULTS AND DISCUSSION

We first carried out some preliminary simulations usi
EMD in order to study the effect of the sample sizes. W
investigated adsorption and self-diffusion of CH4 in the pore
space. Figure 3 shows the adsorption isotherms in term
bmc versus loading~defined as the ratio of the total numb
of the gas molecules and the volume of the simulation b!
for two different box sizes. Hereb5(kBT)21, wherekB is
Boltzmann’s constant,T is the temperature of the system
and mc is the chemical potential of CH4 in the system. All
the quantities shown in this and the following figures a
dimensionless~see Table II for the relation between the d
mensionless and dimensional quatities!. The smaller box was
46.6339.6340.2 Å3 in the x, y, and z directions, respec-
tively ~in the NEMD simulations, the external chemical p
tential or, equivalently, pressure gradient was applied in thx
direction!, while the size of the larger simulation box wa
63.9363.95363.65 Å3. For each sample size, the results f
two different realizations are shown. The porosity in bo
cases was 0.5, and we used periodic boundary condition
all three directions. As this figure indicates, up to a load
of about 0.3 there is very little difference between the t
adsorption isotherms. While the difference between the
isotherms is larger at higher loadings, such high loadings
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rarely encountered in practical situations. Moreover, the
ferences between the results for two different realizatio
with the same sample size are very small. Traditionally,
adsorption isotherms are represented as the loading ve
the pressure in the system. Hence, Fig. 4 presents the ad
tion isotherm, corresponding to Fig. 3, in this fashion. Sin
the atoms on molecules were assumed to be LJ hard sph
the chemical potentialsmc can be converted to the corre
sponding pressures using the equation of state for LJ flu
@20#.

Figure 5 presents the self-diffusivityD of CH4 versus
loading at a porosity of 0.5 for the same two box sizes. F
each size of sample we show the results for two differ
realizations of the pore space. Two important features
worth noting. One is that the self-diffusivity is much mo
affected by the sample size than is the adsorption isothe
This is due to the fact that the pore space connectivity
PSD both strongly influence diffusion of a molecule in

FIG. 3. Adsorption isotherms for CH4. mc is the configura-
tional chemical potential, whiler is the loading. Circles and tri-
angles show the results for the smaller and larger sample s
respectively~see the text for the sample sizes!. The sample porosity
is 0.5. All the properties are dimensionless~see Table I!.

FIG. 4. Same as in Fig. 3, but versus the pressureP.
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pore space. The second noteworthy feature is that, w
there are significant differences between the results obta
with the two different realizations of the pore space when
smaller sample is used, the difference decreases as
sample size increases. Moreover, we find that the lower
initial loading of the gas molecules, the more significant
the effect of their initial spatial distribution on the calculat
properties.

Based on such EMD computations, we used the lar
sample size in the rest of our studies. The results were
averaged over five realizations of the network and many
tial distributions of the gas molecules in each realizati
The number density of the carbon atoms was 114 nm23 and
the spacing between the adjacent graphite layers was 0
nm. The total number of initial carbon atoms in each reali
tion was 29 640. The box was then tessellated into 1
polyhedra. The average pore size for this pore network,
PSD of which is shown in Fig. 1, is about 6.4 Å, if the po
polyhedra are selected randomly. The average pore s
when the pores are selected with the bias are 5.19, 5.63,
5.92 Å for porosities of 0.5, 0.6, and 0.7, respectively. T
mean pore size of typical CMSMs is about 3.5 Å@6#. A
specific mean pore size is obtained by selecting an appro
ate box size and then adjusting its number of Voronoi po
hedra. For example, with the same box size as the one
used in our simulation but with 11 600 polyhedra, the av
age pore size would be about 3.5 Å, if the pore polyhe
were selected randomly. This would require much more
tensive computations, but also indicates the flexibility of o
model.

Figure 6 presents the adsorption isotherms of CO2 and
CH4, in an equimolar mixture, as functions of the press
~in the pore space! and porosity. They indicate that the a
sorbed amounts of the gases increase with increasing po
ity, reaching a maximum at a porosity of about 0.45–0
beyond which they both decrease with increasing poros
These results, to our knowledge, are completely novel.
maxima in the isotherms are due to two competing effects
higher porosity provides more accessible pore surface
for adsorption, but at the same time decreases the intera

FIG. 5. Self-diffusivityD of CH4 in the pore space~at a porosity
of 0.5! versus loading. Symbols are the same as those in Fig. 3,
both D andr are dimensionless.
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between the gas molecules and the pore surface, sin
higher porosity also improves the interconnectivity of t
pore space. The fact that CO2 affinity for adsorption on a
graphite surface is much larger than that of CH4 has impor-
tant implications. Since, relatively speaking, CO2 is adsorbed
on the pore surfaces in much larger amounts than is CH4, its
adsorption isotherm maxima are much more pronoun
than those of CH4. Thus, while the porosity has a stron
effect on CO2 adsorption, its effect on CH4 is much weaker;
the amount of adsorbed CH4 varies only weakly as the pres
sure or porosity is varied. The important implication of th
maxima in the adsorption isotherms is that there is an o
mal pore space morphology~the distribution of the porosity
and pore connectivity! for separation of gases in the mem
brane~see also below!. These effects, which are absent in t
single pore models, point to the significance of the po
space morphology in gas separation.

To study the separation properties of the membrane
calculate, after the system has reached steady state, the
meability Ki of gasi defined as

Ki5
Ji

DPi /L
5

LJi

DPi
, ~7!

whereDPi /L is the partial pressure gradient for gasi along
the membrane. The most interesting property is the dyna
separation factor,

S215
K2

K1
, ~8!

and its dependence on the membrane’s pore space mor
ogy. We utilized total pressures of 3 and 1 atm in the u
stream and downstream bulk phase regions, respectively
same as those used in our experiments with CMSMs us
the same two gases@6,16#. Figure 7 shows the porosity de
pendence ofS21 and the fluxes for an equimolar mixture o
CO2 and CH4, indicating that they are both small at low
porosities, which is due to two important factors:~1! small
pore surface area for CO2 adsorption, and~2! tortuous trans-

nd
FIG. 6. Dimensionless adsorption isotherms for CO2 ~top three

curves! and CH4 ~bottom three curves!. The results are for the pres
sures 3~solid!, 2 ~dashed!, and 1 atm~dash-dotted!.
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port paths for CH4, which is adsorbed much less than CO2.
However, as the porosity increases, the CO2 flux also rises
sharply, while the CH4 flux remains essentially constan
Therefore,S21 also increases rapidly, reaching a maximu
of about 14 at a porosity of about 0.6, which is consist
with the experimental data@6#, after which it decreases a
most as sharply as the porosity increases further. That m
brane separation of the gases at high porosities is not e
tive is due to the presence of very large pores, which can
longer separate the two gases by molecular sieving.

It is instructive to compare these results with those
tained with the same gases in the single pore model@15,16#.
The separation factors that are obtained with the single p
model are two orders of magnitude smaller than those of
experimental data@6#, even when the pore size is the same
the average pore size of the membrane, whereas the re
presented here are much more closely consistent with
data. Moreover, the separation factors depend on the por
of the membrane, a morphological property whose eff
cannot be taken into account by the single pore model, bu

FIG. 7. Porosity dependence of the component~dimensionless!
flux ~left! and the separation factor~right!.
d

is,

m
.

.

y

t

m-
c-
o

-

re
e
s
ults
he
ity
t
is

easily accounted for by our model. Finally, for mixtures su
as H2-CH4, in which both gases have very little affinity fo
adsorption on the surface of the pores, the single pore m
completely breaks down@15,16#, even in a qualitative sense
whereas our model would predict@21# separation factors tha
are at least in qualitative agreement with the data@6#. In a
future paper@21# we will present the results of extensiv
EMD and NEMD simulations of binary and ternary gas mi
tures in the molecular pore network model and compare
results with the experimental data, as well as investigat
the effect of various factors that affect these phenome
such as the temperature, the mixture composition, and
nature of the gases.

V. SUMMARY

We have developed a molecular pore network model
nanoporous materials based on Voronoi tessellation of
space. The model affords us the flexibility of generating p
size distributions for the membrane that resemble clos
those of real membranes. In addition, the molecular p
network model points to the significance of the molecu
size of the transporting gases in defining~and, by implica-
tion, measuring! the membrane’s accessible porosity. W
have carried out equilibrium as well as nonequilibrium m
lecular dynamics simulations of transport, adsorption, a
separation of binary gas mixture in the model membra
which indicate significant differences between our resu
and those obtained with single pore models.
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