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Nonequilibrium molecular dynamics simulations of transport and separation of gas mixtures
in nanoporous materials
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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 disorderadlecularnetwork 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 numbds): 47.55.Mh, 02.70.Ns, 05.60.Cd, 61.20.Ja

[. INTRODUCTION equilibrium MD (EMD) is not feasible for estimating the
transport properties of mixtures in a system which, in a prac-
Transport and separation of gaseous or liquid mixturegical situation, is under the influence of an external potential
through technologically important porous materials, such aspressure, chemical potential, or concentratigradient.
membranes, catalysts, and adsorbents, is a subject of grddEMD techniques, such as the grand canonical molecular
current interesf1,2]. These porous materials can, dependingdynamics(GCMD) [9,10] and dual control volume GCMD
on their pore structure, contain a range of pore sizes, froffPCV-GCMD) [11-16, represent effective alternatives to
nano- to meso- to micropores. However, the main resistanceMD for such systems, and have been used for calculating
to the transport process is offered by interconnected nandl® diffusivity of a single gag11-14, as well as for mix-
and mesopores. The small size of the pores also necessitafdes Of several gas¢ds, 16, through a slit pore under the

the use of molecular modeling. For example, since the avefhfluence of an external potential gradient. Their extension to
X ' Ifhe technologically important phenomena of transport and

separation of a fluid mixture through a real porous mem-
. brane, the pore space of which has a complex network of
not be used for modeling such phenomena, and hence OfSterconnected pores of various shapes and sizes, is non-
must resort to molecular modeling. However, molecularyia| and; to our knowledge, has not been undertaken so far.
simulation of transport and separation of a fluid mixture in aryig extension is, however, crucial to practical applications
disordered pore space with interconnected pores is a formig, \hich the affinities for adsorption of the various gases in
dable computational task. Because of this, and despite theif mixture greatly differ from each other, in which case their
technological importance, previous molecular studies okeparation is not just by adsorption on the surface of the
these phenomena have used only single pores, whereas thgres, but also by molecular sieving or due to the fact that
pore space morphology, i.e., the shape, size, and intercoBome of the gases are transported across the membrane much
nectivity of the pores, as well as pore entrance effects anhster than others, or a combination of all three mechanisms.
pore surface heterogeneity, all play important roles in deterwhile adsorption is mainly controlled by the porosity and
mining the transport and separation properties of mi-surface area of the pore space, molecular sieving and trans-
croporous materials. port of gases across the membrane are both controlled by the
In this paper we study, using molecular simulation, themembrane’s morphology, i.e., its pore size distribution and
transport and separation of gas mixtures in one class of ngore connectivity. Even when adsorption is the most impor-
noporous materials which are carbon based and have beeant mechanism of separation, the pore space connectivity is
gaining considerable attention. Carbon-based materials, susill critical, because, while the pore space may have a large
as carbon nanotubes, carbon nanoparticles, and carbgrosity, a large fraction of it can be isolated and inacces-
molecular-sieve membrand€MSMs) have wide applica- sible, in which case the way the pores are connected to each
tions in many branches of science and technology. We focusther is crucial. None of these effects can be accounted for
here on CMSMs that are prepared by carbonization of polyby the single pore models.
meric precursors, and have been studied as a promising al- The goal of this paper is to report the preliminary results
ternative to both inorgani¢such as Si@ and metal and  of a molecular simulation of transport of gaseous mixtures in
polymeric membranel3—6). a nanoporous membrane in which the membrane is repre-
The molecular modeling methods are based on eithesented by a three-dimension&D) molecularpore network
equilibrium [7,8] or nonequilibrium molecular dynamics with interconnected pores. The pores have completely ir-
(NEMD) simulations. However, as is well-known, use of regular shapes and sizes. We carry out EMD and NEMD
simulation of transport and separation of a typical binary gas
mixture—CQ,/CH,—which is the focus of many studies, as
* Author to whom correspondence should be addressed. Electronitis encountered in many industrial and environmental prob-
address: moe@iran.usc.edu lems, such as dealing with landfill gases.

a few angstroms, the traditional continuum approdditan-
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The plan of this paper is as follows. In the next section we 04 y -
describe how the model of the pore space is generated. Se:
tion 11l contains a description of the NEMD simulation tech-
nigue that we use in this paper. The results are presented ar
discussed in Sec. IV. 03

II. GENERATION OF THE MOLECULAR
PORE NETWORK

re Size Distribution

0

To address the problem of representing the morphology ok
a nanoporous membrane by a realistic model, we have de
veloped an algorithm for generating a molecular pore net-
work. In our algorithm, we first create a 3D simulation box
of carbon atoms with a structure corresponding to graphite.
The reason for this is that, if the pyrolysis of the polymeric
precursor is done at high enough temperatures, the resultin .
matrix of the pore space has a structure similar to that of Pore Diameter A

%raph]te. We thben te?ssllgte the grzatphlte tr)loxfbyr:nshe(tm?hm FIG. 1. Pore size distribution of the pore network for porosities
! a.glven num er' of Foisson points each ot w ,'C IS €y 5 (solid curve, 0.6 (dashed, and 0.7(dash-dotted The dotted
basis for a Voronoi polyhedron. Each polyhedron is that parg, ;. e is the PSD when the pores are selected randomly.

of the box which is nearer to its Poisson point than to any
other Poisson point. The pore space is created by fixing itieworks that are generated here, there is a difference be-
desired porosity and then selecting a number of the polyheyyeen the ideal or total porosity, i.e., the total volume frac-
dra in such a way that their total volume fraction equals thgjon of the pore polyhedra, and ttecessibleporosity, i.e.,
fixed porosity. The polyhedra, so chosen, are then designatgfe yolume fraction of the pores that not only can be reached
as the membrane pores by removing the carbon atoms insigg, gas molecules from the membrane’s surface, but can also
them, as well as those that are connected to only one neighcommodate the gas molecules, as some of the topologi-
boring carbon atonithe dangling atoms since it is impos-  ¢q|ly accessible pore polyhedra may be too small to contain
sible to actually have such atoms connected to the surface gf gas molecule with a given finite size. In this sense, our
the pores. The remaining carbon atoms constitute the memyefinition of accessible pores is more restrictive than the one
brane’s solid matrix, while the pore space consists of interypa; is usually used in percolation thedi7,18. In perco-
connected pores of various shapes and sizes. lation theory, the mere connection of a pore to the outside
_However, the pore space can be created by at least tWQface of a membrane renders it accessible, whereas in the
different methods. If the pore polyhedra are selected at ransresent problem the size of the transporting molecules is also
dom, then, given that the size of the simulation box is 'argEimportant. Indeed, some of the pores may be accessible to
enough, their size distribution will always be Gaussian, reyne of the gases in a gaseous mixture, but too small to ac-
gardless of the porosity of the pore space. This, however, isommodate a much larger gas molecule in the same mixture,
not very realistic from a practicr_sll viewp.oint, because oftenyq in fact the molecular sieving property of a membrane is
the membranes that are used in practicendo possess a pased and built upon this restricted accessibility.
Gaussian pore size distributid®SD) [6,16]. In the second Figure 2 presents the dependence of the accessible poros-
method, one designates the pore polyhedra in such a way that
the resulting PSD would mimic that of a real membrane, . . ; . ;
which is typically skewed6,16]. To obtain such PSDs, we
first sort and list the polyhedra in the box according to their
sizes, from the smallest to the largest. The size of each poly:
hedron is taken to be its volume, or the radius of a sphere oa} .
that has the same volume as the polyhedron. We then desic
nate the polyhedra as the pores according to their sizes, starg
ing from the smallest ones in the list. Figure 1 compares the‘L:°-3'
PSDs of the pore networks generated by the two method#
(more details about the simulations will be given shortly §0
The PSDs and their average pore sizes that are generate
with the bias toward the smallest pores are of course depen
dent upon the porosity and resemble to some extent the ex ,,| _
perimental PS[)6,16]. Note that, unlike the traditional pore
networks that are used in the simulation of flow and transport
in porous medig1], the pore networks generated here are  o'—7; v L S m S os
molecularnetworks in which the interactions of the gas mol-
ecules withall the atoms in the network are taken into ac-
count. FIG. 2. Dependence of the accessible porosity on the total po-
We must point out that in the type of molecular pore rosity.

0.5

Total Porosity
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TABLE 1. Values of the LJ parameters used in the simulations. and dimensionless quantities. The carbon walls were as-
sumed to be rigid and pairwise additivity was used describ-
Molecule o (R) elk (K) ing the gas-gas and solid-gas interactions. The cut-and-
shifted LJ 6-12 potential was used for describing the

CH 3.810 148.1 . .
4 interactions between the gases, as well as between them and
€%, 3.794 2250 the carbon atoms
C 34 28.00 ’

Up(r)=Ugy(re) if rsrg
0 if r>rg

U(r)=[ 3

4

ity on the total porosity. These results were obtained with the
CH, molecules. However, since the kinetic diameters 0, CO . . . i
and CH, are close, the same resullts are essentially applicabl§N€€" ¢ IS the truncation distance; we took=50cy, for
to CO,; the difference between the two cases is small. Notethe LJ potentials, which proved to be very accurate. Here
for example, that for a total porosity of 0.5, the accessibldJLi(r) is the usual LJ 6-12 potential:
porosity to CH is about 0.22. If the size of all the pores is 12 6
such that they can all accommodate the,@kblecules, then U (r)=4e (f) _ S) _
the percolation threshold of our molecular pore networks is r r
the same as that of the traditional 3D Voronoi structure . . .
which is about 0.16. However, if the PSD of the network isThe interaction between the gas molecules and ethiire .
heavily biased toward the smallest pores, i.e., if a significan‘farbon pore network was taken into account by calculating
fraction of the pores are such that they cannot accommodafge sum .Of the LJ potentials l_)etween the gas molecules and
a gas molecule of a given size, then the percolation threshol‘aaCh 'T‘d""d“a' carbon atom in the n_etwork._
of the network,as far as transport of that gas is concerned To IMPOSE a macroscopic pot.ent|a| gradient on the pore
is very different from that of traditional 3D Voronoi struc- network in a given direction, we insert two control VO'U'T‘?S
tures, and will in fact behigher than that of the Voronoi (CVs), one eaqh at the “pStFea”? and downstream po§|t|ons
structure. of tht_a n_etworl_<(|n, say, thex direction. The two CVs are in
equilibrium with two bulk phases that are kept at fixed up-
stream and downstream pressures or chemical potentials im-
. NONEQUILIBRSM&?#FOCNUSLAR DYNAMICS poseq on the n_etwqu. The densities, or the corresponding
chemical potentials in the CVs, were maintained constant by
As a typical and important binary gaseous mixture, wecarrying out a sufficient number of grand canonical Monte
have studied transport, adsorption, and separation of CHCarlo(GCMC) insertions and deletions of the particles, with
and CQ (components 1 and 2, respectivesind their binary  the probabilityp;” of inserting a gas particle of typebeing
mixtures. The two gases, as well as the carbon atoms, were N )
assumed to be Lennard-Jor{ed) hard spheres characterized pi =minf{Z;Viexd — (AE/KT)/(Ni+ 11,1}, (5)
by the LJ size and ener arameterande; the values we : -
u)s/ed are listed in Tableg?/. FI):0r the cross-term LJ parametervs\/herezi:eXp(U“i /kT)/AB. is the absolute activity at tempera-
the Lorentz-Berthelot mixing rule was usE: ture.T, A; the de Broglie wave—lengtmi the chemical po-
tential of component, AE the potential energy change re-

€ = Je,_e (1) sulting from creating or removing a particle, avd; andN;
! ! the volume and number of atoms of componieinteach CV,
oij=(oi+a))/2. 2) respectively. The probabilityp; of deleting a particle is
given by
All the physical quantities were expressed in reduced units
by using ecy, and ocpy, as the basic units of energy and pi =min{N; exd (—AE/KT)/(Z;V¢)].1}. (6)

length. Table Il lists the relation between the dimensional When a particle is inserted in a CV, it is assigned a ther-

TABLE II. The relation between the dimensional and dimen- Mal velocity selected from the Maxwell-Boltzmann distribu-
sionless quantitiegwith an asterisk kg is the Boltzmann's con- tion at the givenT. An important parameter of the simula-

stant. tions is the ratioR of the number of GCMC insertions and
deletions in each CV to the number of MD steps between
Variable Dimensionless form successive GCMC steps. This ratio must be chosen appropri-
ately in order to maintain the correct density and chemical
LengthL L*=L/ocy, potentials in the CVs, and also reasonable transport rates at
EnergyU U*=Ulecy, the boundaries between the CVs and the pore space. In our
MassM M*=m/Mcy, simulationsR=50:1 proved to be sufficient. Since the two
Density p p*=p<rf’;H4 CVs are well mixed and in equilibrium with the two bulk
Temperaturel T =kgT/ech, phases that are in direct contact with them, there should be
PressureP P* = pggHA/e% no overall nonzero streaming velocifatio of the flux to the
Time't t* :t(GCH4/MCH4<rf;H4 12 concentration of each gas componéntthese regions. How-
Flux J J*:Jg—gHA(MCH4/GCH4 12 ever, to reduce the numerical in;t_ability caused by t_he dis-
PermeabilityK K*=K(M CH46CH4)1/2/UCH4 continuity of the streaming velocities at the boundaries be-

tween the CVs and the pore space, a small streaming velocity
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was added to the thermal velocity of all the newly inserted % T A
molecules within each CV that were located within a dis-
tance 0.5y, from the boundaries.

In the MD simulation of transport and separation of the
gases in the pore network, the Verlet velocity algoritfith o35}
was used to solve the equations of motion. The time &tep
was adjusted according to the loading of the gas molecules %
and the average pore size, such that the standard deviatioreo.s-
of the total energy relative to the mean was about1® 4
or less. A typical value ofAt selected in this way was 5
%102 in reduced units, or 7.3710 3ps. To reduce the o8-
time for calculating the interaction between a gas molecule
and all the carbon atoms, the simulation box was discretizec
into n® grid points with n=111, thus resulting in over  oosf
1367 000 small subcells. We then used a 3D piecewise cubic
Hermite interpolatior{19] to compute the potential energy
and forces for the gas particle at any position using the in-

formatlpn at then g”.d points. ISOk.mEt.'C conditions were FIG. 3. Adsorption isotherms for GH wu. is the configura-
maintained by rescaling the velocity independently in all . . . Lo ; . .

. . . . . tional chemical potential, while is the loading. Circles and tri-
three directions. During the MD calculations gas particles

ina th ter boundari f the CV d Iangles show the results for the smaller and larger sample sizes,
crossing the outer boundaries of the S were removed. spectively(see the text for the sample sizeShe sample porosity
addition, we allowed for a nonzero streaming velodite.,

A > is 0.5. All the properties are dimensionlgsge Table)l
the ratio of the flux to the concentration of each gas compo-

neny in the entire pore space, consistent with the presence o

f . . N .
bulk pressure/chemical potential gradients along the flow di_rarely encountered in practical situations. Moreover, the dif-

rection. The unrealistic assumption of a zero streaming Vef_e'rences between the r.esults for two dlfferent'r.eahzauons
with the same sample size are very small. Traditionally, the

locity used in many of the single pore models leads to se; dsorption isotherms are represented as the loading versus
verely underestimated fluxes. The streaming velocity of eac P . P . 9
e pressure in the system. Hence, Fig. 4 presents the adsorp-

component in the pore space was obtained by linearly intell-. . . X T . )
polating between its two values in the two CVs. Energy con-t'on isotherm, corresponding to Fig. 3, in this fashion. Since
e atoms on molecules were assumed to be LJ hard spheres,

servation in the system was monitored, and care was takentE hemical potential b ted 1o th
ensure that the temperature of the system remained consta f chemical potentialg,. can be converted 1o the corre-

in order to eliminate any contribution of the temperature gra—Spondlng pressures using the equation of state for LJ fluids

) 20].
h . Al th | h 1or20: _—
$lir12'[5t?(:t e transport the results reported here are fo Figure 5 presents the self-diffusivitp of CH, versus

loading at a porosity of 0.5 for the same two box sizes. For

each size of sample we show the results for two different
IV. RESULTS AND DISCUSSION realizations of the pore space. Two important features are
worth noting. One is that the self-diffusivity is much more

We first carried out some preliminary simulations usin . . L
EMD in order to study the eﬁl‘aect of they sample sizes Wgeaffected by the sample size than is the adsorption isotherm.

investigated adsorption and self-diffusion of CiH the pore This is due to the fact that the pore space connectivity and

space. Figure 3 shows the adsorption isotherms in terms (ﬁSD both strongly influence diffusion of a molecule in a

Bu. versus loadinddefined as the ratio of the total number
of the gas molecules and the volume of the simulation) box
for two different box sizes. Herg=(kgT) %, wherekg is
Boltzmann’s constant] is the temperature of the system,
and u. is the chemical potential of CHn the system. All
the quantities shown in this and the following figures are
dimensionlesgsee Table Il for the relation between the di- oz}
mensionless and dimensional quatitiekhe smaller box was
46.6<39.6x40.2 A in the x, y, and z directions, respec- = oaf
tively (in the NEMD simulations, the external chemical po-
tential or, equivalently, pressure gradient was applied irxthe o1s
direction, while the size of the larger simulation box was
63.9x 63.95x 63.65 A3. For each sample size, the results for { ]
two different realizations are shown. The porosity in both 4
cases was 0.5, and we used periodic boundary conditions i1 **f 1
3

0.45

04r

0.2

01

04 T T T T T

0.3

all three directions. As this figure indicates, up to a loading 4 . . .
of about 0.3 there is very little difference between the two ‘o 05 1 15
adsorption isotherms. While the difference between the two

isotherms is larger at higher loadings, such high loadings are FIG. 4. Same as in Fig. 3, but versus the pressure

L I L
2 25 3 35 4
P
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0.25— T T T T T T T T T T 0.14 T y T T T
0.12f
01
2
1 2
$ 0.081 4
Q
[<3 L -
<1::@70.06
0.04F
0.02
. . . . G 3 e . 0
041 015 02 025 03 035 04 045 05 055 06 0.2

Total Porosity
FIG. 5. Self-diffusivityD of CH, in the pore spacéat a porosity

of 0.5 versus loading. Symbols are the same as those in Fig. 3, an(gJr
both D andp are dimensionless.

FIG. 6. Dimensionless adsorption isotherms for,G@p three
ves and CHj (bottom three curvgsThe results are for the pres-
sures 3(solid), 2 (dashed and 1 atm(dash-dotted

pore space. The second noteworthy feature is that, whilgepyeen the gas molecules and the pore surface, since a
there are significant differences between the results obtaine)(qgher porosity also improves the interconnectivity of the
with the two different realizations of the pore space when thepore space. The fact that G@ffinity for adsorption on a
smaller sample is used, the difference decreases as “@ﬁaphite surface is much larger than that of Qtas impor-
sample size increases. Moreover, we find that the lower thg,nt impjications. Since, relatively speaking, Si®adsorbed
initial loading of the gas molecules, the more significant iSy, the pore surfaces in much larger amounts than is, @sf
the effect of their initial spatial distribution on the calculated 5gsorption isotherm maxima are much more pronounced
properties. _ than those of Cil Thus, while the porosity has a strong
Based on such EMD computations, we used the largeggact on cQ adsorption, its effect on CHs much weaker;

sample size in the rest of our studies. The results were alstcp]e amount of adsorbed GHaries only weakly as the pres-
averaged over five realizations of the network and many inix

ial distributi tth lecules | h lizati sure or porosity is varied. The important implication of the
t"'; Istri butlodns oft ? ﬁas ml? ecules in eac re%a: IZ":‘jt'on'maxima in the adsorption isotherms is that there is an opti-
The number density of the carbon atoms was 114hand 15| hore space morphologshe distribution of the porosity
the spacing between the adjacent graphite layers was 0.3

" ; X d pore connectivijyfor separation of gases in the mem-
nm. The total number of initial carbon atoms in each realiza rane(see also below These effects, which are absent in the
tion was 29640. The box was then tessellated into 180U g6 pore models, point to the significance of the pore
polyhedra. The average pore size for this pore network, thgpace morphology in gas separation.

PSD of which is shown in Fig. 1, is about 6.4 A, if the POr€ ~ To study the separation properties of the membrane we
polyhedra are selected randomly. Thg average poré SIZescyate, after the system has reached steady state, the per-
when the pores are selected with the bias are 5.19, 5.63, a bability K; of gasi defined as

5.92 A for porosities of 0.5, 0.6, and 0.7, respectively. The :

mean pore size of typical CMSMs is about 3.5[4]. A J; LJ;

specific mean pore size is obtained by selecting an appropri- Ki:AP_ L AP (7)

ate box size and then adjusting its number of VVoronoi poly- ' '

hedra. For example, with the same box size as the one WghereAP; /L is the partial pressure gradient for gaalong

used in our simulation but with 11600 polyhedra, the averthe membrane. The most interesting property is the dynamic
age pore size would be about 3.5 A, if the pore polyhedraeparation factor,

were selected randomly. This would require much more ex-

tensive computations, but also indicates the flexibility of our K,

model. 521=K—1, (®)
Figure 6 presents the adsorption isotherms of, @@d

CH,, in an equimolar mixture, as functions of the pressureand its dependence on the membrane’s pore space morphol-

(in the pore spageand porosity. They indicate that the ad- ogy. We utilized total pressures of 3 and 1 atm in the up-

sorbed amounts of the gases increase with increasing porostream and downstream bulk phase regions, respectively, the

ity, reaching a maximum at a porosity of about 0.45-0.5same as those used in our experiments with CMSMs using

beyond which they both decrease with increasing porositythe same two gasd$,16]. Figure 7 shows the porosity de-

These results, to our knowledge, are completely novel. Theendence of,; and the fluxes for an equimolar mixture of

maxima in the isotherms are due to two competing effects: ACO, and CH, indicating that they are both small at low

higher porosity provides more accessible pore surface argaorosities, which is due to two important factorg:l) small

for adsorption, but at the same time decreases the interactigpore surface area for G@dsorption, and2) tortuous trans-
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25 20

easily accounted for by our model. Finally, for mixtures such
as H-CH,, in which both gases have very little affinity for
adsorption on the surface of the pores, the single pore model
completely breaks dowfi5,16), even in a qualitative sense,
whereas our model would predi@1] separation factors that
are at least in qualitative agreement with the d#& In a

0.5 future paper[21] we will present the results of extensive
EMD and NEMD simulations of binary and ternary gas mix-
tures in the molecular pore network model and compare the
results with the experimental data, as well as investigating
the effect of various factors that affect these phenomena,
such as the temperature, the mixture composition, and the
nature of the gases.

-
o

Flux x 107

Separation Factor
=

o

Q
04 0.5 0.6 07 0.4 0.5 06 0.7

Total Porosity Total Porosity

FIG. 7. Porosity dependence of the componinensionless
flux (left) and the separation fact@right).

port paths for Clj, which is adsorbed much less than £O
However, as the porosity increases, the,Gl0x also rises
sharply, while the CH flux remains essentially constant. =~ We have developed a molecular pore network model for
Therefore,S,; also increases rapidly, reaching a maximumnanoporous materials based on Voronoi tessellation of the
of about 14 at a porosity of about 0.6, which is consistenspace. The model affords us the flexibility of generating pore
with the experimental datg6], after which it decreases al- Size distributions for the membrane that resemble closely
most as sharply as the porosity increases further. That menthose of real membranes. In addition, the molecular pore
brane separation of the gases at high porosities is not effe@etwork model points to the significance of the molecular
tive is due to the presence of very large pores, which can ngize of the transporting gases in definiand, by implica-
longer separate the two gases by molecular sieving. tion, measuring the membrane’s accessible porosity. We
It is instructive to compare these results with those ob-have carried out equilibrium as well as nonequilibrium mo-
tained with the same gases in the single pore mt&lL6. lecular dynamics simulations of transport, adsorption, and
The separation factors that are obtained with the single porgeparation of binary gas mixture in the model membrane,
model are two orders of magnitude smaller than those of thwvhich indicate significant differences between our results
experimental datf6], even when the pore size is the same asind those obtained with single pore models.
the average pore size of the membrane, whereas the results
presented here are much more closely consistent with the
data. Moreover, the separation factors depend on the porosity
of the membrane, a morphological property whose effect We are grateful to the National Science Foundation and
cannot be taken into account by the single pore model, but ithe Department of Energy for partial support of this work.

V. SUMMARY
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