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Atomically detailed simulations are used to compute the
self-diffusivity and transport diffusivity of Ar and Ne
through single walled carbon nanotube (SWNT) pores at
room temperature. The diffusivities are computed over a
range of loadings, corresponding to external equilibrium
bulk pressures ranging from 0 to 100 bar. The
diffusivities in carbon nanotubes are compared with
diffusivities of the same gases in silicalite, a common
zeolite, under the same conditions. We find that self-
diffusivities are one to three orders of magnitude faster
in carbon nanotubes than in silicalite, depending on
loading. The transport diffusivities are about three
orders of magnitude faster in nanotubes than in silicalite
over all loadings studied. The equilibrium adsorption
isotherms and computed diffusivities are used to predict
fluxes through hypothetical membranes of nanotubes
and silicalite. The fluxes for both Ar and Ne are predicted
to be four orders of magnitude greater through nanotube
membranes than through silicalite membranes of the
same thickness.

Keywords: Argon diffusivity; Carbon nanotube membranes; Neon
diffusivity; Silicalite membranes

INTRODUCTION

Diffusion of fluids in microporous materials has
become an ever increasingly important topic over
the past several decades. Catalytic and separation
processes can depend critically on the diffusion
characteristics of gases in sorbents such as zeolites
[1-3], polymers [4-6] and nanoporous carbons
[7,8]. Substantial progress has been made in
developing new membrane materials and new
synhesis techniques such that gas separation
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by organic or inorganic membranes is now
commercially feasible [2,3]. However, wide-spread
industrial use of membranes for separations is still
seriously limited by a universal trade-off between
the selectivity, or separation factor, and the
permeability, or flux. The existence of an upper
bound for the selectivity versus permeability was
first quantified by Robeson some ten years ago [4].
The goal of developing a membrane with both high
selectivity and high flux remains a major challenge
today. In this paper, we present atomistic simu-
lations of diffusion of two pure fluids, Ar and Ne,
through single walled carbon nanotubes (SWNTs).
The reason for examining SWNTs is that recent
calculations by us have shown that these materials
should exhibit extraordinarily high diffusivities for
H, and CHy [9]. We use simulations to demonstrate
that the diffusion of Ar and Ne through nanotubes
of various diameters is orders of magnitude faster
than diffusion of these same gases through
silicalite, a commonly used zeolite for industrial
applications with pores of about the same size as
the nanotubes.

Two different pure-fluid diffusivities are of
interest in both experiments and simulations.
These are self- and transport diffusivity. Self
diffusivity is the diffusion of a single tagged
molecule through a fluid. Transport diffusivity
relates the macroscopic flux of molecules in a
system to a driving force in the concentration. The
self-diffusion coefficient, D, can be measured
experimentally through incoherent quasi-elastic
neutron scattering (QENS) and pulsed field gradient
NMR [3,10]. Molecular simulations can be used to
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measure the self-diffusion coefficient through
the Einstein relation,

Ds(c) = th <Z i) — r1(0)|2> M

where ¢ is the concentration or density, f is the time,
N is the number of molecules in the system, and 7; is
the vector position of molecule i. The transport
diffusivity is defined by Fick’s law of diffusion,

] = —Du(c)Ve @)

where f is the flux, D; is the transport diffusion
coefficient, and Vc is the gradient of the concen-
tration. D, is also known as the Fickian diffusion
coefficient. The self- and transport diffusion coeffi-
cients depend on concentration in different ways in
microporous solids and have different values except
at zero concentration where they are equal [3].
Previous studies have shown that in zeolites and
SWNT pores Dg(c) decreases very rapidly with
increasing concentration due to fluid—fluid col-
lisions, whereas Dy(c) typically increases with
increasing concentration [9,11]. Values of D; can be
measured experimentally through coherent QENS
[12] and macroscopic techniques such as permeation
chromatography and sorption uptake [3]. Measure-
ment of D; from simulations is not as straight-
forward as for D,. In addition, D, is a collective
property, depending on the motion of the entire
fluid, while Dy is a single molecule property. Hence,
the statistical accuracy of D, is inherently much
lower than for D,. There are basically two classes of
methods for computing D; from molecular simu-
lations (MD), one employs non-equilibrium mole-
cular dynamics (NEMD) techniques while the
second uses equilibrium molecular dynamics
(EMD) methods. The most widely used NEMD
method imposes a chemical potential gradient
across some portion of a simulation cell or section
of a membrane in order to measure the resulting
flux of molecules. Dy(c) is then inferred from Eq. (2).
The concentration gradient is generated through
dual control volume grand canonical MD (DCV-
GCMD) [13-16]. The EMD method for computing
Dy(c), first developed by Theodorou and coworkers
[17,18], proceeds by writing

ol
Di(c) = Dy(c) (a 12{ ) : 3)
T

where Dy(c) is called the corrected diffusivity [17,18]
and f is the fugacity of the bulk fluid in equilibrium
with the adsorbed phase at the given concentration
c. The derivative term multiplying Dy(c) is referred
to as the thermodynamic correction factor and can
be evaluated from the equilibrium adsorption
isotherm calculated, for instance, from grand

canonical Monte Carlo (GCMC). The corrected
diffusivity can be computed from EMD using

[11,17,19]
2
> 4)

In this equation, (---) indicates an average over
multiple independent EMD trajectories each of
which contain N mobile adsorbed molecules. One
useful way to interpret this result is that Dy(c) is
related to the diffusive motion of the center of mass
of the mobile molecules in the simulation volume.
In practice, this average must be computed by
performing at least 10-20 independent EMD
simulations due to the inherently poorer statistics
of Eq. (4) compared with Eq. (1). This means that
computing the corrected diffusivity is intrinsically
more demanding than computing the self-diffusivity.
Given that the EMD method requires both multiple
independent trajectories and an additional GCMC
calculation in order to compute Di(c) one might
suppose that DCV-GCMD is more efficient than
EMD for computing Di(c). However, there are three
advantages of the EMD over NEMD methods. First,
non-equilibrium methods only give accurate results
when used in regimes where linear response theory
is valid, so tedious calculations may need to be
performed to fully calibrate them [17]. Second, EMD
methods make it possible to compute Dy(c) and Dq(c)
directly from a single calculation, unlike non-
equilibrium methods. Since there are long-standing
controversies about correctly comparing experimen-
tal measurements of self- and transport diffusion
[3,12,18,20,21], it is very useful to have data on both
these quantities that can be compared unambigu-
ously [11]. Third, for DCV-GCMD the concentration
at which Dy(c) should be evaluated is not well
defined. In fact, DCV-GCMD is only able to give an
average value for D, not the exact concentration
dependence of Dy(c).

In this work, we focus on diffusion in SWNTs.
Carbon nanotubes were first discovered by lijima as
multi-walled structures consisting of concentric
shells [22]. Single walled nanotubes were later
isolated by both lijima and Ichihashi [23] and
Bethune et al., [24] SWNTs have typical diameters
on the order of 1 to 2nm, although diameters as small
as 0.4nm have been reported [25-29]. SWNTs form
ropes or bundles of individual nanotubes arranged
on a hexagonal lattice with an inter-tube gap of about
0.32nm [30]. These ropes are typically several
microns in length, although recent claims of several
centimeter have been made [31]. The diameter,
helicity, and electronic properties of a SWNT are
defined by the nanotube indices, (1, m) where n
and m are integers [32]. These indices define how

Z [7i(t) — 7:(0)]

Do(c) = hm 6Nt<
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the SWNT may be formed by mapping a graphene
sheet to the surface of a cylinder. In this work, we
will consider nanotubes defined by the indices (8,8),
(10,10) and (12,12), having diameters of 1.085, 1.356
and 1.627 nm, respectively. We consider only defect
free nanotubes in this study. Such nanotubes are
atomically smooth, with no asperities on the inside of
the nanotube, in contrast to zeolites, which have
constrictions or windows in between wider channels.
We will show that this inherent smoothness that
leads to unparalleled diffusion rates in SWNTs.

There have been very few simulations of diffusion
in carbon nanotubes. Nicholson studied transport
selectivity of CH, and CO, in model cylindrical
carbon pores, but with structureless walls so that
wall-molecule collisions were modeled with a pure
diffuse reflection algorithm [33]. Therefore, these
results are not directly related to transport in SWNTs,
because the transport coefficients are sensitive
functions of the wall-fluid collision properties.

Mao and Sinnott [34-36] have studied the self-
diffusion of pure methane, ethane and ethylene in a
number of different SWNTs using MD. They have
also studied diffusion of mixtures of methane/
ethane, methane/n-butane and methane/isobutane
in a number of different nanotubes. They have used a
reactive empirical bond order potential [37-39]
(REBO) to account for the short range reactive
interactions (core—core repulsions and valence
electron attractions). The long-range interactions
were modeled with empirical Lennard-Jones (L])
potentials, modulated to zero at short distances
where the reactive potential is non-zero.

The REBO potential realistically accounts for the
nanotube flexibility. The self-diffusion coefficients
for methane at high pore loadings were found to be
on the order of 10 *cm?s™ ' This is in reasonable
agreement with the values calculated in our previous
work at the highest loadings [9].

Work by Sokhan and coworkers on simulated
Poiseuille flow in graphitic slit pores and carbon
nanotubes using NEMD is related to our work
[40,41]. Their results show that the graphene
structures, both slit pores and SWNTs, have very
long hydrodynamic slip lengths, even for fluids that
are very strongly adsorbed in the pores. This, they
point out, is a direct consequence of the low degree
of corrugation in the graphene structures. This result
precisely agrees with our observations that diffusi-
vities in SWNTs are much faster than other sorbents
because of the inherent smoothness of the potential
energy surface. Sokhan et al., modeled the graphene
planes and carbon nanotubes using the fully flexible
Tersoff-Brenner potential [38,42,43].

Only one other group has attempted to determine
the transport diffusivity of adsorbed gases in carbon
nanotubes. Transport diffusion coefficients for
CH,/CF, mixtures in an isolated multiwalled carbon

nanotube (MWNT) were computed from a series of
DCV-GCMD simulations by Diiren et al., [44]. They
used a model MWNT consisting of three concentric
nanotubes with the innermost nanotube having a
diameter of 2.978 nm. Single L] spheres were used to
model CH; and CF; and the pore walls were
represented by atom explicit L] potentials for each of
the carbon atoms in the nanotube. However, instead
of using the atom explicit pore walls to generate
correct scattering trajectories, they used a thermal
scattering algorithm developed for transport
through model carbon membranes [45]. The thermal
scattering algorithm assumes that molecules reach
complete thermal equilibrium with the pore wall and
are re-emitted in a random direction following a
collision with the wall. Use of this algorithm
drastically changes the diffusive behavior of the
fluid because the diffusive transport is dictated by
the details of the fluid-wall scattering events. As a
result, the D, values measured from their simulations
are orders of magnitude smaller than those calcu-
lated from our previous work [9] and in this study.
We emphasize that the low diffusivities observed by
Diiren et al., are an artifact of a physically incorrect
treatment of gas-nanotube collisions. This result
underscores the importance of accurately accounting
for the gas-solid interactions when computing
diffusivities.

In our previous work [9], we have used atomis-
tically detailed models of carbon nanotubes to
compute the self- and transport diffusion coefficients
from the EMD methods first proposed by Theodorou
and coworkers [17,18]. We calculated Dg(c) and Dx(c)
for H, and CH,4 at room temperature in a (10,10)
nanotube and in two zeolites, namely, silicalite and
Z5M-12. We also computed the equilibrium iso-
therms and found that these were quite similar for all
three sorbents on a volumetric (molesm >) basis.
The diffusion coefficients, however, were strikingly
different in each of the three sorbents. The zero
coverage self-diffusion coefficients for both H, and
CH, are about three orders of magnitude larger in
the (10,10) SWNT than in either silicalite or ZSM-12.
Values of Dg(c) decrease rapidly with increasing
loading in all three sorbents, but the decrease of Dy(c)
in the SWNT is much more dramatic, so that at the
highest loading studied Dy is only about one order of
magnitude higher in the SWNT than in the zeolites.
The transport diffusivity is roughly constant with
increasing coverage for both sorbates in all three
sorbents. Therefore, Di(c) remains about three orders
of magnitude higher in the (10,10) SWNT than in the
two zeolites over the entire range of concentrations.
We also computed Dg(c) and Di(c) for H, in the (6,6)
nanotube, with a diameter of 0.81 nm, for compari-
son with the values obtained for the (10,10) SWNT,
which has a diameter of 1.36 nm. We found that both
Dg and D, were larger in the (6,6) than in the (10,10)
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nanotube for all concentrations studied. For
example, the zero loading diffusivities are
approximately 10 and 1cm®s™' in the (6,6) and
(10,10) SWNTs, respectively. The increase in the
diffusivity with decreasing diameter of the nanotube
is due to the decrease in corrugation as the carbon
atoms in the wall of the nanotube become closer
together. This same sort of phenomenon was noted
by Sokhan and coworkers, who observed shorter
slip lengths when the density of wall atoms was
reduced with respect to the graphene lattice [40,41].
In this paper, we present results for Dy(c) and D;(c)
of Arand Nein (8,8), (10,10) and (12,12) SWNTs over a
range of pore loadings corresponding to bulk phase
equilibrium pressures from 0 to about 100 bar. We
compare our results to diffusivities of Ar and Ne in
silicalite over the same pressure range. All calcu-
lations are at room temperature. We discuss the
significance of these results in terms of hypothetical
membranes that could be constructed from SWNTs.

SIMULATION METHODS

The potential models used in this study are all of
the L] form. The parameters are listed in Table I. The
solid—fluid potentials were derived from the
Lorentz-Berthelot combining rules,

g+ oj
o == ®)
€ = (eiep)'/?, (6)

where o is the size parameter and € is the energy
parameter. The fluid parameters listed in Table I are
those used by Skoulidas and Sholl [11] in their study
of transport diffusivities in silicalite. The carbon
parameters were developed for graphite [46]. We
assume that the nanotubes are completely rigid, with
all carbon atoms fixed in their ideal lattice positions.
The solid —fluid potential was precomputed on a grid
and Hermite cubic polynomial interpolation [47] was
used to compute the potential and the forces during
the simulation. The grid spacing was set to 0.02nm.
This is the same procedure used for computing
isotherms and diffusivities in zeolites by Skoulidas
and Sholl [11,19]. The fluid—fluid and solid-fluid
potentials were truncated at a distance of 2nm; no
long-range corrections were applied.

TABLE I Lennard-Jones potential parameters for the atoms
considered in this study

Atom e/k (K) o (nm)
Ne 35.7 0.2789
Ar 124.07 0.342
C 28.0 0.34

The solid—fluid interaction parameters were obtained from the Lorentz-
Berthelot combining rules.

In this paper, we have computed Ds(c) and Dy(c)
from the EMD method outlined above. Equations (1)
and (4) were implemented within the EMD
formalism. Simulations were started from configur-
ations generated from GCMC simulations to achieve
the desired loading, after which the configuration
was relaxed within the canonical (NVT) ensemble
using Monte Carlo, followed by NVT MD before
data were collected. The system was typically
equilibrated for 100 000 time steps, with a time step
of 0.001 in reduced units. Fifteen or more different
independent trajectories were typically generated,
each with their own equilibration period, in order to
improve the statistics of Eq. (4). Note that running a
single long simulation with different time origins
does not produce as accurate results as using
independent trajectories. Different random number
seeds were used to generate the initial configuration
and the initial velocities for the independent
trajectories. The length of the simulation cell was
varied from 20 to 200nm so that the number of
molecules was typically between 80 and 300.
Periodic boundary conditions were applied in the
direction of the nanotube axis. The temperature was
maintained through use of a Nosé-Hoover thermo-
stat [48,49].

Once the Dy(c) values were calculated, D(c) values
were computed from Eq. (3) using the thermo-
dynamic correction factor. This factor was computed
by generating the equilibrium isotherm and fitting
the isotherm to a double Langmuir isotherm,

a P blp

n:tl2+P+b2+P’ @)

where 7 is the loading, P is the pressure, and 4; and b;
adjustable parameters. The derivative needed in
Eq. (3) was then computed from Eq. (7) using
experimental second and third virial coefficients [50]
to relate the pressure and the fugacity. The isotherms
were computed from GCMC simulations [48,49]
using the same potentials as for the EMD simu-
lations. The probabilities of making displacements,
creations, and deletions were set to 40, 30 and 30%,
respectively. The GCMC simulations were equili-
brated for 2 X 10° configurations, after which data
were collected for 4 X 10° to 10” configurations, with
longer simulations being used for the highest
loadings.

RESULTS AND DISCUSSION

The equilibrium isotherms for Ar and Ne at 298K in
SWNTs and silicalite are shown in Figs. 1 and 2. The
data were computed by assuming that the SWNTs
form an ideal hexagonal array with an inter-tube gap
of 0.32nm, which corresponds to the close-packed
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FIGURE 1 Adsorption isotherms for Ar at 298K in arrays of
(12,12) (circles) (10,10) (squares) and (8,8) (diamonds) SWNTs, and
silicalite (triangles). The nanotubes are assumed to form a close-
packed hexagonal structure. Silicalite is taken to be a perfect
crystal. Lines are to guide the eye.

structure [30], and that no fluid adsorbs in the
interstitial channels. The silicalite isotherms assume
a defect-free single crystal of the zeolite. Adsorption
in the nanotubes and silicalite is comparable, but the
amount adsorbed is always higher in the SWNTs we
have studied. Note that for Ar the amount adsorbed
at higher pressure decreases with decreasing
diameter of the nanotube, whereas at low pressure
(lower than 10 bar) the opposite trend is observed.
This is evidence of the trade off between the stronger
adsorption potential for the smaller nanotubes and
the larger free volume available in the larger
nanotubes. The adsorption of Ne in the nanotubes
and silicalite is substantially weaker than Ar. This
reflects the weaker solid-fluid interactions and
lower critical temperature for Ne (i.e. Ne is at a
much higher reduced temperature than Ar). There is
little difference between the Ne isotherms in the
(12,12), (10,10) and (8,8) nanotube arrays. This is

3000 . . . .
&—#(12,12) SWNTs
B {10,10) SWNTs
+—@ (8,8) SWNTs
& Silicalite
G 2000 :
E
e}
o
[=]
E
(=2}
f=
£
8 1000 1

0 20 40 60 80 100
Pressure {bar}

FIGURE 2 Adsorption isotherms for Ne as in Fig. 1.
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Self-Diffusivity (cm s )
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L
(

@

20 40 60 80 160
Pressure (bar)

FIGURE 3 Self diffusivity of Ar at 298K in (12,12) (circles)

(10,10) (squares), and (8,8) (diamonds) SWNTs and silicalite

(triangles).

N
C>|

o

because the amount adsorbed is dominated by the
surface area, not the volume. Hence, in the larger
nanotubes the increase in surface area is mostly
offset by the increase in volume.

The self-diffusivities for Ar and Ne in the SWNTs
and silicalite are plotted in Figs. 3 and 4. Silicalite has
a 3-D pore structure that allows anisotropic diffusion
in the x, y and z directions. We here report only the
orientationally averaged diffusivities [11,19], which
are appropriate for describing randomly oriented
polycrystalline silicalite membranes [51]. Note that
Ds of Ne in silicalite is relatively constant over the
entire range of pressures covered. This is partly due
to the low loadings of Ne; a pressure of about 100 bar
corresponds to 6 Ne atoms per unit cell, while for Ar
in silicalite a 50 bar external pressure gives a loading
of 12 atoms per unit cell. Hence, there are fewer
adsorbate—adsorbate collisions for Ne than Ar in
silicalite at the same bulk pressure and Ds(c) does not
decrease as fast as Ar in silicalite. Values of Dg(c) for
both Ar and Ne in all the nanotubes decrease
dramatically with increased loading. As noted before
[9], this is due to the smoothness of the nanotube
potential energy surface, which results in the
dominance of atom—atom collisions in momentum
decorrelation as compared with atom-nanotube
collisions. Hence, D;(c = 0) for Ar and Ne is about
three orders of magnitude faster in the nanotubes
compared with silicalite, whereas at the highest
pressures diffusion is only about one order of
magnitude faster in SWNTs. These results are also
very similar to those observed previously for CH,
and H, [9]. The D, data for Ar in the different SWNTs
are all qualitatively similar. The estimated uncer-
tainties are smaller than the size of the symbols in the
figures. There appears to be very little dependence of
Ds on the diameter of the nanotube for the range of
SWNT sizes studied here. In contrast, diffusion of Ne
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FIGURE 4  Self diffusivity of Ne as in Fig. 3.

in the (8,8) nanotube appears to be significantly
slower at high loadings than in the other nanotubes
(see Fig. 4). This decrease of Ds with decreasing
diameter is the opposite trend observed for H, [9].
Values of Dy(c) for Ar and Ne are plotted in
Figs. 5 and 6. The most striking feature of these
figures is that D; in the nanotubes is about a factor
of 1000 larger in SWNTs than in silicalite, over the
entire range of loadings. This is consistent with the
behavior of CH; and H, in (10,10) nanotubes,
silicalite, and ZSM-12 [9]. Note that Dy(c) of Ar in
silicalite increases with increasing loading, whereas
Ar in the (10,10) and (12,12) SWNTs first decreases
with increasing ¢ and then increases slightly. This is
because the initial momentum decorrelation
introduced by adsorbate—adsorbate collisions man-
ifested in D, also leads to decreases in D,
(not shown) and D; at low concentrations.
However, D, decreases only slightly with

10 . : : :
~10" F 1
NU}
5
=
2107 k ®—9(1212) SWNT |
2 B (10,10) SWNT
a &—¢ (8,8) SWNT
TCSL A—a Silicalite
2
107 | .
=

0 20 40 60 80 100

Pressure (bar)
FIGURE 5 Transport diffusivity of Ar at 298 K in (12,12) (circles)
(10,10) (squares) and (8,8) (diamonds) SWNTs and silicalite
(triangles).

10 T T T T
~10" | - -
o
e
s
2
s o
20 ®—®(12,12) SWNT E
5 =—m(10,10) SWNT
% *—(8,8) SWNT
& A—A Silicalite
51070 L .
'_
& & A A
0 20 40 60 80 100

Pressure (bar)
FIGURE 6 Transport diffusivity of Ne as in Fig. 5.

increasing concentration, changing by about a
factor of three for the larger nanotubes. The
thermodynamic correction factor, initially unity at
low pressures, increases with increasing loading
faster than Dy(c) decreases at higher loadings.
Hence, the initial decrease and subsequent increase
in Dy(c) is a result of the competing effects of
adsorbate—adsorbate momentum decorrelation and
the shape of the equilibrium adsorption isotherm.
Dy(c) in the (8,8) nanotube is almost constant and
the thermodynamic correction factor increases very
rapidly with ¢, making D(c) a monatonically
increasing function. All D, values for Ne are
relatively constant with pressure. This is partly due
to the low concentrations of Ne in the sorbents. If
the pressure were extended to much higher values
then we believe behavior consistent with the Ar
data reported in Fig. 5 would be observed.

The steady state fluxes of Ar and Ne through
hypothetical membranes can be predicted from our
D, data and the adsorption isotherms, assuming
negligible transport resistance at the membrane
interfaces [51,52]. We have assumed membranes
10 wm thick constructed of polycrystalline silicalite
or perfectly aligned SWNT with inter-tube gaps of
0.32nm, consistent with the data in Figs. 1 and 2. The
predicted fluxes are plotted in Fig. 7 for Ar and in
Fig. 8 for Ne. Flux through membranes composed of
(12,12) and (10,10) nanotubes are compared with flux
through a silicalite membrane. A constant pressure
drop of 1.38 bar is assumed across all the
membranes. This pressure drop is typical for
experimental membranes. The inlet pressure is
varied to account for the variation of flux as a
function of loading. This model has shown good
agreement with experimentally measured CH, flux
through polycrystalline silicalite membranes [51].
Flux through the SWNT membranes is predicted to
be approximately four orders of magnitude higher
than through silicalite.
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FIGURE7 Predicted flux of Ar across a 10 pm thick membrane as
a function of the upstream (inlet) pressure. The downstream
(outlet) pressure is 1.38 bar lower than the upstream pressure. The
solid line is for a (12,12) SWNT membrane, the dotted line is for a
(10,10) SWNT membrane, and the dashed line is for a silicalite
membrane.

In conclusion, we note that typical light gas
diffusivities in gases, liquids and glassy polymers
are 1071, 107 ° and 107 9-10 Y em?s ™}, respectively
[53,54]. Diffusivities inside crystalline microporous
solids are sensitive functions of the adsorbent
structure. For example, the diffusivity of CH, is
roughly 10" *cm?s™' in silicalite [9] but only
4 x 10 Mem?s™ ! in zeolite 4A [3]. In comparison,
we observe that diffusion of small molecules
through SWNTs is orders of magnitude faster
than diffusion in any known microporous adsor-
bent and in fact is the same order of magnitude as
diffusion in gases. Thus, SWNTs seem to represent
the ideal limit for transport through microporous
sorbents.

mz)
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, ——— (10,10) SWNT ]
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=1
Flux (moles s

1
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-
(=]
T
L
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FIGURE 8 Predicted flux of Ne across a 10 wm thick membrane

as a function of the upstream (inlet) pressure. Conditions are the
same as in Fig. 7.
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