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The transport and separation of hydrogen and light alkanes are studied in a molecular-
sieve carbon membrane hollow-fiber module at the temperature range of 25—-400°C;
nitrogen is used as a sweeping gas in the study of mixtures, and the fluxes of pure
components are studied under a pressure gradient. The membrane selectivity, the ratio of
hydrogen to hydrocarbon permeabilities, may reach 100 to 1,000 in propane, or in
(normal or iso-) butane mixtures with hydrogen, making the membrane an excellent
candidate for a membrane dehydrogenation reactor. The permeabilities measured in
pure-component studies differ from those in mixtures. Specifically, counterdiffusion of
nitrogen and C, to C, alkanes significantly inhibits the fluxes of both, whereas the
hydrogen flux is only slightly diminished. To account for these results, molecular me-
chanics simulations are used to find the energetics of adsorption, diffusion, and desorption
of individual gases in cylindrical nanopores modeled by carbon nanotubes. In pore sizes
that are up to 2—3 times the dimension of the molecule, diffusion of the molecule inside the
pore is nonactivated, whereas desorption is activated and typically is the rate limiting
step; the molecular transport proceeds essentially by the single-file diffusion mechanism.
A rate expression for a single-species transport in a molecular-sieve carbon membrane is
derived by a mean-field approach. The pore-size distribution calculated by comparing
experimental and computed fluxes favorably compares with the measured distribution.
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Carbon Membranes for High Temperature Gas

Introduction

Transport of gas mixtures through inorganic membranes is
the subject of great current interest (Keil, 1996, 1999). Al-
though, inorganic membranes can withstand high temperatures,
issues, such as membrane mechanical instability (embrittle-
ment), insufficient permeability or permselectivity, or simply
high costs, still hamper the application of inorganic membranes
in the process industry (Saracco and Specchia, 1998). Dense
metal membranes (Pd, Ag, including their alloys) or solid
electrolytes allow for selective diffusion of hydrogen or oxy-
gen. Transport in dense membranes occurs by dissolution of
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the molecules in the membrane, followed by diffusion of the
molecules (or ions in solid electrolytes), and desorption (Uhl-
horn, 1991). Dense membranes are usually too expensive for
commercial applications, and show high selectivity but low
permeability. Porous membranes consist of a highly porous
metal, or a ceramic support with a thin top layer tailored to
have the desired selectivity (Burggraaf, 1991), yield quite a
high permeability, but a relatively low selectivity.

In a search for a highly selective and relatively inexpensive
membrane, that may be employed in membrane reactors for the
separation of hydrogen simultaneously with equilibrium-lim-
ited reaction, the separation of hydrogen and hydrocarbons in
carbon membranes are studied. Carbon membranes are molec-
ular sieves that incorporate pores of molecular dimensions, so
that steric and other effects associated with the proximity of the
pore wall play an increasingly important role in transport
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processes. Another selection mechanism that is important at
relatively low temperatures is due to adsorption and surface
diffusion. Because the interest is in high-temperature applica-
tions, the study of separation is in the range of 25-500°C. This
work describes the separation selectivities of a mixture of
hydrogen and hydrocarbons, and attempt to explain them in
terms of kinetic models, with energies calculated by molecular
mechanics modeling.

Membrane preparation

Molecular sieve carbons (MSC) can be prepared by the
pyrolysis of thermosetting polymers, such as polyvinylidene
chloride, polyfurfuryl alcohol, cellulose, cellulose triacetate,
polyacrylonitrile, and phenol formaldehyde (Bird and Trim,
1983). A different approach, involving a polymeric system
such as polyacrylonitrile (PAN) in a hollow fiber configuration,
followed by pyrolysis in an inert atmosphere, was suggested by
Koresh and Soffer, (1980, 1986, 1987). An oxidation treatment
is then necessary to a create permeable pore structure; the
oxidation treatment determines the pore sizes and the identity
of the molecules that can be absorbed, and thus transported,
through the system.

Ultramicroporosity was obtained by Koresh and Soffer
(1983) after thermal treatment in a vacuum, and this was the
basis for the development of a hollow-fiber gas-separation
membrane. This ultramicroporosity is because of small gaseous
molecules channeling their way out of the solid matrix during
pyrolysis. These micropores can be opened up by further
activation (oxidation at moderate temperatures, 400-500°C),
or closed by high-temperature sintering. The pore opening by a
high-temperature evacuation is because of the removal of sur-
face oxygen groups such as CO, and CO. The fact that it
essentially terminates at =~ 400°C, suggests that at higher
temperatures, where surface groups can still be degassed as
CO, sintering may already have taken place.

Transport selectivity

Adsorption tests show that the pore structure is composed
from relatively wide pores, separated by a few constrictions
responsible for the molecular sieving effect (Koresh and Sof-
fer, 1980). Koresh and Soffer (1987) tested the permeation of
a H,/CH, mixture, and found that, even at low temperatures
where considerable adsorption is very likely, H, permeabilities
are independent on mixture composition. Rao and Sircar
(1993) tested the permeation of hydrogen and C,-C, hydrocar-
bons through a flat supported carbon membrane at 296 K. All
pure-gas hydrocarbons were found to have larger permeabili-
ties than H, because of their preferential adsorption on the
carbon surface compared to H,. The permeabilities increased
from H, to CH, to C,H,. Then, they progressively decreased as
the molecular weight of the hydrocarbon chain increased. This
behavior is consistent with the observation that the specific
adsorbed amount of hydrocarbons in the carbon pores increases
as the hydrocarbon molecular weight increases; however, the
strength of adsorption also increases, causing the higher hy-
drocarbons to be less mobile on the surface. In a mixture, the
permeabilities of the most weakly adsorbed components are
drastically reduced in the presence of the higher hydrocarbons.
The same results were achieved with a tubular supported car-
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bon membrane at 296 K (Sircar et al., 1999). Sircar et al.
(1999) also tested the carbon dioxide—-methane—hydrogen sys-
tem, finding that CO, and CH, are preferentially permeated
through the membrane at room temperature. Kusuki et al.
(1997) found that in the temperature range of 25-120°C, the
permeability of light alkanes decreased with the kinetic diam-
eter of the gas and, hence, the permeability of each gas in-
creased with the temperature. Tanihara et al. (1999) tested the
permeation of H,, CO, and CH, in a carbon hollow fiber
membrane, prepared by pyrolyzing an asymmetric polyimide
hollow fiber membrane. They found a selectivity factor of 540
in a mixture of H,/CH, at 50°C.

Transport mechanisms

Determining the mechanism responsible for flow and sepa-
ration of multicomponent molecular mixtures through nanopo-
rous materials is a challenging experimental task (Weitkamp et
al., 1991; Chen et al., 1994; Xu et al., 1999; Mao and Sinnott,
2000, 2001), because it is nontrivial to produce nanoporous
materials of known average pore sizes, and of identified dis-
tributions.The understanding of the transport and separation
phenomena in carbon membranes is still largely incomplete
(Duren and Keil, 2001), because transport mechanisms vary
with the pore size, the pore network structure, and the molecule
size and shape, along with the interaction between the trans-
ported species and membrane material. Transport mechanisms
inside the pores of a membrane are usually classified into the
following: (a) viscous flow, (b) Knudsen diffusion, (c) surface
diffusion, (d) multilayer diffusion, (e) capillary condensation,
and (f) molecular sieving (Saracco and Specchia, 1994). Vis-
cous flow and molecular diffusion do not apply for nanopores
of molecular size. Knudsen diffusion leads to separation that is
inversely proportional to the square root of molecular weights
ratio. Selective adsorption onto the pore surface, followed by
surface diffusion of the adsorbed molecules, leads to the sep-
aration of the more strongly adsorbed component of a gas
mixture and, hence, strongly depends on temperature. If partial
condensation of some components of a gas mixture occurs in
the pores, the exclusion and separation of the condensed mol-
ecule can be achieved. In separation, based on molecular siev-
ing, molecules smaller than the pores will diffuse, whereas the
larger molecules will be partially or completely obstructed.

Restricting ourselves to models for predicting transport rates
through molecular sieves, we need to first consider the rate
through a single pore, and then the rate through a pore network.
Because the rate is extremely sensitive to pore diameter, the
average flux in a pore network significantly differs from that
predicted by a single pore. Because of a lack of information on
the network properties, the focus is on the rate through a single
pore; however, later we will try to predict the pore-size distri-
bution. Determining the rate requires information on the energy
associated with transition from the gas phase to the membrane
(adsorption), and of a molecule hopping between the energy
equilibrium minima inside the pore. However, we need to find
the pre-exponential coefficients. Some simple expressions are
described below. The rate coefficient for diffusion in a three-
dimensional (3-D) solid lattice model is usually expressed as
(Deen, 1998)

D_ul AG*
~6 Pl
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where u is the molecule velocity, / is the lattice spacing, and
AG* presents the difference between maximum and minimum
free energies along the diffusion path. For diffusion in pores of
radius r, it was suggested that

8RT
_ —(AEIRT)
D=r M e

so that the expression is reduced to that of Knudsen diffusion
when AE is small. Knowing the energetics still poses the
problem of how to describe the process in continuum models,
the diffusion in many cases occurs as a single file and does not
follow Einstein’s or Fick’s laws. The problem of diffusion of
two or more components is still largely open. Several research-
ers (Acharya et al., 1997) have examined the driving force
normalized flux, or permeance of various molecular probes
through the membrane system. Strano and Foley (2000) and
Acharya and Foley (2000) assumed that entropic effects dom-
inated the transport through the membrane. Membrane per-
meance was best correlated to the minimum projected area of
the molecule.

Molecular simulations provide a deeper understanding of the
mechanisms of transport and separation through porous mate-
rials, and, hence, are playing an increasingly important role in
the analysis of experimental data, and the molecular design of
such materials. They are based on either equilibrium or non-
equilibrium molecular dynamics (MD), or on Monte Carlo
(MC) simulations (MacElroy et al., 2001; Demontis et al.,
2001; Ohba and Kaneko, 2002; Tuzun et al., 1996, 1997;
Ayappa, 1998). Adsorption and separation of hydrogen and
other light gases in carbon nanotubes and in metal-intercalated
nanotube bundle were modeled by Challa et al. (2001, 2002),
Skoulidas et al. (2002), and by Simonyan and Johnson (2002).
Skoulidas et al. (2002) predicted that the carbon nanotube
membranes would have fluxes that are orders of magnitude
greater than those in zeolite membranes. Xu et al. (1999, 2000)
simulated the transport and separation characteristics of binary
and ternary mixtures of H,, CO, and CH, through a slit shape
carbon pore with nonequilibrium dynamic methods. Mao and
Sinnott (2000) studied the flow of methane, ethane, and ethyl-
ene, through carbon nanotubes at room-temperature, with mo-
lecular dynamic simulations. Such theoretical methods, how-
ever, are limited to small systems and employ “predefined
potentials” usually on the basis of empirical data on interaction
of molecules with a planar surface. The full interaction is
typically broken up into two-body, three-body, and many-body
contributions, long-range, and short-range terms, and so on
(Gray and Gubbins, 1984). Energy separation of this kind is
rather murky in the case of such a sterically complex situation,
such as a molecule inside a nanopore. To understand the
transport and separation of gas mixtures in a carbon membrane,
that consist of many interconnected pores, it must be first
understood that the same phenomena is in a single carbon
nanopore. In this work, we apply molecular mechanics (MM)
modeling to determine the behavior and energetics of hydro-
gen, nitrogen, and C,-C, hydrocarbon molecules inside cylin-
drical nanopores, modeled by short single-walled zigzag car-
bon nanotubes of various sizes. Energetic results obtained, are
further used for the kinetic modeling of diffusion of individual
molecules in nanotubes of each particular size. These kinetic
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Figure 1. Permeation experimental system.

data are compared with the corresponding experimental values.
The kinetic modeling of bi- and three-component diffusion is
presented elsewhere, and also is briefly reviewed here.

The remainder of this work is organized as follows. The
experimental methods and equipment are described in the
following section. Obtained results, and the computation of the
permeability factors, are outlined in the Experimental results
section. In the section Molecular Mechanics Simulations, the
method and results of simulations are presented. The Molecular
diffusion inside nanopores subsection is devoted to the kinetic
modeling of molecular transport inside nanopores, based on the
MM results, and to contrasting the experimental data with
theory.

Experimental

The carbon membrane is a hollow fiber membrane, produced
by Carbon Membranes, Ltd. (Temed Industrial Park, Israel).
An entire membrane module, 30 cm length, composed of 100
fibers was used. The calculated membrane area for transport in
this module is approximately 150 cm?® The following gases
were chosen as those with the potential for separation: hydro-
gen, methane, ethane, propane, normal- and isobutane. Nitro-
gen was used as an inert carrier gas, and to dilute and control
the initial concentrations.

Permeation and selectivity studies were performed in an
experimental system, as illustrated in Figure 1. The carbon
membrane module was supplied as a tube and shell module,
where the gases enter in the shell side, and the permeate exits
through the tubes (carbon fibers). Single-component gases, or a
mixture of hydrogen and hydrocarbon, entered the module in
the shell side. The flow rate of the entering gases was set and
measured by flow controllers. In the single-component sys-
tems, the driving force for gas transport through the membrane
was the total pressure gradient, whereas in the binary systems
the gas flow was achieved with nitrogen as a sweeping gas.
Total stream flows and concentrations were measured at steady
state. Based on or from these data, partial flows were calcu-
lated. The system worked at atmospheric pressure.

The membrane module was heated to the working
temperature by heating elements fitted in a metal cover outside
the module, and the entire module was thermally insulated. The
temperature in the module was measured by a number of
thermocouples, giving an isothermal behavior all over the
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110 um

Figure 2. SEM micrographs of the carbon membrane
fibers.

membrane. The carbon hollow fibers were supported in the
module edges by epoxy glue, that is stable only up to 150°C.
To overcome the overheating of the membrane sealing, a
special cooler was built in each module edge.

Analysis of permeate and retanate composition was con-
ducted by a (PerkinElmer Auto System XL) gas chromato-
graph, equipped with a thermal conductivity detector (TCD),
for the organic compound measurements; a flame ionization
detector (FID) for the inorganic compounds, and two types of
packed columns for separation (8ft.1/8 in. OD, SS column with
Hayesep Q 80/100 packing, and 7ft.1/8 in.OD, SS column with
0.19% picric acid on Graphpac-GC 80/100 packing - Alltech).
The flow rate of the exiting gases was measured by bubble
columns. The permeation rate was calculated from the flow
data. The effects of temperature, flow rate, and flow pattern of
the sweeping gas on the permeation and selectivity were in-
vestigated.

Scanning electron microscopy (SEM) pictures were taken,
after a coating with a gold layer to reduce high-energy beam
damage, to characterize the carbon fiber membrane (Figure 2).
The typical diameter of the carbon membrane fiber, which
seems to be free of large cracks or pinholes, is found to be
about 100 wm, and the typical thickness of the carbon layer is
approximately 10 wm. The membrane is asymmetrical. No
pores are seen in these micrographs, because of the low reso-
lution that can be achieved in the SEM.

Surface areas (BET) and pore-size distribution were mea-
sured with a Micromeritics ASAP 2010 apparatus (Figure 3).
Before adsorption measurements, the sample (approximately
150 mg) was outgassed at 573 K for 54 h. Most of the pore
volume is made of 6 A pores (diameter from nucleus to
nucleus), whereas pores larger than 13 A are practically absent
(Figue 3).

Experimental results
Single-component permeations were measured by applying a
pressure gradient across the membrane at two temperatures (200
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Figure 3. Pore size distribution obtained by BET mea-
surements.

and 400°C) at steady state; the shell side pressure was kept
atmospheric (Figure 4). For most gases, the fluxes are larger at
higher temperature. The fluxes increase with the driving force, but
not always linearly. Assuming a linear dependence, the perme-
abilities of the various components were calculated.

In a typical multicomponent experiment, a hydrogen and
hydrocarbon (almost 1:1) mixture (or just hydrocarbon) was
passed through the shell side, whereas nitrogen was the sweep-
ing gas in the tube side flowing countercurrently. Both streams
were at about atmospheric pressure. The modeled system is
shown in Figure 5. To calculate membrane permeabilities, a
mass balances model was written. The model makes the fol-
lowing assumptions: the system is isothermal and works at
atmospheric pressure, the model is 1-D, plug flow applies on
both sides, axial diffusion is negligible, and membrane perme-
abilities are constants all over the membrane. The last assump-
tion may be questionable as multicomponent permeabilities
(that is, in a hydrogen and hydrocarbon mixture) may signifi-
cantly differ from those computed with a single component. In
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Figure 4. Single-component hydrogen (a) nitrogen (b)
propane (c) and butane (d) fluxes driven by
pressure gradient.
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Figure 5. Membrane module for model calculations.

the absence of a solid theory, the calculated properties are
averaged over all pore sizes, and over the concentration gradi-
ents employed.

The fluxes passing through the membrane are assumed linear
with the driving force and then

dq;
dz

do;
dz

= Ski(Pi - Pi) = -

M

where p; and P, denote the partial pressure (atm) of component
i in the shell, and inner membrane side, respectively; ¢; and Q;
are the corresponding partial flows (cm®/min); s is the transport
area perimeter (cm), and k; is the membrane permeability for
component i (cm'min “atm ™ !). Because

dq; dQ;
dz * dz

=0 2)

we can find from the measured inlet or outlet concentrations,
q;1+Q;=C; constants that are invariant (z-independent). The
partial pressures are calculated by the ratio of the single com-
ponent flow by the total flow

_Qi. 4
Pi_EQa pi_zq

3)

After substitution of partial pressures and constants, a set of
differential equations are obtained. For example, in a system
with C; and H, in the shell side, and N, as sweeping gas

quz X ( Ci— qy,
= sky,
dz e Ci+Co+ Cy—qn,— qu, — 4o,
qn,
- 4
qn, t qu, + ‘k,) @
dqu, k < Cy — qn,
=5
dz B\C, + Cy+ Cy— gy, — qu, — 4c,
4,
. m 5
qn, T qu, T ﬂIC,) ©)
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Using Matlab parameter estimation subroutines, and the exper-
imentally determined concentrations and flows entering and
exiting the membrane module, membrane constants were as-
sessed. The initial guess of k; for Matlab calculations was
generated from the mean-log approximation

Ag, (Pi=Pdin— (Pi— Ddow
Ao = Sk @)
Az 1 <(Pi_pi)in>
nf -t
(Pi _pi)out

Membrane permeabilities were calculated for each experimen-
tal system, and the flow profiles were plotted. Figure 6 pre-
sents, for example, the simulated shell-side partial flow profiles
in a isobutane—hydrogen system. Membrane constants are col-
lected in Table 1.

In all the systems, nitrogen passed through the membrane
from the inner side to the shell side, and its concentration grew
along the module. Hydrogen concentration decreased along the
module, because of its transport through the membrane; all
hydrocarbons (except of methane) concentrations remains al-
most constant along the membrane module, because of their
small transport constants. H, and N, permeabilities ascend with
the temperature, whereas hydrocarbon membrane permeabili-
ties show no common behavior.
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Figure 6. Shell side flow profiles in the i-butane-hydro-
gen system, with nitrogen as a sweeping gas
at the module temperatures of 100 and 300°C.
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Table 1. Membrane Permeabilities (cm - min~' - atm™") in

i-Butane-Hydrogen System Using N, as a Sweeping Gas, as a
Function of Module Temperature

T [°C] kg, ki ey ki,
25 0.3185 0.0139 0.0247
100 0.5611 0.0102 0.0284
200 0.9802 0.0086 0.0533
300 1.1223 0.0032 0.0682
400 1.2336 0.0016 0.0749

Comparison of membrane permeabilities when propane is
fed as an individual component, or as a mixture with hydrogen,
both with sweeping nitrogen, shows that, in the latter mode
(denoted as bi-component, Figure 7) the permeabilities are
lower than those in the former mode (denoted as a single-
component system). This is especially evident for propane
permeability. It is even more evident when comparing these
permeabilities with those determined under a pressure gradient
(Figure 4, kc;Hg ~ 0.4 cmmin™ "“atm ™' at 400°C). This sug-
gests that molecules of one component hinder the diffusion of
the other molecules. The membrane permeabilities of hydrogen
and nitrogen differ in different alkane mixtures, as demon-
strated in Figure 8, for hydrogen. Hydrogen membrane con-
stants ascend with the temperature in all the cases. Assuming
an Arrhenius dependence, the activation energy (E,/R), and the
pre-exponent (k,) were determined (Table 2).

Hydrogen membrane permeabilities are higher than all other
constants (Figure 7). Hydrogen permeability declines some-
what as the size of the co-component molecule increases;
ethane and propane inhibit the flux more than the other hydro-
carbons (Figure 9a). The permeability of nitrogen, however, is
significantly inhibited by the diffusion of C, to C, alkanes
(Figure 9b), and is reduced by one order of magnitude, when
compared to its permeabilities in methane.

Membrane selectivity factors were calculated for all the
systems, and are summarized in Table 3. It can be seen that the
selectivity values of hydrogen with propane, normal- and
isobutane, in a multicomponent system, are very large at high
temperatures (Table 3). Thus, carbon membranes should be
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Figure 7. Membrane permeabilities (cm'min~"atm™") in
the single-component propane (s), and in the
bicomponent propane-hydrogen (b) systems,
both with nitrogen as a sweeping gas.
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Figure 8. Hydrogen permeabilities (cm'min~'-atm™") in
the two-component hydrogen-hydrocarbon
systems with nitrogen as sweeping gas, as a
function of reverse module temperature.

appropriate for carrying out a dehydrogenation reaction in a
membrane reactor system. The permeabilities of C, to C,
alkanes are also inhibited by the presence of nitrogen, and,
thus, are reduced by 2-3 order of magnitude, when compared
to their permeabilities as a single component transported under
the pressure gradient (compare Table 3 to Figure 4; the selec-
tivity is the ratio of slopes).

Summary

Counterdiffusion of nitrogen, on one side of the membrane,
and C, to C, alkanes with hydrogen, on the other side, signif-
icantly inhibits the fluxes of both nitrogen and alkanes, whereas
hydrogen flux is only slightly diminished. Transport selectivi-
ties calculated from single-component data do not predict the
behavior in the mixture.

Molecular Mechanics Simulations

The dynamics of gases in systems with restricted geometry
is known to be very different from that in the bulk (Gelb et al.,
1999; Mon and Percus, 2002). The detailed mechanism of
molecular transport in such systems is not fully understood yet.
In this section, we present the results of molecular mechanics
simulations that are aimed to provide microscopic details of the
static and dynamic properties of the adsorbed molecules inside
model cylindrical nanopores of various sizes.

Computational details

Nanopores of various diameters were modeled by zigzag
carbon nanotubes of varying size from (6,0) to (14,0), with
C—C bond length of 1.42 A. Such shape of carbon nanopores is
consistent with the recent experimental data (Pfeifer et al.,

Table 2. Activation Energy (E /R, K) and
k, (em - min~' - atm™") for Hydrogen Membrane
Permeabilities in Various Components Systems

CH, C.He CsHs CHio  i-CiHyo

EJR 60278 30682  481.86  708.22 402.09

k, 3.03 1.46 2.32 1.92 1.82
Vol. 50, No. 3 601
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2002). These dimensions correspond to the pore size (D) from
43 to 11 A or, considering carbon atoms as van der Waals
spheres corrected by the Corey—Pauling factor, to inner pore
diameter (d) from 1.9 to 8.6 A. These pore sizes are chosen
based on the presented experimental results. The length of
nanotubes were usually set to 11.4 A (12 carbon layers), with
outer C-atoms being saturated with hydrogen (de; =1.07 A).
Removal of the saturating H-atoms causes a negligible
(~0.5%) decrease in the pore-molecule interaction energy.
Figure 10 presents the (10,0) model nanotube as an example. In

Table 3. Selectivity Values, the Ratio of Hydrogen to
Hydrocarbon Permeabilities, as a Function of
Working Temperature

Figure 10. Front and side views of the model zigzag
nanotube (10,0) explaining the notations of
length of nanotube (H), pore diameter (D), and
inner-pore diameter (d), employed in this
work.

order to check the influence of the pore length on the energetics
of pore-molecule interactions, several calculations were per-
formed with a nanotube of 7.1 A and 27.7 A in length (8 and
32 carbon layers, respectively).

Movement of molecular species through the nanotubes was
modeled by the relaxed potential energy surface (PES) scan
with an optimized orientation of a molecule inside the nano-
tube, and allowed rotation of atoms around C-C bonds, whereas
bond lengths and sp’ valence bond angles were fixed. The
geometry of the nanotubes was frozen in all calculations. The
energetic effect of the introduction of a molecule into a pore
was calculated as the difference between the energy of the
system with optimal position of a molecule inside a nanotube,
and the energy of the corresponding separated components.

The computational approach applied for the molecular me-
chanics modeling was the universal force field (UFF) of Rappe
et al. (1991, 1992), as it is implemented in the Gaussian 98
package (Frisch et al., 1998). Several PM3 calculations were
performed to validate the UFF results. The electron density
distribution on van der Waals spheres of atoms, and corre-
sponding molecular sizes were obtained with Molden visual-
ization software (Schaftenaar and Noordik, 2000).

The relationship between molecule size and the inner-pore
diameter is critical for the separation efficiency of the mem-
brane. Theoretical evaluations generally assume that molecules
are solid spheres. The exact molecular dimensions of hydrogen,
nitrogen hydrocarbons, based on the van der Waals radii,
scaled by the Corey-Pauling factor, are listed in Table 4 in
comparison with Lennard—Jones (LJ) diameters. It can be seen,
for several molecules, that the spherical approximation is too
crude. Moreover, the LJ diameter of the C;Hg molecule is
much larger than that of the C,H;, molecule, and is almost as
large as that of the i-C,H,, molecule. Because of the nonuni-
form electron density distribution in the molecule, its represen-
tation as a distorted sphere is not satisfactory. Figure 11 illus-
trates the nonuniform electron density distribution along the
shortest and longest dimensions in the two C, isomers. Tortu-
osity in the electron density distribution on the carbon nanotube

T [C] XHy/CH,y QH,/C,H, QH,/C3Hg XHyC4H g QH,/i-C4H g
25 1 133 30.1 33 2.9 wall can also largely affect the energetics of a molecule inter-
100 26 234 627.0 82.6 55.0 action with the nanotube. Acharya and Foley (2000) considered
200 2.0 48.5 1625.0 291.3 114.0 the smallest dimension of a molecule (/;), as a limiting geo-
300 28 57.3 1875.0 436.8 3507 metric factor that is consistent with a narrow slit shape of the
400 40 622 2000.0 2416 7o pore. In the case of a cylindrical pore model, the intermediate
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Table 4. Molecular Dimensions of Hydrogen, Nitrogen and C,—C, Hydrocarbon Molecules* Based on Corey-Pauling

Corrected van der Waals Radii in Comparison with Lennard-Jones Diameters

Molecule OA = [, OB = [, OoC = I, LI

H, 1.588 1.588 2.328 2.827
N, 2.144 2.144 3.194 3.798
CH, 3.367 3.643 3.768 3.758
C,H, 3.640 3.643 3.855 4.443
C;Hy 3.368 4.648 5.506 5.118
CH,, 3.637 4.842 5.921 4.687
i-C,Hq 5.124 5.199 5.478 5.278

*All values are in A. Notations are shown in the left column on the example of ethane molecule.

dimension (/,) will mainly determine the steric effects of the
interaction. It is well known that individual groups in hydro-
carbon molecules can freely rotate around C—C bond with
formation of various conformers with very close stability. All
these effects can be accurately represented in molecular me-
chanics methods, and are accounted for in our atomistic mod-
eling.

Inside small nanopores, molecules optimize their positions
to reduce the repulsion with pore walls. If the intermediate
molecular dimension /, is smaller than the pore diameter r, its
longest axis (/;) is directed along the nanotube axis. With
increasing pore size, the molecule “condensates” on the wall
with [,- axis being parallel to the wall to maximize the inter-
action. Only a hydrogen molecule is able to enter the smallest
(6,0) nanotube, and even in this case, interaction is energeti-
cally strongly unfavorable. Therefore, this nanotube will not be
considered for further discussion.

We considered the energetics of the two processes: the
adsorption of a molecule inside a pore, that is, bringing the
molecule into the pore mouth, or its desorption outside as a
reverse process, and molecular transport within the pore.

Figure 11. Front and side views of the electron density
distribution along van der Waals spheres in
the i-butane (a, b) and n-butane (c, d) mole-
cules.
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Pore-molecule interactions

For the first process, we found that the heat of introduction
of a molecule into the nanotube varies with relative pore—
molecule sizes: it is exothermic for [, < d, and is endothermic
if the molecule is notably larger than the inner pore diameter (/,
> d) (Figure 12 and Table 5). Because the effect arises from
the decrease of surface tension, the capillary energy increases
with the contact surface. The largest dimension of a molecule
(I;) plays the key role here. The strongest interaction takes
place when the molecule size is close to the pore diameter (d ~
1,). The heat of interaction of a molecule with a cylindrical pore
of a given size could be correlated in a form similar to the
Lennard—Jones equation

el (2 -()) W

where € is a constant, r*= (d +2.38)/2 is the pore radius
associated with the carbon atom positions, and o is the pore
radius at which the potential function changes its sign. In
correlating the expression, we found that the length scale (o)
linearly relates with the intermediate molecular dimension /, as
(0 = 0.3438 - I, + 2.2319; R> = 0.9321; length in 4 and
energies in kcal/mol), whereas the energy scale (€) is linear
with the molecule “length” /5 (e =0.25 - I;; R* =1,000). Such
relationships directly arise from the nature of the molecule—
pore interaction, and was reported for interaction of alkanes
with zeolites (see, for example, Bates and van Santen, 1998). In
the shorter nanotubes, the pore—molecule interaction energies
are slightly lower.

As expected, the interaction potential of a molecule with a
cylindrical wall is stronger than that with micro- and meso-
pores of an activated carbon (see Table 5). The latter parameter
presents, probably, the asymptotic value for the molecule—pore
interaction energy with a surface (that is, large pore diameter).
Isosteric heat of adsorption on carbon molecular sieves is
higher than that on activated carbon, and the difference in-
creases with the increasing size of the adsorbed molecule
(Valenzuela and Myers, 1989; Groszek et al., 2002). For the
activated carbon adsorbents, it was observed that the most
effective micropores should be about 1.3 to 1.8 times larger in
width than the kinetic diameter of the target adsorbate (Li et al.,
2002).
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Figure 12. Pore-molecule interaction energy for hydro-
gen, nitrogen and C,-C, hydrocarbons as a
function of inner-pore diameter.

Molecular diffusion inside nanopores

The second process—diffusion of individual molecules inside
nanotubes—is again determined by the size difference of the
pore and molecule. For [, <d, molecular movement along the

pore length is nonactivated. If the pore size is small as com-
pared to the size of molecule /,, the diffusion becomes acti-
vated. For a given molecule, the height of the barrier increases
sharply with decreasing pore size, in the range where [, =~ d.
Typical PES cross-section along the lowest energy diffusion
pathway for activated diffusion is shown in Figure 13a, and the
calculated activation barriers are collected in Table 6. Typical
PES cross-sections for the capillary condensation regime are
presented in Figure 13b. In the relatively short nanotubes, a
molecule moves toward the center of the nanotube, with in-
creasing energy gain, and with the most stable position of the
molecule being at the pore center. If the pore length is much
higher than the largest molecule dimension (H > I[;), the
pore-molecule interaction energy remains constant along the
central part of the tube and decreases near the pore ends. It will
be shown elsewhere that, moving along such pores, certain
molecules follow a helical path with different convolution,
allowing each point to maximize the pore-molecule interaction.
Similar spiral paths of molecular motion were recently com-
puted by molecular dynamics approach for ethane and ethylene
molecules in (10,10), and (19,0) carbon nanotubes (Mao and
Sinnott, 2002). As follows from the nature of the interaction, at
distance /; from the pore ends, the energy gain increases as a
larger part of the molecule is located inside the pore. The
long-range contributions, which determine the energetics of the
interaction in the remainder of the nanotube length, do not
exceed 10% of the total interaction energy.

Influence of a second molecule on adsorption and
diffusion inside a nanopore

The interaction of two molecules inside a nanotube was also
checked for the coadsorption of a n-butane molecule, with any
of the other molecules, inside the (11,0) nanotube of 12 carbon
atoms in length. Initial results show that in the butane-hydro-
gen case, the strongly adsorbed butane molecule is located
close to the center of the nanotube length, as in the case of a
monocomponent system, whereas in the butane-propane sys-
tem, the butane molecule is notably shifted to the pore end.
However, the larger the second molecule is, the larger is the
decline in the total adsorption energy, with respect to the
adsorption energy of the individual components.

Table 5. Diameters of the Model ZigZag Nanotubes* and the Maximal Energetic Effects (AH, kcal/mol) for Introduction of
Individual Molecules into Zigzag Carbon Nanotubes of 11.4 A in Length

Nanotube (6, 0) (7, 0) (8, 0) ©, 0) (10, 0) (11, 0) (12, 0) (14, 0) ACH*
D A 426 5.40 6.26 7.00 7.82 8.60 9.39 10.96
o A 0.86 2.00 2.86 3.60 442 5.20 5.99 7.56
dwloW-CP!

1.88 3.02 3.88 4.62 5.44 6.22 7.01 8.58
H, 87.5 0.8 -5.6 -5.2 -38 ~34 -3.1 -27 -2.6
N, — 56.1 ~0.1 -8.6 —8.4 —6.8 -5.8 —4.7 -3.8
CH, — — 40.6 -9.8 -137 -112 -9.6 -7.8 —44
C,H, — — 108.6 -10.1 -227 -19.3 ~15.8 -126 ~6.9
C,H — — — 69.6 -19.3 ~26.6 -23.1 ~174 -75
C,Hj, — — — 88.0 -275 —34.6 ~28.4 -21.9 -8.7
i-C,H,o — — — — 100.4 -172 -28.7 -217

*See Figure 10 for notations.

**Mean average isosteric heats of adsorption on different activated carbons at the limit of zero surface coverage, derived from the data of Valenzuela and Myers

(1989).
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Figure 13. PES cross sections along the lowest energy
diffusion pathway for activated diffusion of
nitrogen molecule inside the (7,0) zigzag car-
bon nanotube of 11.4 A in length (a), and for
nonactivated nitrogen diffusion inside the
(10,0) nanotubes of various lengths (b).

Theory of Molecular Transport

Diffusion inside narrow pores can be classified as a single-
file mode, where molecules are unable to pass each other (Sholl
and Fichthorn, 1997); normal mode, where molecules are able
to pass each other (Nelson and Auerbach, 1999), and an inter-
mediate mode, that is referred to as the transition-mode diffu-
sion (Sholl, 1999). The normal mode (viscous, molecular, or
Knudsen) diffusion mechanisms are not relevant for nanopores
smaller than 10 A. The transition-mode diffusion in such pores
is limited to two-layer, and only for small molecules in rela-
tively large pores. The kinetics of the single-file transport in
1-D channels has attracted significant attention in recent years,
with most applications for diffusion in zeolites (Jobic, 2000;
Auerbach, 2000; Nelson and Auerbach, 1999; Wei et al., 2000;
Wood et al., 2002). The molecular mechanics results reveal
several unique features, which are not accounted for in most
studies:

(1) The enthalpy of the pore-molecule interaction often can
reach the energies of chemical bonding.

(2) There are three kinds of interactions inside cylindrical
nanopores: (a) Endothermic pore-molecule interaction, with a
high activation barrier for diffusion along the pore axis for [, >
d; this implies that the intermediate dimension of the molecule
is larger than that of the pore, and the contribution of this mode
to the flux is negligible; (b) exothermic pore—molecule inter-
action with a low activation barrier for diffusion when [, =~ d;
and (c) exothermic pore-molecule interaction with no diffusion
barrier for [, < d.

(3) For the endothermic interactions (case a), the increase in
total energy (AH from Table 5) presents the activation barrier
to the molecular adsorption in carbon nanopore, whereas Table
6 presents the activation barrier to molecular diffusion along
the pore, and the desorption is nonactivated.

(4) For the exothermic interactions (case c), which present
the most common situation, the adsorption is nonactivated as
well as the diffusion inside the pore, whereas the desorption is
a highly activated process with E; = AH (from Table 5). That
results in a significant filling of the pores (capillary condensa-
tion). The desorption from a long pore should account for the
interaction with a neighboring molecule, and for the fact that
the energy of the outermost molecule location is not identical
to that of a single molecule (that is, at the pore center).

To simplify the model we have made the following assump-
tions:

(1) Multilayer diffusion is neglected.

(2) In the lack of information on long-pore, many-molecule
interaction, the outermost molecules are considered to have the
same energy of interaction with the pore, as those in the pore

Table 6. Activation Barriers (E,, kcal/mol) for the Diffusion of Individual Molecules Inside Model ZigZag Nanotubes

Nanotube (6, 0) (7, 0) (8,0) 9, 0) (10, 0) (11, 0) (12, 0) (14, 0)
H, 9.4 1.0 0 0 0 0 0 0
N, 5.1 0.5 1.4 0 0 0 0 0
C,H, — 19.1 0.7 0.2 0 0 0 0
C,Hy¢ — — 52.6 54 0.2 0 0 0
C;Hg — — — 8.7 0.65 0 0 0
C,H,, — — — 10.8 22 0 0 0
i-C,H,, — — — — 15.8 29 0 0
Dashes stand here for the values larger than 100 kcal/mol.
AIChE Journal March 2004 Vol. 50, No. 3 605



center, that is, for the exothermic pore-molecule interaction,
the activation barrier to desorption is set to E; = AH.

(3) The entropy factor is neglected, based on the small
entropy changes accompanying pore molecule interactions re-
ported by Acharya and Foley (2000), with respect to the heat
effects obtained in our MM simulations.

Below, we show the derivation of the flux expression for a
single-species transport from a reservoir at high-pressure on the
left, to a low one on the right, with the above assumptions. The
pressures of species i on the left and right sides, are denoted by
P and P.. We need to consider three steps—adsorption, diffu-
sion and desorption. In the following section, the rates of these
three steps are compared.

Rates

The probability of a molecule i to enter a pore of size r, =
d/2 from the gas phase is the adsorption flux (F') multiplied by
the cross section of the pore of interest (S,), multiplied by the
probability of entry (W',). The flux, according to the Hertz—
Knudsen equation, depends on the partial pressure of mole-
cules P, their molecular mass ', and absolute temperature 7 as

F'= P/QQmm'kyT)"? ©)

where ky is the Boltzmann constant. The probability of entry is

Wi, = xsexp(—E,/RT) (10)

where R is the gas constant, and E, the activation energy for
adsorption, is AH’, of the pore-molecule interaction (Table 5) if
AH > 0; for most cases E,= 0.

The x. factor is the geometric probability of an ellipsoid
molecule in an arbitrary distributed orientation, and with an
arbitrary angle of incidence, to fit into the pore of diameter r,,.
It has two contributions: the first is because of the angle of
incidence with the plane, assuming sharp pore walls. This can
be shown to be

X, =4 J' arccos(r,/(r, — r))rdr
0

for a spherical molecule of size r,, (sum average of /, and I5).
The second is the screening factor that applies for ellipsoid
molecules (/,#/;), and shows a steep dependence on pore
diameter when [, < r,<< [5; the latter will be ignored here. This
whole approach assumes that adsorption occurs by impinging
molecules. Another approach may assume adsorption on the
outer membrane wall, and surface diffusion toward the pore
mouth.

Combining the above equations yields the expression for the
adsorption frequency of a molecule i inside a nanopore with
inner diameter r,,

Ri = x'S,P1(2mwm'kyT) " *exp(—E,/RT) = k., P"  (11)

606 March 2004

If adsorption is rate limiting, then the total flux is the sum over
all pores of the difference between adsorption flux on the left
(R; ) and right (R, )

. . , pAP! .
J= R, —R) =—F——= 2 a)iS.e ™" (12
p E (KL= R) = it Z X, (12)
where AP’ = Pi— P'; p is the total number of pores per unit of

the membrane surface, a,, is the fraction of pores with diameter
r, normalized such that >.a, = 1.

The adsorption frequency (k,, at P=1 atm) should be com-
pared with that of desorption (k,,), and of transport (k.. ).
The adsorption frequency of n-butane at 1 atm and 400°C, for
which the flux is F=0.6 - 10** molecules/(cm” s), can be
calculated to be 2 + 10® s™' for a pore of 5.44 A in diameter
(with W/ ,=1). And, thus, should be compared with the de-
sorption frequency, which is an activated process with E ;=
AH,, and can be estimated from
kﬂi o AHIRT)

h

i
kzl,, -

to be 1.7 - 10* s™! for the same conditions (% is the Planck
constant). It is obvious, with very narrow pores or very large
molecules, desorption is limiting the process.

Diffusion inside the pore is a complex process that can be
described as a hopping of a molecule from site j to sites (j+1)
and (j—1), and back; the hopping frequency varies with the
position near the edges, as well as the energy, where the
hopping may be activated. Ignoring the former effect, and
assuming a nonactivated transport (that is, a constant diffusiv-
ity) as calculated for most pores, the flux between the pore ends
at the steady state is DAPY/(HA), where H=1 p is the estimate
for the pore length (actually, the thickness of the selective
carbon layer, as seen in Figure 2), and A=2.1 A is the hopping
distance. To estimate this term, we need to estimate diffusivity:
if diffusion is treated as a chemical process, then D~ (kgz7/
hyexp(—E,./RT)A* and the transport flux for AP'=1 atm is
Ko o= TIhexp(—E,./RT)AMH~10° s . For the same con-
ditions described earlier, the diffusion is activated (E,,,=2.2
kcal/mol, Table 6), and this transport frequency is reduced
appropriately.

These order-of-magnitude calculations suggest that adsorp-
tion and transport, when it is not activated, are of similar
magnitude (about 5 + 10 s7'). Since kgT/h~10" s~ !, then
desorption does limit the rate when (—AH)/RT > 10, which
translates to about (—AH) > 10 kcal/mol, that is, for large
molecules, and pore sizes of d =~ I, (Table 5). Calculation of k’
/ki; (Figure 14, with Wi, , =1, and at 1 atm.) reveals that in short
pores, adsorption is limiting the transport of hydrogen and
nitrogen, whereas desorption limits the transport of C, to C,
alkanes in pores with inner diameter of 6-10 A. Transport
frequency will not affect the conclusion in the latter case, but
it will affect the transport of nitrogen and hydrogen, and, thus,
the pore length will become significant.

Rate expressions
Before presenting the general solution of transport in a single
nanotube pore, which is derived from a mean field approach, it
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Figure 14. Pore size dependence of the ratio of adsorp-
tion to desorption frequencies, for hydrogen,
nitrogen, and C,-C, hydrocarbons at 1 atm.

is important to derive the rate for the case that desorption is the
rate-determining step, by considering the probabilities of the
various steps. In that case, desorption can occur on the left or
right side of the pore, and is followed instantaneously by
adsorption, either on the left or on the right. If desorption
occurred on the left, and adsorption on the right, then each
molecule moves one step to the left, and we denote it as a
leftward motion. The frequency of such leftward and rightward
motions is M;, M,. Now, M,,. = (frequency of left or right
desorption) X (probability of occupation on opposite side). If
desorption and adsorption occur at the same side, no motion
can take place, however, the identity of the species may
change.

For the simple situation described earlier, we can present the
transport frequency (f), number of transported molecules/time,
as the difference of rightward and leftward motion

f:Mr_Ml

The frequency of desorption, either on left or right is &%, and
the probability of occupation by adsorption on the left is
P/(P,+P,). Hence, when desorption is limiting

A P y P~ P;
Fe=ka\ i pi P+ i) T Ra Pt pi

(13)

Thus, the flux is not linear with the gradient unless the gradient
is very small. Note, that when P, =0 (that is, under vacuum or
high flow), the flux is £, = k/ .

We turn now to the general solution. The rates of adsorption,
diffusion, and desorption should be equal at steady-state. Mo-
lecular motion in a single-file regime was shown to follow
Fick’s law (or rather, the flux is linear with the gradient).
Writing a mean-field approach to the problem, we find
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kimP;(l - 77'1) - ki]nﬂ-l = kiran n(ﬂ'l - Wr)

= —(ky,P,(1 = m) — ky, ) (14)
where m, and 7, are the probabilities of occupations by a
molecule of the leftmost and rightmost sites of the pore,
whereas (1—1r;) and (1—r,) are the probabilities that the cor-
responding sites are vacant.

In the general case, the solution of Eq. 13 is

k,(Pi—P)
—————=Ki(Pi+ P)+2
Ja
(KiPi+ 1)(K'PL+ 1) K
e ;K= (15)
ktran,,/k I kdu

which reduces to Eq. 13, when desorption is limiting (kg ,<
kyw kyan ) and to f= k,, (P, — P,)/2 when adsorption is

an

limiting. When both processes are limiting, and transport is fast

(m, = m, = ), we solve Eq. 14 to find
ke (P + P)) ko (P1 = P))
T (o e R
2 + I (P;+ P)
dn

When transport is limiting, Eq. 14 reduces to k., (m-,),
where 7 follows the Langmuir adsorption isotherm on both
sides, m=K w/(1+ K ).

For a single-sized pore system, we can express the selectiv-
ity for each regime. The selectivity, traditionally defined as the
ratio of permeabilities

_fz/(le_ PZr)
 fil(Py— Py

will depend on the experiment and parameters. In diffusion of
individual components under a pressure gradient, keeping the
same pressures in both experiments

k2)1 kﬁn W
d _" 1 a7

S = e 2
des. limited 1 ads. limited 1
€S, limite k b ads. limite kan Wl M2

dn

for both regimes. The measured flux in a system with pore-size
distribution is

I
J= p E a, N
P, — P!
=2 Y, SR (18)
Nu n 2 +(P1+Pr) (KiPiI+ 1)(K1Ptr+ 1)
k;” il,, Kikiramn
Applications

The experimental results cannot be accounted for by a sys-
tem made of single-size pores; such a model will not explain
the experimentally measured selectivity from the single-com-
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Figure 15. Pore size distribution obtained by fitting the
parameters p and «,, in Eq. 18, to the experi-
mental pressure-driven fluxes through the
membrane in single-component systems.

ponent data. The selectivity of adsorption-limited process (Eq.
17) varies mainly like the ratio of square root of molecular
weights, and cannot account for the large S observations.
Desorption-limited processes depend on the affinity, and S can
vary significantly.

To test our theory, we computed the pore-size distribution by
mean-square fitting of the total flux J (Eq. 18) to the experi-
mental J—AP data, for the single-component systems (Figure
4, as well as CH, and C,H). The obtained pore-size distribu-
tion (Figure. 15) is in a good agreement with that measured by
BET (Figure 3), that is, all pores are smaller than 13 A and
most pores are of 67 A in size (measured from nucleus to
nucleus, see upper x-axis scale in Figure 15).

The main observation of the experimental work is that coun-
terdiffusion of nitrogen on one side of the membrane, and C, to
C, alkanes with hydrogen on the other side, significantly in-
hibits the fluxes of both nitrogen and alkanes, whereas hydro-
gen flux is only slightly diminished. An analysis on the basis of
a single-size pore cannot explain the dramatic change in per-
meabilities measured by counterdiffusion, and those measured
as a single component. We need to consider the kinetics of
codiffusion of hydrogen and alkanes, and counterdiffusion of
nitrogen and alkanes. In a future publication, we will address
these problems, however, we will review here the main results:

(1) Derivation of a flux expression for codiffusion of hy-
drogen and alkane molecules (or any two components) will
show that in a desorption-limited process, the selectivity will
differ from that derived here, however, the mutual effect is
expected to be small.

(2) Derivation of the flux expression for counterdiffusion of
two components, one from high pressure on the left to O on the
right, and another from a high pressure on the right to O on the
left, will be also considered. Especially, we want to determine
whether both species diffuse, or just one, and, if so, which one?
Its application to this system shows that, in desorption-limited
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processes, each pore will be occupied by one species only, the
one with the largest k., P'/k); , (see Figure 14). Let us consider
the propane—nitrogen interaction, for example: because pro-
pane is larger (that is, smaller k. ), but of a higher affinity to
the pore (lower k. ,), this conclusion implies that the larger
pores (yet, not large enough to violate the single-file diffusion)
will convey the propane. In comparing fluxes and selectivities
from single-component and counterdiffusion experiments, we
note that there will be a range of pore diameters that are
available for propane as a single component, and will be
occupied by nitrogen in the latter experimentation mode, and
vice versa. Thus, both propane and nitrogen permeabilities will
decline.

(3) In this study, we neglected entropy changes accompa-
nying molecule—pore interactions considering low entropy-
change values calculated by Acharya and Foley (2000), for the
hard-sphere model. Accounting for the capillary forces and for
the inner molecular degrees of freedom could significantly
influence the resulting pre-exponential coefficients of desorp-
tion, as will be shown in a later publication.

Conclusions

This research is part of an effort to develop a carbon mem-
brane reactor for dehydrogenation reactions. Carbon mem-
branes are less expensive than the completely selective Pd
membrane, and are significantly more selective than porous
ceramics. The transport and separation of hydrogen and light
hydrocarbons are studied in a molecular-sieve carbon mem-
brane hollow-fiber module, at the temperature range of 25—
400°C; nitrogen is used as a sweeping gas in the study of
mixtures, and the fluxes of pure components are studied under
a pressure gradient. The membrane selectivity, the ratio of
hydrogen to hydrocarbon permeabilities, may reach 100 to
1,000 in propane, or in (normal or iso-) butane mixtures with
hydrogen, making the membrane an excellent candidate for a
membrane dehydrogenation reactor. The performance of the
membrane reactor is presented elsewhere.

Reactor design requires information on the transport laws of
the various components. Such information is missing for mo-
lecular sieve membranes, which are typically characterized by
single-file diffusion. It is not clear whether the permeabilities
are constants along the reactor, and how they change with
composition. The permeabilities measured here in pure-com-
ponent studies differ from those in mixtures. The main exper-
imental observation is that counterdiffusion of nitrogen on one
side of the membrane, and C, to C, alkanes with hydrogen on
the other side, significantly inhibits the fluxes of both nitrogen
and alkanes, whereas hydrogen flux is only slightly diminished.
This results from the strong adsorption (or condensation) of
hydrocarbons in the small pores. This is a significant and
desired result from the reactor design perspective, because we
are interested in a membrane that is selective to hydrogen
transport.

To account for these results, we use molecular mechanics
simulations to find the energetics of adsorption, diffusion, and
desorption of individual gases in cylindrical nanopores, mod-
eled by carbon nanotubes. In pore sizes that are up to 2-3 times
the dimension of the molecule, diffusion of the molecule inside
the pore is nonactivated, whereas desorption is activated, and is
typically the rate limiting step for C, to C, alkanes; the mo-
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lecular transport proceeds essentially by a single-file diffusion
mechanism.

A rate expression for a single-species transport in a molec-
ular-sieve carbon membrane is derived by mean-field ap-
proach. The pore-size distribution is calculated by comparing
experimental and computational data. The results of co- or
counterdiffusion in a two-component system are reviewed.
Counterdiffusion of alkane and nitrogen results in a competi-
tion between the two on pores to convey them; whereas the
alkane conquer most of the pores, which explains the decline in
nitrogen transport, its own diffusion is also diminished because
of masking of the other side by nitrogen. In the future, we will
try to quantitatively verify this conjecture.
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