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Abstract. MCM-41 and buckytubes are novel porous materials with controllable pore sizes and narrow pore size
distributions. Buckytubes are carbon tubes with internal diameters in the range 1-5 nm. The structure of each tube
is thought to be similar to one or more graphite sheets rolled up in a helical manner. MCM-41 is one member of a
new family of highly uniform mesoporous silicate materials produced by Mobil, whose pore size can be accurately
controlled in the range 1.5-10 nm. We present grand canonical Monte Carlo (GCMC) simulations of single fluid
and binary mixture adsorption in a model buckytube, and nonlocal density functional theory (DFT) calculations
of trace pollutant separation in a range of buckytubes and MCM-41 pores. Three adsorbed fluids are considered;
methane, nitrogen and propane. The GCMC studies show that the more strongly adsorbed pure fluid is adsorbed
preferentially from an equimolar binary mixture. Ideal adsorbed solution theory (IAST) is shown to give good
qualitative agreement with GCMC when predicting binary mixture separations. The DFT results demonstrate the
very large increases in trace pollutant separation that can be achieved by tuning the pore size, structure, temperature
and pressure of the MCM-41 and buckytube adsorbent systems to their optimal values.
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Introduction

Buckytubes and MCM-41 are novel porous materials
with many potential applications in the fields of sep-
aration, heterogeneous catalysis and nanofabrication.
A buckytube is a graphite tube consisting of one or
more coaxial layers, first reported by Iijima (1991).
Many different types have since been synthesized by
a variety of methods (Ge and Sattler, 1993; Iijima and
Ichihashi, 1993; Bethune et al., 1993; Howard et al.,
1994). Much progress has been made in the separa-
tion and purification of the tangled mess of different
buckytubes that are formed by the current synthetic
techniques, and also in the removal of the hemispheri-
cal caps that often cover the ends of the tubes (Ebbesen
et al., 1994; Tsang et al., 1993; Ajayan et al., 1993;
Tsang et al., 1994). Buckytubes can now be made with
internal diameters in the range 1-5 nm, and with any
number of coaxial graphite layers from one to more
than fifty. Most recently, Ajayan et al. (1994) have
produced aligned arrays of monodisperse buckytubes,

and Martin (1994) has reported a templating approach
which could be used to produce monodisperse graphitic
tubules of any desired diameter and wall thickness.

MCM-41 is one member of a new family of highly
uniform mesoporous silicate materials produced by
Mobil (Beck et al., 1992; Kresge et al., 1992). It has an
hexagonal array of monodisperse pores, each of which
is thought to be hexagonal or circular in cross section.
The pore diameter can be accurately controlled in the
range 1-10 nm. This class of materials is synthesized
using a templating mechanism in which surfactant liq-
uid crystal structures serve as organic templates.

These nanoscale materials are particularly interest-
ing adsorbents because of the degree of control that can
be exercised over their pore sizes, and the monodisper-
sity of the pores within a given sample. This kind of
synthetic control has the potential to lead to the pro-
duction of 'designer adsorbents', whose properties are
optimized for specific industrial separation processes.

Molecular simulation is a fast and efficient way to
study the range of adjustable parameters in adsorption
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systems in order to optimize fluid separations. Here we
present grand canonical Monte Carlo (GCMC) simu-
lation results for single fluid adsorption of three ma-
jor components of natural gas; methane, ethane and
propane, in a model of a typical buckytube at 300 K.
We also show GCMC results for the separation of two
equimolar binary mixtures of these gases in the same
buckytube and at the same temperature. Ideal adsorbed
solution theory (IAST) provides a simple technique for
calculating the separation of an adsorbed binary mix-
ture using only the pure fluid adsorption isotherms,
taken at the same temperature and on the same adsor-
bent (Myers and Prausnitz, 1965). The accuracy of this
method is dependent on the validity of the assumption
that the adsorbed phase behaves like an ideal solution.
When it is applicable, IAST is a useful way to pre-
dict separations without running lengthy simulations or
even lengthier experiments. Here we test the usefulness
of this theory for the natural gas systems being studied.

The removal of trace pollutants from gas streams is a
separation problem of major importance. In such a sys-
tem, the amount of pollutant is often close to the limit
of infinite dilution. The separation realized in practice
is dependent on several parameters including the pres-
sure of the bulk gas phase, the size, shape, and chemical
composition of the pores comprising the adsorbent ma-
terial, the bulk phase composition and the temperature.
Testing the effects of all these parameters on a par-
ticular separation is a time-consuming process if done
experimentally or by molecular simulation. Here we
use a theoretical method, nonlocal density functional
theory (DFT), to investigate the influence of a range of
parameters on the separation of trace components from
a simple binary mixture in buckytubes and MCM-41.
This method has been shown to give results in agree-
ment with GCMC simulations for the separation of
simple binary mixtures near infinite dilution in con-
fined systems (Sowers and Gubbins, 1995), but has the
advantage of being much faster. It is therefore feasible
to use this technique to cover a broad parameter range.

Methods

GCMC simulations are convenient for adsorption
work because the grand canonical ensemble keeps the
temperature, volume and chemical potential of the sys-
tem fixed. When studying adsorption we are con-
cerned with the equilibrium between a bulk fluid phase
and an adsorbed phase, both at the same temperature
and chemical potential. Thus in GCMC the chemical

potential in the pore is fixed at a known value, and
the corresponding bulk fluid pressure can be obtained
from an equation of state. The simulation involves two
perturbations: (a) molecular displacement, (b) trial in-
sertion and deletion of molecules. The energy is re-
calculated following these trial moves, insertions and
deletions, and they are accepted or rejected according
to Monte Carlo recipes that are based on the laws of
equilibrium statistical mechanics. The desired proper-
ties are obtained by averaging over the resulting chain
of accepted configurations (Allen and Tildesley, 1987).

The nonlocal density functional theory used here is
that of Kierlik and Rosinberg (1991), which follows
the general formalism of other density functional the-
ories (Evans, 1992). It is based on the usual separation
of fluid-fluid interactions into attractive and repulsive
contributions. The attractive contributions are treated
in the mean-field approximation. The repulsive part
of the intrinsic Helmholtz free energy is modeled by
the free-energy functional of a reference hard-sphere
fluid. The equivalent hard-sphere diameter is taken to
be simply aff, the Lennard-Jones diameter of fluid-fluid
interactions. The application of density functional the-
ory to adsorbed fluid systems involves the generation
of a grand potential functional for the system, [{pi 1],
which includes a description of the fluid-fluid and fluid-
wall interactions. The grand potential functional for
this system is given by

Q[{pi }]=FhS [{pi }]

+ 2 ffdrdrpi(r)p(r)Ot!'(r - r'l)
-i,j

(1)- f drpi(r)[lti - Fet (r)]

where Fhs[{pi}] is the free energy of a hard-sphere ref-
erence fluid, Pi (r) is the number density of component
i at position r, a¢tr is the attractive part of the fluid-fluid
potential, biext(r) is the external fluid-wall potential for
a molecule of species i at r, and ti is the chemical
potential of component i. The ideal contribution to the
repulsive part of the Helmholtz free energy is local,
depending only on Pi (r) at r.

Fdeal[{pi}] = kT E f drpi(r)[lnpi(r) - 1] (2)

For the excess contribution to the free energy func-
tional of the reference hard-sphere fluid, Kierlik and
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Rosinberg (1991) follow Percus (1988) and Rosenfeld
(1990) in writing

Fhcess[{pi}] = kT drllr[pa(r)] (3)

where kT*p is the excess part of the Helmholtz free
energy density of the uniform hard-sphere fluid of den-
sity Pa (r). A uniform density distribution of adsorbed
particles equal to the bulk fluid density is initially as-
sumed. The grand potential functional is at a mini-
mum for the system at equilibrium, so that Q2[{pi}] is
first calculated for the initial configuration of adsorbed
molecules, and then the density distribution is varied
so as to minimize this functional. The resulting density
distribution is used to calculate the amount of each fluid
adsorbed at the given bulk fluid density, from which the
selectivity of an adsorbed mixture can be found.

In the GCMC method, the fluid molecules are mod-
eled as Lennard-Jones (LJ) spheres. The LJ interac-
tion parameters, e (potential well depth) and a (inter-
action diameter) used in the GCMC simulations and
DFT calculations are given in Table 1 (Hirschfelder et
al., 1964). The subscript ii indicates an interaction be-
tween pairs of similar molecules. The LJ interaction
parameters for pairs of dissimilar molecules, denoted
£ij and oij, are calculated from the pure fluid parame-
ters using Lorentz-Berthelot mixing rules,

£ij = (ii£jj) / 2 (4)

aij = (ii + ajj)/2 (5)

These are given in Table 2. All the fluid-fluid poten-
tials in the GCMC simulations are cut and shifted at a
cutoff radius of 5.0a, at which point the LJ potential is
almost zero.

Table 1. LJ interaction parameters for the single
fluid potentials.

CH4 N2 C3 H8

oii (nm) 0.3817 0.3750 0.5637

eii/k(K) 148.2 95.2 242.0

Table 2. LJ interaction parameters for the fluid-
fluid potentials.

CH4-N2 CH4-C3H8 N2-C3H8

crij (nm) 0.3784 0.4727 0.4694

eij/k(K) 118.8 189.4 151.8

An interaction potential averaged over the surface
structure of the adsorbent is used for the interaction
between adsorbed fluid molecules and the wall of the
buckytube or MCM-41 pore. This potential is calcu-
lated at each of 1000 points along the pore radius. At
each point, the interaction between a fluid molecule
adsorbed at that point, and every atom in the wall of
the pore is calculated using LJ potentials for each in-
dividual atom-atom interaction. Linear interpolation
is used within the GCMC and DFT computations in
order to calculate the fluid-wall potential at points be-
tween those precalculated in this way. The wall of a
buckytube is composed entirely of carbon atoms, but
the wall of an MCM-41 pore contains oxygen and sil-
icon atoms. As usual when modeling silicate materi-
als, only the oxygen atoms are considered in the fluid-
MCM-41 interaction. The process of averaging out the
explicit surface structure of the adsorbent used here is
analogous to that involved when calculating the 10-4-3
potential (Steele, 1974) for a planar graphite surface.
The atomic positions of the carbon atoms in the model
buckytube are calculated by a transformation of planar
graphite atomic coordinates into a tubular structure.
For the double buckytube, the two graphite layers are
separated by 0.335 nm, the interlayer spacing of bulk
graphite. Our atomistic models of two typical bucky-
tubes are shown in Figs. 1 and 2. For MCM-41, our
model is a first approximation to the actual structure,
which has not yet been fully elucidated. It also involves
a transformation of planar coordinates into a tubular
structure, but this time the plane is a regular silicate
surface. Additional silicate structure is built onto the
single-layer tube to represent the MCM-41 structure
further from the pore. Figure 3 shows our model of an
MCM-41 pore. Although this model is clearly imper-
fect, it has been shown to reproduce an experimental
nitrogen isotherm quite well (Maddox and Gubbins,
1994). The LJ parameters for the atom-atom fluid-wall
interactions are calculated from the pure fluid-fluid pa-
rameters and the carbon-carbon and oxygen-oxygen
parameters of the pore walls using Lorentz-Berthelot
mixing rules. These values are shown in Table 3.

The separation of adsorbed mixtures is measured by
a selectively defined by

(X2 /X1)
S2 =2/y

(Y2/yl)
(6)

where xl and x2 are the mole fractions of fluids 1
and 2 in the adsorbed phase, and Yl and Y2 are the
mole fractions of fluids 1 and 2 in the bulk gas phase.
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Figure 1. A short section of a 1.02 nm diameter single-buckytube.

Figure 2. A short section of a 4.8 nm diameter double-buckytube.
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Figure 3. A short section of a 3.8 nm diameter MCM-41 pore. All the atoms shown are oxygen.

S2 is therefore a measure of the adsorption selectiv-
ity for component 2 from a mixture of fluids 1 and 2.
A selectivity of one represents no separation. A value
greater than one shows that component 2 is preferen-
tially adsorbed and a value less than one shows that
component 1 is preferentially adsorbed. For a given
mixture of fluids 1 and 2, we could equally well calcu-
late S1 rather than S2 in which case S1 = S21 .

IAST theory provides a simple technique for calcu-
lating the compositions of the adsorbed and bulk gas
phases for a mixture of gases, using only the adsorp-
tion isotherms for the pure gases, at the same tempera-
ture and on the same adsorbent (Myers and Prausnitz,
1965). The basis of the technique is the assumption
that the adsorbed phase behaves like an ideal solution,
the activity coefficients being equal to unity. In molec-
ular terms, the intermolecular potentials for the various
fluid-fluid pairs are assumed to be very similar. This
approximation leads to an equation which is analogous
to Raoult's law for liquid-vapor equilibria,

PYi = P(r)xi (7)

where P is the total pressure of the gas phase, Yi is the
mole fraction of component i in the gas phase, xi is the
mole fraction of i in the adsorbed phase, and P°(Jr) is
the pure adsorbate gas pressure for component i at the
temperature, T, and the spreading pressure, r, of the
mixture. Spreading pressure is used in place of pressure
in the adsorbed phase. For a binary mixture of gases,
Eq. (7) leads to

P = P (7r)xI + P2°(7r)x2 (8)

A graphical approach can then be used to calculate the
mixture adsorption equilibria and hence the selectivity
from the pure component adsorption isotherms.

Discussion

The single fluid adsorption isotherms of methane,
propane and nitrogen in a 4.8 nm diameter double-
buckytube at 300 K, calculated by GCMC simulations,
are shown in Fig. 4 (errors in the calculated adsorp-
tion are typically of the order 1%). The amount of

Table 3. LJ interaction parameters for the fluid-wall potentials.

CH4-O CH4-C N2-O N2 -C C3H8-O C3 Hs-C

oaij (nm) 0.3314 0.3609 0.3280 0.3575 0.4224 0.4519

sij/k(K) 311.9 64.4 250.0 51.6 398.6 82.3
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Figure 4. Adsorption isotherms for pure methane, nitrogen and
propane in a 4.8 nm diameter double-buckytube at 300 K; GCMC
simulations.

adsorption is initially measured as number of molecules
per unit length of buckytube from the simulation. This
is converted to mmol g-1 by dividing the number of
moles of adsorbed molecules by the total mass of all
the carbon atoms in the unit length of buckytube. Al-
though earlier simulations showed the formation of sev-
eral layers for nitrogen adsorbed in this buckytube at
77 K (Maddox and Gubbins, 1995), the increased mo-
bility of the adsorbed molecules at 300 K prevents the
formation of such discrete layers. Instead, these gases
adsorb as simple Langmuir type isotherms, representa-
tive of type I adsorption in the IUPAC classification
system (Sing et al., 1985), more usually associated
with microporous adsorption. In each case the fluid
is strongly attracted into the buckytube at low pressure
due to the deep potential well in the fluid-wall inter-
action close to the buckytube wall. As the amount
of adsorbed fluid increases, the most favorable sites,
close to the wall of the tube, become occupied. Ad-
ditional adsorbed molecules are forced to reside fur-
ther from the wall where the interaction energy is
less attractive. This causes the rate of adsorption to
slow down and the slope of the adsorption isotherm
to reduce. When the tube is filled with adsorbed
molecules, further adsorption becomes very difficult,
even at very high pressures, due to the strong repul-
sion an additional fluid molecule feels from the other
fluid molecules in the filled tube. In this region the
adsorption isotherm is almost flat; the amount of ad-
sorption is at a maximum and changes very little with
increasing bulk gas pressure. The maximum amount
of adsorption is just over 13 mmol g-1 for methane,
just under 13 mmol g-' for nitrogen, and close to 6
mmol g-' for propane. These differences are simply

related to the size differences between the three types
of molecule. This size effect is shown most clearly in
the case of propane, which is considerably larger than
either nitrogen or methane (the actual relative molecu-
lar volumes of methane, nitrogen and propane are ap-
proximately maintained in the spherical Lennard-Jones
models used here). The initial slope of the propane
isotherm (the Henry's Law region) is steeper than those
of nitrogen or methane because of the stronger attrac-
tive interaction between propane and the buckytube
wall.

Using the single fluid results described above, IAST
is used to predict the selectivities of equimolar bulk gas
mixtures of methane/nitrogen and methane/propane in
the same 4.8 nm double-buckytube at 300 K. GCMC
simulations were performed for the same mixtures for
comparison. Figures 5 and 6 show the selectivities
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Figure 5. Selective adsorption of nitrogen from an equimolar
methane/nitrogen mixture by a 4.8 nm diameter double-buckytube
at 300 K; GCMC simulations and IAST.
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Figure 6. Selective adsorption of propane from an equimolar
methane/propane mixture by a 4.8 nm diameter double-buckytube
at 300 K; GCMC simulations and IAST.
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from IAST and GCMC for these equimolar mixtures.
The selectivity predicted by IAST and GCMC for ni-
trogen in the methane/nitrogen mixture is less than one
for the whole pressure range, showing that methane
is preferentially adsorbed from the equimolar bulk gas
mixture. The selectivity for nitrogen decreases as the
pressure is reduced, until a minimum value is reached,
corresponding to a monolayer of molecules adsorbed
on the pore wall. Below this pressure, the selectivity
for nitrogen increases slightly. This minimum selec-
tivity for nitrogen, corresponding to an optimum se-
lectivity for methane, is seen on the GCMC curve at
around 5 bar, in Fig. 5. No optimum selectivity is vis-
ible in Fig. 6 for the methane/propane system, but this
is merely due to the very strong attractive forces be-
tween the propane molecules and the pore wall which
cause the first monolayer to form at a pressure below
the minimum pressure shown here. Therefore the opti-
mum selectivity will occur at a pressure below 0.01 bar.
The IAST results show reasonable qualitative agree-
ment with GCMC for the methane/nitrogen mixture,
and good agreement for the methane/propane mixture.
Agreement between IAST and GCMC should be better
at lower pressures because there are fewer interactions
between the fluid molecules of each component and the
mixture more closely approximates an ideal solution,
even for adsorbed species that are quite dissimilar. At
high pressures the adsorbed system can no longer be
regarded as an ideal solution if there are any differ-
ences between the molecular interactions of different
species. Since methane and nitrogen are quite simi-
lar in size, shape and intermolecular interaction, it is
not surprising that the IAST results remain in fairly
close agreement with GCMC, even at high pressure.
It is however, slightly surprising that IAST gives such
good results for the methane/propane mixture in the
high pressure region. This is probably due in part to
the use of Lennard-Jones spheres to model both ad-
sorbates. IAST would therefore not be expected to
work as well when predicting selectivities from exper-
imental adsorption isotherms of these adsorbates. For
the methane/propane mixture, IAST and GCMC both
predict a selectivity greater than one for the whole pres-
sure range. Again the degree of separation is greatest
at low pressure. In both cases the fluid which has the
stronger interaction with the buckytube wall is prefer-
entially adsorbed. At low pressures fewer molecules
are adsorbed, so those that are adsorbed will occupy
the region close to the wall where the fluid-wall po-
tential well is at its deepest and the difference between

the interaction of different fluids with the wall is great-
est. Hence the selectivity is larger. At higher pressures,
more fluid molecules are adsorbed, many of which must
reside further from the walls of the buckytube and expe-
rience much weaker fluid-wall forces. The difference
in the fluid-wall interaction for the different fluids is
smaller and the selectivity is therefore also smaller.

Figures 7-11 highlight the dramatic improvements
that are possible in separation systems for trace pol-
lutant removal by the careful tuning of a number of
parameters. Temperature and pressure can be tuned in
any adsorbent system, but the novel adsorbents MCM-
41 and buckytubes also allow the pore size and structure
to be varied in order to enhance separations, often to re-
markable effect. Figure 7 shows nonlocal DFT results
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Figure 7. Selective adsorption of propane from a methane/propane
mixture by a range of MCM-41 pores at 300 K, 0.27 bar and a bulk
propane mole fraction of I x 10-7; DFT results.
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Figure 9. Selective adsorption of propane from a methane/propane
mixture, for a range of pressures, by a 1.02 nm diameter single-
buckytube at 300 K, and a bulk propane mole fraction of I x 10-7;
DFT results.
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Figure 10. Selective adsorption of propane from a methane/
propane mixture, for a range of temperatures, by a 1.02 nm diameter
single-buckytube at 0.02 bar, for a bulk propane mole fraction of
I x 10-7; DFT results.

lOI
4

1012

vo 1010

a
o 10

s

0 1 2 3 4 5 6

Number of Coaxial Graphite Layers

Figure 11. Selective adsorption of propane from a methane/
propane mixture by a 1.02 nm diameter buckymtube with varying num-
bers of coaxial layers, at 300 K, 5x 10-12 bar, and a bulk propane
mole fraction of I x 10-7; DFT results.

for a methane/propane mixture in MCM-41 pores of
different sizes. The bulk gas is methane with trace
amounts of propane (1 x 10- 7 mole %). The tempera-
ture is 300 K and the bulk mixture pressure is 0.27 bar.
Points in the figure show the discrete range of pore
diameters considered here. Lines are used to join the
points since an almost continuous range of MCM-41
pore diameters is available in practice. At a pore diam-
eter below 1 nm, the selectivity for propane is less than
one, demonstrating a preference for methane adsorp-
tion in the pore despite the greater attraction between
the MCM-41 pore wall and a propane molecule. This
is simply a size-exclusion effect, the pore being too
narrow to allow the larger propane molecules to enter.
If we consider pore diameters slightly greater than the
size of a propane molecule, propane is very strongly
adsorbed in preference to methane, giving a very large
selectivity of around 3 x 105. At larger pore sizes,
propane is still adsorbed in great preference to methane,
but the selectivity becomes smaller; for pore diameters
in the range 3-5 nm it has a value of around 1 x 102,
some three orders of magnitude less than the optimal
separation. A similar behavior is observed in Fig. 8
where nonlocal DFT is used to calculate selectivities
for the same bulk gas mixture at the same temperature
and a slightly lower pressure, in single-walled bucky-
tubes of varying diameters. Again, methane is prefer-
entially adsorbed when the pore size is small enough
to physically exclude the larger propane molecules, but
propane adsorption is greatly favored once the bucky-
tube is large enough to admit the propane molecules.
Here the selectivity drops almost five orders of magni-
tude from the optimal diameter of around 1 nm to buck-
ytubes greater than 3 nm in diameter. Under the same
conditions of temperature, pressure, bulk phase mix-
ture and pore size, the single-buckytube gives an opti-
mum selectivity which is more than an order of magni-
tude greater than that achieved by MCM-41, because
buckytubes adsorb the fluid molecules more strongly.
Despite the larger e parameters for the fluid-MCM-41
interactions, the density of carbon atoms in a buckytube
is much greater than the density of oxygen atoms in an
MCM-41 pore, so that the overall fluid-wall interaction
is stronger in a buckytube.

Having established that a buckytube of around 1 nm
in diameter will give an optimal selectivity for a bulk
gas mixture of methane and 1 x 10- 7 mole % propane,
Figs. 9-11 show how the separation may be further
improved by tuning the pressure, temperature, and the
number of coaxial graphite layers of the buckytube.
Figure 9 shows that finding the optimal pressure for
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the system, can increase the selectivity by up to 1.5
times over a pressure range of just 0.1 bar. Figure 10
indicates that large improvements in the separation can
be achieved by carrying out the separation at a reduced
temperature. Unlike the other parameters considered
so far, it seems likely that there will be no maximum
selectivity at a non-zero temperature, but that the sep-
aration will continue to improve toward absolute zero.
Most dramatic of all is the effect on the selectivity of
multiply layered buckytubes. In going from a single-
walled tube to a buckytube of the same internal diam-
eter, but comprising six coaxial layers, the selectivity
increases by more than seven orders of magnitude from
6 x 106 to 3 x 1014. This is simply explained by the
large increase in the number of carbon atoms in the
buckytube wall which contribute to the attractiveness
of the fluid-wall potential. Each successive layer is
made up of more carbon atoms than the last, but is
also further from the adsorbed fluid. The latter effect
predominates, slowing down the increase in the selec-
tivity with each successive layer until each additional
graphite layer is so far removed from the adsorbed fluid
that it has little effect on the fluid-wall potential. In fact,
although the addition of layers five and six improves
the separation in an individual buckytube, the reduc-
tion in the specific surface area of an array of buck-
ytubes due to this added carbon bulk could actually
reduce the effective separation in a real, macroscopic
system.

Conclusions

We have modeled the adsorption of three constituents
of natural gas in a 4.8 nm double-buckytube at 300 K
and shown that the, adsorption isotherms are of IUPAC
type I in each case. The initial slope of the isotherm
(the Henry's Law region) is greatest for propane, then
methane and then nitrogen. This is directly related to
the different strengths of the fluid-wall interactions.
The maximum amount of adsorption is greatest for
methane, then nitrogen and then propane, because
fewer larger molecules are needed to fill the buckytube.
For equimolar bulk gas mixtures of methane/nitrogen
and methane/propane adsorbing at 300 K in this bucky-
tube, the component with the stronger fluid-wall inter-
action is preferentially adsorbed in each case; methane
from the methane/nitrogen mixture and propane from
the methane/propane mixture. In both systems the sep-
aration is greatest at low pressure. IAST shows good
qualitative agreement with the simulation results for
these mixtures.

Nonlocal DFT has been used to determine the sepa-
ration of a trace quantity of propane from bulk methane
by adsorption in MCM-41 and buckytubes, for a range
of conditions. For both types of adsorbent, the separa-
tion is shown to be very sensitive to the pore size, and
selectivities can be improved by several orders of mag-
nitude by finding the optimal pore size. For MCM-41
and single-layered buckytubes, the optimal pore size
for this bulk mixture is around 1 nm. At this diameter,
the pore is just big enough to adsorb the large propane
molecules. Such a single-layered buckytube with an
internal diameter of 1 nm has already been prepared
by Iijima and Ichihashi (1993). In addition to the pore
size, the pressure, temperature, and fluid-wall interac-
tion (the number of graphite layers in a buckytube), can
also be tuned to improve the mixture separation by up
to seven orders of magnitude.

Although we know of no experimental adsorption
results for buckytube systems and only a few single
fluid adsorption isotherms for MCM-41 (Branton et
al., 1993; Franke et al., 1993), our simplified molec-
ular simulations of these materials demonstrate their
great potential as adsorbents for the separation of gas
mixtures. The synthetic control of, and experimental
research into these exciting new materials is currently
in its infancy, but maturing fast. Within the next few
years we anticipate many experimental studies of fluid
adsorption in buckytubes and MCM-41. It is our hope
that the work presented here will be helpful in directing
such research towards systems that are more likely to
be of practical use, and also in the interpretation of the
experimental data. Future simulation work will seek
to improve the current models by the inclusion of elec-
trostatic forces and the use of more realistic atomistic
models for larger fluid molecules. Recent MD simula-
tions of MCM-41 (Feuston and Higgins, 1994), which
have proposed a detailed atomistic model of this mate-
rial, will also enable us to greatly improve our structural
representation of an MCM-41 pore.

Nomenclature

p density
Q2 grand potential
Fhs free energy of hard sphere

reference fluid
r vector position of a fluid particle
oattr attractive part of fluid-fluid

potential
"ext external fluid-wall potential

AL chemical potential

mol m-3

J mol-1

J mol- '
m

J mol-'
J mol- '
J mol-'
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Pa density of uniform hard-sphere
fluid

'r Helmholtz free energy
E Lennard-Jones well depth
k Boltzmann constant
a Lennard-Jones molecular diameter
S2 selectivity for component 2
xl mole fraction of component 1 in

the adsorbed gas phase
YI mole fraction of component 1 in

the bulk gas phase
P pressure
7r spreading pressure
T temperature

mol m- 3

J mol-
J mol- t

JK-'
m

bar
bar
K
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