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We investigate the selective adsorption of xenon, argon, and methane in zeolite NaA by 
applying the grand canonical ensemble Monte Carlo simulation technique to an adsorbed 
binary mixture and to two reference systems: i) an adsorbed single component system and ii) a 
bulk mixlure. We define and calculate selectivities and excess densities due to i) mixing and ii) 
adsorption in terms of differences between the binary adsorbed system and these reference 
systems. We observe that xenon selectively adsorbs in both xenon-argon and xenon-methane 
mixtures at low chemical potential (low pressure) due to its greater energetic interaction with 
the zeolite. However, a reversal in selectivity occurs a t  higher chemical potential in both of 
these mixtures. This is due in large part to the greater efficiency in which the smaller compo- 
nent “packs” in the pore as compared to the bulk. We show that the crossover in selectivity 
occurs at a lower chemical potential for a mixture where one component can occupy regions of 
the porespace inaccessible to the other. We suggest that this crossover in selectivity may be a 
general feature of microporous adsorption. 

Keywords: Zeolite; binary mixture; adsorption; grand canonical; Monte Carlo 

I. INTRODUCTION 

Zeolites are a family of microporous aluminosilicates which have found 
widespread use as catalysts and separating agents. At the source of their 
utility is the presence of a crystalline network of monodisperse pores of 

“Address for Correspondence Department of Chemical Engineering and Materials Science. 
Wayne State University, Detroit, MI 48202. 
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240 P. R. VAN TASSEL eta1 

molecular dimensions (typical pore sizes range from 10 to 50 A). The small 
size of the pores provides i) a high surface to volume ratio, ii) an enhanced 
pore wall-adsorbate interaction due to appreciable curvature over molecu- 
lar length scales, and iii) the possibility of entrapment, exclusion, and inhibi- 
tion of certain species based on steric constraints. The monodisperse nature 
of the pore network ensures that each of these properties will be well 
defined for a given molecular species. The third property allows for the 
possibility of shape selective catalysis which results in the production of 
oftentimes thermodynamically disfavored products based on a preferred 
“fit” of certain reactants, intermediates, and/or products in the pore due to 
size and shape. 

As a step towards understanding shape selective catalysis, we seek to 
better understand how and why zeolites selectively adsorb certain compo- 
nents in a mixture. We can think of selectivity as being due to either kinetic 
or thermodynamic factors. The former deals principally with molecular 
sieving and may be understood as the preferred adsorption based on the 
steric exclusion of certain species in a mixture. The latter occurs when 
several components can fit in the pore and in principle can be understood in 
terms of energetic and molecular packing effects. Interestingly, these are 
also the predominant effects behind liquid crystal phase behavior. It is the 
goal of this paper to investigate the equilibrium selectivity of mixtures of 
simple, spherical molecules in a model zeolite micropore. 

Molecular computer simulation offers an attractive means to study ad- 
sorption in zeolitic materials. Experimental techniques, although crucial to 
a complete understanding, are by themselves unable to cover a wide par- 
ameter space or to provide molecular level information. Approximate the- 
ories (density functional, integral equation), on the other hand, suffer from 
the necessary approximations which become less appropriate in the widely 
varying potential field of a zeolite micropore. (However, very recently, den- 
sity functional theory has been successfully applied to a zeolitic system [l] 
and the prospects for future success in this area appear promising.) In 
contrast, molecular simulation suffers from none of these pitfalls and is used 
extensively in the study of adsorption in zeolitic systems [2-191 with recent 
emphasis directed towards selectivity in multi-component systems 
[ 5 , 8 ,  13,141. 

In a recent work [14], we report grand canonical Monte Carlo simula- 
tions of the adsorption of xenon, argon, methane, and their binary mixtures 
in zeolite NaA and compare results to those predicted by an “ideal” iso- 
therm model reference system. In this paper, we build on this previous work 
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ADSORPTION OF BINARY MIXTURES 24 1 

by comparing simulations of adsorbed mixtures to two additional reference 
systems: i) simulated adsorbed single component systems and ii) simulated 
bulk mixtures. This allows us to calculate excess properties due to mixing and 
adsorption and the quantity known as the selectivity. We find two competing 
factors to be important in explaining selective adsorption: energetic effects 
and molecular packing effects. The former refers to the degree of energetic 
interaction between the adsorbate and the zeolite and is important at low 
loadings. The latter refers to the ability of the different components to pack 
efficiently in the pore, as compared to the bulk, and contributes to non-ideal 
mixing and a reversal of selectivity at higher pore loadings. 

11. SIMULATION METHOD AND SYSTEM 

The simulation technique used in this work is the grand canonical Monte 
Carlo simulation method [20,21]. It may be used to measure the ther- 
modynamic properties of any single- or multi-component fluid at fixed 
volume, temperature, chemical potential of each species, and external field. 
The appropriate free energy in this ensemble is defined as 

NC 

i =  1 
Q = E - T S -  C N i p i  

where E is the energy, T is the temperature, S is the entropy, and N i  and pi 
are the number and chemical potential of the i’th species in a N ,  component 
mixture. 

In the course of the simulation, phase space is sampled by creating new 
states of the system and accepting them with a Boltzmann weight so as to 
achieve the desired distribution. New states are generated via random per- 
turbations of the system; these typically take the form of random particle 
translations, random particle insertions, and random particle deletions. If 
molecular fluids were studied, random particle rotations would also be 
used. The frequency with which the various system perturbations are 
chosen must allow for the rate of exchange between any two system states 
to be equal at equilibrium (principle of detailed balance). 

The adsorbent modeled in this work is zeolite NaA, a crystalline 
aluminosilicate with a unit cell composition of Na, 2Si12Al12048. Adsorp- 
tion occurs into the largest cavity of NaA, the a-cage, which is shaped 
roughly like a truncated cuboctahedron, makes up a single unit cell, has a 
diameter approximately equal to the lattice spacing of the crystal (12.263 A), 
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242 P. R. VAN TASSEL et al. 

and is connected to other a-cages in a cubic arrangement. The a-cage is 
shown in Figures 1 through 3. Framework and extraframework positions 
are available from X-ray diffraction studies [22].  Vibrational motion of the 
zeolite is known to occur and may indeed affect dynamic properties of 
adsorbates. As we seek only themodynamic properties in this work, we 
assume a rigid framework. 

The adsorbates studied in this work are xenon, argon, and methane. We 
consider cases where they are i) adsorbed in zeolite NaA and ii) in a bulk 
phase. Bulk simulations take place in a cubic box of length L = 30 A. The 
standard periodic boundary condition and minimum image convention are 
used [21]. Xenon, argon, and methane are treated as Lennard-Jones mol- 
ecules with parameters given in Table I. No cut-off distance is imposed, but 
use of the minimum image convention implies that the longest distance of 
interaction is d L / 2 .  The Lorentz-Barthelot mixing rules are used to deter- 
mine ’ interaction parameters between unlike species. These are simply 
g 1 2  = 6 and o12 = (ol + a,)/2. In addition to the standard insertion, 
deletion, and translation steps, we employ random particle identity change 
steps. These were found to increase the efficiency of the simulation. 

FIGURE I Xenon (white) and argon (purple) mixture isodensity surfaces in the zeolite NaA 
r-cage at p = - 15 kJ/mol (left) and p = 0 (right). The surface corresponds, for a given compo- 
nent, to a density ten times that of its average density in the pore in this and subsequent color 
plates. The red bars represent the zeolite’s silicon-aluminum-oxygen framework and the yellow 
spheres represent the its’ extra-framework sodium ions in this and subsequent color plates. The 
length of the cage is 12.263 A. Note that at high chemical potential, argon is able to occupy 
porespace inaccessible to  xenon. (See Color Plate 1). 
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ADSORPTION OF BINARY MIXTURES 243 

FIGURE 2 
p = - 15 kJ/mol (left) and p = 0 (right). (See Color Plate 11). 

Snapshots of xenon (white) and argon (purple) atoms in the ieolite NaA a-cage at 

FIGURE 3 Xenon (white) and methane (blue) mixture isodensity surfaces in zeolite NaA 
a-cage at 11 = - 15 kJ/mol (left) and p = 0 (right). Notice that xenon and methane occupy the 
same regions of the porespace at both chemical potentials. (See Color Plate 111). 
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244 P. R. VAN TASSEL etal .  

TABLE 1 The Lennard-Jones parameters 
for the potential energy of interaction 
among the adsorbates. Parameters were 
taken from Ref. [32]. k ,  is the Boltzmann 
constant 

Xe 4.10 22 1 
CH, 3.82 t48 
Ar 3.40 120 

Adsorbed phase simulations take place in a periodic system consisting of 
eight a-cages (or unit cells) of zeolite NaA. The external potential field of the 
zeolite is determined via a summation of dispersion, repulsion, and polariz- 
ation interactions between the adsorbates and the oxygen and sodium ions 
of the zeolite framework as suggested originally by Kiselev and co-workers 
[23,24]. Details of the adsorbed phase simulation and external potential 
field of this system are discussed elsewhere [6,14]. The temperature of all 
simulations presented here is 300 K. 

111. EXCESS PROPERTIES 

Taking the single component adsorbed phase as a reference state, the natu- 
ral way to define excess total and partial densities due to mixing in the 
grand canonical ensemble is as follows: 

This resembles the usual definition [25] except that the chemical potentials 
of the N ,  species take the place of the pressure and the N ,  - 1 mole frac- 
tions as the "natural" variables in this ensemble. No volume dependence 
exists as we assume V is sufficiently large so as to be in the thermodynamic 
limit and that the microstructure of the adsorbent is independent of K (In 
NaA, V refers to the total volume of all the a-cages and can change only by 
discrete amounts as the a-cages themselves have fixed volume.) 

In addition to non-idealities brought about by mixing, the process of 
adsorption itself may bring about unexpected mixture equilibria. To deter- 
mine the effect of the adsorbent on the mixture, we consider the bulk phase 
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ADSORPTION OF BINARY MlXTURES 245 

of the mixture to be the reference state and define excess total and partial 
densities due to adsorption as 

Apads(k,T)= pdds "'"(k,T) - pbIk "'"(g,T) (4) 

We can think of these excess properties as arising from various contributions 
of the potential energy function. Eqs. 2 and 3 account for the contribution of 
the intermolecular potential between unlike species and Eqs. 4 and 5 account 
for the contribution of the external potential between the adsorbates and the 
adsorbent. Figure 4 provides a pictorial representation of this. 

FIGURE 4 Schematic showing the relationship between the adsorbed mixture and the two 
reference systems considered here. The excess density due to mixing comes from differences 
between the adsorbed mixture and the adsorbed single component reference system and the 
selectivity and the excess density due to adsorption come from differences between the adsor- 
bed mixture and a bulk mixture reference system. 
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246 P. R. VAN TASSEL rt al. 

Another useful property for comparing adsorbed versus bulk mixtures is 
the selectivity of component i over component j which is defined as 

where .xi and y i  are the mole fraction of species i in the adsorbed and bulk 
phases, respectively. This is a measure of the propensity of one component 
in a bulk mixture to adsorb preferentially over another. A value greater 
than unity indicates a preference of component i over component j .  

IV. RESULTS 

Figures 5a-b show xenon-argon and xenon-methane mixture and single 
component adsorption isotherms plotted as density of the adsorbed phase 
versus chemical potential. By considering an equi-chemical potential ordi- 
nate, we observe differences in mixture equilibria that are due to physical 
differences between the components. The volume per unit cell (or per ci- 
cage) of NaA is 1.844 nm3 and includes regions of the zeolite unreachable 
by the adsorbates. At low chemical potential, we observe that xenon ad- 
sorbs preferentially to the virtual exclusion of the competing species. At 
higher chemical potential, the smaller component is observed to enter the 
pore. In the case of argon, some of the xenon is displaced and argon 
becomes the dominant species. In the case of methane, xenon is not dis- 
placed but some methane is able to enter the porespace. This feature is 
discussed further below. 

Differences between the mixture and single component isotherms may be 
determined by calculating the excess density due to mixing from Eqs. 2 and 3. 
These are plotted in Figure 6. We note that at low chemical potential, 
both mixtures are nearly ideal (excess densities are near zero). At high 
chemical potential, the mixing may become non-ideal. In the xenon-argon 
mixture, the excess xenon and argon becomes positive and negative, re- 
spectively. The total excess density of mixing is positive at intermediate 
chemical potential, reflecting a more efficient packing of the mixture, and 
negative at high chemical potential, reflecting a more efficient packing of the 
single components. The xenon-methane mixture is seen to behave in a much 
more ideal manner: non-idealities occur only at high chemical potential. 

To further understand these observations, it is instructive to consider the 
structure of the adsorbed phase. Figure 1 shows the xenon-argon mixture 
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. 
,i 

. 
ci 

8.0 I Ar, pure A 
6.0 1 / *Y 

2.0 4-0 i /a /\ 
I /  I / 

Ar, mix 

0.0 
-60.0 -40.0 -20.0 0.0 

p / kJ/moi 

b) 
10.0 , I 

i CH.. D u e  8.0 

6.0 1 
c 

FIGURE 5 Single component (pure) and mixture a) xenon-argon and b) xenon-methane 
isotherms plotted as density of the adsorbed phase versus chemical potential. An equi-chemical 
potential ordinate is considered for the mixure in this and subsequent figures. Note that while 
xenon is favored at low chemical potential, argon (but not methane) may displace xenon at 
high chemical potential. 

density distributions in the NaA a-cage. At intermediate chemical potential, 
both species compete for positions near the 4-membered rings and as xenon 
is favored energetically, it adsorbs preferentially. At higher chemical poten- 
tial, argon is able to occupy additional pore space not accessible to xenon. 
Simulation snap shots (Fig. 2) also provide evidence of argon being able to 
sample more of the pore space than xenon. This represents a clear packing 
advantage; it's presence results in non-ideal mixing and is responsible 
for the displacement of xenon seen in Figure 5. In contrast, Figure 3 
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E 

8 
Y . 
E 

1 .o 

0.0 

-1 .o 

a- 

-2.0 
60.0 -40.0 -20.0 0.0 

p I kJIrnol 

i 
1.0 t 

-1.0 1 i 
-2.0 L -  -- -20.0 0.0 

-60.0 -40.0 
u I kJlm0l 

FIGURE 6 The excess density of mixing as defined in Eqs. 2-3 for a) xenon-argon and b) 
xenon-methane mixtures. Note that the mixing is much more ideal in the xenon-methane 
system. 

shows that xenon and methane compete for the same positions in the pore. 
The mixing is much more ideal, no appreciable packing advantage is appar- 
ent, and we observe ~o displacement to occur. 

We now turn our attention to the explicit effect of the adsorbent on the 
mixture and examine selective adsorption. The appropriate reference system is 
a bulk mixture at the same temperature and chemical potentials. Figures 7a-b 
show the partial densities of adsorbed and bulk xenon-argon and 
xenon-methane mixtures. Interestingly, the bulk phases exhibit qualitatively 
similar behavior: xenon favored at low chemical potential in both mixtures 
and argon (but not methane) being able to displace xenon. The total density 
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20.0 1 Ar, bulk 4 
t 

16. 
B i  .o t I 

E 12.0 . i Xe, bulk . 

60.0 -40.0 -20.0 0.0 

4.0Le , , 
0.0 

60.0 -40.0 -20.0 0.0 

20.0 16.0 i 
T- c E 12.0 t . I 

Xe, bulk 
0-04- 

I I P p a  CH,, bulk 
1 

Xe, bulk 
0-04- 

I I P p a  CH,, bulk 
1 i 

0.0 

FIGURE 7 Adsorbed and bulk phase a) xenon-argon and b) xenon-methane mixture iso- 
therms plotted as  density of the adsorbed phase versus chemical potential. Note that the 
behavior o f  the adsorbed and bulk mixtures are qualitatively similar. 

of the bulk fluid can be greater than the adsorbed one; this reflects the 
presence of unavailable space in the zeolite. 

Figure 8a shows that the excess density of xenon due to adsorption in the 
xenon-argon mixture is positive at low chemical potential (reflecting its 
strong adsorption) and negative at higher chemical potential (reflecting the 
greater volume available in the bulk compared to the zeolite). The fact that 
at the highest chemical potential, the excess density due to adsorption 
returns to zero indicates a second domain of preferential adsorption of 
xenon (see below). The excess density of argon and the excess total density 
due to adsorption are always non-positive and are seen to decrease steadily 
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-20.0 L I 
-60.0 -40.0 -20.0 0.0 

p I kJhnol 

5.0 I 

t -1 5.0 

-20.0 ' I 
80.0 -40.0 -20.0 0.0 

p I kJlmol 

FIGURE 8 
xenon-methane mixtures. 

The excess density of adsorption as defined in Eqs. 4-5 for a) xenon-argon and b) 

with chemical potential, this again being due to the presence of inaccessible 
volume in the zeolite. 

In the xenon-methane mixture (Fig. 8b), the excess density of xenon due to 
adsorption again goes from positive to negative with increasing chemical poten- 
tial, but does not begin to increase at the highest chemical potentials. This is 
mainly due to the lack of displacement by methane of xenon in the bulk. 
Interestingly, the excess density of methane due to adsorption remains near zero. 

The selectivity calculated via Eq. 6 is shown in Figure 9. Xenon is seen to 
adsorb selectively in both mixtures at low chemical potential due to its 
greater energetic attraction to the zeolite as compared to argon or methane. 
The selectivity decreases with chemical potential and eventually a reversal 
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I 
-60.0 -40.0 -20.0 0.0 
0 '  

p I kJ/mol 

FIGURE 9 The selectivity as defined in Eq. 6 for xenon-argon and xenon-methane mixtures 
plotted versus chemical potential. Note that in both systems, the selectivity shifts from xenon 
to argon or methane upon going from low to high chemical potential. 

occurs so that either argon or methane is selectively adsorbed. This reversal 
in selectivity, discussed further below, occurs at a lower chemical potential in 
the xenon-argon mixture. This reflects the greater packing advantage of ar- 
gon (compared to methane). Finally, we note that in the xenon-argon mix- 
ture, the selectivity reaches a minimum and at very high chemical potential, 
xenon again is selectively adsorbed. This shows that the preferential packing 
arrangement of the xenon-argon mixture becomes a disadvantage at high 
chemical potential, that is, argon actually packs more efficiently in the bulk. 

V. DISCUSSION 

Our simulation study of adsorbed and bulk binary mixtures demonstrates 
the existence of two related phenomena. The first is a reversal in selectivity 
which indicates a change from one preferentially adsorbed species to an- 
other (according to Eq. 7). The second is a crossover in the binary isotherm. 
It is tempting to conclude from the presence of a crossover in the xenon- 
argon adsorption isotherm and lack thereof in the xenon-methane one that 
a reversal in selectivity is occurring in the former and not in the latter. 
However, selectivity depends equally on the bulk system whose behavior is 
shown here to be qualitatively similar. Is selective adsorption occurring? If 
so, are we truly seeing a reversal in selectivity in the xenon-argon mixture? 
Figure 9 indicates that the adsorption is indeed selective and that actually 
two reversals are occurring with first xenon, then argon, then xenon again 
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being selectively adsorbed in going from low to high chemical potential. 
Figure 9 further shows that we are also seeing a reversal in selectivity in the 
xenon-methane mixture, even though no crossover exists in the isotherm for 
that system. 

The existence of the crossover in the xenon-argon bulk and adsorption 
isotherms may be explained by considering the grand potential free energy 
defined in Eq. 1. In the limit of low chemical potential, a very low density 
minimizes R. The composition is then dictated by the infinite dilution en- 
ergy and entropy; both of these favor xenon [14]. At a high chemical 
potential, a high density minimizes R. The composition is dictated by pack- 
ing effects (i.e. how many molecules may be placed in a given volume) along 
with energetic and entropic effects. Argon, differing sufficiently in size from 
xenon, will be favored at high chemical potentials due to packing effects. 
Hence, one observes crossovers in both adsorbed and bulk systems. In 
contrast, the size ratio is closer to unity in the xenon-methane mixture, 
methane enjoys less of a packing advantage, and no crossover is observed. 
It must be remembered that although an isotherm crossover depends only 
on the components energy, entropy. and packing ability in a single phase, 
the selectivity depends on differences in these quantities between adsorbed 
and bulk phases. 

In addition to selectivities, we define and present excess properties due to 
mixing and adsorption. Although well defined, the information they give 
must be carefully interpreted. For example, the excess partial density due to 
mixing (Eq. 3, Fig. 6) is seen to be positive (negative) for the component 
which is disfavored (favored) in the xenon-argon mixture. This seemingly 
paradoxical result is due to the higher plateau of the argon single compo- 
nent isotherm, which itself is related to the packing advantage that causes 
the displacement of xenon and the rapid decrease in selectivity with chemi- 
cal potential. Another example is that the excess partial density due to 
adsorption (Eq. 5, Fig. 8) may be negative even when the component in 
question is the one selectively adsorbed (!xij> 1). This is mainly due to the 
inaccessible volume of the zeolite. In contrast, the total excess density due 
to mixing has a direct interpretation: it represents the efficiency of pore 
filling in the mixture as compared to the single component systems. 

Based on the mixtures studied here, we postulate that a reversal in selec- 
tivity may be a general feature associated with microporous materials such 
as zeolites. A larger, more polarizable component in a mixture will adsorb 
preferentially at low pressure for energetic reasons, and a smaller compo- 
nent will adsorb preferentially at high pressure due to a combination of 
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packing, energetic, and entropic effects. We further suggest that the greater 
the difference in size between the components, the lower the pressure at 
which the crossover will occur. Monson has noted a decrease in selectivity 
of the larger species with increased pressure in one-dimensional mixtures 
which is more pronounced for large size differences [26]. This finding is in 
qualitative agreement with the trends observed here. 

Recent work has demonstrated that reversals in selectivity can also be 
achieved simply by changing the size of a geometrically shaped pore 
[27-3 I]. This finding offers the promise of flexible control over separations 
by choosing from amongst various adsorbents. Based on the present work, 
we add that the same adsorbent can be used to selectively adsorb either 
component in a binary mixture. This potentially allows for even further 
flexibility in gas-phase separations using zeolites. 

A ckno wledgements 

We wish to thank M. C .  Mitchell and D. Keffer for helpful discussions and 
for assistance in data retrieval, the Minnesota Supercomputer Institute for 
use of a Silicon Graphics IRIS workstation and the Minnesota Supercom- 
puter Center, Inc. for a grant on a Cray X-MP EA supercomputer. 
P. R. V. T. additionally thanks P. Viot, G. Tarjus, and P. A. Monson for 
helpful discussions and acknowledges support from a NATO-NSF Postdoc- 
toral Fellowship. 

References 

[ I ]  Mitchell. M. C., McCormick, A. V. and Davis, H.  T. (1995) “Prediction of adsorption of 
xenon in zeolite NaA with molecular density functional theory”, Zeifschrf t  Fur Physik B, 
97. 353. 

[2] Stroud, H. J. F., Richards, E., Limcharoen, P. and Parsonage, N. G. (1976) “Ther- 
modynamic study of the Linde 5A + methane system”, J .  Chem. So(,., Faraday Trans. I ,  
72, 942. 

[3] Soto. J. L. and Myers, A. L. (1981) “Monte Carlo studies of adsorption in molecular 
sieves”, Mol. Phys., 42, 971. 

[4] Woods. G. B.. Panagiotopoulos, A. Z. and Rowlinson, J. S. (1988) “Adsorption of fluids 
in model zeolite cavities”, Mol. Phys., 63, 49. 

[5] Razmus, D.  M. and Hall, C.  K. (1991) “Predictions of gas adsorption in 5A zeolites using 
Monte Carlo simulation”, AIChE J., 37, 769. 

[6] Van Tassel, P. R., Davis, H. T. and McCormick, A. V. (1991) “Monte Carlo calculations 
of adsorbate placement and thermodynamics in a micropore: Xe in NaA”, Mol. Phys., 73, 
1107. 

[7] Snurr, R. Q., June, R. L., Bell, A. T. and Theodorou, D. N. (1991) “Molecular simulations 
of methane adsorption in  silicalite”, Mol. Simul. 8, 73. 

[8] Karavias, F. and Myers, A. L. (1991) “Isosteric heats of multicomponent adsorption: 
thermodynamics and computer simulations”, Langmuir, 7. 31 18. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



254 P. R. VAN TASSEL e t a l .  

[9] Van Tassel, P. R., Davis, H. T. and McCormick, A. V. (1992) “Monte Carlo calculations 
of Xe arrangement and energetics in the NaA alpha cage”, Mol .  Phys., 76, 411. 

[lo] Van Tassel, P. R., Davis, H. T. and McCormick, A. V. (1993) “Open-system Monte Carlo 
simulations of Xe in N a A ,  J. Chem. Phys., 98, 8919. 

[11] Vernov, A. V., Steele, W. A. and Abrams, L. (1993) “Sorption of xenon in zeolite rho: a 
thermodynamic/simulation study”, J. Phys. Chem., 97, 7660. 

[12] Snurr, R. Q., Bell, A. T. and Theodorou, D. N. (1993) “Prediction of adsorption of aro- 
matic hydrocarbons in silicalite from grand canonical Monte Carlo simulations with 
biased insertions”, J. Phys. Chem., 97, 13742. 

[I31 Maddox, M. W. and Rowlinson, J. S. (1993) “Computer simulation of the adsorption of a 
fluid mixture in zeolite Y”, J. Chem. SOC.. Faraday Trans., 89, 3619. 

[14] Van Tassel, P. R., Davis, H. T. and McCormick, A. V. (1994) “Adsorption simulations of 
small molecules and their mixtures in a zeolite micropore”, Langmuir, 10, 1257. 

[l5] Dunne, J. and Myers, A. L. (1994) “Adsorption of gas mixtures in micropores: effect of 
difference in size of adsorbate molecules”, Chem. Eng. Sci., 49, 2941. 

[16] Smit, B. (1994) “Computer simulations of the energetics and siting of n-alkanes in 
zeolites”, J. Phys. Chem., 98, 8442. 

[17] Smit, B. “Simulating the adsorption isotherms of methane, ethane, and propane in the 
zeolitesilicalite”, J. Phys. Chem., 99, 5597 (1995). 

[l8] Magmn, E. J., Bell, A. T. and Theodorou, D. N. (1995) “Sorption thermodynamics, siting, 
and conformation of long n-alkanes in silicalite as predicted by configurational-bias 
Monte Carlo integration”, J. Phys. Chem., 99, 2057. 

[I91 Nicholson, D. and Pellenq, R. J. (1995) “Grand ensemble Monte Carlo simulation of 
simple molecules adsorbed in silicalite-1 zeolite”, Langmuir, 11, 1626. 

[20] Norman, G. E. and Filinov, V. S. (1969) “Investigations of phase transitions by a Monte 
Carlo method”, High Temp. (USSR), 7,  216. 

[21] Allen, M. P. and Tildesley, D. J. (1989) Computer Simulation ojLiquids,  Clarendon: Oxford. 
[22] Yanagida, R. Y., Amaro, A. A. and Seff, K. J. (1973) “A redetermination of the crystal 

structure of dehydrated zeolite 4 A ,  J. Phys. Chem., 77, 805. 
[23] Bezus, A. G., Kiselev, 4.  V., Lopatkin, A. A. and Du, P. Q. (1978) “Molecular statistical 

calculation of the thermodynamic adsorption characteristics of zeolites using the atom- 
atom approximation, part 1: adsorption of methane by zeolite NaX”, J. Chem. Soc., 
Faraday Trans., 2, 74, 367. 

[24] Kiselev, A. V. and Du, P. Q. (1981) “Molecular statistical calculation of the ther- 
modynamic adsorption characteristics of zeolites using the atom-atom approximation, 
part 2: adsorption of non-polar and polar inorganic molecules by zeolites of types X and 
Y ,  J. Chem. Soc.. Faraday Trans., 2, 77, 1. 

[25] Sandler, S. I. (1989) Chemical and Engineering Thermodynamics, Wiley: New York. 
[26] Monson, P. A. (1995) “The properties of inhomogeneous square-well mixtures in one 

[27] Tan, Z. and Gubbins, K. E. (1992) ‘Selective adsorption of simple mixtures in slit pores: 

[28] Somers, S. A,, McCormick, A. V. and Davis, H. T. (1993) “Superselectivity and solvation 

[29] Cracknell, R. F., Nicholson, D. and Quirk, N. (1993) “A grand canonical Monte Carlo 

[30] Curry, J. E. and Cushman, J. H. (1995) “Binary mixtures of simple fluids in structured slit 

[31] Keffer, D., Davis, H.T. and McCormick, A. V. (1996) “The effect of loading and 

[32] Hirschfelder, J. O., Curtis, C. F. and Bird, R. 8. (1964) Molecular Theory of Gases and 

dimension”, Mol. Phys., 70, 401 (1990) and “Erratum”, Ibid, 86, 1545. 

a model of methane-ethane mixtures in carbon”, J. Phys. Chem., %, 845. 

forces of a two component fluid adsorbed in slit micropores”, J .  Chem. Phys., 99, 9890. 

study of Lennard-Jones mixtures in slit shaped pores”, Mol. Phys., 80, 885. 

micropores”, Mol. Phys., 85, 173. 

nanopore shape on binary adsorption selectivity”, J. Phys. Chem., 100, 638. 

Liquids, Wiley: New York. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1


