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A hierarchical molecular modeling approach presented predicts adsorption thermody-
namics of single components and binary mixtures in zeolites. Atomistic simulations that
capture details at the molecular level are performed to calculate the free energies of
molecules at discrete adsorption sites. Then a more coarse-grained lattice model is used
to calculate the equilibrium loading of adsorbates based on these free energies, and
thermodynamic properties can be predicted. Sorbate— sorbate free energies beyond near-
est-neighbor interactions are introduced and their impact on the lattice model is investi-
gated. By adding these free energies, the model is better able to accurately describe
single-component and binary adsorption of sulfur hexafluoride and neopentane in sili-
calite. The results from the lattice model agree well with full atomistic grand canonical
Monte Carlo simulations performed for the same systems, but the hierarchical approach
saves an order of magnitude of computational effort.

Introduction

The microporous crystalline structure of zeolites provides
unique properties that make their use prevalent in many pro-
cesses in the chemical and petrochemical industries. The
ability to make use of these materials is dependent upon our
understanding of how the sorption thermodynamics are de-
termined by the underlying molecular-level structure and en-
ergetics. This understanding allows the improvement of
current applications involving zeolites and gives insight into
how they could be used in new areas. Major applications cur-
rently include catalysis, adsorption separations, waste treat-
ment, and detergent formulation (Davis, 1991; Breck, 1974).

Virtually all industrial applications of zeolites involve mul-
ticomponent adsorption. The presence of more than one
component further complicates an already challenging prob-
lem of accurately describing interactions of molecules in a
heterogeneous adsorption environment. Adsorbent hetero-
geneity can lead to phenomena such as preferential siting of
dissimilar sorbates in different sorption locations for ad-
sorbed mixtures (Clark et al., 1998). This segregation can give
rise to deviations from ideal adsorbed solution behavior
(Dunne and Myers, 1994; Dunne et al., 1997). While experi-
mentation supplies a wealth of information about multicom-
ponent systems, a variety of theoretical approaches have also
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been used to model adsorption thermodynamics of mixtures
in zeolites (Ruthven, 1984) and to link the macroscopic ther-
modynamics to the molecular structure.

Lattice models have been used for many years to describe
localized adsorption in zeolites (Hill, 1956; Ruthven, 1984).
The method is best suited to zeolites having discrete adsorp-
tion sites or cages connected by narrow windows. The cages
are usually treated as independent subsystems, or if each site
holds only one molecule, potential energy interactions be-
tween nearest-neighbor sites may be taken into account (Lee
et al, 1992; Van Tassel et al.,, 1994a; Chiang et al., 1997;
Rudzinski et al., 1997). For localized adsorption within cages
or for zeolites without cages, the adsorption sites are often
taken to be at minimum energy locations within the zeolite.
This approach was used by Van Tassel et al. (1994a) in their
study of the adsorption of xenon and methane in zeolite NaA.
Lee et al. (1992) used a two-dimensional model to describe
aromatic adsorption in silicalite, a zeolite without cages. Sites
in the straight channels, zigzag channels, and channel inter-
sections were considered. When sorbate interactions were
considered only for nearest-neighbor sites, the grand parti-
tion function describing the system could be transformed to a
two-dimensional Ising model, and an exact solution for the
occupancy density was determined. To extend the model to
include sorbate interactions between next nearest-neighbor
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sites, mean field theory was applied to obtain the fractional
occupancy of each site. As with other lattice models, the
model of Lee et al. contains adjustable parameters that were
fit to experimental data to obtain reasonable agreement.

Adsorption in zeolites has also been modeled using atom-
istic representations, which are solved by large-scale com-
puter simulations based on statistical mechanics. Atomistic
grand canonical Monte Carlo (GCMC) simulations of adsorp-
tion in zeolites provide a means of calculating information at
the molecular level such as siting and molecular configura-
tion, while predicting macroscopic properties such as adsorp-
tion isotherms and heats of adsorption that often agree well
with experimental results. Given a force field that describes a
system well, the simulations allow one to make accurate pre-
dictions about real systems of interest. In addition to work on
single-component systems, the adsorption of binary mixtures
in zeolites has been investigated using atomistic GCMC simu-
lations in several studies (Karavias and Myers, 1991; Razmus
and Hall, 1991; Maddox and Rowlinson, 1993; Dunne and
Myers, 1996; Van Tassel et al., 1994b, 1996; Dunne et al.,
1996; Jameson et al., 1996, 1997; Lachet et al., 1997; Heuchel
et al., 1997; Clark et al., 1998; Macedonia and Maginn, 1999).
The adsorption of mixtures of smaller molecules such as oxy-
gen and nitrogen in zeolite 5A and three binary systems
(C,H,-CO,, CH,-CO,, and i-C,H,-C,H,) in zeolite X have
been simulated by Razmus and Hall (1991) and Karavias and
Myers (1991), respectively. Macedonia and Maginn (1999)
have examined mixtures of methane, ethane, and propane in
silicalite, and p-xylene/m-xylene mixtures in faujasite zeolites
have been simulated by Lachet et al. (1997).

While lattice models can be used to correlate many ther-
modynamic properties, they lack predictive capability due to
adjustable parameters that are fit to experimental data.
Atomistic models, on the other hand, provide a means to ac-
curately describe an adsorption system, but often they cannot
be applied to complex systems due to computational con-
straints. Taking a hierarchical approach that combines the
predictive capability of an atomistic simulation and the com-
putational efficiency of a lattice model presents itself as an
attractive simulation strategy. Short atomistic simulations are
used to obtain the parameters for the lattice model. The pa-
rameters describe the free energy in various adsorption sites
due to interactions between an adsorbed molecule and the
zeolite, as well as interactions between neighboring adsorbed
molecules. These energies are then inputs to a lattice model
from which the adsorption equilibrium properties of the sys-
tem are determined. Snurr et al. (1994) showed that this hier-
archical methodology could be applied to accurately calculate
the adsorption of benzene in silicalite.

This article describes two important enhancements to the
approach of Snurr et al. (1994). First, we extend it to multi-
component systems. Second, we introduce interactions be-
tween sorbates that are located in next nearest-neighbor sites.
Such interactions were suspected to play an important role at
high loadings in the work of Snurr et al. (1994). In the follow-
ing sections, fully atomistic GCMC simulations of sulfur hex-
afluoride, neopentane, and their binary mixtures in silicalite
are described first. These results serve as a basis of compari-
son for the hierarchical lattice model, which is then described
in detail. A new expression for the free energies is derived
encompassing multiple components, starting from the grand
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canonical partition function. A discussion of the short atom-
istic simulations used to calculate the free energies follows,
along with a discussion of the improvements made to the lat-
tice model incorporating these free energies. The results from
the hierarchical lattice model are then compared to the full
atomistic GCMC results and discussed.

Atomistic GCMC Calculations

Atomistic GCMC simulations of sulfur hexafluoride (SF;)
and neopentane adsorption in silicalite were performed using
the energy-biased algorithm of Clark et al. (1998) for mix-
tures. The grand canonical ensemble is sampled by perform-
ing three types of moves; molecular translations, attempts to
insert a molecule into the system, and attempts to remove an
existing molecule from the system. A typical simulation in-
volved between 1 and 10 million iterations per isotherm point.
The simulation system consisted of 8 to 12 unit cells of sili-
calite. Silicalite has a three-dimensional network of pores,
consisting of sinusoidal channels that intersect straight chan-
nels. Both channels are approximately 5.5 A in diameter. The
atoms that make up the zeolite impose a potential energy
field upon molecules that enter the pore network during ad-
sorption. In our model, the crystallographic positions of the
silicalite atoms are assumed to be fixed in space and are taken
from X-ray diffraction studies (Olson et al., 1981). The inter-
action of the zeolite structure with an adsorbed molecule is
modeled by a pairwise-additive Lennard-Jones potential be-
tween the adsorbed molecule and the oxygen atoms of the
zeolite framework. It is assumed that the effects of zeolite
silicon atoms on an adsorbed molecule are shielded by those
of the oxygen atoms and are therefore excluded from the po-
tential field calculation (Kiselev et al., 1985). The Lennard-
Jones parameters for the interaction of the zeolite oxygen
atoms with the adsorbed molecules and among the sorbates
themselves are listed in Table 1. The Lorentz-Berthelot mix-
ing rules are used to calculate the interaction parameters for
combinations of dissimilar species.

The atomistic GCMC simulations of both sulfur hexafluo-
ride (SF,) and neopentane in silicalite show that the single-
component adsorption of these molecules occurs at discrete
locations within the structure of the zeolite. This is shown in
Figure 1, where the transparent outer shell represents the
silicalite pore structure, displayed as a contour of constant
potential energy of + 100 kJ/mol between SF, and the frame-
work oxygen. The dark shaded regions represent the most
probable adsorption locations. The positions of more than
90% of the centers of mass sampled during the simulation

Table 1. Lennard-Jones Potential Parameters Used in
the Simulations™

e/k a
Interaction Pair X A Reference
SF; -SF; 2221 5.128 Reid et al., 1987
SF, —oxygen 1472 3967 June et al., 1991
SF;—neopentane 207.3  5.796  Reid et al., 1987
Neopentane—neopentane  193.4  6.464  Reid et al., 1987
Neopentane—oxygen 131.6  4.635 Reid et al., 1987;

Snurr et al., 1993

*The sorbate—sorbate values of sigma reflect the sizes of the molecules.
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Figure 1. Probability density contour plots of SFg in sili-
calite at 293 K (a) at a loading of 8.49
molecules per unit cell, and (b) at a loading of
2.12 molecules per unit cell, generated using
atomistic GCMC.

The dark regions represent the locations of 90% of the cen-
ters of mass of the molecules sampled during the simula-
tions. The lighter outer shell represents a contour of con-
stant potential energy of + 100 kJ/mol between SFq and the
framework oxygen.
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are enclosed in these dark shaded volumes. Figure la dis-
plays the results of SF; in silicalite at high loading (8.49
molecules per unit cell, 20°C, 1.0 kPa), and Figure 1b at low
loading (2.12 molecules per unit cell, 20°C, 0.1 kPa). The ad-
sorption occurs within the channels and their intersections at
discrete locations as opposed to a continuous distribution, as
is observed in the adsorption of smaller molecules, such as
CF, (Clark et al., 1998). Figure 2 shows the results of a simu-
lation of neopentane in silicalite at high loading (3.50
molecules per unit cell, 20°C, 0.1 kPa). In this case, molecules
are seen to adsorb only in the channel intersections. Atom-
istic GCMC simulations were also performed on binary mix-
tures of SF, with neopentane. These binary results, along with
the single-component atomistic GCMC isotherms, are used
below as a measure of how well the hierarchical lattice model
predicts adsorption data.

Hierarchical Lattice Model

Since the atomistic GCMC simulation results show that the
adsorbed molecules concentrate in localized volumes within
the pore system of the zeolite, the use of a lattice model to
describe the SF, and neopentane systems is appropriate. The
atomistic GCMC simulations show the existence of three
types of lattice sites corresponding to the straight channels
(S), sinusoidal or zigzag channels (Z), and the channel inter-

|
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Figure 2. Probability density contour plot of neopen-
tane in silicalite at 293 K at a loading of 3.50
molecules per unit cell generated using atom-
istic GCMC.

The dark volumes enclose 90% of the most likely positions
occupied by the centers of mass of the neopentane molecules
sampled during the simulation. The lighter outer shell rep-
resents a contour of constant potential energy of + 100
kJ/mol between SFy and the framework oxygen.
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Figure 3. Lattice of adsorption sites in a unit cell of sili-
calite.

The spheres represent adsorption sites at the straight chan-
nels (S), the zigzag channels (Z), and the channel intersec-
tions (I). The thick lines denote the connectivity of the
straight and sinusoidal channel system.

sections (I). The lattice representation of the zeolite used in
our hierarchical lattice model is shown in Figure 3. The lat-
tice is a more coarse-grained picture of the system, consisting
of discrete sites that are either unoccupied or occupied with
a single molecule of a given type. In this section, the lattice
model is derived for multicomponent adsorption in silicalite,
starting from the atomistic description. The approximations
invoked in the derivation will be explicitly noted and dis-
cussed below. The grand partition function of the atomistic
model is discretized in a fashion that is consistent with the
localized adsorption observed in atomistic simulations in sili-
calite. This involves the introduction of free energies that
describe the interaction between a molecule adsorbed in a
lattice site and its surroundings. These free energies, which
are functions of temperature, are then used in the lattice
model to determine the occupancy of the lattice sites for a
given gas-phase pressure and composition, and thus an ad-
sorption isotherm can be generated.

Because our focus here is to test the importance of next
nearest-neighbor interactions and to extend the hierarchical
approach to mixtures for the first time, we have chosen to
model two spherical sorbates to reduce the computational
burden. SF, and neopentane were chosen as two fairly large
molecules that can be reasonably approximated as spherical.
Each is modeled here as a single Lennard-Jones sphere. The
approach described below can be readily extended to non-
spherical molecules, similar to the original hierarchical ap-
proach of Snurr et al. (1994), which was developed for an
atomistic representation of benzene.

The grand partition function for a zeolite and a mixture of
adsorbed molecules containing )} components can be written
as (Snurr et al., 1994; Hill, 1962)

E(MI’MZ""’/‘LQ’V?T)

s c o1
L o B fex(= VAT AN N), (1)
= 0

0 Ng-
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where the subscripts 1, 2, ..., Q) indicate the components in
the mixture, k is Boltzmann’s constant, and V, T, and u; are
the fixed solid-phase volume, temperature, and chemical po-
tential of the ith component, respectively. The contribution
to the partition function of the zeolite degrees of freedom is
neglected, and the zeolite is only considered to provide an
external potential field felt by the adsorbed molecules. The
potential energy of the system, V, is a function of the posi-
tions of all the molecules, r, and incorporates the potential
energy between the zeolite and the sorbate and between the
adsorbed molecules; N, is the total number of indistinguish-
able molecules of the ith component in the system; and

1 Q

1

%) ’ ’ 3N, N,
— . S = A e
7 o N > d‘h(qt,/\) wl:lld r(th)‘w) 2

The n term accounts for the identical and indistinguishable
nature of molecules of the same type. The integration of the
translational degrees of freedom, 9, is performed for each
molecule in the mixture over the entire solid-phase volume.
The absolute activity, A;, is defined as exp( u,;/kT), and the
kinetic energy factor, along with other energetic terms such
as nuclear or electronic, are incorporated in the g; factor.

Since the molecules of the system can be considered as
being adsorbed in lattice sites, the summations in Eq. 1 over
the number of indistinguishable molecules can be replaced
with summations over the distinguishable sites, each of which
can contain at most one molecule of the ) components of
the system

I
Il
I Mo

L

0
0i,=0

i Mo

Q
0j,=0 0 Jju=0k=0ky=0 K,

X [exp(=V AT)dR(g;X), (3)

where n;, ng, and n, are the total numbers of I, S, and Z
sites constituting the total volume, V. The index i, (£ =1,

.., ny) represents the type of molecule adsorbed (i, =1, 2,
..., Q) in the £th site of type L. If the site is unoccupied, i,
is equal to zero to represent the vacancy of the site. The
indices j, (£=1, ..., ng) and k, (£ =1, ..., n,) have simi-
lar meanings for the adsorption in sites of type S and type Z,
respectively. For example, j; =2 denotes the occupancy of
the third straight channel adsorption site with a single
molecule of the second component of the mixture, while k,
= 0 denotes a vacancy in the second zigzag channel. The to-
tal number of molecules in the system, N, is given by Eq. 4.

Q ny Q ng
N=3% Y 3(i—o)+ X X 8(,— o)
w=1f=1 w=1f=1
Q nz
+ 2 L dk-w), (9
w=1f=1

where 8(x; — w) is the Dirac delta function. Now, rather
than summing over the total number of indistinguishable
molecules, the partition function has been transformed into a
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summation over the distinguishable sites, {i;, ..., inl, Jis ees
Jngs k15 -+, K, }, which compose the total volume of the sys-
tem. The integration of the translational degrees of freedom
of each molecule is now carried out over the volume of the
site occupied by the molecule in the considered configura-
tion. The possibility of more than one component being
present has also been accounted for. To represent this trans-
formation, the following abbreviated notation can be used:

Q
=- ¥

{i,j, k}

Jexp (=W /KT ) d% (g;X). 5)

The following assumptions are now invoked in order to
simplify the derivation of the lattice model. Upon comple-
tion, these assumptions will be revisited. The first assumption
is that sorbates only interact with each other if they occupy
nearest-neighbor sites. The next assumption is that the sys-
tem is dilute enough so that any given molecule has at most
one single neighbor. The integration is now performed over
single isolated occupied sites and over pairs of nearest-
neighbor occupied sites. The first three terms of the partition
function in Eq. 6 are for I, S, and Z sites that contain a single
isolated molecule of component w. The last two terms are
for pairs of molecules of type w and y in nearest-neighbor I
and Z sites and I and S sites, respectively. These assumptions
and the connectivity of the sites in silicalite limit the number
of possible combinations of interactions between adsorbed
molecules to the following:

Q
E- Y

N,
[ f exp(—*vaS/kT)d3rw]
{i,j.ky LU

r Ns,,
X f{s }exp (—©2/kT) d3rw}
“h,
Ve

@

Ny,
exp(— VJ/kT) d3rw]
}

Ntz

wbx

1,Z,

exp( - ’VwX/kT) d3rw d3rx}

[ Ni,sx
x —0 KT dr. d° A )N
.., oSy nan] (o)
(6)

where Ny, Ng, Nj represent the number of isolated
molecules of type w adsorbed in the I, S, and Z sites, respec-

Q
::Z(kT

{i,j, k}

tively; Np WS, and Np z, are the number of pairs of molecules
of types w and X occupylng nearest-neighbor I and S sites or
I and Z sites; and N, is the total number of adsorbed
molecules of the wth component defined in Eq. 7:
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Q
N,=N; +Ns,+Nz, N =N+ Y (Nys+Nyz)
x=1

Ng, = Ng + > Nys, . (7

Q Q
Ny, = Nz + Z Ny z
x=1 X =
The partition function now contains two different potential
energies, V *, for the isolated molecules that only include
the zeolite/sorbate interaction, and V,,, for pairs of
molecules that consist of the zeolite/sorbate interaction en-
ergy for both species and the sorbate/sorbate potential en-
ergy between the two molecules; V,,, =V * + 0 = +V =
Based on these expressions, a configurational free energy,
A, is defined for an isolated molecule of type w in an inter-
section site:

AI(u
exp| — T

where V. is the volume of the unit cell of silicalite and serves
as a normalization factor. Isolated molecules of type w in
straight channel sites and in zigzag channel sites also have
free energies defined similarly, Ag , and A . The values of
these free energies can be determined by dlrectly evaluating
the configurational integral defined in Eq. 8 for a single
molecule adsorbed in a specific site using the same atomistic
model used in the atomistic GCMC simulations described in
the previous section. The values of A4;, Ag, and A, are
also taken as the zeolite/sorbate contribution to the’ free
energy for pairs of molecules in adjacent sites, and a free
energy, A; W5, is defined for the sorbate/sorbate interaction
between a molecule in an intersection and a molecule in a
straight channel

-5 f exp( VAT d%r,,  (8)

uc

—Ais

=X

— Ay - A,
kT

exp

3 1
(Vo)

f exp(— Y, /kT) d’r,d’r,, (9)
1S,

where A; and AS are defined in Eq. 8. The free energy
A wZy is defined in a similar fashion for a pair of molecules
occupylng an intersection and a zigzag channel. By evaluating
the configurational integral defined in Eq. 9 for a pair of
molecules adsorbed in two adjacent sites, the values of these
sorbate/sorbate free energies are determined. Finally, the
definitions of the free energies are substituted back into the
partition function defined in Eq. 6, and since g, A, = f,/kT,
where f,, is the fugacity of the wth component, we can write:

(M A1, + NsAs, + Nz Az + Ny s Ay s + Ny zA41,7,)
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T (10)

This is the desired expression for the grand canonical parti-
tion function of a lattice model for describing the adsorption
of a mixture in silicalite. The adsorption sites are either occu-
pied with a single molecule of the mixture or vacant, and this
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information for all sites completely specifies the state of the
system. The zeolite/sorbate and sorbate/sorbate free ener-
gies are used to calculate the energy of any given state of the
system. These free energies are calculated ahead of time from
the atomistic model by the direct evaluation of the configura-
tional integral over the volume of the adsorption site, Egs. 8
and 9, thus integrating away all of the molecular detail. The
free energies thus provide a link between the atomistic detail
required to accurately predict adsorption properties and the
more coarse-grained lattice picture, which is much more
computationally efficient.

We now address the assumptions made previously in the
derivation. The first assumption was to ignore sorbate/sorbate
interactions beyond those of nearest neighbors. Interactions
extending beyond nearest neighbors can be systematically
added to the model as necessary. We extended the derivation
to include sorbate/sorbate interactions between next nearest
neighbors and determined the free-energy contribution. For
example, if two intersections were occupied with adsorbed
molecules of any type, regardless of the occupancy of the site
in the center, an S or Z site, the sorbate/sorbate contribution
to the free energy, 4, |, was tabulated:

_Al

)

. Alw_ Al)(
kKT

exp

1
Vo)’

| exp (= Vi, /KT) d*r, dr,, (11)
L1,

where A, and AIX are the zeolite/sorbate free energies of
isolated molecules of types w and y, respectively, occupying
intersection sites. All of the possible combinations of next
nearest neighbors, S_S, Z__Z, and S__Z, were examined
and their sorbate/sorbate free energies determined.

The second assumption was that the system was at very low
loading, and therefore only single occupied sites or lone pairs
of occupied sites existed. This assumption was modified by
further extending the model to include the interactions of
triplets of molecules and calculating the three-body free en-
ergies of three molecules adsorbed in adjacent sites. For ex-
ample, if adjacent intersection, straight, and intersection sites
were occupied, the contribution of this triplet to the free en-
ergy of the system, AImSXIa’ was determined.

- AstXI5 — Ay, - ASX_ Ay — AIMSX_ AI,SSX_ Ay,

exp

kT
= ! f exp( — Y, o/kT) d°r, &°r, d’rs, (12)
(Vo) 1s14 e
where V,, 5 is the total potential energy of the triplet of

molecules consisting of the zeolite/sorbate interaction ener-
gies of the three molecules and the three sorbate/sorbate po-
tential energies between the three molecules; V,, 5 =V = +
VE+ V2 4+ V5 + Vsy + V5. Similar 3-body free energies
have been defined for the other triplets of molecules, SIS,
1Z1, Z1Z, and SIZ. To use the model at even higher loadings

where more than three adjacent occupied sites exist, it is as-
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sumed that the multiple sorbate free energies are still valid
and that the interactions between nearest neighbors and next
nearest neighbors are pairwise additive.

Implementation

The configurational integrals that define the free energies
in Egs. 8, 9, 11 and 12 are evaluated with a Monte Carlo
integration scheme (Snurr et al.,, 1994; Clark et al., 1998).
The simulation volume is discretized into cubelets, and for
each Monte Carlo iteration, a cubelet is selected from a
probability distribution function that has been assigned to
each cubelet on the basis of the energy felt by a single
molecule at the center of the cubelet. A molecule is then
placed at random within the volume of the selected cubelet
and the integrand is accumulated in a sum to yield the Monte
Carlo estimate of the integral. The integration of the
zeolite/sorbate configurational integrals converged after ap-
proximately 4 million iterations and were run for 10 million
iterations, while the 2-body and 3-body integrations con-
verged after at most 15 million iterations, but were run for up
to 100 million iterations to provide good statistics. The
cubelets of the simulation volume are assigned to regions
corresponding to straight channels, zigzag channels, and
channel intersections, as described elsewhere (Clark et al.,
1998). The probe molecule used here to determine the vol-
ume of the different sites is SF;. To maintain consistency, the
same definitions of the sites are used for SF,, neopentane,
and mixtures of the two. It is interesting to note how the
relative volumes of the sites depend on the probe molecule
that is used. Clark et al. (1998) used argon as a probe when
defining the sites in their work in silicalite. They report rela-
tive pore volumes of 13.0%, 38.2%, and 48.8% for the inter-
sections, straight channels, and zigzag channels, respectively.
We calculate relative pore volumes of 53.84%, 21.4%, and
24.8% based on SF,. For a molecule in a zigzag channel, the
interaction at one end of the zigzag channel (say, the “zig”
end) with its surrounding sites is different than at the other
end of the zigzag channel (the “zag” end). The free energies
for both kinds of sites were evaluated, and the free energies
containing a zigzag site are the arithmetic average of the two
values.

We now discuss how the adsorption isotherm is calculated
from the lattice model. For a single-component system, Snurr
et al. (1994) used lattice grand canonical Monte Carlo simu-
lations. The process by which this method should be ex-
tended to include multiple components is not obvious. Two
possible algorithms are shown in Figure 4 for a binary mix-
ture of components 4 and B. The first step in Algorithm 1 is
to randomly choose a site. If it is occupied with a molecule of
component A4 or B, then an attempt to delete it is made. The
change in free energy, A A, associated with removing the
molecule is calculated and the move is accepted with proba-
bility P,,. If the site is unoccupied, then with equal probabil-
ity an attempt to insert a molecule of species 4 and B is
made and accepted with probability P; . This procedure is
similar to what physically occurs on a lattice site; a molecule
must first vacate a site before another can replace it. The
second algorithm introduces a swapping move to the proce-
dure, where a molecule of component A4 is changed to a
molecule of component B or vice versa. The first step in Al-
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Algorithm 1

Select a site
at random

Remove a molecule of A
component A (or B)

Py, = min{1; Ll ex M
del A P| T

Add a molecule of
component A (or B)

=

Select component A
or B at random with
equal probability

. Vie
Py = mm{l; f‘;T“‘

Algorithm 2

Select a site
at random

Remove a molecule of
component A

Random
decision to

I site
occupied with
component A%,

Py, = min{l;

Swap a molecule of
component A to B

no
) -AA
Poap = mm{l,ﬁexp T

Remove a molecule of
component B

. kT -aA]l 7]
Py =ming I exp|
A kT

Random
decision to
emove or swap a
molecule

Is site
occupied with
component BY

Swap a molecule of
no component B to A

Poyap = min{l;i—;exp[—k?f‘ ]}

Select component A
or B at random with |—»
equal probability

Add a molecule of
component A (or B) J

SV -AA
P, =m1n{l; ZT exp[ o ]}

The site is
vacant

Figure 4. Two lattice GCMC algorithms for a binary mix-
ture of components A and B.

Algorithm 2 satisfies microscopic reversibility and thus is the
correct procedure.

gorithm 2 is to choose a site at random. If it is occupied with
a molecule of A4, then a random decision to remove the
molecule or to swap it to a molecule of component B is made
with equal probability. If the deletion of a molecule is to oc-
cur, then the change in energy of removing the molecule is
calculated and the move is accepted with probability P,. If
the decision to swap is made, then the change in free energy
of replacing a molecule of 4 for a molecule of B is calcu-
lated and the move accepted with probability F,,. This pro-
cedure of possibly removing or swapping is similar if the site
is occupied with a molecule of component B. If the site is
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unoccupied, then component 4 or B is selected with equal
probability and an insertion is attempted; the change in free
energy is calculated and the move accepted with probability
P;... While the first algorithm may intuitively seem correct,
only the second one satisfies microscopic reversibility and is
thus the correct method of performing the moves (Czaplew-
ski, 1998). The lattice model is actually a three state per site
model where each adsorption site of the system makes transi-
tions between the three states, 4, B, or 0 (vacant). Typically,
the lattice calculations converged after 100,000 to 1 million
iterations and were run for 10 million iterations to provide
good statistics. This typically required 100 to 500 s of CPU
time on a desktop workstation, once the free energies were
calculated.

Single-Component Results

The adsorption isotherms, along with other thermody-
namic properties, calculated using lattice grand canonical
Monte Carlo simulations are presented in this section for the
adsorption of the single components SF, and neopentane in
silicalite. Mixture results are presented in the following sec-
tion. We also performed atomistic GCMC simulations on the
same systems, and the results serve as a test of the lattice
model. Therefore, the goal of this section is to show how well
the lattice model is able to reproduce the results of the atom-
istic GCMC method but in a fraction of the computational
run-time.

Although the effective diameter of neopentane is approxi-
mately 6.2 A and the pore dimensions of the straight and
zigzag channels are 5.4X5.6 A and 5.1x5.4 A, respectively,
experimental data confirm that neopentane does adsorb into
silicalite (Flanigen et al., 1978; Otto et al., 1991). A very lim-
ited amount of experimental adsorption data exists for
neopentane in silicalite and therefore no comparison with
simulation results was possible. Experimental results for the
adsorption of SF; also exist, and a comparison shows that
both the lattice and the atomistic GCMC models overpredict
the Henry’s constant and underpredict the saturation load-
ing with the parameters used here (Dunne et al., 1996;
Sun et al., 1998; Siperstein et al., personal communication,
1998). However, as stated, the primary goal of this study
is to determine the ability of the hierarchical approach to
reproduce atomistic simulation results for single-component
and binary adsorption. The atomistic simulations provide an
exact solution for the molecular model, while the lattice ap-
proach introduces certain approximations in order to achieve
a solution with less computational effort. By comparing the
two approaches, we can assess the effect of the simplifying
assumptions invoked in the lattice model.

The free energies for the adsorption of SF; in silicalite cal-
culated from Egs. 8, 9, 11 and 12 using the atomistic repre-
sentation are shown in Table 2. The relatively large, negative
values of the zeolite/sorbate energies, the 1-body free energy,
predict the favorable adsorption of SF with a fairly even dis-
tribution throughout the three adsorption locations. At low
loadings, the intersections are more favorable and thus should
fill more rapidly than the S and Z sites, but this is only a
slight preference. Both the entropic and enthalpic effects of
adsorption from the gas phase are included by definition in
the values of the free energies. The changes in potential en-
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Table 2. One-, Two-, and Three-Body Free Energies in
kJ/mol for the Adsorption of SF; in Silicalite at 293,

328, 343, and 373 K
Temp. A Ag A,
293 K —1844 —-16.27 —17.05
328K —16.59 —13.93 —14.71
343K —15.82 —1294 —-13.72
373K —1427 -1098 —11.76
Temp. A Az Ay As s Az 7z As g4
293K 006 —-102 -011 -019 -016 —-0.53
328K 021 -090 -011 -019 -017 -054
343K 028 —-08 —-0.11 -0.19 -0.17 -054
373K 037 -075 -011 -027 -0.18 —0.54
Temp. Ay Ags Az Azz Asiz

293K 127 035
328K 132 0.36
343K 134 037
373K 138 0.5

—-047 007 0.19
-0.56 004 0.18
-0.57 005 0.20
-059 008 0.22

ergy and entropy a molecule undergoes when it is adsorbed
from the gas phase are determined by plotting the A 4’s from
Table 2 vs. the temperature and using the equation AA4 =
AU —TAS. They are reported in Table 3. Based on the rela-
tive volumes of the adsorption sites as defined earlier, it is
intuitively expected that the intersections are the most en-
tropically favorable and that the S and Z sites have similar
values for AS. The values of AU are in good agreement with
the average zeolite/sorbate potential energy, (¥ *), calcu-
lated in both the atomistic GCMC simulations and in the
free-energy calculations.

As loadings increase, the effects of the sorbate/sorbate in-
teractions increase in significance. These two-body free ener-
gies are one to two orders of magnitude smaller than the
1-body energies and all but the IS interaction are attractive
(Table 2). The IS free energy is the first sign of a repulsion
generated between two occupied sites. The average sorbate/
sorbate potential energy, (V *), has been calculated be-
tween all of the pairs of molecules along with the average
distance, {d), that separates the two molecules. These quan-
tities are obtained during the calculation of the free energies.
At 293 K, the average separation distance for the IS pair of
molecules, 5.90 z&, is smaller than that for the IZ pair (Table
4), and the average sorbate/sorbate potential energy of the
IS pair is less attractive, —1.28 kJ/mol, than that for the 1Z
pair, —1.39 kJ/mol. When examining the two-body free ener-
gies of next nearest-neighbor sites, I__I, S__S, Z__Z, and
S__Z, it is important to remember that the first three pairs
are positioned linearly within the zeolite pore system, while
the S and the Z sites are at right angles to each other. The S

Table 3. Enthalpies and Entropies of Adsorption in
Silicalite for SF,*

Intersection Straight Zigzag
AU —33.74 —35.64 —36.42
AS —52.23 —66.15 —66.15

*The enthalpies are reported in kJ/mol, and the entropies are reported in
J/mol/K.
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Table 4. Average Distance in Angstroms Between All of
the Pairs and Triplets of SF; Molecules at 293 K

Pairs of Sites  1__1 1S Iz S_S S_7Z Z_7Z

{dip) 1073 591 617 991 802 10.38
Triplets of Sites  ISI SIS 171 Z1Z  SIZ
(dip) 563 578 617 6.09 5.89
(dy) 563 580 597 621 6.14
{di3) 11.15 1121 11.54 10.78 8.43

and Z sites are closer to each other than the others, and the
value of their two-body free energy is more attractive than
the others. The free energies of three adjacent occupied sites,
the 3-body free energies, are all repulsive except for the IZI
triplet, and are essentially the same order of magnitude as
the two-body free energies. Again, the most repulsive triplets,
ISI and SIS, are those that include the IS pair. The average
distance between the I and S molecules calculated for the ISI
and SIS triplets are 5.63 A and 5.78 A, respectively. It is in-
teresting to note the decrease in the average separation dis-
tance and the increase in the repulsion of the free energy as
compared to those of only two adjacent molecules. These dis-
tances between the molecules in I and S sites are 0.2 A to 0.6
A less than the average distances of the molecules in I and Z
sites of the other triplets, whose free energies are more at-
tractive. This is exactly the type of 3-body repulsion hypothe-
sized by Snurr et al. (1994).

The Henry’s constant and the isosteric heat at infinite dilu-
tion of SF; in silicalite were calculated from the free energies
in Table 2 using analytical expressions given by Snurr et al.
(1994). At 293 K, the Henry’s constant has a value of 5.22 x 10*
mg/(g-atm). The Henry’s constants generated using the lat-
tice model agree exactly with those calculated from the atom-
istic GCMC model. The isosteric heat of 37.55 kJ/mol at 293
K is also in agreement with the atomistic GCMC simulation.
At infinite dilution, the approximations that were made in
the lattice model do not yet play a role, and therefore exact
agreement is expected.

The zeolite/sorbate free energies and the free energies be-
tween pairs and triplets of molecules were used as inputs for
lattice grand canonical Monte Carlo simulations, and the sin-
gle-component adsorption isotherms were calculated. Figure
5 shows the isotherms for SF; at 293 K and 373 K in silicalite
(3-body Lattice). In order to study the impact the different
free energies had on the isotherm, the isotherms were also
calculated using only the 1-body and the nearest-neighbor
two-body free energies (2-body Lattice) and calculated using
only the 1-body free energies (1-body Lattice). An atomistic
GCMC simulation of an identical system was performed and
serves as a basis of comparison for all three of the lattice
model simulations. At loadings of less than one molecule per
unit cell, all of the models are in very good agreement. Then
as the loading increases, the molecules begin to feel the ef-
fects of the neighboring molecules. The 1-body lattice model
is the first to deviate from the other models, since it only
accounts for the interactions the sorbed molecule has with
the zeolite structure. The 2-body lattice model does a better
job of calculating the average loading, but also underesti-
mates the value calculated by the atomistic model. However,
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Figure 5. Adsorption isotherms for SFy in silicalite at

293 and 373 K.

The 3-body Lattice results were generated by the hierarchi-
cal model using all of the one-, two-, and three-body free
energies. The 2-body Lattice results were generated by the
hierarchical lattice model using only the 1-body and the ad-
jacent neighbor two-body free energies. The 1-body Lattice
results were generated using only the zeolite/sorbate free
energies. The atomistic results were generated using atom-
istic GCMC.

the three-body lattice model calculates an average loading
that is in reasonably good agreement with the atomistic
GCMC model until approximately eight molecules per unit
cell. At this loading, the 3-body model begins to overpredict
the atomistic model average loading, as do the 2-body and
1-body lattice models. The atomistic model ultimately pre-
dicts saturation of the system at 12 molecules per unit cell, in
agreement with the lattice models. However, the atomistic
model predicts saturation at a much higher pressure than the
lattice models.

The loadings of the individual sites, I, Z, and S, are shown
in Figures 6-8, respectively. As predicted by the values of the
free energies, the intersections begin to fill first, slightly ahead
of the zigzag channels and then the straight channels. Over-
all, the 3-body lattice is an improvement from the two-body
lattice models. The loading in the zigzag channel calculated
by the three-body lattice model agrees well with the atomistic
GCMC model throughout the entire pressure range. The
loadings of the intersection sites agree well until a loading of
about 2.5 molecules per unit cell. Here, and in the straight
channels, the lattice model calculates an average loading that
is too large compared to the atomistic GCMC values at load-
ings above 2.5 molecules per unit cell. It is not clear why the
disagreement only occurs in the straight channels and the in-
tersections and not the zigzag channels.

At saturation, an intersection has four occupied adjacent
neighbor sites. Therefore, it is possible that 4-body free ener-
gies or higher-order effects become significant at higher load-
ings and would be repulsive enough to force the system to a
lower average loading in agreement with the atomistic GCMC
results. Another source of the deviations was also examined.
The atomistic GCMC results indicate that only one molecule
adsorbs in a given site, since there are four of each site per
unit cell and the site loadings plateau at four molecules per
unit cell. To test this further, the free energy of two molecules
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Figure 6. Adsorption isotherm at 293 and 373 K for SF¢

in the intersections of silicalite.

Good agreement between the lattice model and the atom-
istic GCMC results is obtained at lower loadings, while the
models deviate at higher loadings.

occupying a single site was calculated for each site and found
to be greater than +19 kJ/mol, indicating that it would be
extremely unfavorable to place two molecules in one site.
Since there was a significant improvement of the 3-body lat-
tice model over the 2-body lattice model, it seems reasonable
to conclude that four- or five-body effects would improve the
model at loadings approaching saturation.

The second system studied was neopentane in silicalite. The
atomistic model was used to calculate the free energies for
the adsorption of neopentane in silicalite, shown in Table 5.
The free energies indicate favorable adsorption of neopen-
tane in the intersections, but adsorption in the straight and
zigzag channels is extremely unfavorable, signified by the large
positive values of the free energies. As expected, the free en-
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Figure 7. Adsorption isotherm at 293 and 373 K for SFy

in the zigzag channels of silicalite.

Good agreement between the lattice and atomistic results is
achieved for the zigzag channels over the entire pressure
range.
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Figure 8. Adsorption isotherm at 293 and 373 K for SF,
in the straight channels of silicalite.

Similar to the intersections, the results of the two models
agree at lower loadings and deviate at higher loadings.

ergy between two occupied adjacent sites is also very repul-
sive, along with all of the free energies of the triplets. The
only attractive free energies are between pairs of next near-
est-neighbor sites, and their values are up to two orders of
magnitude smaller than the one-body free energies. The lat-
tice model gives a Henry’s constant for neopentane in sili-
calite at 373 K of 2.74X10° mg/(g-atm), again in excellent
agreement with the atomistic GCMC simulation. The iso-
steric heat was determined to be 49.87 kJ/mol, also agreeing
exactly with the atomistic results. Figure 9 shows the adsorp-
tion isotherms of neopentane at 293 K and 373 K. The
isotherms reach a saturation loading of four molecules per
unit cell, and from the site loading data (not shown) it was
determined that all of the molecules are located in the inter-
sections, as predicted by the values of the free energies. The
3-body lattice model for this system gives very good agree-
ment with the atomistic GCMC results and improves over the
results obtained by excluding the three-body free energies and

Table 5. One-, Two-, and Three-Body Free Energies in
kJ/mol for the Adsorption of Neopentane in Silicalite

Temp. Ay Ag Ay

293 K —2531 6576 5894
328K —22.66 68.79 62.26
343K —21.58 70.08 63.67
373K —19.38 72.64 66.45
Temp. Ay Ay Ay As s As 7z Az g4
293K 834 690 -032 -052 -125 -0.31
328K 870 695 —-038 —-055 -—-126 —-0.31
343K 887 697 -032 -053 -126 -0.31
373K 9.17 701 -032 -053 -126 —0.31

Temp. Ay Ags Az Azz Asiz

293K 4220 471 266 0.60 0.34
328K 4219 481 281 061 037
343K 4218 478 273 0.61 037
373K 4214 482 278 0.61 038
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Figure 9. Adsorption isotherms for neopentane in sili-
calite at 293 and 373 K.

The 3body and the atomistic GCMC results agree very well
with each other. The improvement of the lattice model with
the addition of the three-body free energies is well demon-
strated, compared to the 2-body Lattice results.

the next nearest-neighbor free energies. By extending the lat-
tice model to include the 3-body free energies and the next
nearest-neighbor free energies, the lattice model gives good
agreement with the GCMC results.

Binary Mixture Results

Systems containing both neopentane and SF, were also ex-
amined using the lattice model. Multicomponent systems
require the calculation of many more free energies than sin-
gle-component systems, because of the increased number of
sorbate interaction combinations. The zeolite/sorbate free
energies and the free energies of the pairs and triplets of
similar molecules were taken from the single-component cal-
culations. What remained to be calculated were the two-body
and three-body free energies for the combinations of dissimi-
lar components. This amounted to 13 additional two-body free
energies and 32 additional three-body free energies to be cal-
culated to completely describe the system. The calculations
of the free energies are the computationally intensive portion
of the hierarchical approach. Thus an attempt was made to
reduce the number of free-energy calculations. Since the
neopentane molecules only adsorb in the intersections in the
pure-component system (due to the large, repulsive S and Z
free energies), only free energies that contain neopentane
molecules in the intersections ever make significant contribu-
tions to the equilibrium calculations for the mixture. This as-
sumption reduced the required number of two-body and
three-body free energies calculations for the mixture to those
shown in Table 6. The nearest-neighbor two-body free ener-
gies for the dissimilar species are both repulsive. The next
nearest-neighbor two-body free energy, I__I, for the dissimi-
lar species in intersections is slightly attractive, similar to
the single-component neopentane system. All but the
SF,—SF,—neopentane IZI three-body energies are repulsive,
and as expected from the difference in size, having two
neopentane molecules in a triplet is more repulsive than sim-
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Table 6. Two- and Three-Body Free Energies in
kJ/mol for the Adsorption of the Mixture of SF; and
Neopentane in Silicalite

Neopentane—SF;

Temp. A, | Ay A
293K -020 1.79 0.12
328K —0.20 2.03 024
343K =020 213 030
373K —-020 229 041
Neopentane—SF;—Neopentane
Temp. Ay Az
293K 1754 146
328K 17.63  1.67
343K 17.68 1.61
373K 17.76  1.69
SF; —Neopentane—SF;
Temp. Ags Aziz  Asiz
293K 042 014 029
328K 044 015 030
343K 045 016 030
373K 063 017 031
SF,; —SF; —Neopentane
Temp. A Az
293K 381 —0.05
328K 396 —0.05
343K 402 -0.04
373K 413 -0.02

ply having one. These free energies were entered into the
lattice model and isotherms were generated at three different
values of the total pressure.

The adsorption of neopentane and SF; at 293 K and at a
constant total pressure of 0.1 kPA was simulated using the
lattice model and the full atomistic GCMC algorithm. The
mole fraction of neopentane in the gas phase, y,, was varied
between zero and one, and the total loading of each compo-
nent is shown in Figure 10. The results from the lattice model
match those of the atomistic GCMC simulation well. There is
good agreement for the neopentane loading, and the SF, data
also exhibit reasonably good agreement between the two
methods. The loading of the individual sites is shown in Fig-
ure 11. The results of the lattice model match those of the
atomistic GCMC very well. As in the single-component sys-
tem, there is no adsorption of neopentane molecules in the
channel sites (not shown); all of the neopentane adsorbs in
the intersection sites. The adsorption of the SF into the three
different sites followed the same trend as the single-compo-
nent results, the intersections having the highest loading, then
the zigzag and straight channels. The favorable adsorption of
neopentane at this total pressure is evident in the xy-diagram
of the system shown in Figure 12. This is a plot of the mole
fraction of neopentane in the adsorbed phase, x,, vs. the
gas-phase mole fraction of neopentane. With the equilibrium
curve lying to the left of the x =y line, it is shown that the
adsorption of neopentane is more favorable than SF, at 0.1
kPa.
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Figure 10. Adsorption of SF; and neopentane in sili-
calite at 0.1 kPa and 293 K as a function of
gas-phase composition.

Relatively good agreement is achieved between the lattice
model and the atomistic GCMC simulations.

Simulations were also performed at a constant total gas-
phase pressure of 1.0 kPa using the lattice and the atomistic
models. The loading of each component and the total for the
system are shown in Figure 13. Again, very good agreement
between the lattice model and the atomistic GCMC simula-
tions were achieved for neopentane adsorption, and rea-
sonably good agreement for SF, adsorption. The deviations
occurred primarily in the zigzag channels, with some initial
deviations occurring in the intersections and at intermediate
yy in the straight channels (Figure 14). As the mole fraction
of neopentane increases, SF, in the intersections is displaced
by neopentane. The SF; in the straight channels also appears

—&—Lattice SF6 Int
—#- Lattice SF6 Str
—&— Lattice SF6 Zig
—e— Lattice Neopentane Int

—o— Atomistic SF6 Int

Loading (molecules / uc)
(]

—+ Atomistic SF6 Str

—&— Atomistic SF6 Zig
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Gas-Phase Mole Fraction Neopentane

Figure 11. Adsorption of SF; and neopentane in the dif-
ferent adsorption sites at 0.1 kPa and 293 K
as a function of gas-phase composition.

The loadings of the intersections and channels with SFg
and the loading of the intersections with neopentane is
shown. Neopentane does not adsorb in the channels of sili-
calite. Good agreement between the two adsorption mod-
els is achieved.
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Figure 12. xy-Diagram of SF; and neopentane at 293 K
and at 0.1, 1.0, and 1,000 kPa.

The data show that at low total pressure the adsorption of
neopentane is favored, and as the total pressure increases,
the favorability of SFy adsorption increases.

to be affected by the presence of neopentane, while the ef-
fect is less apparent in the zigzag channels. Neopentane is
still slightly more favorably adsorbed than SF, but the equi-
librium adsorption curve lies closer to the x =y line in Fig-
ure 12, signaling an increasing favorability of SF, adsorption
with increased pressure.

Simulations of SF; and neopentane in silicalite were also
performed at a constant total gas-phase pressure of 1000 kPa
using both models. Again, the total loadings of each compo-
nent and the total loading of the system were calculated (Fig-
ure 15). At this higher total pressure, only qualitative agree-
ment between the two models is achieved. The lattice model
overpredicts the loading of SF by up to 2 molecules per unit
cell and by up to 1 molecule per unit cell for the neopentane.
The overprediction of the loading occurs primarily in the in-
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Figure 13. Adsorption of SF; and neopentane in sili-
calite at 1.0 kPa and 293 K as a function of
gas-phase composition.

Good overall agreement between models is achieved, with
some deviations occurring in the SFy loading.
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Figure 14. Adsorption of SF; and neopentane in the dif-
ferent adsorption sites at 1.0 kPa and 293 K
as a function of gas-phase composition.

The displacement of SFy from the intersections by the
neopentane molecules is shown. The loading of SFy in the
straight channels also appears to be affected by the addi-
tion of neopentane. The SF in the zigzag channels ap-
pears less affected.

tersections and straight channels, as shown in Figure 16. As
the neopentane molecules displace the SF, molecules in the
intersections, deviations between the models exist in both the
intersections and the straight channels. The presence of
neopentane in the intersections appears to displace some of
the SFy; molecules in the straight channels, and the models
do not agree upon the magnitude of this displacement. Very
good agreement is achieved between the models for the SF
loading in the zigzag channels, which seems relatively unaf-
fected by the presence of the neopentane in the intersec-
tions. At this highest total pressure, the adsorption of SF, is
strongly favored over the adsorption of the neopentane. As
the mole fraction of the neopentane in the gas phase in-
creases, the mole fraction of neopentane in the adsorbed

o
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—&— Lattice Total loading
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Figure 15. Adsorption of SF; and neopentane in sili-
calite at 1,000 kPa and 293 K as a function of
gas-phase composition.

Only qualitative agreement between the two models is
achieved at this relatively high total pressure.
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Figure 16. Adsorption of SF; and neopentane in the dif-
ferent adsorption sites at 1,000 kPa and 293
K as a function of gas-phase composition.

Only qualitative agreement between the models is ob-
served in all of the adsorption sites except for SF4 in the
zigzag channels, where very good agreement is achieved.

phase increases much more slowly, and thus the data of the
xy-diagram (Figure 12) lie to the right of the x =y equilib-
rium line.

The lattice model produces results that are in good overall
agreement with the atomistic GCMC calculations, and it has
the advantage of being less computationally intensive. The
free-energy calculations constitute the major computational
expense in the hierarchical approach. Once tabulated, an
isotherm over the entire pressure range can be generated in
less than 3 h of CPU time on a desktop workstation. For
atomistic GCMC simulations, the computational time in-
creases tremendously as loading is increased due to the
increase in the number of iterations required for convergence
and the increase in the number of sorbate/sorbate calcula-
tions between the greater number of molecules. The lattice
model is about an order of magnitude more efficient compu-
tationally than the atomistic GCMC simulations. For exam-
ple, the GCMC simulations of the three mixtures took a total
CPU time of 161 h on a 500-MHz workstation. If the CPU
time required for the single-component free energies is ex-
cluded, the lattice model takes about 11 h of CPU time, or 39
h if all of the single-component calculations are included.

Conclusion

The hierarchical lattice approach first developed by Snurr
et al. (1994) for the adsorption of benzene in silicalite has
been extended to multicomponent systems. The grand parti-
tion function for a multicomponent system has been derived
in terms of the free energies for adsorption in the different
sites of silicalite and for sorbate/sorbate interactions. Free
energies for next nearest-neighbor interactions and for triplets
of molecules occupying three adjacent sites have also been
included. The role of these higher-order free energies in de-
termining equilibrium properties has been investigated. The
free energies are calculated from short simulations using a
detailed atomistic model and are then used within a simpler
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lattice model to obtain the adsorption isotherm and other
properties of interest.

The addition of the three-body and nonadjacent two-body
free energies makes a significant improvement in the results
from the lattice model when compared to fully atomistic
GCMC simulations for SF; and neopentane in silicalite. In
both of the single-component systems, the three-body lattice
model agrees well with the atomistic GCMC results, improv-
ing upon the 2-body lattice results. In the SF, system, it is
proposed that four-body or five-body free energies may be
required to better describe the system at the highest load-
ings. Good agreement is achieved between the lattice model
and the atomistic GCMC model in predicting the adsorption
of mixtures at constant total pressures of 0.1 kPa, 1.0 kPa,
and of 1,000 kPa at 293 K. At the lowest total pressure,
neopentane adsorbs more strongly, but as pressure increases,
the favorability of SF, adsorption increases. The hierarchical
approach proves to be a valuable adsorption simulation tech-
nique, yielding the same results as atomistic GCMC simula-
tions but in a fraction of the computer time.
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