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A lattice gas model is used to describe the adsorption of benzene in silicalite I.
Using the complete equivalence of the lattice gas with an Ising model and the known
exact as well as mean-field results of the latter, we study the thermodynamics of
the adsorption and establish criteria on the adsorption energies and site interactions
Jor the existence of a two-phase region. It is shown that a phase change occurs when
zigzag paths connecting interacting adsorption sites become energetically favorable.
Our model also leads to a sharp rise of the adsorption heat at the transition, albeit
at a level less enhanced than experimentally observed.

Introduction

The regularity of the zeolite structure makes it ideal to apply
statistical mechanical analysis to its adsorption phenomena.
The statistical mechanical approach has been followed by Riek-
ert (1970), Parsonage (1970), Brauer et al. (1970), Woltman
and Hartwig (1980), and Ruthven (1984) for adsorptions in
zeolites A, X and Y, all containing large cages interconnected
by small windows. As a consequence, all these previous in-
vestigations have assumed each cage as an independent sub-
system. This assumption, however, may not be valid for other
types of zeolites, in particular for silicalite.

Silicalite I, first synthesized by Flanigen et al. (1978), is a
pure silica zeolite having a structure similar to that of the well-
known ZSM-5 zeolite. There are two types of intersecting chan-
nels in the structural framework of silicalite 1, both defined
by ten membered oxygen rings. The channel structure is shown
in Figure 1. The first type of the pores comprises small, circular
zigzag channels along the a direction with a diameter of about
0.54 nm. The second group includes the larger elliptical straight
channels along the b direction with a cross-section of 0.575 X
0.545 nm. For every unit cell (¢ = 2.002, b = 1.980, and ¢
= 1.336 nm), there are two large pores each 1.980 nm in length
(including intersections) and four small pores each 0.66 nm in
length. Unlike most other zeolites, silicalite I is hydrophobic
in nature and has no exchangeable cation.

Many organic molecules, such as benzene and xylenes, are
comparable in sizes to the channels in silicalite I. Due to the
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strong guest-host interaction under a tight fit, the adsorption
of these molecules in silicalite I becomes very unique. Several
investigators (Thamm, 1987a,b; Olson et al., 1981; Pope, 1986;
Guo et al., 1989; Talu et al., 1989) have reported abnormality
in the adsorption of aromatics in silicalite I (or ZSM-5). For
mstance, the isotherm might change from type I to type IV
(Brunauer, 1944) with decreasing temperatures. Furthermore,
the adsorption heat was found to rise sharply at some inter-
mediate loading. Several attempts have been made to explain
these phenomena qualitatively. These include the description
of adsorption as dimer and/or cooperative redistribution of
the adsorbed molecules (Thamm, 1987b) and energy hetero-
geneity of the different channel sections (Stach et al., 1988;
Grauert and Fiedler, 1988). Recent works of Guo et al. (1989)
and Talu et al. (1989), however, clearly identified the existence
of a phase change in the adsorbed phase. To explain their
experimental data, they proposed a model that combines a
Langmuir and a Hill-de Boer isotherm with a temperature-
dependent coefficient. This model, nevertheless, does not take
the particular structure of silicalite I into consideration.

It is known that phase change exists in simple lattice gas
models with uniform nearest-neighbor interactions (Hill, 1960).
Such models, however, always give rise to a type V isotherm,
which is convex at the origin. Experimental data of Talu et
al., on the other hand, show a clearly concave trend at the
origin which changes into a convex curve only at some inter-
mediate loading. Thus, a simple lattice gas model with uniform
interactions does not properly describe the adsorption in sil-
icalite 1.
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Figure 1. (a) Channel structure of silicalite I; (b) site
location in the lattice model.

The molecular dynamic calculation of Reischman et al. (1988)
indicated that for the case of p-xylene adsorption, there exist
three possible adsorption sites of different energies as indicated
in Figure 1. Site I, the most favorable, is occupied first. When
there are more than four molecules adsorbed per unit cell, site
Z will also be occupied. They also found a slightly attractive
force between molecules on sites I and Z, as well as between
molecules on sites S and Z. But, a strong repulsive force existed
between molecules on sites S and I. Monte Carlo simulation
works of Grauert and Fiedler (1989) and Talu et al. (1990)
also identified three adsorption sites of different energies for
benzene in silicalite I. However, the interaction between neigh-
boring molecules was not reported. These facts appear to in-
dicate that a proper modeling of the adsorption of aromatics
in silicalite I should include at least three types of adsorption
sites with appropriate interactions.

Lattice Gas Model with Three Types of Lattice Sites

We propose to model the adsorption of benzene in silicalite
I as a lattice gas on a square lattice with three types of lattice
sites, as indicated on Figure 1: S (straight channel), Z (zigzag
channel), and I (intersection). The occupation energies for
these sites are —e,, —¢,, and —e,, respectively. There are four
sites of each type in a unit cell, while experimentally only eight
molecules of benzene could be adsorbed in a unit cell (Guo et
al., 1989; Flanigen et al., 1978; Thamm, 1987a; Wu et al.,
1983). Thus, some of these sites must be mutually exclusive.
We assume that neighboring S and I sites cannot be simulta-
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neously occupied due to size restriction. The total length from
one intersection site to the next is only 0.99 nm. It is too short
to accommodate two benzene molecules each about 0.54 nm
in size. We further assign interactions — J,; to occupied neigh-
boring Z and I sites. For simplicity, interactions between the
S and Z sites are neglected.

Although the modeling is two-dimensional, the structure is
similar and the coordination number of each site is the same
as that in the silicalite I crystal. Nevertheless, it should be
pointed out that the assignment of physical locations is im-
material to the model. The macroscopic results do not change
if one interchanges the S, Z, and I subscripts in the following
theoretical developments.

For a system with N sites of each type, the grand partition
function of the lattice gas can be written as:

Eu, N, T; T, €, €, €)=

20 20 2T P [T xme,

ng=0,1 ny=0,1 n;=0,1 {z,))

8]

where X = exp (J,/kT), \; = ANX,; = exp [(u+¢)/kT], \,=
AX, = exp [(u+¢€,)/kT), \; = NX; = exp [(u+¢€)/kT], and the
activity A = exp (uw/kT). The summation is over all possible
occupancies, with n; = 1 (0) denoting the site i/ being occupied
(unoccupied).

This three-site model can be reduced to a nearest-neighbor
Ising model (Syozi, 1972). Specifically, we trace over the spin
states of Z site replacing it by a single interaction K between
I sites. This is done by writing n = (¢ + 1)/2 and

Z ()\z)nz X (n,+n2):Feh(all+az)+Ka|az’

nz=0,1

2

or explicitly,
1+ A, =Fe #*K
1+ NX=Fe ¥,
L+ N X?=Fe*X,
Solving for K, h, F, we obtain:

e L+ M)+ A XD
(CEDN. ¢ L

e4h=1+)\zXZ
14X, °

and
F=0+M)0+ A, XA +N XY, 3)
Note that X > 0, meaning that the Ising interaction is fer-

romagnetic.
Similarly for the vertical interactions, we obtain:

ST Q= Gereen e,

ng=0,1

“
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This results in:

X =141,
1
= 1+N
and
G'=1+)\,. 3)
Here, again, K’ > 0 is ferromagnetic.
In addition, we have:
TIowri=TT Ao = 2 [Tow™ ©
Thus, we obtain from Eq. 1, the exact equivalence:
E(X, N Aoy M) =N (FGYNEngng (K, K’ H), )

where Ey;, is the partition function of an Ising model with
horizontal and vertical interactions K and K', respectively,
and a reduced magnetic field H, given by:

1

&=\, 20V, 8)

The occupancy density of each type of sites is:

d (InE
ps—)\s'g)'\: (W)
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where

SK K, H)=

The overall occupancy density p, which is equal to (1/3N)
(3InZ/3In\); 5, is the average of these three p’s. We further
write (Hill, 1960):

kTInE = (3N)¢, (10)
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d(kTInE)= SdT+ (3Np)du + ¢d (3N). (11
The energy U of the lattice gas system is 3Npu + TS 3No.
The partial molar energy of the adsorbed molecules 7 is thus:

_ 1 foU T (oS
u—3TV <5;)T, N—3TV (&)T, N+/,l..

If there exist two adsorbed phases, the partial molar energy
of the system is (1/3N) (AU/Ap) = (1/3N) (TAS/Ap) + p,
where AS and Ap are the differences between the two phases.
If the gas phase is ideal, the differential heat of adsorption g,
will be (3/2)RT~u, and the isosteric heat of adsorption g, is
qs + RT (Clark, 1970).

(12)

Exact Analysis in the Two-Phase Region

Our lattice gas model has been transformed to an Ising
model. In two dimensions, exact solution to the Ising model
exists, and for ferromagnetic Ising interactions the phase
boundaryis H = 0 (Onsager, 1944; Chang, 1952; Domb, 1960).
For the square lattice, we have:

1 27 2T
Sly_o==—5 S do S d¢ (cosh K cosh X’ —sinh K cos 8
0

87’ o
—sinh K’ cos ¢), (13)
and
d ’ ,
— (K Ky H)lg-o.= xIi(K, K'), (14)
oH
where
I,(K,K')=[1—(sinh 2K)~? (sinh 2K ')~ j"2. (15)

The critical temperature 7. occurs at I, = 0.

The exact phase envelope of the lattice gas model can now
be obtained. For given values of ¢’s and J;, the equation H
= 0 can be solved for the activity A at each temperature.
Inserting this activity and the known results of Ising model
into the density formula, two densities corresponding to H =
0+ can be obtained. The trajectory of these densities gives
rise to the phase envelope.

For a system to exhibit a phase change, however, there exist
constraints for the energies —e¢,, —e¢, —¢;, and J,. For ex-
ample, the condition H = 0 leads to:

NXGX X=X, X))+ NMX~X,—~X,)-1=0. (16)

Since A is positive, the phase boundary is determined by the

positive root of Eq. 16, which turns out to be unique. The

necessary condition for the existence of a positive root is
X*X;> X,, or equivalently,

2J,+¢€>¢,. an

Another constraint is imposed on the adsorption potential
¢, also positive by definition. Our numerical results indicate
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that ¢ become negative when 2J,+¢,+¢ > 2¢. Combining

this inequality with Eq. 17, we obtain the necessary conditions

for a solution to exist as:
&—e.>2J+¢—¢€>0. (18)

Our numerical results also indicate that sinh 2K sinh 2K’
< | when ¢ > ¢,. Thus, we regard:

€€ (19)
as a third condition for a phase change to occur.

The constraints 18 and 19 do have physical meanings. The
conditions ¢; < ¢, €, < ¢, and 2J,; + ¢, + ¢ < 2¢, imply that
the S sites are the most favorable adsorption sites (as compare
to the Z and [ sites either individually or as pairs), and the
adsorption onto I sites is hindered by nearest-neighbor exclu-
sions. As the pressure is gradually increased, however, some
of the Z sites will be occupied, and the filling of the I sites
may become more favorable. The constrain 2J,;+¢;>¢, now
comes into play. At some point, the previously adsorbed mol-
ecules on S sites will jump to I sites spontaneously.

In addition, the newly occupied I sites will further promote
the adsorption of its neighboring Z sites. Thus, many more
molecules can be adsorbed onto the partially loaded Z sites
without increasing the pressure. This spontaneous jump of
molecules from S sites to I sites and the adding of more mol-
ecules to Z sites lead to the observed phase change with a
discontinuity in occupations.

Finally, the entropy change during the phase change can
also be calculated exactly. It is given by:

AS_

. I zlen A, An A,

AX2In (\XY
. 1 x————}‘ (20)

1+n, TN T IAXe

Mean-Field Solution in the Single-Phase Region

Since no exact solution exists for the Ising model outside
the phase boundary H=0, we use a mean-field analysis to
obtain the solution. Following Huang (1987), we write the free
energy as:

fIKK' H)=(K+K Ym*+ Hm

1+m_ 1+m 1-m_ 1-m
— - In , (21
Z 3 5 5= @D
where m is the solution of:
m=tanh [H+2m(K+K")]. 22)

It is known that the mean-field solution may not be very
accurate near the phase boundary. However, away from the
phase boundary, this mean-field solution is a good approxi-
mation, and we can use it to obtain the adsorption isotherm
as well as the isosteric heat of adsorption in the single-phase
region.

The Henry’s constant of adsorption can also be derived from
the mean-field solution. However, we must first make a trans-
lation between the activity and the pressure. The pressure in
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Figure 2. Site occupancy calculated by the mean-field

solution with parameter sets A and B.

The sum of the three types of site occupancies is the normalized
adsorption isotherm.

the gas phase is related to the activity by P = Aexp (— (uo/
kT), where the chemical potential y, of the reference state is
a function of the temperature. Thus,

. dp o
K=124. lim =2 = 5
2d, meo 12d; exp ( )

=4d, exp <%) {exp %]
€, €,
+exp [k_} + exp {kT]}' (23)

Here, the density d, for silicalite I is 0.173 x 10~ mole of
unit cells per gram, and the factor 12 comes from the fact that
each unit cell has 12 adsorption sites.

Numerical Results

Some typical isotherms are shown in Figures 2 and 3. In
these figures, the loading on each type of the sites is drawn
on a probability scale. This scale is chosen for two reasons.
First of all, minor changes near zero and saturated loadings
can be more visible. Secondly, the mean-field solution of a
simple noninteracting lattice gas model will be a straight line
in this scale, the parameters that used to generate these iso-
therms are given in Table 1.

As described previously, most of the Ssites are filled at very
low pressures, corresponding to low chemical potentials. The
larger the difference between ¢; + 2J,; and ¢, the lower loading
on Z sites is needed to initiate a phase change. This fact can
be identified by the difference between the curves of cases A,
C and D, and of case B. At the onset of a phase change, all
molecules adsorbed on S sites tend to move to I sites. The
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Figure 3. Site occupancy calculated by the mean-field
solution with parameter sets C and D.

loading of S sites drops to nearly zero, which cannot be seen
on the scale in these figures. At the same time, the loading S
of Z and I sites experience a drastic jump. The amount of Z
loading jump depends on the relative magnitudes of 2J,; + ¢,
and ¢, For small ¢, Z sites are almost saturated after the phase
change, as shown in Figure 2; otherwise, free Z sites exist for
further adsorption after the phase change.

The general behavior of the partial molar internal energy
(differential heat of adsorption) is shown in Figure 4. Since
very little adsorption persists after the phase change, the partial
molar internal energy of the denser phase occupies only a small
fraction in these graphs. Between the two single-phase regions,
a constant heat curve computed from the exact solution of the
phase boundary is drawn. The discontinuity in the heat curve
created by phase change is now apparent.

As indicated by Eq. 23, the initial heat of adsorption is a
combination of the occupancy energies of all three types of
sites. If ¢, is dominant, the adsorption heat will be constant
initially, as shown in cases A and B. On the other hand, when
the difference between ¢; and ¢, is much smaller, as in cases C
and D, some adsorbed I sites will occur at a low pressure, this
leading to a slight upward trend of the heat curve at low
foadings as shown in Figure 3.

After all S sites are occupied, further adsorption can occur
only on the Z sites. In the case B, for example, where an

40

0 1 1 L I
0.0 0.3 0.6 0.3 0.6
p
Figure 4. Partial molar internal energy (related to dif-
ferential heat of adsorption) of the example
cases.

The curves were calculated by mean-field solution. The straight
lines in the two-phase region are obtained by the exact solution.

appreciable adsorption on Z sites occurs before the phase
change, the partial molar internal energy drops to exactly e,
as the Z sites are progressively filled. For cases A, C and D,
a phase change occurs before an appreciable filling of Z sites.
Thus, the partial molar energy is higher than ¢,.

The energy change during phase change comes mainly from
the trading of the occupation of Z-I sites to S sites. The energies
of the two phase are approximately 3Np + (2J,;+¢,+¢,)/2 and
3Np —¢,, respectively. At low temperature, p, =2p_ =2/3;
thus, we have (1/3N)(AU/Ap) = 2J,+ ¢ +¢, — ¢, which is
always smaller than ¢; by the criteria we have found.

In the densely packed phase, most of the I sites are already
occupied. Further adsorption occurs only on the few Z sites
that are still vacant. Each molecule added would correspond
to a release of an energy 2J,; + ¢, If this value is higher than
¢, the last molecule adsorbed may evolve more energy than
the first molecule adsorbed, as indicated by case A.

Comparison with Experiments

The adsorption heat data observed by Thamm (1987a, b)
indicate a constant value of 57.5 kJ/mol for loadings smaller
than 4 molecules per unit cell at 300 K. This is followed by a

Table 1. Parameters Used in Numerical Examples
Case €s € € Jzi Tt HUphase change

kJ/mol kJ/mol kJ/mol kJ/mol K kJ/mol

A 33.4724 12.552 20.920 12.552 553.6846 —25.593

* €>€, 20+ e, >e>¢

B 33.472 12.552 20.920 7.5312 534.7021 -16.8

* €6, 6> 20,4+ €,>¢;

? 33.472 12,552 29.288 7.5312 384.1924 —22.948
€26, 6> 2J 1€,

D 33.472 4.184 29.288 7.5312 513.3525 -14.111

* €€, 6,>€6>2+¢,
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Figure 5. Comparison of the experimental isotherms
{Guo et al. 1989) to the phase boundary (solid
line) of the present model using parameter
set E.

slight drop to 48 kJ/mol, and then a sharp rise to 65 kJ/mol.
At near saturation loading, the adsorption heat reaches 75
kJ/mol.

Based on the previous discussion, we assume ¢, = 51
kJ/mol, ¢, = 41 kJ/mol and J,; = 15 kJ/mol. The sharp rise
at intermediate loading is the result of heat evolved during the
phase change, which we know is equal to 2J,; + ¢, + ¢ —¢ at
low temperature. It, however, was not possible to solve for
the unknown ¢; from the data given.

Further information has been given by Talu et al. (1989).
Their study indicates that the critical temperature of benzene
adsorbed on silicalite I is 311 K. However, the initial heat of
adsorption they found is 70 kJ/mol, and isotherms measured
at four different temperatures were also listed.

Taking the three energies read from Thamm’s data and
adopting the critical temperature given by Talu et al., we are
left with no adjustable parameter, and a value of 22.11567
kJ/mol is found for ¢;. The phase boundary calculated with
these constants is assigned the case E and is compared with
the isotherm data of Talu et al. in Figure 5. Because the data
were given as a function of the pressure, the reference state
chemical potential g, can be obtained by matching the scales.
In particular, the points immediately before and after the phase
change are matched to the phase boundary by moving the In(P)
axis. The reference state so obtained also enables us to compute

the Henry’s law constants. The results are given in Table 2.
The comparison in Figure 5 is not very satisfactory, since
the phase boundary predicts a much more compact packing
than observed. Most of the phase changes observed were lo-
cated around 4 molecules/unit cell [0 = (1/3) as compared to

the predicted phase change at 6 molecules/unit cell [p

Table 2. Parameters Used for Comparisons with Experimental Data

Case €& €, € i
kJ/mol kJ/mol kJ/motl kJ/mol
E 51 41 22.11567 15
Test Temp. exp ( _I_g'iT ) Ho KXRT iphase change
K * m*/mot m’/kg kJ¥/mol
273 1.5831x 10710 —-5.1222x10* 1.4482x 10° —44.044
283 9.1089 x 10~ —5.9817%10* 3.9127x 10 ~44.15
293 4.9559% 10712 —-6.3413x 10* 1.0541x 10' —44.258
Case € € € Jy
kJ/mol kJ/mol kJ/mol kJ/mol
F 51 35.72839 47.51891 2.974541
Test Temp. ( o ) o KxRT Bphase change
eXp —7,
K * m*/mol m’/kg kJ/mol
273 7.7316x 107'° —4.7622 % 10* 8.5084 % 10° —38.588
283 5.3568 x 10~ 1! —5.5648 x 10 2.7902 x 10? —38.613
293 2.8856 x 107! —-5.9121 x 10* 7.4994 x 10 —38.642
303 1.5829x 10~ —6.2652 % 10* 2.1523%x 10" —38.673
Case € € & Jui
kJ/mol xJ/mol kJ/mol kJ/mol
G 51 41.09647 40.95839 6.708110
Test Temp. exp ( % ) Ho KXRT Evl'msc change
K * m*/mol m’/kg kJ/mol
273 5.4804 x 1071 —5.363x10* 5.0821 x 10? —45.675
283 4.2435x 1071 ~6.1614x 10* 1.8514 % 10 —45.76
293 2.5375x 10712 ~6.5044 x 10* 5.4933 x 10° —45.844
303 1.5356 x 10712 —-6.8529x 10* 1.7307 x 10° —45.929

*Taking unit pressure in pascal as reference pressure.
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Figure 6. Experimental adsorption heat (Thamm, 1987a;
Pope, 1986) vs. calculation from the present
model using different parameter sets.

1/2). Furthermore, the adsorption heat drops much earlier than
that indicated by experimental data shown in Figure 6. Con-
sidering the combination of data from two different sources
and the use of a rough estimation to the site energies, the
difference is not unexpected.

We have tried to use other sets of parameters in Table 2.
With these parameter sets, the phase boundary calculated by
the exact solution matched the experimental isotherm much
better, as shown in Figures 7 and 8. Case F, which gives a
better match and predicts a Henry’s law constant of 7.5 X
10' m*/kg at 30°C as compared to the observed value of 1.25

60%%3&, ]

Figure 7. Experimental isotherms vs. phase boundary
(solid line) of the present model using param-
eter set F.
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Figure 8. Experimental isotherms vs. phase boundary
(solid line) of the present model using param-
eter set G.

x 10*m?*/kg (Talu et al., 1991). The adsorption heat, however,
does not improve appreciably.

It seems that it is intrinsic that our model does not lead to
a rise of differential adsorption heat over its initial value .
To have a larger energy jump at phase transition, the inter-
action energy between molecules on Z and I sites must be larger
in the second phase than in the first phase. This is so because
an array of molecules is formed in the second phase, occupying
alternating S and I sites. For example, molecules in the channels
may have several favorable orientations depending on its neigh-
boring occupations. The site energy as well as the binary mol-
ecule interaction should be averaged over these orientations.

Stach et al. (1988) have used a cell model to explain Thamm’s
data of the heat of adsorption. They assumed the existence of
some perturbed intersection site 7', in addition to the three
types of sites. By fitting to experimental data, a series of ener-
gies were calculated for different occupancy levels. Upon some
drastic and uncontrolled simplifications, they arrived at a qual-
itative prediction of the adsorption heat. However, they were
unable to generate a satisfactory phase diagram. Our model,
however crude it might be, is able to point out pertinent phe-
nomena associated with the phase change.

It is now clear that a proper lattice model to describe the
adsorption of benzene in silicalite I should include three dif-
ferent types of sites with attractive and repulsive interactions
between Z-I and S-I pairs of molecules, respectively. For mol-
ecules such as p-xylene, where an increasing heat of adsorption
at low loadings was found, an additional attractive interaction
between Z-S pairs may be needed. However, the solution of
such a model can be obtained only by numerical techniques.

Conclusions

We have demonstrated that with a simple lattice model hav-
ing three types of lattice sites, some important characteristics
of the adsorption in silicalite I can be described. In particular,
the step changes in isotherms and heat curves are found to
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correspond to the re-arrangement of adsorbed molecules to a
denser packing state, in which benzene molecules form a long
chain along the zigzag a, c axis.
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Notation
f = (I/N) In Elsing
F = scaling factor for horizontal interaction transformation
fly-e = exact solution of the Ising model at the phase boundary
G = scaling factor for vertical interaction transformation
h = magnetic strength of the Ising model from the horizontal
interaction
H = reduced magnetic field of Ising model
I = adsorption site of interaction channel section
I, = spontaneous magnetization of Ising model

S interaction between the neighboring occupied Z and 1
sites

K = Henry’s constant, mol/kg-pa
K = horizontal interaction of the square Ising model
K’ = vertical interaction of the square Ising model
k = Boltzmann constant
m = magnetization per site of Ising model
n = occupancy number of S, Z and I sites (n = 0, 1)
n;, = occupancy number of I sites
n, = occupancy number of S sites
n, = occupancy number of Z sites
N = total number of each type adsorption sites
P = vapor pressure
q,, = isosteric heat of adsorption, kJ/mol
g~ = number of all different sites per weight of silicalite, 2.076
mol/kg
R = gas constant
S = adsorption site of straight channel section
AS = entropy change during phase change
T = temperature, K
T. = critical temperature, K
U = energy of lattice gas system
AU = energy change during phase change

Uphase change partial molar internal energy during phase change
v = magnetic strength of the Ising model from the vertical
interaction
system volume or number of adsorption sites
exp (Ju/kT)
exp (e/kT)
exp (e,/kT)
exp (e,/kT)
adsorption sites of zigzag channel section

NS b

Greek letters

= partition function of Ising model with horizontal K and
vertical K’ interactions
occupation energy of I sites, kJ/mol

=
~Ising

o

e, = occupation energy of S sites, kJ/mol

€, = occupation energy of Z sites, kJ/mol

A = absolute activity

No= NX;

A = AX;

A = ANX,

¢ = spin variables of Ising model, + 1 or —1

= = grand partition function of system with 3N sites
u = chemical potential

po = reference state chemical potential

p = overall occupancy density
Ap = occupancy density change during phase change
p; = occupancy density of I sites

ps = occupancy density of S sites

AIChE Journal January 1992

p, = occupancy density of Z sites
p,,p- = occupancy density corresponding to H = 0+
¢ = adsorption potential per unit cell
Subscripts
i,s,z = interaction, straight channel, zig-zag channel adsorption

sites
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