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A new model for equilibrium adsorption of a binary mixture on zeolites that takes into
account the energy nonuniformity of the adsorption field in the zeolite cavities was developed
on the basis of statistical thermodynamics. The nonuniformity of the adsorption field produces
rearrangement of molecules in the cavity volume, decreasing the entropy, internal energy, and
Helmholz free energy. A procedure for calculation of the thermodynamic functions from the
data on the adsorption of pure components was proposed. The limiting cases of maximum
ordering of the molecules in the cavity and their random distribution were considered. The
approach proposed was exemplified by the substantially non-ideal system nitrogen—ar-
gon—zeolite NaX at 160 K. The proposed model describes the behavior of this mixture much
better than that of the ideal adsorbed solution theory.
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statistical thermodynamics.

One of promising approaches to the development of
calculation procedures for multicomponent adsorption
equilibria is based on statistical thermodynamics. Ear-
lier,! the adsorption of pure components on zeolites has
been considered under assumption that distinct cavities
containing different numbers of molecules are statisti-
cally independent subsystems, forming a grand canonic
ensemble. This approach has been complemented?2-3 with
the function of state of an ideal gas similar to the Van
der Waals equation. This made possible to express the
Helmholz free energy in an explicit form and extend this
approach to binary systems.

More predictive models for the adsorption of mix-
tures should take into account a nonuniformity of the
adsorption field distribution within distinct cavities. For
this purpose, multicenter models extending the Langmiur
model have been considered. The adsorption of mixtures
on each type of these centers is described by the Marham
and Benton equation.4 A total amount of an adsorbed
component is determined by summing up the corre-
sponding contributions from all centers, taking into
account the distribution functions for all centers over the
adsorbent—adsorbate interaction energies.56 A draw-
back of these approaches is ignoring the interaction
between the adsorbed molecules. In the case of the
adsorption of pure substances, an increase in the isosteric
heat of sorption with a coverage cannot be taken into

account. In the previously reported’>8 cellular models for
the adsorption of pure components, which are the devel-
opment of the Bakaev approach,! this disadvantage has
been cured. However, such an easy generalization of
these models to multicomponent adsorption of gases and
vapors as it was in the case of the Langmiur equation
was impossible.

In this work, we proposed a method that provides
means for predicting the multicomponent equilibrium
adsorption from the isotherms found for pure compo-
nents with taking into account the nonuniformity of the
adsorption field in the zeolite cavities and interaction
between the adsorbed molecules. The zeolite is assumed
to be thermodynamically inert, and a variation in its
potential due, for example, to the adsorption deforma-
tion is not taken into account.

Previously,?>10 we considered the condition at which
the statistical approach corresponds to the Mayers and
Prausnitz phenomenological ideal adsorbed solution
theory (IAST).11 This correspondence proved to be pos-
sible under the uniform distribution of the adsorption
field within each cavity, and a criterion of ideality for
the Helmholz energy of an adsorbed mixture was intro-
duced. A comprehensive examination of equilibrium
adsorption and the partial heats of adsorption in the
CO,—C,Hg—zeolite NaX system!2:13 showed that the
CO, molecules, which possess significant quadroupole
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moments are accumulated in the vicinity of cations,
replacing the nonpolar ethane molecules. This rear-
rangement of molecules reduces all thermodynamic func-
tions as compared to those predicted by the criterion of
ideality. As a consequence, the system exhibits substan-
tial negative deviations from Raoult's law, which was
used in IAST. At the same time, the energy non-
uniformity of an adsorbent manifests itself also in the
adsorption of a pure component. For instance, the
specific internal energy of ethane decreases (increases in
the absolute value) with the number of molecules in the
cavity, indicating an increased role of intermolecular
interactions. Unlike this, the internal energy of CO,
increases with an increase in the number of molecules in
the cavity. This means that weakening the adsor-
bent—adsorbate interactions manifests itself to a higher
extent than increasing the adsorbate—adsorbate interac-
tions. Unlike ethane, the specific entropy of the CO,
molecules remains nearly constant with an increase in
the number of molecules in the cavity, indicating a
substantial ordering of the molecular cluster because of
strong ion-quadroupole interaction.

Hence, it is obvious that using the data on the energy
nonuniformity of an adsorbent that manifests itself in
the isotherm, one can predict the behavior of binary
mixtures much more adequately than on the basis of
such models as IAST. In this work, the simplest model is
considered that takes into account the energy non-
uniformity of the adsorbent and allows one to predict
the dependences of the selectivity, the composition of
the adsorption phase, and the total amount of a mixture
absorbed on the partial pressures. The possibilities of the
model are exemplified by the essentially nonideal
N,—Ar—zeolite NaX system at comparatively low tem-
perature (160 K).

Mathematic model

Let us assume that the zeolite cavities with the
adsorbate molecules form a grand canonic ensemble.
The sorption of any component is proportional to the
average number of the molecules of this component in
the ensemble within the cavity. Since the distribution of
the kinetic energy of the molecules is unimportant in
this case, then the grand canonic distribution for the
one-component adsorption results in the following ex-
pressions for the average number of molecules per a
cavity and for the sorption value:

<> =&Y jp’ exp(j - AF;/kgT),
J
&= Y p/ exp(j - AF;/kgT), (1)
J
a = ay<j>.

Here p/Pa is the pressure of an adsorbate in the gas
phase; F;/J is the Helmholz free energy for j molecules
in the cavity; T/K is the temperature; & is the grand

statistical sum based on one cavity; a/mol kg~! is the
adsorption value; ay/mol kg™! is the number of cavities
per weight unit of a zeolite divided by the Avogadro
number N,. The Helmholz free energy per one molecule
in the gas phase at the same temperature is accepted as
the standard value. If the gas phase is non-ideal, one use
fugacity instead of pressure. All variations in AF; (includ-
ing the temperature dependence of AF)) can be deter-
mined by processing the experimental data on the ad-
sorption of the pure component.

In the case of the binary adsorption, the following
expressions are valid:

ay = alt™'Y Yipipj exp(i + j - AF; ;/kgT),
i

ay = apt ' Y Y jpi pj exp(i + j— AF; ;/kpT), )
o
g= X2 ppsexpli+j—AF;/kgT),
o
where p;, p,/Pa are the partial pressures for components
1 and 2, respectively; a;, ay/mol kg~! are the sorption
values for components 1 and 2. The main problem
consists in finding the free energy of a mixture of the
molecules in the cavity, AF; , from a set of the values for
pure components determined from their adsorption iso-
therms. In the simplest case, this can be calculated
according to the following equation’-%:
1

B j (i+ j)!
AFIH_ TjAFjJrj,0+TjAFO,i+/'_kBTln|: ilj! :|’ 3

Here AF;i;y and AF;.; are changes in the Helmholz
energy for the 1st and 2nd pure components, respec-
tively, when the cavity contains / + j molecules. As has
been shown earlier,10-12 this equation corresponds under
some additional conditions to the postulate of the ideal
adsorbed solution theory that Raoult's law is fulfilled at
the curves for a constant pressure in the adsorption
phase. The absolute value of the latter term in the right
part of the equation is the product of the temperature and
entropy of mixing for i molecules of the 1st component
and j molecules of the 2nd component. Equation (3)
does not take into account the nonuniformity of the
adsorption field and, therefore, corresponds to the case
when the occurrence of the molecules of the 1st and 2nd
components in any part of the cavity volume is equally
probable, that is, for random mutual spatial arrangement
of the molecules of the 1st and 2nd components.

To take into account the energy nonuniformity of the
adsorption space and the difference in the interaction of
the molecules of different components with the adsorp-
tion field, let us assume the following model. The mol-
ecules of one or two components in a distinct cavity
form a dense three-dimentional cluster, and each mol-
ecule occurs in a definite cell (center of localization).
The cartesian coordinates of these cells, or centers, are
unvariable. However, only a part of centers is accessible
to the molecules. This idealization allows one to take
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into account interaction between neighboring molecules.
In other words, it is assumed that each new molecule
entering the cavity occurs most probably next to the
previously adsorbed molecules that have formed a spa-
tially ordered structure. Each of the following molecules
complements this structure. To simplify the problem, let
us assume that only one spatial configuration exists for a
given number of molecules in the cavity. This is a
limiting case when a probability of any definite mutual
arrangement of the molecules is significantly higher than
that for all the other modes. As a consequence, the
number of centers on which the molecules can localize
is always equal to the total number of molecules in the
cavity.

Hence, the term "center” acquires a wider meaning.
Some centers can be connected with the zeolite, particu-
larly with its cations. Other centers can be referred as the
points of stable equilibrium next to the previously
adsorbed molecules. The centers appear successively on
filling the cavity. In a general case, we can apply the
term "localization" to the stable positions of the mol-
ecules adsorbed rather than to the points concerning the
adsorbent only. For the sake of simplicity, the coordi-
nates of any center are taken as constant, i.e., the
addition of each new molecule (regardless of what a
component) does not change the position of all previ-
ously adsorbed molecules. A scheme of filling the cavi-
ties proposed suggests definite enumeration of the cen-
ters (localizations). One can enumerate these centers,
for example, as follows. A single molecule in the cavity
(regardless of what a component) is positioned in the
center number 1. Two molecules in the cavity occupy
centers with the numbers 1 and 2, efc. It is obvious that
the sequence of filling the centers is connected with the
energies of interaction between the molecules and an
adsorbent. However, it does not mean that the energy of
such an interaction for each following molecule is less in
the absolute value. For example, the first molecule
interacts with one of cations, and the second molecule
interacts with another cation and simultaneously with
the first molecule. It is probable that a change in the
energy due to the adsorption of the second molecule
occupying the center number 2 is greater in the absolute
value than the energy change upon the adsorption of the
first molecule, but alternative order of filling is impos-
sible in the framework of the model. Thus, if K molecules
are in the cavity, then the following (k + 1)-molecule
will occupy the center with the number (k + 1). One can
present this scheme of filling in such a way that a part of
the centers of localization in which the molecules can
occur at the maximum filling of a cavity are inaccessible
at less number of the molecules, i.e., only k£ primary
centers are accessible for & molecules. The molecules
can change their positions with each other, and it is
important for the adsorption of a mixture of substances.
Let us accept also that the behavior of the molecule
depends only on the number of a component and the
ordinal number of the center that should be occupied. In

other words, the behavior of the molecule of any com-
ponent on the k center is independent of not only the
overall number of the molecules in the cavity (the
overall number of the molecules is obviously higher than
k) but also of the molecular composition and the mode
of arrangement of the molecules in accessible centers.
Some of these centers can be associated with cations or
atoms of the zeolite crystal lattice, whereas other centers
can be the points of stable equilibrium of the molecule
next to the neighbouring molecules. Despite a simplified
character, the model takes into account the interaction
of molecules both with the adsorbent and with each
other.

The main relationships for thermodynamic functions
of adsorbed substances in the zeolite cavity can be
derived by different ways. Therefore, the further
assumtions are not solely possible to obtain the same
result. Below we present one of logical schemes for the
derivation of the required equations.

We can assume for generality that a molecule occuring
at any center has not a single value of the potential
energy but a wide set of these values, which is due, for
example, to the difference in the mutual orientation of
nonspheric molecules. Let us further accept that the
distribution function of the potential energy states of the
molecule positioned at the k center obeys a lognor-
mal law.

2
u—u/(k)] @

I
= Dms, k)P _[ V25, (k)

here u/(k), 8,(k) are the parameters of the normal distri-
bution for the molecule of the / component (/ = 1, 2)
that is located at the k center. The probability of any state
is proportional to the Bolzmann factor, exp(—u/kgT).
Then the average potential energy of the molecule at the
k center will be as follows

" ufy exp(-u/kgT) 87 (k
L. =u (k) - 1.
[ frexp(-u/kgT) B
Now, we can determine a change in the internal

energy for any combination of /i molecules of the 1st
component and j molecules of the 2nd component:

AUy (i j) = up(i, ) — 8;%(i, )/ kpT, e

where

up(ij) = 2u(k)+ Yuy(k),
kel kel
(6)
8,2Gi,)) = 281 (k)+ X83(k).
kel kel

In these relations, / means a set of centers occupied by
the molecules of the Ist component (|I| = i) and
Ic M, where M =1 : (i +j). The uiy) and 37(i,j)
values are the parameters of the distribution function of
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the potential energy states for the whole cluster (for the
case of arrangement of the molecules over the centers):

2
u—ul(i,j)] o

A S N Il A CY))
D = sy [ﬁs,U,n

It is interesting that the distribution function of states
for the whole cluster also obeys a lognormal law. The
average value of the change in the internal energy with
taking into account all possible combinations of the
mutual arrangement of the molecules over the occupied
centers can be expressed as follows:

S [T ufi G jyexp(-u / kyT)du
IcM |1|=i

AU = _ _
" Z‘ | [" f1G, )yexo(-u / kgT)du
IcM|I|=i

@®)

After integration we obtain the following expression:

AU ;=
AU~ 5100) 43T
IcM |I=i
= . (9
S expl—(uy ()~ 83 )) ) 2keT) [ kT )
IcM1f=i

The right part of this expression can be written as the
derivative of the logarithm of denominator with respect
to inverse temperature:

dkBY‘thhd

AUy = kgl InQy ;=T ===

(10

where

~ 1 R 1Y)

Comparing Eq. (10) with the Gibbs—Helmholz equa-
tion, one can conclude that a physical meaning of
kgTInQ; ; is the change in the Helmholz free energy of a
mixture of (i + j) molecules and Q;; is the statistical
sum. Then, for the Helmholz free energy we obtain
finally:

AF = —kgTIn|  Sexp(-AF (L)) /ksT)|,  (12)
IcM|I]=i
where
AFLG)) = uy G ) - ). (13)
2kgT

In the case of adsorption of the 1st pure compo-
nent (j = 0)

i i 52
AFig = AF0) = S (k) -+ 3 K,
k=1

14
2o keT (1

Similarly, for adsorption of the 2nd pure compo-
nent (i = 0)

L, 83 (k)
—1 kgT

J
AFy ;= AF(0,)) = Zuz(k)fl (15)
| 2
From this one can readily derive the equation for the
Helmholz free energy AF(i,j) for the particular case of
the arrangement of the molecules of different compo-
nents over accessible centers of the cluster from the
Helmholz energies for pure components:

AF(i,j) = Y (AFo—AF_10)+ 2 (AR —AFy ). (16)
kel kel

Hence, after the free energies of pure components
for different number of molecules in the cavity were
found, the free energy of a mixture of the molecules can
be estimated from Egs. (12) and (16). When the experi-
mental isotherms for pure components were measured at
various temperatures, one can determine the internal
energy of adsorbed molecules in the cavity using the
Gibbs—Helmholz equation:

dAF, .
ALGﬁ = AI?Q -T 4T +lkBT’

17)

_ dAFy ;.
AUy ;= Ay =T = b+ jkgT.
Here the internal energy of the same number of mol-
ecules in the gas phase at the same temperature is
accepted as the standard value. The formulas for calcula-
tion of the internal energy of a mixture of molecules are
the following:

AU, ) = Y (AUgo—AUg_19)+ X (AU —AUg 1), (18)
kel kel

S AU, (i, j)expl-AF; (i, j) / kpT)
M ]Il (19)
Al = S expl-AF; (i, )/ kTT
IeM|I|=i

The change in entropy is described as follows:

fAShj== ALQj'_ A]%j. (20)

From the relations (12) for AF;; and (19) for the
internal energy of a mixture of molecules in the cavity,
we can estimate the upper and lower limits of these
values. The following relationships are valid for upper
estimate:

. -1 .
AF; ;) = (ci, ) [ %IA‘E,(i,j)—kBTlnC}H,
cM.|I|=i
(21

. -1
AU = (cl, ) S AU,

IcM]l|=i

which correspond to the equally probable occurrence of
the molecule of the 1st or 2nd component at any
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accessible center and can be considered as a criterion for
ideal behavior of a molecular mixture. In other words,
this corresponds to the energetically uniform adsorption
space. The first relationship is exactly equivalent to
Eq. (3) for AFiJ, which, in its turn, agrees with the IAST
postulate that Raoult's law is fulfilled for the curves of a
constant pressure in the adsorption phase. The second
relationship can be reduced to the following form:

AU ;M) = (iAUp 0 + JAUp i)/ (0 + ). (22)

To estimate the minimum AF;; we obtain from

Eq. (12)

J°

AF,; (M) = min{AF; (i)} — kg Tl (i +)Y/GD]. (23)

This expression corresponds to the maximum order-
ing of the spatial arrangement of molecules in the
nonuniform adsorption field. All the manifold of modes
of actual behavior of binary systems occurs between
these two extreme cases.

Results and Discussion

The adsorption of an N,—Ar mixture on zeolite NaX
was analysed using the above theory.14—16 The experi-
mental setup and the procedure of measurements have
been described in detail.!5 The adsorption of mixtures
was studied volumetrically at the temperature of 160 K.
Seven sets of experimental runs were carried out, in
which the amount of one component in the measuring
cell remained constant but the component was redistrib-
uted between the adsorbent and free volume as the
known amount of the second component was added. By
measuring the composition and total pressure in the gas
phase of the cell, one can determine the adsorption of

a/mol kg™!
10
1
1k
2
0.1F
0.01 |
0.0001 0.001 0.01 0.1 1 10 p/kPa

Fig. 1. Adsorption isotherms for N, (/) and Ar (2) on zeolite
NaX at 7= 160 K.

AF/jkgT

0 2 4 6 8§ 10 12 14

Fig. 2. The Helmholz free energy (AF) per one molecule of N,
(1) and Ar atom (2) as a function of the number of particles in
the zeolite cavity upon adsorption of pure components at
160 K; calculation was carried out by Eq. (1).

each component. The calculated g, value for zeolite
NaX with the ratio SiO,/Al,03 = 2.3 was 0.59 mol kg™ ..

The adsorption isotherms for N, and Ar on the
zeolite at 160 K (Fig. 1, solid lines) were determined
according to Eq. (1) after the coefficients of polynoms
describing the variation in AF;; with the number of
molecules in a cavity were found by the least-square
method. These dependences referred to one molecule
are presented in Fig. 2. The AF;; value in the gas phase
at 160 K and a pressure of 1 kPa is accepted as the
standard. The curves presented contain the main infor-
mation needed for the calculation of the binary adsorp-
tion equilibrium.

po/kPa

60|
50
40

30

0 5 10 15 20 25 30

pi/kPa

Fig. 3. Partial pressure of argon (p,/kPa) as a function of partial
pressure of nitrogen (p;/kPa) in the series with the constant
content of N, in the measuring cell (/) and in the series with
the constant content of argon (2) at 160 K.
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ay/mol kg!
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Fig. 4. Argon sorption (a,/mol kg™!) as a function of nitrogen
sorption (a;/mol kg™!) in the set of runs with the constant
content of N, in the measuring cell (/) and in the set with the
constant content of argon (2) at 160 K; dotted lines — calcula-
tion according to the proposed model.

a;/mol kg™

The experimental dependence between the partial
pressures of Ar and N, is shown in Fig. 3. The vertical
lines correspond to the experimental runs in which the
overall amount of N, in the measuring cell was main-
tained constant. Nitrogen was partially removed from
the adsorption phase after admission of each new por-
tion of argon. Therefore, the nitrogen partial pressure
slightly increased. The horizontal lines concern the runs
in which the N, content was successively increased
whereas the total amount of Ar in the measuring cell
remained constant. Similar curves for the Ar sorption vs.
N, sorption values are shown for different experimental
sets in Fig. 4. Dotted curves were calculated according
to the model proposed. Comparatively low deviations
from the experimental curves are due not only to an
approximate character of the model but also to the
thermodynamic inaccuracy of the experimental data be-
cause of slow equilibration.

To analyze the experimental data on the adsorption
of mixtures and evaluate the predictivity of a model, one
often use a selectivity determined as follows:

Si2 = X/ 1)/ (X/ ).

Here x and y are the molar fractions of the components
in the adsorption and gas phases; indices 1 and 2 are
referred to N, and Ar, respectively.

The plot for the selectivity vs. the molar fraction of
N, in the adsorption phase for one set of runs is shown
in Fig. 5. In this set, the total amount of N, in the
measuring cell was maintained constant. As Ar was
added to this cell, the molar fraction of nitrogen in the
adsorption phase decreased. The selectivity S;, is plotted

Sia
g B
oo 7
4 T
1
™ " on " n
[ |
o
10 |

0.6 0.7 0.8 0.9 X

Fig. 5. A change in the selectivity S} , = (X|/Y))/(Xy/Y;) with
the composition of the adsorbed phase in the set of runs with the
constant content of N, in the measuring cell (index 1 concerns
nitrogen): 1, prediction of the model proposed; 2, calculation
for random distribution of molecules in the zeolite cavities;
3, calculation for absolutely ordered molecular structure; 4, pre-
diction of the IAST model; points denote experiment.

on the ordinate axis in the logarithmic scale. The experi-
mental values are shown by points. Curve I was calcu-
lated according to our model, and curve 2 corresponds
to the hypothetical case of random arrangement of the
molecules of both components in the zeolite cavities.
This case would be possible only under the conditions
that the molecules of different substances are close in a
character of interaction with the adsorption field (for
example, both molecules are nonpolar) or the adsorption
field is uniformly distributed over the cavity volume.

Si2

100

10f

0.6 0.7 0.8 X

Fig. 6. Dependence of the selectivity S} , = (X;/Y})/(Xp/Y,) on
the molar fraction of N, in the adsorption phase in the set of
runs with the constant amount of Ar in the measuring cell;
curves /—4 correspond the same conditions as in Fig. 5; points
denote experimental data.
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Under this condition, entropy as a measure of disorder-
ing of the structure reaches a maximum value. The
potential energy of the cluster and AF; ; also reaches
maximum. The Helmholz free energy was calculated by
Eq. (3) that is equivalent to Eq. (21). The sorption
values needed for the calculation of selectivity were
further determined according to Eq. (2). Curve 3 corre-
sponding to the limiting case of the maximum ordered
structure was calculated by Eq. (23). Curves 2 and 3 are
the bounds for the region where the experimental points
and curves calculated according to any thermodynami-
cally correct theory should occur. In particular, curve 4
was calculated according to the IAST and is positioned
inside the allowable interval. Similar plots are shown in
Fig. 6 for the sets in which the total amount of Ar in the
measuring cell was maintained constant and the amount
of N, increased on going from one equilibrium point to
another.

Due to existence of the boundaries of the region of
allowable selectivities, the evaluation of predictivity of
any model becomes more objective. It follows from
Figs. 5 and 6 that the theory proposed adequately de-
scribes the experimental data whereas the IAST model
overestimates the Sj ; values. This fact becomes more
obvious when taking into account that selectivity is
plotted on the ordinate axis in a logarithmic scale. It also
follows from the figures that the actual behavior of
molecular mixtures within the cavities is markedly closer
to that typical of the ordered structure rather than the
random system. The feature of the system under study is
clearly presented in Fig. 7, which shows probabilities of
the occurrence of the N, molecule in specific stable
positions (centers of localization). Each curve corre-

P
1.0

0.8

0.6

0.4

0.2

2 4 6 8 k

Fig. 7. The probability of occurrence of N, molecule in various
stable positions (centers of localization) inside the zeolite cavity.
k is the ordinal number of the center of localization. The overall
number of molecules in the cavity i + j = 8. Among them the
number of nitrogen molecules i: 1 (7), 3 (2), 5 (3), 7 (4).

sponds to the certain N, : Ar ratio in the zeolite cavity.
The overall number of molecules in the cavity was
accepted to be 8 for all curves. In particular, curve I
corresponds to the case when one N, molecule and 7 Ar
atoms are in the cavity. It follows from this curve that a
single N, molecule will prove almost necessarily in the
center of localization with the Ist or 2nd ordinal num-
ber, which can be associated with a position near cat-
ions. This conclusion can be drawn because the N,
molecule possessing a quadroupole moment replaces the
Ar atoms in the vicinity of cations with the most prob-
ability. Curve 2 was calculated for the case when 3 N,
molecules and 5 Ar atoms are in the cavity. The prob-
ability of the Ar atom occurrence in positions 1 or 2 is
less than 2%. The same tendency is maintained for all
the curves: as the number of the center of localization
increases, which corresponds to the moving from cat-
ions, the probability of finding the Ar atoms increases.
When the spatially ordered structure arises, AF;;
decreases as compared to its value for the random
molecule distribution. Fig. 8 shows the excess Helmholz
energy per one molecule vs. the composition of a mo-
lecular mixture in the zeolite cavity. The excess Helmholz
energy was determined with respect to the value esti-
mated from Eq. (3). Eq. (3) is valid for the situation
when the adsorption field in the cavity is uniformly
distributed over its volume (in this case, the excess
energy would be 0). On the abscissa axis the X; = i/(i +))
value is plotted, where 7 and j are the numbers of the N,
and Ar molecules in the cavity, respectively, and the
overall number of the molecules in the cavity is i + j = 10.
Curve [ is the interpolated curve passing through the
points calculated according to our model. The excess
Helmholz energies for different ratios of i and i + j are
maked by points. Curve 2 is the result of the correlation

FE,-,j/kBT

0
0.2+ \
—0.4 |

—0.6 -

—1.0

0.2 0.4 0.6 0.8 i/(i +))
Fig. 8. Dependence of the Helmholz excess energy (per one
molecule) on the fraction of N, in a molecular mixture inside
the cavity X; = i/(i + j); the overall number of molecules in the
cavity i + j = 10; 1, interpolation over points calculated
according to the model proposed; 2, correlation of the experi-
mental data.
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of experimental data by an algorithm, which is not
connected with any theory, and this correlation uses
only the regression equation for the Helmholz free en-
ergy as a function of the number of molecules of the 1st
and 2nd components. In this case, the number of fitting
parameters (coefficients of the regression equation) is
three. When the number of these parameters is increased
to six, an accuracy of describing the experimental data
does not change and remaining deviations are connected
with only small inaccuracies of the experimental rela-
tionships, which are due to difficulties of equilibration
because of the prolonged replacement of molecules by
other molecules.

In this connection, it is interesting that in the series
in which the total amount of Ar in the system was
maintained constant, the first points corresponding to
low values of the N, sorption dropped out (by one in
each set). This phenomenon can be explained by the fact
that the ion-quadroupole interactions are short-range.
Therefore, the N, molecule added into the cavity to
several Ar atoms (a fraction of them blocks cations)
cannot replace immediately the Ar atom next to cation.
Only when N, occurs near this cation due to the heat
motion of molecules, strong interaction between N,
molecule and a cation arises. This situation will be
stable, but the probability of such an event is rather
small, resulting in too prolonged equilibration. These
clearly non-equilibrium points were not taken into ac-
count in processing the experimental data. It follows
from a comparison of the curves presented in Fig. 8 that
calculation in the framework of the theory under ques-
tion gives reasonable result.

The binary adsorption model proposed is a logic
development of the multicenter models and IAST adapted
for the statistical method of the analysis of equilibrium
adsorption on zeolites. The assumption on random mu-
tual distribution of molecules of different components in
distinct zeolite cavities is present inexplicitely in the
context of IAST. The effect of rearrangement of the
molecules caused by the nonuniform distribution of the
adsorption field over the cavity volume that results in a
decrease in the Helmholz free energy is taken into
account in the method proposed. Analysis of the prob-
ability of the molecule distribution over the centers of
localization showed that the N, molecules possessing,
unlike the Ar atoms, a quadroupole moment occur
predominantly in the centers of localization with low
ordinal numbers, which can be identified with the posi-
tions near cations. The model allowed us to find analyti-
cal expressions for the evaluation of minimum and
maximum AF; ;. In its turn, it makes possible to find in
every case the boundaries of the region of the allowable
values of any macroscopic parameters, e. g., the compo-
sition of the adsorption phase, the total amount of the
adsorbed mixture, selectivity, efc. When the isotherms of
pure compounds for various temperatures or the heats of

adsorption in addition to the single isotherm are known,
the model allows one to estimate the partial heats of
adsorption and perform a complete analysis of the ad-
sorption phase including determination of such thermo-
dynamic functions as the entropy, internal energy, and
Helmholz free energy. Comparison of the model pro-
posed with the experimental data on equilibrium adsorp-
tion of various binary mixtures on zeolites, including the
adsorption of the essentially nonideal, from the IAST
point of view, mixture of N, and Ar on zeolite NaX,
showed the best predictivity of the model as compared to
known approaches. The proposed computational algo-
rithm can be readily extended to ternary mixtures.
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