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Simulation of Adsorption of Liquid Mixtures of N, and O; in a Model
Faujasite Cavity at 77.5 K
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Abstract. Grand canonical Monte Carlo simulations of adsorption of N, and O, and their mixtures in a model
zeolitic cavity 14 A in diameter were performed at 77.5 K for pressures ranging from zero up to saturation, where
the adsorbed phase is in equilibrium with coexisting vapor and liquid phases. The same intermolecular potential
functions were employed for gas-gas interactions in the vapor, liquid, and adsorbed phases. The gas-solid interaction
potential includes dispersion-repulsion energy, induced electrostatic energy, and an ion-quadrupole term to model
the interaction of the electric field in zeolites like NaX with polar molecules like N,. The simulation of the coexisting
vapor and liquid phases reproduces the saturation properties of pure liquid oxygen and nitrogen at 77.5 K. Activity
coefficients in the adsorbed phase derived from simulations as a function of cavity filling and composition show
negative deviations from Raoult’s law, even though the non-idealities in the bulk liquid phase have the opposite sign.
The simulation of the surface excess isotherm for adsorption from liquid mixtures exhibits preferential adsorption
of N, and has the commonly-observed quadratic shape skewed toward the more strongly adsorbed component.
Micropore condensation is observed for oxygen but not for nitrogen. The condensation of oxygen is similar to a
first order phase transition but because of the small number of molecules that can fit into a micropore, coexistence
of the two phases is replaced by oscillations between gas- and liquid-like densities.
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1. Introduction

The separation of liquid mixtures by adsorption is an
alternative to distillation for solutions containing close-
boiling isomers or heat-labile components. Central to
further development in this field is the need for equa-
tions which describe and predict multicomponent lig-
uid adsorption. Liquid adsorption may be divided into
two categories:

1. Adsorption of dilute solutes from their solvents.
2. Adsorption of miscible liquids over the entire range
of composition.

In the first case, existing theories predict multi-solute
equilibrium from single-solute isotherms in a particular
solvent. These theories, which are based upon constant

activity of the solvent, apply when solute mole fractions
are one percent or less.

In the second case, which is the subject of this pa-
per, numerous theories have been proposed (Myers,
1989). If adsorbed-phase nonidealities are ignored,
ideal adsorbed solution (IAS) theory may be used in
conjunction with pure-vapor adsorption isotherms and
vapor-liquid equilibrium data to predict multicompo-
nent liquid adsorption. However, at the high coverages
encountered in liquid adsorption, nonideal behavior is
common. Theories which account for nonidealities
are complicated and contain too many undetermined
parameters; simpler theories with two or three param-
cters fit experimental data but the fitted parameters
have no physical significance. What is needed is an
equilibrium theory of adsorption from liquid mixtures
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that strikes a balance between excessive complexity
and over-simplification.

Molecular simulation has an important role to play
in developing realistic and tractable theories. The
molecular model accounts for the following effects:

1. Dispersion and repulsion interactions of adsorbate
molecules with the walls of the micropores and with
each other.

2. Partial exclusion of one species from some but not
all of the micropores because of steric hindrance.

3. Energetic heterogeneity of the adsorbent due to its
topology, and due to the presence of ions or partial
charges on framework atoms of the adsorbent.

4. Nonideal behavior caused by differences in the in-
teractions of polar and nonpolar molecules with the
electric field inside the micropores.

Monte Carlo simulations based upon this molecular
model yield equilibrium data for adsorption from liquid
mixtures. These data are invaluable for checking the
validity of various assumptions used in theories (ideal
solution behavior, monolayer adsorption, etc.).

In the next section, the simulation techniques are
described and the intermolecular potential parameters
for both vapor-liquid equilibrium and vapor-adsorbed
phase equilibrium are presented.

2. Molecular Model

A set of consistent potential parameters has been devel-
oped for the molecular simulation of all three phases:
adsorbed, buik liquid, and bulk vapor. First the inter-
molecular potentiais and simulation technique for the
bulk fluids (vapor and liquid) will be described and
compared with experiment.

Bulk Fluids
Nitrogen and oxygen are modeled as single-site
Lennard-Jones molecules with point quadrupoles. The

intermolecular potential energies are assumed to be
pairwise additive:
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Here, Q; isthe quadrupole moment on the ith molecule,
c; = & -Tpand ¢;; = & - &;. T1y is a vector join-
ing the centers of molecules 1 and 2 and é; is a unit
vector along the quadrupole axis of molecule i. The
values of quadrupole moments were taken from Gray
and Gubbins (1984).

The potential parameters reported in Table 1 were
optimized to agree with experimental - vapor-liquid
equilibrium data for oxygen and nitrogen. The basis
for the pure component parameters (o and €) was cor-
respondence with the experimental vapor pressure and
liquid density. The vapor pressure is significant in this
study because it is closely related to the chemical po-
tential, which along with temperature is the most im-
portant state parameter in the adsorbed phase; liquid
densities were chosen to ensure that appropriate molec-
ular sizes were used in the model. Q* is the reduced
quadrupole moment:
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Values of the parameters in Table 1 are based on
simulations of vapor-liquid equilibria at 77.5 K, which
corresponds to areduced temperature kT /€ much lower
than any studied previously. We attempted to perform
Gibbs ensemble simulations but found them to be un-
acceptable slow. Therefore a new method of evaluating
phase equilibria by molecular simulation was adopted.
This method, the Gibbs-Duhem integration technique
(Kofke, 1993a, b), entails the simultaneous simulation
of coexisting phases but does not require the particle
exchanges which hamper the Gibbs ensemble method.
Instead, it relies on the Clapeyron equation to ensure
the equality of chemical potential in coexisting phases.
Aninitial state of known coexistence is needed to begin
the simulation. This was achieved by the usual Gibbs
ensemble technique at the relatively high temperature
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Table 1. Parameters of Lennard-Jones
12-6 potential and reduced quadrupole
moment for gas-gas intermolecular en-
ergies.

Molecule 0,3  €/k K 0*?

Nitrogen  3.574 98.11 0.248
Oxygen 3353 1232 0.0222




Table 2. Comparison of properties of pure N, and O; at
saturation with experiment (Sychev et al.; Jacobsen et al.,
1986) at 77.5 K.

Vapor  Liquid Heat of
pressure  density  vaporization

Molecule bar  cm’/mol J/mol
Nitrogen Experiment 1.033 34.8 5564
Simulation 1.060 335 5568
Oxygen  Experiment 0.213 26.7 7163
Simulation  0.218 26.1 7107

kT /e = 1.0. Gibbs-Duhem integration was then per-
formed to traverse the saturation curve from this tem-
perature down to the temperature of interest. About
fifteen Gibbs-Duhem simulations of 10,000 produc-
tion cycles and 5,000-10,000 relaxation cycles (where
a cycle comprises one attempted translation and rota-
tion per particle, and two volume changes) were per-
formed for each pure component. The total number of
particles used was 216, with above one-third of them in
the vapor. As seen in Table 2, the agreement of the sim-
ulation with experimental data for vapor pressure and
liquid density is remarkably good. Although the pa-
rameter optimization was based on vapor pressure and
liquid density, the experimental heats of vaporization
are also reproduced with errors less than 1%.

In the case of the binary mixture of N, and O,
an additional degree of flexibility was introduced in
the model through the cross-interaction energy pa-
rameter €;;. The value of this parameter (¢12/k =
113.35 K) was chosen to fit experimental excess Gibbs
free energy at 77.5 K (Pool et al., 1962) over the
entire range of compositions. The geometric mean
enn/k = Jenen/k = 109.94 K is unsatisfactory;
minute changes in the value of €;; have a large ef-
fect upon the excess Gibbs free energy. Gibbs-Duhem
integration was performed along a locus through the
mixture connecting pure, saturated N, with pure, satu-
rated O,. The fugacity fraction &, = fo,/(fn, + fo,)
determines the integration path, as detailed by Mehta
and Kofke (1994). The simulation data generated for
€12 = 111.35 K and the pure-component parameters in
Table 1 are presented in Table 3.

Adsorbed Phase

The potential energy of an adsorbed molecule with the
solid adsorbent, We°ld was calculated by:

\pgas-solid — \I_,dr + ‘I]ind + qjquad-ion (5)
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Table 3. Simulation of vapor-liquid equilibria of
binary mixtures of oxygen and nitrogen at 77.5 K.
€12/k = 111.35 K. £o, is the oxygen fugacity frac-
tion and (fo, + fn,) is the sum of the fugacities.
Jo, + I, P
o, bar bar Vapor Liquid
0.00 1.000 1.060  0.000 0.000
0.05 0.870 0918  0.051 0.178
0.10 0.762 0.802  0.099 0.330
0.15 0.672 0.705  0.149 0.459
0.20 0.599 0.624 0204 0.545
0.25 0.541 0.561  0.251 0.628
0.30 0489 0.507 0.303 0.691
0.35 0.448 0464 0.351 0.741
0.40 0412 0425 0402 0.793
045 0.381 0392 0450 0.820
0.50 0.354 0.365 0.500 0.851
0.55 0.331 0339 0552 0.880
0.60 0.310 0.317  0.598 0.902
0.65 0.292 0.298  0.648 0.919
0.70 0.275 0280  0.693 0.935
0.75 0.261 0264 0.751 0.949
0.80 0.247 0.251  0.800 0.961
0.85 0.236 0239  0.851 0.971
0.90 0.225 0228  0.901 0.982
0.95 0.215 0218 0951 0.991
1.00 0.206 0.211  1.000 1.000

Mole fraction O;

where W, Wind and pauad-ion are regpectively
the dispersion-repulsion, induced electrostatic, and
quadrupole-ion energies.

The adsorbent is modelled as a spherical cavity. In-
teractions between atoms of the cavity wall and the
adsorbate molecules are assumed to obey the Lennard-
Jones 12-6 potential. If the adsorbent atoms are as-
sumed to be uniformly distributed over the surface of
the spherical cavity, the dispersion-repulsion portion of
the gas-solid interaction energy is given by Soto and
Myers (1981):

12 2 6 2
dr . Ois r Ois r
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and

(1 +x)
1- )4

W depends only on the radial distance r of the ad-
sorbed molecule from the center of the cavity. The cav-
ity radius R is taken to be 7.057 A, a value used for NaX
(Soto and Myers, 1981). The product (Ce;) and oy are,
respectively, the energy and collision parameters for the
interaction of molecule i with the wall of the cavity.

Many zeolites contain non-framework ions which
serve to neutralize the net charge on an adsorbent
structure. This net charge is due to the substitution of
framework atoms with atoms of dissimilar valence, for
example, Al for Si. These non-framework ions gener-
ate an clectric field £ within the cavity which interacts
with the adsorbate molecules. This electric field at a
given point is given by:

M{x} = ®)

E*=E2+E}+E; )
where

E =Y, q % (10)

with similar expressions for £y and E. g; is the charge
on the jth ion located at (x;, y;, z;) and

r=0g =0+ ) =92+ @ — 2

The induced electrostatic energy is given by:

- 1 1
yind — ~§[a,~ + 3 —a)@ cos? 6 — 1)} EX(r)
1mn
and the quadrupole-ion energy is given by:
\pauad-ion _ qu 3 cos?§ — 1) (12)

where o; and (o — o)) are the average polarizability
and the internuclear polarizability, respectively. Q; is
the point quadrupole moment associated with molecule
i. 6 is the angle between the electric field £ and
the unit vector ¢ that determines the orientation of the
molecule.

Gas-solid potential parameters in Table 4 were calcu-
lated by means of the Lorentz-Berthelot mixing rules:

ok = o + (03 — 0jj) (13)

Table 4. Parameters for gas-solid dispersion-repulsion energy,
Eq. (6), and polarizabilities. A o = oy — .

Molecule o5, A Ceis/k, K o x 10% cm®  Aa x 102 cm?

Nitrogen 3.142 5000 1.74 0.696
Oxygen  3.031 5600 1.58 1.099

Tuble 5. Lennard-Jones 12-6
potential parameters for gas-
sodium ion interactions.

Molecule is, A €s/k, K

Nitrogen 2.662 33.93
Oxygen 2.551 38.00

and
€ij

ik = €jky [ — (14)
Ji

with a solid-solid collision diameter of 2.71 A and an
ion-ion collision diameter of 1.75 A, both values hav-
ing been taken from Bezus et al. (1978) in their work
with NaX. The electric field was modeled by sodium
ions with partial charges of 0.2 whose coordinates were
obtained from Hseu (1972) for dehydrated NaX with a
1.4 ratio of SV/Al.

The dispersion parameters listed in Table 5 for in-
teraction of the adsorbate molecules with the sodivm
ions were estimated from the Kirkwood-Miiller equa-
tion and Eqs. (13) and (14). This interaction poten-
tial accounts for electron repulsion when adsorbate
molecules approach the sodivm ions.

3. Simulation of Adsorption

Grand canonical Monte Carlo (GCMC) simulations
generated both pure component and mixture isotherms
for the N,—O, system. The independent variables of
temperature, volume of adsorbent, and chemical poten-
tial, when fixed, allow the determination of the amount
adsorbed and the heat of adsorption.

Adsorption Isotherms of Pure Vapors

The adsorption isotherms for pure components are
shown in Fig. 1. The steep portion of the oxygen
isotherm required 25 x 10° cycles for convergence;
4 x 10° cycles were sufficient for the other points. Each
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Figure I. GCMC simulation of adsorption of pure N ((J) and O,
(o) vapors in a zeolite cavity 14 A in diameter at 77.5 K.

cycle consists of an attempted displacement, creation,
and destruction step. Statistics from the first 10% of
each run were rejected to allow for equilibration.

The micropore capacities are about 13 and 15
molecules/cavity for nitrogen and oxygen, respectively.
Since the thermodynamic system is so small, conden-
sation from a gas to a liquid at the vapor pressure does
not occur in the adsorbed phase. Although a first-order
phase transition is impossible for 15 molecules, a phe-
nomenon similar to condensation was found for the
oxygen isotherm at a pressure of 2 kPa; this microcon-
densation effect is discussed later.

The Henry’s law constants determined from three-
dimensional integration for a single molecule in the
cavity are 3.74 and 0.366 molecules/(cavity-kPa) for
nitrogen and oxygen, respectively. These are the ini-
tial slopes of the adsorption isotherms on the inset of
Fig. 1. The selectivity of the adsorbent for nitrogen rel-
ative to oxygen at the limit of zero pressure is the ratio
of Henry’s constants, or 3.74/0.366 = 11.1. The pref-
erential adsorption of N, decreases with pressure until
the adsorbed mixture becomes azeotropic above the
crossover of the isotherms at 2 kPa.

Heats of Adsorption of Pure Vapors

The isosteric heats of adsorption determined from
fluctuations in the energy and amount adsorbed are

Isosteric heat, kJ/mol
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Figure 2. GCMC simulation of isosteric heat of adsorption of pure
N3 and O, vapors at 77.5 K.

plotted on Fig. 2. The heats at zero coverage of
9.23 and 5.92 klJ/mol for Ny and O,, respectively,
were determined by direct three-dimensional integra-
tion for one molecule in the cavity; these values agree
with the simulation results shown in Fig. 2. The
heat curve for N, shows an increase with loading in-
dicative of cooperative interactions between adsorbate
molecules.

The unusual heat curve for O; is a consequence
of microcondensation. The small simulation system
is, in principle, incapable of exhibiting the first-order
phase transition associated with condensation of bulk
fluids. Therefore the fact that 15 molecules exhibit
a microcondensation effect which is very similar to
condensation in bulk fluids is remarkable. Figure 3
shows the probability of occupation for various cav-
ity fillings of O, determined from the simulation of
the grand canonical ensemble. The microcondensa-
tion effect is apparent at the intermediate loading of
about 7 molecules/cavity, where the average loading
is least probable. The most probable occupation num-
bers are 0 or 13 molecules/cavity. The results were
checked using different starting configurations to en-
sure condensation was not some pseudo equilibrium
in which the molecules become trapped in a particu-
lar configuration. Also during the course of a simu-
lation the occupation numbers in the cavity alternate
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Figure 3. Probability of cavity occupation numbers determined
from GCMC simulation of adsorption of O3 vapor in zeolitic cavity
14 A in diameter at 77.5 K. (N) is the GCMC average adsorption in
molecules/cavity.

frequently between a low gas-like density and a high
liquid-like density. At 13 molecules/cavity, the den-
sity of O, is very close to the density of the bulk lig-
uid. The portion of the heat curve for O, in Fig, 2
from about 2 to 12 molecules/cavity is nearly con-
stant because these occupation numbers are relatively
improbable.

Figure 4 shows the probability of occupation for N,
atan average filling of 6.88 molecules/cavity. N, shows
no sign of condensation. The equilibrium configura-
tions of the adsorbates in the cavity are the same for
N, and O,: 12—14 molecules adsorb on the surface of
a spherical shell with their centers located about 3.9 A
from the center of the cavity; there is room for one
additional molecule in the center of the cavity at high
loading. The electric field inside the cavity has a max-
imum value of 3.4 V/nm adjacent to the sodium ions.
The nitrogen molecules adsorb preferentially at sites
adjacent to exposed sodium ions. If the quadrupole
moment of nitrogen is “turned off”, nitrogen exhibits

Probability of occupation

T

0 5

10 15
Molecules/cavity

Figure 4. Probability of cavity occupation numbers determined
from GCMC simulation of adsorption of N» vapor in zeolite cavity
14 A in diameter at 77.5 K. The GCMC average adsorption is 6.88
molecules/cavity.

the same microcondensation. Thus the strong electro-
static interaction of nitrogen molecules with the surface
inhibits condensation.

Adsorption of Gas Mixtures

The vapor-adsorbed phase and vapor-liquid phase equi-
libria for binary mixtures of N, and O, are plotted on
Fig. 5. Mixture simu]ations were run for longer Markov
chains: 40 x 10° cycles with the first 5% rejected for
equilibration. The dashed line is the vapor-adsorbed
phase equilibrium at the limit of zero pressure, based on
the selectivity for N relative to O, (11.1) predicted by
the ratio of Henry’s constants. Vapor-adsorbed phase
equilibria are also given for three isobars: 0.8, 2.0, and
4.0 kPa. The preferential adsorption of Ny decreases
with increasing pressure as predicted by the intersec-
tion of the isotherms (see Fig. 1) at 2 kPa.

The isotherm for adsorption from the liquid phase
was determined using the fugacities of Ny and O, at
saturation in Table 3 as independent variables for the
GCMC simulation. The composition of the azeotrope
is 53 mole percent Nj.

The vapor-liquid equilibrium diagram is also plotted
on Fig. 5 using the simulation data in Table 3. Nj is
preferentially adsorbed but is the lighter component in
the liquid phase.
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Figure 5. Phase diagrams for mixtures of N, and O, at 77.5 K from GCMC simulations. Dashed line for the limit of zero pressure is based
upon the ratio of Henry’s constants (11.1). Adsorption isobars are for 0.8 kPa (), 2.0 kPa (00), 4.0 kPa (A), and vapor simulation (o). The

vapor-liquid equilibria (V) were taken from the simulation data in Table 3.

The thermodynamic consistency of the isotherm at
saturation was tested by the equation (Myers, 1989):

1 ny /1 nf
d = d
/—o S 7= /—o i =0 Y1X1X2 ()
(15)

where # is the amount adsorbed, f is the vapor fugac-
ity, f* is the vapor fugacity at saturation, x is the mole
fraction in the liquid phase, and y is the activity coef-
ficient in the liquid phase. n¢ is the surface excess of
component 1 in the adsorbed phase discussed below.
Identifying N, and O, as component nos. 1 and 2, re-
spectively, numerical integration of the simulation data
according to Eq. (15) yields:

54.83 - 33.36 ~ 21.57

The less than 1% error between the right- and left-
hand sides of the equation indicates that the simulation
data for the pure-vapor isotherm and their mixtures are
thermodynamically consistent.

Surface Excess for Adsorption from Liquid Phase

The surface excess for adsorption from the bulk liquid
phase at saturation was calculated from the simulation
data at saturation by (Valenzuela et al., 1989):

RS = nixy — naXy (16)

where ny and n, are the amounts adsorbed of N, and
O,, respectively, and x is the mole fraction in the bulk
liquid phase. Experimentally, the surface excess of
component i is determined from a material balance as
the amount of  in the bulk liquid solution before adding
the adsorbent, minus the amount of ; remaining in the
bulk liquid solution at equilibrium. The surface excess
is zero if the composition of the adsorbed and liquid
phases are equal.

The simulated surface excess isotherm from Eq. (16)
is plotted on Fig. 6 as a function of the liquid-phase
composition. N, is selectively adsorbed from the liquid;
the maximum surface excess of 5 molecules/cavity oc-
curs at a liquid composition of 20% N,. The quadratic
shape skewed toward the more strongly adsorbed
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Figure 6. GCMC simulation of surface excess for preferential ad-
sorption of N from liquid mixtures of N and Oz in a zeolitic cavity
14 A in diameter at 77.5 K. The solid lines is Eq. (18) for the pa-
rameters Py /PP = 1.0, C' = —0.547, and the constants in Table
6. The dashed line is the prediction for an ideal adsorbed solution

¢’ =0).

component typical for surface excess isotherms is ob-
served here also.

4. Theory

The activity coefficients obtained from simulation data
are plotted on Fig. 7 for the liquid phase and for
the adsorbed phase at saturation. In both cases the
curves for the activity coefficients are symmetric in
composition and, within the accuracy of the simula-
tions, obey the one-constant equations Iny; = Cx%
and Iny, = Cx?. The values are C = 0.244 for
the liquid phase and C’' = — 0.547 for the adsorbed
phase. Thus the bulk liquid has small positive devi-
ations from Raoult’s law and the adsorbed phase has
negative deviations from Raoult’s law. The difference
between the nonidealities in the adsorbed and liquid
phases is caused by the solid, which exerts an influ-
ence upon the equilibrium configurations of the adsor-
bate molecules depending upon differences in their size
and polarity.

The activity coefficients are unity at the limit of
zero pressure and the nonideality of the adsorbed
phase increases as the pressure approaches saturation.
The activity coefficients were fitted by the empirical

Activity coefficient, y

T T T T : — T
0.0 0.2 04 0.6 0.8 1.0
Mole fraction nitrogen

Figure 7. Activity coefficients in adsorbed phase (solid lines) and
liquid phase (dashed lines) at 77.5 K from simulations. The points
plotted for the adsorbed phase were calculated from the GCMC sim-
ulation of adsorption along the saturated-vapor locus.

equation (Talu et al., 1995):

€

1§T = Cx|xj(1 — &) an
where g¢ is the excess Gibbs free energy of the ad-
sorbed phase, x’ is the mole fraction in the adsorbed
phase, and ¥ = ITA/RT. The quantity IT is the
spreading pressure of the adsorbed solution, but
is the thermodynamic variable given by the integrals
in Eq. (15). The two constants C = —0.547 and
B = 0.175 (molecule/cavity)~! reproduce the vapor-
adsorbed phase equilibria plotted on Fig. 5, including
the azeotrope at saturation.

An equation for the surface excess (Myers, 1989)
that is simple in form but has general validity is:

x1x2(Kiz — 1)

né = 18)
' xiKin/my + x2/my (
where
!
K = K;’z(m’%) (19)
2"
and
Py Py
2= ——— 20
2= pops (20)



Table 6. Constants in Eq. (18) for sur-
face excess.

m;
Molecule  molecules/cavity P kPa
Nitrogen 12.3 106
Oxygen 14.9 21.8

where x is the mole fraction in the liquid, y; is the
activity coefficient of component i in the liquid phase,
and ¥/ is the activity coefficient of component i in the
adsorbed phase.

The activity coefficients in the adsorbed phase 3’ in
Eq. (19) are functions of the composition of the ad-
sorbed phase x’. Since the independent variable is
the composition of the liquid phase, x’ is unknown
and must be determined by numerical solution of
the equation:

x| = _ Ko 1)

x1 K2+ x
This is similar to an isothermal dew-point calculation
for vapor-liquid equilibrium, for which the activity co-
efficients are a explicit function of the unknown liquid-
phase composition.

The vapor pressures and saturation capacities needed
in Eq. (18) are listed in Table 6. The activity coefficients
in the liquid phase are known from the vapor-liquid
equilibria: in this case by the equations Iny; = Cx?
and Iny, = Cx?, with C = 0.244 . Generally activity
coefficients for the adsorbed phase are unknown, so a
similar constant C’ for the adsorbed phase is needed.
A second unknown in Eq. (18) is the ratio of adsorbate
vapor pressures Py /Pp. These two constants were
evaluated by a best fit of Eq. (18) to the simulation
data plotted in Fig. 6. The result is C' = —0.547
and Py/P; = 1. Therefore Ky, = P{/P; = 4.86.
The values for these constants agree with the vapor-
adsorbed phase equilibria discussed previously: the
adsorbed-phase activity coefficients are those predicted
by Eq. (17), and the ratio of adsorbate vapor pressures
(unity) is the average value at saturation of the vapor.
Thus the fitted parameters have physical significance.

The theory behind Eq. (18) assumes that the ratio
of vapor pressures P;/P; is constant along the satu-
ration curve. This is strictly untrue but a satisfactory
approximation. The second assumption that adsorption
near saturation is constant is supported by the isotherms
plotted in the inset of Fig. 1.
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5. Summary and Conclusions

Simulations were performed at 77.5 K for the pure com-
ponents and mixtures of N3 and O; in a zeolitic cavity
14 A in diameter. The adsorption isotherms were de-
termined from zero pressure up to saturation, where
the adsorbed phase is in equilibrium with coexisting
liquid and vapor phases. The same intermolecular po-
tential functions were used for gas-gas interactions in
the vapor phase, liquid phase, and adsorbed phase. The
gas-solid potential energy includes an ion-quadrupole
term to model the interaction of the electric field in ze-
olites like NaX with polar molecules like N;. N, has
a large quadrupole moment compared to O, but the
potential contribution from dispersion is larger for O,
than for N,. Therefore the adsorbent selectively ad-
sorbs Ny, but O, is the heavy component in the bulk
liquid phase.

The single-gas isotherms are cooperative in nature,
as indicated by the increase in the heat of adsorption
with cavity filling. The oxygen displays a microconden-
sation effect at a reduced temperature 7* = k7 /e =
0.63 in which intermediate loadings oscillate between
an empty cavity and a full cavity. Since the system is
small (about 15 molecules), the distribution of cavity
occupation numbers is continuous. The quadrupole of
N, prevents such microcondensation

Adsorbed mixtures of Ny and O, display the nega-
tive deviations from Raoult’s law commonly observed
experimentally, even though nonidealities in the bulk
liquid phase have the opposite sign.

The empirical Eq. (17) provides an accurate repre-
sentation of nonidealities in the adsorbed phase over
the entire region of cavity filling from zero pressure to
saturation.
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