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Investigation of competitive adsorption is carried out using the Xe—Kr mixture in zeolitedda

model system. The X&r,, clusters are trapped in the alpha cages of this zeolite for times
sufficiently long that it is possible to observe individual peaks in the nuclear magnetic resonance
(NMR) spectrum for the clusters. TH&Xe nuclear magnetic resonance spectra of several samples

of varying Xe and Kr loadings have been observed and analyzed to obtd#Ptleechemical shifts

and the intensities of the peaks which are dependent on the average krypton and xenon occupancies.
The detailed distributionsf(Xe,Kr,,), the fractions of cages containing Xe atoms andn Kr

atoms can be observed directly in this system from the relative intensities since individual peaks for
Xe,Kr,, mixed clusters are observed in the NMR spectrum. Grand canonical Monte(G&MC)
simulations of mixtures of Xe and Kr in a rigid zeolite Néattice provide the detailed distributions

and the average cluster shifts. The agreement with experiment is excellent. The calculated absolute
chemical shifts for the Xepeaks and XeKr peaks at 300 K are in good agreement with experiment.

A strictly statistical model of a binary mixture, derived from the hypergeometric distribution, in
which the component atoms are distinguishable but equivalent in competition for eight lattice sites
per cage under mutual exclusion provides a limiting case for the distributions, with which the
GCMC simulations and the properties of the actual Xe—Kr system may be compared. The selectivity
coefficients of the Xe—Kr mixture in zeolite Mais well described by the ideal adsorbed solution
model. © 1997 American Institute of Physid§0021-9607)50635-(

INTRODUCTION two, ..., up to eight xenon atoms per cage. This distribution is
found to be dependent on xenon loading and temperature.
Microporous solids, zeolites in particular, are widely Grand canonical Monte Carl(GCMC) simulations of this
used in heterogeneous catalytic processes, separations, jlstem have reproduced not only the observed distributions
recovery, and other industrial proces$e5A microscopic  pyt also the2e chemical shift of the individual Xeclus-

understanding of elementary processes at surfaces, such @ss and their temperature dependehtide have also mea-

adsorption and diffusion is an important fundamental prob,req the individual rates of transport of Xe atoms from a

Iehm a_n(tj maAy QSS'ISt n mterpret;]ng_moret_ complltcate_d Surfac&age containing 8 Xe atoms into a cage containing 6, for
chemistry. A simple rare-gas physisorption system 1S a goo xample, and discovered that it is different from the rate of

starting point to investigate the distribution and dynamic be- -
. . transport of a Xe atom from a cage containing 3 Xe atoms
havior of adsorbed species. For our model system we have

chosen zeolite N&. This is an aluminosilicate of formula into a cage.contalnlglg 4 atorigis was also found indepen-
NayJ (Si0,);1,(AlO,),,] whose crystal structure is well char- dently by P|_nesat al. e . . .
acterized. The framework structure provides a simple cubic Adsorption gnd _dlffusmn O_f single gases in zeqlltes have
arrangement of contiguous large cagapha cages A Na* bgen well s_tud@d in chparlson_to the adsorpt_|on of gas
ion in each of the 6 windows to the cages keep the Xe atom@lxtqres. Since mdustnal_ adsorption processes involve ad-
adsorbed inside for sufficiently long residence times suct§OrPtion from streams which have multiple components, and
that each Xg is observed as a distinct signal in the high Since applications of zeolites in separations depend on com-
resolution nuclear magnetic resonarib#IR) spectrum. petitive adsorption, fundamental studies of binary and more
What is the equilibrium distribution of sorbate molecules Complex mixtures in zeolites is extremely relevant. Competi-
in a given microporous solid? What factors influence thistive adsorption of small molecules in binary mixtures in zeo-
distribution? Until recently;® there had been no experimen- lite 5A and in silicalite have been reported. Selectivity coef-
tal measurements to provide the distribution of molecules idicients in the adsorption of binary mixtures of hydrocarbons
zeolite cavities. In our laboratory, we have directly observecand of CQ—Ns in silicalite,” binary mixtures of N, O,, and
in zeolite N& the fraction of alpha cages containing, one, Ar in zeolite NaC#,° have been found to be strongly de-
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pendent on the composition of the fluid phase. In selectednd m Kr atoms. We also consider the strictly statistical
instances 13the results of competitive adsorption has beenmodel of a binary mixture, derived from the hypergeometric
discussed in terms of ideal adsorbed solution thébihis  distribution, in which the component atoms are distinguish-
theory, which considers the adsorbed phase to be an ideable but equivalent in competition for eight lattice sites per
solution where Raoult’'s Law describes the binary sorptioncage, subject to mutual exclusion. This model works well for
equilibria, is particularly useful for systems in which the mo- Xe—Kr mixtures since the discrepancy in sizes and other
lecular volumes of the components are simifart’ The most ~ properties are not as great as in Xe—Ar mixtures.
detailed interpretation of binary mixtures in zeolites comes
from grand canonical Monte Carlo S|mul_at|ons, §uch as thOS%OMPUTATIONAL METHODS
which have been reported for,NO, mixtures in zeolite
5A,8 for mixtures of CH—CO, and GH,—~CO, in zeolite The grand canonical ensemble is appropriate for adsorp-
X, for CH,—N, in NaY (Refs. 13,19 and for Xe—Ar, CH  tion systems, in which the adsorbed phase is in equilibrium
in A-type zeolite$? However, besides the selectivity coeffi- with the gas at some specified temperature. The use of a
cients, there is little else resulting from these simulations thatomputer simulation allows us to calculate average macro-
could be compared with experiment. scopic properties directly without having to explicitly calcu-
Changes in thé?>Xe chemical shifts due to the presence late the partition function. The grand canonical Monte Carlo
of other guest molecules in the cavities has raised the possSiGCMC) method as applied in this work has been described
bility of using Xe NMR as a means of characterizing thein detail earlie® The aspects involving binary fluid mixtures
intrazeolitic distribution of the guest molecuf@s?® How-  have been described previously in our Xe—Ar wétRhus,
ever, these studies involve having the Xe in fast exchangenly a brief outline of the method is given here.
and the guest molecules having very long residence times in  Cut-and-shifted Lennard-Jongd42-6) potentials were
the cavities, thus, only a single Xe peak can be observed angsed to model the interactions between rare gas—oxygen and
its chemical shift is an average over all cavity occupanciesare gas—Na. These effective potentials describe the interac-
for the guest and for the xenon atoms. Before any quantitation between the adsorbed fluid and the zeolite; the Si and Al
tive applications can be made of the Xe NMR method ofatoms are not directly involved in the simulation, their influ-
characterizing the siting and/or distribution of guest mol-ence being incorporated into the parameters of the rare gas—
ecules in microporous materials, more detailed experimentalxygen potential, which are dependent on the Si/Al ratio.
information about the distribution of Xe and the coadsorbatélThe Xe—O and Xe—Na parameters are unchanged from our
among the cavities is crucial. In a detailed experimental angirevious work on Xe in N& and Xe—Ar mixtures in
Monte Carlo simulation studies of Xe—Ar competitive ad- NaA.%2* The Kr—O and Kr—Na parameters were obtained by
sorption in N& we have been able to elucidate the rolestarting from the initial parameter set used by Kiselev and
played by coadsorbates in the distribution of one type oDu for NaY and Na&.® Comparison in the series Ar, Kr, Xe
molecule throughout the microporous solfdThe ?®Xe  using a set of properties of the rare gas atoms and their
NMR chemical shifts of Xgin the alpha cages provided the interactions with zeolitegisosteric heats, Henry’s law con-
desired information on the average number of Ar atoms irstant$ led to the set,=3.18 A, e/kg=197 K for Kr—O and
the same cage witin Xe atoms. The GCMC simulations r,=3.37 A, e/kg=38 K for Kr—Na. The Xe—Xe potential
reproduced the Xgechemical shifts as a function of overall used is of the Maitland-Smith form, as described in our pre-
Xe and Ar loadings in the zeolite in equilibrium with various vious simulations of Xe in N4, fitted to the best available
mole fractions of Xe and Ar in the bulk gas. In the ideal case Xe—Xe potential of Aziz and Slamd&t’ Likewise the
we would be able to measure directly the fraction of zeoliteXe—Kr and the Kr—Kr potentials were taken from the best
cages containingn A molecules andn B molecules. Such available potentials of Azizet al,?®?° and fitted to the
detailed information together with the partial pressures oMaitland-Smith form. The values o and y were initially
densities of theA and B in the gas in equilibrium with the taken from the recommended set of Maitlagdal *° Final
adsorbed phase would provide a more complete descriptiovalues used in this work arer,,=4.174 A, elkg
of competitive adsorption than has ever been available. We=233.48 K from Aziz and Slamaff, m=13, y=6.0 for
have indeed succeeded in the observation of mixed clustebée—Kr and r,;,=4.008 A, e/kg=201.2 K from Aziz and
Xe,Kr,,, peaks in the'?®Xe NMR spectrum of Xe—Kr mix- van Daler?® m=13, =10 for Kr—Kr. A minimum separa-
tures in zeolite NA, from which peak intensities the detailed tion was imposed on all pairs of interacting atoms, corre-
distributions can be directly obtainéd.There are limita- sponding to the distance at which the potential energy is
tions, however. The range of Kr occupancies in which thisequal to kgT, the probability of configurations involving
can be done is rather narrow due to unfavorable cage-to-caghorter distances being less than xp). This is employed
migration rates of Kr for mixed clusters having more thanto save computational time by excluding configurations that
one Kr atom. are extremely unlikely. The simulation box is a unit cell of
In this paper, we investigate the Xe—Kr competitive ad-zeolite N&, with the atomic coordinates, including the Na
sorption in zeolite NA by grand canonical Monte Carlo cations, taken from the x-ray single crystal refinement of the
simulations. From the simulations we obtain #8e NMR  dehydrated zeolite by Pluth and SmithThis is unchanged
chemical shifts for each X&r, cluster as well as from our previous work:?* Periodic boundary conditions
f(Xe,Kr,), the fractions of cages containing Xe atoms  were imposed using the minimum image convention, consis-
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tent with the cut-and-shifted potentials employdThe  to reproduce reasonably well the temperature dependent den-
Markov chain is constructed using the Norman-Filinov sity coefficients of thé?*Xe chemical shifts for pure xenon
method, that is, using three equally weighted types of movegyas and for Xe in Kr gas mixtures. At each step in the simu-
one involving displacement of a particle, and two moveslation at which the atom—atom interaction energy is calcu-
randomly chosen from destruction or creation of a partitle, lated, the shielding contribution is calculated too, when one
a technique used by Woods and Rowlin¥cend in our pre-  of the atoms involved is a xenon atom. Since the shielding
vious work® The core of the program effects the creation/functions go to large negative values at close approach, it is
destruction and displacement of one atom at a time and cafjuite important to have Xe—Xe and Xe—Kr potentials that
culates the associated energy chargjg, in each case. This have the correct behavior at these short distances, especially
is used to continuously update the total configurational enelose tor,. This is the reason for using accurate two-body
ergy of the system, without having to recalculate every in-potentials rather than Lennard-Jones for Xe—Xe and Xe—Kr.
teraction at every step. The displacement step uses the atlhe Maitland-Smith form provides a superior fit to the best
sorbed phase composition in the choice of either fluid. TheAziz potentials and is just as inexpensive as the Lennard-
creation/destruction step begins with the decision to eithedones form in computational overhead.

create or destroy a particle. If the decision is to destroy a The results of the GCMC simulations are analyzed to
particle (that is, the particle is assumed to go into the gasprovide the usual averages for each;(u,,T), such as
phasg the choice between destroying an atom of Xe or Kr is(n)y., {m)x, the average number of atoms per alpha cage,
made proportionately to the gas phase composition,dyg., the xenon distribution?,, i.e., the fractions of the cages that
andp, . If the decision is to create a partidliee., remove it are occupied byn Xe atoms, as well as the detailed occu-
from the bulk gas and place it in the zeoJitéhe choice of panciesf(Xe,Kr,,), i.e., the fractions of the cages that are
creating an atom of Xe or Kr is made according to the ga®ccupied byn Xe atoms andn Kr atoms. In addition, the
phase composition. A single atom of the chosen fluid is themne-body distribution functions, pair distribution functions,
created at a random position in the zeolite. Therefore, it imnd average shieldings for individual mixed clusters
necessary to knowa priori the ratio of the gas densities in Xe,Kr,, which are independent of loading, are accumulated
equilibrium with the adsorbed phase before the simulatiorover all the GCMC runs. All calculations reported here were
starts. This is easily done by first calculating the chemicakarried out on IBM RISC/6000models 560 and 365vork-
potential of the Xe and the Kr appropriate to the temperaturetations.

and densities in the gas mixture, using the virial coefficients,

1= pi=2RT(p1B1s+paB1) +RTIn(p1/p?), RESULTS

— u=2RT(0-Bost 0:B+-) + 0y Only a narrow range of Xe/Kr compositions lead to in-
o ke (02822t 1B12 +RTIn(p21p7) dividually observable X¢Kr,, peaks. A little more Kr in the
These values of the chemical potential are the same for théample creates multiple Kr cluster types which is a distinct
adsorbed phase with which the gas mixture is in equilibriumdisadvantage. In the first place the existence of many pro-
These chemical potentials, the temperature, and the molgressions Xgkr, Xe,Kr,, Xe,Krs,... causes spectral con-
fraction of Xe in the gas are the parameters of a GCMCgestion. In the second place, additional Kr atoms in an alpha
simulation. Consistent with the above equations, the pressuigage increases drastically the rate constant for Kr transport
of the gas is calculated using the virial equation of state, out of the cageanalogous to the oberved increasing rate
_ 2 2 constant with number of Xe in the clustgrthus leading to a
P=RT(p+ piBirt2p1p2B1ot p2B22) collapse of the progressions due to increased Kr exchange.
and the configurational energy of the bulk gas mixture isThus, the best data we were able to record were on the

calculated by Xe,Kr progressions. Typical experimentgPXe NMR spec-
> 2 tra in the Xe—Kr mixture in zeolite N\ under magic angle
Ugas= —RTp[y1(dBy1/dT) +2y1y,(dByo/dT) spinning is shown in Fig. 1. For the peaks labelegke the
+y§(d822/dT)], peak positions in ppm provide the average Xe chemical shift

(relative to an isolated Xe atgnin the mixed cluster con-
wherey, andy, are the mole fractions in the binary gas taining exactlyn Xe atoms and one Kr atom, and the relative
mixture. The virial coefficients used in this work were takenintensities provide the fractions of cages having these spe-
from Dymond and Smit} and Brewet® and are reproduced cific occupants.
by the Maitland-Smith potential functions used. The results of the GCMC simulations of Xe—Kr mix-

In our approach, thé?®Xe shielding, like the energy, is tures in Na& provide the average!?®Xe shielding
taken to be expressible as a sum of pairwise contributiong,o(Xe,Kr,,)) including m=0. The results for the average
using atom-atom shielding functions that are likewise cut?®Xe shielding{o(Xe,)) in those cages with no Kr are the
and shifted. The Xe—O and Xe—Na shielding functions aresame, within statistical errors, as we have obtained for the
based orab initio calculations on model systems and are theXe, clusters in GCMC simulations of pure Xe in NaThis
same as was used in our previous wbfR The Xe—Xe and is not surprising since the chemical shift is a local electronic
the Xe—Kr shielding functions are based aim initio calcu-  property and the contributions {e-(Xe,)) from neighboring
lations and are taken from Ref. 37. These have been showalpha cages containing X€r,, (of varyingn andm) in the
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TABLE I. ?°Xe chemical shifts of the mixed clusters ¥& in the alpha
cages of zeolite Na (ppm relative to an isolated Xe atgm

S(Xe,Kr) S(Xe,Kr)—8Xe,)

(a) Cluster Expt GCMC Expf GCMC
Xe,Kr 84.7 85.7 9.9 8.6

Xe,Kr 103.3 102.6 11.0 9.9

XesKr 124.5 121.3 12.8 11.6

Xe,Kr 148.9 144.3 15.7 14.4

L XesKr 174.7 172.0 16.3 16.8

XegKr 209.9 209.1 26.5 25.1

3 xperimental values of the chemical shifts of these mixed clusters were
reported in Ref. 25.

It is found in this work that the averadé®e shielding
in the mixed clusters Xgr,,, having the same number of
Xe atoms changes monotonically with each additional Kr,
producing a progression of peaks. The shieldings of the
mixed cluster XgKr, are obtained from averaging of tla®
initio-derived Xe—Xe and the Xe—Kr shielding functidhs
within the cage. In Table | the total intermolecular chemical
shift relative to the isolated Xe atom, the averadéXe
chemical shift for Xg in an alpha cage with a fixed number
of Kr atoms(which is directly calculated in the GCMC simu-
© lations is shown in comparison with the experimental values
measured relative to the same reference. We see that in an
absolute measure, the chemical shifts that we calculate are in
rather good agreement with experiment. The absolute chemi-
cal shifts for all the Xg peaks and XgKr observed at 300 K,
T T T spanning a 200 ppm range, are well reproduced by the

180 140 100 60 GCMC simulations. We also show in Table | the differences
in shielding {{o(Xe,Kr,))— (o (Xe,))} obtained from the
PPM GCMC simulations. These differences may be compared di-

rectly with experiment; they are a direct measure of the in-
FIG. 1. 12%e NMR spectra of a mixture of Xe and Kr in two samplés,  termolecular effects of one Kr atom on th&Xe chemical
and (c), of dehydrated zeolite Maunder magic angle spinning, compared Shift of n Xe atoms.
with that for the same zeolite containing only pure Xe, showrain The Some simulated spectra are shown in Fig. 2, where the
_chemical shifts are relative to the_ isolated _Xe atom. The peaks marked by.fractionsf(Xe Kr ), the fractions of cages containimgXe
in the experimental spectrum arise also in pure Xe samples and are dis- nom )
cussed in Ref. 25; they are not due to the presence of K. atoms andm Kr atoms are taken from the GCMC simula-

tions, as are thé®®Xe chemical shifts for the Xgand

Xe Kr,, in the alpha cages. Two of the simulated spectra are
Xe—Kr mixtures or Xg (of varying n) in the pure xenon at low Kr mole fractions in the sample, so that only,nd
simulations are not significant. Indeed, experimentally weXe,Kr; progressions can be found. The third simulated spec-
find this to be the case, that the chemical shifts of the Xetrum has a slightly higher Kr mole fraction than the experi-
peaks in the samples containing K& peaks are the same as ments, so that not only are the )&, peaks seen but the
in pure xenon samples. The chemical shift of a specific clussmall peaks of the Xg&r, progression are seen starting to
ter, say Xg is the same, at a given temperature, for variousggrow in. The intensities should not be directly compared
Xe in NaA samples having different overalh)y.. These with the experimental spectra shown in Fig. 1, which do not
experimental observations clearly indicate that the presenceorrespond to equilibrated samples.
of various numbers of Xe and or Kr atoms in neighboring At higher mole fractions of Kr, the experimental and the
cages do not significantly influence the chemical shift of thesimulated spectra become congested as,KKg, m
Xe atoms in a XgKr,, or Xe, cluster. There may be small =1,2,3,... become more prominent and the,Km®g peaks
differences depending on the occupancy of neighborindbecome less so. Furthermore, the peak progressions in the
cages, but these fall within the width of the peak underexperimental spectrum begin to collapse as the rate constant
magic angle spinning, and we could not detect any systennf Kr migration (s™* per Kr atom from one alpha cage con-
atic trend of changes in the Xeeak, for example, when the taining XgKr,, to a neighboring cage increases with increas-
average occupancy of the neighboring cages are increasedng m and becomes comparable to the separatiorHz) of

J. Chem. Phys., Vol. 107, No. 11, 15 September 1997

Downloaded 11 Jan 2007 to 149.132.99.84. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4368 Jameson, Jameson, and Lim: Adsorption of Xe and Kr in zeolite NaA
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FIG. 3. Pair distribution functions in an alpha cage containingkxe
(©) . . I
tion of alpha cages containimgXe atoms, the same situation
as for Xe—Ar mixtures in Na.?*
& ll & % Pair  distribution  functions g[r(Xe—Xe)] and
g[r(Xe—Kr)] obtained specifically from those Xe atoms in
I I I cages containing X&r are shown in Fig. 3 as typical
180 140 100 60 examples. The maxima occur at 4.24 A and 4.11 A, respec-

tively for Xe—Xe and Xe—Kr. The shielding functions used
PPM here, o[ r(Xe—Xe)] and o[r(Xe—Kr)] from Ref. 37, are

sharply deshielding with decreasing distances, leading to
FIG. 2. Simulated®Xe NMR spectra of mixtures of Xe and Kr in Wa  larger positive chemical shifts upon greater sampling of
(chemical shifts and intensities are based on the GCMC simulatidhe shorter distances. The pair distribution functions shown in
chemical shifts are relative to the isolated Xe atom. Additional peaks ig. 3 weight these shielding functions in determining the
marked with arrows in the simulated spectrum are the progression OE ) . . . -
Xe,Kr, peaks. e—Xe and Xe—Kr contributions to thé®<e chemical shift

of the XgKr mixed cluster. A larger cluster, such asgKe

has sharper peaks in the pair distributions, and the first peak

occurs at a slightly shorter distance than in this example.

Thus, the trend of chemical shift increments increasing with
the XgKrm, XeKry_; peaks. The rate constant for one Kr increasing number of Xe atoms in the mixed clusi@rable
atom leaving a cage containing &, is larger than the rate  |) js qualitatively easily understood with the help of pair

constant for one Xe atom leaving the same cage, so it is thgistribution functions such as the ones shown in Fig. 3.
Kr migration rather than the Xe migration that causes the

peaks to coalesce. At a higher temperature, the cage-to-ca

hops of the Kr atom may become fast enough that the COE)‘?SCUSSlONS

lapsed progressions once again sharpen up and each We note in Table Il that thé?®Xe chemical shift incre-
XeKrm peak appears at the average chemical shiftffe  ments upon addition of one Kr atom to a Xeluster are
atoms visited by an average numipémy,],, of Kr atoms  monotonically increasing with cluster size. The agreement of
in fast exchange, just as for Xe—Ar mixtures inANdn that  the magnitudes of these calculated chemical shift increments
case, the average number of Kr atoms in the same cage agth experimental values is excellent. The incremental shift
Xe, determines the peak position, which varies with overallupon addition of one Kr atom to the Xeluster is compared

Kr loading, whereas the intensity is determined by the fracwith the chemical shift increment upon adding another Xe
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TABLE Il. The increments in the chemical shifts of the X&uster upon addition of one Xe or Kr or Ar atom
are related in the same ratio as the second virial coefficients of the Xe chemical shift in the gas phase, which are
o1(Xe—Kn)/a,(Xe—Xe)=0.53 ando;(Xe—Ar)/oy(Xe—Xe)=0.34, respectivelyRef. 38.

[o(Xeq:1)— [o(Xe,Kr)— Ratio of [o(Xe,Ar)— Ratio of

o(Xe,) o(Xey)] o(Xey)] Kr to Xe a(Xey)] Ar to Xe

Exptf Expf Expt® increments GCMC* increments
Xe, —-74.8
Xe, -92.3 175 9.9 0.57 5.9 0.34
Xez —-111.7 194 11.0 0.57 6.7 0.34
Xe, —133.2 215 12.8 0.60 8.1 0.38
Xes —158.4 25.2 15.7 0.62 10.0 0.40
Xeg —183.4 25.1 16.3 0.65 11.6 0.46
Xe; —228.3 45.1 26.5 0.59 16.6 0.37
Xeg —272.3 43.7

®Reference 5.
PReference 25.
‘Reference 24.

atom to the Xg cluster. Comparing also the incremental 0.6
shifts due to addition of one Ar atoierived from GCMC (a) Xe-Kr
simulations of Xe—Ar mixtures in this zeolitdeads to an
interesting and very useful conclusion. The ratio of the ex-
perimental second virial coefficients of Xe shielding in Kr to
that of Xe in pure xenon g&&is o;(Xe—Kn/o(Xe—Xe)
=0.53 at 300 K, which is close to the ratios of the incremen-
tal shifts due to one additional Kr vs one additional Xe
(0.57-0.65. On the other hand the ratio of the second virial
coefficients of Xe shielding in Ar to that of Xe in pure xenon s
gas® is o, (Xe—An/oy(Xe—Xe)=0.34 at 300 K, which is ROK® A
close to the ratios of the incremental shifts due to one addi- Sl
tional Ar vs one additional X€0.34—-0.46. The magnitudes 0.0
of the increments can be almost predicted from thg ¢{es- 0.0 )
ter shift increments and from the known density coefficients GCMC
of the gas phaseshifts in mixtures of Xe and Kr or mixtures 0.6
of Xe and Ar. This insight obtained from the one favorable (b) Xe-Ar
case in which the Xgr,, peaks are individually observed

should help us understand the Xehemical shifts in binary
mixtures of Xe with other molecules such as CQ, H,,

etc. in competitive adsorption in zeolite Nain which the
other molecule is in fast exchange between cages and the
12%e spectra are similar to those of Xe—Ar mixtures in the
zeolite.

The strictly statistical model of a binary mixture, in ol
which the component atoms are distinguishable but equiva- st adlus
lent in competition for 8 lattice sites per cage under mutual Ll
exclusion provides a limiting ca&ewith which both the
GCMC simulations and the actual Xe—Kr system may be 0.0 T T
compared. This model permits the prediction of distributions 0.0 0.2 0.4 0.6
f(Xe,Kry,) for a given overall{n)y, and (m)y, from the GCMC
hypergeometric distribution without doing simulations. This
model has been found to be very helpful in understanding th&!G- 4. (& Comparison of the calculated distributiofiXe,Kry,) for mix-
experimental observations of distributioh&Xe,Kr,.), for it tures of Xe and Kr in NA obtained from GCMC simulations vs those

. . .. (gbtained from the simple hypergeometric model for binary mixtresf.
provides the strictly statistical components of the observegy) at the same overafin)y, and(m)y, . (b) The comparison of the calcu-

trends in the distributions. A comparison between the distridated distributions (Xe,Ar,,) for mixtures of Xe and Ar in NA at the same
butions obtained from GCMC simulations and those usingpverall{n)xe and(m),. The dots represent the actual GCMC results plot-

the model. at the same overéﬂ)x and(m}K is shown in ted against the prediction of the simple binary hypergeometric mixture
il e r»

. . L. . _model. The 45° line corresponds to the ideal case in which the detailed
Fig. 4. The model is moderately successful, despite its SimMgistributions from GCMC simulations agree perfectly with the simple

plicity. The few high values of (Xe,Kr,,) and f(Xe,Ary,) strictly statistical model.

04 A

0.2 4 y

Hypergeometric model

0.4

Hypergeometric model
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that agree very well with GCMC results correspond to low
loading where the hypergeometric model should work best.
The model has a much better predictive capability for Xe—Kr
mixtures than for Xe—Ar mixtures. The model is systemati-
cally off at very high Ar loadings since the maximum Ar
capacity of the alpha cage in Was significantly different
from its maximum capacity for Xe. This causes skewing
away from the 45° line that is more pronounced in the dis- 10 -
tributions in Xe—Ar than in Xe—Kr mixtures. 3

The separation factors obtained from GCMC simulations ]
in the binary mixture can be compared with the theoretical .
separation factors that may be obtained from the individual
single-component adsorption isotherms if each component
adsorbed independently of the other. We compare the sepa-
ration factors or selectivity coefficients from GCMC simula-
tions with those calculated from the pure isotherms using
ideal adsorbed solutioflAS) theory. We use the conven-
tional definition of selectivity as the ratio of the mole frac-
tions in the zeolite to the ratio of the mole fractions in the 0.1
bulk,14'39

100

P(atm)

1 [ AW REY |

it aaasl

Xxe/Xkr  {{M)xe/ (M)}
= or
Yxe!Ykr {PXe/pKr}

e,Kr

We calculated the spreading presswateor rather GA/RT), 0.01 e e e e
by integration, 0 10 20 30 40 50 60 70 80

P dp <N>, Xe (or Kr) atoms per unit cell
(AT = [ ") 5

FIG. 5. The adsorption isotherms of pure Xe and Kr inANd&rom GCMC
for the pure components using the adsorption isothermgi_mula_tions. The parameters in the fit to a Langmuir-Freundlich function are
(shown in Fig. 5 from the GCMC simulations of the pure 9V¢"" Table il
Xe and pure Kr in zeolite Na. These isotherms have been
fitted piecewise in two overlapping sections to Langmuir-CONCLUSIONS
Freundlich formsparameters in Table llifor use in calcu-
lations of the spreading pressure. From the plotsmA/(RT)
vs P at a given total pressure, the mole fractions andyy,
are obtained? Figure 6 shows the agreement of the IAS

We have investigated the Xe—Kr mixture in zeoliteANa
as a model system for competitive adsorption in microporous
solids. This work presents a more detailed comparison of

curves with the actual GCMC results for mixtures of Xe andexperlment with GCMC simulations than has ever been pos-

Kr in NaA is reasonably good. In previous applications, IASsible. For the first time it has been possible to observe ex-

theory had been successful when the molecular volumes \ﬁ‘erlmentally the_lf;rll'_“'St_er; cn‘f_X? _atotms and;: Kr f\htoms mb ¢
the two components are nearly the same and/or at lo € same cage. This IS the Tirst instance where thé humber o

loading234°~42 Neither of these conditions hold for Xe—Ar molecules of the second sorbate occupying the same cage as
mixture.s in NA. but the sizes of the sorbates are more simi- atoms of the first sorbate have actually been determined.
lar in Xe—Kr mixtures. Nevertheless, the GCMC results andThe X& and the mixed XgKrp, clusters are trapped in the

- : alpha cages of this zeolite for times sufficiently long that it is
the predictions of IAS theory are in reasonably good agree ossible to observe individual peaks in the NMR spectrum

ment in both cases. The same deviations of the GCMC re 29y :
sults from the predictions of IAS theory at high loading arefor each cluster. The"Xe nuclear magnetic resonance spec-
obtained using a particle insertion schertgiggested by

Mezef®) that is more efficient for high densities than the TABLE Ill. The fitting parameters for adsorption isotherms of rare gases in
standard Norman-Filinov scheme. The results of this cavityzeolite N& (in Fig. 5 from GCMC simulations, using the Langmuir-
biased sampling method are also shown in Fig. 6. We not&reundiich functional form{N)atoms/ue-a(bP)“[1+(bP)*]"*.

that the Xe—Kr select|y|Fy coefficient is not as large as the .y , (atomsiug b (atm'Y) o range ofP (atm)
Xe—Ar selectivity coefficient, as would be expected from Xe

and Kr atoms being much more similar in size and interac- X %-ﬁ‘) g-igg‘; (1)-;2;2 Eig-gggg
tions than are Xe and Ar. The deviations from IAS theory in 47.42 1182 1211 P<30

the Xe—Kr mixtures are smaller than in the Xe—Ar mixtures 59.89 0.9363 0.6042 P=30
for the same reason.
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40 where such detailed comparisons with experiment are not
1 o0ao GCMC feasible, is that the magnitude of the increments can be esti-
l .. cBGCMC mated semiquantitatively from the known gas phase shifts in
mixtures of Xe and Kr and from the Xecluster shift incre-
1 IAS ments.
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