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The air separation properties of zeolite types A, X, and Yhave been studied using grand canonical Monte 
Carlo simulations of nitrogen, oxygen, and argon adsorbed in these zeolite lattices. Nitrogen is adsorbed 
preferentially due to the quadrupole-ion electrostatic interactions with the extra framework cations. The 
localization of adsorption sites for nitrogen near cations and the more diffuse distributions of oxygen and 
argon within zeolite cavities are clearly illustrated. Predicted nitrogen/oxygen selectivity for 5A from 
simulations is in good agreement with that determined experimentally. The effect of the calcium-sodium ion 
exchange on the predicted nitrogen/oxygen selectivity is examined, and is shown to be sensitive to the 
magnitude of the charges assigned to the extra framework cations. 

KEY WORDS Zeolites, Gas separation, Monte Carlo simulation 

INTRODUCTION 

Zeolites are used extensively in the gas separation industry. The unique capability of 
zeolites to selectively adsorb different molecular species arises from the varied nature of 
the interactions with different types of molecules. The capacity of some zeolites to 
selectively adsorb nitrogen over oxygen and argon provides a method for effective 
separation of nitrogen from air. The nitrogen selectivity is a result of the interaction of 
the quadrupole moment of nitrogen molecules with the electric field within zeolite 
lattices. 

This study modelled the selective adsorption of nitrogen versus oxygen in types A, X, 
and Yzeolites using grand canonical Monte Carlo simulations. The effects of the type 
and numbers of extra framework cations and their accessibility to the adsorbed 
molecules on the efficiency of the zeolites for air separation were examined. The 
simulation method allows the determination of the equilibrium uptake of adsorbate 
molecules by a zeolite lattice at specified pressure, composition, and temperature, 
leading to determination of adsorption isotherms for single and multi-component 
gases. Further, molecular configurations generated during the simulations were exam- 
ined for the presence of preferred adsorption sites within the zeolite lattices. 

Several studies utilizing grand canonical Monte Carlo simulations of adsorption in 
zeolites have been reported [ 11. In particular, adsorption of air was studied for the 5A 
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zeolite by Razmus and Hall [Id]. This work successfully reproduced experimental 
single-component adsorption isotherms for argon, oxygen and nitrogen, but the 
simulations could not quantitatively predict experimental data for mixture adsorption. 
As a possible source of the failure the authors speculated that the electrostatic 
interaction between adsorbates and zeolite may have been incorrectly modelled due to 
errors in the estimation of the charge distribution within the zeolite. In the present 
work, the effect of the charge assignment on the predicted nitrogen/oxygen selectivity is 
examined in detail for zeolites with type A and faujasite frameworks. 

The paper is arranged as follows. The details of the potential model and the 
computational procedures are described in section 2. The adjustable parameters for the 
potential model are determined by fitting to experimental Henry’s constants for 
silicalite and 5A zeolite in section 3. Results of the simulations for the nitrogen/oxygen 
selectivities of zeoIite types A, X, and Y are presented in section 4, which includes 
a discussion of the effect of the sodium-calcium ion exchange on the nitrogen/oxygen 
selectivity of these zeolites. Section 5 provides a summary of the conclusions for this 
study. 

2. THE POTENTIAL MODEL AND COMPUTATIONAL PROCEDURES 

The total potential energy U of the zeolite lattice and adsorbed molecules is written as 
the sum of the interaction energy between the adsorbate and the zeolite, U,,, and that 
between the adsorbates, U,,, 

U = U,, + U,, 

uij = 4eij[(rrij/rij)lZ - (oij/rij)6] + (qiqj/rij) 

(1) 

(2) 
where the first term is the Lennard-Jones(LJ) 12-6 potential and the second term is the 
Coulomb interaction potential between point charges 4i and qj  of sites i and j separated 
by distance rii. 

The LJ potential for the adsorbate-zeolite interactions and both the LJ and 
Coulombic terms of the adsorbate-adsorbate interactions were calculated using the 
minimum image convention [2] with potential cut-off distance of 12 A. The Coulombic 
term for the adsorbate-zeolite interactions was evaluated using the Ewald summation 
method [3]. 

Monte Carlo simulations in the grand canonical ensemble were carried out using the 
standard procedure [2] involving creation and destruction of molecules which interact 
with the potential field generated by the atoms comprising the zeolite lattice, which is 
assumed rigid. Molecular creation attempts are made at points chosen randomly 
within the zeolite lattice (sirnulation box) with volume V. A creation attempt is accepted 
with a probability, 

U,, and U,, are both written as sums of pairwise additive potentials uij of the form, 

Pc = min [l, (v(N + 1)A3)exp( - AU + p/k,T)] (3) 
where N is the number of molecules in the simulation box before the molecular creation 
attempt, AU is the change in the total potential energy accompanying the creation 
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attempt, p is the chemical potential and A is the thermal de Broglie wavelength. For 
molecular destruction attempts a molecule is selected at random from N existing 
molecules and the attempt to destroy the molecule is accepted with a probability, 

(4) P ,  = min [l, (NA3/V)exp( -AU - p/kBT)] 

In the grand canonical ensemble the chemical potential of adsorbed molecules equals 
the chemical potential of the bulk phase, which can be written [4] as a function of 
temperature and fugacity,f, 

p = k,Tln ( fA3/kBT) ,  ( 5 )  

(6) 

which, substituted into equations (3) and (4) gives, 

P ,  = min [l,  ( fv(N + l)k,T) exp (-AU/k,T)] 

P ,  = min [I, (Nk,TlfI/)exp(-A~/k,T)] 

and 

(7) 

At the low pressure conditions considered here, bulk gases can be assumed to obey the 
ideal gas law and fugacity can be replaced by gas pressure, P ,  or partial pressures, Pi, 
in the case of multi-component gases. In addition to the creation and destruction 
attempts, which were attempted with equal probability, displacement and rotation of 
molecules were allowed. Attempts to either displace or rotate a molecule were accepted 
with a probability P given by, 

P =  min[l, eXp(-AU/k,T)] (8) 

where AU is the change in the potential energy accompanying the displacement or 
rotation attempt. 

For the present simulations, calculation of AU was preceded by a check for 
overlapping interaction sites. If a pair of interaction sites were closer than a pre- 
assigned distance, the sites were considered to be overlapping. The distance used for the 
criterion of overlap was set equal to half the sum of the van der Waals radii for the two 
sites. Any attempt to create, displace, or rotate a molecule accompanying an overlap- 
ping of sites was not accepted. If the sites were not overlapping, AU was evaluated to 
determine whether to accept the attempt or not in accordance with the appropriate 
acceptance probabilites. This procedure amounts to imposing impenetrable hard cores 
to interaction sites, and therefore the non-Coulombic part of the pairwise interaction 
potential is the LJ potential supplemented by the hard sphere potential. 

For zeolite lattices, hard cores were assigned to silicon, aluminium oxygen, and the 
extra framework cations. In addition to these zeolite atoms, we placed hard cores at the 
centres of sodalite cages which are present in the type A and faujasite structures. This 
effectively blocked the sodalite cages from adsorbing molecules, which may otherwise 
have occured since the creation attempts were made randomly at any point within rhe 
simulation box without any biasing. For the adsorbate molecules considered in the 
present work, the interior of a sodalite cage is expected to be inaccessible via diffusion 
from the main channels due to the narrowness of the 4T and 6T ring apertures of the 
sodalite cage. In the present simulations the centres of the sodalite cages were thus 
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200 K.  WATANABE et a/. 

treated as interaction sites with hard cores, but are otherwise non-interacting with 
adsorbate molecules. 

3. INTERMOLECULAR POTENTIAL PARAMETERS 

3.1 Adsorbate- Adsorbate Interactions 

Three types of adsorbate molecules are considered in this work; argon, oxygen, and 
nitrogen. Argon is represented by an LJ interaction site, while oxygen and nitrogen are 
represented by a three-site model. In this latter model, the two outer sites (of the three 
colinear sites) are separated by a distance 1, and are LJ interaction sites as well as the 
location of point charges of equal magnitude 4; the third site is located at the midpoint 
ofthe outer sites and has a point charge - 24 ensuring molecular charge neutrality. For 
the adsorbate-adsorbate type of interactions, literature potentials were adopted. The 
LJ potential parameters for argon, eAr and aArr were given values 0.2381 kcal/mol and 
3.405 A [S], respectively. For oxygen, we chose 4 = - 0.1 12 lei and 1 = 1.21 %I, which 
results in the experimental [6] quadrupole moment - 1.3 x Cm2 and the LJ 
parameters a. = 3.05A and e0 = 0.108 kcal/mol were used [7]. For nitrogen the 
potential model X1, developed by Murthy et al. [8] with 1 = 1.098& 4 = -0.40484 le(, 
aN = 3.318& and E,,, = 0.07233 kcal/mol was used. This model for nitrogen gives 
a quadrupole moment of -3.91 x 10-40Cm2. 

3.2 AdsorbateeZeolite Interactions 

3.2.1 Method The adsorbate-zeolite interaction potentials were determined based 
on the experimentally determined Henry’s constant, KH, defined as, 

K H  = lim(P+O)(N/P) (9) 

where N is the number of adsorbed molecules at  pressure P. The potentials were 
derived by introducing parameters into the expression for U,,  and adjusting them to 
attain a fit between the calculated K H  and the experimentally determined values. K ,  
was calculated from the expression, 

where the spherical polar coordinates, 8 and cp, specify molecular orientation, and the 
position vector, r, specifies the location of the molecule within the volume, r! of the 
zeolite lattice. Equation (10) was evaluated numerically using the Monte Carlo 
intergration method [9]. 

Interaction sites placed on the zeolitic oxygen, silicon and aluminium and on the 
extra framework cations served as both the LJ interaction sites and the locations of 
point charges. A charge of - 1.0 lel was assigned to the oxygen atoms. This choice was 
based on the estimates obtained by Van Genechten and Mortier [ 101 for the charge 
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distributions in various zeolite framework types using the electronegativity equali- 
zation method [11] which resulted in partial charges on oxygen in the vicinity of 
- 1.0 lei, In previous simulation studies, including [ld], charges corresponding to full 
ionization have typically been assigned to the extra framework cations. In the present 
work the cations are in some cases assumed partially ionized and their charges treated 
as adjustable parameters. The reasons for this preference are discussed below. The 
charges on silicon and aluminium are assumed to be equal and are determined by the 
requirement for the electrical neutrality of the zeolite lattices. 

Following the empirical approach used by Razmus and Hall [ld], the attractive part 
of the LJ potential was written as -piaiaj/r: where pi is an adjustable parameter 
characteristic of adsorbate i and ai and aj  are the polarizabilities of atoms in the 
adsorbate molecules and in the zeolite lattice, respectively. The well depth of the LJ 
potential, E ~ ~ ,  can be written as, 

E . .  1J = /j.a.a 1 1 I ./do? 1J 

oij = (ai + ajy2 

(1 1)  
'with the LJ parameter crij for the adsorbate-zeolite given by the mixing rule, 

(12) 
The cri for the adsorbate molecules are those used for the adsorbate-adsorbate LJ 
potentials and the cri for the zeolite lattice are derived from van der Waals radii, Ri, of 
respective ions, which are related to cri by, 

R ,  = 2(1/6'ai (13) 
The values for ai and Ri used in the present work are taken from the literature and are 
given in Table 1.  This leaves pi(i = Ar, 0, N) as the only adjustable parameter to 
determine the adsorbate-zeolite LJ potentials. Henry's constants were evaluated for the 
5A and silicalite lattices. For the 5A zeolite, we used the coordinates given by Seff and 
Shoemaker [14] for a cubic unit cell with composition Ca,Na,Al,,Si,,O,, and cell 
dimension 12.29 A. A cubic lattice with side length 24.58A which contains 8 unit cells 
was used as a simulation box. Similarly, a silicalite lattice was constructed by 2 x 2 x 2 

Table 1 
determination of the adsorbate-zeolite LJ potentials 

Values of polarizabilities, a, and van der Waals radii, R,  used in the 

Ar 
N 
0 
0 2  
Si 
A1 
Na 
Ca 

1 .w 
0.87" 
0.79' 
1.47" 
0.Wb 
0.067b 
0.18" 
0.47 1 * 

3.822' 
3.724' 
3.424' 
3.040" 
0.76d 
1.14d 
1.960" 
1.980" 

a Adopted from the work of Razmus and Hall [Id]. 
bReference [12]. 
Values consistent with the adsorbate-adsorbate LJ potential patential parameter, 
u, given in the text. 
Reference [13]. 
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replication of the unit cell with side lengths Lx = 20.002 A, Ly = 19.899 A, 
Lz = 13.383 8, using atomic coordinates determined by van Koningsveld [ 151. In the 
implementation of the Monte Carlo integration technique to calculate K,, the zeolite 
lattice was sampled randomly except for the volumes corresponding to an overlap of 
hard cores of the adsorbate atoms and zeolite interaction sites, which included those 
placed in the sodalite cages. 

A survey of experimental Henry’s constants for the gases in 5A revealed that there is 
poor agreement between the available experimental data [16, 17, 18, 191 with devi- 
ations by up to a factor of 1.8. This contributes to uncertainties in the generality of the 
resulting potential models obtained using the present semi-empirical approach. The 
potential parameter set presented in this paper is that obtained by a fit to Henry’s 
constants for oxygen and nitrogen in 5A measured by Ruthven [16] at 298 K and those 
for argon, oxygen, and nitrogen in silicalite estimated from adsorption isotherms 
measured by Chaffee [20] at 298 K. 

3.2.2 Parameterization Firstly, a fit to the experimental K, [20] for silicalite at 
298 K (0.77, 0.75, and 0.81 molecules/unit cell/bar for argon, oxygen, and nitrogen, 
respectively) was obtained by setting the adjustable parameters to PAr = 
295.8 kcal/mol, Po = 284.6 kcal/mol, and PN = 287.8 kcal/mol. Corresponding LJ 
parameters for the interactions of the gases with zeolite oxygens (Oz) with these choices 
for the P values are: E ~ ~ - ~ ~  = 0.219 kcal/mol, E ~ - ~ ~  = 0.145 kcal/mol, and E ~ - ~ ~  = 
0.123 kcal/mol. Using these eJ values and cAr, cO, and cN given above and assuming the 
geometric combination rule given by, 

values can be determined for E ~ ~ .  The use of the above values for E ~ ~ - ~ ~ ,  E ~ - ~ ~ ~  and 
E ~ - ~ ~  results in the estimates for e02 of 0.202, 0.195, 0.209 kcal/mol, respectively. The 
near constancy of the value for indicates the consistancy of the potential parameters 
with the geometric combination rule for E. Figures 1, 2 and 3 show the adsorption 
isotherms calculated by grand canonical Monte Carlo simulations in comparison with 
experimental results [20] at T = 298 K and 333 K. The comparison is generally good. 
The best agreement with experiment is obtained at  lower pressures, as expected, since 
the parameterization of the adsorbate-zeolite interactions was based on a comparison 
with experimental isotherms at the zero pressure limit. At higher pressures the 
simulation results tend to overestimate the experimental data. The cause of the 
disagreement at higher pressures may lie in the inadequate representation of the 
adsorbate-zeolite potential or of the adsorbate-adsorbate potentials which become 
more significant as pressure increases. 

Secondly, a parameterization based on Ruthven’s K, values [16] for oxygen and 
nitrogen in 5A was carried out. This was initially attempted with charges on the cations 
set to the formal values; 1.0leI for sodium and 2.01el for calcium. However, it was 
impossible to fit K ,  for nitrogen by the adjustment of ON alone, due to the dominant 
contribution from the Coulombic term. The same problem did not arise for oxygen as 
the-oxygen-zeolite interaction potential is dominated by the LJ term owing to the 
smaller quadrupole moment of the oxygen molecule. In order to circumvent the 
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Expt(298K): Chaffee 
4 1 -  0 SlmUl8tlOn(298K) 
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----- Expt(333K): Chattee 
Simulation(333K) 

3- 
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1 -  

0 2 4 

P(bar) 
6 8 

Figure 1 Adsorption isotherms for argon in silicalite at 298 K and 333 K.  Simulation results are compared 
to experimental results of Chaffee [20]. 

- Expt(2OlK): Chaff.. 
0 Simulation(208K) 

Slmulation(333K) 
----- E~pt(333K): Chaff.. 

2 4 6 
P(b8r) 

Figure 2 Adsorption isotherms for oxygen in silicalite at 298K and 333K. Simulation results are 
compared to experimental results of Chaffee [20]. 
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difficulty for nitrogen, a reduction of charges on the cations was considered. Since 
a quantum mechanical study 121) had concluded that the charge transfer from the 
framework oxygen atoms to sodium ions is negligible, only the charge on the calcium 
ion was allowed to decrease, and thus was treated as an additional adjustable 
parameter as mentioned earlier. Therefore, the three parameters Po, f l N ,  and qca were 
adjusted so that the calculated k ,  values for oxygen and nitrogen in 5A at 298 K were 
consistent with the experimental values of Ruthven [ 161. These adjustments incorpor- 
ated a constraint such that the ratio of the parameters Po and f l N  is constant at a value 
determined from the fit to the silicalite data. Further, by extending the assumption of 
the constancy of the ratios of the /3 values to those involving PAr, a value of PAr 
appropriate for 5A was obtained. This constraint implies that the description of the 
adsorbate-zeolite interactions in silicalite and in 5A are equivalent in terms of relative 
dispersion attractive interactions of different gas molecules with a zeolite lattice. The 
following parameters were obtained for 5A: Par = 380.7 kcal/mol, Po = 366.3 kcal/mol, 
PN = 370.4kcal/mol, and qca = 1.61 [el. Corresponding LJ parameters with these 
choices for fl values are E~~ ~ oz = 0.282 kcal/mol, E~ oz = 0.1 87 kcal/mol, and, 
E~ oz = 0.158 kcal/mol. Using the geometric combination rule for E ,  E , , ~  is calculated to 
be 0.334, 0.332, and 0.347kcal/mol from the values for E ~ ~ - ~ ~ ,  E ~ - ~ ~ ,  and E ~ - ~ ~ ~  

respectively. For the two types of zeolite lattices considered here, significantly different 
estimates for emerged; 0.202 kcal/mol for silicalite and 0.334 kcal/mol for 5A. 
Recently, Pellenq and Nicholson [22] reported on the values for the polarizabilities of 
framework atoms in silicates and aluminosilicates determined from Auger electron 
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spectroscopy data. It was found that in the case ofzeolite compounds the polarizability 
for an oxygen is sensitive to the ratio of silicon to aluminium and the nature of extra 
framework cations. The present parameterization implies a higher dispersion interac- 
tion of adsorbates with 5A framework oxygen than with silicalite oxygen. This is 
consistent with the higher values obtained for averaged oxygen polarizabilities for high 
aluminium-content zeolites (NaA, NaX, Nay)  as compared to zeolites with lower 
aluminium content [22]. 

Table 2 presents the final set of parameters, ei and ui, determined for the zeolite 
interaction sites. We have assigned the E~~ values determined for silicalite and 5A, 
respectively, to oxygen connected to silicon only, Oz(Si-0-Si), and to oxygen connected 
to an aluminium, Oz(A1-0-Si). This assignment is a simplistic one which ignores the 
dependence [22] of the oxygen polarizability on the type of extra framework cation. 
Nevertheless these parameters are treated as transferable in the work presented below, 
i.e. calculations aimed at studying the nitrogen/oxygen selectivities of zeolite types A ,  
X, and Ywith sodium and calcium as counterions. The selectivity arises mainly from 
the difference in the Coulombic interactions of nitrogen and oxygen with the zeolite 
lattice, and the dispersion potential is of lesser importance for this relative quantity 
than it would be for absolute loading. 

4. RESULTS AND DISCUSSIONS 

All the Monte Carlo simulations and analyses reported in this paper were performed 
using the Cerius’ computational chemistry software [23]. 

4.1 Zeolite Type A 

4.1 .I Comparison with experimental data Grand canonical Monte Carlo simulations 
were carried out for both pure and multicomponent gases of argon, oxygen, and 
nitrogen adsorbed in zeolite 5A. The results were compared with available experimen- 
tal adsorption isotherms. Figures 4, 5 and 6 compare simulation results for the pure 
gases obtained at 297 K and 233 K with experimental isotherms measured by Miller 
[ 191. As can be seen, agreement with experiment is less satisfactory for argon compared 
to that for nitrogen and oxygen. Simulation results for the adsorption of argon in 5A is 

Table 2 Values of the LJ potential parameters for the zeolite interaction sites 

Atom type ai (A) ci(kcal/mol) 
~ 

Oz(Si-0-Si) 2.708 
Oz(Si-0-AI) 2.708 
Si 0.677 
Al 1.016 
Na 1.746 
Ca 1.764 

0.202 
0.334 
0.037 
0.038 
0.041 
0.272 
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- Expt(233K): Yllkr ~t .I. 
Srmul~tlon(233K) 

Slmul~tlon(297K) 
----- Expt(297K): YIIIor ot .I. 

0 1 2 3 
P(bar) 

4 5 

Figure 4 Adsorption isotherms for argon in 5A at 233 K and 297 K. Simulation results are compared to 
experimental results of Miller et al. [19]. 

Expt(233K): Yilkr ot .I. 

----- Expt(297K): Ylllor ot .I. 

0 Slmulatlon(233K) 0 

Slmul~tlon(297K) 
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4 

Figure 5 
experimental results of Miller et al. [19]. 

Adsorption isotherms for oxygen in 5A at 233 K and 297 K. Simulation results are compared to 
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Expt(233K): Millor ot ml. 
Simulmtion(233K) 

----- Expt(207K): Mlllor ot mi. 0 
a Simulatlon(297K) A - E 0 -  

> 
Q u 
( D .  a 
\ - 
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P(bar) 

Figure 6 Adsorption isotherms for nitrogen in 5A at 233 K and 297 K. Simulation results are compared to 
experimental results of Miller et al. [19]. 

consistently smaller than Miller’s measurements. This suggests that the potential 
model used in the simulation underestimates the attractive interaction potential 
between argon and the 5A lattice. The enhancement of nitrogen adsorption over that of 
oxygen in 5A is reproduced well by the simulations, suggesting that the strength of the 
Coulombic interactions is represented with reasonable accuracy. Figures 7 and 8 show 
a comparison of simulation results with the experimental data of Miller [19] for 
argon/oxygen/nitrogen mixtures. In these figures, predicted and experimental loadings 
are plotted for oxygen and nitrogen as functions of partial pressures of the correspond- 
ing components. Simulation tends to predict loadings higher than those obtained 
experimentally, particularly at higher pressures. The relative selectivity of nitrogen 
over oxygen predicted by simulation was compared with experiment by calculating the 
N,/O,  separation factor ~ 1 ~ - ~  defined as, 

(15) 

where Xi and are the molar fractions of component i in the adsorbed phase and in the 
gas phase, respectively. As can be seen in Figure 9, where uN - is shown as a function of 
YN2, the N , / O ,  selectivity predicted by simulation is in good agreement with experi- 
ment over a wide range of YN,. Predictions by simulation for the N, /O,  selectivity were 
also tested against the experimental data of Huang [24] for the adsorption isotherm of 
binary mixtures of oxygen and nitrogen at 298 K and total pressure of0.8 bar. Figure 10 
compares the predicted and experimental values for XN2 shown as a function of YN,. 
Also shown in the figure is the comparison for the total amount of adsorbed oxygen and 

aN - 0 = [xNz/xOzl/[ yN2/y021 
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Figure 7 Adsorption of argon/oxygen/nitrogen mixtures in 5A at 297 K. Simulation results for oxygen and 
nitrogen loadings are compared to experimental results of Miller era/. [19]. The lines connect values 
obtained from a single simulation. 
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Figure 9 Adsorption of argon/o,.ygen/nitrogen mixtures in SA at 233 K and 297 K. Simulation results for 
the N J O ,  separation factors are compared to experimental results of Miller et al. [19]. 

2 

Figure 10 Adsorption of oxygen/nitrogen mixtures in 5A at 298 K and 0.8 bar. Simulation results for the 
molar fraction of nitrogen in the adsorbed phase and the total loading are compared to experimental results 
of Huang [23]. 

nitrogen. While the total loading is slightly overpredicted by simulation, the relative 
quantity a N - O  is clearly in good agreement with the experimental measurements. 

Figure 11 shows the distributions of the single molecule adsorption energies, U , ,  of 
argon, oxygen, and nitrogen in the 5A lattice obtained from the simulations performed 
at 297 K and 4.0 bar, where U ,  is the average potential energy of an adsorbate molecule 
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Figure 11 
adsorption of argon, oxygen, and nitrogen in 5A. Simulations were performed at 297 K and 4 bar. 

Simulation results for the distribution of single molecule potential energies, U , ,  are shown for 

interacting with the zeolite lattice and with other adsorbate molecules. It is evident that 
the binding of nitrogen is significantly stronger than that of argon or oxygen. 
Moreover, the binding of nitrogen in the 5A lattice is characterized by a bimodal 
distribution of the adsorption energies. Figure 12 shows the distribution of nitrogen 
adsorption sites within the zeolite lattice corresponding to the two distinct ranges 
of adsorption energies, Figure 12(a): U ,  < 4.5 kcal/mol and Figure 12(b): U ,  > 
4.5 kcal/mol. The dots in these figures represent centres of masses of adsorbate 
positions generated by the simulations. It is clear from an examination of these three 
dimensional representations of the molecular distributions that the adsorption sites 
with lower binding energies are correlated to the locations of ions (shown as solid 
spheres) while those with higher binding energies are evenly distributed within the 
zeolite cavity. Figures 13 and 14 show the distributions of adsorption sites in 5A for 
argon and oxygen, respectively. The relatively uniform distributions of adsorbates 
within the zeolite cavities shown in these figures are clearly different from the more 
localized adsorption of nitrogen molecules. These observations suggest that the 
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Figure 12 Simulation results for the distribution of nitrogen in 5A is shown for molecules with (a) 
U ,  -= - 4.5 kacI/mol and (b) U, > - 4.5 kcal/mol. Simulation was performed at 297 K and 4 bar. See Color 
Plate I(a). 

preferential adsorption of nitrogen in the 5A zeolite is largely due to the Coulombic 
interaction between the quadrupole moment of nitrogen molecule and the calcium 
ions. 

4.1.2 Having established the reliability of the 
simulation results for the N,/O, selectivity in 5A, we proceeded to apply the method to 
investigate the effect of the calcium-sodium ion exchange on the N J O ,  selectivity of 
zeolite type A. Additional simulations of N, /O,  binary mixtures at 298 K and 0.8 bar 
were performed with fully calcium exchanged and fully sodium exchanged forms of 
zeolite A (CaA and NaA, respectively). Lattices for CaA and NaA were constructed 
based on the structural parameters determined from x-ray diffraction measurements b 

in side length, and all calcium ions lie near the centres of 6-rings with approximately 

Efects of calcium-sodium ion exchange 

Pluth and Smith [25,26]. A cubic unit cell of CaA containing 8 large cavities is 24.44 H 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



212 K. WATANABE et al. 

Figure 12 (Continued) See Color Plate I(b). 

four-fifths of them projecting into the large cage and the remaining one-fifth project- 
ing into the sodalite cage. Accordingly, a CaA lattice with unit cell composition 
Ca48A196Si960348 was prepared by placing 37 calcium atoms at the sites randomly 
from the cation sites in the large cages and the remaining 11 calcium atoms randomly at 
the cation sites in the sodalite cages, but excluding those sites which are adjacent to the 
occupied cation sites of the former type. A NaA lattice with unit cell composition 
Na96A196Si960348 and cell length 24.555 8, was prepared using the framework coordi- 
nates and the extra framework cation coordinates and occupancies given in reference 
[26]. Sodium atoms were placed in the lattice as follows: 64 near the centres of 6-rings, 
24 in the planes of 8-rings, and 8 in the large cavities opposite to 4-rings. While the 
6-ring and 8-ring sites are fully occupied, the occupancy of the 4-ring sites was chosen 
randomly to give the experimental 8.3% occupancy. 

Figure 15 compares the simulation results for the N J O ,  selectivity obtained from 
simulations of N J O ,  binary mixtures in the CaA, NaA and 5A lattices. The figure 
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Figure 13 Simulation results for the distribution of argon in 5A is shown. Simulation was performed at 
297K and 4 bar. See color plate I(c). 

shows the nitrogen molar fractions in the adsorbed phase as functions of that in the gas 
phase. Simulations predict that the N, /O,  selectivity is similar for CaA and NaA and 
that these forms of zeolite A are better separators of air than 5A. The simulations were 
carried out with a charge assignment of 1.61 lei and 1.01el for calcium and sodium, 
respectively, and the ordering of these type Azeolites with respect to N , / O ,  selectivity 
is a consequence of the balance between the numbers, accessibility, and the charges of 
the cations. While there are 6 cations per cavity with charge 1.61 let in CaA, there are 12 
cations with charge 1.0 [el in NaA, and three of those are located on the planes of 
8-membered rings which are more accessible than the calcium ions to the adsorbate 
molecules. This results in the prediction that CaA and NaA are comparable in N J O ,  
selectivity. The 5A lattice with four each of the cations per cavity with charges 1.0 JeJ and 
1.61 Je] is predicted to be lower in NJO,  selectivity than either of the fully exchanged 
forms. However, these findings are in conflict with experimental observations [27] that 
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214 K. WATANABE et a1 

Figure 14 Simulation results for the distribution of oxygen in 5A is Shown. Simulation was performed 
at 297K and 4 bar. See color plate I(d). 

N , / O ,  selectivity increases with an increase in the sodium to calcium ion exchange. 
This suggested to us that the relative magnitudes of the charges assigned to sodium and 
calcium may be in error. 

Although the quantum mechanical calculations showed that there is negligible 
charge transfer to the sodium ion from the framework oxygen [21], a reexamination of 
the charge assignment for the sodium ion was warranted. Empirical determination of 
the effective charge on the sodium ion was carried out using a fitting procedure, which 
treats qNO and as adjustable parameters while fixing all other E~ at the values 
given in Table 2, to obtain consistency with experimental K ,  values for oxygen and 
nitrogen in NaA. With the choice qNa = 0.921el and E ~ ~ ( ~ ~ - ~ - ~ ~ )  = 0.267 kcalfmol, 
experimental K ,  values [16] for oxygen and nitrogen at 298K, 0.21 molecules/ 
cavity/bar and 0.75 molecules/cavity/bar respectively, were reproduced. In order to 
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1 .o 

0.8 
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Figure 15 Adsorption of nitrogen/oxygen mixtures in CaA, NaA, and 5A at 298 K and 0.8 bar,Sirnulation 
results obtained using qNa = 1.01eI and qc. = 1.61 ]el are compared to experimental results of Huang [24]. 

maintain the previously obtained consistency with the experimental K ,  values for 5A, 
a re-adjustment of qco value was necessary to compensate for the reduction in the value 
of qNo. Using (qNo = 0.92 lei and qca = 1.65 /el) and ci values given in Table 2, Henry’s 
constants for oxygen and nitrogen were evaluated at  0.33 molecules/cavity/bar and 
1.35 molecules/cavity/bar at  298 K. These are in good agreement with experimental 
values (0.296 molecules/cavity/bar and 1.24 molecules/cavity/bar for oxygen and nitro- 
gen, respectively) given in reference [16] and (0.344 molecules/cavity/bar and 1.44 
molecules/cavity/bar for oxygen and nitrogen, respectively) given in reference [19]. 
Using the revised charge assignment (qNa = 0.92 lel and qca = 1.65 lei) and the LJ 
potential parameters given in Table 2, the simulations of the N J O ,  binary mixtures at 

1 .o 

0.8 - 
0.8 - 

Simulation 
A CaA 
13 NaCaA 
0 NaA 

Expt: Huang 
+NaCaA 

0.0 0.2 0.4 y,, 0.6 0.8 1 0 

Figure 16 Adsorption of nitrogen/oxygen mixtures in CaA, NaA, and 5A at 298K and 0.8 bar. Simulation 
results obtained using qNo = 0.921el and qca = 1.65 JeJ are compared to experimental results of Huang [24J 
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216 K. WATANABE et al. 

298 K and 0.8 bar in the NaA, 5A, and CaA lattices were repeated. Figure 16 shows the 
result of the simulations. It can be seen that the N J O ,  selectivity determined with the 
revised charge assignment increases in the order NaA < 5A < CaA, as a result of 
a decrease for NaA and an increase for CaA of the N J O ,  selectivity compared to the 
result of the earlier calculations. The N , / O ,  separation factors, u N p o ,  for NaA, 5A, and 
CaA are in the ranges 3.6-3.8,3.7-4.2, and 6.5-7.3, respectively. In summary, effective 
charges which are less than the values corresponding to full ionization are required for 
both sodium and calcium ions in order to fit experimental Henry’s constants [16, 191 
for oxygen and nitrogen in 5.4 and NaA and these lead to the prediction of increasing 
N , / O ,  selectivity with Na to Ca exchange. The partial charges on the cations may be 
a consequence of charge transfer from framework oxygens. Alternatively, it may be 
attributed to hydroxylation of cations which can occur [27, 281 during thermal 
activation of zeolites. It is of interest, therefore, to predict the N, /O,  selectivity for the 
“ideal” case where the charges on the cations are qNo = 1.01el and qca = 2.0 (el. This 
allows us to set upper limits to predicted N, /O,  selectivities. The results of such 
calculations are given in Figure 17, which shows that the N , / O ,  selectivity is substan- 
tially increased for all three zeolites. The N J O ,  separation factors are calculated 
to be in the range 5-6,11-14, and 16-26 for NaA, 5A and CaA, respectively. The N J O ,  
selectivity increases in the order NaA < 5A < CaA, as expected, but the consistency 
with experimental N J O ,  selectivity is lost. 

4.2 

The effect of the calcium-sodium exchange and of the aluminium-silicon ratio on 
N , / O ,  selectivity was investigated for zeolites with a faujasite framework by perform- 
ing simulations of N , / O ,  mixturesin CaX, NaX, and Nay.  A cubic unit cell of CaX with 

Zeolite Types X and Y 

0.8 - 

0.6 - 
Simulation 
A CaA 
0 NaCaA 
0 NaA 

Expt: Huang 
+ NaCaA 

0 .0  0 .2  0.4 Y N *  0 .6  0 .8  1 .o 

Figure 17 
results obtained using qNo = 1.01el and qca = 2.0 lei are compared to experimental results of Huang [24]. 

Adsorption of nitrogen/oxygen mixtures in CaA, NaA, and 5A at 298K and 0.8 bar. Simulation 
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1 .o 

0.8 - 

0.6 - 
XN* . 

0.4 - 
0.2 - 

formula Ca43A186Silo60348 was constructed using the unit cell dimension (24.97 A), 
the atomic coordinates, and the extra framework cation distribution determined by 
Pluth and Smith [29]. It has 13 calcium in type I sites, 5 in type I’ sites, and 25 in type I1 
sites. The 13 calcium were placed in type I sites which were chosen randomly from 16 
sites of this type, the 5 calcium were placed in type I’ sites which are not adjacent to the 
occupied type I sites, and finally the 25 calcium were placed in type I1 sites chosen 
randomly from 32 sites of the type. The sodium-exchanged from, NaX, with unit cell 
formula Na86A186Silo60348 was constructed using the unit cell dimension (25.06 A) 
and the fractional coordinates determined by Shepelev [30]. The sodium ions were 
distributed according to the rule proposed by Newsam [31]. Type I’ and type I1 sites 
are fully occupied accounting for 64 sodium, and the remaining 22 sodium occupy type 
I11 sites chosen at random. A unit cell of NaY with formula Na5,A15,Si1350348 was 
constructed using the unit cell dimension (24.85 A), the fractional coordinates, and the 
extra framework cation distribution determined by Fitch [32]. Type I1 sites are fully 
occupied with 32 sodium and type I sites and type I’ sites are both partially occupied 
with occupancies of 7 and 18 sodium, respectively, with an imposed restriction that 
a simultaneous occupancy of adjacent type I and type I’ sites is avoided. In all three 
structures, aluminium atoms are distributed on the silicon/aluminium sites such that 
the Loewenstein’s rule of Al-0-A1 linkage avoidance is obeyed. 

Figures 18,19 and 20show the simulation results for N 2 / U 2  binary mixtures at 298 K 
and 0.8 bar. Figure 18 compares the molar fractions of nitrogen in the adsorbed phase 
obtained for CaX, NaX, and NaY using cation charges given by qNa = 1.0)el and 
qca = 1.61 (el and the LJ potential parameters given in Table 2. It can be seen that the 
N J U ,  selectivity for the sodium exchanged form is larger than that for the calcium 
exchanged form. This is again in conflict with experimental observation [27] regarding 
the effect of the calcium-sodium exchange on the N J O ,  selectivity. Figure 19 shows the 
same comparison for simulations carried out using the revised charge assignment 

1 
8 0 

0 
B 
0 

B 

0 A 

0 A W  
0 NaX 
0 N8Y 

Figure 18 Adsorption of nitrogen/oxygen mixtures in CaX, NaX, and NaY at 298K and 0.8 bar. Simula- 
tion results obtained by using qNa = 1.0 [el and qco = 1.61 lel and 0.8 bar. 
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Figure 20 Adsorption of nitrogen/oxygen mixtures in CaX, NaX, and NaY at 298K and 0.8 bar. Simula- 
tion results obtained by using qNa = 1.OleI and qca = 2.0)eJ are shown. 

qNo = 0.92 le( and qca = 1.65 (el. With these charges the N,/O, selectivity is predicted to 
be larger for CaX than for NaX in agreement with the experimental observations. As 
expected, the N , / O ,  selectivity for NaY is smaller than that for NaX as a result of the 
reduced number of sodium ions required for the electric neutrality. Using the simula- 
tion results given in Figure 19, the N, /O,  separation factors, aN-o, for CaX, NaX, and 
NaY are determined to be in the range 4.2-5.2, 3.9-4.4, and 1.6-1.7, respectively. 
Figure 20 shows the simulation results for the “ideal” case where the cations retain the 
formal charges, q N a  = 1.0 lei and qCA = 2.0 ]el. As expected, the N, /O,  selectivity for 
CaX is increased substantially compared to the result obtained using fractional 
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charges. The N,/O, separation factors calculated from the simulation results shown in 
Figure 20 are in the range 12.9-18.9, 5.4-6.0, and 1.8-2.0 for CaX, NaX, and Nay, 
respectively. The present simulation shows that the increase in the average value of 

for CaX accompanying the change from the partial ionization (1.65 lei) to full 
ionization (2.0lel) of the calcium is by a factor of 3.3. With formal charges used for 
sodium and calcium ions simulation results were such that the average value of the 
N, /O,  separation factors obtained for CaX is larger than that for NaX by the factor of 
2.7, while with partial charges (q,, = 0.92 lel and q,, = 1.65 lei) the N, /O,  separation 
factors obtained for CaX and NaX are comparable. For the oxygen/nitrogen mixture 
corresponding to the air composition, i.e. Y,, = 0.8, is calculated at 4.8 and 12.9 
usingq,, = 1.65 lel and 2.0 le(, respectively. It is notable that N,/O,  separation factor for 
air in CaX reported by Coe [28], 7.3 at 303K and atmospheric pressure, is bracketted 
by these values obtained by simulations. This suggests that the charge on the calcium 
ions in the CaX sample used in reference [28] is somewhere between 1.65 lel and 2.0 lei. 

5. CONCLUSIONS 

Adsorbate-zeolite interaction potentials pertinent to the adsorption of air in zeolites 
were determined based on a semi-empirical approach using experimental values [ 16, 
203 of Henry's constants for argon, oxygen, and nitrogen in silicalite, 5A and NaA. The 
present work has resulted in the dispersion interactions of adsorbate molecules with 
zeolite lattices which depend on zeolite type and extra framework cation types and in 
the assignment of partial charges to the extra framework cations whose effective 
charges may depend on framework type and on the conditions under which zeolite 
samples are activated. The LJ parameter for the zeolitic oxygen, eOz, was determined as 
0.202 kcal/mol for silicalite 0.334 kcal/mol for 5A, and 0.267 kcal/mol for NaA. The 
charges on the cations required to obtain reasonable agreement with experimental 
N,/O,  selectivities [16,19,24] in 5A and NaA were q,, = 0.92 le( and qc, = 1.65 lel. The 
N , / O ,  separation factors for air obtained for CaX by simulation using cation charges 
1.65 lel and 2.0 lel bracket the experimental value obtained by Coe [28]. This suggests 
that the effective charge on calcium ions in the CaX sample used in reference [28] is in 
the'range between 1.65 lel and 2.0 lel. 

Simulation results for the N, /O,  selectivities of zeolites of type A and faujasite 
framework have been shown to be sensitive to the sizes of the charges assigned to extra 
framework cations. In the examination of the dependence of the N,/O,  selectivity on 
the extent of calcium-sodium ion exchange in zeolite types A and X, small changes 
(<0.1 [el) in the charges assigned to sodium and calcium ions were shown to cause 
a reversal of the ordering of the selectivities with respect to the ion exchange. With fully 
ionized cations, simulation predicts that the N, /O,  selectivity of CaX is superior to that 
NaX, while comparable selectivities are predicted for the two forms of the zeolite with 
the partial ionization given by qNo = 0.92 lel and q,, = 1.65 \el. This is consistent with 
the experimental findings by Coe [27] on the effect of the cation charges on N, /O,  
selectivity which showed that the superior air separation of the calcium form of zeolite 
type X compared to the sodium form is manifested only with adsorbents in a fully 
dehydrated/dehydrox ylated state. 
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220 K. WATANABE et a / .  

Determination of adsorbate-zeolite interaction potentials based on the semi-empiri- 
cal approach used in the present work is complicated by the dependence [22] of 
polarizabitity of zeolitic oxygens on the framework atom types and the extra frame- 
work cation types and by the dependence [27, 281 of effective charges of the extra 
framework cations on the conditions under which the zeolite samples are activated, 
which might explain the discrepancies between available experimental adsorption 
data. Further investigation of adsorbate-zeolite interactions using the semi-empirical 
approach of this work would require accurate measurements of adsorption properties 
made on zeolite samples prepared under carefully controlled conditions. 
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