
Diffusion in Zeolites Containing 
Mixed Cations 

Experimental results are reported for equilibrium adsorption and dif- 
fusivities of CH,, C,H, and GO, in type A zeolite containing mixed Na and 
K cations ranging from 0 to 100% in composition, at two temperatures 
and 1 atm. Two simple theoretical solutions are given for the diffusivity. 
One is for diffusion with pore (aperture) blocking using the effective 
medium approximation, which is readily available from the literature on 
percolation theory. The other is a kinetic solution derived in this work for 
cavities containing heterogeneous sites, which is a case where the per- 
colation theory is not applicable. The equilibrium adsorption results 
show that Kf  has a preference for the aperture (or pore-blocking) sites 
(site type II), and these results are interpreted by the bond percolation 
theory. The diffusivity results are successfully interpreted by the pore- 
blocking theory in zeolites containing less than 25% K+ and by the 
kinetic theory for zeolites with higher K+ contents. 
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Introduction 
Diffusion in porous structures with blocked pores and covered 

(adsorption/reaction) sites is an important problem encoun- 
tered in many fields and has been the subject of many recent 
studies (e.g., Gavalas and Kim, 1981; Theodorou and Wei, 
1983; Benzoni and Chang, 1984; Sahimi and Tsotsis, 1985; Mo 
and Wei, 1986; Burganos and Sotirchos, 1987). The pore struc- 
ture in zeolite molecular sieves is characterized by a regular 
network of cavities interconnected by apertures (pores). The 
cavities contain the adsorption and reaction sites whereas the 
apertures are accountable for the molecular sieving properties. 
For a given type of zeolite, the aperture size is dependent on the 
type of cations contained in the crystal. For example, by 
exchanging the sodium cations of the 4A zeolite with calcium 
cations, the effective aperture size is increased from about 4 to 5 
A (5A zeolite). Ion exchange of 4A zeolite with potassium 
cations reduces the apertures to about 3 A (3A zeolite). Many 
zeolites, both synthetic and natural, however, contain mixed 
cations (Breck, 1974; Barrer, 1978). Mixed-cation zeolites ex- 
hibit unique adsorption (Breck et al., 1956) and diffusion prop- 
erties (Ruthven, 1974), and can be prepared by controlled par- 
tial ion exchange. These zeolites are sorbents with tailored 
kinetic selectivities for kinetic separations, i.e., separations 
caused by differences in diffusivities (Yang, 1987). 

Correspondence concerning this paper should be addressed to R. T. Yang. 

This paper presents experimental results of adsorption and 
diffusion in type A zeolite containing mixed sodium and potas- 
sium ions. The equilibrium adsorption data are interpreted by 
the percolation model, and stochastic results are derived for the 
diffusivity in zeolites with mixed cations. 

Theoretical Considerations 
Cations in the zeolite cavities are located on specific sites. The 

crystal structure and cation locations in type A zeolite are shown 
in Figure 1. The cations located near an aperture (site I1 in Fig- 
ure 1) partially block it. (The term “pore” will be used in place 
of “aperture” to be consistent with the literature on percolation 
theory.) Other types of cations are entirely enclosed within the 
cavity (sites I and 111 in Figure 1). These two types of cations 
influence the diffusivity of a given gas molecule by different 
mechanisms. The former type influences the diffusivity by pore 
blocking, which is a percolation problem and has been treated as 
“pore percolation” or “bond percolation.” The latter type of 
cations influences the diffusivity by having different bond 
strengths between the adsorbed gas molecule and the adsorption 
sites that are associated with different cations. This is not a per- 
colation problem and will hence be treated kinetically. In the 
following, a theoretical solution will be given for diffusion in 
zeolite with pore-blocking cations, and a kinetic solution based 
on heterogeneous sites will be given for diffusion in zeolite with 
mixed cations occluded in the cavity. 
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By combining Eqs. 2 and 3, we have 

Figure 1. Framework structure of a type A zeolite cavity 
and three sites where cations are located. 

Analytic solutions for pore blocking from eflective 
medium approximation 

Numerical solutions for diffusion in 2D or 3D network with 
blocked or partially-blocked pores can be obtained by Monte 
Carlo simulation (e.g., Kirkpatrick, 1973; Ruthven, 1974; Theo- 
dorou and Wei, 1983). 

For diffusion not near the percolation threshold (where flux is 
discontinuous), accurate analytic solutions are possible by using 
the effective medium approximation (EMA) (Kirkpatrick, 
1973). The modern version of the EMA was given by Kirk- 
patrick ( 1  973), considering a randomly-distributed resistor net- 
work. A class of EMA’s has been constructed by Sahimi et al. 
(1983), who also provided an excellent review of the theory. 
More recently, analytic solutions for diffusivities in bidisperse- 
pore media were derived from the EMA (Benzoni and Chang, 
1984; Burganos and Sotirchos, 1987). 

We first apply the EMA to one-dimensional diffusion in a 
zeolite with parallel pores (e.g., in mordenite), whose cation sites 
are occupied by n different cations, each with a fractional occu- 
pancy ti. The resulting equation is: 

1 ”  
D,=s; 

where D, is the mean (effective) diffusivity, and D, is the diffu- 
sivity in zeolite containing 100% ith pores or cations of the ith 
kind. 

We next consider diffusion in multidimensional (2D square or 
3D simple cubic) zeolite networks. The self-consistency require- 
ment from the EMA is (Kirkpatrick, 1973) 

(2) (k - km) f (k)  d k  = 0 
k + ( i -  l )k ,  

where z is the coordination number, k is mass conductance (or 
jump frequency), k, is the mean value of k, andf(k) is the prob- 
ability distribution which is given by 

n 

f(k) = t&(k - ki) (3) 
i - l  

where 6(k - ki) is the Kronecker delta function. 

The effective Dm is given by (via Einstein relation, D = 

ks2/2): 

Equation 5 is an nth polynomial equation for 0,. Regardless 
of the value of n, it can be shown that there is only one positive 
root for D, which is the diffusivity in the zeolite containing n 
types of pore each having a diffusivity of Di. 

The solution for the binary system has been given by Kirk- 
patrick (1973). Thus, for a bidisperse-pore zeolite A or zeolite A 
containing two types of cation, the diffusivity is given by the 
quadratic form of Eq. 5 as (here z = 6 as shown in Figure 1 for 
A zeolite): 

Dm 1 - 
Dl 4 

[2 - 3 9  + (3t2 - l)r] 

1 
4 

+- {[2 - 3t2 + (3t2 - l)r]* + 8r}L/2 ( 6 )  

where r = D , / D l .  The limiting case for r = 0, in which pore type 
2 is totally blocked, is 

(7) 
1 

t l  > - - _  - 1 - 1.5tz (-1.5€, - 0.5) D m  
D,  3 

Equation 6 is plotted in Figure 2 with r as the parameter. 
Numerical (Monte-Carlo) solutions for diffusivities in binary 
pore systems have been calculated by Ruthven (1974) and by 
Theodorou and Wei (1983). Ruthven’s results are in excellent 
agreement with Eq. 6 and he also obtained Eq. 7 empirically 
(Figure 2). Theodorou and Wei considered a 2D square network 
with a probability of passing through an open pore = 0.25 and 
that through a blocked pore = 0.01. Thus, r = 0.01/0.25 = 0.04. 
Their numerical solution is in good agreement with the solution 
from Eq. 5 with z = 4. 

Kinetic solutions for heterogeneous sites 
The kinetic approach adopted here follows the classical tran- 

sition state theory, which has been used previously to study dif- 
fusion in zeolites (Ruthven and Derrah, 1972; Riekert, 1971). 
As depicted in Figure 3, the passage of molecule A through the 
intercavity aperture may be considered as a rate process involv- 
ing an activated transition state. Our consideration will be 
restricted to a binary-site zeolite, i.e., each cavity contains two 
types of adsorption sites, 1 and 2. Once activated, the molecule 
can take one of four possible paths. The rate constant for activa- 
tion from site 1 is k,, ,  and that for site 2 is ka2. The rate constant 
for readsorption on all four sites should be the same and equal to 
the vibration frequency ( u )  of the activated molecule. Thus, the 

1660 October 1989 Vol. 35, No. 10 AIChE Journal 



D - 
Dl 

Figure 2. 

rates are: 

11 

9 

7 

5 

3 

1.0 

.8 

.6 

.4 

.2 

0 
0 .2 .4 .6 .8 1.0 

E.. 

A* 

X - y  6 x X + T  6 

Figure 3. Potential energy diagram. 
A ,  and Al are adsorbed A on sites 1 and 2, respectively. A is at 
activated state at an intercavity pore. 

Equation 12 is solved for C:-b/2. The same set of equations as 
Eqs. 8-12 are written for the activated molecule (located at x) 
originating from the cavity located at x + 6/2, and they are 

The net forward mass fluxes for type-1 and type-2 sites are, 
solved for C:+b/2. 

respectively, 

(14) 
-L 

J 2  = u6(c ,* -6 /2B02 ,x+6 /2  - C:+b/28oZ,x-6/2) 
Analytic solution for pore blocking, Eq. 6, 
where r(=D,/D,)  is the parameter. t p  is fraction 
of K+. 
Also shown are Monte-Carlo calculation by Ruthven (1974) 
(dashed lines). 

Substituting the solutions of C* into Eqs. 13 and 14, noting 
B,,, = cI  - C,/C, (where C, = total concentration of sites 1 and 
2) and by carrying out the Taylor's series expansion (neglecting 
higher-order terms for infinitesimal 6 ) ,  i.e., 

Activation: 

Readsorption: 

where 8,,, is the fraction of vacant type-1 sites, C1 is the concen- 
tration of A adsorbed on type-1 sites, and C:-alz is the concen- 
tration of the activated molecules originated from all sites at 

The stationary state assumption stipulates that the change 
x - 612. 

rate of the concentration of the activated species is zero, thus 

6 ac 
2 ax C x + b / 2  = cx + -- 

we obtain 

with the Fickian diffusivities: 
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where D,,  and D, are the intrinsic diffusivities, which are diffu- 
sivities a t  zero amount adsorbed, given by the Einstein relation: 

To simplify the above solutions for diffusivities, we assume 
that localized equilibrium is reached between molecules ad- 
sorbed on the two types of site with a partition constant K 

It follows 

C KC CI  = -* + K' c 2 = -  1 + K  

The total flux is obtained by summing Eqs. 16 and 17: 

Substituting Eqs. 18-21 into Eq. 25, the overall diffusivity 
becomes: 

DIO 4- KD20 D =  
1 + K - 2 6 '  

Equation 26 provides the solution for the overall diffusivity, 
D, expressed in terms of the intrinsic diffusivities (i.e., diffusivi- 
ties on sites 1 and 2 at  6' = 0). From Eq. 26, it is seen that D 
should increase as the surface coverage 6' increases. For a zeolite 
containing only one type of cation, D,, = D2, = Do and K = 1 ,  eq. 
26 is reduced to: 

(27) 
Do D(pure-cation) = - 

1 -6' 

which is the same at  the H I 0  model for surface diffusion (Yang 
et al., 1973). It is also the same, for no obvious reason, as the 
result for zeolitic diffusion based on Darken's relation for gases 
following the Langmuir isotherm (e.g., Yang, 1987, p. 120). 

Equation 26 contains the partition constant K which remains 
to be evaluated. Evaluation of K is possible a t  low surface cover- 
age. As the amount adsorbed approaches zero, from Eqs. 8-1 1 
we obtain 

and hence 

Substituting Eq. 29 into Eq. 26 and letting 6' = 0, we have 

D 
D1 
- 

0 
0 .2 .4 .6 .a 1.0 

€2 

Figure 4. Kinetic solution for diffusivity (at 6 = 0) with 
heterogeneous sites in cavity at site-2 fraction 
t2 and parameter r(==D20/D,0). 

where r = D2,/Dl0. The dependence of diffusivity on the amount 
of type-2 cations, tZ, is shown in Figure 4 with r as the parame- 
ter. 

Experimental 
The diffusivities and equilibrium amounts adsorbed were 

measured by gravimetric uptake using a microbalance (TGA) 
which was connected to a gas flow system. Zeolite crystals in the 
powder form were used. The crystals were A-type molecular 
sieves containing pure or mixed cations of N a  and K, ranging 
from 0-100% in composition. Details of the experimental tech- 
nique and calculations are available elsewhere (Yeh, 1989). A 
summary is given below. 

The zeolite sample was Na-A (4A) in powder form supplied 
by Linde Division of Union Carbide Corporation (Lot No. 
941 08606000 8A, MS-I 07 1 ) .  Scanning electron microscope 
analysis showed that the crystals were nearly cubic in shape with 
a number-average size of 2.8 pm. The Na form was exchanged 
(partially or fully) for K' following the procedure published in 
the literature (Breck et al., 1956; Bolton, 1976). The ion 
exchange was performed at  25OC in 0.2N KCl solution in deion- 
ized water for an equilibration time of 3 days. Partial ion 
exchange was controlled by adjusting the initial K+/Na+ equiv- 
alent ratio, and the final K +  concentrations of the exchange 
solutions were determined by the amounts of K+ precipitated as 
KC104. The cation fractions in the samples prepared for this 
study were: t2 = K+/(K+ + N a + )  = 0, 5%, lo%, 25%, 3276, 
46%, 62%, and 100%. 
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Stringent steps were taken in the design, calibration and oper- 
ation of the TGA/flow system in order to minimize or eliminate 
the undesirable factors which often plague the measurement of 
diffusivities in zeolite: nonisothermal effect, external resistance, 
and traces of moisture. 

The TGA was a Cahn system 113 with programmed tempera- 
ture control. Helium (>99.995% purity Linde) was used as the 
inert carrier gas and the gas for regeneration. The adsorptive 
gases were CH4 (>99.0%, Linde), C& (>99.0%, Linde), and 
C 0 2  (>99.9%, Linde). Each gas passed through a separate pre- 
sorber, each containing 18-g 5A zeolite pellets (at 25OC), before 
being mixed and entering the TGA system. These presorbers 
effectively removed all traces of moisture (as evidenced by no 
weight gain in control experiments) as well as other impurities. 
Prior to each diffusivity measurement, the presorbers were 
regenerated at 35OOC (ca. 8 h) in He flow, cooled to 25OC, and 
were subsequently saturated (breakthrough) by the respective 
adsorptive gases. Gas compositions from the TGA were mea- 
sured by GC. A minimum gas velocity of 2.5 cm/s was used to 
minimize or eliminate external mass transfer resistance and 
nonisothermal effects. The uptake rates did not increase beyond 
this flow rate. 

In a typical experiment, the zeolite sample was 20 mg of crys- 
tals spread in a thin layer on the sample pan (alumina or 
quartz, ca. 1 cm in dia.). The sample was regenerated (35OoC, 8 
h) in He and cooled to 25OC or 50°C in He before the introduc- 
tion of the adsorptive gas in the He flow. The concentration of 
the adsorptive gas was increased in a stepwise manner so that 
the isotherm and the diffusivities at various amounts adsorbed 
could be obtained. Corrections for the buoyancy and drag force 
caused by the step changes were made based on blank runs. 

The uptake curves were fitted to a nonisothermal model (Yeh, 
1989). The temperature rises were below 0.5OC. This was the 
combined result of using a small crystal size, small amounts of 
crystals, high gas flow rate, and stepped increases in concentra- 
tion. To further ensure the isothermality of the experiments, 
desorption curves were obtained; in all cases, these curves were 
mirror images of the uptake curves. With the isothermality 
ensured, the evaluation of the diffusivities was based on the iso- 
thermal model, by numerical fitting using least squares. The 
numerical fitting program was implemented with an optimiza- 
tion algorithm (UVMIF subroutine) provided by IMSL. 

Results and Discussion 
Extensive experimental results were obtained for the equilib- 

rium amounts adsorbed and diffusivities of three gases (CH4, 
C2H6, and C02)  in ion-exchanged zeolites (c2 = K+ frac- 
tion = &loo%) at 25 and 50°C. The total pressure was 1 atm in 
all cases. 

An understanding of the cation locations in the zeolite A 
structure is necessary before discussion of the experimental 
results. As shown in Figure 1, the cations are located at three 
different sites. There are a total of 23 sites in each unit cavity. 
Only 12 monovalent cations, however, are needed (to balance 
the 12 A102 tetrahedrals in the unit). In the NaA zeolite, there 
are eight Na+ located at  site I, three Na+ at site 11, and one Na+ 
at site 111 (Breck, 1974). The three cations at  site I1 partially 
block the aperture (or pore) and influence the adsorption and 
diffusion. Hence the influence of these cations on diffusion could 
be interpreted by the pore-blocking theory described above, and 
their influence on adsorption could be explained by the "bond 
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Table 1. Equilibrium Adsorption and Diffusivity of C2H6 at 
25OC in Zeolite A at Various el,  c2 = K+/(K+ + Na+)* 

€2 P(kPa) Q(s/d D (cm2/s) 

0% 1.19 1.21 x 9.60 x 1 0 - 1 3  

65.6 7.09 x 5.49 x lo-" 

28.5 6.13 x 4.12 x 
44.9 6.68 x 4.90 x 

99.5 7.49 x 6.07 x 

5% 1.18 1.23 x 7.45 10-l3 
28.5 5.35 x 1.76 x lo-" 
44.6 5.97 x 3.23 x 
65.4 6.41 x 3.53 x 10-12 
99.9 6.74 x 5.88 x 

10% 1.19 0.85 x 4.90 x 
28.5 4.41 x 7.84 x lo-" 
44.9 5.06 x 1.76 x 
65.3 5.78 x lo-' 3.33 x 

100.6 5.90 x lo-' 3.72 x lo-'' 

25% 1.19 1.5 x 10-3 1.5 x 1 0 - l ~  

101.0 1.20 x 7.8 10-1~ 

32% 100.6 0.0 0.0 

*The results at 5OoC are available in Yeh (1989). 

Table 2. Equilibrium Adsorption and Diffusivity of CO, at 
25OC in Zeolite A at Various cz, e, = K +/(K + + Na+)* 

62 P (kPa) Q W g )  D (cm2/sec) 

0% 0.588 6.07 x 2.16 x lo-" 
2.39 9.90 x 3.53 x lo-" 
9.65 13.3 x 1.33 x lo-'' 

30.8 16.1 x lo-' 1.53 x 10-lo 
100.8 18.0 x lo-* 1.76 x lo-" 

5% 0.894 6.51 x 1.57 x lo-" 

16.7 14.0 x 7.64 x lo-" 
60.1 16.7 x lo-' 8.82 x lo-" 

100.2 17.8 x 1.49 x lo-" 

4.89 10.8 x lo-' 2.20 x 

10% 0.893 5.74 x 10-2 1.27 x lo-" 
4.88 10.3 x 2.16 x lo-" 

16.7 13.7 x 5.68 x lo-" 
60.3 16.6 x 9.60 x lo-" 

100.4 17.4 x 1.37 x lo-'' 

25% 0.898 1.02 x 1 0 - 2  1.9 10-l4 
4.79 6.07 x lo-* 3.9 10-1~  
8.14 8.57 x 5.9 x 10- l4  

13.4 11.3 x 7.4 x 10-14 
101.2 15.3 x 1.8 x 10-13 

32% 0.839 9.0 lo-' 1.8 x 
6.22 4.1 x lo-' 

101.2 12.7 x lo-* 

1.8 1 0 - l ~  
19.9 9.8 x 2.2 x 1 0 4 4  

2.6 10-1' 

1.8 10-l4 
3.16 1.26 x 1.8 x 10-1~ 

19.3 7.60 x lo-' 2.2 10-l4 
101.6 12.00 x 3.3 x 10-l4 

46% 0.701 6.0 x I O - ~  

~~~ ~ 

62% 4.66 1.2 x lo-) 1.7 x 10-l4 
47.9 8.80 x 1.7 x 10-1~ 

1.9 x 10-1' 101.0 10.1 x 

- 100% 100.6 trace 

*The results at 5OoC are available in Yeh (1989). 

Vol. 35, No. 10 1663 



percolation” theory (e.g., Kirkpatrick, 1973). The cations lo- 
cated a t  sites I and 111 are within the cavity; consequently, their 
influence on adsorption and diffusion is due to site heterogenei- 
ty. 

The experimental results on equilibrium adsorption (Q) and 
diffusivity (D) for CzH6 and co, in the mixed-cation zeolite A 
a t  25OC are given respectively in Tables 1 and 2. Similar results 
for CH, at  25O and 50°C and that for C2H6 and Coz at  50°C are  
available in detail elsewhere (Yeh, 1989). The diffusivities 
increase with the amount adsorbed. The dependence of diffusiv- 
ity on adsorbate concentration (Q) generally obeys Eq. 27, i.e., 
D/ D, = (1 - 0)-’ where 0 = Q/Q, (Yeh, 1989). Thus the diffu- 
sivities a t  zero coverage (0 = 0) are  obtained using Eq. 27, 
where the values of Q, are calculated by fitting the equilibrium 
adsorption data with the Langmuir isotherm and the “mono- 
layer” amount is taken as Q, (Yeh, 1989). 

In measuring the amounts adsorbed, true equilibria are  diffi- 
cult to achieve for zeolites with high K+ contents due to low dif- 
fusivities. In the most severe cases, such as CzH6/25% K+A a t  
25OC and C02/>46% K+A a t  25OC, 3-5 days were allowed for 
each measurement. The values for the equilibrium amounts 
adsorbed are thus pseudoequilibrium values. The main cause for 
low diffusivities is the proximity between the molecular size and 
the aperture size. The aperture sizes are 3.0 and 3.8 8, for KA 
and NaA, respectively, whereas the kinetic diameters (calcu- 
lated from the Lennard-Jones potentials) are  3.3 and 3.8 8, for 
COz and CH,, respectively (C2H6 is slightly larger than CH,). 
The kinetic diameter is an approximate value for the molecular 
size and thus provides an indication for the admission or exclu- 
sion to the zeolite cavities. 

The experimental data on adsorption and diffusivity are also 
shown in Figures 5-10, for Do (at 0 = 0) and Q (at 1 atm). Equi- 
librium adsorption data (but no diffusivity data) have been 
reported by Breck et al. (1956) for C2H6 and COz in mixed Na/  
K type-A zeolite a t  25OC and a fixed pressure of 0.921 atm (700 
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Figure 5. Equilibrium adsorption at 1 atm (A, 0). 
Diffusivity at B = 0 (0.0,) of CHI at 25OC in zeolite with K+ frac- 
tion e2. Prediction by percolation theory for adsorption (dashed line) 
and that by pore-blocking theory for diffusivity (solid line). 
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Figure 6. Equilibrium adsorption at 1 atm (A) and diffusiv- 
ity at 0 = 0 (0) of CH, at 50°C in zeolite with K+ 
fraction c2. 
Prediction by percolation theory for adsorption (dahsed line) and 
that by pore-blocking theory for diffusivity (solid line). 

mm Hg). They reported values of approximately 0.072 g/g (at 
t2 = 0) decreasing (convexing downward) to zero a t  cz = 0.27 for 
C2H6 (compared to the data in Figure 7 for 1 atm), and 0.18 g/g 
(at c2 = 0) decreasing to 0.01 (at t2 = 0.95) for C 0 2  (compared 
to our data in Figure 9 for 1 atm). Their data are  in good agree- 
ment with ours. The results shown in Figure 5-10 exhibit a gen- 
eral cut-off phenomenon a t  certain values of K +  content (c2). An 
exception to the cut-off behavior is found in the amounts 
adsorbed of COz, where it declines with tz to a finite value at  

10 t 

c \: 

2 1  i , , , j 2  0 0 0 
0 .2 .4 .6 .8 1.0 

Figure 7. Equilibrium adsorption at 1 atm (A) and diffusiv- 
ity at 0 = 0 (0) of C,He at 25°C in zeolite with K+ 
fraction t,. 
Dashed line, percolation theory for adsorption; solid line. pore- 
blocking theory for diffusivity. 
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Figure 8. Equilibrium adsorption at 1 atm (A) and diffusiv- 
ity at 8 = 0 (0) of CzHo at 50°C in zeolite with K+ 
fraction c2. 
Dashed line, percolation theory for adsorption; solid line, pore- 
blocking theory for diffusivity. 

100% K+ (Figures 9 and 10). These values (at high e2) are how- 
ever, kinetically-limited and are not near equilibrium. Specifi- 
cally, the Q values for CO, at t2 = 46% and 62% are higher at 
5OoC than those at 25OC. These values are clearly far from equi- 
librium and may be considered as "3-day'' uptake amounts. The 
diffusivity data for C 0 2 ,  however, retain the cut-off behavior. 

The cut-offs in the above results are also referred to as perco- 
lation thresholds (Kirkpatrick, 1973). which were first studied 
formally by Broadbent and Hamrnersley (1957). Percolation 
thresholds may be caused by bond (aperture) blocking or site 
(cavity) blocking. For the mixed-cation A zeolites, K+ on sites I 
and 111 blocks neither aperture nor cavity, and hence is not 
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Figure 9. Equilibrium adsorption at 1 atm (A) and diffusiv- 
ity at 8 = 0 (0) of COP at 25°C in zeolite with K+ 
fraction el. 
Solid line, pore-blocking theory for diffusivity. 
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Equilibrium adsorption at 1 atm (A) and diffu- 
sivity at 8 = 0 (0) of C02 at 50°C in zeolite with 
K+ fraction c2. 
Solid line, pore-blocking theory for diffusivity. 

for the cut-off behavior. The cut-off behavior is 
therefore caused mainly by bond percolation. The zeolite type-A 
network (Figure 1) has a cubic structure. The result for bond 
percolation in a simple cubic system (Kirkpatrick, 1973) is 
shown in Figure 11. The theoretical percolation threshold is 
approximately 75% pore blockage. 

The thresholds for the amounts adsorbed of CH, (Figures 5 
and 6) and C2Hb (Figures 7 and 8) correspond to c2 values sub- 
stantially lower than the theoretical value of 75%. A close 
inspection of the experimental results shows that the c2 values, 
where Q suddenly declines, are approximately y4 of the theoreti- 
cal threshold. As described above, there are three type-I1 sites 
for K+ to displace Na+, out of a total of 12 sites (eight on site I 
and one on site 111). And these are the three sites where bond- 
blocking occurs. The experimental results of approximately % of 
the theoretical threshold is a strong evidence to show that 
the three type-I1 sites are preferentially ion exchanged by K+. 

1.0 

.8 

.6 

P 
.4 

.2 
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Figure 11. Fraction of accessible cavities (P)  as a func- 
tion of fraction of blocked pores (+) from 
bond-percolation theory for 3D simple cubic 
lattice. 
From Kirkpatrick (1973). 
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The aperture is totally blocked (for CH4 and C,HJ when all 
three type-I1 sites are occupied by K+. No information exists in 
the literature concerning the locations of the K+ cations in the 
mixed K/Na zeolite. 

Based on the preceding discussion, the amounts adsorbed for 
CH4 and C2H6 are interpreted by bond percolation with a shifted 
threshold (or adjusted z2 values). The threshold is shifted from 
75% to y4 of this theoretical value, i.e., 19%. The theoretical val- 
ues for sorption capacities are thus plotted in dashed lines in Fig- 
ures 5-8, which are  in fair agreement with the experimental 
data. The bond percolation theory is applicable to CHI and C2H6 
because the pores are closed (or bonds broken) when K+ occu- 
pies site 11. This is not the case for CO,, however. Due to the 
small size of C02 ( C 0 2  is a linear molecule), pores are not closed 
to CO, with K+ occupying site 11. Consequently, the equilibrium 
amount of adsorbed CO, declines relatively slowly with % K+ 
exchange, as shown in Figures 9 and 10, and the C02 data do not 
exhibit a percolation threshold. 

It has become clear that pore blocking plays a major role in 
both sorption capacity and diffusivity in the systems studied 
here, while site heterogeneity plays only a secondary role. The 
analytic solution for pore blocking based on EMA will be used to 
interprete the diffusivity data. In applying the pore-blocking 
solution, the value of t2 (i.e., extent of K+ exchange) needs to be 
adjusted to that consistent with the theory. Since the three site- 
11 cations are preferentially exchanged (out of a total of 12 
cations), the effective e, value should span from 0 to 25% (%2) of 
the actual K+ fractions. With this adjustment, the EMA/pore- 
blocking theory is applied by using Eq. 6. Moreover, the limiting 
diffusivities, D, and D2, are the values corresponding to t2 = 0 
and 25%, respectively. The values of r used in predicting Dm are 
Om/ Dlo, where Dm is Do a t  t2 = 25% and D,* is Do a t  t2 = 0. The 
values of Do are obtained from the diffusivity data using Eq. 27, 
where B - Q/Q, and Q, is calculated from the Langmuir iso- 
therm (Yeh, 1989). Thus, there are  no fitting parameters used 
in the prediction. The predicted diffusivity (0,) values calcu- 
lated from Eq. 6 are also shown in Figures 5-10 as solid curves. 
The pore-blocking theory provides a fair interpretation for the 
experimental values in the t2 range of 0-25%. 

As the K+ content exceeds 25%, the K+ catiQns start to 
occupy types I and I11 sites. The variation of diffusivity is domi- 
nated by site heterogeneity. The theoretical solution, Eq. 30, 
should be applicable in this region. To do so, the limiting diffu- 
sivities a t  c2 - 25% (for D l )  and 100% (for D,) are required. 
However, measurement of diffusivity in this region (especially 
a t  t, = 100%) is not feasible with the TGA (or any other exist- 
ing) technique due to the small amount adsorbed and the low 
diffusivity. Consequently, the value for r in Eq. 30 (r  - 4/13,), 
although it is known to be small, cannot be evaluated. The theo- 
retical solution (Figure 4) predicts a sharp decline of diffusivity 
for small valuesof r, which is qualitatively in agreement with the 
experimental results. 
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Notation 
C - concentration (or total concentration) of adsorbed molecules 

C, ,  C, = concentration of adsorbed molecules on site 1 or 2 

D = diffusivity 
D,,, D,,, - intrinsic diffusivity on site 1 or 2 defined by Eq. 22, or diffu- 

sivity at zero coverage 
J - flux or molecules 
k = mass conductance or jump frequency 

k ,  - rate constant for activation 
K - equilibrium partition constant between two types of site 
P = pressure 
Q - equilibrium amount adsorbed 
r - D J D ,  or Dm/D1o or rate 
t = time 
x - distance coordinate 
z - coordination number (number of pores connected to each 

cavity) 

Creek letters 
d - jump distance or intercavity distance 
ci - fraction of pores of the ith kind, or fraction of cation sites 

occupied by cations of the ith kind 
e2 - K+ fraction, K + / ( K +  + Na+) 
0 = fractional coverage of adsorption sites 

0. = fractional vacant sites 
Y = vibration frequency 

Subscripts 
i - related to i th  pores or ith cations (1 for Na+, 2 for K + )  

m - mean value 
s - saturated 
0 = properties at zero surface coverage 

1, 2 - adsorption sites 1 and 2 
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