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Many nuclear facilities throughout the world must separate strontium-90 and cesium- 
137 from natural waters containing calcium, magnesium, and sodium. Our research 
showed that chabazite, a zeolite with a hexagonal ring structure, is cost-effective for this 
purpose. A batch kinetic uptake model for this five-component ion-exchange system was 
developed and tested against experimental data. The pore-diffusion model of Yao and 
Tien is used with the equilibrium model of Perona. The resulting model is fast and 
stable, and represents the experimental data well. 

Introduction 
Many nuclear facilities throughout the world must process 

groundwaters and wastewaters for the removal of strontium- 
90 and cesium-137. These waters usually contain calcium, 
magnesium, and sodium in concentrations many orders of 
magnitude larger than the radioactive species. Typical cation 
and anion concentrations in wastewater from Oak Ridge Na- 
tional Laboratory (ORNL) are shown in Table 1. Treatability 
studies by Robinson and Begovich (1991) support the use of 
chabazite zeolite as the most cost-effective means of separa- 
tion of the radioactive species from the ORNL wastewater. 
Chabazite is relatively inexpensive, and secondary waste gen- 
eration for this treatment process would constitute a spent 
zeolite that would be disposed of as a solid waste. 

Physical properties of the chabazite zeolite pellet used in a 
study by Robinson et al. (1994) are shown in Table 2. These 
researchers worked with both zeolite crystals (Ionsiv IE-90) 
and zeolite pellets (Ionsiv IE-961, which are the crystals held 
together with a clay binder to form a larger particle. This 
present study deals only with the pellet form of the zeolite, 
IE-96, since that is the form of zeolite to be used in further 
fixed-bed studies. 

The experimental data modeled in this article are taken 
from the study by Robinson and coworkers (1994). In the ref- 
erenced study, multicomponent equilibrium was estimated 
using a modified Dubinin-Polyani model. Kinetic uptake data 
were modeled based on solid diffusion and combinations of 
macropore and micropore diffusion, and the mathematical 
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model was solved by orthogonal collocation. In the present 
article a thermodynamic equilibrium model developed by 
Perona (1993) for the same system is used in combination 
with an approximate solution to the pore-diffusion model 
presented by Yao and Tien (1993). Data for two five-compo- 
nent uptake experiments (SK-24 and SK-34) were used, hav- 
ing total cationic concentrations of 1.58 meq/L and 6.29 
meq/L. The approximate solution of Yao and Tien (1993) is 
based on assumptions that allow the partial differential equa- 
tions to be reduced to ordinary differential equations. The 
pore-diffusion model was found to require less computer time 
and to be more stable for this multicomponent system than 
the orthogonal collocation model. 

Model Development 
Diffusion of a species prior to ion exchange takes place in 

two regions: (1) the solution outside the particle, and (2 )  
within the particle. The transport resistance outside the par- 

Table 1. Typical Cation/Anion Concentrations in ORNL 
Wastewater 

Species Conc. (N) Species Conc. (N) 
Ca2 + 2.0 x 10- HC0,- 1.5 X 
Mg2+ 6.6X - 4 . 8 ~  10-4 

c1- 2.8~10-4 Na' 2 . 2 ~ 1 0 - ~  
NO,- 1.ax10-4 

9.1 X 10- l3 co,2- 2 . 3 ~  10-4  
9oSr2' 1.7XlO-" 
137cs+ 
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Table 2. Physical Properties of Chabazite Zeolite IE-96 
Pellets* 

Property Units Value 

Bulk density g/cm3 1.39 
Real density g/Cm” 2.05 
Porosity cm3 pore/cm3 total particle 0.32 
Avg. particle radius crn 0.02725 
Max. pore radius crn 5.0 
Surface area m2/g 360 
Moisture content % 6.9-7.9 
Avg. composition Na,O% 7.9 

K,O% 1 .0 
MgO% 0.8 
CaO% 1.2 
BaO% 0.1 
S O 2 %  67.4 
A,03% 17.3 
FeO% 4.0 
TiO% 0.2 

*Robinson et al. (1  994) 

ticle occurs in the film surrounding the particle. For a batch- 
stirred contactor, the bulk liquid is assumed to be well mixed, 
and the concentration of species i in the bulk liquid phase is 
assumed constant at any time throughout the contactor. 

Diffusion of species i within the particle is much more 
complicated and may occur by various mechanisms-solid 
diffusion, pore diffusion, surface diffusion, or a combination 
of these (Ruthven, 1984). Mass transfer within a porous pel- 
let (such as chabazite zeolite) can take place at several levels, 
and can be modeled more simplistically by assuming a homo- 
geneous pellet, which requires a single solid-phase diffusion 
coefficient (the homogeneous-diffusion model). This assump- 
tion does not work well for zeolite pellets composed of crys- 
tals and binder. Zeolite crystals would be expected to be much 
more amenable to this type of model. Robinson et al. (1994) 
showed this to be the case. Their homogeneous-diffusion 
model satisfactorily modeled single-crystal uptake rates of 
single solutes, but failed to model single or multicomponent 
uptake by zeolite pellets. 

The next step in complexity would be to assume diffusion 
through the pores (pore diffusion) or diffusion along the sur- 
face of the pores (surface diffusion) as the rate-limiting 
mechanism. In pore diffusion, the liquid in the pores is con- 
sidered to be in equilibrium with the adsorbed solid phase. 
The pore-diffusion model is considered more accurate (as 
opposed to a surface-diffusion model) if, in a multicompo- 
nent system, some species are more strongly adsorbed than 
other species. Surface-diffusion modeling is usually used when 
weakly adsorbed species are not present (Friedman, 1984). 
A combination of pore and surface diffusion is sometimes 
referred to as heterogeneous diffusion (e.g., Fettig and Son- 
theimer, 1987; Merk et al., 1981). 

A different meaning for “heterogeneous diffusion” is often 
used for a composite solid, in which mass transfer occurs (a) 
in the pores of the pellet (macropore diffusion by pore and/or 
surface diffusion), and (b) in the solid crystals (micropore dif- 
fusion). Both of these diffusional fluxes are taken into ac- 
count in the heterogeneous-diffusion model (Fritz et al., 
1981). These mechanisms (macropore and micropore diffu- 
sion) can be assumed to occur in parallel or in series with 
each other (Robinson et al., 1994). The heterogeneous struc- 
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ture of the zeolites makes the heterogeneous-diffusion mod- 
els, which assume pore and/or surface macropore diffusion 
and solid, micropore internal resistances most realistic; how- 
ever, they are also much more complicated (Ruthven, 1984). 
Robinson et al. (1994) modeled the multicomponent system 
under study in this article using macropore--micropore diffu- 
sion models in parallel and series. 

Many authors have solved adsorption problems assuming a 
parabolic concentration profile within the particle (e.g., Do 
and Rice, 1986). This assumption simplifies the mathematics 
by allowing the PDEs describing the adsorption processes to 
be reduced to ODEs. Yao and Tien (1993) assumed a 
parabolic intraparticle concentration profile for separate 
cases of pore- and surface-diffusion control. In their solu- 
tions, a “concentration layer” is defined within the particle in 
which the parabolic concentration profile is assumed. From 
the center of the particle to this “layer” the concentration is 
assumed to be the initial concentration within the pores (usu- 
ally zero). The PDEs describing pore (surface) diffusion can 
then be reduced to ODEs, with the coefficients of the 
parabolic profile and the width of the boundary layer deter- 
mined as functions of the various concentrations. 

Pore diffusion is usually assumed to be the rate-controlling 
intraparticle process (over surface diffusion) if, in a multi- 
component system, some species are more strongly adsorbed 
than other species (Friedman, 1984) as is the case here. 
Robinson and coworkers (1 994) showed that chabazite zeo- 
lite adsorbs cesium most strongly, the order of selectivity be- 
ing Cs > Sr > Ca > Mg > Na. In addition to this considera- 
tion, the surface-diffusion coefficients were estimated by 
Robinson to be on the order of cm2/s compared with 
effective pore-diffusion coefficients on the order of 
cm2/s, also supporting the dominance of pore diffusion (since 
these intraparticle mechanisms occur in parallel). 

Diffusional Model 
The pore-diffusion approximate solution presented by Yao 

and Tien (1993) was chosen to represent the kinetics for the 
present five-component system, since their results showed ex- 
cellent agreement with orthogonal collocation solutions, and 
computer times would be shorter using the less complex 
model compared to the heterogeneous model of Robinson et 
al. (1994). In their article, Yao and Tien (1993) develop the 
pore-diffusion model for a single component. For a multi- 
component system, the intraparticle mass balance for pore 
diffusion of species i would be 

where 
eP = porosity of adsorbent, mL pore/rnL particle 

cp, = pore concentration of species i, meq/rnL pore 
Dpi = overall pore-diffusion coefficient, cm2/s 
qi= adsorbed concentration of species i, rneq/rnL particle 
r = radial position, cm 
t =  time, s 

The effective diffusivity for adsorbate i, Dei, is defined as: 

(2) 
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Boundary and initial conditions for the preceding case, ad- 
sorption of n, i-species into a spherical particle are: 

at t = 0 cpi = cpio,  ( 3 )  

and 

''pi 0, 
at r = O  -= 

d r  

where 
cbi = bulk-liquid concentration of species i, meq/mL 
k f i  = film mass-transfer coefficient for species i ,  cm/s 
R,  = particle radius, cm 

The equations are then written in terms of the following di- 
mensionless variables: 

and the dimensionless Biot number for component i, 

( 6 )  

( 7 )  

Assuming a constant diffusivity, the mass balance for pore 
diffusion becomes: 

dCpi 1 d d C p j  

( E p + f l ( C p i ) ) - - = - -  d r  x 2  dx( x 2 -  d x  ) , (8) 

where f ( cp i )  is the equilibrium relationship. 
For a multicomponent system, the equilibrium adsorbed- 

phase concentration for species i (with i = 1) is dependent on 
the local concentration of all adsorbable components (Ruth- 
ven, 1984): 

Yao and Tien (1993) define a parabolic concentration layer 
within the particle of width 6. They represent the pore con- 
centration of species i as 

cPi = ai + bix + c ixz  for 1 - S I x I 1 
for O ~ x s l - 6 .  (12) c . = c  

P' PI0 

The reader is referred to Yao and Tien (1993) for the details 
that result in their approximate solution to the pore-diffusion 
model: 

where cSi is the surface concentration of species i and the 
overbar denotes the average value. 

Yao and Tien introduce an approximation: 

which is exact for a linear isotherm. The deviation of this 
assumption from real behavior depends on the extent of non- 
linearity of the isotherm. The final equations for Yao and 
Tien's Model I for intracrystalline pore diffusion are 

These two equations are combined to give: 

dEpi 3Bii(Cbi - C S i )  
(17) 

d7 ( e P +  f ' ( Z p i ) )  ' 

which can be solved numerically for each component. In this 
study, Eq. 17 was solved using a fourth-order Runge-Kutta 
routine. 

The values for cbi and cSi in the preceding equation are 
found by writing an overall mass balance: 

-= 

Assuming, at any time, T, 
and from Eq. 16, assuming cpi,  = 0 at T = 0: 

c,,,, = C P l  + cp2 + ... + C p n  (10) 

and assuming constant total pore concentration, C p  
reduces to: 

Eq. 9 
which can be solved to obtain cSi. 
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Equilibrium Model 
The adsorption-equilibrium model for the multicomponent 

system Cs-Sr-Ca-Mg-Na was developed by Perona (1993) 
based on fundamental thermodynamic relationships. Follow- 
ing is a brief discussion of the theory involved. 

An ion-exchange reaction between a species in solution, A ,  
and the ion in the solid phase, B ,  can be expressed as 

bA+" + aB+'% bAf" + aB+b.  

The equilibrium constant, K A  - 
is written: 

for the preceding reaction 

(20) 

where 
yi = equivalents fraction of i in the solid phase 
ci = normality of i in the liquid phase, meq/mL 
y j=  activity coefficient of i in the liquid phase 
yi = activity coefficient of i in the solid phase - 

In Perona's model, the Pitzer equation is used to calculate 
the liquid-phase activity coefficients, and the Wilson equa- 
tion is used to calculate solid-phase activity coefficients. This 
relationship relates the solid-phase fraction to the solid-phase 
activity coefficients, and is based on the Gibbs-Duhem equa- 
tion. Wilson's equation for a multicomponent system is writ- 
ten: 

where the A terms are the interaction parameters that are 
found by fitting experimental binary data for the multiple 
pairs (where all A, = 1). In turn, for the multicomponent sys- 
tem these binary interaction parameters are used in this same 
Wilson equation. Through the use of the equilibrium rela- 
tionship in Eq. 10, the Pitzer and the Wilson equations, and 
binary pair equilibrium data, the multicomponent isotherms 
are predicted. These equilibrium expressions can then be used 
in the rate equations to completely model the kinetics of the 
system. 

The role of the equilibrium model within the kinetic model 
is shown in Eq. 8. The calculation of the derivative of the 
equilibrium model, f ' ( C p i ) ,  for equilibrium models such as 
the Langmuir or Freundlich models, is relatively straightfor- 
ward. Both are simple equations where the average solid- 
phase adsorbed concentration is given as a function of the 
average liquid concentration for a single species, and these 
derivatives can be expressed as a single function. For this 
thermodynamic model, the concentration of species i in the 
solid phase, in equilibrium with the liquid concentration of 
all n-components, requires an iterative approach. A change 
in the liquid concentration of a single component would be 
expected to elicit a change in the loading of all components. 
Equation 11 demonstrates this interdependence for a multi- 
component system. A finite difference technique was used to 
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calculate the change in the solid loading of species i for small 
step changes, 6, in each solute (average) pore concentration 
while holding a11 other average pore concentrations constant 
(Lapidus and Pinder, 1982): 

The total derivative for a solute was then calculated as a 
combination of the partial derivatives with respect to the 
change in each liquid-phase solute as in Eq. 11. 

An additional assumption was necessary in order to utilize 
the Perona model. In order to predict solid loading, the equi- 
librium model requires the liquid concentrations of all ex- 
changing components, including sodium. The initial sodium 
concentration in the pores was assumed to be equal to the 
bulk-liquid cationic concentration, representing no net charge 
difference (or osmotic pressure difference) between bulk and 
pore liquids. Assuming electroneutrality, the total pore con- 
centration in terms of total positive charges was considered 
to be constant for all time. Thus the iterative technique for 
converging upon equilibrium solution concentrations in- 
cluded the additional constraint that the sodium concentra- 
tion equal the total concentration less the concentrations of 
the other species. 

Determination of Constants 
The defining equation for the film mass-transfer coeffi- 

cient, kf i  (cm/s), for a spherical particle is written (Ruthven, 
1984): 

Many empirical relationships exist for the calculation of 
film mass-transfer coefficients in batch reactors (e.g., 
Ruthven, 1984; Cornell et al., 1986; Smith and Weber, 1988). 
Most of these relationships involve the power input to the 
stirrer and the physical properties of the solutions. These 
correlations do not, however, account for the surface topog- 
raphy and roughness of an adsorbent that can impact the film 
mass-transfer coefficient (Smith and Weber, 1988). 

Film mass-transfer coefficients can also be determined from 
experimental data by fitting the initial slope of the transient 
uptake (e.g., Fettig and Sontheimer, 1987; Weber and Wang, 
1987; Smith and Weber, 1988; Robinson et al., 1994). Initial 
experimental points can be assumed to be unaffected by in- 
traparticle mass transfer, and thus the film mass-transfer co- 
efficient can be found by 

(24) 

assuming c, is negligible as t approaches zero. For multicom- 
ponent systems, film mass-transfer coefficients must be de- 
termined experimentally, because correlations do not ac- 
count for the decreased rates due to component interactions 
(Smith and Weber, 1988). 
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Table 3. Film Mass-Transfer Coefficients for Binary and 
Multicomponent Systems 

Binary System Multicomponent 

Range of k f  (cm/s) k f i  (cm/s) k f i  (cm/s) 
Component from Correlations* Experimental Experimental 
Film mass-transfer coefficients found by fitting the initial experimental 
data with the pore-diffusion model for binary cases and multicompo- 
nent cases for experimental data run (SK-34, total cationic concentra- 
tion 6.29 meq/L). 

Strontium 0.001 -0.018 0.009 0.002 
Cesium 0.0015-0.024 0.021 0.004 
Calcium 0.0011-0.018 0.006 0.0018 
Magnesium 0.001-0.017 0.004 0.0025 
Film mass-transfer coefficients found by fitting the initial experimental 
data for the lower concentration multicomponent run (SK-24, total 
cationic concentration 1.58 meq/L) with the pore-diffusion model. 

Strontium 0.01 
Cesium 0.006 
Calcium 0.006 
Magnesium 0.004 

*As calculated by Robinson et al. (1994). 

Film mass-transfer coefficients were determined by Robin- 
son et al. (1994) for binary systems using various semiempiri- 
cal correlations and also by fitting the experimental data. The 
correlations included the Treybal, Gilliland-Sherwood, 
Froessling, and Ranz and Marshall correlations. For compar- 
ison purposes, the binary-film mass-transfer coefficients ob- 
tained by Robinson using the correlations are shown in Table 
3 along with the values obtained by fitting binary data with 
the Yao and Tien pore-diffusion model. Those k ,  values 
found by modeling the experimental data fall well within the 
ranges predicted by the correlations. The multicomponent 
film mass-transfer coefficients, which were found by fitting 
the data, are also shown in Table 3. The multicomponent 
film mass-transfer coefficients were consistently lower than 
the corresponding binary coefficients. 

For a multicomponent system, individual film mass-trans- 
fer coefficients would be expected to be lower than those for 
a binary system (Smith and Weber, 1988). This is explained 
by the competition present with multiple diffusing and coun- 
terdiffusing species. As the concentrations of the species de- 
crease in a multicomponent situation, one would expect the 
film mass-transfer coefficients to approach the values esti- 
mated for the single components. This was demonstrated in 
modeling the more dilute multicomponent experimental data 
(SK-24) for which slightly higher values for k ,  were required 
to fit the initial uptake curves (see Table 3). 

Effective pore-diffusion coefficients for the exchanging 
species in this study are given in Table 4. With the exception 
of the diffusion coefficient for calcium, these are the diffu- 
sion coefficients that were determined by Robinson and 

Table 4. Effective Pore Diffusivities for the 
Sr-Cs-Ca-Mg-Na Multicomponent System 

Component Dp,eff (cm*/s) 
Strontium 5.ox10-5 
Cesium 1.5 x 10-4 
Calcium 1 . 0 ~ 1 0 - ~  
Magnesium 1 . 0 ~ 1 0 - ~  

coworkers (1994) through fitting the orthogonal collocation 
model. The diffusion coefficient for calcium was decreased, 
providing an improved fit to the experimental data. 

The dimensionless Biot number (defined in Eq. 7) is the 
ratio of the external-phase mass-transfer rate to the intra- 
particle-phase mass-transfer rate. As the Biot number in- 
creases (generally over 301, the intraparticle mass-transfer 
rate is reduced and thus controls the overall exchange rate, 
while a smaller Biot number ( < 0.5) signals an external (film) 
mass-transfer rate-controlled process (Crittenden et al., 1980; 
Friedman, 1984). For this system Biot numbers for each com- 
ponent-in both binary exchange and multicomponent ex- 
change-are about 2.5. This value supports the significance 
of both mass-transfer resistances. 

The maximum loading of the IE-96 chabazite zeolite was 
found by Robinson and coworkers (1994) to be 3.2 meq/g in 
the presence of cesium, and 2.8 meq/g without cesium in the 
solution. Researchers Dyer and Keir (1989) found the maxi- 
mum loading of chabazite zeolite IE-96 to be 2.22 meq/g. An 
intermediate value of 2.6 meq/g was used in this study, as it 
predicted the loading for all cases (binary and multicompo- 
nent) with the least error. 

Results and Discussion 
Uptake curves for binary and multicomponent systems were 

predicted using Yao and Tien's (1993) approximate solution 
to the pore-diffusion model. The first set of kinetic data, SK- 
34, was run at higher initial experimental concentrations for 
each component (on the order of meq/mL). Figures 1 
through 4 show the experimental values for the transient up- 
take from solution of strontium, cesium, calcium, and magne- 
sium vs. that predicted by the multicomponent model. The 
uptake of each component was predicted quite well, with 
percent variances of 1.7%, 3.3%, 3.3%, and 2.6% for stron- 
tium, cesium, calcium, and magnesium, respectively, 

The variance was calculated by 

experimental - theoretical 
experimental 

0.4 
0 50 100 150 200 250 300 350 400 

Time (minutes) 

Figure 1. Strontium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicornponent ion ex- 
change for experimental run SK-34. 
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0.4 
0 50 100 150 200 250 300 350 400 

Time (minutes) 

Figure 2. Cesium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-34. 

Film mass-transfer coefficients were found by fitting the 
initial experimental uptake curve with the model. Table 3 
contains the values as calculated by this technique. Multi- 
component-film mass-transfer coefficients are somewhat 
lower than those calculated for binary systems, as expected 
due to the competition resulting from multiple species diffus- 
ing and counterdiffusing through the film layer (Smith and 
Weber, 1988). 

Effective pore diffusivities used in the model are listed in 
Table 4. These values agree with those obtained by Robinson 
and coworkers (1994) by fitting experimental data with a het- 
erogeneous-series-diffusion model, with the exception of cal- 
cium. The uptake curves were fairly insensitive to effective 
diffusivity, requiring about an order of magnitude change for 
any species to have a significant effect. The current model fit 
the experimental uptake curves for run SK-34 better when 
the value of diffusivity of calcium used by Robinson was de- 
creased by a factor of 6, giving the number in Table 4. 

A second set of experimental kinetic uptake data (run SK- 
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Figure 3. Calcium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-34. 
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Figure 4. Magnesium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-34. 

24 having an order of magnitude lower initial concentration 
for each component than the previous SK-34 data run) was 
predicted (Figures 5 through 8). Variances of 14.8%, 34.2%, 
6.9%, and 4.6% for strontium, cesium, calcium, and magne- 
sium uptake, respectively, were calculated for this run. 

Film mass-transfer coefficients were adjusted to fit the ini- 
tial slope of the uptake curve, as was done for the previous 
multicomponent experimental data set. Since the total con- 
centration (and the concentration of each species) was lower 
in the SK-24 experimental data than the SK-34 data, the film 
mass-transfer coefficients would be expected to be higher due 
to the decreased diffusion and counterdiffusion of competing 
and like species. The individual film mass-transfer coeffi- 
cients approached the values obtained in the binary ex- 
changes, as would be expected. Diffusion coefficients were 
not changed from the previous run. 

Magnesium, the least strongly adsorbed species, experi- 
ences a minimum in both experimental runs. This phe- 
nomenon-a result of the magnesium that is quickly ad- 
sorbed being displaced by the more strongly (and less quickly) 
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Figure 5. Strontium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-24. 
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Figure 6. Cesium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-24. 

adsorbed species-is appropriately predicted by the model. 
The results from fitting both experimental data sets sup- 

port the fact that film mass transfer is a significant rate- 
determining step in this system, as is the intraparticle diffu- 
sion, which is suitably modeled assuming macropore diffu- 
sion. The Perona equilibrium model accurately modeled the 
multicomponent uptake for both experimental cases. 

Conclusions 
An approximate solution to the pore-diffusion model-as 

presented by Yao and Tien (1993) for calculating transient 
uptake in a spherical porous particle, assuming external film 
mass transfer and intraparticle macropore diffusion-was 
employed with a thermodynamic equilibrium model (Perona, 
1993) to accurately predict uptake rates in multicomponent 
ion exchange on chabazite zeolite. Film mass-transfer coeffi- 
cients on the order of cm/s were obtained; these values 
agree well with values reported in the literature. The dimen- 

I 
0 50 100 150 200 250 300 350 400 

T h e  (minutes) 

Figure 7. Calcium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-24. 
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Figure 8. Magnesium uptake on chabazite zeolite in 
Sr-Cs-Ca-Mg-Na multicomponent ion ex- 
change for experimental run SK-24. 

literature. The dimensionless Biot numbers were estimated 
to be approximately 2.5 for the exchanging cations, indicating 
that intraparticle diffusion and external diffusion are both 
significant in controlling the rate of exchange. Variations in 
the effective pore diffusivities for the binary pairs altered the 
uptake curves somewhat; however, film mass-transfer coeffi- 
cient variations more significantly affected the uptake curves. 
Model predictions employing effective pore diffusivities on 
the order of cm2/s matched the experimental data accu- 
rately. These values for effective diffusivities agree well with 
those reported in the literature. 

Notation 
m, = uptake rate, mol/mL. s 
I$= volume of liquid phase, mL 
V,  = volume of solid phase, mL 
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