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MODELING STRONTIUM-CESIUM-CALCIUM-MAGNESIUM-SODIUM
ION EXCHANGE EQUILIBRIA ON CHABAZITE WITH THE WILSON

EQUATION

Joseph J. Perona
Oak Ridge National Laboratory
Oak Ridge, TN 37831-6044

Chabazite zeolites are used at Oak Ridge National Laboratory for decontamination of

wastewaters containing '"Sr and 137Cs. Treatability studies have shown that chabazite can remove trace

amounts of these nuclides from wastewaters containing much higher concentrations of calcium and

magnesium. The design of ion exchange columns for multicomponent systems requires a method for

predicting multicomponent equilibria from binary or ternary experiments, since the number of

experiments required for an empirical equilibrium model is generally not feasible. Binary interaction

parameters for the Wilson equation were used to predict solid-phase activity coefficients for the five-

component system, and the sum of squares of deviations between experimental and predicted solution

concentrations for the data points available was calculated. The average deviation per data point for

the five-component system was about the same as for the calcium-magnesium-sodium ternary system.

INTRODUCTION

The problem of predicting multicomponent ion exchange equilibria has attracted the interest '

of several researchers. Smith and Woodbura (1978) modeled the ternary system chloride-nitrate-

sulfate on Amberlite IRA 400 using the Wilson equation. In their approach, an "equilibrium quotient"

was defined, which is the selectivity coefficient (also called the relative separation factor) into which

the liquid-phase activity coefficients have been factored. Thus the equilibrium quotient would be the

true equilibrium constant for the ion exchange reaction if the solid-phase activity coefficients were

all unity. Smith and Woodburn found statistically best values for the binary interaction parameters

of the Wilson equation by fitting equilibrium quotients calculated through the Wilson equation to

experimentally-based equilibrium quotient data.

Shallcross, Herrmann and McCoy (1988) followed essentially the same method as Smith and

Woodburn in modeling the ternary system calcium-magnesium-sodium on Amberlite 252. The only



variation was in the method of calculating liquid-phase activity coefficients. Smith and Woodburn used

an extended Debye-Huckel equation, while Shallcross et al. used the Pitzer equation. Myers and

Byington (1985) modeled the ternary system calcium-magnesium-potassium on KU-1 through an

energetic heterogeneity approach. In the present study, the data of Robinson, Arnold and Byers

(1991) on the strontium-cesium-calcium-magnesium-sodium system were modeled using the Wilson

equation for solid-phase activity coefficients, but the Wilson binary interaction parameters were

obtained in this study directly from isotherm data rather than fitting equilibrium quotients.

THEORY

For the binary exchange reaction

bA+1 + aB+b +± bA+a + aB+b

where the underline indicates the species in the solid phase, the equilibrium constant can be

expressed in terms of activities:

KA.B = ( ^AT (33/3.0)*

The activity coefficients for the cations in the liquid phase can be predicted with confidence using,

for example, the Pitzer equations. From experiments the selectivity coefficients (also called relative

separation factors) can be obtained:

where y; = equivalents fraction of i in the solid phase

Q = normality of i in liquid phase

Then the problem is reduced to extracting solid-phase activity coefficients from the selectivity

coefficients and calculated liquid phase activity coefficients. This must be done within a framework

that will allow the prediction of multicomponent solid phase activity coefficients which are

thermodynamically consistent.

Smith and Woodburn did this with the Wilson equation. The Wilson equation satisfies the

Gibbs-Duhem equation and can be used to obtain activity coefficients in the solid phase.
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The Wilson equation is applied to the binary experimental data to obtain values for the "interaction

parameters", Ay and A,;, then these parameters can be used in the Wilson equation for three, four

or more component systems.

To extract the values of the interaction parameters from the binary data, Smith and

Woodburn defined an equilibrium quotient, XA.B:

%A-B
ya

B

(2)

where y{ = liquid-phase activity coefficient of component i

Values for the equilibrium quotient for each experimental point can be calculated from the selectivity

coefficients and liquid-phase activity coefficients.

The equilibrium quotient can be expressed in terms of the equilibrium constant:

- K
s'

YA

(3)

Substitution of the Wilson equation into this expression for the equilibrium quotient yields:

In XA_B = in KA.B - b [l-)n(yA +

(4)

This equation contains three unknowns: KA.B and the two interaction parameters. A minimum of

three data points are needed to evaluate them. When more than three data points are available, a

search procedure can be used to find the set of values that minimize the sum of the squares of the

deviations for all points. This is the procedure that was followed by Smith and Woodburn, and by



Shallcross et al.

The Wilson interaction parameters can be obtained more directly by fitting the isotherm data.

For binairy data, the following procedure may be used, given experimental values for the total solution

concentration Ct (normality), CA and yA:

1. Assume trial values for KA.B, AA.B and AB.A.

2. Select a value for yA in the range of interest (yB = 1 - y^.

3. Calculate 7A
S and yB

5 from the Wilson equation.

4. Assume trial values for yA and yB.

5. Calculate CA from the equilibrium constant and a mass balance.

C, + C, - C, (5)

CA = y * Y ' C B Y J > (6)

eliminate CA and solve for CB

6. Calculate the liquid phase activity coefficients from the Pitzer equation and replace the assumed

values in step 4.

7. Iterate steps 5 and 6 until liquid phase activity coefficients check.

8. Compare experimental data with that calculated using the assumed model parameters in step 1.

This procedure is easily extended to systems with more than two components.

RESULTS

The extent of the data published by Robinson et al. for the strontium-cesium-calcium-

magnesium-sodium is summarized in Table 1. Total solution concentrations including all components

did not exceed 0.01 N for any of the data sets. Equilibrium quotients were calculated for the binary

data. The Pitzer equation for cations was used to calculate liquid-phase activity coefficients. Because

the solutions were so dilute, only the first term in the Pitzer equation was significant.

The procedure used by previous investigators to obtain Wilson interaction parameters from

equilibrium quotients was not successful for the present system. Experimental values for equilibrium

quotients passed through a maximum when plotted against equivalent-fraction in the solid phase, as



Table 1. Equilibria data available1

two components: Strontium-Sodium
Cesium-Sodium
Calcium-Sodium
Magnesium-Sodium

three components: Strontium-Cesium-Sodium (7 concentrations)
Calcium-Magnesium-Sodium (7 concentrations)

four components: Strontium-Calcium-Magnesium-Sodium
(6 concentrations) Cesium-Calcium-Magnesium-
Sodium (6 concentrations)

five components: Strontium-Cesium-Calcium-Magnesium-Sodium
(13 concentrations)

1 Robinson, S.M., W.D. Arnold and C.H. Byers, "Multicomponent
Ion-Exchange Equilibria in Chabazite Zeolite," ACS Symposium
Series No. 468, Emerging Technologies in Hazardous Waste Manage-
ment II, 1991



illustrated for cesium-sodium in Figure 1. Values for thi interaction parameters could not be found

which yielded a theoretical curve matching the data points on both sides of the iraxunum.

Employing the procedure of finding best values for the model parameters directly from the

isotherm data, the values for the binary data available were obtained and are given in Figures 2

though 5. The sums of the squares of the deviations between experimental and calculated points were

used as a criterion for "best" fit:

'exp - theo)2

exp )

For comparison of goodness-of-Gt between data sets, the R value was divided by the number of data

points to obtain a measure related to the average deviation per data point.

Values for strontium-cesium interaction parameters were obtained by fitting the ternary system

strontium-cesium-sodium, using the previously obtained parameter values for strontium-sodium and

cesium-sodium. Similarly, values for calcium-magnesium interaction parameters were obtained by

fitting the calcium-magnesium-sodium data. Interaction parameters for strontium-calcium, strontium-

magnesium, cesium-calcium, and cesium-calcium were obtained by fitting the four component data

using previously obtained parameter values. The results are summarized in Table 2.

The set of parameter values in Table 2 was used to predict the five-component equilibrium

points for which experimental data were given by Robinson et al. The results are shown in Table 3.

Equilibrium liquid phase concentrations were calculated for strontium, cesium, calcium and

magnesium at 13 concentrations including two different total solution concentrations. Strontium and

cesium concentrations spanned three orders of magnitude. For these 52 predicted concentrations, the

R/N was 0.45, which is comparable to that for the ternary calcium-magnesium-sodium data and to that

for the four component data involving strontium.

CONCLUSION

The model was based on equilibrium constants for the ion exchange reactions, written in terms

of liquid and solid-phase activities. Liquid-phase activity coefficients were calculated from the Pitzer

equation for cations. Solid-phase activity coefficients were calculated from the Wilson equation.

Agreement between experimental and predicted concentrations for the 5-component data was as good

as for some of the ternary and 4-component data. Agreement was best for cesium and magnesium,

and worst for calcium.



Table 2. Wilson interaction parameter values

Binary
A

Strontium

Cesium

Calciuir,

Magnesium

Strontium

Calcium

Strontium

Strontium

Cesium

Cesium

components
B KA.B

Sodium 0.159

Sodium 51

Sodium 0.057

Sodium 0.0005

Cesium

Magnesium -

Calcium

Magnesium -

Calcium

Magnesium -

AA.B

7.96

0.01

50

20

0.001

52

370

0.03

4.8

2.0

AB-A

0.112

3.95

2.0

4.0

2.0

92

0.01

42

0.2

100

Experimental
data' points

N

8

6

6

7

14

14

18

18

18

18

Goodness
of fit
R/N

0.

0.

0.

5.

0.

0.

0.

0.

0.

0.

121

106

151

14

11

40

45

45

22

22



Table 3. Predicted liquid compositions for the five-component data

liq/sol Sr conc,meq/ml Cs conc,meq/ml Ca conc,meq/ml Mg conc,meq/ml
ml/gm exp predict exp predict exp predict exp predict

total dissolved solids; 5.76xlO3

25 1.16-06 0.77-06 4.87-07 4.83-07 4.99-07 0.57-07 4.49-06 2.29-06

50 2.39-06 1.19-06 8.78-07 7.34-07 4.99-07 1.19-07 6.34-06 6.02-06

99 6.24-06 1.86-06 1.82-06 1.53-06 4.99-07 3.85-07 2.04-05 2.35-05

504 6.26-04 0.41-04 4.66-05 6.73-05 5.75-04 1.24-04 7.83-04 5.68-04

1012 1.34-03 0.8J-04 2.35-04 1.96-04 1.31-03 0.19-03 8.88-04 7.60-04

1955 1.63-03 0.60-03 4.02-04 9.33-04 1.58-03 3.00-03 9.16-04 S.88-04

total dissolved solids: 1.45xlO"3

50 1.69-07 0.28-07 1.07-07 0.83-07 3.24-06 0.19-08 1.05-06 0.55-07

100 2.05-07 0.45-07 1.70-07 1.08-07 3.24-06 0.36-08 8.54-07 1.31-07

201 2.58-07 0.68-07 2.60-07 1.65-07 3.24-06 0.83-08 5.38-07 3.74-07

506 6.46-07 1.34-07 5.98-07 5.00-07 3.24-06 0.47-07 2.05-06 2.62-06

830 2.20-06 0.29-06 1.46-06 1.45-06 3.24-06 0.25-06 1.13-05 1.23-05

1240 1.69-05 0.91-06 4.68-06 4.71-06 1.94-05 0.19-05 9.10-05 3.63-05

2370 1.86-04 0.43-05 2.89-05 2.20-05 2.11-04 0.15-04 2.02-04 0.42-04

R _

N = 52 points

R/N = 0.45
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Figure 1. Cesium-sodium equitibrium quotients. Theoretical points calculated using K=51
Ao.N.=0.01,ANi<.1=3.95.
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Strontium cone in solution, meq/ml

Figure 2. Strontium-sodium isotherm. Theoretical points calculated using K=0.159, Ac „ =7 96,
Ni A = 0-112.
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Figure 3. Cesium-sodium isotherm. Theoretical points calculated using K=51, Ac,.Nl=0.01,
ANiJO,=3.95.



calcium loading on solid, meq/gm
5

0.5
1E-05 1E-04 1E-03 1E-02 1E-01

calcium cone in solution, meq/ml

1E+00

• exper 1

set 1

set 2

exper 2

Figure 4. Calcium-sodium isotherm. Theoretical points calculated using K=0.057, Ac,.Ni,=50,
ANjc=2.0. Total concentration for set 1 ( • experimental, -o- theoretical) 2.0OE-3 N.
Total solution concentration for set 2 ( • experimental, -+- theoretical) 5.78E-3 N.
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Figure 5. Magnesium-sodium isotherm. Theoretical points calculated using K=0.0005, AMgN,=20,
AN. Mg^.O. To.al solution concentration for set 1 (D experimental, -o- theoretical) 8.3E-4 N.
Total solution concentration for set 2 ( • experimental, -+- theoretical) 5.78E-3 N.
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