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ION EXCHANGE OF SEVERAL RADIONUCLIDES ON
THE HYDROUS CRYSTALLINE SILICOTITANATE, UOP
IONSIV IE-911

M. E. Huckman, I. M. Latheef, R. G. Anthony
Kinetics, Catalysis, and Reaction Engineering Laboratory
Department of Chemical Engineering
Texas A&M University, College Station, TX 77843

ABSTRACT

The crystalline silicotitanate, UOP IONSIV IE-911, is a proven material for removing
radionuclides from a wide variety of waste streams. It is superior for removing
several radionuclides from the highly alkaline solutions typical of DOE wastes. Our
laboratory previously developed an equilibrium model applicable to complex
solutions for IE-910 (the powder form of the granular IE-911), and more recently, we
have developed several single component ion-exchange kinetic models for predicting
column breakthrough curves and batch reactor concentration histories. In this paper,
we model ion-exchange column performance using effective diffusivities determined

from batch kinetic experiments. This technique is preferable because the batch
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experiments are easier, faster, and cheaper to perform than column experiments. We
also extend these ideas to multicomponent systems. Finally, we evaluate the ability of

our equilibrium model to predict data for IE-911.

INTRODUCTION

Department of Energy (DOE) radioactive waste streams can contain several
radionuclides, including cesium, rubidium, and strontium. Cesium is of particular
importance because it is 2 gamma emitter and has a long half-life. These
radionuclides also have high mobilities in the biosphere (1). Ion exchange is a viable
technology for removing radionuclides from such waste streams. The resulting
radioactive solid can be vitrified into glass logs and ultimately stored in high-level
waste federal geologic repositories (2-4), while the liquid can be disposed of as low-
level waste. A number of ion-exchange materials have been evaluated for this
application, and the crystalline silicotitanate (CST), UOP IONSIV IE-911, has
emerged as a superior candidate (5-7). This recently synthesized CST (8) not only
has a high selectivity for Cs* and several other radionuclides in highly alkaline
solutions but also is stable under high levels of radiation (9). To design an efficient
treatment technology using IE-911, an understanding of the ion exchange kinetics is
essential. From this understanding, it is possible to develop a mathematical model of

the process which can then be used to design an industrial application.

The major components of an ion-exchange model include: a) a differential material
balance around the panicle, b) a constitutive equation for diffusive flux, c) a
differential material balance for the bulk liquid, and d) equilibrium data relating the

concentration in the exchange material to the concentration in the liquid phase (10).

In this study, a two-phase homogeneous balance using only one diffusion coefficient
is written around the particle and Fick’s law is used for the flux. This form of the
particle material balance has been shown to yield good results for these types of

systems (11). The bulk liquid material balance varies, depending on whether a batéh
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or a column reactor is being used. The column balance includes terms to account for
dispersion and film resistance to mass transfer. A Langmuir isotherm is used to fit the
experimental equilibrium data. The experimental data are also compared with the
predictions from an equilibrium model previously developed in our laboratory (12).

This model was developed based on data for IE-910, the powder form of IE-911.

In theory, the effective diffusivity can be determined from either batch kinetic data or
column breakthrough curves. In practice, the batch experiments are easier, quicker,
and cheaper to perform than column experiments. Moreover, dispersion and film
resistance, which can be important in column experiments, affect the breakthrough
curve and make it difficult to accurately determine the effective diffusivity. Thus, it is
preferable to measure the effective diffusivity using batch experiments, and then use

this value to predict column behavior.

EQUILIBRIUM ISOTHERM

Equilibrium data for Cs" and Rb* were obtained for a solution containing 0.6 M NaOH
plus 0.4 M NaNO; (for a total sodium concentration of 1 ). A known mass of IE-
911 was added to a known volume of solution containing a known initial
concentration of one of the radionuclides. (Nonradioactive isotopes were used for all
experiments.) The mixture was shaken for 72 h and the final liquid concentration was

measured by flame atomic absorption using a Varian Atomic Absorption

Spectrophotometer, model SpectrAA-30. The concentration in the solid was
calculated from the initial and final liquid concentrations. Either the initial
concentration or the solid/liquid ratio was varied to generate a variety of equilibrium
data points. Also, the previously developed equilibrium model was used to predict

the equilibrium for this solution in the same concentration range (12).

Figures 1 and 2 show the experimental results, along with the equilibrium model

predictions for Cs" and Rb*. These figures indicate that the equilibrium model is in



11:11 25 January 2011

Downl oaded At:

1148 HUCKMAN, LATHEEF, AND ANTHONY

0T

————
-

o  Cs Loading-Expt

¥ Cs Loading-Model
————— Langmuir Fit to Expt
——— Adjusted Langmuir Fit

0.376 mol/m® = 50 ppm

Cs Loading (mg Cs/g CST)

T T N T T T T T

0 1 2 3 4 5 6

Equilibrium Cs in Liquid (mol/m3)

FIGURE 1. Plot of Cs" equilibrium isotherm for IONSIV IE911 in 1 M N3 solution.
Shown are the experimental data, the model-generated data, a Langmuir isotherm fit to
experiment, and the adjusted isotherm used in the kinetic model. The vertical line
indicates the feed concentration for the column experiments.
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FIGURE 2. Plot of Rb* equilibrium isotherm for IONSIV IE911 in 1 M Na" solution.
Shown are the experimental data, the model-generated data, and the Langmuir isotherm
fit to the experiments. This isotherm was used in the kinetic models.
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good agreement with the experimental data over a large range of liquid
concentrations. The figures also show Langmuir isotherm(s) fit to the experimental
data. The Langmuir isotherm applies to adsorption in ideal solutions but does not
necessarily hold for ion-exchange systems. However, it has the appropriate shape and
is convenient for use in kinetic models so it is used as a fitting function. The
Langmuir parameters were determined by minimizing the squared difference between

experiment and isotherm over the entire liquid concentration range.

The Cs* equilibrium data have a sharp “elbow” in the neighborhood of 50 ppm - the
operating range for the kinetic experiments - and the Langmuir isotherm does not fit
the data well in this region. To achieve accurate predictions in the operating region,
the Langmuir parameter, q,", was decreased and this adjusted isotherm was used in
the kinetic models. The Rb* data do not exhibit this sharp elbow, and the Langmuir
isotherm fits well in the operating region. Hence, the Rb" isotherm was not adjusted.
The adjusted isotherms do not fit the data as well as the original isotherm over the
entire region; however, they do provide a better fit in the region where the kinetic

experiments were performed.

Experimental data were not available for S***, so that isotherm was determined using

only model-generated data. The shape of the Sr** isotherm is similar to that of Cs'.

An equilibrium value, extracted from a Sr** column experiment, indicated that the
isotherm overpredicted the solid capacity for a liquid concentration of 50 ppm. Since
this is similar to the discrepancies found for Cs' in the 50-ppm range, the Langmuir
parameter, qgg,", was decreased so that the isotherm matched the value from the
column experiment. The model data and both isotherms are shown in Figure 3. The

isotherm parameters for all cases are summarized in Table 1.

To develop accurate kinetic models over a larger concentration range, an improved

isotherm is desirable. For these types of experiments, the authors suggest using a
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FIGURE 3. . Plot of Sr** equilibrium isotherm for IONSIV IE911 in 1 M Na" solution.
Shown are the model-generated data, a Langmuir isotherm fit to these data, and the
adjusted isotherm used in the kinetic model. The vertical line indicates the feed

concentration for the column experiments.

TABLE 1. SUMMARY OF PARAMETERS USED IN THE LANGMUIR
ISOTHERMS.

(both the q' determined from the data and the adjusted values used in the kinetic

models.)
Cation K; (m*/mol) | Original q (mg/g) | Adjusted q;" (mg/g) n
Cs* 324 77.1 65 -
Cs* (mod.) 426 71.0 - 0.95
Rb* 0.71 98.2 - -
Sr+ 20.4 103 75 -
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modified Langmuir isotherm of the form

g’k C

i i

=, 1
1+Kifci" ( )

9,

‘When the exponent, n, is 1.0, the traditional Langmuir isotherm is retrieved. Figure 4
shows a modified isotherm fit to the Cs* experimental data. This figure illustrates how
the exponent allows a better fit in the “elbow” region of the data. The parameters
used are shown in Table 1. It should be noted that the experimental data from the
kinetic experiments do not cover such a large range of concentrations, and the

adjusted isotherm was used in the kinetic models.

BATCH EXPERIMENTS

Batch kinetic data were gathered for Cs', Sr** and Rb*. A diagram of the batch
reactor is shown in Figure 5. The IE-911 pellets reside in a pellet holder to prevent
mechanical degradation that results from contact with the mixer impeller or the stir
bar. The mixer and stir bar keep the bulk solution well mixed and provide significant
flow through the pellet holder. Film resistance to mass transfer is considered

negligible for this reactor (11).

The pellet holder was filled with 10 g of IE-911 pellets sieved to a known size
distribution. Then 900 mL of the 0.6 A/ NaOH - 0.4 M NaNQ, solution was added
and the reactor was mixed for 8 to 12 h. Next, 100 mL of the same solution
containing 1000 ppm of one radionuclide was added. Thus, the initial radionuclide
concentration for all experiments was 100 ppm. At known intervals, 3-mL samples
were withdrawn from the reactor using a filtering syringe. The radionuclide
concentration in these samples was measured using flame atomic absorption. The

reaction was stopped after approximately 24 h.
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FIGURE 4. Plot of modified Langmuir isotherm for Cs" for IONSIV IE911 in 1 M Na*
solution. Shown are the experimental data, the original Langmuir isotherm fit to
experiment, and the modified isotherm suggested for use in kinetic model covering a
larger range of liquid concentrations.

Beaker Mixer

Flow
Pattern Stand 200 mi
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[ -
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FIGURE 5. Diagram of the reactor used for batch kinetic experiments. A top view of the
pellet holder is shown at the right. The pellet holder protects the granules from
mechanical degradation. It has.a 200 pm screen on the top and the bottom to allow liquid
flow through the bed of granules. There is a stir bar below and a mixer impeller above
the pellet holder. For the batch experiments, the liquid volume was 1 L and 10 g of
IONSIV IE-911 was in the pellet holder.
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The two-phase, homogeneous particle material balance used in the batch model is

written as
8C 99,1 1 o 85;
[3 +(1-¢ )——l——— DE—J ) 2)
1 ac r a?‘ or
and the bulk material balance for the batch reactor as
ac =30 aC
i
or R 3 I, ©)
ooV ks Pk,
The solid and liquid concentrations are related through the Langmuir isotherm
T
q; K,,C,
e S (4
Qf 1 +Kﬁci" )
The boundary and initial conditions are
@t=0, €€, C=0¥r, (5)
ac,
@r=0, —=0, (6)
or
@r=R, C=C,. (7)

The equations were solved numerically to yield a concentration-versus-time curve.

The spatial derivatives were discretized using second-order finite-difference
approximations, and the resulting set of ordinary differential equations was solved

using the Runga-Kutta based integration subroutine [IVPRK from the IMSL library of
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FORTRAN subroutines purchased through Visual Numerics (Houston, TX). Thé

only adjustable parameter in the model is the effective diffusivity.

Figures 6 through 8 show the experimental results, along with model simulations
using the best-fit effective diffusivity, D,. As indicated in the figures, two
experiments using ion-exchange particles with different diameters were performed for
each radionuclide. The effective diffusivities used to simulate the experiments were
0.9 x 10" m?s for Cs*, 1.0 x 10"® m¥/s for Rb*, and 0.8 x 10"® m?/s for Sr™*. The
figures indicate that the model matches the experimental data well. (Table 2
summarizes the effective diffusivities used for these simulations as well as the column

experiments discussed below.)

The molecular diffusivities of Cs" and Rb* can be estimated from their ionic
conductances at infinite dilution (13,14). These estimates are 2.05 x 10'° m¥s for Cs*
and 2.07 x 10" m¥s for Rb*(15). The effective diffusivity, the particle porosity, and
the particle tortuosity are related through the formula

D,=2" ®)

BET data were measured for IE-911 using a Micromeritics ASAP 2000 porosimetry
system, and the particle porosity was estimated as 0.23. Thus, the values above

indicate an average particle tortuosity of 5.0, which falls within the range

L:)zzczz ©)

suggested by Helfferich (14).

SINGLE-COMPONENT COLUMN EXPERIMENTS

Single-component column experiments were performed for Cs', Rb*, and Sr**. The 1

M Na" solution described previously was used in each experiment. The column was 6
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FIGURE 6. Plot of batch kinetic results for Cs" on IONSIV IE911 in 1 M Na' solution
Shown are the experimental data for two different pellet sizes along with corresponding
model simulations. The initial concentration was 100 mg/L, and the solid/liquid ratio
was 100 ml/g.
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FIGURE 7. Plot of batch kinetic results for Rb" on IONSIV IE911 in 1 M Na® solution.
Shown are the experimental data for two different pellet sizes along with corresponding
model simulations. The initial concentration was 100 mg/L, and the solid/liquid ratio
was 100 mL/g. '
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FIGURE 8. Plot of batch kinetic results for Sr** on IONSIV IE911 in 1 M Na* solution.
Shown are the experimental data for two different pellet sizes along with corresponding

model simulations. The initial concentration was 100 mg/L, and the solid liquid ratio was
100 mL/g.

TABLE 2. SUMMARY OF THE EFFECTIVE DIFFUSIVITIES USED IN THE
MODEL SIMULATIONS.

Cation D, (m%s) batch D, (m?*s) column

Cs* 0.9 x 1071 1.0 x 10°1°

Rb* 1.0 x 10 0.9 x 101
Sr? 0.8 x 10°1° 1.0 x 107
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cm long and 1.1 cm in diameter. All experiments were performed at 23°C and are
considered isothermal. The average particle radius in each experiments was 188 um.
The loaded bed density was 1.0 g/cm®. The flowrates were between 3.2 and 3.4
mL/min (33 and 36 column volumes per hour, respectively). Initially, the column was
equilibrated with the 1 M Na" solution without any radionuclide; then a concentration
step change was introduced. The initial radionuclide concentration for all
experiments was 50 ppm. The column effluent was periodically sampled, and the

radionuclide concentration was determined using flame atomic absorption.

The bulk material balance for the column model is written as

s WL T S k}{C A | ] (10)
==y + - -C <
a ox ot RAT T

The particle material balance and the isotherm remain the same as those presented

above for the batch model. The initial and boundary conditions were

@t=0, C,=C,=0 V r A x#0, C,=C," @x=0 , (11)
4c,
@r=0 a—’=0 Vax, (12)
s
ac, =
@r=Rp Dea—=kl(C'f—C’) V x ’ (13)
r
ac,
@x= a—=0 ’ (14)
X

ac. z
@x=0 D—-=v(C,—C,) . (15)
Ox
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The dispersion coefficient, D, was estimated using the correlation developed by
Suzuki and Smith (16). The mass transfer coefficient, k;, was estimated by using a
correlation from Perry’s Chemical Engineers’ Handbook (17). Again, the only

adjustable parameter in the model is the effective diffusivity.

The equations were solved numerically. All spatial derivatives were discretized using
orthogonal collocation. In the x direction, finite elements are introduced and Jacobi
polynomials used to approximate the concentration profile in each element. This
method allows a large number of collocation points to be used without the numerical
oscillation problems typically encountered when high-order polynomials are used.
The first derivatives of the concentration profiles were set equal at the boundaries of
the elements. In the » direction, Legendre polynomials were used to approximate the
particle concentration profile. The resulting system of algebraic and differential
equations was solved using the integration package DDASSL (18), which is designed
to solve systems of this type. Integration is performed using a fifth-order Adams /

Moulton algorithm.

Figures 9 through 11 show the experimental breakthrough curves along with the
model simulations. The effective diffusivities used for the model simulations were
1.0 x 10" m?%s, 0.9 x 10" m%s, and 1.0 x 10"'® m%s, for Cs*, Rb*, and Sr*,
respectively. As indicated in Table 2, these results differ from the values determined

from the batch experiments by 20% or less.

MULTICOMPONENT COLUMN EXPERIMENTS

Multicomponent ion-exchange column experiments were performed for the Cs/Rb*
and the Sr**/Rb* systems. The experimental procedure was identical to that described
for the single-component experiments, and the concentration step change was 50 ppm

for each radionuclide.
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FIGURE 9. Plot of Cs" breakthrough curve for IONSIV IE911 in 1 M Na* solution.
Shown are the experimental data along with the model simulation. The feed
concentration was 50 mg/L, and the flowrate was 3.2 mL/min.
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FIGURE 10. Plot of Rb" breakthrough curve for IONSIV IE911 in 1 M Na" solution.
Shown are the experimental data along with the model simulation. The feed
concentration was 50 mg/L, and the flow rate was 3.4 mL/min.
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FIGURE 11. Plot of Sr** breakthrough curve for IONSIV IE911 in 1 M Na* solution.
Shown are the experimental data along the with model simulation. The feed
concentration was 50 mg/L, and the flow rate was 3.2 mL/min.

A multicomponent Langmuir isotherm was used to include competitive exchange and

1s written as

g; K.C

i |
= ; 16
% 1+K.C +K.C. (6)
it yjJ

where q;" and K;; are the parameters previously determined for the single-component
systems. For each multicomponent column experiment, the area to the left of the
breakthrough curve can be used to estimate the equilibrium solid concentration, q, for
each radionuclide at the feed liquid concentration. The interaction coefficient, K;,

was chosen to match this estimate.
The particle material balance was modified to

——8 #01 e e J— et
( )GC,. ( )BC Py 26r

6C‘ dg, dg, GC 1 8 aa.
D, — a7)
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The new term accounts for movement of component i into, or out of, the solid due to
the movement of component j in the liquid. One particle material balance, one bulk

material balance, and one isotherm are required for each species.

Thus, for the multicomponent case, the model requires four material balances and two
isotherms. These equations were solved numerically using the same techniques
described for the single-component column model. Figures 12 and 13 show the
experimentally determined breakthrough curves along with the model simulations.
The effective diffusivities used for each species are the same as those used for the
single-component model simulations. The figures indicate that the simulations match

the experimental data well.

The two-phase homogeneous particle balance used in the column model predicts well-
behaved particle concentration profiles for single-component experiments. These
profiles resemble parabolas, each having the maximum at the particle surface and the
minimum at the center. Indeed, these equations are often solved by assuming that the
profile is a parabola (19,20). For multicomponent experiments, more complex
concentration profiles are possible. Concentration minimums or maximums can occur
at points between the particle surface and the center. More collocation points are
required to model more complex concentration profiles (21). Figures 12 and 13
indicate that the multicomponent model simulations are not as smooth as the single-
component model simulations. In an attempt to improve the simulation results, the
number of collocation points in the particle was increased. However, the numerical
method became unstable for the multicomponent system when more than three
collocation points were used. Presumably, this is caused by the increased order of the

trial polynomials.

CONCLUSIONS

Batch and column experiments were performed to examine the kinetics of Cs*, Rb*,

and Sr** ion exchange on the CST, UOP IONSIV IE-911. Mathematical models
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FIGURE 12. Plot of Cs*/Rb* multicomponent breakthrough curves for IONSIV IE911 in
1 M Na* solution. Shown are the experimental data along with the model simulation.
The feed concentration was 50 mg/L, and the flow rate was 3.3 mL/min.
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FIGURE 13. Plot of Sr**/Rb* multicomponent breakthrough curves for IONSIV IE911 in
1 M Na” solution. Shown are the experimental data along with the model simulation.
The feed concentration was 50 mg/L, and the flowrate was 3.4 mL/min.
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containing one adjustable parameter, the effective diffusivity, were developed to
simulate these experiments. This study illustrates that effective diffusivities
determined from batch data compare favorably with those determined from column
experiments. The batch technique saves time and money as compared with
determining the effective diffusivity from column experiments. The values of the

effective diffusivities fall within the range expected for diffusion into porous particles.

The study also evaluated the use of effective diffusivities determined from single-
component data in a multicomponent column model. The model simulations
compared favorably with experimental results. However, the numerical technique

required to solve the multicomponent system needs to be more robust.

The equilibrium model previously developed to predict data for IE-910 (the powder
form of IE-911) compares favorably with experimental data for IE-911. However, the
Langmuir isotherm tends to overpredict the solid concentration when there is a sharp
bend in the data. The authors suggest a modified form of the isotherm for use in

kinetic models covering a larger range of liquid concentrations.

NOMENCLATURE

¢ bulk liquid concentration of i (mol/n7)

C_ pore liquid concentration of 1 (mol/nr)
p  dispersion coefficient (m%/S)

p  effective diffusivity (m?%/S)

p  molecular diffusivity (m?/S)

k film mass transfer coefficient (m/S)

K single-component Langmuir parameter (n’/mol)
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q;

q;
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multicomponent Langmuir parameter (nr/mol)
column length (m)
total mass of particles (kg)

solid-phase concentration of i (mol/n7’)

solid capacity of i (mol/n7’)

spatial variable towards the particle center
average particle radius (m)

interstitial velocity (m/s)

batch reactor volume (m’)

spatial variable along column axis
particle porosity

particle density (kg/n?’)

particle tortuosity
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