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A column carousel system was designed to treat nuclear waste at the Savannah River
Site. A carousel model was used to simulate cesium remowal in an ion-exchange carousel
loaded with crystalline silicotitanate (CST) granules. The model accounts for axial dis-
persion and resistance to film and intraparticle diffusion. The effect of resistance to
intraparticle diffusion on the required column volumes is significant. Values of the effec-
tive diffusivity of 0.25 to 0.6 X 10 ~*® m?/s were estimated from bench-scale column
experiments. This range of values resulted in a variation of column volumes by a factor
of 3. The Zheng-Anthony-Miller equilibrium model was used to estimate Cs isotherms.
The largest carousel volume did not result from waste with the lowest equilibrium load-
ing. For wastes with low equilibrium loadings, the switching interval increased, which
increases the volume of CST required to treat the same volume of waste.

Introduction

The Department of Energy (DOE) has been charged with
remediating millions of gallons of aqueous radioactive waste.
Much of this waste was produced during the Cold War and is
currently contained in underground storage tanks at DOE
facilities in Savannah River, Hanford, Oak Ridge, and others.
To this end, the DOE is evaluating several treatment tech-
nologies. lon exchange using the crystalline silicotitanate
(CST) TAM-5, which was synthesized by Anthony et al. (1993,
1994), is currently under evaluation. UOP IONSIV IE-911,
the commercially available engineered form of TAM-5, can
selectively remove cesium (Cs), one of the key radioactive
components (Marsh et al., 1993; Alm, 1997; Miller and Brown,
1997). The Cs-loaded CST is then converted into a nonleach-
able solid, which is stored in long-term geologic repositories.

A major cost of the treatment technology is expected to be
the conversion and disposal of the CST. Thus, a key design
consideration is to maximize Cs loading onto the CST to min-
imize the volume of CST, which requires a costly conversion
process. Another consideration is that radioactive wastes have
a variety of compositions so the design must be flexible
enough to treat wastes with a wide range of compositions.
This article presents the design of ion-exchange carousels to
utilize CST for the treatment of wastes currently stored at
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the Savannah River Site. The waste compositions used for
the design are based on average compositions and bounding
cases as defined by SRS personnel. Bounding cases are based
on the range of compositions anticipated when processing the
SRS wastes. The major cases involved use average, nominally
high, and bounding high Cs* and K* concentrations, and
average and high OH~ and (NO,;)~ concentrations. These
cases are defined in Table 1 and are referred to as Avg.
HiOH, and HiNO concentrations.

Design Equations

The equations included in the model are the bulk-liquid
material balance, which includes axial dispersion and film re-
sistance to diffusion, a two-phase homogeneous particle ma-
terial balance, and an equilibrium isotherm. Previous re-
search (Huckman et al., 1999; Latheef, 1999; Huckman, 1999)
has shown that this type of model can be used to simulate
fixed-bed columns using CSTs to ion exchange Cs, Sr, and
Rb. The previous work also showed that the model that rep-
resents physical reality the best is a macro-micro model for
resistance to intraparticle and intracrystalline diffusion. How-
ever, a major principle of design models is to use the simplest
model that is practical. To this end the particles were treated
as a uniform pore structure with liquid in the pore in equilib-
rium with the solid phase of the particle (Latheef et al., 2000).
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Table 1. Molar (mol/L) Concentrations for Nominal (n) and
Bounding (b) Cases of the SRS Waste Simulants

Component Avg.-n. Avg.-b HiOH-n HiOH-b HINO-n HiNO-b

Na* 5.6 5465 5.6 5.48 5.6 5.454
Cs* 0.00014 0.0007 0.00037 0.0007 0.00014 0.0007
K* 0.015  0.150 0.030 0.150  0.0041  0.150
OH™ 191 191 3.05 3.05 1.17 117
NO; 2.14 2.14 1.10 1.10 2.84 2.84
NO, 0.52 0.52 0.74 0.74 0.37 0.37
AI(OH),” 031 0.31 0.27 0.27 0.32 0.32
CO372 0.16 0.16 0.17 0.17 0.16 0.16
SO4_2 0.15 0.15 0.030 0.030 0.22 0.22
Cl~ 0.025  0.025 0.010 0.010  0.040 0.040
F~ 0.032  0.032 0.010 0.010  0.050 0.050
PO4_3 0.010  0.010 0.008 0.008  0.010 0.010

C,0, 2 0.008  0.008 0.008 0.008  0.008 0.008

0.004  0.004 0.004 0.004  0.004 0.004
0.0002 0.0002 0.0002  0.0002 0.0002 0.0002

Note: Average high hydroxyl-ion concentrations and average high nitrate
concentration waste streams are denoted as HIOH and HiNO.

The bulk-liquid material balance is written as
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where D, is the axial dispersion coefficient, v; is the intersti-
tial fluid velocity, eg is bed porosity, and ¥ is the average
concentration in the particle, and

vV, = 1 v
\p=—fopepCdV+V—pf0 (1-&)qdv, &)

where V, is the particle volume and e
ity.

Film resistance to diffusion is included in the boundary
condition, which couples the bulk-liquid material balance to
the particle material balance. Thus,

p Is the particle poros-
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where Ry is the particle radius, k; is the film mass-transfer
coefficient, C" is the bulk-liquid concentration, and C* is the
concentration at the particle surface.

The IE-911 particles are treated as a two-phase porous
particle containing a network of liquid-filled pores through-
out a solid structure. Diffusion occurs through the liquid-filled
pores. The particle material balance is written as
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where D, is the intraparticle effective diffusion coefficient.
The effective diffusivity is defined in Froment and Bischoff
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(1990) as follows:
D, =—Dn, (5)
-

where 7 is the particle tortuosity and D,, is the molecular
diffusivity. The ionic diffusivity at infinite dilution for Cs was
reported as 2.06 X 10~ °m?/s (Lide, 1996).

Local equilibrium is assumed everywhere inside the parti-
cle between the solid phase and the liquid phase. For SRS
wastes, a Langmuir isotherm is used to describe the
solid/liquid equilibrium. Thus, at each point in the particle,

q,KC
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where g, is the maximum loading on the solid and K is the
Langmuir constant.

The initial conditions and Danckwerts (1953) boundary
conditions are
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The axial dispersion coefficient is estimated using the cor-
relation developed by Suzuki and Smith (1972). Latheef et al.
(2000) conducted experiments and illustrated for small-scale
columns that the Suzuki and Smith correlation was adequate.
Hence, it has also been used for the column designs. Since
the intraparticle resistance to diffusion is the major resist-
ance to mass transfer, large errors in the coefficient for axial
dispersion can be tolerated:

D u
— =0.44+0.83—, (3)
D, D

m m

where D,, is the molecular diffusivity in cm?/s and u is the
superficial velocity in cm /s.

The film mass-transfer coefficient is estimated based on
the Wilke and Hougen (1945) correlation:

o 262 Dyu)>®

(@) v

where a, is the external surface area of the particles per
packed volume and d, is the particle diameter.

The equations are solved numerically. All spatial deriva-
tives are descritized using orthogonal collocation. In the x-di-
rection or along the axial direction of the column, finite ele-
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Figure 1. Example of lead column effluent behavior as
the carousel system progresses through a se-
ries of column switches.

This example is the design simulation for a two-column
carousel for an SRS waste labeled HIOH. Flow rate = 1.58
4.88

L/s, column diameter = 1.22 m, and column length
m.

ments are introduced and Jacobi polynomials are used to ap-
proximate the concentration profile in each element. This
method allows a large number of collocation points to be used
without the numerical oscillation problems typically encoun-
tered when high-order polynomials are used. In the x-direc-
tion, the first derivatives of the concentration profiles were
set equal at the boundaries of the elements. In the r-direc-
tion from the center of the particle, Legendre polynomials
were used to approximate the particle concentration profile.
The resulting system of algebraic and differential equations
was solved using the integration package, DASSL, which is
designed to solve systems of this type (Petzold, 1982). Inte-
gration is performed using a fifth-order Adams/Moulton al-
gorithm.

The model accounts for the discontinuities in the concen-
tration profile that are introduced when column switches oc-
cur. The discontinuities are handled by moving the concen-
trations at the trailing column collocation points into the col-
location points for the lead column and then setting the con-
centrations at the trailing column collocation points equal to
zero, since the trailing column is loaded with fresh CST. By
utilizing the procedures illustrated in the following sections
to estimate the equilibrium isotherm and the effective diffu-
sivities, a two-column carousel design is presented in Figure
1.

Equilibrium

The equilibrium behavior of the IE-911 granules in the SRS
waste was estimated using the previously developed ZAM
equilibrium model (Zheng et al., 1997) for the 1E-910 pow-
der, which is the commercial powder form of TAM-5. The
IE-911 granules are prepared by combining the IE-910 pow-
der with a binder. Thus, a correction factor can be applied to
the values predicted from the ZAM model to account for the
presence of the binder. This correction can also be used to
account for the presence of additional components in actual
waste, which are not specifically included in the ZAM model.
Based on discussions with SRS personnel, and comparison of
predicted distribution coefficients with the ZAM model for
the powder, an estimate was made that a particle was effec-
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Figure 2. Experimentally measured equilibrium data for
the SRS Avg. waste from Walker et al. (1998)
vs. predicted data from the ZAM equilibrium
model and model values adjusted by a 70%
dilution factor.

tively composed of about 70% CST and 30% binder. There-
fore, the distribution coefficients should be corrected by mul-
tiplying the predictions from the ZAM equilibrium model by
0.7. This criterion was later modified.

It should be noted that the carousel design was initially
prepared based on preliminary studies, which were used to
estimate the equilibrium isotherms and intraparticle diffusion
coefficients. This predesign will be referred to as the “origi-
nal design.” Upon completion of some laboratory-scale col-
umn experiments at SRS, the original design was modified
based on the results of these experiments. Thus, a “final de-
sign” referred to later was prepared utilizing diffusion coeffi-
cients determined from the column experiments.

The preliminary studies had indicated that a 70% correc-
tion factor was required for SRS waste to correct for the
binder. This 70% factor indicates that the 1E-910 powder was
diluted by 30% with the addition of a binder. In the design
observations presented later, simulations were conducted us-
ing the 70% correction for the isotherm. However, recent ex-
perimental measurements by Walker et al. (1998) and equi-
librium data presented by McCabe (1997) have indicated that
the 70% correction factor significantly underestimates the ac-
tual IE-911 Cs loading. Figure 2 shows the recently measured
data from Walker et al. (1998) along with ZAM model pre-
dictions and the model results adjusted by 70%. This graph
indicates that no correction factor is required for the ZAM
model-predicted values. Interpretation of the data also sug-
gests that a linear isotherm might be used for the design, but
one will note that in Table 1, the range of cesium concentra-
tions to be considered are five times the highest measured
value presented in Figure 2. The need to consider these higher
values of cesium concentrations is what requires the need to
use the Langmuir isotherm. In the final design for the SRS
waste no correction factor was used for the carousel model
simulations.

For design purposes, the SRS waste was subdivided into six
categories based on Cs concentration and chemical composi-
tion. HIOH, HiINO, and Avg. represent three different chem-
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Table 2. Isotherm Parameters for the Six SRS Waste
Simulants Compositions

Waste qt (kg/kg) K (m%/mol)
Avg.—nominal 0.0771 411
Avg.—bounding 0.0771 2.63
HiOH—nominal 0.0770 5.00
HiOH—Dbounding 0.0770 3.36
HiNO—nominal 0.0771 3.49
HiNO—bounding 0.0770 2.22

Note: Only the nominal compositions of Avg, HIOH, and HiNO were
evaluated for the design cases.

ical compositions (see Table 1). The nominal cases represent
an average Cs and potassium (K) concentration for each
waste, whereas the bounding case represents an upper limit
concentration. The ZAM equilibrium model was used to gen-
erate equilibrium isotherms for these wastes by varying the
Cs concentration while holding the composition of all other
components constant. These data were then fit to a Lang-
muir isotherm. The isotherm parameters are shown in Table
2. No correction factor was applied.

Determining effective diffusivities for SRS waste

In previous studies (Gu et al., 1997; Huckman et al., 1999),
batch kinetic experiments were employed to estimate diffu-
sion parameters in 1E-911, which were later used to predict
column performance. Since such data were not available for
the SRS waste, a series of column experiments conducted at
Westinghouse Savannah River Technology Center (WSRTC)
were conducted. The Avg. SRS waste simulant and three dif-
ferent flow rates were used for the experiments. These exper-
iments were simulated using the two-phase homogeneous
column model to estimate a range of possible values for the
effective diffusion coefficients. Walker et al. (1998) con-
ducted three column experiments at flow rates of 1.6 CV/h
(slow: 0.3 cm/min), 5.9 CV/h (intermediate: 1.0 cm/min), and
22.1 CV/h (fast: 4.1 cm/min). Note that “CV" refers to empty
column volumes. The experimental parameters for these col-
umn runs are presented in Table 3.

Figures 3-5 illustrate the experimental data along with
model simulations using the equilibrium isotherms with the
parameters presented in Table 2. The ZAM equilibrium
model was used to generate cesium loadings for a broad range
of equilibrium cesium concentrations. These theoretical data
were then used to fit the Langmuir isotherm, and the param-
eters are presented in Table 2. Effective diffusivities of 0.25,
0.4, and 0.6x107'° m2/ were used to approximate the

Table 3. Experimental Parameters for Column Runs
Conducted at WSRTC

Parameter Slow Intermediate Fast
Space vel. (CV/h) 1.6 5.9 22.1
Sup. vel. (cm/min) 0.3 1.0 4.1
Col. dia. (m) 0.015 0.015 0.014
Avg. particle dia. (mm) 0.5 0.5 0.5
Col. vol. (L) 0.018 0.018 0.018

Source: Walker et al. (1998).
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Figure 3. Experimental data for the intermediate run at
5.9 CV/h and model simulations at effective
diffusivities of 0.25, 0.4 and 0.6 10~ m? /s,

breakthrough curves obtained experimentally. The values for
the effective diffusivities were considered as the low-limit,
best-fit, and high-limit diffusivities, respectively, determined
for the “intermediate” experiment. These values were then
applied to simulate the other experiments. Figure 3 shows
the intermediate rate (5.9 CV/h) column experimental data
and the three simulations. It is clear that the low-limit value
(0.25x 1071 m?/s) provides for a conservative estimate of
column breakthrough. Furthermore, the model simulations
predicted the solid capacity accurately using the equilibrium
isotherm generated from the ZAM equilibrium model and fit
to the Langmuir isotherm. One should note the broad scatter
in the experimental data; hence one should not expect to es-
timate the effective diffusivities with less than a 30% and
possibly a 50% error.

Figure 4 shows the “fast” rate (22.1 CV/h) experiment with
the corresponding model simulations. Again, the simulations
for the three diffusivities are plotted along with the experi-
mental data. Here the ZAM model predicts a solid loading
greater than that indicated by the data. The equilibrium
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Figure 4. Experimental data for the fastrun at 22.1 CV /h
and model simulations at effective diffusivi-
ties of 0.25, 0.4 and 0.6 X107 m?2 /s,
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Figure 5. Experimental data for the slow runat 1.6 CV/h
and model simulations at effective diffusivi-
ties of 0.25, 0.4 and 0.6 X107 m2/s.

isotherm used was the same for all three runs, since equilib-
rium capacity is only a function of the simulant composition,
feed concentration, and column temperature, which do not
differ between these two experiments. One possible reason
for the difference may lie in the use of a different 1E-911
batch for the fast experiment. Preliminary batch equilibrium
studies had indicated a lower loading for the batch used in
the fast experiment compared to the 1E-911 batch used for
the “slow’” and intermediate runs (Carter, 1999).

Figure 5 shows the experimental data and model simula-
tions for the slow (1.6 CV/h) column run. This plot shows the
early part of the breakthrough curve, since the experiment
was discontinued at a relative effluent concentration of 4.5%.
The simulation at 0.6 X 10~ m?/s appears to predict the ex-
perimental data well. The best-fit diffusivity would be closer
to 1x1071% m2/s, therefore the value of 0.6 X101 is a con-
servative estimate for the breakthrough point. The two-phase
homogeneous model usually predicts early breakthrough for
the IE-911 granules, as indicated from previous studies
(Huckman et al., 1999; Latheef, 1999; Latheef et al., 2000).

Design case results

The results for the SRS final design cases are given in Table
4. The primary designs were based on a two-column carousel
system with no parallel trains. A conservative effective diffu-
sivity of 0.25x1071° m?/s is recommended as the design ef-
fective diffusivity, although designs are also shown for the
higher values of 0.4x1071° m?/s and 0.6 <101 m?s, re-

Table 4. Comparison of Previous Design Results for the
Two-Column Carousel Using One Minus the Dilution

Factors

Dest (mzzs) 1—Dilution sV Interval
Waste x10710 Factor (h™YH  Time(h)
Avg. 0.2 0.7 0.29 1,750
HiOH 0.2 0.7 0.64 550
HIiNO 0.2 0.7 0.26 1,825
Avg. 0.2 1.0 0.29 2,500
HiOH 0.2 1.0 0.64 786
HIiNO 0.2 1.0 0.26 2,592
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Table 5. Design Results for Fixed Column Diameter (1.22 m)
for a Two-Column Carousel with no Parallel Trains

Dyt (M?/5) Length Volume SV Interval
Waste  x1071° per Col. (m) Carousel (L) (h~!) Time (h)
Avg. 0.4 4.24 9,910 0.57 1,308
HiOH 0.4 197 4,590 1.24 408
HINO 0.4 4.85 11,330 0.50 1,340
Avg. 0.6 2.93 6,850 0.83 903
HiOH 0.6 1.37 3,200 1.78 283
HIiNO 0.6 3.32 7,730 0.73 918
Avg. 0.25 6.68 15,600 0.36 2,060
HiOH 0.25 3.04 7,080 0.80 630
HiNO 0.25 7.59 17,760 0.32 2,104

Note: Lengths are for individual columns and space velocities are based
on total carousel volume and feed rate of 1.58 L/s. These results
are for the nominal waste solutions.

spectively. The equilibrium parameters were estimated for a
Langmuir isotherm using the ZAM equilibrium powder model
predictions without any correction factor.

Table 5 summarizes the results for the three nominal waste
compositions. The table shows the required space velocity and
the time interval between column switches. Also shown in the
table is the design carousel volume based on a feed rate of
1.58 L/s and a length per column based on a column diame-
ter of 1.22 m. Figure 6 shows the results in Table 5 in graphi-
cal form. The required volume for a flow rate of 0.95 L /s is
60% of the volume for 1.58 L/s. Thus for cases where the
column length is greater than the design specifications, a
slower flow rate may be utilized to obtain a shorter column.
This situation arose for the large volumes required when a
conservative effective diffusivity of 0.25x 10~ m?/s was uti-
lized in preparing the design.

Figure 7 shows the interval time for the column switches
for each of the three simulants. The Avg. and HiINO simu-
lants required the greatest volumes, but they also had longer
interval times. For the HiOH, however, the required column
volume was lower and the change interval was much shorter.

25000
B Deff=0.25 E-10 m*2/s O Deff= 0.4 E-10 m*2/s
Deff=06 E-10m*2/s & Previous Design
—~ 20000
=
g
S 15000 -
(]
>
F
£ 10000 -
g
S
5000 -
o0

Awg HIOH HINO

Figure 6. Total volumes for the two-column carousel
system for treating SRS waste at 1.58 L /s.

Since the required space velocity does not depend on the
flow rate, the volumes required at 0.95 L/s are 60% of the
volumes shown in this figure. The previous design values are
shown for the 70% correction factor case and D,=0.2X
10710 m2s.
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The previous design values are shown for the 70% dilution
factor case and D, = 0.2x 10 1% m?s.
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Figure 8. Required space velocity (based on the total
carousel volume) vs. the number of columns
in the system for six waste compositions.

The worst design case composition is HINO, which has the
lowest space velocity. This plot is based on the original de-
sign using an effective diffusivity of 0.2x 1071 m?4.

Multiple Columns: Effect on Total Carousel Volume
and Switching Time

To illustrate how the design volume and the operation of
the carousel changes as the number of columns in the carousel
changes, carousels were designed with a varying number of
columns. Figure 8 shows the space velocity required to meet
the design criteria vs. the number of columns in the carousel
for six of the waste compositions identified by SRS. The space
velocity is based on the total carousel volume. Figure 9 illus-
trates the interval between column switches. Both Figures 8
and 9 were developed for the original design using an effec-
tive diffusivity of 0.2x 107 m?s.

From Figure 8 or 9 one can easily visualize the differences
in the carousel performance for different waste compositions.
The waste composition labeled HiNO requires the smallest
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Figure 9. Interval between column switches vs. the
number of columns in the system for six waste
compositions.

The rate of CST usage is calculated by dividing an individ-
ual column volume by the switch interval. This plot is based
on the original design using an effective diffusivity of 0.2 X
10710 m2s.

space velocity, hence, the largest carousel volume for a given
flow rate. The other extreme is the waste labeled HiOH-b
(bounding) which allows for the largest space velocity, hence,
the smallest carousel volume for a given flow rate. These fig-
ures indicate the importance of clearly defining the range of
possible column feed compositions.

Figures 8 and 9 also illustrate how the total carousel vol-
ume required to treat a given waste decreases as the number
of working columns in the system increases. The decrease is
substantial, moving from two columns to three columns or
even from three columns to four columns. For example, the
total carousel volume required to treat HIOH decreases by
almost 30% when the number of working columns increases
from two to three. The decrease becomes more modest as
the number of columns increases. The change interval, shown
in Figure 9, can become an issue as the number of columns
increases because it is reduced to a few days for several of
the compositions.

Figure 7 can be used to determine the rate of CST con-
sumption by dividing the volume of an individual column by
the switch interval. It is important to note that as the distri-
bution coefficient of a given waste decreases, the amount of
CST required to treat that waste increases. Thus, for a given
flow rate of waste, a small distribution coefficient implies a
large rate of CST usage. However, a large rate of CST usage
does not imply that a large ion exchange column is required.
In fact, for the waste compositions considered here, those
resulting in the lowest distribution coefficients generally re-
quire the smallest column sizes. However, the lowest distri-
bution coefficients required more frequent change-out inter-
vals.

The final observation is to illustrate the effect of isotherm
nonlinearity on the design carousel volume (Hritzko et al.,
2000). As the Cs concentration increases, the isotherm be-
comes increasingly nonlinear. This nonlinearity decreases the
size of the mass-transfer zone. It is also true that as the Cs
concentration increases, the distribution coefficient de-
creases, thus requiring a greater volume of CST. Thus, the
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bounding compositions for SRS waste identify the wastes that
will require the most CST, but these are the wastes that re-
quire the smallest carousel volumes (that is, the largest space
velocity).

Conclusions

Several conclusions can be made from the results of this
design study. The primary design parameters in determining
the ion-exchange column volumes are the effective diffusivi-
ties and the shape of the equilibrium isotherms. From the
column data presented in Figures 3 through 5, it was clear
that a range of effective diffusivities between 0.25 and 0.6 X
1071 m2/s approximate the data in a satisfactory manner.
The average value of 0.4x1071° m2/s is within 30% of the
true value, which is expected when estimating effective diffu-
sivities from column data. Although a detailed look at the
effect of the isotherm was not presented here, previous work
by Latheef et al. (2000) and Hritzko et al. (2000) indicate that
the shape of the isotherm has an effect on the Cs effective
diffusivity for 1E-911 breakthrough curves at high concentra-
tions (> 40 ppm Cs).

The design calls for several columns operated in series. The
number of active columns determines the CST inventory.
From the carousel model simulations, a significant decrease
in the inventory occurs when employing three or more active
columns in series rather than the two active columns fol-
lowed by a guard column as specfied by SRS. The actual
number of columns used will depend on the total pressure
drop allowed for the carousel. Pressure drop was not consid-
ered to be a significant factor for the two or three column
systems.

Even though the CST inventory required for the carousel
is determined by the number of active columns, the total
amount of CST required to treat a large volume of agueous
waste is dependent on the distribution coefficient for concen-
trations of cesium in the waste of less than 1x107° kg/L. In
this low-concentration region, the equilibrium isotherm is
nearly linear and the distribution coefficient provides an ex-
cellent estimate for equilibrium behavior. Intuitively, for
higher concentrations, an effective distribution coefficient can
be determined by integrating the Langmuir isotherm from a
concentration of zero to the feed concentration and dividing
this area by the feed concentration.

Because very long times are required to reach the steady-
state mass-transfer zone, the initial columns will experience
improved separation that should be accounted for in the
carousel model. Figure 1 demonstrates this improved separa-
tion, as the initial two columns obtain effluent concentrations
greater than 90%.
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Notation

C =bulk liquid-phase concentration
C =pore liquid-phase concentration
CO% =feed concentration in bulk liquid phase

AIChE Journal

L =length of reactor

q =solid-phase concentration

r =radial direction to center of particle
t=time

V =volume of liquid

x =spatial direction along length of column
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