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Modeling Ion-Exchange for Cesium Removal
from Alkaline Radioactive Waste Solutions

F. G. Smith III,1 L. L. Hamm,1 S. E. Aleman,1 and M. E. Johnson2

1Savannah River National Laboratory, Aiken, SC
2CH2M-HILL Hanford Group, Inc., Richland, WA

Abstract: The performance of spherical Resorcinol-Formaldehyde ion-exchange
resin for treatment of radioactive waste solutions is investigated through com-
puter modeling. Results show that ion-exchange is an efficient method for cesium
removal from highly alkaline radioactive waste solutions. On average, two 1300
liter columns operating in series are able to treat 690,000 liters of waste with an
initial cesium concentration of 0.09mM in 11 days achieving a decontamination
factor of over 50,000. The study investigated the sensitivity of ion-exchange
column performance to variations in flow, temperature, and column dimensions.
Modeling results can be used to optimize the design of the ion exchange system.

Keywords: Cesium removal, ion-exchange, process modeling, radioactive waste

INTRODUCTION

Ion-exchange has been investigated as a method for treating liquid
radioactive waste for over 50 years (1) because of the high decontamina-
tion factors that can be achieved. Radioactive 137Cs is a major contri-
butor to the radioactivity of highly alkaline waste solutions stored at
the Savannah River Site in South Carolina and the Hanford Site in
Washington state. Cesium removal from these solutions would greatly
facilitate further processing. Several ion-exchange media such as zeloites
(2) crystalline silico-titinates (3), and resorcinol-formaldehyde (4,5) have
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demonstrated high selectivity for cesium removal from radioactive
wastes. A review of recent work in this area is provided by the IAEA
technical report 408 (6).

A process is currently being designed to remove cesium, containing
some isotopic fraction of radioactive 137Cs, from waste solutions at the
Hanford site. This process would treat waste solutions with relatively
low cesium concentrations to allow processing the treated material as
low activity waste. One treatment method being considered is
ion-exchange using spherical resorcinol-formaldehyde (RF) resin. RF
cation-exchange materials have been demonstrated to efficiently remove
cesium from solutions representative of the Hanford site waste composi-
tions (7). RF resin is prepared by condensation polymerization of resor-
cinol (C6H6O2) and formaldehyde (CH2O). The high selectivity for
cesium is attributed to the two weakly acidic hydroxyl groups on resorci-
nol which ionize and become functional at high pH. Due to its weak
acidic nature, the resin has a strong preference for Hþ and can be eluted
with dilute nitric acid to remove adsorbed cesium. The cesium-containing
eluate would be neutralized and returned to the Hanford site tank farm.
The eluted resin would be reused in further ion-exchange cycles.
Resorcinol-formaldehyde has been manufactured in crushed or granular
form and in a spherical form better suited for column packing.

The proposed design of the ion-exchange process consists of two
columns in series (lead column followed by lag column). Each column
would have a volume of 1.3m3 with a liquid reservoir of equal volume
at the head of each column. Figure 1 shows the model representation
of the ion-exchange columns with available sampling points numbered
0 through 5. Point 4, at the exit of the lag column, is used as the process
control point. When the instantaneous concentration of 137Cs in the
effluent of the lag column reaches the low activity waste limit of 15 mCi
per mole of Na the ion-exchange cycle is stopped. Both columns are then
flushed with 0.1M sodium hydroxide and water to remove the residual
feed solution and cesium bound to the RF resin would be eluted by run-
ning an acidic solution (�0.5M) through the column. Eluate containing
concentrated cesium would be returned to the Hanford site tank farm for
processing as high level waste. The RF ion-exchange columns would be
regenerated by treatment with caustic solution and reused until the per-
formance degradation from exposure to chemicals and radioactivity
becomes excessive.

The performance of the proposed process has been investigated by
modeling the cesium loading phase of the ion-exchange cycle using the
VERSE-LC code developed at Purdue University (8). An Excel spread-
sheet with Visual Basic coding was used to automatically run a series
of VERSE-LC simulations, collect results, and calculate the cumulative
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volume of waste processed during each loading cycle and the cesium
concentration in the cumulative volume. The modeling assumes that both
lead and lag columns are fully eluted after each loading cycle so that no
residual cesium remains on the columns and that the columns are fully
regenerated after each cycle. We also assume that there is no degradation
in column performance due to chemical or radiation exposure. These
assumptions imply that all ion-exchange cycles for a particular waste
composition and column configuration are identical which simplifies
the modeling since only one column loading cycle needs to be calculated
for each operating condition and it is assumed that this behavior persists
in subsequent cycles.

Cesium adsorption isotherms for RF resin were generated using a
detailed thermodynamic model developed at the Savannah River
National Laboratory (SRNL) by Aleman and Hamm (9). Parameters
in the model were derived from fitting to batch contact data obtained
from experiments conducted at SRNL by Nash et al. (10). Ion-exchange
column performance was simulated using effective single-component

Figure 1. Model representation of ion-exchange process (CSTR - Continuously
Stirred Tank Reactor, i.e., a well mixed vessel).
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(cesium) isotherms and column transport models. Based on this
methodology, the best estimate column simulations were run for eight
feed streams of interest. Sensitivity of the results to variations in column
dimensions, flow rate, and operating temperature were investigated for a
single feed composition.

We have recently published a brief description of results from a dif-
ferent ion-exchange study (11). In the present paper, we give more details
about the calculation methods used and describe model results more
completely.

ION-EXCHANGE COLUMN MODELING

Modeling ion-exchange columns requires a model of solute transport
through the column and an adsorption isotherm model that specifies
the equilibrium relationship between the concentration of ions in
solution and those adsorbed on the solid phase. Resin affinity for
competing ions has a direct impact on overall column performance.
The isotherms shift the breakthrough curve with respect to the number
of bed volumes required to reach a specified concentration level and,
for nonlinear isotherms, alter the breakthrough curve shape as well as
its sensitivity to the inlet feed conditions. The column size and resin
mass also have a direct impact on the overall column performance with
the particle geometry having slightly less effect. The bed volume may
vary over the course of an ion-exchange cycle for resins such as RF that
swell and shrink as the solution ionic strength and the pH change. In
this study, the bed volume refers to conditions during the loading cycle.
Intra-particle mass transport by pore diffusion to available surface sites
has a moderate impact on the overall column performance. Increased
pore diffusion enhances the rate of mass transfer between the liquid
and solid which tends to sharpen the breakthrough curve. Mass transfer
by film diffusion across the particle-to-bed boundary and along the
column length by axial dispersion have a relatively low impact on over-
all column performance. Pore diffusion, film diffusion, and axial disper-
sion all alter the shape of the exit breakthrough curves about the 50%
breakthrough concentration level with a slight shifting of the break-
through curve. Mechanisms such as surface migration or adsorption
kinetics are not included in the column model since their impacts were
considered to be negligible or are indirectly incorporated into the other
features during the parameter estimation process. We assume that
kinetics associated with local ion exchange at an active resin surface site
are very fast compared to the various liquid mass transfer mechanisms
that transport ions to the site.
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VERSE-LC solves a set of equations describing one-dimensional
transport along the axial dimension of the ion-exchange column
coupled to one-dimensional diffusion within a porous particle represent-
ing the resin (12). In general, a multi-component model must be used to
describe the adsorption of competing species from the liquid phase onto
the resin. However, under certain conditions, the multi-component
transport equations can be decoupled into a series of single-component
transport equations. Reduction to single-component equations is a
reasonable approximation when one ion (Csþ) absorbs onto the resin
significantly more than others. The validity of using this approach for
the RF system was verified by comparing multi-component (Naþ,
Kþ, Rbþ, and Csþ) and single-component (Csþ) calculations. Very simi-
lar results for cesium breakthrough were obtained with both
approaches. Sodium breakthrough is the fastest, quickly followed by
potassium, somewhat later by rubidium, and an order of magnitude
later by cesium. Using the single-component formulation, the cesium
breakthrough curve is essentially indistinguishable from that obtained
using the four-component model. Since significant time savings are
achieved with the single-component model (greater than 500 times
faster) and the differences in cesium breakthrough are well within our
predictive capabilities, the column analyses presented here were all
performed using the single-component modeling approach. Typical
run times for single-component simulation of one process were on the
order of three to five minutes.

For each ionic species, the transport equation solved by VERSE-LC
for the liquid phase concentration (cb) in the axial direction is:

eb
@cb
@t

þ ebu
@cb
@z

¼ ebEb
@2cb
@z2

� 3

Rp

� �
1� ebð Þkf cb � cp

��
r¼Rp

� �
ð1Þ

with boundary and initial conditions:

Eb
@cb
@z

����
z¼0

¼ u cb � cfeedb ðtÞ
� �

; ebEb
@cb
@z

����
z¼1

¼ 0 and cb ¼ cbð0; zÞ:

From left to right, the four terms in Eq. (1) represent storage, advection,
axial dispersion, and liquid film diffusion. The transport equation solved
for the ion concentration within the resin pores (cp) is:

ep
@cp
@t

þ ð1� epÞCT
@q

@cp

� �
@cp
@t

¼ epDp
1

r2
@

@r
r2
@cp
@r

� 	
ð2Þ
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with boundary and initial conditions:

@cp
@r

����
r¼0

¼ 0; epDp
@cp
@r

����
r¼Rp

¼ kf cb � cp

 �

and cp ¼ cpð0; rÞ:

The three terms in Eq. (2) represent storage, surface adsorption and pore
diffusion.

Assuming local equilibrium between the pore fluid and neighboring
surface sites, a multi-component equilibrium isotherm model for the ion
exchange between the pore liquid and the solid phase can be expressed as:

q ¼ f CT; cp1; cp2; � � � ; cpN

 �

ð3Þ

where it is assumed that the solid loading fraction (q) canbe explicitly related to
the total resin capacity ðCTÞ and local ion concentrations in the liquid phase.

CESIUM ISOTHERM MODEL

A thermodynamic model of surface adsorption (not described in this
paper) was used to generate cesium isotherm data over a range of con-
centrations for each feed composition. Simulated isotherm data from
the thermodynamic model was then fit to an algebraic isotherm model
that could be used in VERSE-LC. The RF isotherms apply only for the
loading phase of the RF ion-exchange cycle and the elution phase of
the RF ion-exchange cycle is not modeled. The modeling assumes that
the rate of ion exchange at a surface site is very fast compared to the
rate of diffusion within the pore fluid and mass transfer across the
liquid film at the outer boundaries of the particles. In other words,
we assume that local equilibrium exists between the pore fluid and its
neighboring surface sites. With this assumption, an algebraic expression
relating ionic or species concentrations in the pore fluid and on the solid
RF resin surface sites (referred to as our ‘‘isotherm model’’) can be
developed for use in column simulations. We assume that for each feed
composition the total cesium capacity of the ion-exchange resin is
independent of ionic strength and solution composition throughout
the ion-exchange process.

The most general form of the algebraic isotherm model we have used
is the Freundlich=Langmuir Hybrid model:

Cpi ¼
aic

Mai

pi

bi þ
P5

i¼1 bic
Mbi

pi

: ð4Þ
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Although this form of adsorption isotherm is not thermodynamically
consistent, the additional free parameters (Mai and Mbi) enabled a better
fit to experimental data at low concentrations. Five adsorbing species
Csþ, Naþ, Kþ, Hþ and Rbþ (i¼ 1, 2, 3, 4, and 5, respectively) were
considered. Experimental data suggests that relative RF resin affinities
are: Hþ>Csþ>Rbþ>Kþ>Naþ.

The general Freundlich=Langmuir Hybrid model can be converted
into an effective single-component cesium isotherm by assuming that
hydrogen, potassium, sodium, and rubidium concentrations throughout
the column quickly reach equilibrium with the RF resin and thereafter
remain constant at their feed concentration levels. The terms for these
four components in the denominator of Eq. (4) are then combined into
an effective single-component isotherm constant for cesium. This effec-
tive beta parameter is dependent upon the potassium, sodium, rubidium,
and hydrogen feed concentrations but is constant for a given feed compo-
sition. We also divide the numerator and denominator of Eq. (4) by b1 to
simplify the result. In addition, Eq. (4) calculates the resin capacity as
mol=L of bed volume whereas the total resin capacity (QT) is typically
measured as mol=g. We therefore set:

a1
b1

¼ qb gdf QT ð5Þ

where qb is the bed density (g-resin=L-BV) and gdf is a dimensionless resin
degradation factor that can be used to lower the total capacity to account
for the effects of chemical or radioactive exposure. The final form of the
single-component cesium isotherm is:

CpCs ¼ gdf
qbQTc

MaCs

pCs

bCs þ cMbCs

pCs

" #
: ð6Þ

Isotherm parameters QT, bCs, MaCs, and MbCs are calculated using a
computer code developed at SRNL that fit a thermodynamic model of
surface adsorption against experimental data. The experiments (10) used
a simulant of the Hanford site tank AP-101 waste plus variations about
the nominal tank AP-101 composition for batch contact, batch kinetics,
and small column ion-exchange experiments.

Column Properties

Properties associated with an ion-exchange column such as bed density and
porosity are inherently column specific. Based on geometrical considerations,
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not all densities and porosities are independent. The following expressions
place constraints on bed porosities:

et ¼ eb þ ð1� ebÞep ð7Þ

and densities:

qb ¼ qsð1� etÞ ¼ qsð1� ebÞð1� epÞ: ð8Þ

The bed, pore, and total porosities in Eq. (7) are defined as the following
volume fractions:

eb ¼ Vvoid � Vpore

Vb
; ep ¼ Vpore

Vp
; et ¼

Vvoid

Vb
¼ Vb � Vs

Vb
: ð9Þ

A bed porosity of 0.42 was measured for a nominal sample of
spherical RF resin. German (13) reports an average porosity of 0.363
for dense packing of uniform hard spheres. Greater packing fractions
(smaller bed porosities) can be achieved when multi-sized spheres are
employed. As discussed in the following section, the particle size distribu-
tion for the spherical RF material was relatively narrow so a void volume
somewhat greater than that for uniform hard spheres is reasonable.

Resin Properties

The particle size distribution of spherical RF resin (batch 5E-370=641
manufactured by Microbeads AS of Skedsmokorset, Norway) was
characterized in both hydrogen and sodium form at Battelle-Pacific
Northwest Division (PNWD) by Fiskum et al. (7) and at SRNL by
Adamson et al. (14). For ion-exchange column modeling, the particle size
in sodium form is required. The bulk of the particle size distribution fell
in the 400 to 600 mm range. PNWD reports an average particle diameter
of 452 mm while SRNL measured an average particle diameter of 461 mm
in a simulant of AP-101 waste composition. The average of these two
values, 457 mm, was taken to be the RF particle diameter. A nominal
particle radius of 230 mm was used in the model calculations which falls
within the uncertainty of the measured values. The particle density of
the RF resin in sodium form was measured as 1.615 g=mL during pilot
scale hydraulic testing by Adamson et al. (14).

The actual amount of resin present in the column is a parameter of
prime importance with respect to column performance. An estimate of
column bed density was derived from the data reported by Nash et al.
(10). In that study, the mass of dry RF resin in hydrogen form and the
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corresponding bed volume during column loading were measured to
obtain a nominal column bed density (ion-exchange material bulk
density) of:

qb ¼ mresin

Vb
¼ 0:256 g=ml: ð10Þ

The resin mass is multiplied by a factor of 1.25 to convert from hydrogen
form to sodium form (10). Using the values presented in the above sub-
sections, the particle void fraction of the resin particles in sodium form
becomes:

ep ¼ 1� qb=qsð1� ebÞ ¼ 0:658: ð11Þ

Spherical RF resin has at least two pKa values and the total
ion-exchange capacity is a function of liquid-phase ionic strength and pH.
Based on experimental data and modeling studies, the total capacity of RF
resin was estimated to be 6.75mmol=g. At high hydroxide concentrations,
the apparent ion-exchange capacity for Csþ was approximately 0.7mmol=g.

Solution Properties

Ion-exchange feed compositions used in this study are listed in Table 1.
The density and viscosity of each feed solution were calculated from
the composition and temperature using Version 2.0 of the Stream
AnalyzerTM software from OLI Systems, Inc. Solution densities and
viscosities at 25�C are listed in Table 2.

Molecular diffusion coefficients are important in determining key
dimensionless numbers (e.g., Schmidt Number, Sc) used in various
constitutive law correlations for column transport modeling. They also
provide an upper bound for pore diffusion coefficients. Binary diffusion
coefficients for dilute solutions of single salt electrolytes can be estimated
using the Nernst-Haskell equation (15):

D1
� ¼ RT

F2

� � 1
zþ
þ 1

z�
1
koþ

þ 1
ko�

" #
: ð12Þ

Limiting ionic conductivities (k�) at 25�C and infinite dilution for the ions
of interest in this study are tabulated in Table 3. Most of the conductiv-
ities were calculated using the correlation by Anderko (16):

ln½k0ðTÞgðTÞ� ¼ Aþ B=T: ð13Þ
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The correlation coefficients A and B are listed in Table 3. In a few
instances where the anion was not included in the Anderko correlation,
literature values of the ionic conductivity (15,17,18) were used.

Using Eq. (12) and the limiting ionic conductivities provided in
Table 3, binary molecular diffusion coefficients for certain single salts
within an aqueous phase are computed. To account for fluid property
differences between a salt solution and pure water, a correction factor

Table 3. Limiting ionic conductivity fitting coefficients and
calculated conductivities in water at 25�C

A B
Limiting ionic

conductivity X�1=eq

Cations
Hþ �3.9726 837.79 351.05
Naþ1 �3.3594 75.492 50.27
Kþ1 �3.5730 254.36 73.97
Csþ1 �3.6512 291.42 77.46

Anions
OH�1 �3.3346 468.13 192.30
Cl�1 �3.4051 216.03 76.94
NO�1

3 �3.6743 277.43 72.22
NO�1

2 72.00b

F�1 55.40b

CO�2
3 69.30b

SO�2
4 �2.9457 90.983 80.08

HPO�2
4 75.00a

AlðOHÞ�1
4 70.00a

aEstimated value.
bLiterature value.

Table 2. Feed solution physical properties at 25�C

Waste
Density
(g=mL)

Viscosity
(Pa s)

Csþ D1
(cm2=min)

AP-104 1.240 2.64� 10�3 4.27� 10�4

AP-102 1.235 2.79� 10�3 4.18� 10�4

AP-101 1.245 2.54� 10�3 4.42� 10�4

AP-103 1.236 2.76� 10�3 4.00� 10�4

AP-105 1.232 2.64� 10�3 4.35� 10�4

AP-108 1.240 2.88� 10�3 7.86� 10�4

AP-107 1.241 2.57� 10�3 12.83� 10�4

AN-104 1.234 3.07� 10�3 14.62� 10�4
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is applied based on the Stokes-Einstein equation (19):

DABmB
jT

¼ 1

6pRA
: ð14Þ

From Eq. (14), the ratio of the dynamic viscosity of pure water (repre-
senting conditions at infinite dilution) to that of the salt solution is a
correction factor that is applied to the molecular diffusion coefficients
computed from Eq. (12) to estimate binary diffusion coefficients in
the salt solution.

The dominant binary cation-anion pairs (i.e., cesium paired with indi-
vidual anions based on the given waste compositions) and their computed
binary molecular diffusion coefficients are listed in Table 4 at 25�C. An
overall diffusion coefficient for cesium was estimated as the average of
the individual cesium pair diffusion coefficients weighted by the mole frac-
tion of each pair in solution. The calculation for the AP-104 waste composi-
tion is shown in Table 4. Diffusion coefficients calculated using this method
for the feed solutions considered in this study are listed in Table 2.

Particle Kinetics Parameters

The rate of cesium uptake by the RF resin controls the transient behavior
of the column. As the rate of cesium uptake by the resin is increased, the

Table 4. Binary molecular diffusion coefficients at 25�C for a
solution containing cesium cations and anion of one particular
species

Ion Pairs

Molecular diffusion
coefficient in

water (cm2=min)

Molecular diffusion
coefficient in AP-104
waste (cm2=min)

Csþ=OH�1 1.78� 10�3 3.61� 10�4

Csþ=Cl�1 1.23� 10�3 2.08� 10�5

CSþ=NO�1
3 1.19� 10�3 5.12� 10�4

CSþ=NO�1
2 1.19� 10�3 2.07� 10�4

Csþ=F�1 1.03� 10�3 4.43� 10�6

CSþ=CO�2
3 8.76� 10�4 5.72� 10�5

CSþ=SO�2
4 9.42� 10�4 7.47� 10�6

CSþ=PO�3
4 8.11� 10�4 6.97� 10�6

CSþ=AlðOHÞ�1
4 1.17� 10�3 8.94� 10�5

D1 Csþ (cm2=min) 1.27� 10�3

D1 Csþ (cm2=min)
viscosity corrected

4.27� 10�4
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breakthrough curve becomes sharper and the utilization of the resin is
increased. Thus, an accurate evaluation of the parameters that control
the rate of cesium uptake is essential for modeling column performance.
We assume that the rate of chemical adsorption is very fast when com-
pared to the rates of diffusion within the pore fluid and mass transfer
across the liquid film at the outer boundary of the particles. Hence,
within the resin particles, the rate of cesium uptake is dominated by
intra-particle diffusion. Diffusion within the particles is governed by
the pore diffusivity, particle porosity, and the size of the particles. Exter-
nally, the rate of cesium transport from the inter-particle fluid to the par-
ticle surface depends upon the film mass transfer coefficient. Due to their
influence on the rate of cesium uptake and, thus, the transient behavior of
the column, the particle porosity, pore diffusivity, particle radius, and the
film mass transfer coefficient are referred to as kinetics parameters.

In the VERSE-LC code, the model for intra-particle diffusion
assumes that the particles are spheres of uniform radius. To apply the
VERSE-LC model it is therefore necessary to determine an average
radius from the particle size distribution, as discussed in the section titled
‘‘Resin Properties’’, and an effective pore diffusivity. We assume that the
pore sizes are large relative to the size of the migrating ions of interest and
that pore diffusion coefficients should not be significantly lower than
their bulk or free stream values. However, some level of reduced diffusion
in the pores is expected resulting from bends along the pore paths that are
generally accounted for by a particle tortuosity factor s defined as:

Dp ¼ D1
s

: ð15Þ

A nominal tortuosity factor of s¼ 3 for spherical RF resin was deter-
mined by analyzing experimental data obtained at SRNL (20).

Film Diffusion

For laboratory-scale column tests and the proposed full-scale facility, the
Reynolds number ranges from approximately 0.1 to one. With respect to
published literature values this is a very low Reynolds number range.
Numerous mass transfer correlations exist as discussed by Foo and Rice
(21). One of the correlations is that developed by Wilson and Geankoplis
(22) based on low Reynolds number data. Large variations between
correlations exist; however, the sensitivity of ion-exchange results to the
film coefficient has typically been low. VERSE-LC has the Wilson and
Geankoplis correlation as an option and this correlation falls somewhat
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within the spread of available low Reynolds number data. Therefore, we
have used it for the column simulations reported here.

For each ionic species, the Wilson-Geankoplis correlation is:

J � kfi
ueb

� 	
Sc

2=3
i ¼ 1:09

eb
Re�2=3: ð16Þ

In Eq. (16), kfi is the film mass transfer coefficient for species i, and the
Reynolds number (Re) and Schmidt number (Sc) are defined as:

Re � 2Rpqwueb
lw

and Sci �
lw

qwD
1
i

; respectively:

A standard deviation of approximately 25% is reported for Eq. (16)
by Wilson and Geankoplis (22), while from a comparison to the various
correlations presented by Foo and Rice (21) a standard deviation of
100% to 200% is actually observed.

Axial Dispersion

Axial dispersion in packed columns is the result of mechanical dispersion
added onto molecular diffusion. At practical flow rates mechanical dis-
persion dominates. For well-packed columns of sufficient diameter such
that wall effects (channeling) are minimal, a variety of correlations exist
for long column performance.

In the low Reynolds number range of interest, the Chung and Wen
(23) correlation is applicable for sufficiently large columns (large diameter
and length). The axial dispersion coefficient Eb (cm

2=min) is expressed as:

Eb ¼
2Rpueb

0:2þ 0:011Re0:48
: ð17Þ

The standard deviation of this correlation based on all available data
points was reported to be 46%. Equation (17) applies for sufficiently large
columns and correction factors must be considered for columns with
small diameters and=or short active bed lengths. A brief discussion of
minimum column sizing is given by Brooks (24).

MODEL BENCHMARKING

A model calculation was made simulating a small column experiment
that used spherical RF resin (batch 5E-370=641) with actual diluted
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AP-101 waste as feed. A full description of the test is reported by
Fiskum et al. (7). A comparison of simulation results to experimental
data is shown in Figs. 2 and 3. Model parameters used in this simula-
tion were computed using the same methods described in the preceding
sections of this report. A complete description of the calculation is given
by Aleman et al. (20). Figures 2 and 3 show that the model is in good
agreement with the data for both the lead and lag columns even at low
cesium concentrations (C0 for this experiment was 4.48� 10�5M). From
Fig. 3, we see that the model is able to predict cesium concentrations
down to the point at which measurement uncertainty, evidenced by scat-
ter in the data points, becomes significant. Both model and data predict
50% breakthrough in the lead column at approximately 95 bed volumes.
The good agreement obtained between the experiment and the calcula-
tion for this case provides some validation of the model for the waste
feed compositions of interest and gives confidence that the simulation
results will be accurate.

Figure 2. Linear plot of cesium breakthrough predictions compared to data
from small column experiment with actual AP-101 waste. Column operating
conditions: Flow rate¼ 2.89 BV=h, Temperature¼ 26 to 27�C, 137Cs C0¼ 117mCi=
mL, BV in 0.5M NaOH feed condition¼ 11mL, Na concentration
¼ 5.13M.
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COLUMN SIMULATIONS

Ion-exchange processing for the eight waste tank compositions listed in
Table 1 was simulated at nominal operating conditions defined to be a
bed volume of 1.3m3 (340 gallons), bed diameter of 0.91m (36 inches),
flow rate of two bed volumes per hour and operating temperature of
25�C. Five additional runs were made using the AP-104 feed composition
to test the sensitivity of the results to variations in column size, flow rate
and operating temperature in the following combinations:

1. Column diameters of 0.76 and 1.07m with a flow rate of 2 BV=h at
25�C

2. Flow rates of 1 and 3 BV=h in a 0.91m diameter column at 25�C
3. A temperature of 15�C in a 0.91m diameter column with a flow rate of

2 BV=h. In all cases, the column volume was fixed at 1.3m3.

Qualitatively results of the sensitivity runs are predictable. The
results are expected to be relatively insensitive to changes in the column
diameter keeping the bed volume constant. Operation at lower flow will
sharpen the breakthrough curve and allow more salt solution to be
processed during each cycle at the expense of longer operating time.

Figure 3. Semi-log plot of cesium breakthrough predictions compared to data
from small column experiment with actual AP-101 waste.
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Conversely, operation at a higher flow will spread out the breakthrough
curve and decrease the amount of salt solution that can be processed
during each cycle with some savings in operating time. Operation at
lower temperature increases resin capacity by changing the adsorption
isotherm.

The simulations assume that both lead and lag columns are fully
eluted and regenerated after each loading cycle. We also assume that
there is no degradation in column performance due to chemical or
radiation exposure. RF-resin will degrade somewhat with each loading
cycle (25) but we have not attempted to model this phenomena.

Cesium Isotherms

Experimental batch contact data for cesium on spherical RF resin from
Nash et al. (10) was fit to a Freundlich=Langmuir isotherm to more accu-
rately capture the behavior at low cesium concentrations. This same
methodology was used to calculate cesium isotherms for the Hanford site
waste feed compositions. Table 5 lists the cesium adsorption isotherm
parameters used in the VERSE-LC calculations for each feed. The last
two columns in Table 5 show the total cesium loading on the RF resin
at equilibrium in mol=L of bed volume and the corresponding curies
137Cs=L of bed volume. That is, these values show the cesium loading
in a fully loaded column. Since the lead column is typically fully loaded,
the curie loadings listed in the last column of Table 5 provide an estimate
of the maximum heat load on an ion-exchange column for thermal
analysis. The AP-107 waste produces the highest curie loading on the
ion-exchange column, 128Ci=L of bed volume at 25�C. The lowest curie
loading is about 36Ci=L BV for the AP-108 waste. Trends in cesium

Table 5. Cesium adsorption isotherm parameters at 25�C

Waste a b Ma Mb

Cs concentration
mol=L

Cs radioactivity
Ci=L

AP-104 0.248 8.38� 10�4 0.976 0.894 0.0179 43.70
AP-102 0.245 6.37� 10�4 0.974 0.899 0.0283 67.30
AP-101 0.250 9.88� 10�4 0.978 0.890 0.0223 52.25
AP-103 0.246 7.49� 10�4 0.976 0.896 0.0237 56.11
AP-105 0.243 5.67� 10�4 0.974 0.901 0.0316 73.38
AP-108 0.252 1.03� 10�4 0.978 0.889 0.0151 36.42
AP-107 0.244 6.57� 10�4 0.975 0.898 0.0541 127.88
AN-104 0.242 4.79� 10�4 0.973 0.904 0.0368 87.88
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loading generally correlate with feed cesium concentrations given in
Table 1 since the waste compositions are similar.

Figure 4 shows cesium adsorption isotherms for the eight waste
compositions analyzed. The points on the isotherms in Fig. 4 are plotted
at the feed equilibrium aqueous cesium concentration (x-axis) and
indicate the cesium concentration on the RF resin (y-axis) at equilibrium
with the feed. In general, the higher up the isotherm curve the inlet
cesium concentration falls the more nonlinear the shape of the isotherm
which tends to sharpen the breakthrough curve. For example, waste com-
position AP-107 falls higher along its isotherm than any of the other feed
compositions and, as shown below, produces the steepest breakthrough
curve. However, other factors such as cesium diffusivity also have a sig-
nificant impact on the shape of the predicted breakthrough curve.

Column Modeling Results

Results from the AP-104 sensitivity runs are summarized in Table 6
and plots of lag column breakthrough curves for the sensitivity runs
are presented in Figs. 5 through 7. In Table 6: Case 2 represents the
nominal operating conditions, Cases 1 and 3 investigate different column

Figure 4. Cesium adsorption isotherms at nominal operating conditions.
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diameters, Cases 4 and 5 investigate different flow rates, and Case 6
investigates operation at a lower temperature.

As can be seen from Table 6, VERSE-LC results for the three
different column diameters are within the uncertainty of the calculation
and therefore essentially identical. VERSE-LC is a one-dimensional
(axial) model of the column so results will not be very sensitive to changes
in column dimensions. Axial dispersion will tend to diffuse the adsorp-
tion front slightly more with longer residence times in longer columns.

Figure 5. Lag column breakthrough curves for AP-104 waste composition with
varying column diameter at nominal flow and temperature.

Table 6. Sensitivity study results

Case
Column

diameter (m)
Flow

rate (BV=h)
Temperature

(C)

AP-104
Volume

processed=cycle (m3)

Loading
cycle time
(Days)

1 0.76 2 25 582.5 9.41
2 0.91 2 25 579.1 9.35
3 1.07 2 25 575.7 9.30
4 0.91 1 25 669.2 21.61
5 0.91 3 25 512.9 5.52
6 0.91 2 15 777.8 12.57
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However, this effect is small. Figure 5 shows the breakthrough curves
obtained with varying column diameter where the small difference in
results with variation in column dimensions is apparent.

Flow rate does have a significant impact on column performance.
Lower flow rates allow more time for diffusion into the ion-exchange
particles and equilibration which will sharpen the wave front, retard
breakthrough, and make better use of the ion-exchange resin capacity.
The results in Table 6 quantify this effect. As shown in Table 6, lowering
the flow rate from 2 BV=h (Case 2) to 1 BV=h (Case 4) increases the
amount of waste that can be treated in a single ion-exchange cycle by
about 16%. However, the loading time is increased by 130%. Increasing
the flow rate to 3 BV=h (Case 5) decreases the volume of waste processed
by about 11% and decreases the processing time by about 40%. Faster
processing times will also reduce RF resin exposure to chemical and
radioactive degradation. The results indicate that the relatively small gain
in waste volume processed at the lower flow rate is probably not worth
the increased loading time and resin exposure. However, faster processing
rates will reduce both the operating time and the resin exposure with a
relatively small penalty in column usage. Figure 6 shows the break-
through curves obtained by varying the flow rate through the column.

Figure 6. Lag column breakthrough curves for AP-104 waste composition with
varying flow rate at nominal column diameter and temperature.
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The flow rate is clearly a significant factor in ion-exchange column
performance with lower flow increasing column utilization.

Operating the ion-exchange column at 15�C (Case 6) instead of 25�C
increases the amount of waste that can be treated in a single cycle by
about 34%. The number of loading cycles required to process the
AP-104 waste is thereby reduced from 25 to 19. The trade off is the neces-
sity of providing cooling to the ion-exchange column. Some cooling will
be required to maintain the ion-exchange column at 25�C since cesium
loading on the fully loaded lead column ranges from 40 to 130Ci=L of
bed volume for the given feeds. Heat generation in the fully loaded lead
column ranges from approximately 240 to 790 watts. Figure 7 shows the
breakthrough curves obtained running the column at 25�C and 15�C with
nominal flow rate and the column diameter. Temperature has a signifi-
cant impact with lower temperature improving ion-exchange column per-
formance. The temperature effect is primarily a function of the change in
the cesium adsorption isotherm with temperature.

Table 7 summarizes results obtained for the eight feed compositions
operating the ion-exchange column at nominal conditions. The table
shows the total volume of each waste solution that must be processed,
the volume that can be processed in a single ion-exchange cycle, the time

Figure 7. Lag column breakthrough curves for AP-104 waste composition with
varying temperature at nominal column diameter and flow rate.
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in days required for the loading phase of the cycle, the number of cycles
required to process the entire waste volume, and the total loading time
required to process the entire waste volume. These estimates assume a
clean fresh column for each cycle while it is expected that column perfor-
mance will degrade over time from exposure of the resin to chemicals and
radioactivity. We have also not attempted to include the time required for
feed flushing, column elution, column regeneration, and replacement of
spent resin although these times are expected to be much shorter than
the time required to load the columns, based on laboratory and
pilot-scale tests.

The column will be operated until the cesium concentration at the
outlet of the lag column is at the limit for processing the decontaminated
solution (15 lCi=mole Na). Since the ion-exchange column quickly
becomes saturated with sodium we can assume that the sodium concen-
tration in the decontaminated solution is the same as the feed concentra-
tion of 6M. Therefore, the decontaminated solution limit is 90 lCi=L.
Cesium activity is relatively constant for all of the feeds having an aver-
age value of 2375Ci=mole 137Cs. However, total cesium concentrations in
the feed solutions vary so individual concentration limits must be set for
each feed.

Plots of lag column breakthrough curves for the eight feed composi-
tions are shown in Fig. 8. The volume of waste solution that can be pro-
cessed during a single ion-exchange cycle varies from about 470m3 for
AP-101 up to almost 1140m3 for AN-104. Table 8 shows the ratio of
the cesium concentration in the composite (cumulative) product to the
processing limit for each feed composition. Operating the column until
the outlet concentration is at the processing limit is very conservative

Table 7. Simulation results for feed compositions under nominal operating
conditions (0.91m column, 2 BV=h, 25�C)

Waste
Total waste
volume (m3)

Volume
processed=
cycle (m3)

Loading cycle time
(Days)

Number of
loading cycles

Total load
time (Days)

AP-104 3786.9 582.5 9.35 6.50 60.8
AP-102 4004.2 729.0 11.78 5.49 64.7
AP-101 4126.0 473.9 7.65 8.71 66.6
AP-103 4244.9 620.7 10.03 6.84 68.6
AP-105 3944.0 816.8 13.19 4.83 63.7
AP-108 4336.9 541.6 8.75 8.01 70.1
AP-107 4317.9 648.7 10.48 6.66 69.8
AN-104 5528.0 1112.0 17.96 4.97 89.3
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and the cumulative product compositions are between 30 and 140 times
lower than the effective limit of 90 lCi=L. From Fig. 8, we estimate that
increasing the product concentration by an order of magnitude might
allow an additional 95m3 of waste to be treated during each ion-exchange
loading cycle.

Table 8. Decontamination factors for feed compositions
(0.91m column, 2 BV=h, 25�C)

Waste
Ccomposite=

Climit DF required DF predicted

AP-104 0.033 1556 47450
AP-102 0.029 2000 68970
AP-101 0.031 2333 75260
AP-103 0.032 1889 59030
AP-105 0.027 2000 74070
AP-108 0.022 1556 70730
AP-107 0.007 5333 772900
AN-104 0.008 2111 261900

Figure 8. Lag column breakthrough curves for waste compositions under
nominal operating conditions.
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Figures 9 through 11 show concentration profiles within the liquid
phase in the lag column at the end of the loading cycle for the AP-104
sensitivity runs. The column length (x-axis) is normalized such that 1.0
is the inlet of the lag column and 2.0 is the outlet of the lag column.
For the nominal 0.91m diameter, the actual column length is approxi-
mately two meters (1.96m) while in Fig. 9, the column length varies from
1.44m for the 1.07m diameter column to 2.82m for the 0.76m column.
The sensitivity results show relatively small differences for different col-
umn geometries and significant differences for variations in flow rate
and temperature. Figure 10 clearly shows the better use of the RF resin
capacity obtained at lower flow rates.

Figure 12 shows concentration profiles within the liquid phase in the
lag column at the end of the loading cycle for the eight waste feed com-
positions. The column length is again normalized. Waste compositions
AP-107 and AN-104 have particularly steep breakthrough curves so that
both the lead and the lag columns are almost completely loaded at the
end of a cycle. Review of the calculations showed that this is primarily
caused by the relatively high cesium diffusivities predicted for these waste
compositions (Table 2). High diffusivity allows the cesium to enter the
RF pores faster and equilibrate with the adsorption sites more efficiently.

Figure 9. Cesium concentration profiles in lag column at end of loading cycle for
AP-104 waste with varying column diameter at nominal flow and temperature.
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Figure 11. Cesium concentration profiles in lag column at end of loading cycle for
AP-104 waste with varying temperature at nominal column diameter and flow rate.

Figure 10. Cesium concentration profiles in lag column at end of loading cycle for
AP-104 waste with varying flow rates at nominal column diameter and temperature.
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CONCLUSIONS

The VERSE-LC code has been used to determine the performance of
spherical Resorcinol-Formaldehyde (RF) ion-exchange resin for the
removal of cesium from eight Hanford waste solutions. In all cases, the
RF resin was predicted to process a significant volume of waste solution
during each ion-exchange cycle. Sensitivity analysis shows that lower flow
sharpens the breakthrough front which makes fuller use of the resin capa-
city allowing more waste volume to be processed in each ion-exchange
cycle. However, decreasing the flow from 2 BV=h to 1 BV=h increases
the volume of the solution processed in each loading cycle by about
16% while also increasing the time required to run a loading cycle by
130%. Hence, there is a significant penalty in longer operating time for
a modest increase in capacity.

The calculations also show that higher flow spreads out the break-
through front and decreases the amount of solution that can be processed
in each ion-exchange cycle. Increasing the flow from 2 BV=h to 3 BV=h
decreases the volume of solution processed by about 11% while decreas-
ing the time required to run the material through the column by about
60%. However, using higher flow rates is attractive since the operating

Figure 12. Cesium concentration profiles in lag column at end of loading cycle for
waste compositions at nominal operating conditions.
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times are substantially decreased with only a modest penalty in column
capacity. Processing at a higher flow would also decrease the exposure
of the RF resin to radiolytic degradation thereby increasing the volume
of waste that each bed can process before it must be replaced.

Operating the column at a lower temperature increases the adsorp-
tion capacity of the resin and increases the amount of solution that can
be treated in each cycle. Operating at 15�C instead of 25�C increased
RF resin capacity by approximately 34%. However, unless the feeds
are naturally chilled (e.g., as a result of below ground storage), the need
to supply active cooling to the column will increase equipment costs
offsetting some of the savings from an increase in capacity. Column
performance was insensitive to variations in column geometry over a
practical range of design options.

While the model of solute transport through the ion exchange
column applied in this study is not new, we have demonstrated a metho-
dology to obtain accurate input parameters for application of the model
to the simulation of radioactive waste treatment. In particular, experi-
mental data was used to derive an appropriate isotherm model, the model
of column performance was benchmarked against experimental data, and
sensitivity studies were made with the model to guide process design.

NOMENCLATURE

A, B conductivity correlation coefficients
ai, bi isotherm coefficients for species i
cb concentration in bed fluid, M
cp concentration in pore fluid, M
C0 concentration in feed solution, M
Cpi concentration of species i on solid based on bed volume,

mol=L-BV
CT total ion-exchange capacity of resin, mol=L-BV
DAB binary diffusion coefficient for chemical species A in

solution B, cm2=min
Dp pore diffusivity of Csþ in the particle pore, cm2=min
D1 bulk diffusivity of Csþ in the free stream, cm2=min

D1
� binary diffusion coefficient at infinite dilution, cm2=min

D1
i diffusion coefficient for species i at infinite dilution,

cm2=min
Eb axial diffusion coefficient, cm2=min
F Faraday constant, 96500 C=eq
DF Decontamination Factor, ratio of influent to effluent

cesium concentrations
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kf liquid film mass transfer coefficient,
cm=min

Mai, Mbi isotherm exponents for species i
q species fractional loading on resin
QT total resin capacity, mol=g
r radial coordinate within resin particle, cm
R gas constant, 8.314 J mol�1K�1

RA radius of diffusing particle, cm
Rp average particle radius, cm
t time, min
T absolute temperature, K
u interstitial fluid velocity, cm=min
Vb total volume of bed, mL
Vvoid total volume of voids within bed, mL
Vpore total volume of pores within particles, mL
Vp total volume of particles within bed, mL
Vs total volume of solid resin within bed, mL
z axial coordinate, cm
zþ; z� valences of cation and anion, respectively

Greek Symbols
bi isotherm coefficient for species i
eb bed porosity
ep particle porosity
et total porosity of bed
j Boltzmann constant
koþ; k

o
� limiting ionic conductivity for cation and anion, X�1 �

cm2=eq
gdf resin degradation fraction
lB dynamic viscosity of solution
lw dynamic viscosity of water
g(T) viscosity of pure water, Pa � s
qb bed density, g=mL
qs solid density of resin, g=mL
qw density of water, g=mL
s tortuosity factor

Subscripts
i ionic species
b bed
p particle
s solid
t total
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