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EXECUTIVE SUMMARY

BACKGROUND

Hanford's 177 underground storage tanks contain a mixture of sludge,
salt cake, and alkaline supernatant liquids. The insoluble sludge consists of
‘metal oxides and hydroxides and contains the bulk of many radionuclides. The
water-soluble salt cake, the residuum from extensive evaporation of aqueous
solutions, consists primarily of sodium salts. The supernates are
concentrated aqueous solutions of sodium and potassium nitrates. Most of the
water-soluble radionuclides, such as *'Cs, are in salt cake and supernate.

Disposal options for these wastes are high-Tevel waste (HLW) glass for
disposal in a repository or low-level waste (LLW) glass for onsite disposal.
Systems-engineering studies show that economic and environmental '
considerations preclude disposal of these wastes without further treatment.
Difficulties inherent in transportation and disposal of relatively large
volumes of HLW make it impossible to vitrify all of the tank waste as HLW.
Potential environmental impacts make direct disposal of all of the tank waste
as LLW glass unacceptabie. Although the pretreatment and disposal
requirements are still being defined, most pretreatment scenarios include
retrieval of the aqueous liquids, dissolution of the salt cakes, and washing
of the sludges to remove soluble components. Most of the cesium is expected
to be in the aqueous liquids, which are the focus of this report on cesium
removal by jon exchange.

The main objectives of the ion-exchange process are removing cesium from
the bulk of the tank waste (i.e., decontamination) and concentrating the
separated cesium for vitrification. Because exact requirements for removal of
B’Cs have not yet been defined, a range of removal requirements will be
considered. This study addresses requirements to achieve ¥’Cs levels in LLW
glass between 1) the Nuclear Regulatory Commission (NRC) Class C (10 CFR 61)
1imit of 4600 Ci/m® and 2) 1/10th of the NRC Class A 1limit of 1 Ci/m® (i.e.,
0.1/m*. The required degree of separation of cesium from other waste
components is-a complex function involving interactions between the design of
the vitrification process, waste form considerations, and other HLW stream
components that are to be vitrified.
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REPORT OBJECTIVE

This report summarizes much of the data necessary for the design of an
jon-exchange process that will remove cesium from Hanford tank waste
supernates and sludge wash waters. It includes information on the expected
feed compositions, process performance criteria, equilibrium behavior, and
kinetic behavior of two ion-exchange resins: Duolite™ CS-100, a phenol-
formaldehyde resin, and R-F, a resorcinol formaldehyde resin developed by
researchers at the Savannah River Site (SRS). A preliminary engineering
analysis presents the results of efforts to model equilibrium, column loading,
and elution. Significant areas that are not covered include resin production,
shelf 1ife, mechanical stability, column hydraulics, and removal of other
radionuclides of potential interest (*°Sr, *Tc, and transuranic component;).

SUMMARY OF RESULTS

In general, R-F resin was much more selective for cesium than CS-100,
roughly 6-fold to 12-fold at 25°C and up to 20-fold under some conditions at
40°C. Equilibrium behavior suggests that low température, concentrated feeds,
and low potassium favor the highest cesium loading. As temperature fell from
40°C to 10°C, the average selectivity for cesium doubled for CS-100 and
increased by about 40% for R-F. The amount that could be processed per unit
volume of exchanger diminished by 30% to 35% for CS-100 and 25% to 30% for R-F
when complexant concentrate (CC) was diluted from 7M to 3M sodium. Potassium
decreased the cesium loading on both resins. The amount of potassium
([Na*]:[K] = 7.4) in Double-Shell Slurry Feed (DSSF) significantly reduced
the cesium column distribution ratio (Cs A) of both resins. Equilibrium Cs A
for CS-100 was 25 with DSSF ([Na*]:[K'] = 7.4, 7M Na, [Na']:[Cs*] = 10°, 25°C)
versus 38 with CC waste simulant ([Na*:[K*] = 200, 7M Na, [Na‘]:[Cs*] = 10°,
25°C). At the same conditions, Cs A for R-F was 170 with DSSF and 400 with CC
waste.

The rate-limiting step in loading 200 mL bench-scale columns with
Neutralized Current Acid Waste (NCAW) simulant (5M Na, low K) appears to be
diffusion in the particle phase. The breakthrough curves showed little to no
dependence on the ve]oéity of the fluid through the exchanger bed, and mass-
transfer coefficients were nearly independent of the flow rate. The shape of
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the breakthrough curve is largely a function of the residence time of the feed
in the column.

In Toading the bench-scale columns with DSSF simulants, the rate-
limiting step appears to be diffusion in the particle phase with an element of
film diffusion. The slope of the breakthrough curves was less dependent on
the feed velocity than would be expected if loading were completely controlled
by film diffusion. The apparent difference in the significance of film
diffusion may be because DSSF is more viscous than NCAW; diffusion in viscous
liquids is slower. "

When the Toading process is limited by diffusion in the particle phase,
the breakthrough curves of 200 mL columns can be expected to be reasonably
similar to those of full-scale columns at similar feed composition, operating
temperature, and flow rate (column volumes [cv]/h). Theoretically, the column
dimensions have no impact when loading is particle-phase-controlled. Columns
are commonly designed with length to diameter ratio (L:D) >1.5 to minimize
problems associated with channeling and feed distribution. A larger L:D may
be chosen for processing of more concentrated feeds, such as DSSF, in which
film diffusion plays a significant role, or to provide a higher feed velocity,
thereby reducing the thickness of the diffusion layer and improving the
loading rate.

Both resins could be eluted with nitric acid or formic acid. Eluting at
a slower rate, raising the temperature, or decreasing the acid concentration
can minimize the amount of chemicals added as eluant. Although using less-
concentrated acid adds fewer chemicals to the system, the volume of eluant is
" larger. Elution of R-F resin required (at similar process conditions) fewer |
moles of acid per volume of waste processed because its selectivity for cesium
was higher.

Significant channeling of eluant occurred during many runs with R-F
resin (batch BSC-187, produced in 1988) in 200 mL columns.. During elution,
the resin shrinks =35% and tends to adhere. to itself, pulling away from the
column walls. The result is usually a poor elution curve, requiring excessive
quantities of eluant, and incomplete elution of the cesium. In some cases,
elution was continued even though the resin had shrunk. The resin apparently




was not very sticky; lightly stirring the resin and allowing the column to
settle provided excellent elution profiles. It is not known if channeling
will be a problem in full-scale columns, in which the resin might settle under
its own weight.

Channeling did not occur during elution of a new batch of R-F resin
(BSC-210), which did not agglomerate. The reason(s) for the different elution
performance of the two batches of resin remain unknown.

Published data suggest that both resins lose capacity at a rate of 2% to
3% per loading/elution cycle. However, the estimate for R-F was based on only
7 cycles, and the data for CS-100 were obtained in 1979, when the resin was
made by a different manufacturer.

Comparison of equilibrium data for CC waste (high-organic) to NCAW
(low-organic) suggests that the complexants have little effect on the
equilibrium behavior of the resins. The organic complexants are probably
present as anions and do not participate in the exchange reaction. They would
be expected to bind with divalent ions (e.g., strontium) but not with
monovalent ions (e.g., cesium).

It is possible, although not likely, that repeated exposure to the
complexants could foul the resins. Resin fouling with inorganic precipitates
is a potential problem, especially during the processing of concentrated waste
streams (DSSF.at 7M sodium). Many tank wastes are at approximately 40°C, and
they generate significant amounts of precipitate when cooled to room
temperature. Adequate dilution is one potential solution, although aluminum
hydroxide (AT(OH),) in waste streams that are low in free hydroxide might
precipitate on dilution.

ION _EXCHANGE PROCESS ANALYSIS

Decontamination requirements were estimated for several waste types and
for NRC Class C, A, and 1/10th of Class A limits in LLW glass. The
decontamination factor'(DF) to meet 1/10th of Class A limits ranges from about
900 for an average single-shell tank (SST) waste supernate (5M sodium feed) to
about 55,200 for NCAW. The DF requirement for a blended aqueous phase (all
supernates and sludge wash solutions) from an enhanced sludge wash (ESW)
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process was about 1700. For Class C limits, the only waste requiring cesium
removal is NCAW, and the required DF is approximately 2.

A Timited effort directed at defining the compositional limits of the
eluate indicates that the ratio of the total moles of monovalent cations (Na*,
K*, Rb*) to moles of cesium must be <1500. This number is reached by assuming
that 1) the sodium that would normally be added as frit (glass formers) is
replaced by sodium in the eluate and 2) sludge from an ESW process is Toaded
at 50 wt% waste oxides in an HLW glass with a frit composition of 92 wt% SiQ,
and 8 wt% Na,0. The ratio will remain unverified until the rest of the tank
waste treatment system has been defined. The two-areas of primary importance
in setting the eluant composition are 1) the quantity of washed solids to be
vitrified as ‘HLW glass and 2) the characteristics of the HLW glass.

Preliminary examination of a 4-column carousel operation indicated that
R-F resin requires about 10% of the total number of column loadings required
by CS-100 for a given quantity of waste. For processing an NCAW feed of
average composition, the eluate from an R-F loading would have a total cation
to cesium mole ratio of about 11; the eluate from CS-100, about 65. For
processing a typical DSSF feed, the eluates would have ratios of about 100 and
- 1200 for R-F and CS-100, respectively. Large DFs are expected to be difficult
to achieve with a regenerable system because of the increasing elution
requirements with DF. However, a laboratory-scale system achieved DFs in
excess of 10,000 for two cycles with SRS waste simulant on R-F resin.

IMPLICATIONS FOR SYSTEM DESIGN

Processing of waste at sodium concentrations >7M will be difficult at
25°C. The DSSF simulant used was near its solubility 1imit at 7M sodium and
25°C, and higher concentrations would carry increased risks of precipitation
and fouling 6f the resins. Loading the resins with DSSF was partially limited
by film diffusion, whereas the less concentrated NCAW was not, probably
because NCAW is less viscous. Perhaps more significant is that R-F resin
floated in DSSF at 8M sodium; thus, a restraining device in the columns would
be required to keep the bed from fluidizing and mixing.
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Some processing conditions favor cesium loading and others favor higher
flow rates. Lower temperature favors cesium loading, but will probably lower
the loading rate, since the diffusion rate is expected to diminish with
temperature. Conversely, processing at a higher temperature would increase
the diffusion rate and the solubility of the waste components, thereby
minimizing precipitation problems, but decreasing capacity. Concentrated
feeds favor cesium loading, but reduce the loading rate in DSSF column runs.
Detailed trade-off studies are required to define the optimum processing
conditions. -

A preliminary examination of the column-loading characteristics suggests
that use of CS-100 will require larger columns or more columns than will R-F.
CS-100 is less selective for cesium, and breakthrough of the cesium during
loading would result in lower DFs. A slower flow rate will reduce the extent
of early breakthrough, but the columns will have to be correspondingly larger
to maintain process rates. Use of columns in series will effectively increase
the length of the column and result in higher DFs.

A preliminary examination of the elution data indicates that the moles
of acid required for elution to a given cesium concentration (C/C,) can be
minimized by reducing acid concentration and flow rate (which together will
increase elution time) and raising temperature. If elution time exceeds the
time required to Toad the columns, continuous operation will be impossible.
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1.0 INTRODUCTION

1.1 BACKGROUND

Hanford’s 177 underground storage tanks contain sludge, salt cake, and
alkaline supernate. The insoluble sludge consists of metal oxides and
hydroxides and contains the bulk of many radionuclides. The water-soluble
salt cake, the product of extensive evaporation of aqueous solutions, consists
primarily of dried sodium salts. The supernate consists of concentrated
aqueous solutions of sodium and potassium nitrate salts. The salt cake and
supernate contain most of the water-soluble radionuclides, such as ¥Cs. The
disposal options for these wastes are high-Tevel waste (HLW) glass for
disposal in a repository or low-level waste (LLW) glass for onsite disposal.

Systems engineering studies show that economic and environmental
considerations preclude disposal without further treatment. Problems
associated with transportation and disposal of relatively large volumes of HLW
preclude vitrification and direct disposal of all tank waste in the HLW
repository. Direct disposal of all tank waste as LLW glass appears to be
unacceptable because of potential environmental impacts. Although the
pretreatment and disposal requirements are still being defined, most
pretreatment scenarios include retrieval of the aqueous liquids, dissolution
of the salt cakes, and washing of the sludges to remove soluble components.
Most of the cesium is expected to be in the aqueous liquids, the focus of the
jon-exchange process.

The main process objectives associated with the cesium ion-exchange
process are removing cesium from the bulk of the tank waste (i.e.,
decontamination) and concentrating the separated cesium for vitrification.
Because the exact requirements for removal of Cs have not yet been defined,
a range of removal requirements will be considered. This study addresses
B7Cs-removal requirements for LLW glass between the Nuclear Régu]atory
Commission (NRC) Class C (10 CFR 61) 1limit of 4600 Ci/m’ and 1/10th of the NRC
Class A timit of 1 Ci/m® (i.e., 0.1 Ci/m®). The required degree of separation
of cesium from other waste components for disposal as HLW is a complex
function involving interactions among the design of the vitrification process,
waste-form considerations, and other HLW-stream components to be vitrified.
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The technology for cesium recovery from high-level alkaline wastes and
sTudge wash waters is being developed at the Hanford Site in Richland,
Washington (Bray et al. 1993); the Savannah River Site at Aiken, South
Carolina (Bray et al. 1990; Bibler et al. 1990); and the West Va]]ey‘
Demonstration Project in West Valley, New York (Bray et al. 1984). Pacific
Northwest Laboratory (PNL)! used this technology as a starting point for
experimental studies and analyses of simulated and actual Hanford tank wastes
to evaluate the performance of existing and emerging ion-exchange materials
and processes. '

1.2 SCOPE

This report covers most of the relevant data and analyses associated
with the removal of cesium from Hanford tank waste. It focuses on two ion-
exchange resins: (€S-100, a phenol-formaldehyde resin developed by Rhom and
Haas, and R-F, a resorcinol-formaldehyde resin developed at SRS and produced
by Boulder Scientific. This report includes the equilibrium and kinetic data
required to design and optimize the ion-exchange process.

Data associated with the zeolites and the newly developed crystalline
silico-titanates (CSTs) are not inciuded because the focus of the wdrk is on
the development of an ion-exchange system using a resin that can be
regenerated. Bray et al. have reported on the performance of zeolites (1984)
and CSTs (1993).

1.3  PURPOSE/OBJECTIVES

The overall objectives of the PNL ion-exchange program are to provide
experimental data and analyses that will be used to design an ion-exchange
process for the removal of cesium from Hanford tank wastes. The work is
directed at meeting the following specific objectives:

» evaluation and selection of ion-exchange materials for plant-scale
implementation;

(1) PNL is operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract No. DE-AC06-76RLO 1830.
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» determination and evaluation of equilibrium behavior, including the
effect of competing cations, organic complexants, waste concentration,
- temperature, and pH for application to a wide range of aqueous tank
wastes;

o determination and evaluation of column-loading data, including the
effect of flow rate, residence time, temperature, and waste
concentration;

 determination of the stability of selected ion exchangers in the
chemical and radiolytic environment likely to be encountered in actual
processing;

» establishment of engineering-scale data for the design and scale-up of
ion-exchange equipment; and

* development of preliminary flowsheets to support the design of process
and facility.

This report summarizes data and analyses performed by PNL pertaining to
the removal of cesium from Hanford tank wastes by use of R-F and CS-100
organic resins. This report is not all-inclusive; additional work is needed
to support final resin selection and engineering analyses.

1.4  EXPERIMENTAL AND ENGINEERING APPROACH

The experimental and engineering work is conducted in the framework of
the general approach to the development of nuclear waste treatment processes
(bench- to pilot- to p]ant-sca1e5, which is similar to that commonly employed
in the chemical process industry. The conventional approach is modified to
make extensive use of waste simulants, with small amounts of actual wastes
used to verify the results. This is necessary to minimize the use of actual
radioactive waste, which is difficult and costly to obtain and work with;
confirmation tests with actual wastes are planned.

The experimental approach is directed at the definition and
understanding of three major areas: 1) equilibrium behavior, 2) kinetic
behavior, and 3) chemical and radiolytic material stability. Equilibrium
behavior is studied by repeated batch contacts using small quantities of
exchanger and waste simulants to which trace amounts of ¥Cs was added for
analytical purposes. Equilibrium data are important because the equilibrium
behavior defines the maximum loading performance that can be expected from a
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given combination of waste and exchanger and contributes to defining the runs
to be performed with lab-scale columns. Kinetic behavior is important because
the rate at which a process approaches-equilibrium has a direct bearing on
process rate and equipment size. Material stability is important for choosing
the best exchanger, since the exchangers must withstand the chemical and
radiolytic environment encountered in plant-scale. operation.

Extensive analysis of the data by empirical correlations and more
fundamental methods maximizes the useful information derived from the
experimental work. Such analyses provide a means of interpolating or
extrapolating the results to a range of process conditions and guide the
direction of additional experiments to fill gaps or confirm models. The
equilibrium data were analyzed by developing correlations. that provide an
easy, although limited, method of predicting the behavior of the exchangers.
A more involved and general approach is to develop thermodynamic models for
ion exchange. Premilimanry thermodynamic models for CS-100 and R-F were
developed by OLI Sysfems, Inc., for use in the Environmental Simulations
Program (ESP). The models are in preliminary development and therefore are
not presented in this report. The kinetic data were analyzed with equations
developed from a differential mass balance and solved with a mathematics
package. This analysis provides the fundamental parameters for accurate
scale-up of laboratory-scale kinetics for use in pilot-scale and plant-scale
columns.
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2.0 ION EXCHANGE FUNDAMENTALS AND THEORY

This section gives a theoretical background for the ion-exchange
equilibrium and kinetics of cesium and for scale-up of the ion-exchange
columns. 'Section 2.1 focuses on characterizing equilibrium behavior, Section
2.2 presents a fundamental perspective of ion-exchange kinetics, and Section
2.3 addresses some of the key issues associated with scale-up.

2.1 EQUILIBRIUM BEHAVIOR

An important step toward designing the large-scale ion-exchange process
is to understand the sodium-cesium exchange properties of the resins and how
the process parameters influence exchange. The ionic equilibrium of cesium
was measured in Neutralized Current Acid Waste (NCAW) and Complexant
Concentrate (CC) simulants on R-F and CS-100 resins under different process
conditions, such as varying [Na*], [Na']:[Cs‘], and temperature. Section 5.1
correlates the equilibrium data to provide additional, design-relevant
information. The correlations are intended to provide a simple method of
predicting cesium column distribution ratio (A) at specified temperature,
[Na*]:[Cs*], and [Na']. This section develops the equation used for the
correlations and lays theoretical foundations for understanding how pH and
" competing ions, such as potassium, affect ion exchange.

This overview of ion-exchange equilibrium behavior is divided into five
parts, addressing 1) ion exchange, with particular emphasis on organic
exchangers and the influence of pH; 2) the thermodynamic equilibrium constant,
a fundamental measure of equilibrium; 3) practical means of characterizing
equilibrium, ihc]uding isotherms and empirical correlations; 4) limitations to
the correlations, and 5) approaches to modeling nonideality and multicomponent
ion exchange.

2.1.1 General Description of Ion Exchange

Ion exchange is the process by which certain ions in the liquid phase,
such as Cs*, are selectively removed by exchange with ions associated with a
solid phase. The solid phase is also called the "resin" and the liquid phase,
the "solution."
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In the case of tank waste, the liquid phase is a high ionic-strength
alkaline solution containing many different ions. The organic resins are
milled polymeric particies, 0.3 to >1 mm in diameter, consisting of functional
jonic groups joined by crosslinking. In the absence of these crosslinks; the
polymer would dissolve in the liquid. Thus, the resin may be considered an
jmmobilized 1iquid phase containing functional groups capable of ion exchange.

The nature of ion exchange is directly related to the chemical
properties of the functional groups that constitute the active sites. Whether
a certain chemical group will exchange ions with the surrounding medium
depends to a Targe extent on its degree of dissociation, or ionization;
nonionized sites do not participate in ion exchange. The acid-dissociation
constant, K,, characterizes the dissociation according to

_ [H,0*] [A7] (2.1)

2 [HA]

where [H;0"]
[A7]
[HA]

hydronium ion concentration

conjugate base concentration
undissociated acid concentration.

The pK, is defined as -log,,(K,). The pK, values for p-toluic carboxylic
acid and phenol are 4.4 and 9.9, respectively.. Assuming that those values are
close to the pK;s of the functional groups in the CS-100 resin (carboxylic and
phenolic) and the R-F resin (phenolic only), one can illustrate the relation
between solution pH and ion exchange.

Ionization, which must precede ion exchange, is a function of pH.
Taking the log of both sides of Equation (2.1) and rearranging provides a
relation between the pH of the solution in contact with the active sites and
the pK,

pK, = pH - loql"% (2.2)
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As shown in Equation (2.2), which is the classic Henderson-Hasselbalch
equation, the resin is significantly nonionized when pH is close to pK,. For
example, 50% of the sites are ionized at pH = pK,, and even more sites are
dissociated when pH < pK,. Since CS-100 has an additional carboxyl group (pK,
5 = 4.4), it might be expected to operate in a broader pH range than R-F resin
(pK, =10). Ion exchange can still occur at pH <pK,, but the number of
dissociated sites can be increased by increasing the pH. For 99% dissociation
of a specific functional group, the pH must be 2 units in excess of the pK,.

2.1.2 Definition of the Thermodynamic Equilibrium Constant

Although a number of monovalent and divalent ions are present in the
tank wastes, and the high jonic strength, Donnan potential, and steric
exclusion effects impart nonideality to the cesium ion-exchange system, the
following discussion assumes ideal, binary equilibrium between sodium and
cesium ions as a first approximation. Approaches to modeling multicomponent
ion exchange and nonideality are discussed toward the end of this section.

The binary exchange reaction of cesium with sodium may be written as

Na +Cs*2Na* +Ts (2.3)

where the bar (7) = association with the resin.

The thermodynamic equilibrium constant is the fundamental measure of
equilibrium behavior. For the sodium/cesium exchange described by Equation
(2.3), the general form of the equilibrium constant is as follows:

VNa Ves
a; a
Ke = SCs Cha Evslia : (2.4)
a aCs acga

activity, and
valence.

where a

<
"
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Substituting the activity coefficients and concentrations into Equation
(2.4), and using the fact that both sodium and cesium are monovalent (v = 1),
the equilibrium constant becomes

° — Y@[CS]S Yra |:Na]l 2.5
. YNE[Na]s Yes [CS]l ( . )

where y = activity coefficient
[Cs], = the concentration of Cs® in solution, M
[Na], = the concentration of Na* in solution, M
[Cs]; = the concentration of Cs™ in the resin, M
[Na], = the concentration of Na” in the resin, M.

2.1.3 Isotherms

More practical descriptions of the equilibrium behavior, including so-
called isotherms, are in common use. Equilibrium data are often reported as
Ky» which is defined as

[Cs],

O = mL/g of exchanger (2.6)

Kg =

where Cs = the concentration of cesium per mole of exchanger.
The determination of K, from experimental data is given in Equation (4.1).

The separation factor is defined as

[Cs], [Na],

- 2.7
@ [Cs], [Na] el

o =K
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which is equal to K., the thermodynamic equilibrium constant for ideal
solution behavior (y = 1) and monovalent ion exchange (v = 1). For monovalent
ion exchange, the separation factor is equal to the selectivity coefficient.

The separation factor can be used as the starting point in the
derivation of a Langmuir-type isotherm for ion exchange. If the total ion-
exchange capacity, Q, is equal to the sum of the [Na'] and [Cs'] adsorbed on
the resin, rearrangement of Equation (2.7) gives

Q Keq[CSJ]

(2.8)
{[Na]] + KN[CS]]}

[Cs], =

which is in the form of the Langmuir isotherm for gas adsorption (Langmuir
1918).

The assumptions made to arrive at Equation (2.8) were similar to those
of the derivation of the Langmuir isotherm. Three assumptions in the Langmuir
derivation are that 1) the energy of adsorption is constant over the entire
surface, 2) the adsorbed molecules do not interact, and 3) adsorptibﬁ is
1imited to a single monoiayer (Coulson and Richardson 1991). The derivation
of Equation (2.8) is based on the thermodynamic equilibrium constant, which
implicitly assumes a constant change in free energy for the reaction.

Equation (2.8) also assumes that the ions adsorbed to the resin do not
interact with each other (ideal behavior) and that ijon exchange is Timited to
the total capacity of the resin.

The asymptotic behavior of Equation (2.8), hereafter referred to as the
Langmuir isotherm, can be useful for interpreting equilibrium data. For low
concentrations of cesium in the liquid ([Cs], << [Nal,/K,), Langmuir-type
behavior can be expressed as a linear relationship between [Cs]; and [Cs],:
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QK [Cs]

[CS]s - ——[Na;— (2.9)

and a log-log plot of [Cs], vs. [Cs], with a slope of 1. This is referred to
as a linear isotherm.

When cesium concentrations in the feed are high ([Cs], >> [Na],/K,), the
cesium concentration in the resin becomes constant as the ultimate capacity of
the resin is approached:

[cs], =Q (2.10)

To determine the values of K, and Q, Equation (2.8) can be rearranged to
the following form:

L (2.11)
[CsT, ~ TRGI,

A plot of 1/[Cs], vs [Na],/[Cs], results in an intercept of 1/Q and a
slope of 1/(K,Q). The value of Q can be determined directly from the y-
intercept, and K, can be determined from the slope and the value of Q. At the
low cesium concentrations used in the experiments, the sodium concentration
essentially remains at its initial value.

A different approach is necessary if the slope of the low-concentration
equilibrium data on log-log coordinates is significantly different from 1.
“The Langmuir isotherm will model the data poorly, since it restricts the slope
to 1. The exponent can vary in the Freundlich isotherm (Freundlich 1926):
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[Cs], = KICs]q (2.12)

where K and m are empirically derived constants.

The Freundlich isotherm has one potential drawback. It does not account
for finite capacity of the ion-exchange materials and, therefore, will fit the
data only at low to moderate cesium concentrations. For data that span a
range of cesium concentrations, exhibiting Freundlich behavior at low
concentration and saturation (Langmuir-type behavior) at high concentration, a
combination Langmuir-Freundlich isotherm can be used (Koble and Corrigan
1952).

K, [Cs]T
K,+[Cs]T

[cs], = (2.13)

where K;, K,, and n are empirical constants.

The goal of this work is to provide a simple equation to predict the
column distribution ratio at specified temperature, [Na']:[Cs'], and [Na'].
The disadvantage of the Langmuir, Freundlich, and Langmuir-Freundlich
isotherms is that the temperature,.sodium concentration, or both do not appear
explicitly in the equations. (Because the Langmuir isotherm is based on
thermodynamics, it can be made temperature-explicit, as shown below.)
Attempts at correlating the Freundlich isotherm parameters, K and n, with
temperature and [Na®] met with only partial success. No attempt was made to
correlate the Langmuir-Freundlich parameters because trends were not apparent.
"Apart from undertaking a fundamental thermodynamic analysis involving activity
coefficients, improvements over the Langmuir and Langmuir-Freundlich isotherms
could be accomplished only by developing a more general empirical method of
correlation.

The Langmuir equation can be used as a starting point to develop a basis
for empirical correlation of the equilibrium data with temperature,

2.7




[Na*]/[Cs*] ratio, and [Na']. The Langmuir isotherm explicitly states that
[Cs], is proportional to 1/[Na],. The temperature dependence of the
equilibrium data can be obtained by examination of the temperature dependence
of K-

~AG®,
Keg = exp(—ﬁ"—-) (2.18)

Rearranging Equation (2.8) and combining it with Equation (2.14) gives

Grxny /.

i =T ) /' INal,

[Cs], [Cs], oxp | —AG;xn)
[Na], PURT

[Cs], _ Q exp(

(2.15)

The left-hand side of Equation (2.15) is the column distribution ratio,
Cs A. The Cs A is related to K, (Equation 2.6) as follows:

Cs A = Kzp, (2.16)

where p, = the bed density of the exchanger.

The units of Cs A (Kp, = [Cs]./[Cs],) are volume of Tiquid per volume of
resin.

Neglecting the term with the exponent in the denominator {[Cs],/[Nal, is
generally small) of Equation (2.15) suggests a correlation of the form
(2.17)

C
A = C, [Na] tfzexp(?"’)

2.8




where C,, C,, and C; = constants to be obtained by nonlinear regression of the
equilibrium data.

The disadvantage of Equation (2.17) is that the dependence of [Cs], on
[Cs], is forced to be Tinear. Analysis of the experimental data showed that
this is not the case; cesium concentration on the resin exhibited Freundiich
behavior with respect to cesium in the liquid [see Equation (2.12)]. The
‘correlation for A should, therefore, have a power-law dependence on- [Cs],.

Since the equilibrium data were taken under conditions of varying
[Na*]:[Cs*], temperature, and [Na’], it is desirable to have all three
variables included in the correlation for Cs A. Equation (2.17) can be
generalized to include dependence on [Na']:[Cs'] and allow for Freundlich
behavior by the following:

A = Nal (M8 Sexp (Z2) (2.18)

Equation (2.18) gives the form of the empirical correlation used in
Section 5.1 to correlate Cs A for CS-100 and R-F resins with NCAW and CC waste
simulants. These correlations will be useful for estimating Cs A and column-
loading parameters for wastes of different composition. For a specific [Na']
and temperature, the Freundlich isotherm can be reconstructed by rearrangement
of Equation (2.18).

2.1.4 Limitations of the Empirical Correlations

The limitation of empirical correlations, such as Equation (2.18), is
that they are valid only under the experimental conditions at which the
correlated data were taken. The Cs A were measured over specific ranges of
[Na*], [Na*]:[Cs’], and temperature, as well as for specific waste
compositions. Specifically, the correlations do not account for the presence
of other monovalent and divalent ions. Thus, the correlations for Cs A are
expected to be most accurate for those:concentrations and temperatures. The
correlations and their ranges of validity are presented in Section 5.1.
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2.1.5 Multicomponent and Thermodynamic Modeling

Although the binary (sodium-cesium) jsotherms provide a convenient
method of correlating the cesium ion-exchange data, multicomponent isotherms
are more appropriate. Bray and colleagues showed that the cesium distribution
coefficient decreased as the potassium concentration was increased. Potassium .
is one of many cations that can occupy ion-exchange sites that could be
selective for cesium. This interference by potassium and the dependence of Cs
A on [Na'] demonstrate the multicomponent nature of ion exchange. A simple
multicomponent model based on Langmuir-type adsorption behavior for monovalent
jon exchange is given by Equation (2.19).

—_ a;Cy

o S (2.19)
1+ Ebjcj

where (7) concentration on the resin

the species of interest
)2

over all adsorbing species.

A potential disadvantage of using adsorption models, such as Equation
(2.19), to describe ion exchange is that jon exchange is physically more
complicated than adsorption. The adsorption equations may correlate cesium
ion-exchange behavior over the range of concentrations investigated, but only
a detailed thermodynamic model will give reliable information that can be
extrapolated to other process conditions. Multicomponent isotherms were not
investigated as a means of correlating the cesium equilibrium data, because
not all of the necessary equilibrium cation concentrations were available.

In thermodynamic modeling of cesium ion exchange, two issues require
particular attention: 1) the high ionic strength of the tank wastes
(approximately 10 and 25 M for NCAW and CC waste simulants, respectively)
precludes the use of dilute-solution theories for the-calculation of liquid-
phase activity coefficients; and 2) the model should allow for multicomponent
ion exchange of monovalent and divaient dions.
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The Environmental Simulations Program, OLI Systems, Inc., appears to be
a good software candidate for thermodynamic modeling. It is a comprehensive
chemical process modeling tool designed to model multicomponent aqueous
concentrations up to 40M. ESP is already being used by Westinghouse Hanford
Company (WHC) and PNL to model the equilibrium behavior of the tank wastes and
to design process flow sheets.

2.2 KINETIC (DYNAMIC) BEHAVIOR

Similar to the study of ion-exchange equilibria, the kinetic (or
dynamic) characteristics of an exchanger also are essential for designing an
ion-exchange system. The kinetics of the exchanger will impact the size and
shape of the column as well as its operating flow rate. Unfavorable exchange
rates may require that more columns be placed in series and that the columns
be taken offline more frequently than would be predicted by equilibrium data.
An unfavorable elution rate can cause other complications, such as increased
volume of eluant. '

2.2.1 Elements of Exchanger Kinetics

The kinetics of ion exchange involves several steps. In order for ion
exchange to take place, the ions must 1) travel from the bulk Tiquid phase to
the particle surface, 2) travel from the particle surface to the exchange
sites, 3) exchange with the counterion at the sites, 4) travel back through
the particle to the particle surface, and 5) travel back through the solid-
liquid interface to the bulk Tiquid phase.

The ion to be exchanged is originally in the bulk of the fluid passing
through the ion-exchange media (see Figure 2.1). For a flowing fluid near the
resin surface, the change in ion concentration occurs over a thin stationary
region, or film, immediately adjacent to the surface. Thus, the ions must
diffuse across the concent<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>