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Abstract

Three different inorganic sorbents/ion exchangers have been tested in this work. Granular
hexacyanoferrate-based ion exchanger was developed for Cs removal from radioactive liquid waste at NPPs. It
was tested for Cs removal from waste solutions containing different complexing agents an detergents. Radiation
stability and thermal stability test has shown, that this sorbent can be used for treatment of medium-active waste
treatment. Active carbon materials were tested for Co removal from liquid waste effluents at NPPs. It was found
that ^Co cannot be removed from the evaporator concentrates with reasonable efficiency and a combined process
with up-stream precipitation step is needed for better Co separation efficiency. Granular modified titanium oxide
was tested for ^Sr removal from the waste effluents and showed very high efficiency. A mathematical model was
developed to analyse ion exchange performance in feeds of different chemical and radiochemical compositions.

1. TESTING OF Cs TREAT ION EXCHANGER

1.1. INTRODUCTION AND SCOPE OF WORK

CsTreat is a granular hexacyanoferrate-based ion exchanger (supplied by IVO
International Ltd.) suitable for fixed-bed column separation of 134>137Cs from radioactive liquid
wastes. The CsTreat system is in use at Loviisa NPP, Finland, for removal of l37134Cs from
evaporator concentrates [1,2]. These liquid wastes have high concentrations of NaNO3 (2-3 M),
KNO3 (0.1-0.2 M) and Na2B4O7 (0.5 - 1 M). Very high column breakthrough capacities (up to
20 000 bed volumes) have been obtained at Loviisa with high decontamination factor DF (DF
> 2000). Two CsTreat systems are being exported by IVO for the treatment of high-salt waste
solutions. In addition, a CsTreat system has been used in Paldiski, Estonia, to decontaminate
low-salt waste solutions that arose from the operation of training reactors by the,-former Soviet
Navy. In Paldiski, a total of 760 m3 of waste solution originating from four different storage
tanks (137Cs 1.5-200 kBq/L) was treated using a single 12 litre column. This corresponds to a
minimum breakthrough capacity of 63 300 bed volumes since at the termination of the
purification campaign, when all the waste liquids had been treated, there was no sign of
exhaustion of the CsTreat column.

Present industrial scale operating experience demonstrates that CsTreat has a very good
performance both in high-and low-salt solutions. The latter case has received additional proof
in recent tests at Callaway NPP, USA. Further laboratory testing has been carried out in
simulated waste solutions to evaluate the performance of CsTreat for an even wider range of
applications, e.g. for the treatment of medium active high-salt solutions and medium salt
decontamination solutions. Some of these results are reported in this paper.

Previously, the radiation stability of the ion exchanger has been confirmed up to
radiation doses of 5 MGy [3]. This dose arises from 137Cs-loadings of about 1 Ci/kg
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exchanger, which is the upper limit envisaged for the operation at Loviisa NPP. In order to
confirm radiation stability of the material for applications involving higher 137Cs-loadings,
further experiments have been carried out up to a dose of 100 MGy.

In order to confirm the safety of hexacyanoferrate in accidental fire or in possible
high-temperature vitrification process, the gaseous thermal decomposition products of
hexacyanoferrate ion exchanger have been identified [4]. In an earlier study, the solid
decomposition products were examined [5].

1.2. TESTING IN SIMULATED WASTE SOLUTIONS

1.2.1 Effect of complexing agents/detergents

The effect of several complexing agents (EDTA, NTA, oxalate) and a detergent
builder (Na-polyphosphate) on exchange of 134Cs in hexacyanoferrate has been studied by
measuring the distribution coefficients KD in simulated evaporator concentrate (Table I). The
pH of the simulant was adjusted to a range of 6 -12.5. The dose of added complexing agents
or detergent builder was 1 g/L and 10 g/L. EDTA and NTA had a strong decreasing effect on
the KD-values of 134Cs above pH of about 10 at a dose of 10 g/L (Fig. 1). Na-polyphosphate
seemed to have a slight increasing effect at high pH of 12.5. Oxalate did not have any
detectable effect at any pH value covered in the experiments (7-12.6). At a lower dose of 1
g/L no decrease was observed in the KD for any of the reagents studied.
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FIG 1. Distribution coefficient KD of134Cs as a function ofpHfor hexacyanoferrate ion
exchanger in simulated evaporator concentrates (for composition, see Table I) dosed with
10 g/L of complexing agents and detergent builders.
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TABLE I. COMPOSITION O F SIMULATED EVAPORATOR CONCENTRATE

CONSTITUENT

NaNO3

NaOH
Na2B4O7

KNO3

pH
134Cs

CONCENTRATION

1.75 M
0.75 M
0.25 M
0.2 M
13.4
400 kBq/L

TABLE H. CONDITIONS AND RESULTS FOR THE SMALL SCALE COLUMN TESTS.

WASTE TYPE

High-salt reprocessing
waste

Medium-salt
decontamination waste

Medium-salt regeneration
solution

Low-salt NPP waste
water

CONSTITUENTS (g/L)

NaNO3250g/L,pH=10
Cs 0.5 ppm, 134Cs tracer

Na 5.0 g/L, NH, 0.05 g/L
Na-oxalate 0.05 g/L
NTA0.05g/L,pH=10
Na-polyphosphate 0.05 g/L,
134Cs tracer

Na 6.7 g/L, K 3.3 g/L
pH = 6
i34Cs tracer

Na 320 ppm, Ca 17 ppm
pH = 6
134Cs tracer

DF

min. 15 000
max. 30 000

min. 1000
max. 3000

min. 6000
max. 7000

avg. 3000

BREAKTHROUGH
CAPACITY

> 4000 BV*

> 4200 BV*

> 2000 BV*

> 55 000 BV*

BV= bed volumes, *= no breakthrough observed when experiment stopped

1.2.2. Performance in simulated waste solutions

CsTreat has been tested in simulated waste solutions using small scale (bed volume
1-2 cm3) column experiments. Some of the solution compositions and test results are
summarized in Table II.

In all the tests CsTreat showed a very good performance. For practical reasons, most
of the experiments were discontinued after a flow of 2000-4000 bed volumes of solutions.
Rather high activity concentrations of l34Cs (185 kBq/L) had to be used in the solutions to
measure accurately the high decontamination levels. In order to avoid high build-ups of activity
in the column, experiments were discontinued even though no breakthrough of 134Cs was
observed. However, in certain shielded column experiments as much as 55 000 bed volumes
of solution have been treated to date, corresponding to activity loadings of 30 Gbq of 134Cs per
kilogram of the CsTreat exchanger.
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1.3. RADIATION STABILITY

The radiation stability of hexacyanoferrate exchanger was studied by irradiation with
a ^Co-source. The absorbed dose was varied between 5 - 100 MGy by irradiating exchanger
samples 8-170 days at a dose rate of 25 kGy/h.

FTIR spectra and XRD patterns of the samples were measured before and after the
irradiations and no significant changes could be detected in these experiments even at the
highest dose of 100 MGy. In addition, KD experiments carried out with actual evaporator
concentrate from Loviisa NPP showed that the irradiations had no decreasing effect on the
134Cs uptake capacity of the exchanger (Fig. 2).
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FIG. 2. Distribution coefficient KD of'34Csfor hexacyanoferrate exchanger in evaporator
concentrate solution (Loviisa NPP) after irradiation I60Co-source) with various doses.

These experiments show that at least about 0.75 TBq of 137Cs can be loaded per one
kilogram of hexacyanoferrate without detectable loss of uptake capacity for 137Cs or without
noticeable structural damage to the material.

1.4. THERMAL DECOMPOSITION

Thermal decomposition of potassium cobalt hexacyanoferrate (K2CoFe(CN)6),
resembling the material in use at Loviisa NPP, was studied by identifying the gaseous
decomposition products [4]. K2CoFe(CN)6 sample was heated through the range of 20-360°C
in synthetic air and a FTIR gas detector was used to identify and quantify the evolved gaseous
products.
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The material lost water in the temperature range of 20-170°C and started to decompose
at 240°C. CO2, N2O, NO, NH3 and NO2 were evolved from the sample above this temperature.
The amount of CO2 released corresponded well to the amount of carbon originally present in
the sample. However, the amount of nitrogen containing gases was lower than expected. It is
therefore assumed that N2, which is not IR-active, was released from the material as well.

Highly poisonous HCN gas was not detected. This is important considering accidental
fire during storage of material or vitrification of the material in a high temperature process.

1.5. CONCLUSIONS

CsTreat ion exchanger being used at Loviisa NPP for the removal of 134137Cs from
high-salt evaporator concentrates is very efficient also for other types of waste solutions. For
medium- and low salt solutions the decontamination factors obtainable in column operation are
very similar to those obtained for high-salt solutions. In batch tests, common detergent
builders, e.g. polyphosphates, interfere slightly with Cs-uptake only when pH is high (pH >
12). The interfering effect of common complexing agents (EDTA, NT A) is large at higher
pH's (pH > 10) when the dose is 10 g/L. At lower doses (1 - 0.1 g/L) there seems to be no
interfering effect. Column tests carried out at 50 mg/L concentration level did not show any
significant effect of these chemicals on the efficiency of the ion exchanger. Radiation stability
experiments show that the material is resistant for use in medium-active waste solutions.

2. TESTING OF ACTIVE CARBON MATERIALS FOR *°Co REMOVAL

2.1. INTRODUCTION AND SCOPE OF WORK

In the evaporator concentrates of Loviisa NPP, Finland, the activity concentration of
^Co is usually in the range 1-10 kBq/L. However, about 95-98 % of the total radioactivity
is usually due to 134137Cs after the liquid has been stored for a few years and thus removal of
cesium is sufficient to provide the required decontamination of these liquids for discharge into
sea. Occasionally, much higher ^Co levels may be present in the evaporator concentrates.
Arising from the primary circuit decontamination campaign in 1995, 250 kBq/L of ^Co is
present in the liquid in one of the storage tanks; this is more than the activity concentration of
137Cs in this solution.

2.2. SCREENING TESTS

Previously, a large number of flocculants, precipitants, ion exchangers and adsorbents
have been tested for the removal of ^Co from the evaporator concentrates of Loviisa NPP [6].
The composition of the evaporator concentrates are similar to the composition of the simulant
in Table I. These static screening tests [6] showed that precipitation with sulphide or adsorption
on active carbons were the most efficient methods for removal of ^Co (Table 3). Uptake of
^Co by active carbons varied considerably, being in the range of 7-77 %. This is
understandable since the properties of these materials can vary widely depending on the raw
material and activation method used. Flocculants and chelating ion exchange resins appeared
to be ineffective.
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TABLE III. SUMMARY OF SCREENING EXPERIMENTS FOR ^Co REMOVAL.

MATERIAL NUMBER DOSE REMOVAL {%)
GROUPS

Flocculants
Precipitants
Ion exchangers
Adsorbents

5
5
15
20

0.1 g/L
0.01 mol/L
10 g/L
10 g/L

0 - 14
5 - 9 0
0 - 17
7 - 7 7

2.3. COLUMN EXPERIMENTS

Column experiments with active carbons were carried out with the Loviisa evaporator
concentrate both at laboratory scale (bed volume BV = 5 . 5 cm3) and at pilot scale at pH =
11.5, which is the target operational pH for the Cs-removal. For the pilot experiments, the Cs-
removal plant of Loviisa NPP with its 8 liter columns was used. Laboratory experiments
indicated that a very slow flow rate in the order of 1 BV/h would be needed to avoid very
early breakthrough of ^Co. Even at such a slow flow rate, the performance of active carbon
beds was rather modest (Fig. 3). Instant leakage of ^Co took place from the columns and after
100 bed volumes of liquid had been passed through the column, the breakthrough was 100 %
at the laboratory scale and 47 % at pilot scale.

It is obvious that ^Co was present in the evaporator concentrate in some other form
than cobalt ions. Calculated from the literature data [7], Co(OH)2 is the dominating Co-species
in solution at pH = 11.5. On the other hand, calculations also show that even moderately
selective ion exchangers should be able to free the cobalt from this species. Ultrafiltration
experiments with a 5 kD membrane have earlier shown 15 % retention of ^Co in the
evaporator concentrate. If ^Co is present in the liquid in colloidal form the particle size must
thus be very small. It is also possible that evaporator concentrate contained some strong
complexing agents for cobalt.

It has proven to be very difficult to remove cobalt efficiently from the Loviisa
evaporator concentrate with a single step method. However, by combining several methods,
e.g. precipitation and column uptake, it has been possible to remove 95-98 % of ^Co from the
solutions.

2.4. CONCLUSIONS

Column adsorption by active carbon alone cannot remove ^Co with reasonable
efficiency from the evaporator concentrates. A combined process that includes an up-stream
precipitation step would perform with much better separation efficiency but it would require
much more complicated process equipment.

3. TESTING OF A MODIFIED TITANIUM OXIDE FOR ^Sr REMOVAL

A method to produce granular modified titanium oxide suitable for column operations
has been developed and the material is being produced by IVO International Ltd, Finland,
under the trade name SrTreat. This material is highly effective in the removal of ^Sr from
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concentrated alkaline NaNO3 solutions which are characteristic for nuclear fuel reprocessing
plants. In batch experiments, for example, the distribution coefficient was 34,700 + 8,600
mL/g in 3 M NaN03 solution at pH of 10.8. The strontium uptake, determined with a batch
method equilibrating 1.0 g samples of sodium titanate with 100 mL of 0.03 M Sr(NO)2

solution, was also very high, 5.56 ± 0.20 meq/g.

Column experiments with various nuclear waste simulants have also shown that this
titanium oxide product is very efficient in the removal of radioactive strontium and that the
granules are sufficiently resistant to be used in packed bed columns (Fig. 4). The optimum
operating pH in this sodium ion concentration was 10 and above, at these pH values
approximately one thousand bed volumes could be treated with a decontamination factor
greater than 1000 (99.9 % removal). Five thousand bed volumes could be treated with a
decontamination factor higher than 200 (99.5 % removal).

In more dilute NaNO3 solutions, 0.2 M and 0.002 M, at pH 7, the performance of
SrTreat columns was even better (Fig. 5). At least a few thousand bed volumes could be
purified with a decontamination factor between 700 and 1000.
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FIG. 3. Breakthrough of "'Co from laboratory scale (A, bed volume BV = 5.5 cm3) and
pilot scale ( • , BV = 8L) active carbon columns. Flow rate 1 BV/h.
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FIG. 4. Decontamination factor for strontium removal by a titanium oxide column as a
function of treated 3 M NaNO3 solution volume presented in bed volumes. Initial pH: o =
11.5, A = 10, + = 9 .
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FIG. 5. Decontamination factor for strontium removal by a titanium oxide column as a
function of treated NaN03 solution volume presented in bed volumes. Initial pH 7. o = Na
concentration 0.002 mol/L, + = Na concentration 0.2 mol/L.
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4. MODELING OF STATIC AND DYNAMIC ION EXCHANGE IN ZEOLITES

4.1. INTRODUCTION AND SCOPE OF WORK

Modeling of ion exchanger performance in feeds of different chemical and
radiochemical composition facilitates the application of ion exchangers in industrial processes.
In particular in the nuclear field, predictive models are very useful in the design and
optimization of ion exchange processes by minimizing the amount of "hot" experiments which
can be very expensive and may require considerable time to complete.

Considering ion exchange, nuclear waste solutions contain radioactive ions at very low
trace concentrations and a large excess of inactive metal salts (macro-components). Very little
data can be found in the literature on the behavior and modeling of such ion exchange systems
in which more than two exchanging ions are present.

Zeolites are efficient materials for the removal of many key radionuclides, e.g. 137Cs
and ^Sr, from low-salt waste solutions. In addition, zeolites are very suitable materials for the
development of ion exchange models, since they have well-known structures and compositions
and their ion exchange properties can be adjusted by changing the framework structure and
charge density. Modeling studies of several ion exchange systems comprising of several macro-
and trace ions are underway in our laboratory. Study of trace 134Cs exchange in mordenite in
the presence of macro-concentrations of sodium and potassium has been extended to both static
(batch) and dynamic (column) conditions and is given as an example of our modeling work in
this report.

4.2. STATIC EXCHANGE CONDITIONS

In the system 134Cs/Na/K it has been found that the distribution coefficient KD, i.e.

[Cs]z
KD= ~ (2)

D [ C ]

where [Cs]z and [Cs]s are the concentrations of 134Cs in the zeolite and in the solution
respectively, is a linear function of the mole fraction of exchangeable potassium in the zeolite
at a given total ion concentration in solution. In addition, at a given fractional loading of
potassium in the zeolite, the KD shows inverse proportionality to the total ion concentration in
the solution (Fig. 6). This equilibrium can be predicted using appropriate pseudobinary
selectivity coeffcients [8]. However, from the linear dependence of the KD, a more simple
equation can be derived for the calculation of KD, i.e.

logKD =ENa\og(kCt/Na QINT) +E^g(kCtl]CQ/NT) (3)

where kcs/N]1 and kcs/K are the the binary selectivity coefficients of trace Cs exchange in pure
Na- and K-forms of the zeolite. E ^ and ER are the equivalent fractions of Na and K in the
zeolite. In the simple binary systems 134Cs/Na and 134Cs/K the familiar relationship is valid,
i.e.
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logK=log(kCtMQ)-log[M] (4)

where M is Na or K. The numerical values of k ^ ^ and kcs/K in Equation 2 and Equation 3 are
identical.
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FIG. 6. Ternary 134Cs/Na/K equilibrium in mordenite: distribution coefficient KD of I34Cs
and equivalent fraction of potassium in solution (Eg) as a function of fractional equivalent
loading (Eg) of K in the zeolite.

4.3. DYNAMIC EXCHANGE CONDITIONS

Distribution coefficient KD, which can be calculated from Equation 2 or Equation 3
for a given solution composition, can then be used to calculate the total capacity of the zeolite
column for 134Cs, in terms of solution volume Vtot (L) that can be treated with a given amount
m (kg) of zeolite in the bed. This volume V^ is obtained from

(5)

This volume V^ corresponds to the area above the column breakthrough curve (see
e.g. Fig. 7). The shape of the breakthrough curve and the breakthrough capacity (e.g. the
solution volume at 1 % breakthrough) depend on operational conditions (zeolite grain size,
solution flow rate) and ultimately on the appropriate diffusion coefficients of the exchanging
ions in the system. We are developing a PC simulation programme incorporating the common
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FIG. 7. Simulated (solid and broken curves) and measured breakthrough curves of mCs in
1 M KN03 solutions at different flow rates.

"transfer unit" approach [8] for the calculation of the column performance. According to this
concept, the plate concept, increasing the number of "transfer units" (N) improves the column
efficiency: the breakthrough curve becomes steeper and thus the degree of column utilisation
is improved (Fig. 7). The number of transfer units is obtained from fundamental data, i.e. for
film-diffusion controlled exchange

sun

-1/2
(6)

where D is the diffusion coefficient, d is the particle diameter, s is the column height and UQ
is the linear flow rate. For particle diffusion controlled exchange:

N=BKDDpsdW (7)

Both mechanisms may contribute simultaneously to the kinetics of the exchange and
can be taken into account in the model [9].

Figure 7 shows as an example some predicted and observed breakthrough curves of
134Cs in small laboratory-scale (bed volume 1.5 ml) mordenite columns at different flow rates.
Equation 4 (film-diffusion controlled exchange) with Df = 2.6 x 10"6 cmVs has been used in
the simulations. In general it has been found that concepts described above give good
agreement between observed and predicted column performance. Further modelling work is
presently being carried out in the mixtures of Na- and K-salt solutions with a special emphasis
on the prediction of diffusion coefficients in the three-component systems.
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