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FOREWORD

This document presents the results of a four year Co-ordinated
Research Programme (CRP) on the "Use of Inorganic Sorbents for Treatment of
Liquid Radioactive Waste and Backfill of Underground Repositories" (1987-
1991).

Many countries have research programmes aiming at developing
processes which would provide efficient and safe concentration of
radionuclides in waste streams into solid materials which could then be
reliably immobilized into forms suitable for long term storage or disposal.

Use of inorganic sorbents for this purpose is very attractive
because of their resistance to radiation and chemical attack, strong
affinity for one or more radionuclides, their compatibility with likely
immobilization matrices and their availability at low cost.

According to the fundamental multibarrier concept for disposal
of radioactive waste, backfill material is one of the important engineered
barriers. Inorganic materials such as clays, naturally occurring zeolites
(clinoptilolite, modenite and chabasite) are promising backfill materials.

Research in technical uses of inorganic material applications
was covered within the framework of the Co-ordinated Research Programme
reported in this technical document. Final contributions by participants
at the last Research Co-ordination Meeting held in Rez, Czechoslovakia,
from 4 to 8 November 1991, are presented here.

The report was prepared by three consultants, V. Efremenkov of
Belarus, E. Hooper of the United Kingdom and V. Kourim of Czechoslovakia.

The IAEA would like to express its thanks to all those who took
part in this programme and contributed to this document.
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SUMMARY OF THE CO-ORDINATED RESEARCH PROGRAMME ON
USE OF INORGANIC SORBENTS FOR TREATMENT OF LIQUTO RADIOACTIVE WASTE

AND BACKFILL OF UNDERGROUND REPOSITORffiS

1. INTRODUCTION

The operation of nuclear power plants, reprocessing plants, research
facilities and the use of radioisotopes in industry and diagnostic medicine
produces a wide variety of radioactive wastes. Many of these wastes have
to be treated in order to reduce the radionuclide levels to those
acceptable for discharge into the environment. Precipitation, filtration,
evaporation or ion exchange using organic resins are conventional processes
used for the process.

The secondary wastes arising from the treatment of radioactive liquid
wastes will eventually have to be immobilized and then disposed of in
suitable repositories. The chemical and physical properties of materials
used as backfill in repositories need to be understood and the sorption
capability is one such property that is important with regard to
radionuclide migration from the waste form.

The continuing development of safety and economic retirements for the
operation of nuclear facilities requires continuing efforts to improve
existing technologies for treatment, conditioning and disposal of
radioactive wastes to protect the environment from different pollutants
including the radionuclides, since legislation in recent years has markedly
lowered the permitted level of discharge of effluents. Intensive research
and development work has been undertaken in different countries.

Some naturally occurring and synthetically prepared inorganic
materials have been known for a long time as sorbents for different
radionuclides, mainly alkali and alkaline earth cations. Natural and
synthetically prepared inorganic sorbents exhibit high selectivity, high
radiation and thermal stability, fast kinetics of sorbtion and high
sorbtion and retardation capacity.

Recognizing the potential importance of these materials for the
improvement of waste management technology, the IAEA initiated a Co-
ordinated Research Programme (CRP) on "Use of Inorganic Sorbents for
Treatment of Liquid Radioactive Waste and Backfill of Underground
Repositories" to promote greater exchange of scientific and technical
information and to facilitate close cooperation between specialists from
different countries working in basic research and technology development
and in the subject area.

This CRP was started in 1987 and brought together 12 contract and
agreement holders from 12 institutions in different countries. The
research work within the frame of this CRP has covered the study of natural
sorbents for waste treatment and backfill of underground repositories,
study of synthetic and composite sorbents for the treatment of liquid
waste, structure of sorbents, kinetic studies and the speciation and
sorption properties of radionuclides in solutions.

This technical document presents the results of four years
investigation and research work and contains a general summary of results
achieved, individual summary reports and conclusions and recommendations
for further work on this subject.

2. SCIENTIFIC AND TECHNICAL RESULTS OF THE PROGRAMME

2.1 USE OF INORGANIC SORBENTS FOR TREATMENT OF
AQUEOUS RADIOACTIVE WASTES
The work undertaken in this co-ordinated research programme involved

the recovery and separation of some fission products, activation products
and alpha-emitting radionuclides from a variety of radioactive waste



streams such as those arising from PWR/BWR cooling circuits, fuel cooling
ponds, fuel reprocessing, decontamination and decommissioning, and wastes
that have been generated over several decades and are currently stored.

The use of inorganic sorbents for treatment of aqueous radioactive
wastes was originally made on the basis of their resistance to radiation,
generally better resistance to chemical attack and their compatibility with
likely immobilization matrices such as cement.

Natural sorbents were originally investigated because of their
availability and low cost. Sorbents such as zeolites, clays, and metal
oxides such as haematite, magnetite and pyrolusite have been found to have
an affinity for caesium, cobalt, strontium and manganese. One zeolite
(clinoptilolite) is now used in a full scale plant for the removal of
caesium and strontium from fuel cooling pond water.

A considerable number of synthetic inorganic sorbents have been
identified which have a strong affinity for one or more radionuclides.
These sorbents have been found to be versatile and can be used either in
granular form in a conventional packed-bed or in a finely divided form in
conjunction with an efficient solid-liquid separation process such as
cross-flow filtration.

A number of inorganic sorbents are difficult to prepare in a granular
form having satisfactory physical properties. Procedures for the
preparation of granular material are being examined; they include slow
crystal growth, incorporation or sorbent particles into sorbent inorganic
gels during formation by internal gelation, incorporation into inorganic
membranes such as stainless steel and into a phenol-sulphonic-formaldehyde
resin during the poly-condensation stage. The latter process has been
developed to the industrial scale. The oxides of titanium and zirconium,
when incorporated into a stainless steel matrix, have been successfully
employed to remove activation products from reactor primary coolants at
reactor operating temperatures and pressures.

The coordinated research programme has generated a considerable
quantity of information on the performance of inorganic sorbents for the
decontamination of aqueous radioactive waste streams. The data has been
obtained for both kinetic and equilibrium situations. The following
sections attempt to summarize the key points arising from the research,
they do not claim to be comprehensive.

2.1.1 Naturally occurring sorbents
The sorption characteristics of zeolites occurring in Cuba, Bulgaria

and China and a Chinese bentonite have been examined. Natural and modified
forms of these materials have been used for the decontamination of real and
simulated waste streams containing one or more of the following elements:
caesium, cobalt, cerium, strontium, lead, cadmium, zinc, silver, americium,
plutonium, neptunium and uranium. The zeolites have been found to have
good chemical stability over the pH range 2-10 and are stable to gamma
radiation up to at least 105Gy. The zeolites also show good compatibility
with a cement based immobilization matrix. The use of zeolite alone has
failed to provide sufficient decontamination from all radionuclides to
permit discharge of the treated waste. However the use of a precipitation
treatment involving the hydroxides or phosphates of iron, aluminium or
calcium, followed by subsequent polishing of the supernatant liquor by a
packed bed of zeolite has reduced the level of cobalt, strontium, caesium
and cerium to below discharge limits for a real laboratory waste.

Magnetite, haematite and manganese dioxide sorbents have been found to
have an affinity for caesium, cobalt and strontium over the pH range 2-10
at 25°C. Kinetic studies showed that more than one sorption mechanism was
operating. The sorption affinity of these materials was found to be
dependent on both chemical and physical properties of the materials and the
exchange capacity is low.
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2.1.2 Synthetic sorbents
The following absorbers have been tested during the duration of the

research programme:
Hexacyanoferrates (II) of the transition metals cobalt, nickel,
zinc, copper and titanium.
Oxides of titanium, manganese, zirconium, antimony (III) and
antimony (V).
Zirconium phosphate and hydroxide.
Phosphatoantimonic acid.

The hexacyanoferrates have been found to be effective caesium
absorbers in acidic media and at pH values up to 13; the chemical stability
of the absorber is dependent on the transition metal used. The absorbers
show a high affinity for caesium even in the presence of 5M sodium or
potassium ions, they are resistant to radiation and to moderately high
temperatures. The performance of a hexacyanoferrate is dependent on the
transition metal used, the method of preparation and the crystalline
structure. The potassium form of the hexacyanoferrates of copper, nickel
or cobalt can be prepared in a granular form which is relatively stable and
of sufficient mechanical strength for use in packed beds but fines are
generated during use and these are discharged with the column effluent.
Granular potassium cobalt hexacyanoferrate (II) is being successfully used
in a column for the decontamination of caesium bearing waste arising at the
Loviisa Nuclear Power Plant in Finland.

The oxides of titanium and zirconium have been used to remove zinc,
manganese, silver, cobalt and chromium from reactor coolant. Titanium
oxide at high pH will absorb strontium and, when mixed with a nickel
hexacyanoferrate, has been shown to reduce the above radionuclides plus
caesium to a very low level. Both titanium oxide and antimony (V) oxide
have a strong affinity for plutonium and americium at pH 10 when used in
conjunction with Ultrafiltration. Antimony (III) oxide absorbs caesium and
strontium and antimony (V) oxide and phosphatoantimonic acid absorb
strontium, the latter by ion exchange with protons on the sorbent. A
commercially available zirconium phosphate and hydroxide have been found to
have a strong affinity for a number of radionuclides as also have several
other sorbents prepared in research quantities. These materials have been
tested as part of the programme of the Novel Absorbent Evaluation Club
operated by Harwell Laboratory for the Nuclear Industry.

Some consideration has been given to the treatment of loaded inorganic
sorbents. These materials may have to withstand high radiation fields and
consequential elevated temperatures. Hexacyanoferrates can be incorporated
in cement and this is the proposed route at the Finnish Power Plant. The
hexacyanoferrate will decompose in the high pH environment of the concrete,
generating the ferrocyanide ion and precipitating the transition metal
hydroxide. Work has shown that the hexacyanoferrate material can be loaded
to 30GBq per kilogram without decomposition. Oxide sorbents can be readily
incorporated into cement or can be calcined to ceramic forms and reduced in
volume to very stable waste forms by hot isostatic pressing. Bituminous
matrices have been shown to be suitable for finely divided inorganic
sorbents small enough or soft enough not to damage the screw feeders used
for blending.

2.1.3 Sorption ability and radionuclide speciation in solution
The relationship between the sorption ability of radionuclides and

their speciation in solution over a wide range of pH values has been
studied. It has been shown that this ability depends very much on the
forms of radionuclides in solution, and especially on the hydroxocomplexes.
Sorption of radionuclides of Chernobyl origin on different soil samples was



studied to evaluate the retardation properties of soil and to predict
migration of radionuclides into the environment after the Chernobyl
fallout. Since the most important and dangerous radionuclides, Cs, Sr, Ce,
are present in the soils and in natural water in non-ionic forms
(particles) their migration ability is limited. However, many factors can
influence the form of radionuclides under particular conditions in the
environment, and these in turn can lead to variation in sorption and
migration properties and behaviour of radionuclides.

2.2 USE OF NATURAL CLAYS AND ZEOLITES AS BACKFILL FOR UNDERGROUND
REPOSITORIES

In radioactive waste repository design, the multi-barrier concept is
widely accepted. In this concept the waste form itself and its container
are regarded as the first barrier. The backfill material and the
repository construction itself form subsequent engineered barriers. The
repository host rock is the final natural barrier.

In this context the main requirements for the backfill material are:
- low hydraulic conductivity to prevent or reduce infiltration of

water in to the repository;
- good sorption properties for the radionuclides which could

potentially be leached from the waste;
good mechanical and chemical stability over a long time period
(comparable to 10 times the half life of the most important
radionuclides in the waste) and in the case of a HLW repository,
good thermal stability;

- compatibility with the other engineered and natural barriers;
readily available in sufficient quantities at an economic price.

Natural clays which contain smectite (a swelling clay mineral) are
promising backfill materials thanks to their good retention properties and
low hydraulic conductivity which both strongly reduce the migration rate of
any leached radionuclides. The advantages or disadvantages of the swelling
properties of these clays is strongly dependent on the repository design
and the type of host rock. When the swelling is regarded as
disadvantageous (e.g. due to the high swelling pressure, or crack formation
by dry/wet cycles) the addition of sand in a 1 to 1 ratio can help to
overcome this problem without risk of losing the low hydraulic conductivity
and high sorption capacity. If the swelling is regarded as being
favourable e.g. to provide complete filling of all voids when the
repository resaturates, the required amount of swelling can be obtained by
compacting the clay to a high dry density.

Naturally occurring zeolites such as clinoptilolite, mordenite and
chabazite, also have strong radionuclide retention properties at least
comparable to the above mentioned clays or upto a factor of ten higher. As
these zeolites have a high hydraulic conductivity (comparable to sand) they
cannot be used as such but need to be mixed with material of low
conductivity such as clay.

With natural clays, as in zeolites, ion exchange is the main sorption
mechanism but with some natural clays the formation of high molecular
weight complexes with occluded organic material such as humic acids or
formation of colloidal particles, will restrict the movement of
radionuclides through the very small pores present in the clay.

3. CONCLUSIONS AND RECOMMENDATIONS

At the final research co-ordination meeting there was considerable
discussion on the present state of both the art and the science of
inorganic sorbents for use in waste treatment or as backfill material.
During these discussions it became apparent that there are a number of gaps
in the knowledge required for the successful employment of these sorbent
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materials. The following sub-sections summarise the main areas where the
participants felt that further research and development was required.

3.1 USE OF INORGANIC SORBENTS FOR TREATMENT OF AQUEOUS RADIOACTIVE
WASTES

1. The range of inorganic sorbents of interest in the field of
radioactive waste treatment is steadily increasing. Fundamental studies to
obtain information on sorbent structure and sorption mechanisms will
continue to be required in order to be able to select the best materials
for a particular requirement. Equilibrium, thermodynamic and kinetic data
needs to be available to enable design of suitable treatment plant.

Further investigations are needed to define sorbtion mechanisms of
radionuclides on different soil samples and to provide data which can be
used for the prediction of radionuclide behaviour in the environment. The
accident at Chernobyl NPP has shown that these data are needed for better
organization of remedial actions and for development of recommendations and
procedures on management of affected areas.
2. Sorbents with high affinity for one or a few radionuclides have
already been identified, there is now a need to examine mixtures of
sorbents to remove a wide spectrum of radionuclides in a. single process
stage. The compatibility or otherwise of these mixtures must be determined
and any synergistic effects identified. These mixtures may be incorporated
into a common matrix for column use or used in a finely divided form with a
filtration process.
3. Any increase in decommissioning activities for defunct nuclear plant
will lead to an increase in decontamination waste streams containing
complexing agents and possibly inorganic waste streams. Inorganic sorbents
may well be involved in treatment processes for these wastes, possibly in
combination with chemical treatment.
4. There are still a number of radionuclides for which there is no
identified effective inorganic sorbent. Examples are ruthenium,
pertechnetate, radium and thorium. New sorbents need to be found and these
may prove also to be of use for the removal of toxic heavy metals that can
be present in some radioactive wastes.
5. There is a need for greater cooperation and coordination in the field
of inorganic sorbents for radioactive waste treatment. Full knowledge of
all activities world-wide and the setting-up of a universal series of
simple standard tests is required in order to be able to reliably compare
the results of different groups of investigators. There is also a need to
identify individual waste treatment problems throughout the world so as to
provide definite targets for investigation.

3.2 USE OF NATURAL CLAYS AND ZEOLITES AS BACKFILL FOR UNDERGROUND
REPOSITORIES

Concerning the application of these materials in real waste
repositories, it is important to establish a quality assurance methodology
for both the preparation (drying, grinding, mixing, compaction ...) and
emplacement procedure so that it can be guaranteed that the overall
performance of the backfill is the same as that of the material optimised
in the laboratory. The emplacement procedure will be strongly dependent on
the repository design (e.g. large disposal halls or boreholes), on the type
of waste (e.g. heat emitting HLW or short lived LLW) and on the type of
host rock (e.g. crystalline rock or clay).

Although it is felt that cost should be secondary to performance,
economical considerations should be kept in mind. Not only the cost of the
material but also the cost of transport, preparation and emplacement should
be considered. In this context, the ratio of the overall cost of the
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backfill to the overall cost of the disposal facility needs to be
considered to decide on the feasibility of the proposed backfill solution.

Geochemical stability is not a problem with zeolites but for natural
clays which often contain a small fraction of pyrite it needs to be further
studied. The pyrite can be oxidized in the presence of oxygen and humid
conditions. This oxidation leads to acidification of the backfill which in
turn leads to an enhanced corrosion and leaching rate. To avoid this,
either the continuous contact of the backfill with oxygen can be avoided,
or the clay can be mixed with Lime or Portland cement as pH buffer
material.

Zeolites are known to be stable under hydrothermal conditions and also
dry clays are stable at high temperatures (up to 300 - 400°C). However, in
the presence of steam, some alteration of smectite occurs which results in
a reduction in the swelling capacity and an increase of hydraulic
conductivity. For the case of a backfill applied around heat emitting
waste, this problem needs to be studied further.

To obtain effective and feasible procedures for the backfilling of
radioactive waste repositories, further research is needed in two main
areas namely, the understanding of the physico-chemical behaviour of the
backfill material and the development of the application technology.

In the field of physico-chemical behaviour the most important topics
which require further study are:

- geochemical stability in particular the possible oxidation of
pyrite;

- changes induced in clays due to hydrothermal conditions;
- mechanical and thermo-mechanical behaviour.
In the field of application technology the preparation and emplacement

techniques need to be developed together with an adequate quality assurance
methodology.

12 Next page(s) left blank
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USE OF ALUMINOSILICATE MINERALS FOR THE
REMOVAL OF RADIONUCLIDES AND HEAVY METALS
FROM AQUEOUS WASTES BY SORPTION AND
IN COMBINATION WITH PRECIPITATION PROCESSES

O.S. KLISURANOV, G. GRADEV,
I. STEFANOVA, A. MILUSHEVA
University of Mining and Geology,
Institute of Nuclear Research and Nuclear Energy,
Sofia, Bulgaria

Abstract

The sorption characteristics of aluminosilicate minerals from
Bulgarian locations in natural and modified forms have been studied. The
possible application of mineral sorbents (zeolites and vermiculites) for
decontamination of aqueous wastes containing radionuclides (Cs-137,
Sr-90, Co-60, Ag-llOm, Tl-204, Ce-144, Ru-106), as well as for
decontamination of waste waters containing lead, cadmium, zinc or
silver, were studied.

The static exchange capacity of clinoptilolite and vermiculite in
different cationic forms has been determined together with the influence
of different competitive ions on the capacity. The thermodynamics of ion
exchange on the sodium form of clinoptilolite has been studied and the
distribution coefficients and the diffusion coefficients for the
specified radionuclides were determined.

The potential of combining processes for the treatment of wastes of
complex composition has been examined by applying precipitation and
sorption processes under static or dynamic conditions. The
decontamination coefficients for caesium, strontium, cobalt manganese
cerium and zirconium were determined at different values of pH and
different doses of precipitates and sorbents.

1. INTRODUCTION

There is much information in the literature which shows the
potential of natural aluminosilicates as sorbents for the decontamination
of water from dissolved substances in ionic form [1]. The wide range of
selective exchangers, their low price and the existence of effective
methods for regulation of the exchange characteristics, are important
factors which favour their use for the purification of aqueous wastes
arising in different production processes.

It is accepted to call metals with a specific density greater than
5 g/cm3, heavy metals. Depending on the pH of the solution, the anionic
species present and the presence of organic compounds, their speciation in
aqueous solution can vary - ionic, complex compositions or hydrocomplexes.
The aqueous waste arising from different production processes,
particularly from the non-ferrous metallurgy industry, are polluted with
cations of lead, cadmium, zinc, silver, copper, nickel, chromium, etc.
Chemical precipitation is widely used to remove contaminants from
aqueous wastes. The process is used particularly for large volume wastes or
those of high ionic strength where evaporation would be costly or salt
concentration limited.

Irrespective of the process of the mechanism (isomorphous
co-crystallization, adsorption, colloid-chemical processes etc.) it can be
optimized for a particular liquid medium. Its place in a multi-stage
process is usually as a first step, for example before ion exchange, withthe purpose of removing the greater part of the colloidal particles,
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detergents, some radionuclides (completely or partially). The most commonly
used precipitates are those of aluminium and iron [1,3].

Salts of aluminium (III) or iron (III) are introduced into the
medium and the pH is increased to 8-10. The high-valent ions decrease
strongly the zeta-potential of the colloidal particles, which agglomerate
and at the same time adsorb on the precipitated particles of A1(OH)3 or
Fe(OH)3 respectively [4]. Some researchers recommend two-stage
precipitation without increasing the total quantity of the added
precipitant [5].

It is known that precipitation of iron or aluminium salts is an
effective method for decontamination of a liquid phase from radioactive
contaminants, especially when there are radioactive isotopes of readily
hydrolysed elements present. The degree of decontamination is even greater
if most of the radioactivity is associated with the dispersed particles
in the water. The radioactive isotopes remaining in solution after
precipitation can be removed by an ion exchange process so the combination
of the two methods is one possible method for reducing
radionuclides to very low levels [6,7]. The decontamination of aqueous
wastes by precipitation of aluminium or iron salts increases
significantly if other components are introduced into the system which
interact with the radionuclides in one or another way. Introducing
different sorbents, reagents, forming insoluble components, flocculants,
etc., is widely used. Thus clays, activated carbon, copper sulphate,
silver nitrate, etc. can be added during the process of precipitation
together with the iron and aluminium salts in order to increase the
effectiveness of the decontamination from, for example, iodine-131 [8],

Calcium phosphate precipitation (Na3PO4 + Ca(OH)2 or CaCl2) , can givegood decontamination from many radionuclides (except caesium) under the
right conditions [9,10], Its combination with ferrocyanide
co-precipitation or ion exchange, for example on vermiculite, is necessary
for the complete decontamination of the radioactive wastes.

Filtration through sand, effectively removes the hydroxide
precipitate. The filtration is especially effective for the readily
hydrolysed cerium, zirconium, niobium, yttrium, etc. The comparatively
high extraction of caesium, achieved by some authors, may be explained by
the fact that caesium-137 is non-reversibly sorbed onto the particles of
the clay minerals which are retained during sand filtration. The
combination of chemical precipitation and sand filtration may provide for
some polyvalent radionuclides a removal of more than 95%.

2. EXPERIMENTAL

Data on the ion exchange of lead, cadmium, zinc and silver by
zeolites and vermiculites has been obtained by conventional techniques
for such studies (statics, kinetics, thermodynamics) [1,2-14],
Experiments on precipitation and static sorption were carried out under the
following conditions: 500-1000 ml of the solution were stirred for 3 min
at a rate of 1500 rpm, at the same time the reagents and sorbents
were added. The mixture was stirred for 30 minutes at a rate of 240 rpm
and then allowed to stand for 30 to 60 minutes. A sample of the
supernate was taken, filtered or centrifugea, and analyzed in
accordance with the method of analysis.

The experiments on ion exchange were carried out under dynamic
conditions in columns with continuous feed of the solution, usually at
a rate of 5-10 column volumes per hour.

Columns with quartz sand or paper filters were used for filtration.
Solutions were rapidly analyzed for the appropriate elements (caesium,
strontium, cobalt, manganese, cerium and zirconium) at concentrations of
the order of E-6 - E-7 M by means of an emission spectrometer Philips-PV
8020 and an atomic-absorption spectrophotometer Philips-PU 9000. The
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limited set of radionuclides, the small number of specialists engaged in
the experiment and the high absorbed doses determined the character of the
preliminary work on chemical precipitation. Solutions of stable elements
with concentrations in the region from E-2 to E-3 M, treated under various
conditions, were used. The results made it possible to determine the
optimal conditions for chemical precipitation of the single elements and
mixtures of them in natural waters or in solutions with a more
complicated macro-composition. These preliminary results were used to
determine the direction of further research over a narrower range of
conditions.
The experimental work comprised :
- precipitation separately of caesium, strontium, cobalt and cerium

with aluminium sulphate - 100 mg/1 or sodium phosphate
200 mg/1 + calcium chloride - 100 mg/1. l N sodium hydroxide was
used to adjust the pH up to 9. The solutions were prepared with tap
water. The experiments employed 2 1 of solution containing caesium,
strontium, cobalt or cerium, with concentrations E-3 M, to
which 20 ml of aluminium sulphate solution of concentration 10 g/1
(i.e. the concentration of the aluminium sulphate in the final
solution is 100 mg/1), and 4ml l N sodium hydroxide for pH 9.0 were
added. The solution was stirred for 3 minutes at a fast rate and 27
minutes at a slower rate after which it was filtered through quartz
sand (a column of diameter 3 cm containing 50 g, the flow rate was
120 cm/h). The next operation was ion exchange on natural
clinoptilolite from Beli Plast (pH 8.5) or on vermiculite from
Belitsa, Ihtimanska Sredna Gora (pH 7.8), carried out in columns
with the same parameters as the column of quartz sand. Experiments
were also carried out with a precipitate of calcium phosphate,
formed by the reaction of disodium phosphate and calcium chloride.
The estimation of the results was based on the determination of the

decontamination coefficient, i.e. the ratio of the difference between the
starting and the final activities of the solution, to the starting
activity (as a percentage) :

A,, - Ak
D = —————————— 100 % ,

A0where D is the decontamination coefficient, %,
A0 - the activity of the solution before treatment,Ak - the activity of the solution after treatment.
The ion exchange static capacities and the distribution

coefficients of caesium and strontium were determined for zeolites from
Bulgarian locations having different forms of the ion exchanger: sodium
(Costino, Moryantsi), potassium (Beli Bair, Most) and calcium (Beli
Plast, Golobradovo) clinoptilolites, and mordenite (Lyaskovets). The value
of the capacity for caesium for all the forms greatly exceeds that for
strontium. The sodium and the calcium forms have greater capacity than the
potassium form.

3. RESULTS AND DISCUSSION

3.1. ION EXCHANGE EXPERIMENTS
The experimental results for the ion exchange of radionuclides on

natural sorbents in both natural and modified forms show that it is
almost impossible, using this process only, to solve the complicated
problems related to the treatment of liquid radioactive wastes which
vary in origin and composition even when the main radioactive component
is caesium [15,16]. The possibility of decontamination of liquid
radioactive wastes with zeolites and vermiculite is defined by certain
conditions, given in Table I [17-19]. In most cases the ion exchange must
be preceded by a pre-treatment process, such as chemical precipitation.
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TABLE I
POSSIBILITIES OF USING NATURAL SORBENTS IN THE ION

EXCHANGE PROCESSES

Sorbent and parameters Results

I. Clinoptilolite
1. Distribution coefficient

2. Selectivity
in the presence of sodium,
magnesium and calcium

- in the presence of potassium
and ammonium

- in the presence of citric
and tartaric acids

- in the presence of oxalic
acid
in the presence of EDTA
and boric acid

3. Optimal pH
4. Thermal stability
5. Radiation stability

II. Vermiculite
1. Distribution coefficient

2. Selectivity
- in the presence of sodium

magnesium and calcium
- in the presence of potassium

and ammonium
in the presence of citric
tartaric and boric acids

- in the presence of oxalic
acid and EDTA

3. Optimal pH
4. Thermal stability
5. Radiation stability

E3 - E4 ml/g: Cs-137, Ag-110m,
Tl-204;
E2 ml/g: Sr-90, Co-60, Mn-54,
Fe-56, Zn-65, Cd-115m;
<E2 ml/g: Ce-144, Ru-106,
Zr-95, Nb-95
high: Cs-137, Ag-110m, Tl-204;
satisfactory: Sr-90;
low: Co-60, Mn-54, Fe-56,
Zn-65, Cd-115m, Ce-144, Ru-106,
Zr-95, Nb-95
low selectivity towards all
ions studied
high: Cs-137, Tl-204;
satisfactory: Sr-90, Ag-110m
high: Cs-137;
satisfactory: Tl-204
high: Cs-137, Tl-204;
satisfactory: Sr-90
from 5 to 9
up to 550°C
up to a total dose of E7 Gy no
change of the sorption
parameters is observed

E2 - E3 ml/g: Cs-137, Ag-110m,
Tl-204, Sr-90, Co-60, Fe-56,
Ce-144, Ru-106
high: Cs-137, Ag-110m, Tl-204;
satisfactory: Sr-90, Co-60,
Fe-56, Ce-144, Ru-106
low selectivity towards all
ions studied
satisfactory: Cs-137, Ag-110m,
Tl-204, Sr-90
satisfactory: Tl-204
from 5 to 9
up to 650 - 700°C
up to a total dose of E7 Gy
no change of the sorption
parameters is observed

Data about the capacity of different samples of natural
aluminosilicates (clinoptilolite and vermiculite) and their cation forms
are presented in Table II. Samples from seven zeolite and two
vermiculite locations have been studied [2,20]. The results were
obtained under static conditions: mass of the sorbent - 1 g, volume of
the 0.1 N solution - 25 ml, size of the granules - from 0.25 to 1.25 mm,
time of contact - 10 hours. The content of lead was determined by
emission spectroscopy, and the content of cadmium, zinc and silver -
gamma spectrometrically. The cation forms were obtained under dynamic
conditions by passing a IN solution of the respective nitrate through
the ion exchanger until it was saturated. In both the natural and cation
forms the content of the alkali and alkaline-earth elements was determined
by atomic absorption and flame emission photometry.
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TABLE II
STATIC EXCHANGE CAPACITY OF NATURAL ALUMINOSILICATES

AND THEIR MODIFICATIONS
Static exchange capacity,meq/gSorbent ________________________________
Lead Cadmium Zinc Silver

Clinoptilolite from Beli Plast
Natural form
Lithium form
Sodium form
Calcium form
Ammonium form

Clinoptilolite from Beli Bair
Natural form
Lithium form
Sodium form
Calcium form
Ammonium form

Vermiculite from Avren
Natural form
Lithium form
Sodium form
Calcium form
Ammonium form

1.03
1.24
1.27
0.95
-
0.62
0.83
0.83
0.36-
0.48
0.24
0.67
0.53
—

0.43
0.43
0.60
-
0.37
0.38
-
0.38-
0.29

0.34
0.34
0.52
-
0.31
0.17
-
0.32-
0.24

1.01
1.01
1.28
1.08
1.04
0.79
0.81
0.83
0.69
0.72
0.48
0.35
0.70
0.64
0.62

The preliminary experiments with different natural sorbents in
untreated natural, lithium/ sodium, calcium and ammonium forms showed
that the sodium form was the best of all the aluminosilicates and
particularly of the Clinoptilolite from Beli Plast location. This natural
calcium-sodium Clinoptilolite is characterized by a higher content of
calcium and sodium, and by a lower content of potassium. This determines
also its higher ion exchange capacity in comparison with the
potassium-sodium Clinoptilolite which is richer in potassium that is
difficult to exchange.

The influence of monovalent alkali metal cations (lithium, sodium,
potassium, caesium) and ammonium cations, of alkaline-earth cations
(magnesium, calcium, strontium, barium) and of trivalent cations
(aluminium, yttrium) on the sorption of lead, cadmium, zinc and silver was
studied using solutions containing the specified elements and the
respective competitive ion in the proportion 1:10. The results for the
sodium form of the Clinoptilolite from Beli Plast are shown in Table III.
The results for the natural Clinoptilolite from Beli Plast in its lithium,
ammonium and calcium forms are presented graphically in Figs 1, 2, 3 and
4. The exchange of the elements studied is most effective in the
presence of lithium, magnesium, aluminium and yttrium; sodium,
calcium, strontium reduce the sorption properties of Clinoptilolite;
barium, ammonium, caesium and especially potassium hinder the sorption
process to a considerable extent. The competitive cations affect the
sorption capacity according to the following sequences :

and
Na+ < NH/

A13+ 3+ Mg2+ Ca2+ Sr2+
K+

Ba2+

The ion exchange of the four heavy metals was also studied in the
presence of surface active substances (sodium dodecylbenzol
sulphonate, isobutylene xanthogenate). At concentrations up to 250 mg/1 of
these substances, practically no changes in the sorption parameters of
the natural and sodium forms of Clinoptilolite were observed.

The influence of solution pH was studied for the untreated
natural, lithium, sodium and calcium forms of Clinoptilolite. The
reduction of pH with nitric acid from 5 to 1 caused a slight
decrease of the quantity of the elements absorbed (about 0.1 meq/g)
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TABLE III
INFLUENCE OF DIFFERENT CATIONS ON THE EXCHANGE

CAPACITY OF THE SODIUM FORM OF CLINOPTILOLITE FROM
BELI PLAST

Competitive
cation

Exchange capacity, meq/g
Lead Cadmium Zinc Silver

-
Lithium
Sodium
Potassium
Caesium
Magnesium
Calcium
Strontium
Barium
Ammonium
Aluminium
Iron

1.35
1.15
0.70
0.10
0.18
1.18
0.90
0.58
0.28
0.11
1.28
"'

0.60
0.53
0.26
0.10
0.07
-
-
-
-
0.06
-
"*™

0.52
0.43
0.25
0.12
0.10
-
-
-
-
0.08
-
_

1.28
1.00
0.57
0.13
0.21
1.09
0.74
0.58
0.40
0.25
1.15
1.02

Without competitive ions

1,50 Î.65
Radius (A)

Fig. 1. Influence of competive ions on the exchange capacity
of natural clinoptilolite, depending on the ion radius.
—— 0 —— for silver
—— A —— for lead
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Without competitive ions

1,25

LU

0,50 1,00
Radius (A)

1,50 1,65

Fig. 2. Influence of competitive ions on the exchange capacity
of lithium clinoptilolite, depending on the ion radius.
—— 0 —— for silver
—— A —— for lead

1.15

WlthOUt (V|g
competitive

1,00
Radius (A)

1350 1,65

Fig. 3. Influence of competitive ions on the exchange capacity
of ammonium clinoptilolite, depending on the ion radius
(for silver).
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Fig. 4. Influence of competitive ions on the exchange capacity
of calcium clinoptilolite, depending on the ion radius
(for lead) .

and it may be assumed that their extraction from even more acidic
solutions is possible. Altering the particle size within the range 1.25
to 0.25 mm does not produce any noticeable change of the sorption
properties of clinoptilolite and its cationic forms.

On the basis of experimental data, the isotherms of exchange are
plotted for the systems lead or silver - alkali, alkaline earth element
or ammonium, and the concentration coefficients of separation of the
exchanging ions, the thermodynamic exchange constants and the standard
free energies for the respective reactions were calculated (Table IV) .
The results show high selectivity of clinoptilolite towards lead and
silver. On the basis of the thermodynamic constants the sequence of
selectivity of clinoptilolite for the ions studied is as follows :

NH/> Ag*> 2+ = Zn2+> Ca2+» Mg2+

TABLE IV
THERMODYNAMICS OF ION EXCHANGE OF CATIONS ON THE SODIUM FORM

OF CLINOPTILOLITE FROM BELI PLAST

Radius of Thermodynamic
Exchanging ions the counter- constant of

ion, exchange,
AO Vr̂

Lead -
Lead -
Lead -
Lead -
Lead -
Silver
Silver
Silver
Silver
Silver
Silver
Silver

sodium
potassium
ammonium
magnesium
calcium
- lithium
- sodium
- potassium
- ammonium
- magnesium
- calcium
- lead

0.
1.
1.
0.
1.
0.
0.1.1.
0.1.1.

98
33
43
78
06
78
98
33
43
78
06
32

6
0
0
77
5
76
6
0
0

82
8
1

.2

.73

.86

.0

.9

.4

.9

.88

.94

.0

.1

.2

+ 0.
+ 0.
+ 0.
+ 2.
+ 0.
+ 1.± o.
+ O.
+ 0.
+ 2.
+ 0.
+ 0.

2
02
03
0
1
8
3
02
02
0
2
02

Standard
free

energy,
G
-2
+0
+0
-2
— 1

-10
-4
+0
+0
-10
-5
-0

, kJ/eq

.21

.38

.19

.63

.08

.48

.7

.31

.15

.65

.06

.44

+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0
+ 0

.04

.03

.01

.03

.01

.06

.1

.06

.05

.06

.06

.04
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TABLE V
DISTRIBUTION COEFFICIENTS FOR CLINOPTILOLITE

FROM BELI PLAST AND ITS CATION FORMS

Distribution coefficient,ml/gSorbent _____________________________________
Lead Zinc Cadmium Silver

Natural form
Sodium form
Ammonium form

5.5 E3
9.2 E3
5.7 E3

3.6 E2
4.5 E2
5.3 E2

5.3 E2
6.8 E2
7.1 E2

5.8 E3
1.1 E4
5.9 E3

In order to determine the suitability of a particular sorbent for
a certain application it is necessary to determine the distribution of
ions between the solid and liquid phases and also the diffusion
coefficient. From experimental data, the isotherms of exchange for the
elements studied have been plotted, and the distribution coefficients
calculated (Table V).

Experiments to determine the dependence of the quantity of the
element sorbed on time under static conditions were carried out. The
exchange equilibrium was achieved in 4-10 hours for the different cation
forms (concentration of the solution O.I N). In Fig. 5 the kinetic
curves for the natural lithium, sodium and calcium forms of
clinoptilolite are shown for sorption of lead. Analogous curves were also
plotted for the other elements. It is interesting to note that in the case
of ion exchange on the sodium form, after 1 hour about 90 % of the
equilibrium capacity is achieved, and on the natural form
about 70%. To determine the kinetic characteristics in the
case of full saturation of the clinoptilolite (at high values
of T), the following equation was used :

0 ____ ÛJtn = tnQ.-Q. v«y
where Q, is the quantity sorbed in time T, meq/g;

Qx - the quantity sorbed for at infinite time, meq/g;
Q,, - the quantity sorbed for t=o = 0 ;
T - the time, s;
De - the effective diffusion coefficient, cnr.s"1;
r0 - the radius of the granules, cm.

The results are given in Table VI.
The data obtained shows how Bulgarian natural aluminosilicates and

especially the sodium form of Beli Plast clinoptilolite will perform in
processes to decontaminate water from ionically dissolved substances.
They may be of use in large scale processes for the decontamination of
waste waters from heavy metal cations, as well as forming a part of a more
complex process for the complete decontamination of the waste waters.

3.2 PRECIPITATION PLUS ION EXCHANGE
The results of preliminary experiments are recorded in Table VII.

These results were used to define the conditions to be studied in the
subsequent research.

Table VIII shows the data obtained with various precipitates and
sorbents. The experiments used a solution containing caesium,
strontium, cobalt and cerium at a concentration of E-3 M, 2 ml IN sodium
hydroxide to regulate pH and aluminium sulphate (100 mg/1). In experiment
I, Ig of the sodium form of clinoptilolite from Beli Plast (0.25-0.50
mm) was used. In experiment 2 alkali metal activated bentonite was used
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100 300
Time (min)

500 700

Fig. 5. Kinetic curves on the sorption of lead
1. - On natural clinoptilolite
2. - On lithium form of clinoptilolite
3. - On sodium form of clinoptilolite
4. - On calcium form of clinoptilolite.

TABLE VI
DIFFUSION COEFFICIENTS FOR CLINOPTILOLITE

FROM BELI PLAST AND ITS CATION FORMS

Diffusion coefficient, cm2/s
Sorbent

Natural form
Lithium form
Sodium form
Potassium form
Ammonium form
Calcium form

Lead
1
3
3

3

.6

.4

.3
-
-
.3

E-8
E-7
E-7

E-9

1
6
5
9
1

Zinc
.1 E-10
-

.4 E-10

.5 E-ll

.8 E-ll

.4 E-10

Cadmium
8
1
6
1
2

.8

.3

.4

.1

.3

E-10
-
E-9
E-ll
E-10
E-10

1
3
4

3

Silver
.9
.8
.5

.7

E-8
E-7
E-7
-
-
E-9

TABLE VII

DECONTAMINATION OF WASTE WATERS FROM DIFFERENT ELEMENTS
USING PRECIPITATION FILTRATION AND ION EXCHANGE

Operation
Decontaminatioin coefficient, %

Caesium Strontium Cobalt Cerium
1.
2.
3.

1.
2.
3.

Precipitation -
A12(S04)3
Filtration
Ion exchange -
clinoptilolite
vermiculite
Precipitation -
Ca3(P04)2Filtration
Ion exchange -
clinoptilolite
vermiculite

7.6
7.6
99.
98.

15.
7.
99.
80.

9
9
62
38

38
69
54
69

8.
9.
99
84

33
24
99
89

06
95
.78
.15

.39

.41

.64

.06

86.
91.
99.
99.

99.
100
99.
99.

62
16
59
99

36
.0
99
98

55.
56.
99.
99.

99.
100
100
100

66
46
85
95

29
.0
.0
.0
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TABLE VIII
DECONTAMINATION OF WASTE WATERS USING PRECIPITATION

FILTRATION AND ION EXCHANGE

Operation
Decontamination coefficient, %

Caesium Strontium Cobalt Cerium
Experiment 1
1. Precipitation -

A12(S04)3 +clinoptilolite
2. Filtration
Experiment 2
1. Precipitation -

A12(S04)3 +alkaline bentonite
2. Filtration

54.38
55.23

15.38
15.38

15.42
16.66

6.68
7.25

21.91
20.72

19.64
20.50

71.58
70.53

51.80
52.11

Experiment 3
1. Precipitation -

Ca3(P04)2 +clinoptilolite
2. Filtration

54.92
54.85

44.25
45.65

100.0
99.99

97.80
100.0

instead of clinoptilolite,
calcium phosphate.

and in experiment 3 the precipitate was

Precipitation using aluminium sulphate was most effective for
cobalt, and with calcium phosphate - for cobalt and cerium. The
addition of sorbents to the precipitation process did not provide any
detectable improvement overall in contrast with the use of each process in
sequence.
- Chemical precipitation from solutions containing strontium, cobalt,

manganese, cerium and zirconium by adding well established
précipitants such as aluminium sulphate, ferric chloride, disodium
phosphate + calcium chloride were examined. The pH of the solution
was adjusted with 0.5 M sodium carbonate or with IN sodium hydroxide
solutions. The results are given in Table IX. Doubling the
quantity of the reagents and increasing the pH to 11.5 has
little effect on decontamination coefficient. The second stage - ion
exchange, is unneccessary for this combination of précipitants,
especially since these solutions do not contain caesium.
Chemical precipitation for the removal of caesium, strontium, cobalt
and manganese from solutions containing high levels of inactive
salts (sodium and calcium nitrates, sodium, magnesium and ferric
chlorides) using a mixture of précipitants at pH 9 was studied. The
results are shown in Table X. Caesium removal even with double the
quantity of the précipitants and using sodium carbonate instead of
sodium hydroxide to adjust pH was not observed and for strontium
only a small increase in decontamination coefficient was obtained.
The addition of clinoptilolite or vermiculite was less effective than
when used under dynamic conditions as a second stage, when
decontamination is practically complete. Analogous results, given
in the same Table, were also, obtained for systems containing
potassium permanganate, sodium carbonate, tartaric acid and liquid
soap containing anion-active and amphoteric detergents, as well as
for systems containing citric and boric acids. In general, the
results for the chemical precipitation of caesium and strontium were
low. The substitution of sodium carbonate by lithium carbonate for
pH adjustment in order to improve ion exchange on sorbents (Li+ is
more readily exchanged than Na+) increases the decontamination
coefficient but the results are still not satisfactory - a second
stage of sorption under dynamic conditions is necessary. This is
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TABLE IX
DECONTAMINATION FROM ADMIXTURES OF ELEMENTS IN NATURAL WATER

USING DIFFERENT PRECIPITANTS SORBENTS AND pH REGULATORS

Précipitants Concen-
and sorbents tration, pH

mg/1 *
Experiment 1
1. Precipitation:

A12(S04)3 50
FeCl3 100
CaCl2 50
Na2HPO„ 120 9.0

2. Ion exchange:
-Clinoptilolite
-Vermiculite

Experiment 2
1. Precipitation:

A12(S04)3 100
FeCl3 200
CaCl2 100
Na2HP04 240 11.5

2. Ion exchange:
-Vermiculite
-Clinoptilolite

Experiment 3
1. Precipitation:

A12(S04)3 50
FeCl3 100
CaCl2 50
Na2HP"o4 120
Sodium
Clinoptilolite 500 9.0

Decontamination coefficient, %
Sr(II) Co(II) Mn(II) Ce(III) Zr(IV)

97.2 100 99.8 100 99.9
99.4 100 99.9 100 99.9
99.9 100 100 100 100

98.4 99.7 96.8 99.9 99.9
99.1 100 98.9 99.9 99.9
99.4 100 99.3 100 99.9

97.8 100 99.9

* pH 9.0 is achieved by adding 10 ml of 0.5 M sodium carbonate,
and pH 11.5 - by adding 5 ml of l N sodium hydroxide.

TABLE X
DECONTAMINATION FROM DIFFERENT ELEMENTS USING SOLUTIONS

OF HIGH IONIC STRENGTH

Macro- Pre
composition anc
mg/1
Experiment 1
1. Precipitation:

NaNOj-415
Ca(NOj) 2-130
NaCl-175
MgCl2-355
FeCl3-0.6
Na2S04-1352. Ion exchange:
Sodium
Clinoptilolite

Experiment 2
1. Precipitation:

NaNOj-415
Ca(NO3)2-130NaCl-175
MgCl2FeCl3NajS04-1352. Ion exchange:
Sodium
Clinoptilolite

icipitants
1 sorbents

Al,(S04hFed,
CaCl:Na,HP~0<
10 ml 0,5

Al,(S04)j
FeClj
CaClj
Na,HP04
5 ml 1.0

Concen- Decontamination coefficient, %
mg/1 * Cs(I) Sr(II) Co(ll) Mn(Il)

50
100
50
120

M Na,COj
9.0 0 39.2 100 100

99.4 97.5 100 100

100
200
100
240

N NaOH
11.5 0 49.8 100 99.9

99.5 99.5 100 100
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TABLE X (oont.)

Experiment 3
1. Precipitation:

NaNOj-415
Ca(N03)2-130NaCl-175
MgCl2-355
FeClj-0.6
Na2S04-135

Experiment 4
1. Precipitation:

KMnCv-250
Na2CO3-250Tartaric
acid-250
Pril-1000

A12(S04)3FeClj
CaCl2Na-,HP0410 ml 0.5 M
Natural
clinopti-
lolite

A1,(S04)3FeCl3CaCl-,
Na,Hp"o4lo'ml 0.5 M

50
100
50
120
Na:CO3

500 9.0 66.1 44.2 100 99.9

50
50
50
120
Na3C03Sodium clinop-

tilolite
Vermiculite

2000
2000 9.0 66.6 66.0 100 99.3

Experiment 5
1. Precipitation:

KMnO„-250
Na2CO3-250
Tartaric
acid-250
Pril-1000

A12(SO4)3
FeCl3
Cad;,

50
50
50
120

lO'ml 0.5 M Li:COj
Sodium clinop-
tilolite 2000
Vermiculite 2000 9.0 84.472.5 100 99.6

Experiment 6
1. Precipitation:

KMn04-250
Na2C03-250
Tartaric
acid-250
Citric
acid-250+
Boric
acid-10000
Pril-1000

Experiment 7
1. Precipitation:

KMn04-250
Na2CO3-250Tartaric
acid-250
Citric
acid-250
Boric
acid-10000
Pril-1000

Al,(SO.,)i
Feel,
CaCl-,
Na,Hp"o4
lO'ml 0.5 M

50
50
50
120
Na2CO3Sodium clinop-

tilolite
Vermiculite

A1:(S04)3FeCl3CaCl,
Nâ Hp'Oj
lO'ml 0.5 M

2000
2000

9.0 71.8 51.3 50.1

50
50
50
120
Li:CO3Sodium clinop-

tilolite
Vermiculite

2000
2000

9.0 75.6 51.7 52.8

supported by the results in Table XI., concerning the same systems,
but treated according to the scheme: filtration, chemical
precipitation and ion exchange on an mixture of clinoptilolite and
vermiculite. For comparison clinoptilolite or vermiculite were
tested alone under dynamic conditions with solutions containing
caesium, strontium, cobalt and manganese with or without inactive
salts present. The results are listed in Table XII.
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TABLE XI
DECONTAMINATION OF RADIOACTIVELY CONTAMINATED WASTES USING

FILTRATION + PRECIPITATION + ION EXCHANGE

Macro-
composition

mg/1

Experiment 1
KMnO4-250
Na2CO3-250Tartaric
acid-250
Pril-1000
pH 11.5

Experiment 2
KMnO4-250
Na2C03-250Tartaric
acid-250
Citric
acid-250
Boric
acid-10000
Pril-1000,
pH 11.5

Operations
précipitants
and sorbents

1. Filtration
2. Precipitation
A12(S04)3
Fed,
CaCl":
Na2HP~O4
1 N NaOH
3. Ion exchange:
Admixture of
clinoptilolite
and vermiculite

1. Filtration
2. Precipitation
A1,(S04),FeCl3Cacl2Na2HP'o4
1 N NaOH
3. Ion exchange:
Admixture of
clinoptilolite
and vermiculite

Concen- Decontamination coefficient, %
t rat ion ———————————————— __——__
mg/1 *Cs(I) Sr(II) Co(II) Mn(II) Ce(III)

0 17.9 12.2 6.1 97.8
*

100
100
100
240
5 ml 0 95.4 99.9 99.8 100

99.4 99.2 100 99.9 100

0 27.2 18.7 - 98.8
•

100
100
100
240
5 ml 0 48.7 60.8 - 100

98.7 81.7 67.5 - 100

* The radioactivity of each element in the solution is 1.0 E4 Bq/1.

TABLE XII
ION EXCHANGE DECONTAMINATION OF RADIOACTIVELY

CONTAMINATED WATERS
IN THE ABSENCE OR PRESENCE OF SALT

Sorbent
Macro-
composition,
mg/1

Decontamination coefficient, %
Cs-137 Sr-90 Co-60 Mn-54

Clinoptilolite
Vermiculite
Clinoptilolite
in sodium form

_
-

NaNO3-415
Ça (NO,) ,-130
NaCl-Ï7"5
MgCl3-355
FeCl3-0.6
Na2SO4-135

49.5
45.5

99.5 94.9

7.6
10.7

13.3 48.8
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4. CONCLUSIONS
The following conclusions may be made based on the experimental

results :
(i) Highest percentage removals were obtained with:

- aluminium sulphate - for cobalt, to a lesser extent strontium
and manganese;

- ferric chloride or sulphate - for strontium, cobalt and
manganese;

- potassium phosphate - for cobalt, manganese, cerium and
zirconium.

(ii) Complete removal of strontium was not achieved by chemical
precipitations of a mixture of bi- and polyvalent cations with
different reagents when used singly or in combination.

(iii) Combination of the two processes - chemical precipitation
and ion exchange using clinoptilolite or vermiculite, or a mixture of
both sorbents in the sodium form greatly increased the degree of
decontamination from caesium and strontium.

(iv) Higher decontamination coefficients can be achieved by using the two
processes in sequence - chemical precipitation followed by ion
exchange under dynamic conditions, compared to those from combined
static sorption plus precipitation for systems with high salt
content.
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KINETICS OF SORPTION OF SOME LONG-LIVED
FISSION PRODUCTS ON INORGANIC SORBENTS
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Abstract

Inorganic oxides: FejO^ (magnetite), Fe^O^ (hematite),
and MnO« Wpre used, as granular sorbents for long-lived fission
isotopes Cs , Sr and Co . The radioactive cations in aqueous
solutions were at .tracer concentration level, carrier free, 1.10"3 mol CsYL, 2.10"1" mol Sr^/L, and 6.10~u mol Co^/L. The Sorption
amount of these cations was determined by taking liquid aliquotes
at desired time intervals from solutions over solid sorbents. The
sorption of mentioned cations was investigated in the pH range
from 2 to 10. Chemical and physical properties of the sorbents
were obtained by conventional techniques. Simple mathematical
models have been developed and applied to the obtained
experimental data. The sorption kinetics up to first 60-90
minutes, in general, followed the first order equation. Some of
the inorganic oxides showed high affinity towards certain
radioactive ions, so magnetite removed about 60% of Cs , hematite
about 80% of Co , SbgOj proved to be a good sorbent for Sr , and
MnO» for Co . The observed difference in sorption capabilities
is discussed in terms of crystal structure and surface properties
of the solid phase.

1. INTRODUCTION

The problem of radioactive waste treatment and management
has been raised from the very beginning of the use of nuclear
energy for different purposes. The waste streams from nuclear
facilities include low, intermediate and high activity wastes and
may include a-emitting materials too. Waste streams could be of
different origin and contain, besides radionuclides, various
toxic and hazardous materials such as heavy metals, organic
wastes from decontamination procedures, etc.

Organic sorbents, commonly used for sorption of radioactive
wastes, have certain drawbacks and among them is their ability
to swell. Such a behaviour makes them incompatible for the final
waste form.

Inorganic sorbents, however, have been used due to their
thermal and mechanical stability, high radiation resistance and
their compatibility with final waste forms. Some of the inorganic
sorbents have proved to have greater selectivity for trace
radionuclides compared to organic ion-exchangers, and much better
operation over a wider pH range. Metal oxides, natural zeolites
and clays have been widely investigated for these purposes
because of their availability and low prices.

The use of magnetite as an inexpensive bed filter for
removal of radioactive ions from aqueous solutions arising from
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nuclear plants was suggested long ago [1-4], Milonjié et Ä!. [5-
10] investigated the thermodynamics of sorption of Cs , Co , Ce ,
and the processes of sorption and desorption of H and OH" ions
at liquid/solid interface.

This Final Project,.Report jsummarizes the data on the
kinetics of sorption of "'Csr, bUCo" and st)Sr̂  ("Sr") on natural
magnetite, hematite, Sb203.nH2O, and MnC^. These sorbents exhibit
very different sorption capabilities with respect to the same
sorbate ions. Different simple kinetic expressions have been
developed and used to interpret the sorbate depletion in the
liquid phase at low coverage of the sorbent surface.

2. EXPERIMENTAL

Natural magnetite (FejO.), supplied by the BALJEVCI mine,
Serbia, and hematite (a-F̂ Oj) from the SMEDEREVO metallurgy
plant, were ground and sieved. Both sorbents were repeatedly
washed with distilled water, then dried at 110°C for 24 hrs and
stored. They were analysed chemically, their structure was
identified by X-ray analysis and their specific surface area was
determined with a Strohlein area meter using a single point
nitrogen adsorption method. The following results were obtained:
Surface area (m2/g). Magnetite: 2.0 ± 0.1

Hematite: 2.3 ± 0.1
Structure (by X-ray anal.). Magnetite: octahedral crystals,

inverse spinel type. .
Hematite: corundum type (a-Fe2Oj).
Presence of -FeO not observed.

Main impurities (mass %). Magnetite: 3.92 Si; 0.42 Al ; 0.86
Ca; 0.60 Mg ; 0.12 Ni; <0.01 Co.
Hematite: 0.07 Si; <0.01 Al ; 0.01
Ni; 0.02 Co; other elements below
0.01.

Pyrolusite, MnOg , a commercial product of E. Merck
Darmstadt, purity 95-97%, has a surface area, measured by a
Strohlein area meter, of 1.5 m/g.

Sb2Oj.nH2O was prepared by dissolving metal antimony into
concentrated HNO, [11]. The white powder was washed until no
acidity precent in filtrate was observed, dried for 24 hrs at
60°C and sieved. X-ray analysis showed that 97-9896 of the oxide
was in the form of Sb^O^ with a surface area of 0.8 m/g. An
average grain size of the metal oxides particles used in kinetics
experiments was 0.1 mm.

In all kinetic and equilibrium experiments 0.200 g of the
sorbent was equilibrated with 10.0 cm of aqueous solution
containing the radioactive cation at tracer level, carrier free,
1.10"9 mol 137Cs/dm3; 2.10"1U mol bUCo/dmJ ; 6.10"^mol ^Sr/dm0; in
plastic stoppered vials. The following procedure was used. Before
adding the radioactive tracer, the solution was adjusted to the
required pH using HNO, or hydrazine, and aftejr one hour of
equilibration with the oxide sorbent, 0.010 cm of an almost
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neutral solution of the radio isotope was added and the kinetic
run started. The pH value of the solution was again measured
after attaining equilibrium. The vials were agitated using a
mechanical shaker in thermostated air at 25±0.5 C. At various
time intervals small liquid samples were taken from the vials and
their radioactivity (counts per minute and per unit volume) were
measured in a well-type gamma-scintillation counter. Separate
experiments have shown that the sorption of radioisotopes on the
wall of vials and the sorption of hydrazine on the oxide sorbents
are negligible. Each kinetic run provided the activity of the
solution at different elapsed time intervals. We shall denote AQ ,
AL and A as the radioactivities of the solution at zero time,
time t. and at equilibrium, respectively. Thus, the percent amount
sorbed can be expressed as

% sorption (at time t): 100 (AQ - At)/AQ% sorption (at equilibrium): 100 (AQ - Ae)/AQ
The distribution coefficient, K j , was calculated with the

equation

where V is the volume of the solution and m is the mass of the
sorbent sample.

The results are the mean values of at least two independent
experimental runs. The overall sorption measurement error is
estimated to be not greater than ±3%.

3. RESULTS AND DISCUSSION

In Fig. 1 are shown the experimental results obtained with
magnetite sorbent, and in Fig. 2 with hematite. The sorption
kinetics are presented as percent sorption against the elapsed
time interval, at constant pH of the solution. One can note that
equilibrium is attained in about 3-5 hours, and the extent of
sorption differs considerably for different sorbate ions. Thus,
the sorption of Cs* is much higher than the sorption of Co and
Sr , when magnetite is the sorbent, whereas in the case of
hematite sorbent, the sorption of Co is high, but the sorption
of Cs and Sr very low. Obviously, the affinity of magnetite and
hematite towards the same sorbate ion is quite different (compare
CoZ+ at pH 6.6 in Fig, 1 and at pH 6 . 8 in Fig. 2, also Cs* in Figs
1 and 2. In the fourth column of Table I are the values of
percent sorption at equilibrium. One can note the influence of
pH on the sorption. The sorption increases with increasing pH up
to a maximum value which is usually attained between pH 7-9. This
fact indicates that the sorption of H* ions competes strongly
with the sorption of sorbate cations.

If the distribution coefficients, KJ, of the sorption of
Cs are plotted as a function of the equilibrium pH , then the

maximum sorbed amount at pH 6.6 corresponds to the point of zero
charge of magnetite [7], Also, in the case of Co sorption on
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Table I. Sorption kinetics for tracer concentration
of sorbate ions on magnetite and hematite.
10.0 cm solution equilibrated with 0.200 g
of sorbent at 25°C, constant pH.

Sorbent

Magnetite
<Fe304)

Hematite
(a-Fe203)

Sorbate

137Cs+

<»C02+

85Sr2,

6°Co2+

85Sr2+

137Cs+

Equilibrium
pH
of

solution

2.8
5.4
6.8
8.7
9.6

4.1
6.6
7.6

4.0
8.6
8.9

3.3
6.3
6.8
8.7
9.5

4.0
9.4

3.3
8.0

Sorption
(removal)

at
equilibrium

X
18.4
41.7
52.2
42.8
35.6

«6
30.6
39.8

~0
18.5
22.8

? 0 .
53.0
78.3
80.2
62.9

~ 0
K 5

X 0
K o

eqs (15)- (18)

s s~ s~

1.8
4.0
4.1
3.6
3.8

~ 5
2.1
6.8

*
3.4
5.5

X

4.3
4.2
6.4
5.0

*
P4

*
*

0.3
1.7
2.2
1.5
1.4

*? 0
0.6
2.7

«
0.6
1.2

X

2.3
3.4
5.4
3.1

*
teo

*

Y

1.5
1.3
2.0
2.0
2.5

? 4
1.5
4.1

*
2.8
4.2

*
2.0
0.8
1.0
1.8

*

K 4

*
*

#) Estimated accuracy of the rate constants +. (5-8)%.
*) Owing to low sorption, application of eq. (17) unreliable.

hematite when plotted K^ vs. equilibrium pH, the maximum sorbed
amount corresponds to the point of zero charge of hematite. This
is illustrated in Fig. 3.

Sorption equilibrium of Cs4 on magnetite at 24°C was also
studied. The Langmuir isotherms in the linear form of

4: (2)

and the Freundlich isotherms in the form of:
logF=log a + b log c (3)

are presented in Fig. 4. One can see that eq. ( 1 ) or ( 2 ) conforms
with the experimental data (the points in Fig. 4). From the
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100

Fig. 5
1 2 3 4 t/h

Percentage sorption of Co on

vs. time

intercept and the slope of the linear plot 1/F vs. 1/c (eq. (1))
one can calculate the value of F (sorption capacity) and the
equilibrium constant K, . Thus, at pH=8.6, one obtains r = 2.95
ug/g, and KL = 1.32.104 dm'/moi.Experimental data of ""Co", ÖOSrÄt and U(Cs+ sorption on Sb2O3are presented in Figs 5 and 6. It is evident that the sorptioii
of Cs is low. SbjO, has very high affinity towards .Co and Sr
in the pH range 7-0.

In Fig. 7 are shown the experimental results obtained with
pyrolusite, MnO, . The rate of sorption of Co on this sorbent
is favourable at a pH range 6.5-7.0 and almost 100% equilibrium
is attained after 20 minutes. This variation in sorption ability
as a function of pH is presented in Fig. 8. In Fig. 9 is shown
determination of the point of zero charge for MnO«, by the method
described earlier [7], The obtained plateau of the equilibrium
pH gives value of 6.8 which corresponds to pH , and at this pH
a maximum sorption of Co is observed (Fig. *^x

I

made :
The following interpretations of the kinetic data has been

Model a) assumes, as a first approximation, that in the case
of very low sorbate concentration, the surface of the solid
behaves as a quasi-homogeneous surface (with uniformly
distributed isoenergetic sorption sites). The sorption-desorption
is reversible and can be described by the Langmuir model:

(4)
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2 4 6 8 10 pH

Fig. 8 Sorption of e°Cc?+ on Mn02 vs.
equilibrium pH

n:a

ertu

2 3 4 5 6 7 - 8 9 1 0 1 1
Initial pH

Fig. 9 Determination of the point of zero charge for MnO-

Here k and kj are rate constants for sorption and desorption.
The sorbate concentration in the solution is CQ , c, cg at zero
time, time t, and infinite time ( equilibrium) , respectively. The
fraction of surface covered, 9, is obviously proportional to the
decrease of the sorbate concentration of the solution:

6 « (C0 - c)<p
is a constant. Eqs (4) and (5) give:

dc
dt - C c) - kd(c. - c)

(5)

(6)
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At equilibrium, t-œ, csce, dc/dt=0, the Langmuir isotherm is
valid. Thus, at equilibrium, one obtains the value of 9:

*C" ,* C°*i* " °° °' ( 7 )i - (̂ -.+1> <°--°J
Here, K = k / k j is the Langmuir constant. Eqs (6) and (7) give:

-—— = (-lE*.c } + (£*.—° - k c ) c + k c2
^F£ ^ ^v^o' ^^r /-, * •' ^»^Jv jfv C

so that one obtains the integral equation:

f —— — — - = -kst + const. (8)J A+Bc+Cc2 s

where:

C = 1
2Since in the present case 4AC - B = q is negative

one obtains a simple solution for eq. (8):

B - =
2C + B

(IQ)

Taking into account the above value of B and that eq. (9) gives

one obtains

?„ - Cf

" (D
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Kinetic curves calculated using model
a). O are experimental points
Sorption of A) <"> Co z+ , pH 4.1 and
B) as Sr2+ , pH 8.9 ; on magnetite

The 'Simplex* algorithm on a 32 bit 7 Perkin Elmer computer
was used to calculate kinetic parameters. In Fig. 10 are shown
the results obtained by the previous model. The curves refer to
the values calculated using eq. (11) and the points to the
experimental data. This model gives satisfactory results for
lower percentage of sorption. At higher pH, eq. (11) cannot be
fitted to the experimental kinetic data. A possible reason for
discrepancies might be that at higher pH the sorption increases
considerably and the basic assumptions of the model (eq. (4))
cease to be valied.

Model b) also starts from the Langmuir type of equation:

dBt/dt - - 6C) - (4a)
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Here, 6j. is the fraction of the surface covered by the
sorbate whose concentration in the solution is c^ (both 6t and ctrefer to the elapsed time t) , kfi is the second-order rate
constant for sorptioni k^ the first order rate constant for
desorption. It has been shown that the exact solution of the
above differential equation gives an expression which contains
implicitly the equilibrium constant K = kg/kjj [9], and therefore
it is not convenient for our case. However, at very low sorbate
concentration (for example, at tracer level and/or the beginning
of the sorption process), one can assume that 0«1, and write the
above equation in the simplified form:

dQt/dt - kact - kßt (12)
The surface coverage 81 is proportional to the difference GO-ct, i.e. the depletion of the sorbate concentration. Hence,

0t - f (C0 - ct) ; dbt/dt - - f(dct/dt) (13)

Here, c is the sorbate concentration at zero time, and _f
(dm /mol; is a constant. Eqs (12) and (13) give:

- dct/dt = (*;) ct -

At equilibrium (dc^/dt) = 0, and GJ. = c (cg is the equilibriumsorbate concentration. Therefore one obtains:

Uc; + kd) c9 - k^0 (15)

Eqs (14) and (15) give

- (dct/dt) - k(ct - C9) (16)

After integration of eq. (16) one obtains a simple first order
kinetic expression:

In (ce - c9) - - kt + const. (18)

The integration constant is calculated from the condition ctwhen t = 0 . Hence ,

const. - In (c0 - ce)
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Table II. Sorption kinetics for tracer concentration of sorbate
ion on. antimony three oxide and manganese dioxide.
10.0 cm solution equilibrated with 0.200 g of sorbent
at 25°C| constant pH.

Sorbent

Sb2o3

Pyrolusite
(Mn02)

Sorbate

137Cs*

60C02*

85sr2+

6<>Co2+

Equilibrium
pH
of

solution

4.1
7.0

3.5
4.2
8.4

3.3
4.2
7.2
8.2

5.9
6.6
6.7
6.9
7.9
8.7

Sorption
( removal )

at
equilibrium

X
7.3
11.7

33.8
89.0
96.3

41.9
64.5
86.5
96.8

86.2
99.8
99.6
89.0
99.3
81.9

eqs <15)-<18>*

6.5
7.3

4.0
15.3
11.7

2.0
2.5
16.0
17.7

3.2
8.2
5.0
2.6
7.7
1.8

0.5
0.9

1.5
13.6
11.3

0.7
1.6
13.7
17.1

2.8
8.1
4.9
2.3
7.6
1.5

6.0
6.4

2.5
1.7
0.4

1.3
0.9
2.3
0.6

0.4
0.1
0.1
0.3
0.1
0.3

f) Estimated accuracy of the rate constant ± (5-8)%.

Since the sorbate concentrations c , c^ and c are proportional
to the radioactivities of the solution AO , A^ and Ag, we haveinterpreted the kinetic data using eq. (18), and plotted In (At -Ae) vs. i. The values of k, obtained with the least squares
method are listed in the 5th column of Tables I and II. Several
plots are presented in Figs 11 and 12.

The simple kinetic model represented by eq, (18) is not
valid beyond the elapsed time of 90 minutes. At longer time
intervals deviations and scattering of results appear. Probably
two phenomena interfere. First, at long time intervals, Cf. is
close to ce and therefore the logarithm of their difference isprone to great error. Secondly, at long time intervals the basic
assumptions of this simple model probably do not hold. At very
low sorption (below 3-4%) the values of c , c,. and cg are closeand again the application of eq. (18) is hardly possible. Such
cases are marked in Table I with an asterisk.

The observed rate constant k has been used to calculate the
rate constants k ' and kj. For that purpose eqs (15) and (17) are
used: k, = kAe/AQ, kg' = k - kd, Ae/A0 = (100 - eq. % ads.)/100. Thevalues K' and kj are listed in the last two columns of Tables I

J TT S "and II.
The present data clearly show that magnetite is a good

sorbent for Cs , but hematite, in contrast, a poor one. The
explanation for such an opposite behaviour might lay in the
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different crystal structure of these oxides. Hematite, / a-FejOj )
has a corundum type crystal structure. The oxide ions O form a
hexagonally close-packed array with Fe ions occupying the
octahedral interstices [12]. Magnetite (FejO^) is mixed Fe(II) -
Fe(III) oxide which forms black octahedral crystals of specific
"inverse spinel" structure,, with all Fe ions in octahedral
interstices, whereas the Fe ions are half in tetrahedral and
half in octahedral interstices of a cubic close-packed array of
oxide ions. The electrical conductivity of the crystals is 10
times that of hematite, whicji is probably due to valence
oscillation between Fe and Fe sites [12]. It seems that the
interaction of the large Cs ions with the oxide ions on the
surface of magnetite is more favourable than the corresponding
interaction on the surface of hematite. Moreover, the repulsive
positive field of Fe ions in hematite is stronger than the
corresponding repulsive field of Fe ions in magnetite. The
consequence of both effects is that magnetite adsorbs Cs ions
well, but not hematite.

In the case of Co , hematite is a better sorbent than
magnetite (compare the fourth column in Table I, pH 6.6 for
magnetite and pH 6,3 for hematite). We propose „two conjectures
which might give a possible 'explanation: a) Co might form on
the surface a mixed oxide Fe Co O . Of course, the process could
operate on the surfaces of both oxides, but more intensely on
hematite than on magnetite since the Fe content of the former
oxide is higher. In that case both oxides sorb Co , but hematite
should be a better sorbent. b) Slightly higher value of the
specific jsurface area of hematite could be a reason for the
higher Co sorption. However, the relative low values of the
specific surface areas of both oxides, as well as the
unsatisfactory accuracy of the used Strochlein method do not
allow a more precise analysis of that topic.
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THE POTENTIAL USE OF SWELLING CLAYS FOR
BACKFILLING AND SEALING OF UNDERGROUND
REPOSITORIES: THE CASE OF THE BOOM CLAY

G. VOLCKAERT, F. VANDERVOORT
SCK/CEN,
Mol, Belgium

Abstract

In Belgium the SCK/CEN is studying the geological disposal of high level
radioactive waste in the Boom clay formation. In such an argillaceous
repository, the backfilling and sealing features will be multiple : boreholes,
shafts, access drifts, disposal galleries or holes and dams. A preliminary
selection study screening industrial materials has been performed based on the
following criteria : at least as good thermal and hydraulic properties as the
in situ Boom clay, sufficient volumetric swelling and swelling pressure,
proven geochemical compatibility and stability. This study has shown that
swelling clays are the most promising materials. Because of its evident
geochemical compatibility and its easy availability, it is a logic choice to
study the re-use of the excavated clay. The hydraulic, thermal, geochemical,
retention and swelling properties of the Boom clay were studied and the
results are compared to those of bentonites.
The main results of this study are :

a hydraulic conductivity as low as 10~13 m/s can be reached which is one
order of magnitude lower than that of the in situ Boom clay but is one
order of magnitude higher than those of bentonite;
the volumetric swelling of the Boom clay is rather limited but a
swelling pressure of about 4 MPa can be obtained which is about a
factor five lower than for bentonites but also corresponds to the in
situ lithostatic pressure;
the radionuclide retention properties of the in situ Boom clay are at
least as good as those of dense bentonites and are for some nuclides
even better;
steam drastically reduces the volumetric swelling of bentonites which
also leads to a higher hydraulic conductivity. The swelling properties
of the Boom clay are also to be affected by steam, but the effect is
less dramatic. In particular its low hydraulic conductivity seems to
be conserved.

1. INTRODUCTION

In Belgium the SCK/CEN is studying the geological disposal of high level
radioactive waste in the Boom clay formation. In such a deep repository in
argillaceous formations, the backfilling and sealing features will be
multiple : boreholes, shafts, access drifts, disposal galleries or holes and
dams.

A preliminary selection study screening industrial materials has been
performed based on the following criteria t at least as good thermal and
hydraulic properties as the in-situ Boom clay, sufficient volumetric swelling
and swelling pressure, proven geochemical compatibility and stability. This
study has shown that highly compacted Boom clay is a potential suitable
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candidate. Therefore effort was devoted to try to re-use the excavated clay
because of its evident geochemical compatibility and easy availability.
An experimental program was set up to determine the main sealing
characteristics of highly compacted Boom clay.

2. PRESELECTION OF POTENTIAL BACKFILL MATERIALS

The range of potential backfill materials is very wide, therefore a
stepwise preselection is applied.

First a preselection of groups of industrial materials is performed on
the basis of their favourable or/and unfavourable properties in relation to
geologic disposal but independent of any specific concept.

Next the different materials within the selected groups are screened for
their properties in relation to a HLW repository in the Boom clay. The
starting point chosen for this step is that the backfill needs to have at
least as good properties as the clay host rock as well immediately after its
emplacement as after the cool down period of the HLW (> 1000 years). The
backfill should also not enhance the degradation of any other barrier.

By consequence, for the disposal concept in the Boom clay the backfill
should have an overall hydraulic conductivity as low as 2 10"12 m/s and a
thermal conductivity as high as 1.7 W/mK.

The preselection of the material groups is mainly based on a CEC-UKDOE
report [1] concerning the backfilling and sealing of radioactive waste
repositories. In this document, properties of nine material groups, covering
most of the materials used nowadays in construction and civil engineering have
be reported. This study looked at the heat transfer, hydraulic transfer,
chemical buffering, radionuclide retention and mechanical behaviour. The
material groups were ranked in terms of their known performance for each of
the above properties and in terms of their long-term (thousands of years)
behaviour. The resulting rankings are reproduced in table I. The most
promising material groups appear to be clays, hydraulic cements, metals and
graphite. Metals and graphite can only be applied as overpack materials for
HLW-canisters, which is in this study not considered as a kind of backfilling.
Hydraulic cements were not further studied because near-field studies [2] have
shown that there is a quality problem when one tries to apply hydraulic cement
in the direct environment of a HLW-package. This problem is due to the heat
of hydration of the cement and the heat output of the HLW waste, which causes
a rapid loss of water of the cement resulting in a very poor concrete quality.

The conclusion of the preselection study is that for a HLW repository
in clay only clays seem to be promising materials, surely for the near-field.

3. PROPERTIES OF CLAYS AS BACKFILL MATERIAL

3.1 General

Of the main types of clay minerals - namely smectites, illites,
kandites, palygorskites, vermiculites and chlorites - smectite-rich clays
(commonly named bentonites) have received most of the attention as potential
backfill material. An important factor for this is that the physical
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Table I : Composition of some "industrial" and natural
clay studied as potential backfill material

Clay Si02 CaCOo Smectit Illite Gypsum TOC Other
Industrial
Anvonseal
A.vongel
Filtaclay 75
Sealbond
Volclay MX80
Natural

5
8
6
30

1.5
2
1
7.5
1.4

79
80
80

100*

4.5
7
10
40

0.2
0.5
0.6

feldsp.

chlor.

FVS°
FVB°
314°
LV3°
FZ2°
CS5°
4a (FoCa)°
Lake Agassiz
Erbslöh

3.6
2.2
1.3

4.1
1.9

7 3
17 8

100*
100*
95*
75*
95*
90
36

80-90

75*
5*
25*

23

kaolin

kaolin
0.07

trace 2 kaolin

Composition of clay mineral fraction only
0 French natural clays

properties of bentonite are well known as the material is already used in
civil engineering (e.g. as drilling mud) a long time and it is widely
available. The well known strong swelling capacity and plasticity of
bentonite make it .a potentially very suitable material for sealing of a
repository especially in fractured media such as granite. Bentonites were
also studied because of their low hydraulic conductivity in combination with
a high cation exchange capacity, which leads to a very low radionuclide
migration rate.

Because of their high geochemical stability under hydrothermal
conditions, illite-rich clays have also been studied as backfill material.
Illite is an almost non-swelling clay but when highly compacted it also
provides a low hydraulic permeability.

Table I gives the minéralogie composition of some "industrial" and
natural clays which have been studied as backfill material.

Because of its evident geochemical compatibility and easy availability,
the re-use of the excavated Boom clay for backfill purposes in a HLW-
repository built in this host rock is a serious option to be investigated in
detail.
3.2 Basic characteristics of the Boom clay and its preparation

The Boom clay formation is a tertiary marine sediment situated at the
Mol site between -180 to -280 m. The composition and most important physico-
chemical properties are given in table II.

Before the clay spoil which results from the excavation of disposal
galleries can be reused as backfill material, it needs to be dried, grounded
and recompacted to the required density and dimensions.

As the Boom clay contains an important fraction of pyrite (l Z) which
would quickly oxidize in the presence of oxygen and water, it needs to be
dried immediately after its excavation. It is essential to prevent this
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Table II : Physico-chemical characteristics of Boom clay

Mineral composition
illite 30 %
montmorillonite 10 Z
interstratified i-m* 5 Z
kaolinite 20 %
chlorite 5 I
quartz 20 2
organic carbon 2 %
pyrite 1 %
minor quantities of calcite, siderite, feldspar, plagioclase

Exchange capacity (NH4"1') 230 meq/kg
Physical characteristics

density
porosity
plasticity index

1.9-2.1 t/m3
40 Z
42-58 %

* i-m : illite - montmorillonite
oxidation because other wise the Boom clay would acidify with a consequent
loss of radionuclide retention properties. This acidification could also have
a negative effect on other barriers e.g. corrosion of steel and sulphate
attack of concrete. Tests have shown that Boom clay dried at 110 °C and
preserved at room conditions (20 °C, 40 Z to 60 Z relative humidity) does not
oxidize even after 2 years. After drying the clay it was grounded to a grain
size smaller than 3 mm using a dry pan crusher. This type of grinder produces
a grain size distribution which seemed to be very favourable for compaction
compared to the granulometry obtained using a plate crusher.

In the following sections the backfill properties of Boom clay will be
discussed and compared to the properties of bentonites.
3.3 Swelling properties and hydraulic conductivity

3.3.1 Basic phenomena [3.41
Clay minerals essentially exist in a sequence of tetrahedral silica

layers and octahedral alumina or magnesia layers. In smectite
(montmorillonite) minerals an octhahedral sheet is sandwiched between two
tetrahedral sheets and these units are stacked on top of each other (see fig.
1). As in smectites extensive isomorphous substitution occurs (i.e. for
example the replacement of a SiA+ ion by a A13+ ion), an important negative
charge excess exists. This excess is compensated by exchangeable cations.
These cations and also the negative surface charge of the smectite sheets will
draw water between the mineral units. As the hydration energy of these
cations is larger than the weak Van der Waals forces which bind the mineral
units, the result of this water uptake is swelling. After the uptake of two
of three water layers into the interlayer space, the hydration energy of the
cations is fully used up but some more water layers can still be taken in by
osmosis if the cation concentration in the interlayer space is higher than in
the free pore water.

If a dry, smectite rich clay is compacted in a confined volume, it will
build up a pressure against the confinement walls when it is allowed to take
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Exchangeable Cations
nH20

Oxygens Hydroxyis Aluminium, Iron, Magnesium
OandOSilicon, Occasionally Aluminium

Figure 1 : Schematic representation of the smectite structure

up water. This so called swelling pressure is in fact the resulting force of
the above mentioned electro-chemical and Van der Waals forces. If the
compacted clay sample is not confined it will expand as it takes up water.
This expansion will continue until the attractive and repulsive forces are in
equilibrium. As smectite swells it tends to form a gel in which practically
all water behaves as adsorbed water and not as free water. This results in
a very low hydraulic conductivity. Natural clays such as the Boom clay and
even mixtures of sand with bentonite also have a very low hydraulic
conductivity if their smectite content is large enough to surround the
particles of non-swelling minerals.
3.3.2 Experimental procedures
- Volumetric swelling

To determine the swelling and hydraulic properties of highly compacted
clay a special designed oedometer was used at the SCK/CEN (fig 2). This
oedometer allows an uniaxial compaction of the clay powder directly into the
cell. In this way no finishing of the compacted samples is needed and
interface problems between clay and holder can be avoided. The samples have
a diameter of 3.8 cm and a maximum height of 3 cm. The maximum compaction
force is 400 kN. At the bottom and top of the sample, sintered stainless
steel filters are placed to allow hydration of the sample. The samples were
hydrated from bottom to top under a hydraulic load of about 20 cm water column
while the displacement of the piston (weight 1 kg) and the uptake were
measured. The sample was taken to be in equilibrium when it was fully
hydrated and the displacement was less then 0.01 mm/24h. In all the
experiments distilled water was used.
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Figure 2 : Oedometer used for swelling pressure
and hydraulic conductivity measurements

- Swelling pressure
The same oedometer was used but the piston blocked in a rigid frame and

a pres&ure transducer was placed in direct contact with the bottom of the clay
plug. The same hydration procedure as above was followed.
- Hydraulic conductivity

To measure the hydraulic conductivity the set up used for the swelling
pressure was connected to a water injection system which allows to inject
water at a constant pressure up to 1.7 MPa (which is close the in situ pore
water pressure) while the injected volume can be measured with a precision of
0.001 ml. The outflow can be measured with the same precision so that a
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absolute control on leaks is possible. With this system it is possible to
measure hydraulic conductivities as low as 10~14 m/s with high precision.
Each measurement was continued until the flow per 24h became constant.
3.3.3 Results and interpretation
- Volumetric swelling

The volumetric swelling was measured for compacted clay plugs with a
different initial height (1, 2, or 3 cm), an initial dry density between 1.65
and 2.1 t/m3 and an initial water content between 1 and 6 weight 2. To get
more insight in the results, the measured height changes were translated into
changes in dry density. This showed that all clay plugs swelled until their
dry density had dropped to 1.53 ± 0.03 t/m3 whatever their initial state was.
This means that for example a clay plug with a dry density of 2.0 t/m3 can
swell about 30 2 without loosing its mechanical coherence. This volumetric
swelling is low compared to bentonites which can swell to several times their
initial volume.
- Swelling pressure

The swelling pressure of highly compacted Boom clay was determined as
well as a function of its dry density as a function of its initial degree of
saturation.

In figure 3 the results on air dry Boom clay (water content 2 2) are
compared to the swelling pressure of the French FoCa clay [5] and of the MX-
80 bentonite [6]. The swelling pressure of Boom clay is about one order of
magnitude lower than that of pure bentonite as could be expected from its low
smectite content (10 2). The line drawn on the figure represents the result
of the following semi-empirical model based on an idea of Push [7] :

P8 = Pi . fc(Pd) (1)
with : P8 : bulk swelling pressure' (MPa)

Pi : "true" swelling pressure of the smectite particles (MPa)
fc : a factor taking into account the contact between clay particles

only depending on the dry density
pd : dry density (t/m3)

Taking into account that the highest density obtained was 2.35 t/m3 and
that after swelling the density drops to 1.53 t/m3, the following formula is
proposed for the factor fc :

fc - exp(l - (2.35 - 1.53)/(pd - 1.53)) (2)

The "true" swelling pressure of Boom clay has been estimated by a least
squares fit, resulting in Pi « 6.2 ± 0.4 MPa. This value is within the range
of "true" swelling pressure expected for smectite [7].
- Hydraulic conductivity

Fig. 4 shows the hydraulic conductivity of highly compacted Boom clay
as function of dry density. This proves clearly that though the smectite
content of Boom clay is low, its permeability is very low. A conductivity as
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Figure 4 : Hydraulic conductivity of Boom clay

low as 1. 10"i3 m/s which is one order of magnitude lower than the in situ
hydraulic conductivity (2. 10"12 m / s ) , can be obtained.

The relationship between the hydraulic conductivity (K) and effective
porosity is given by the equation of Kozeny-Carman [8,9] :

K- C.n e
3 /( l - ne)2

with : ne = effective porosity
C = constant

As the water adsorbed by the clay minerals does not take part in the
flow, the effective porosity will be significantly smaller than the total
porosity. As the Boom clay can adsorb about 6 2, the effective porosity can
be estimated as following :

n. - nc - 0 .06(p s a t /p w )

with Paat '
Pw

density of the saturated clay plug
; density of water

nt - total porosity
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The by this way calculated effective porosities correspond well to those
obtained from diffusion experiments with HTO on Boom clay. The result of the
fitting indicated on Fig. 4 shows that the physical law is well obeyed.

Table III : Hydraulic conductivity of Boom clay
and bentonite as function of density

dry density hydraulic conductivity
t/m3 m/s

Boom clay Volclay MX80
1.7
1.8
1.9
2.0
2.1

7.6-12
4.6-12
2.6-12
8.6-13
2.6-13

8.6-14
5.6-14
3.6-14
2.6-14
1. Se-14

In table III a comparison is made between the hydraulic conductivity of
Boom clay and that of bentonite. Although the hydraulic conductivity of Boom
clay is already very low that of bentonite is still at least an order of
magnitude lower for the same density.
3.4 Radionuclide retention
3.4.1 General

Since 1980 the SCK/CEN is studying the retention properties of the Boom
clay and since the first construction works of the HADES underground facility
in 1984 diffusion experiments with real clay cores and in situ migration
experiments have been carried out using a wide variety of radionuclides.

In the laboratory experiments different techniques have been used such
as for example in-diffusion, through-diffusion. In some experiments the only
transport mechanism was diffusion and in some diffusion was combined with
advection. As radionuclide source as well a concentration source as an
impulse source was used. More details about the experimental procedures can
be find in [10].
3.4.2 Results and discussion

In table IV a summary of the experimentally obtained apparent diffusion
coefficients in Boom clay is given. For comparison also some literature
values for bentonites are included in this table. The retention properties
of the Boom clay are - as can be derived from this table - at least as good
and for some nuclides even better than those of dense betonites. The strong
retention properties of Boom clay are a result of several mechanisms. Such
as in bentonites, ion exchange is a first important mechanism. Another
important retention mechanism in the Boom clay is the complexation of
actinides with large organic molecules (humic acids) and the blocking of these
large complexes in the pores of the clay. This mechanism does not always
occur in bentonites as they often do not contain any natural organics.

It can be supposed that when Boom clay spoil is reused as backfill
material, it will have similar good retention properties as the in situ Boom
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Table IV : Apparent diffusion coefficients of
some radionuclides in Boom clay and bentonite

radionuclides apparent diffusion coefficient
m2/s

Boom clay Volclay MX80

Sr-90
Cs-137
Tc-99
Np-237

l.Se-11 -
2.8e-13 -
1.4e-12 -
2.1e-14 -

6.9e-12
S.le-14
1.9e-14
1.3e-16

1.26-11 -
4.6-11 -
1.2e-12 -
8.2e-13 -

8.6-12
1.56-12
8.46-14
2.16-14

clay if it is compacted to at least the same dry density and if it is
preserved from oxidation such as explained above.
3.5 Thermal conductivity

3.5.1 Procedure
Boom clay powder with a water content varying between 0 and 10 weight?

was uniaxially compacted to cylindrical samples (diameter 50 mm, height 10-12
mm) with a dry density varying between 1.5 t/m3 and 2.25 t/m3. The thermal
conductivity was measured at 30 °C using a Dynatech apparatus.
3.5.2 Results

As can be seen from table V is the thermal conductivity of a dry clay
always very low. To try to enhance the thermal conductivity, several graphite
types were added to dry Boom clay powder. This method was however only

Table V : Thermal conductivity of some clay backfill materials

clay type dry density
t/m3

thermal conductivity
W/mK

moist dry

Avonseal
Filtaclay 75
Sealbond
Volclay MX80
4a (FoCa)
Boom clay

1.05 -
1.0 -
1.5 -
1.2 -
1.3 -
1.5 -

1.44
1.12
1.7
2.2
2.21
2.25

0.6 - 0.9
0.8 - 1.2
1.2 - 1.8

1.15
1.4
1.25

0.4 - 0.5
0.4 - 0.5
0.6 - 1.0

0.33
0.5
0.4

successful with only one type of graphite with which also the CEA [5] could
raise the thermal conductivity of the FoCa clay. This graphite (Le Carbone
Lorain 1846) is a natural graphite used in industry as a dry lubricant. With
the addition of 15 Z of this graphite to dry Boom clay, it is possible to
reach a thermal conductivity of 1.4 W/mK. Once such a mixure is saturated,
its thermal conductivity will be higher than 2 W/mK and thus higher than the
thermal conductivity og the in situ Boom clay.
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3.6 Hydrothermal stability

3.6.1 Procedure
As well Boom clay powder as compacted samples were treated with steam

at 150 °C and 0.47 MPa during a period between 1 week and 6 months. Samples
of clay powder with a water content between 2.5 and 10 weight 2 water were
placed in teflon coated autoclaves. For the treatment of the compacted
samples, stainless steel oedometers equipped with vitton seals were used.
This hydrothermal treatment was chosen to simulate the conditions prevailing
in a backfill placed directly around a HLW canister. Possible changes in
physical properties of the samples were tested after cooling the samples to
room temperature. The specific surface (BET method) and the specific volume -
following the procedure described by Couture [11,12] - were determined. Some
of the powder samples were also compacted in oedometer cells to measure their
volumetric swelling, swelling pressure and hydraulic conductivity. Of the
treated highly compacted plugs only the swelling pressure and hydraulic
conductivity were measured.

Table VI Influence of hydrothermal treatment
on swelling characteristics of Boom clay

period
weeks
0 (ref)
1
2
3
8
25

spec . volume
cm3/ g

1.69
1.18
1.16
1.03
1.03
1.00

spec, surface
m2/g

44.3
39.6
35.1
33.7
35.8
32.6

pd after swelling
t m3

1.53
1.62
1.62
1.63
1.67
1.75

3.6.2 Results

A synthesis of the results is given in table VI. This confirms the
conclusion of Couture [11] and Dixon [13] that steam reduces the swelling
capacity of clay. The reduction in specific surface supports the explication
of Push [14], namely the cementation of smectite particles by silica
precipitation. The effect of steam on the hydraulic conductivity and swelling
pressure is less pronounced particularly at high density. The hydraulic
conductivity of the treated highly compacted plugs was initially very high but
after only a few hours, it dropped to values comparable to those obtained for
untreated clay. Apparently the swelling capacity remained sufficient to seal
off the water flow.

3. CONCLUSION

Though its low smectite content, the swelling characteristics, the
hydraulic and thermal conductivity and the radionuclide retention properties
of highly compacted Boom clay are such that it is a suitable backfill material
for a waste repository in clay. Hydrothermal conditions at 150 °C reduces its
swelling capacity but its sealing properties are not dramatically affected.
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USE OF INORGANIC SORBENTS AS BACKFILLS FOR
UNDERGROUND REPOSITORIES

V. KOURIM, Z. DLOUHY
Nuclear Research Institute,
Re:z, Czechoslovakia

Abstract

The study on application of natural materials as backfills in the
Czechoslovak rock cavity and other disposal systems was performed
by carying out. sorption experiments with selected materials.
These studies were complemented by an evaluation of corrosion
behaviour of steel containers used for the disposal. As
a conclusion, we can state: selected materials occuring in
Czechoslovakia can be used as efficient backfills, galvanized
carbon steel packages cannot be considered a reliable barrier for
a long period of time, more information on near-field
interactions is to be collected.

1. Background information
1.1. Czechoslovak rock cavity repositories
The Czechoslovak radioactive waste disposal programme has
a relatively long history. It was started in the late 1950s and
greatly expanded in the early 1970s with the first experimental
repository for the waste from research and application of
radionuclides was of a rock cavity type and was located in
galleries of a disused limestone quarry. During its operation
from 1959 to 1963 it has received radioactive waste emplaced in
50 and 100 L steel containers.
Another near-surface repository was put into operation in 1964.
A disused limestone mine, in which mining activities ceased in
1910, was adapted for acceptance of radioactive non-fuel cycle
waste. It is still in operation and its capacity is sufficient
for accomodation of all the expected waste arising until the year
2005.
The second repository itself consists of a system of horizontal
tunnels accessible directly from ground level at the bottom of
a hill in which it is located. The waste in 200 L galvanized
steel containers is emplaced into adjacent cavities each having
volumes of several hundreds of cubic metres. Full cavities are
sealed with concrete, another sealing is provided inside the
cavities to prevent ingress of rain water to the waste. In
addition, a drainage system composed of channels and pipes is
available to drain rain water, which will eventually percolate
through the surrounding rock, into the control pits from where it
could be passed to a river.
For the Czechoslovak disposal systems the general principle has
been adopted that the length of time, for which the isolation of
the waste from man and his environment should be guaranteed, must
not exceed some 300 - 500 years. After this period the
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radioactivity of the waste should be low enough to enable the
release of the repository for unrestricted use.
It has also been agreed that achievement of the required degree
of isolation depends on the performance of the overall disposal
system as a whole. The system consists of three main components:
the waste, the repository, and the site. This concept implies
that some less favourable characteristics in one component can be
compensated for by improving the performance in another component
while achieving the desired degree of safety for the whole
system.
In this respect, due to the relatively close proximity of the
site to points of land and water use, it was necessary to adopt
strict measures for the waste form and for the repository design.
1.2. The multibarrier concept
As regards the repository design, a multiple barrier concept has
been agreed and a number of barriers defined after thorough
discussion with the regulatory authority, the hygienic service,
and other authorities and organisations involved in the licensing
process. It has been agreed that the required degree of safety
can be obtained as a result of favourable geological and
hydrogeological characteristics of both sites, and by imposing
three engineered barriers into the disposal system. The first
barrier was the waste form itself, according to the Czechoslovak
regulations, all waste has to be converted into a solid, stable
form prior to disposal, and it is the waste producer, who has to
demonstrate that the waste has all the desired properties. The
second barrier is the steel container, galvanised from both
sides. The third engineered barrier is the drainage system
installed in and around the repository. The next coming natural
barriers are formed by relatively or totally impermeable layers
of various earthen materials with high retention capabilities for
most important radionuclides contained in the waste.
Recent safety assessments for both rock cavity type repositories
have shown how uncertainties in key data can lead to higher
calculated risks than those expected under both normal operation
and accidental conditions. To minimize these uncertainties,
a research programme has been initiated in various relevant
areas, among which application of backfills to the existing
repository systems play an important role.
1.3. Use of backfill in waste disposal systems
The backfill material may be used to refill the space between the
waste package and the host rock after the waste has been
emplaced. Its main functions can be defined as follows:
- to restrict the ingress of water to the waste packages,
- to modify locally the chemistry of groundwater potentially
ingressed to the waste containers, thus restricting and/or
minimising corrosion of waste packagings, and

- to retard movement of radionuclides eventually released from
disturbed waste packages into the nearby biosphere.
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Considering the corrosive components, such as liquids or gases
which may be formed during the long term disposal conditions,
backfills can prevent their undesired release into the disposal
areas. In order to verify the suitability of a backfill material,
mechanical as well as chemical interactions with the container
and the host rock have to be investigated.
A number of backfill materials are currently discussed in the
worldwide practice. Swelling clays seem to be the most favourized
ones, however, other materials with good sorption properties,
such as zeolites, as well as their mixtures with sand and/or
crushed rock are also being considered.
Abundant deposits of clays in Czechoslovakia and relatively
frequent occurence of various pyroclastic rocks led to the
decision to seek for suitable backfill materials among these two
types of rocks.
Some clays are capable of binding water, thereby giving the
mineral a swelling capacity, which can result in decreasing the
overall permeability of the system. The mineral structure yields
also a good sorption capability.
Pyroclastic rocks have also been considered: due to the presence
of various zeolitic structures, they exhibit very good sorption
properties, however, because of their hydraulic activity, they
cannot act as impermeable materials. For this reason the
pyroclastic rocks can be applied as backfills only in a mixture
with clay to achieve the required permeability level within the
whole disposal system.

2. Materials and procedures used
2.1. Clays
Twenty different clay materials from excavable deposits have been
tested for their hydraulic and sorption properties /!/• These
naturally occurring materials containing a rich fraction of clays
represented two groups of clay minerals, namely smectite and
illite. Their overview is shown in Table I.
Due to the rheological properties of pure, water saturated clays,
which can sometimes be regarded as advantageous but also
disadvantageous, for intention of our studies the clays have been
mixed with quartz sand from a nearby deposit, in a ratio of 1:1.
The main reason was to control swelling caused by attracting
water molecules from the environment. It has been observed that
this swelling which causes the surface of the canisters being in
close contact with wet clay, can promote corrosion.
The other way round, as compared with pure clay, the same
hydraulic conductivities of 10~10 m/s and roughly similar
sorption capabilities could be obtained with a clay-sand mixture.
In addition, clay mixtures with sand exhibit higher strength and
lower creep potential which makes them particularly attractive as
backfills for the intended purpose.
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Table I.
Overview of clays
characteristics

used in the study and their petrographical

Sample Type of clay

Al
A2
A3
A4
A5
A6
A7
AS
Bl
B2
B3
B4
B5
Cl
C2
C3
Dl
D2
El
E2
x:

bentonite
bentonite
bentonite
bentonite
bentonite
bentonite
bentonite
bentonite
illite
illite
illite
illite
illite
kaoline
kaoline
kaoline
hydrobiotite
hydrobiotite

hydromuskovite
hydromuskovite

1 - smectite
2 - illite
3 - kaolinite
4 - muskovite
5 - others

Location

NW
NW
NW
NW
NW
E
E
SW
NW
NW
NW
S

NE
S

NW
NW
S
S
Wc

Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Moravia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia
Bohemia

Contentx Content of
of clay minerals (
( % ) 1 2 3
85
70
70
65
90
70
75
75
55
65
70
80
50
90
75
75
65
70
85
50

65
68
60
55
85
60
55
55
15
5
5
10
—
—
—
—

5
5

10
0
10
10
—
—
—
10
40
60
55
55
35
—
—
—

-

5
2—
—
—
10
18
5
—
—
10
—
15
87
70
70

-

clay
%)
4 5
0
0—
—
—
—
—
5—
—
—
—
—
—
5
5
5
5

70
25

5
0—
—
5
~
2—
—
—
—
15
—
3
-
—
60
60
10
25

2.2. Pyroclastic rocks
Among various pyroclastic rocks, the best sorption capabilities
are shown by
those materials which have partly undergone some secondary
changes. Where these changes led to the formation of zeolitic
structures of some specific types, such as clinoptilolites,
chabazites, mordenites, etc., the sorption capacities found were
excellent. Such changes have been observed in basaltic and
fonolitic tuffs and, in addition, in some cases in rhyodacitic
tuffs. Conversely, rhyolitic, dacitic and granitic tuffs
performed in a very poor way.
Ten various pyroclastic rocks have been used for a more detailed
study in the laboratory /!/. A simple processing of materials has
been applied, consisting mainly of drying the material, milling
it to a powder and separating the coarse fraction with particle
size above 1 mm large. In case of clays drying temperature of
about 80°C has been used, whereas tuffs were dried at temperature
slightly higher, not exceeding 105°C. An overview is given in
Table II.
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Table II.
Overview of pyroclastic rocks used in the study

Sample Type of rock Location Prevailing zeolitic structure
PI basaltic tuff
P2 basaltic tuff
P3 basaltic tuff
P4 basaltic tuffP5 fonolitic tuff
P6 fonolitic tuff
P7 fonolitic tuff
P8 rhyodacitic tuffP9 rhyolitic tuff
P10 granitic tuff

NW Bohemia
NW Bohemia
N Bohemia
NE Bohemia
NW Bohemia
NW Bohemia
C Bohemia
E Slovakia
C Slovakia
C Slovakia

chabasite
clinoptilolite
clinoptilolite
clinoptilolite
chabasite
clinoptilolite
clinoptilolite
chabasite
mordenite
heulandite

2.3. Determination of :
- Distribution coefficients (Kd) of Cs and Sr were studied with
all thirty materials/ those of Co, Na and C with four selected
sorbents /2/. As tracers, Cs-137, Sr-90, Na-22, Co-60 and C-14
were used. The sorption ability was studied under both, static
and dynamic conditions, using batch experiments and long soil
columns. Static experiments were carried out with pure
materials, for dynamic experiments the mixtures of clays with
sand and/or tuff were used. The results are given in Tables 3
and 4 and Figures 1 and 2.

- Hydraulic conductivity was determined by passing water through
the material, measuring the head loss across the column and
checking the corresponding rate of flow. All measurements have
been carried out with de-aerated water, at known constant
temperature and other conditions identical. The results are
given in Tables V and VI.

Table III.
Sorption properties of clays

Sample KdjfCs)
(cm3/g)

Al
A2
A3
A4
A5
A6
A7
AS
Dl
D2

1
1
1
3
4

820
550
970
220
850
500
200
950
300
850

Kd£Sr)(cm3/g)
52
60
30
95
87
115
105
25
15
32

Sample

Bl
B2
B3
B4
B5
Cl
C2
C3
El
E2

KdjfCs)(cm3/g)
1 100
780

2 200
1 730
800
140
300
185
220
435

Kd(Sr)(cm3/g)
65
38
145
100
65
8
25
10
14
35
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100 50 0
% of sand

Fig.l. Sorption of Na on a mixture of backfill material with sand
A2, A7 - bentonites, P2, P8 - tuffs

Kd
[cm3/g]

6000-

5000-

4000-

3000-

2000-

1000-

Cs-P8

Cs-A7

Cs-P2

9CS-A2

50 0
% of sand

Fig.2. Sorption of Co on a mixture of backfill material with sand
and that of Cs and Sr on pure backfill material
A2, A7 - bentonites, P2, P8 - tuffs
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Table IV.
Sorption properties of pyroclastic rocks

Sample

PI
P2
P3
P4
P5

Kd£Cs)
(cm3/g)
1 760
2 250
780
645
820

KdfSr)
(cm3/g)
115
95
35
45
50

Sample

P6
P7
P8
P9
P10

KdICs)(cm3/g)
840

1 180
6 500
425
510

Kd£Sr)(cm3/g)
48
72
280
32
25

Table V.
Hydraulic conductivity of clay-sand mixtures 1:1

Sample Hydraulic conductivity Sample
(m/s)

Hydraulic conductivity
(m/s)

Al
A2
A3
A4
A5
A6
A7
A8
Dl
D2

4
1
2
8
8
4
3
5
2
3

.8

.1

.6

.7

.2

.3

.2

.0

.0

.2

E-10
E-10
E-9
E-ll
E-ll
E-10
E-10
E-10
E-9
E-9

Bl
B2
B3
B4
B5
Cl
C2
C3
El
E2

6.3
7.1
2.1
1.1
1.7
9.3
5.9
2.7
4.2
1.9

E-9
E-10
E-10
E-8
E-9
E-ll
E-10
E-10
E-10
E-8

Table VI.
Hydraulic conductivity of pyroclastic rocks

Sample Hydraulic conductivity Sample
(m/s)

Hydraulic conductivity
(m/s)

PI
P2
P3
P4
P5

9.1 E-10
1.7 E-10
2.2 E-10
8.5 E-9
7.0 E-10

P6
P7
P8
P9
P10

4.2 E-9
5.5 E-10
1.9 E-8
4.2 E-8
1.3 E-7
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3. Results and discussion
3.1. Criteria
For selection of the most suitable materials, the following
criteria have been applied:
a) The material should have low hydraulic conductivity
b) The material should have good sorption properties
c) The material should be easily excavable in sufficient

quantities and transportable at low costs to the repository
sites.

As to the hydraulic conductivity, it was mentioned in /!/, that
above the ratio clay:sand approximately of 1:1 the change of
hydraulic conductivity proceeds only very slowly or, does not
proceed any more, and further addition of clay is not necessary.
This finding is interesting from the point of view of economy.
In case of pyroclastic materials some differences in the
hydraulic conductivity were observed. Most probably they have
been caused by different content of clay minerals to which the
different materials have changed. The highest degree of
weathering have shown some fonolitic and basaltic tuffs, whereas
rhyodacitic tuffs exhibited higher hydraulic conductivities, as
indicated in Table VI.
Sorption properties of materials studies are summarized in Tables
III. and IV. The obtained results indicate that several
industrially available bentonites and excavable tuffs can retain
both radionuclides in question with relatively high efficiency.
Further information is given in Figures 1 and 2.
Most of the sorption materials studied are easily excavable in
sufficient quantities, some are commercially available. The cost
of them depends strongly on transportation, which can make even
90 % of the total. Although it is felt, that cost should be a
secondary consideration relative to performance, the
possibilities of achieving some savings could be kept in mind,
e.g. reuse of material excavated during the construction of the
repository or mixing the pure sorption material (clay) with sand.
Applying the above mentioned criteria, four materials were
selected as suitable: the bentonites A2 from NW Bohemia and A7
from E Bohemia, the basaltic tuff P2 from NW Bohemia and the
rhyolitic tuff from E Slovakia.

3.2. Branching of the problem
During or parallel to the above mentioned study sponsored by the
IAEA Coordination Project, new connected problems arose, some of
them being at present followed in the Nuclear Research Institute.
3.2.1. Emplacement techniques
Emplacement of backfills or seals, including material handling
and transport, and quality control of the emplaced material, is
of importance for the successful operation and closure of a
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repository. Emplacement technology should use priority backfill
or sealing materials to achieve adequate performance. Although
the relevant literature is extensive, the selected problems must
be solved in specific conditions.
3.2.2. Corrosion studies
In studying the corrosion of galvanised carbon steel, as
mentioned in /2/, the influence of water content in the clay has
been examined and found that with dry clays the corrosion was
less than 5/um/y. With presence of water the corrosion rate
increased rapidly and amounted some tens of /um/y. From the
preliminary results obtained to date it can be concluded that the
used type of packaging used cannot fulfill its function as
a barrier for more than some 50 years. The studies are still
continuing /3/.
3.2.3. Biodégradation studies
From works on biodégradation of various materials with
incorporated radioactive wastes it followed that microbiological
activity exists, especially under high humidity conditions within
the repository. The intensity of attacks depends on a number of
factors, of which formation of carbon dioxide and the pH play
major roles. Changes of structure lead to higher leachabilities,
however with the growth of microbial activity the penetration
capability of materials decreases. Formation of carbon dioxide
supports anaerobic conditions; this effect offers some benefit,
as anaerobic micro-organisms do not attack organic materials
eventually present in the waste. Reduction of humidity of the
system below 60 % and maintenance of a neutral pH can
substantially slow down the degradation process. The study is
under progress /4/.

3.2.4. Modelling of migration
Predictive modelling was the main technique used. From various
mathematical models available, the numerical solution of the mass
transport equation using the finite element approach was selected
because of promising reasonable results under real
hydrogeological conditions at both repository sites. Moreover,
the experience gained during previous studies in which tracer
field tests have been employed, encourage its implementation for
solving this particular task.

4. Conclusions and future trends
The following conclusions can be formulated:
- there are sufficient amounts of backfill materials of suitable
properties in Czechoslovakia, which thus promise enhancement ofthe existing and future repository systems

- testing studies in situ should be performed
- emplacement techniques for backfills should be developed for
given repositories
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- corrosion and biodégradation studies should be continued, as
well as the modelling of migration of radionuclides supported
by field trace experiments
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ACTIVITY REMOVAL FROM AQUEOUS WASTE STREAMS
BY SEEDED ULTRAFILTRATION

E.W. HOOPER
AEA Technology Decommissioning and Radwaste,
Harwell Laboratory,
Harwell, Oxfordshire,
United Kingdom

Abstract

The Harwell Laboratory is engaged in the design and development of
processes to reduce the radioactivity present in low and intermediate
level waste streams to a very low level. Amongst the processes being
examined are precipitation, crossflow filtration and ion-exchange using
inorganic sorbents; these processes are used singly or in combination
depending on the composition of the waste and the extent of
decontamination required.

Modern cross-flow filtration techniques allow the removal of very
fine particles of solid material from liquid streams. When the streams
contain radionuclides, some small additional activity removal may be
achieved by cross-flow filtration even after the stream has been treated
by conventional filtration and ion-exchange, and despite the
concentration of radionuclides being exceedingly small. Much greater
activity removal may be achieved, however, if the stream is dosed with
additives, or seeds, which absorb or coprecipitate the radionuclides.
Individual seeds are, in general, targetted on specific radionuclides and
are unlikely therefore to offer an across-the-board approach to activity
removal. Combinations or cocktails of seeds may, however, allow such an
approach and this possibility has been investigated. It is found that
under certain circumstances seeds can interfere with one another and
actually give worse results than when used individually. With careful
selection of materials and conditions, however, it is possible to
achieve substantial reductions in a variety of radionuclides
simultaneously.

1. INTRODUCTION

1.1 Seeded Ultrafiltration
Ultrafiltration is a relatively new development in filtering science

that promises to give much better separation of small particles from
aqueous streams than has hitherto been possible. Large scale applications
to date have been mainly in the dairy and food industry, though it forms a
key part of the Enhanced Actinide Recovery Plant (EARP) being built at
British Nuclear Fuels pic Sellafield site.

Many aqueous waste streams arising at nuclear plants are contaminated
with low levels of radioactive nuclides and, when necessary, these are
treated by conventional filtration and ion-exchange prior to discharge to
the environment. Many of the radionuclides are present as insoluble
species and so potentially can be readily removed by ultrafiltration.
Soluble species cannot be filtered directly but if additives or "seeds"
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which absorb the species are added then even soluble radionuclides can be
dealt with. Seeds specific to a number of radionuclides have been
identified. The use of a mixture or cocktail of seeds to remove a variety
of radionuclides simultaneously is an obvious extension of the seeded
ultrafiltration principle.

The seed materials can enhance radionuclide removal by one or more of
three basic mechanisms: precipitation, co-precipitation or adsorption.
Precipitation and co-precipitation imply the generation of insoluble
species in the aqueous waste either by pH change or addition of suitable
chemicals in solution. However, pre-formed solid material (or more
usefully slurries of solid material) can be added to the aqueous waste to
be treated. The adsorption process is usually one of ion-exchange (e.g.
with surface hydroxyl groups) and this is generally the most versatile and
useful of the three basic mechanisms. Seeded ultrafiltration is thus a
novel way of utilising ion-exchange materials.

A variety of ultrafliter membrane materials are available. This
study has been conducted with membranes consisting of Zr02 on a carbonsupport, but similar results are to be expected with other materials. The
pore size of the membrane (often quoted as a molecular weight cut-off) is
an important parameter characterising membranes but, by and large, seed
materials produced by precipitation in aqueous solution (as here) have
particle sizes much larger than the membrane pore size and hence
virtually none of the seed can pass through the filter. The use of finely
divided sorbents in conjunction with ultrafiltration offers a number of
advantages over conventional ion-exchange processes:
(a) ultrafiltration provides good solid/liquid separation, enabling the

removal of colloidal material,
(b) smaller quantities of floe and/or ion-exchange materials are

required, leading to smaller volumes of secondary wastes,
(c) they provide the opportunity to "tailor" a process to remove specific

radionuclides e.g. the addition of hexacyanoferrate for caesium
removal,

(d) the application of ion exchangers as additives, rather than as
conventional packed beds, results in a wider range of sorbents being
available and their preparation is frequently simpler and cheaper.
Mso the higher surface area of the finely divided form, compared to
granular materials, results in improved sorption kinetics.
In the past few years a number of novel sorbent materials, both

organic and inorganic, have appeared on the market - some claiming to
achieve very large decontamination factors for metal ions, including those
having radioactive isotopes. Several of these materials have been tested
by individual companies in the nuclear industry and some have shown
promise as decentaminants for radioactive waste streams generated
throughout the nuclear industry. A unified and standardized testing
programme making use of available expertise is necessary to provide a fair
and meaningful comparison.

1.2 Novel Absorber Evaluation Club
In November 1988, as part of its committment to minimize discharge of

radioactive material into the environment, representatives of the United
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Kingdom nuclear industry agreed to form the Novel Absorber Evaluation
Club. The Club was formed to assess absorber materials and to undertake
the necessary work to identify the extent and rate of adsorption of
radionuclides by such materials from a set of typical reference waste
streams.

The administration of the Club and the experimental programme are
both undertaken by AEA Technology at their Harwell Laboratory.

This paper collects together the information obtained at Harwell from
a number of investigations involving seeded ultrafiltration and also
summarises the work undertaken for the Novel Absorber Evaluation Club.

2. EXPERIMENTAL

2.1 Apparatus
The ultrafiltration tests were carried out in small rig consisting of

a solution reservoir, a pump (Micropump type 120-445-10A) and a 140 mm
long x 6 mm internal diameter (inner surface area 22 cm2) vertically
mounted ultrafiltration membrane as shown diagramatically in Figure 1.
The unit was constructed of stainless steel, apart from the inlet and
outlet tubes which were polyethylene. For most of the work a "Carbosep"
M4 membrane with a nominal pore size of 2 nm (molecular weight cut-off
20,000) was used. The operating pressure was 20 psi (1.3 bar), well below
that likely to produce a rapid build-up of a fouling layer. Dead space in
the system was 30 m£ (-10% of the feed volume) and permeation rates were
100 m£ h-1 (-1.0 mVmVd) . After each experiment the membrane was washed
clean by pumping first 0.5M nitric acid for one hour, followed by 0.5M
sodium hydroxide solution for one hour and then by distilled water for one
hour. At the start of each new experiment the membrane was conditioned by
pumping through water adjusted to the pH of the experiment by the addition
of sodium hydroxide or nitric acid. This procedure has been found to
clean the membrane very effectively, removing > 95% of any adherent.
material.

Tap(adjusts

Feed solution-

Pressure gauge

———(20psi

Permeate
collection

\Pressure gauge

FIG. 1. Schematic diagram of small scale ultrafiltration unit.
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The tests carried out for the Novel Absorber Evaluation Club
consisted of batch contact experiments in which lm£ portions of the
conditioned sorbents were contacted with 50m£ of the reference waste
stream and agitated in a thermostatted shaker bath at 19°C. Samples of
liquid were removed after 1,2,4,6 and 24 hours contact, centrifuged and
then analysed for radionuclide content.
2.2 Sorbent Materials

Some of the sorbent materials used in this work were prepared at
Harwell, others were obtained from commercial sources or prepared
elsewhere.

The sorbents prepared at Harwell were produced by the following
methods :-
2.2.1 Sodium Nickel Hexacyanoferrate(II) (NHCF): Equal volumes of 0.094M

Na4Fe(CN)6 and 0.113M Ni (N03)2.6H20 solutions were mixed well and aportion of the resulting slurry was added to the waste simulant to
provide the required Fe(CN)64- concentration. The nominal
composition of the nickel hexacyanoferrate as prepared was
Nall6 Ni1>2 Fe(CN)6. (In practice the composition of the
precipitated material does not follow exactly that of the solutions
as made up - but for the present purposes this is irrelevant).

2.2.2 Manganese Dioxide (MhO?) : 20m£ of an aqueous solution of potassium
permanganate (14.4g KMh04 per litre) were adjusted to pHll usingsodium hydroxide solution. 400mg of solid sodium dithionite were
then slowly added over 15-20 minutes whilst maintaining the pH at
11 + 0.5. The slurry was centrifuged and then washed with water
adjusted to the pH of the solution to be treated. Addition of the
precipitate to 1 litre of solution gave a manganese concentration of
lOOppm. Lower concentrations were obtained by slurrying the
precipitate of Mh02 in 20m£ of distilled water and taking anappropriate aliquot.
A number of experiments were carried out with a sample of Mn02prepared by an alternative route involving the oxidation of

manganous ion by permanganate.
MnQ<r + 2H20 -> 5Mn02 + 4H+
of a manganese nitrate solution (93.8g Mn(N03)2.6H20 perlitre) was added to 10m/ of a potassium permanganate solution (3.45g

KMn04 per litre). The slurry was centrifuged and then washed with
water adjusted to the pH of the solution to be treated. Addition of
the precipitate to 300m£ of solution gave a manganese concentration
of lOOppm.

2.2.3 Hydrous Titanium Oxide (HTiO): 10m£ of a 15% w/v titanium sulphate
solution were treated with IM sodium hydroxide solution until no
further precipitate formed. The precipitate was centrifuged, washed
with water to remove excess alkali and then washed with water
adjusted to the pH of the solution to be treated. The slurry was
then made up to 10ra£ with distilled water. lm£ of this slurry when
added to 300m£ of solution gave a titanium concentration of lOOppm.
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2.2.4 Zirconium Phosphate (ZrP): 0.1M orthophosphoric acid was added
dropwise to a solution of 1.12g of zirconium nitrate [zr(N03)4] in100m£ of water. The precipitate of Zr(HP04)2 was filtered off andwashed with water. The washed precipitate was slurried in 100m£ of
water; lm£ of this slurry when added to 300m/ of solution, gave a
zirconium concentration of lOOppm.

2.2.5 Ferric Hydroxide: For most experiments this was prepared in situ by
addition of a solution of ferric nitrate to the waste solution
followed by adjustment of the pH to 7. In other tests the iron was
added as ferrous sulphate and the ferric hydroxide precipitated by
bubbling with oxygen.

All absorbers except Mn02 were prepared within an hour ofaddition. Mn02 was prepared in ca 20 m£ portions which was usedover a two week period.
For the multiple seeding trials the seeds were added in the

following order: ferric hydroxide, nickel hexacyanoferrate (II),
hydrous titanium oxide, manganese dioxide.

2.2.6 Other sorbent materials were supplied by the following companies:
Duratek Corporation USA
Toray Industries Japan
Universal Chemicals UK
STMI-RAN France
University of Reading UK

2.3 Conditioning of sorbents.
For the batch contact experiments of the Novel Absorber Evaluation

Club, the supplied sorbents were washed with water adjusted to pH9 or 4
using sodium hydroxide or nitric acid solution respectively. The washing
was continued until the pH of the washings was constant.
2.4 Analysis

Gamma spectrometry was used for the determination of the y-emmitting
radionuclides. 1cm3 samples were counted in small glass vials, in a
constant geometry. An E.G. & G Ortec Gamma X HP Ge Coaxial Detector was
used, coupled to an E.G. & G Ortec Adcam Multichannel Buffer controlled by
a Digital PC 350 computer.

Plutonium was analysed by alpha spectrometry. The samples were
treated by a thenoyl trifluoroacetone (TTA) solvent extraction separation
process and suitable sources for counting were prepared by
electrodeposition onto stainless steel discs. Silicon surface barrier
detectors were used coupled to a Canberra Series 80 Multichannel
Analyser.

Samples containing "Tc, ̂Sr, 239Pu + 241Am, were analysed for total
beta or total alpha using a LKB Qantulus liquid scintillation counter and
LKB HISAFE II cocktail.
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2.5 Preparation of Simulated Waste Streams
A number of waste stream simulants were used in this work. In some

studies, water spiked with the radionuclides and then pH adjusted with
either nitric acid or sodium hydroxide was used.

In the experiments using sorbent mixtures, a simulated PWR waste
containing boron was spiked with radionuclides to the levels shown in
Table I.

TABLE I

Composition of waste simulant solution

Nuclide

siCr
b4Mn
59pe
«Co
63Ni
6szn
gosr

Activity (Bq/-1)

41100
25200

6700
24200

2400
6100

80

Nuclide

95Zr

106RU

ii°Ag
125Sb
137CS
i39Ce
239pu

Activity (Bq/-1)

8000
3200

22500
98400
84000

3900
0.59

In the test programme of the Novel Absorber Evaluation Club, for ease
of analysis, three reference waste streams were used, known as NAEC (Novel
Absorber Evaluation Club) SI, S2 and S3. A fourth waste stream was also
used to examine the performance of the sorbents in the presence of the
complexing agents EDTA and Citric Acid.

All waste streams were 0.05M in sodium nitrate and were adjusted to
pH 9 or 4 using sodium hydroxide or nitric acid solutions.

Waste NAEC/S1 contained 137Cs, «Co, œZn, 51Cr, 5?Fe, 54Mn, 125Sb,
io6Rn/ 203Hg and 109Cd each at the 100Bq/m£ level. The pH was 9 or 4.

NAEC/S2 contained "Tc as Tc04 at the 100 Bq/m£ level. The pH was
9.

NAEC/S3 contained 23?Pu at 2Bq/m£, 24iAm at 1 Bq/ml and ^Sr at 5
Bq/m£. The pH was 9.

NAEC/S4 was NAEC/S1 plus 0.25g// EDTA and 0.15g// citrate. The pH
was 4.

After preparation, all simulant waste streams were allowed to mature
for at least one week, with daily adjustment of pH, before use.
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3. RESULTS AND DISCUSSION
3.1 Actinide Removal
3.1.1 Alkaline Wastes

The probable presence of colloidal plutonium and americium in alkaline
solutions suggests that improved decontamination could be achieved by using a
ferric floe treatment combined with ultrafiltration. This procedure was
investigated in a series of experiments using a simulated waste. The
experimental conditions examined and the results obtained are summarised in
Table II (Experiments 2-7).

Overall the ultraf iltration results do not show any real trends. The
plutonium results suggest that improved decontamination was achieved using
lOOppm iron rather than 25ppm, although good decontamination was obtained
in the experiment using 25ppm at pH8. Americium decontamination appears
to be independent both of pH and iron concentration, with permeate, activities
ranging from 2.7 x lCMBq/m£ to 7.4 x 10-5Bq/m£. The variations observed in
the calculated decontamination factors (DFs) reflect differences in the feed
activity levels.

Seeded ultrafiltration experiments employing finely divided hydrous
titanium oxide (HTiO) or polyantimonic acid (Polyan) as sorbents, instead of
ferric floe, are also reported in Table 2 (Experiments 8, 10 and 11).
Experiments 9 and 12 examined the use of these inorganic sorbents in
conjunction with ferric floe.

The results for Experiment 8, employing HTiO, show some decontamination
was achieved, however significantly improved decontamination was obtained by
the combined use of HTiO, and ferric floe, (Experiment 9) . The results for
comparable experiments using Polyan (Experiments 10-12) show good
decontamination in all cases.

3.1.2 Laundry effluent
The laundry effluent from a nuclear site may require treatment as a

low-level waste and will contain detergents and other complexants known to
interfere during such processing.

At Harwell the application of seeded ultrafiltration to the
decontamination of a real laundry effluent spiked with plutonium and
americium has been examined. Based on the results obtained with
simulated effluents (Table II), a relatively simple ferric
floc/ultrafiltration process (25ppm Fe3+, pHIO) was selected. Good actinide
decontamination was achieved, although the final permeate levels were slightly
higher (Table III) than those obtained with the simulant.

Three further experiments considered the effectiveness of the
selected process in the presence of EDTA, citric acid and oxalic acids,
complexants typically found in spent decontamination liquors. The results
obtained are summarised in Table III. It is apparent that all these
complexants adversely affected the decontamination process; the extent of the
effect being for plutonium, oxalic acid < EDTA < citric acid and for
americium, oxalic acid < citric acid < EDTA.
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TABLE II
Summary of Pu and Am Ultrafiltration Experiments

Experimental
Conditions

1 Water, pHIO
2 25ppm Fe, pH8
3 25ppm Fe, pHIO
4 25ppm Fe, pHll
5 lOOppm Fe, pH8
6 lOOppm Fe, pHIO
7 lOOppm Fe, pHll
8 0.5ml HTid*,

pHIO
9 0.5m£ HTiO*,

25ppm Fe, pHIO
10 0.5m£ Polyan*,

pHIO
11 1.0m£ Polyan*,

pHIO
12 0.5m£ Polyan*,

25ppm Fe, pHIO

Feed activity/
Bqrn^-1

Pu Am

0.118 0.170
2.0xlO-3 2.6x10-"
0.046 0.004
4.9xlO-3 9.7x10-"
4.3xlO-3 7.3x10-4
7.8xlO-3 2.3xlO-4

3.6x10-3 2.6x10-4
0.118 0.300

0.110 0.169

0.118 0.165

0.111

0.110

Permeate activity/
Bc?n£-i

Pu Am

8.6x10-3 6.3x10-"
<2. 3x1 0-5 7.4xlO-5

5.9x10-" 9.8x10-5
2.0x10-" 2.7x10-"
<2. 7xlO-s 9.0x10-5
2.1x10-5 9.4x10-5
6.3x10-5 1.0x10-"
1.0x10-3 1.7x10-"

1.0x10-" 4,1x10-5

5.7x10-5 2.5x10-"

5.2x10-1

7 . 8xlO-5

DF+
Pu Am

13.7 266
>83 3.5

72 39
24 3.5

>155 7.8
359 2.4
57 2.5

115 1775

1070 4120

2080 652

214 -

1400

+DF = Activity in feed (Bqm£-*)Activity in permeate
*0.5m£ HTiO = initial concentration 1650ppm HTiO
0.5m/ Polyan = initial concentration 2426ppm Polyan (STMI-RAN, France)

TABLE III
Summary of Ultrafiltration Runs Using Laundry Effluent

Run
No.

1

2

3

4

Experimental Feed Activities
conditions* Bqmf-1

Pu Am
Laundry effluent, 0.141 0.012
spiked with
Pu + Am
Laundry effluent, 0.155 0.012
spiked with Pu,
Am, and 0.001M
EDTA

Laundry effluent 0.155 0.012
spiked with Pu,
Am, and 0.001M
citric acid
Laundry effluent 0.155 0.012
spiked with Pu,
Am, and-O.OOlM
oxalic acid

Permeate Activities DFsBgn£-i
Pu Am Pu Am
3.0x10-1 1.1x10-" 470 109

8.9x10-3 1.8x10-3 17 7

2.0x10-2 7.3x10-" 8 16

2.0x10-3 3.5x10-" 78 34

* In each experiment the effluent was made 25ppm with respect to Fe3* and was
adjusted to pHIO. It was then stirred for 10 minutes prior to
ultrafiltration.
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Conputer modelling was used to help in the interpretation of these
results. The speciation of iron and the actinides at pHIO and Eh of 0.47v,
was predicted for each set of experimental conditions/ the results are
summarised in Table IV and clearly indicate the formation of soluble actinide
complexes. The preponderance of anionic complexes is likely to

TABLE IV

Predicted Speciation of Pu, Am and Fe in Laundry Effluent

Effluent Pu
Aq species

1.

2.

3.

4.

Laundry
effluent

Laundry
effluent
+ 10-3J5
citrate

Laundry
effluent
+ 10-3M EDTA

Laundry
effluent
+ 10-3M
oxalate

Pu02 (OH)?-1

Pu02 OH°
Pu02

+

Pu(OH)„°

PuOCit2-
Pu02(OH)2
Pu02 OH°

Pu02EDTA3'
Pu02EDTA2-

Pu02 (OH) 2
Pu02 OHO
Pu (OH) 4°
Pu02

+

Am
% Aq species %

70.1
13.7
7.0
7.9

88.9
7.2
1.3

97.7
2.3

70.6
13.3
7.7
7.1

Am (OH) g +
Am (OH) 3
Am3+

AmOH2+

AmCit0

AmCit23-

AmEDTA2"

AmOx+
AmOx2
AmOx3

3-

45.4

5.4
4 .9

53.8
46.2

99.1

6.7
70.9
22.1

Fe
Aq species

Fe(OH),
Fe(OH)3

FeCit(OH)22-
Fe(OH)-
FeCitOH-

FeEDTA-

Fe(OH),
Fe (OH) 3

%

99.0
1.0

92.2
6.9
0.7

100.0

99.0
1.0

be responsible for the decreased decontamination observed, due to their
lower affinity for ferric floe.
3.2 Fission and Activation Product Removal

The aqueous waste streams arising at nuclear power plants are
typically contaminated with very low levels of activation products and
fission products. A study to examine the decontamination of these waste
streams by seeded Ultrafiltration has been carried out. The inorganic
sorbents examined are those prepared as described in Section 2.2.

All of the sorbent materials tested in this study enhanced the
removal of some of the fourteen main radionuclides considered when used
individually and different sorbents enhanced the removal of different
radionuclides. A summary of the main enhancements in removal is presented
in Table V. Only very small enhancements in removal were achieved with51Cr and 125Sb so there was only a modest overall DF for total ßyactivity. 239Pu is insoluble at the pH investigated and, although the
seeds did not enhance removal significantly, reasonable DFs were achieved
by ultrafiltration alone.

Mixtures of nickel hexacyanoferrate(II) with Mn02, HTi02 or Fe(OH)3gave results equivalent to the sum of those obtained when the seeds were
used singly. This was not true however when mixtures of NHCF, Mn02 and
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TABLE V
Summary of Most Significant Enhancements in Activity Removal

Using Seed Materials

Radionuclide • Most suitable absorber(s)
None
Mn02, HTiOFe(OH)3 , Mn02

»Co HTiO, Mn02*
NHCF, Mn02, HTiOHigh DF by UF alone

«Sr Generally low DF, but some removal with Mn02*95Zr Fe(OH)3
losRu Mn02/ HTiO, Fe(OH)3
110mA High DF by UF alone

None
i37Cs NHCF139Ce Small DF in absence of seeds, some enhancement with

Fe (OH) 3239Pu Small DF in absence of seeds, some enhancement with
Fe(OH)3

* Prepared by Mn2++ Mn04-
Prepared by aerial oxidation of Fe2~

HTiO were used; similar behaviour was found with mixtures of Mn02 andHTiO. The most probable explanation of this is that the two seeds
interfere with one another, probably through precipitation of material
from one seed onto particles of the other. The use of Mn02 prepared byoxidation of Mn2+ by Mn04- gave a seed which did not cause nearly such alarge decrease of DFs when used with NHCF and HTiO, implying that
reprecipitation of Mn02 or adsorption of other components in the mixture(such as dithionite or its oxidation products) may be responsible. If the
former is the case it is difficult to understand why material from the two
different sources behave so differently. Multiple seeding is thus
feasible, but careful attention needs to be given to the mutual
compatability of the materials selected. Loss of effectiveness due to
interaction between seeds can be overcome to an extent by increasing seed
concentrations, though in none of the cases investigated, was there a
strong dependence of DF on concentration. In some instances (e.g. removal
of 59Fe by Fe(OH)3) it is necessary to precipitate the seed in the wastesolution (in situ generation) to bring about enhanced radionuclide
removal. In such cases activity removal is presumably by a
co-precipitation mechanism rather than ion exchange. We have not tested
this point specifically but it seems reasonable to conclude that the order
in which the seeds are introduced into the solution is important - an in
situ generated seed would need to come first, followed by preformed
absorbers. The incorporation of in situ generated additives introduces,
therefore, an extra element of complexity and this is not desirable from a
waste treatment process point of view.

From a radiological standpoint (that is in terms of dose to critical
groups) the most important radionuclides likely to occur in nuclear power
station liquid effluents are 137Cs and *°Co. No single seed can reduce
both these, but a mixture of, for instance, NHCF and HTiO, readily
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provides reductions of at least 98% (DF > 50). Incorporation of Mh02prepared by Mh2+ and Mn04- provided reductions in a broader spectrum ofradionuclides, but several important ones are only reduced by a small
amount and overall DFs for ßy activity of only ca 3 can be achieved with
the simulant we have investigated. Further novel sorbents need to be
identified especially if large reductions (e.g. DF >10) in total activity
are to be achieved. The radionuclides which have proved the most
difficult to remove in our tests are 51Cr, 125Sb and to a lesser extent106Ru: these are present in our solutions in anionic form (as they wouldbe in real effluents). Absorbers for anionic species need therefore to be
identified or the possibility of converting these species to cationic
form, for instance by reduction, needs to be considered.

The results summarised in Table V were all obtained at a solution pH
of 7. We have now examined the effect of solution pH on the performance
of sorbents when used in combination. Table VI lists the DF obtained for
each of the radionuclides present in the test solution; it is apparent
that solution pH has a marked effect on the decontamination achieved. For
comparison purposes, the DFs obtained by ultrafiltration alone at solution
pHs of 7, 9 and 10.5 were determined and the values obtained are presented
in Table VI.

Assuming that a DF of 10 (90% removal) for each radionuclide is the
minimum requirement for the decontamination treatment, it is possible to
compare and contrast simple ultrafiltration with seeded ultrafiltration

TABLE VI
Decontamination Achieved by Seeded Ultrafiltration - Effect of pH

Seeds

NHCF
Mn02
HTiO

Nuclide

siCr
MMh
59Fe
«Co
eszn
90Sr

95Zr

106RU
11 mAg
125Sb
137Cs
i39Ce

PH

ppm

10
20
20

ppm

10
20
20

Decontamination

2.0
6.7
3.2
21
56
2.3
2.1
3.9
98
1.1
69
3.1

7

1.1
211
2.1
49
15
4.0
2.0
1.4
8.3
1.1
216

12.3

9

ppm

10
20*
20

Factor

798
978
>12
153
>5
-
57
6.3
5.1
2.3
1.0
>4

10.5

NHCF = sodium nickel hexacyanoferrate(II)
Mn02 = manganese dioxideHTiO = hydrous titanium oxide
* = Mn02 from Mn2+ + MnO/f
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TABLE VII

Comparison of Ultrafiltration and
Seeded Ultrafiltration - Effect of pH

Nuclide

•^Mn

65Zn

95Zr

u
156Ru

110m Ag

13^CS

Ultrafiltration
pH 7 9

V V

V V

V V

only with seed cocktail
10.5 7 9 10.5

V V V

V V V
V V (V)

V

V
V V

V = DF > 10
(V) = reduced to below limit of detection
seed cocktail = lOppm NHCF, 20ppm HTiO, 20ppm Mn02

using the three-cornponent seed cocktail. Table VII shows this comparison
and it is apparent that seeded ultrafiltration is more effective than
ultrafiltration alone and that more nuclides are reduced to low levels by
increasing the pH of the solution. However, the range of nuclides removed
also varied with solution pH, in particular, caesium is effectively
removed at pH7 and 9 by the seeds but not at 10.5. This change in
behaviour is due to decomposition of the NHCF at pHlO.5 to produce sodium
ferroycanide and nickel hydroxide.

Zirconium phosphate (ZrP) is probably the most thoroughly studied
inorganic ion-exchanger and a large number of articles have been
published. Table VIII shows the results obtained in a small programme of
experiments to examine the performance of ZrP on its own and in
combination with NHCF or HTiO; the decontamination achieved by
ultrafiltration alone is included for comparison. From these results it
is apparent that ZrP has a strong affinity for manganese, cobalt, zinc,
silver and cerium and a moderate affinity for strontium and zirconium.
When used in combination with NHCF, a high DF for caesium is also
obtained. The combination of HTiO and ZrP shows little improvement over
ZrP alone.

3.3 The Novel Absorber Evaluation Club
The Novel Absorber Evaluation Club (NAEC) has now been in existence

for three years. Membership of the Club is open to all those having an
interest in the decontamination of radioactive aqueous effluents. The
present members are BNFL, Nuclear Electric pic, MoD and AEA Technology. A
contract between Harwell and the Department of the Environment (DoE)
provides for a parallel study using sorbents selected by DoE and there is
full exchange of results between the Club and DoE.
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TABLE VIII

Results from Recent Experiments at pH7
Seed
NHCF
HTiO
ZrP
Nuclide
51Cr
5̂ Mn59Fe
60Co
Ẑn
»Sr
95Zr
106RU
110mA
1 TCf̂ l« — 'O.D
137Cs
i39ce

ppm
_
-
10

ppm
_
-
100

Decontamination
3.3
56
3.8
85

> 100
7.5
6.6
2.2
>21
1.0
1.02
22

4.9
297
6.1
323
>100
18
11
3.4
>21
1.2
2.2
45

ppm
10
-
100

Factor
2.4
633
7.3
584

>100
22
25
2.3
>21
1.1
149
49

ppm
_
100
100

3.3
154
4.5
140
191
42
31
4.2
>21
1.5
1.6
27

UF only

1.3
3.8
5.6
4.1
16
0
1.5
1.6
>21
1.0
1.01
27

NHCF = sodium nickel hexacyanoferrate (II)
HTiO = hydrous titanium oxide
ZrP = zirconium phosphate

Sorbent materials have been supplied by the following companies:
Duratek Corporation
Toray Industries
Universal Chemicals
Recherche Appliquée du Nord
Magnesium Elektron Ltd
University of Reading

USA
Japan
UK
France
UK
UK

Clinoptilolite, AW500 and IRN 77/78L were also tested as bench
marks.

The results of the tests on the. above sorbent materials have been
published [l-sl and are summarised in Table DC The table gives only the
decontamination factors obtained after 24 hours contact with the test
solution. Data also exists for contact times of 1,2,4 and 6 hours contact
and is included in the final reports. In the table, a > sign indicates
that the nuclide was removed to below the limit of detection of the
analytical method used.

4. CONCLUSIONS
The use of finely divided inorganic sorbent materials in combination

with ultrafiltration, so-called 'seeded ultrafiltration', has been found
to be capable of reducing the amount of radioactivity in aqueous effluents
to very low levels. The correct choice of seeds is essential if a variety
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00N) TABLE IX
Decontamination Factors after 24 hrs contact

Clinoptilolite
AW500
IRN 77/78

PH
9
9
7

siCr
11.4
12.2
-

s*Mn

6.0
49.6
2.5

«Co
9.1
37.6
2.8

ffiZn i°6Ru
25.6 > 50
> 60 > 60
> 5

109Cd

8.5
> 100
-

125Sb

1.11.1
9.1

137Cs
63
66
2.0

2<>3Hg
1.8
2.7
-

99TC 90Sr

1.0 19.0
1.0 7.1

2.5

Tot .tt

14.9
8.7
3.0

Maqnesium Electron Absorber
Zirconium Phosphateit u

ir rr

Zirconium Hydroxide

9
4
4*
9

> 10
> 3
4.8

> 10

55.9
>100
1.0
>170

5.0
2.9
1.0
15.1

34.2 8.3
> 50 7.3
1.0 1.2
>100 76.1

45.9
11.2
1.0
60.2

5.5
4.1
1.0
> 6

86
75.6
68.6
1.1

11.5
2.0
1.1
56.7

1.04 100
— —
- -
1.08 5.0

59
-
-

> 20
Recherche Appliquée du Nord Absorbers
RAN P577
University of Readinq
A336
A336
A336
DDE
DDB
DDB
Goethite
Layered Hydroxide
Modified Si02Clino Bis
Duratek Absorbers
D70
D70
D230

9 12.5 17.5 74.7 > 60 8.5 > 10 1.0 25.5 1.0 1.06 1.5 > 3
Absorbers
9
4
4*
9
4
4*
9
9
9
9
9
7
12

> 25
> 3
> 8.7
> 50
> 3
> 4.5
> 24
> 10
> 10
> 10
-
2.8
-

128
1.5
1.0
XL28
11.8
1.0
XL60
>238
>238
>238
-
3.8
-

1078
2.9
1.0
647
26.7
1.0

360.6
265
2.4
1.7
17.5
14.7
-

> 60 > 22
23 > 16
1.0 4.1
> 47 > 20
87.8 > 16
1.0 2.9
> 60 > 20
> 70 > 18
> 70 12.3
> 70 12.9

2.8
-

1.7

> 10
>2.3
1.3
> 10
XL9.9
> 1.0
> 14
> 11
> 11
> 11

-
-
-

> 20
> 24
27.8
> 20
> 20
> 33
> 30
1.8
1.9
2.0
-
1.2
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.1
1.0
1.1
41.6
1.0
1.1
6.0

3.4
4.6
4.5
3.8
3.9
1.1
2.7
1.5
7.6
45.5
-
-
-

6.9 3.2- —
_ _
3.7 3.0— —
- -
1.1 1.3
1.2 7.8
1.1 10.2
1.2 2.6

-
- -

> 6-
-

> 6-
-

> 3
21.1
4.1
7.3
115
-
9.3

Universal Chemical Absorbers
R2U
R2W
Toray Absorbers
TIN 100
TIN 200
TIN 600

9
9
9
9
9

-
-
-
-
—

-
-
-
-
—

2.5
2.7
4.8
15.6
3.0

1.5
2.0
2.9
7.8
1.8

-
-
-
-
-

-
-
-
-
—

22.9
31.1
9.6
1.4
1.2

-
-

-
-

35
17.5
4.4
3.5
5.8

3.5
6.5
1.0
34.0
3.5



of different species are to be treated simultaneously. In effect, seeded
ultrafiltration offers a way of tailoring ion exchange to the treatment of
complex mixtures of chemicals. Although not considered here it is
generally possible to achieve higher absorption efficiencies (amount of
material absorbed per unit of absorber) with UF seeds than in conventional
ion exchange beds. Seeded UF also does away with the need for the
material to be granular in form and of sufficient strength that it could
be used in a conventional ion exchange bed (often a problem with inorganic
absorbers), and in principle allows a wider range of absorbers to be
considered.
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DEVELOPMENT STUDIES FOR TREATMENT OF ORNL
LOW-LEVEL LIQUID WASTE USING INORGANIC SORBENTS

D.O. CAMPBELL, D.D. LEE,
T.A. DILLOW, J.L. COLLINS
Oak Ridge National Laboratory*
Oak Ridge, Tennessee,
United States of America

Abstract

Separation methods for the management of cesium and strontium in low-level, high-salt liquid
wastes (LLLW) at ORNL have been investigated. Several transition metal hexacyanoferrate(II)
compositions (ferrocyanides) were examined for cesium removal and titanium oxide-based sorbents and
beads made by internal gelation were tested for strontium uptake. Distribution coefficients in the
range of 1 x 10* were generally observed with nickel and cobalt ferrocyanides at pH values ill, yielding
DFs of about 100 with 100 ppm sorbent in a single-stage batch separation. Strontium distribution
coefficients as large as 1 x 10* were observed with sodium titanate at pH 13, but these values decrease
as the pH decreases. A resorcinol-based resin for cesium removal and chelating resins for removal of
strontium were also effective. Batch and column processes using both types of ion-exchange materials
are feasible. Combination flowsheets using both a simple, one-stage batch process for the initial
decontamination with inorganic exchangers, followed by polishing with a column may be advantageous.
The decontamination requirements depend on the LLLW composition and the specifications for the
final waste forms after processing. Flowsheets can be devised that appear capable of achieving very
high decontamination of the bulk waste solutions with respect to 137Cs and ^r, with DFs up to the
order of 106 or more. The volume of solid waste concentrate generated (sorbents) varies considerably,
depending on the separation process used and the flowsheet, but may be in the range of <0.1% of the
LLLW volume for inorganic sorbents to perhaps 1% for organic resins. A class of inorganic
exchangers made by the internal gelation method including hydrous aluminum and titanium oxides,
zirconium monohydrogen phosphate, and others look promising for column use. The sorbents have
been tested on actual LLLW, aqueous basic and acidic waste simulant and simulated LLLW.

1. INTRODUCTION

Potential separation methods for application to the management of low-level liquid wastes
(LLLWs) at ORNL have been investigated. The wastes of particular concern include the contents of
the Melton Valley Storage Tanks (MVSTs) and similar tanks associated with the LLLW evaporator,
currently and future generated LLLW that is being, or will be, added to the MVSTs, and residual
wastes in the inactive storage tanks that might be transferred to the MVSTs. Some of the methods
under study may also be applicable to treatment of the process waste and of certain wastes at the point
of generation — before they are diluted into and contaminate a large volume and are mixed with other
constituents, creating a waste that is more difficult to treat.

Initially, it was known that the major radioactive constituents in these wastes were alpha-emitting
actinides, 137Cs, and ̂ r. Tank sampling indicated that the alpha content of the supernate was generally
below the 100-nCi/g limit for transuranium (TRU) waste. Accordingly, the study was focused on
removal of cesium and strontium from the supernate. The primary emphasis was placed on cesium
removal because the activity level of cesium was higher than that of any other radionuclide; in
addition, since it is the dominant gamma-emitter, its removal would allow subsequent waste processing
operations (further decontamination, concentration, solidification, and transportation) to be conducted
without the necessity of contending with a high gamma field. More recent analyses[l] have indicated
that, although these are clearly the most significant activities, *°Co, 14C, nitrate, hazardous metals must
also be considered, depending on the final disposition of the waste.

* Managed by Martin Marietta Energy Systems, Inc., for the US Department of Energy under contract
DE-AC05-84OR21400.
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1.1 The scope of the problem
A variety of contaminated liquid wastes have been and are produced at Oak Ridge National

Laboratory (ORNL), and nearly all of them are collected in one of two systems, the process waste
(PW) or the low-level liquid waste (LLLW). Representative liquid waste compositions are shown in
Table I. The PW may contain small amounts of 137Cs, 13*Cs, ""Sr, very small amounts of *°Co, and
rarely other radioisotopes. The LLLW consists of waste concentrates from laboratories, radiochemical
processing operations, and waste treatment facilities and has been accumulated for several years in the
MVSTs. Recent characterization studies have provided a data base,[l] including estimates for both the
sludge and supernate in each tank. The estimated volume in the tanks is 977 m3 (258,000 gal) of
supernate plus 413 m3 (109,000 gal) of sludge.

Table! Waste Compositions

COMPONENT
PH

Sodium
Potassium
Cesium
Calcium
Magnesium
Strontium
Barium
Aluminum
Chromium
Lead
Zinc
Nitrate
Carbonate
Sulfate
Chloride

Gross alpha
Gross beta
*°Co
*>Sr
137Cs
134Cs

PW
7.7

(mg/LI
20.
2.
-

40.
10.
0.2
.
0.1

<0.02
.
.
4.

60.
18.
6.

(Bq/L^
5.

6000.
25.

4000.
400.

10.

LLLW
8-13
(m&fD

110,000.
10,000.

0.34
4.0
0.02
1.0
1.0

25.0
2.5

10.
50.

280,000.
8,000.

-
3,500.

(Bq/Ul
2X103

2x10"
SxlO5

4x10*
2xl06

6x10*

Simulant
13.2
(mg/U)

104,000.
9,800.

4.

14.

65.
258,000.

8,400.

3,550.

The different tanks contain waste of substantially different compositions, and it is unlikely and
probably undesirable, that they will be mixed into a reasonably uniform and average feed. There will
certainly be additions to different tanks, and there will be transfers between tanks. The current ranges
of concentrations of important species show a variation of a factor of 10 or more for all important
species except sodium, nitrate, and chloride (Tables II and HI). [2]

The other essential information for specifying process requirements are the specifications for the
products from the waste treatment process.. Unfortunately, these have not yet been defined completely.
However, the specifications or acceptance criteria for various solid waste forms (such as NRC classes A,
B, and C and LLWDDD class 1 and 2 limits) and liquid discharges (such as 10CFR20 App. B and
DOE Order 5400.5) provide examples of the final compositions that might be acceptable under
different constraints. These limits have been compared to the source term to provide an estimate of
the activity reduction factor (DF) required of the treatment process to meet various final waste
requirements and are summarized in Table IV.[2]

The Dfs for discharge of liquid waste to the environment are quite large — in the range of 10* to
107 for ""Sr and 137Cs, 106 for alpha, and significant for several other radionuclides. For solid wastes,
NRC Class A requires a small DF for strontium and cesium (<100), and Classes A and B both require
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Table IL Maximum, minimum, and average radiochemical concentrations in thé LLLW tanks

Isotope
H-3
C-14
Co-60
Sr-90
Nb-95
Zr-95
Ru-106
Cs-134
Cs-137
Ce-144
Eu-152
Eu- 154
Eu- 155
Gross alpha
Gross beta
U-232
U-233
U-235
U-238
Pu-239/Pu-240
Pu-23 8 /Ara-241
Cm-243
Cm-244

Supernate CnCi/L) Sludge
Max. Min. AVR. Max.
1
2
3
4
7
1
1
3
5
6
8
4
1
5
5
1
2
N
2
1
7
N
3

.67E+04 3.

.12E+04 2.

.29E+05 8.

.73E+06 1.

.56E+03 8.

.S2E+05 1.

.02E+05 2.

.54E+05 3.

.59E+07 5.

.21E+04 2.

.94E+05 2.

.48E+05 1.

.41E+05 1.

.78E+04 2.

.94E+07 5.

.84E+03 1.

.48E+04 1.

.D.

.70E+02 2.

.67E+03 1.

.05E+03 4.

.D.

. 11E+04 1.

21E+04 7.
70E+01 6.
34E+03 1.
11E+04 1.
10E+02 2.
40E+03 1.
97E+04 5.
62E+04 1.
08E+06 1.
OOE+04 3 .
51E+03 6.
62E+03 3 .
08E+04 2.
70E+01 7.
24E+06 1.
08E+02 2.
62E+02 3 .
70E+02 2.
62E+02 1.
05E+02 5.
08E+02 1.

16E+03 N.
18E+03 2.
03E+05 9.
48E+06 8.
90E+03 2.
66E+04 5.
18E+04 2.
49E+05 2.
38E+07 2.
51E+04 1.
67E+04 4 .
34E+04 1.
59E+04 5.
12E+03 8.
75E+07 2.
28E+02 5.
55E+03 4 .

1.
70E+02 N.
38E+02 9.
01E+02 1.

9.
92E+03 6.

D.a
87E+04
12E+06
44E+07
53E+05
41E+06
24E+06
64E+05
84E+07
06E+06
91E+07
86E+07
03E+06
15E+06
41E+08
87E+04
27E+05
06E+06
D
41E+05
94E+06
45E+05
04E+06

Min.
3.06E+03
2.76E+05
1.55E+07
1.91E+04
5.78E+04
1.94E+05
2.11E+04
6.52E+05
1.33E+05
5.78E+05
1.99E+05
2.72E+04
5.16E+05
4 . 90E+07
4 . 97E+04
1.63E+04
1.26E+05
2.99E+04
8.27E+04
1.22E-t-05
1.36E+05

CnCi/L)
AVR.
7.85E+03
1.38E+06
3.67E+07
3.44E+04
8.69E+05
3.67E+05
4 . 97E+04
9 . 51E+06
2.07E+05
5.75E+06
3.33E+06
8.97E+05
1.56E+06
9.83E+07
6.36E+03
6.29E+04
2.08E+05
8.61E+04
2.41E+05
2.05E+05
1.05E+06

aN.D. - not determined in all tanks.

Table DL Maximum, minimum, and average chemical

pH
Density
Dissolved solids, mg/mL
Total solids, mg/mL
Total carbon, jig/mL
Inorganic carbon, pg/mL
Organic carbon, fig/mL
Elemental analysis
Hydroxide
Carbonate
Chloride
Fluoride
Nitrate
Phosphate
Sulfate
Aluminum
Arsenic
Barium
Boron
Cadmium
Calcium
Chromium
Cobalt
Iron
Lead
Magnesium
Mercury
Nickel
Potassium
Selenium
Silicon
Silver
Sodium
Strontium
Thallium
Thorium
Uranium

Max.
13.1
1.29

485
478

9,500
8,340
1,285
Cmol/L)
' 0.29

0.14
0.053
5.97
0.053
0.081

1.70E-03
5.07E-05
1.82E-04
9.25E-04
4.00E-05
5.74E-01
5.19E-04
9.67E-06
4.30E-03
3.43E-05
2.30E-01
4.60E-06
2.55E-04

1.99
5.95E-05
8.72E-03
1.11E-05

4.78
1.83E-03
6.85E-06
4.10E-04
4.75E-03

Supernate
Min.
0.56
1.20

348
334
364
1

167

(mol/L>
0.01
0.06
D.026
3.23
0.053
0.052

4.45E-05
4.00E-05
1.38E-06
1.85E-05
1.07E-06
1.10E-04
7.31E-06

H.D.«
1.25E-05
1.01E-05
5.35E-05
2.30E-07
6.47E-06

0.22
2.91E-05
3.56E-05
4.08E-06

2.65
4.57E-06
4.60E-06
4.31E-06
4.20E-07

concentrations in the LLLW tanks
Sludge

AVR.
10.75
1.23

386
386

1,340
779
565

<mol/L)
0.082
0.085
0.031
4.38
0.053
0.055

4.58E-04
4.86E-05
3.21E-05
1.72E-04
8.48E-06
8.44E-02
9.37E-05
5.80E-06
4.68E-04
1.59E-05
2.97E-02
8.48E-07
5.10E-05

0.615
5.34E-05
9.70E-04
7.11E-06

3.84
3.24E-04
6.40E-06
5.77E-05
8.05E-04

22
18
6

Max.
1.54

544
,200 1
,100 1
,480
(mol/L)

0.29
2.02
0.14
0.053
5.97
0.053
0.081

4.28E-01
1.34E-03
9.76E-04
3.10E-03
5.75E-04
2.00E+00
5.04E-03

N.D.
6.34E-02
3.49E-03
9.19E-01
4.92E-04
2.51E-03

0.62
1.07E-03
3.60E-02
6.49E-04

4.78
4.44E-03
1.28E-04
8.27E-02
1.82E-01

Min.
1.26 1.

369
,820
,410
410

10
7
3

<mol/L)

4.
5.
1.
1.
1.
4.
6.
9.
7.
4.
6.
3.
4.
3.
7.
4.
6.
8.
7,

0.01
0.15
0.06
0.026
3.23
0.053
0.052
58E-02
37E-04
56E-04
40E-04
91E-05
40E-01
54E-04

48E-03
30E-04
51E-02
92E-05
65E-04
0.20
43E-04
60E-03
13E-05
2.92
31E-04
56E-05
04E-03
17E-03

Avg.

35

470
,900
,620
,330

(mol/L)
0.082
0.85
0.085
0.031
4.38
0.053
0.055
1.57E-01
7.72E-04
5.26E-04
8.73E-04
2.15E-04
2.50E+00
2.42E-03
3.30E-02
1.58E-03
4.62E-01
2.02E-04
1.15E-03
0.36
7.63E-04
9.36E-03
2.22E-04
3.83
2.16E-03
9.86E-05
3.20E-02
4.39E-02aN.D. = none detected or not analyzed for.
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a small alpha DF (<10). The LLWDDD criteria for ORNL (presently under development and subject
to revision) require large DFs for LLWDDD Class 1 (103 to 104 for 137Cs, *°Sr, *°Co, and 152Eu), and
alpha DFs of 104 to 10s for both LLWDDD Classes 1 and 2.

Laboratory research studies have provided sufficient information for a reasonable understanding of
the performance of the most important operations required to design a flowsheet to treat LLLW
supernate.[3,4] Several factors must be balanced in assembling these operations into a flowsheet, such
as combining processes into a single step and the proper sequencing of process steps that cannot be
combined. Other materials may also have to be removed, depending on the final waste forms selected;
these may include actinides, *°Co, and "C, as well as stable materials such as nitrate and toxic metals.
The performance of different flowsheets can then be estimated and compared to the disposal criteria
for different waste forms. Depending on the final waste forms selected, required DFs for individual
components may range from none to 107.[2]

Table IV. Required activity reduction factors to meet various standards

Waste type
and criteria Ranee 3H »c "Co *>Sr 106Ru 137Cs 152Eu

Gross
alpha

Liquid Wastes
DOE 5400.5 Max.

Min.
Ave.

8.3
1.6
3.6

304
<1
88

6.6x10"
1.7X103

2.1xl04

4.7xl06 1.7xl04

l.lxlO4 4.9xl03

1.5x10* 8.6X103

1.9xl07

1.7x10*
4.6x10*

3.9xl06

l.SxlO3

4.7xl05

Solid Wastes
Class

Class

NRC

NRC

NRC

L-I

L-H

Class Ab

Class Bb

Class C?
"Gross alpha

Max.
Min.
Ave.
Max.
Min.
Ave.
Max.
Min.
Ave.
Max.
Min.
Ave.
No DF is

38.8
7.5

16.6
<1
<1
<1
<1
<1
<1
<1
<1
<1

required to

2.0xl04

25
5.8X103

106
<1
31
<1
<1
<1
<1
<1
<1
meet NRC

is assumed to be^Pu, the most restricted
bNRC limits are not presently applicable

<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
Class C

5.4X103

12.6
1.7X103

2.1
<1
<1

118
<1
37
<1
<1
<1

requirements

7.7xl04 86
7.0X103 <1
1.9xl04 6.4
<1 <1
<1 <1
<1 <1
55.9 <1
5.1 <1

13.8 <1
1.3 <1

<1 <1
<1 <1

1.2X1053

324a

1.4X1043

2.0X105"
92a

2.4xl04a

1.2
<1
<1
8.9
<1
<1

alpha emitter for Classes L-I and L-II.
to DOE facilities but are presented for comparison.

1.2 The goal of the research effort
The initial goals were the separation of caesium and strontium from alkaline solutions containing

high concentrations of NaNO3, moderate concentrations of KNO3, and low concentrations of several
other ions. Direct solidification of supernate (without decontamination) into solid monoliths is in use,
but decontamination of the supernate prior to solidification would reduce the radiation level, reducing
the handling and disposal problems associated with these solid wastes.

The fundamental premise underlying this approach is that there is an inherent benefit if the waste
can be divided into fractions of differing potential hazard. In this way, the quantity of more-hazardous
waste is greatly reduced whilq the bulk of the waste is made much less hazardous, thereby meeting
requirements for storage and disposal with less restrictive conditions or possibly even environmental
release. This is possible, in principle, because the elements containing radioactive isotopes constitute
only a small fraction of the total quantity of waste. The bulk components in the ORNL LLLW
supernate are water and salts such as NaNO3 and KNO3.

Based on an extensive literature base and experience primarily in Europe,[5-8] transition-metal
hexacyanoferrate(II) compounds and formulations based on titanium oxide were selected as the primary
candidates for caesium and strontium removal, respectively. Many other materials were considered but
were concluded to be less promising for various reasons. Other inorganic sorbents (i.e., titanates,
niobates, tungstates, titanium phosphate, zirconium phosphate, polyantimonic acid) have also been
shown to remove strontium under some conditions, and a solvent extraction process, SREX,[9,10] has
been shown to separate strontium from most metals, even from the other alkaline earths. These other
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materials are not very effective under MVST conditions. Studies were also completed on an organic
resorcinol-formaldehyde resin obtained from Savannah River Site for caesium removal and on several
chelating resins for strontium removal.

2. EXPERIMENTAL RESULTS

2.1 Experimental methods
All the data with inorganic sorbents have been obtained from batch contacts of the sorbent with

the appropriate solution. A simulant solution derived from analysis of MVST W-29 was used and
contained 3.9 M NaNO3, 0.25 M KNO3, 0.24 M NaOH, 0.14 M Na2CO3, 0.1 M NaCl, 0.001 M
Zn(NO3)2, 0.0005 M A1(NO3)3, and 0.0001 M CaCO3. The simulant solution was spiked with caesium
using a small amount of actual W-29 supernate (137Cs predominant) and with strontium using ^Sr
tracer. Solutions were adjusted to the specified pH prior to the test, and usually the pH was checked
again afterward; in most cases, the changes were small. Orion Research Model SA 520 and 811 pH
meters were used. It was difficult to adjust to and maintain a stable pH in an experiment using actual
MVST W-26 supernate, which was very low in carbonate ion; the addition of -0.001 M Na2CO3
alleviated this problem.

A sorbent and a solution were mixed in 15-mL centrifuge cones using a "Roto-Torque" rotating
mixer, whose rotational speed and tilt angle were adjusted to give good mixing. After being mixed for
predetermined times, the cones were removed and (unless stated otherwise) centrifuged prior to
sampling. Variations in the clarification procedure included sedimentation, filtration, centrifugation
following filtration, and double centrifugation.

Filtration was accomplished with 4-mm-diam Nalgene filter discs of cellulose acetate, 0.2-/im pore
size. Centrifugation was carried out for approximately 10 min in 15 mL centrifuge tubes using a
30-cm-diam IEC HN SII centrifuge. In most of the work, polypropylene tubes were used at 2600 rpm.
Glass centrifuge tubes were used in the initial work, but they occasionally broke at 2600 rpm; as a
result, they were centrifuged at about 2200 rpm.

Samples of the clarified supernate (usually 1 mL) were removed with a pipette and transferred to
sample vials for counting. In many cases, reclarification led to a higher decontamination factor (DF)
because of the extremely small particle size of the slurry. Samples were counted using either a Nal well
counter with an LBK Wallack Compugamma analysis system or an intrinsic germanium detector and
spectral analysis system. Only relative counts were required in this work, but counters were calibrated
against counting standards.
2.1.1 Preparation of transition-metal hexacvanoferrate compounds

The transition-metal hexacyanoferrate(II) compounds can be prepared and used in several ways.
Nearly all our work involved nickel or cobalt ferrocyanide, but some experiments were also performed
with the zinc, iron, manganese, and copper compounds. Four methods were initially used: (1)
preparation in situ by adding (while mixing) a specified amount of 0.1 M metal nitrate solution,
followed by the specified amount of 0.1 M Na4Fe(CN)6 or K4Fe(CN)6; (2) preparation in situ by adding
the reagents in the reverse order; (3) preparation of a slurry by adding the reagents to water and then
adding a specified amount of the slurry to the test solution; and (4) adding a weighed amount of solid
prepared by filtering, washing, and drying a slurry. In many cases, the procedure of Prout, Russell, and
Groh[ll] for preparing KCoFC was followed, substituting the metal of interest for cobalt (referred to
as the Savannah River method). This method was carried to the point of preparing a slurry [for
method (3)] or the dried solid [for method (4)]. In some cases, the slurries were diluted with
demineralized water so that the volume to be added could be measured more accurately.

The difficulty of clarification caused results to vary considerably. Most work was done using the
slurry (method 3) or a dried material (method 4). The ferrocyanide slurries were readily prepared by
mixing a 0.1 M solution of Na4Fe(CN)6 or K,Fe(CN)6 with a 0.1 M solution of the metal salt (nickel or
cobalt nitrate); a measured amount of the slurry was then added to the waste solution after pH
adjustment. Results of early qualitative tests showed that clarification was more difficult if the
metal/ferrocyanide ratio was less than about 1.5, and precipitate particle sizes are very small at best.
Therefore, the ratio of metal to ferrocyanide was generally kept at 1.5 to 1.7. Some excess metal
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probably precipitated as Ni(OH)2 or Co(OH)2, which would strongly affect the sedimentation
properties. However, lower ratios might be advantageous if solutions are clarified by filtration.

Since the ferrocyanides are usually not stoichiometric or are mixtures of compounds, the actual
concentration used is subject to some uncertainty. The composition can be represented as
•AnTVn/gFeCCN),;, where A is the alkali metal (Na or K), T is the transition metal (Co, Ni, etc.), and
n < 4. Concentrations (as ppm, defined as mg solid/L solution) are calculated by assuming that all the
metal (Ni or Co) and all the Fe(CN)6

4" form a precipitate and, enough of the Na or K is included to
satisfy valency requirements. In practice, these sorbents have slight solubilities and a small fraction of
the metal may not be included in the compound but, instead, may precipitate as the hydroxide. Also,
they are hydrates, which increases their mass. Most work was carried out with a nominal 100 ppm by
adding a pre-prepared slurry with concentrations corresponding to 5.7 x 10"" M Co2+ or Ni2* and 3.4 x
10"4 M Fe(CN)6

4', which calculate to be 104 and 108 ppm for the Na and K compounds, respectively.
The nickel ferrocyanides and sodium cobalt ferrocyanide (NaCoFC) yield powders when dried, but

some compositions (including copper ferrocyanides and potassium cobalt ferrocyanide [KCoFC]) can be
prepared as hard, granular material. Nickel ferrocyanides can be prepared as granular solids, but only
by a long and tedious process.[12] The granular solids can be used in ion exchange columns. [13] All
of these sorbents may be used for caesium removal over the pH range from a maximum of about 11
down to moderately acidic solutions. Above pH 11, the compounds are decomposed and lose
effectiveness. This happens rapidly with powders, but granular KCoFC, after proper conditioning, is
relatively stable for many hours to several days at pH levels up to 13.4 Digestion at high pH (>13)
eventually frees the caesium and ferrocyanide ion, leaving a nickel or cobalt hydroxide precipitate; in
this way, the caesium could be recovered for further concentration, if desired.

2.1.2 Preparation of strontium removal materials
The sorbents tested for strontium removal (sodium titanate, titanium oxide, hydrous titania,

titanium phosphate, and zirconium phosphate) were used as paniculate solids. The sodium titanate
was obtained several years ago from a development program at the Sandia National Laboratory. [14]
The titanium oxide was Fisher reagent grade. The other materials were gel-derived microspheres made
in our laboratory by the internal gelation process.

2.1.3 Calculation methods
The results of the experiments can be expressed by several different parameters that relate to the

decontamination effectiveness. The distribution coefficient, which is useful because it is approximately
constant over a reasonable range of conditions, is calculated as:

K„ = (C0 - C)V/mC = 106(C0 - C)/C(ppm), (1)
where C0 and C are the aqueous concentrations (Bq/mL) of the radioisotope before and after
treatment, m is the mass of sorbent (g), V is the volume of waste solution (mL), and ppm is the
amount of sorbent in parts per million, expressed in this paper as mg sorbent per liter of solution.
When successive samples were removed from the same experiment, the values of C0 and V were
recalculated after each sample was withdrawn, taking into account the measured concentration and
volume of the sample withdrawn. The decontamination factor, as used in this report, is:

DF = CJC = 1 + 1 x 10^ (ppm) K,,. (2)
Defined in this way, the DF includes concentration reduction due to dilution as well as ion exchange,
but there are other definitions of DF that can be used, notably the total activity in the feed divided by
the total activity in the product.

The reduction of activity (including dilution) can also be expressed as the percent removed:
% removed = 100(C0 - C)/C0 = 100(1 - I/DP) = 100(ppm)Kd/[10* + (ppm)^]. (3)

In the data reported as DF or as % removed, the correction for variations in concentration of
successive samples has not been made. In effect, this causes the reported "% removed" to be slightly
smaller than the true value in some cases.
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2.2 Caesium removal with hexacyanoferrate(II) compounds
Typical results from tests with a waste simulant solution are shown in Table V. In the first test,
ranged from 9.9 x 10s to 6 x 106 for Cs removal at all mixing times from 11 min to 7 d. In a repeat

experiment, it was noted that crystals appeared in the bottom of some samples after they had been left
standing for a day, so the solution was clarified in a more effective manner, either by recentrifuging the
sample or by filtering with a 0.2-/jm filter, and DFs improved from 10" to 106. Similar tests were
performed under a range of conditions, and the initial data showed considerable scatter because of
incomplete solids separation. With good clarification, Cs decontamination was very large.

At higher pH, >~11, the ferrocyanides lost effectiveness. The removal of Cs using dried, granular
KNiFCN produced excellent results at pH 9 and 11, even after 2 weeks. At pH 12, however, Cs was
removed only for a short time. After 1 d the removal decreased to 65%; after 4 d it was essentially
zero. A number of AMFCN preparations with various heat treatments were tested, and some — notably

Table V. Caesium Removal with KCoFCN*

Mix
Time
11 min
I h

24 h
7d
7d

Clarification
Methodb

cent
cent
cent
cent
cent 2

Repeat
% Caesium Kj Clarification
Removed Methodb

99.2
99.7
99.1
99.7
99.85

1.19x10*
2.57X106

9.87x10*
3.39x10«
6.05x10*

cent
cent
cent
cent 2
filt

Experiment
% Caesium
Removed

76.8
70.0
82.9
99.34
99.97

K«,

3.00x10"
2.13x10"
4.41x10"
1.38x10*
2.80xl07

110 ppm KCoFCN in simulated LLLW; pH 6.5; Co/Fe =1.7; add ferrocyanide, then cobalt.
bcent: clarified by centrifuging 10 min.; cent 2: recentrifuged 1 d later; filt: filtered through 0.2-/tm filter.

heat-treated KCoFCN — offered fairly good decontamination for a number of days at pH 12. However,
all lost effectiveness with increasing time, probably because of decomposition of the metal ferrocyanide
crystal to metal hydroxide at pH >~ 11.

2.2.1 Effect of high alkali-metal concentrations
Since potassium is 0.5 to 2 M in the MVSTs and is the primary interference with caesium removal

by most processes, a series of tests was performed to extend both the sodium and potassium to
higher concentrations (8 and 1 M, respectively) than those of the W-29 simulant. Both NaNiFC and
KCoFC were tested as slurries at 50 ppm at pH 9.5, with mixing times of 3 h to 4 d. The results
(Table VI) indicate that NaNiFC is somewhat better, especially at the highest potassium concentration,
but both are remarkably effective even with 8 M NaNO3—l M KNO3. The NaNiFC compound was
somewhat better, especially in cases of high KNO3 and low NaNO3 concentrations. There was an
unexpected trend for KCoFC to be less effective in the lower NaNO3 concentrations than in higher
concentrations, but this may be related to clarification rather than ion-exchange properties. Data
reported are the average of two samples after mixing for 4 d; one sample was centrifuged twice, while
the other was centrifuged and then filtered.

2.2.2 Effects of caesium concentration and ferrocyanide dosage
Since significant loadings ,of ion exchangers can be achieved when very large phase ratios are used,

even when the exchanging ion is quite dilute, a test was carried out to determine the effect of caesium
concentration on the distribution coefficient. Stable caesium was added to yield concentrations from
2.5 x 10"7 to 1 x 10'5 M in W-29 waste simulant solution that was traced with W-29 waste supernate.
The tracer added a negligible additional caesium concentration (about 1 x 10'9 M). The results (Table
VII, upper half) show that the caesium Kj exceeded 1 x 10* for all mixing times of 1 d or more over the
entire caesium concentration range when 100 ppm NaNiFC slurry was used. However, with KCoFC,
the KjS were generally < 1 x 10*.

A parallel set of experiments used slurry additions of 10 ppm of NaNiFC or KCoFC (Table VII,
lower half). With 10 ppm NaNiFC, the K,, values were about 6 x 10" after 1 h, with a slight trend to
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Table VL Effects of sodium and potassium concentrations on caesium removal

Na cone.
(M)

2
4
8

0.25 M K

3.0E6
2.0E6
5.7E5

1C at:
! 0.50 M K

50 ppm NaNiFC
1.3E6
2.0E6
1.1E6

1.00 M K

Slurrv
7.1E5
9.7E5
9.1E5

1C
0.25 M K

50 ppm
8.3E5
2.6E6
9.1E5

at:
0.50 M

KCoFC
3.2E5
2.6E6
9.0E5

K 1.00 M K

Slurrv
1.6E5
1.9E5
9.0E5

Table VEL Effect of caesium concentration on caesium K,, from W-29 simulant at pH 10

Cs (M)

2.5E-7"
5.0E-7
l.OE-6
2.5E-6
5.0E-6
l.OE-5

K,
I h

5.0E5
7.2E5
5.2E5
7.2E5
7.0E5
6.5E5

at: 100 ppm
I d
1.3E6
2.0E6
1.7E6
1.2E6
1.8E6
1.5E6

NaNiFC
6d'

3.2E6
2.1E6
2.0E6
3.3E6C

3.6E6e

3.4E6C

1C at: 100 oom KCoFC
I h
8.3E5
7.2E5
5.3E5
4.9E5
4.8E5
4.4E5

10 oom NaNiFC

2.5E-7
5.0E-7
l.OE-6
2.5E-6
5.0E-6
l.OE-5

I h
7.3E4
6.3E4
6.3E4
4.4E4
2.9E4
3.3E4

I d
_ 1
«1
_ 1

2.1E4
*— 1

4.9E4

6da

~1
«1
~1

9.1E3
_ 1

5.6E4

I h
3.3E2
~1

7.1E1
3.9E3
2.2E4
1.7E4

1 d
4.1E5
3.8E5
3.8E5
3.6E5
4.6E5
4.0E5

10 pom KCoFC
1 d
»1
~1
_ 1

1.9E3
3.7E4
3.2E4

6d»
7.5E5C

5.8E5C

8.2E5C

8.1E5C

8.8E5C

1.0E6C

6da

2.3E2
2.1E2
1.6E2
1.1E3
6.6E4
5.8E4

"The 6-d samples are averages of three determinations: (a) centrifugea once; (b) centrifugea twice;
and (c) centrifugea and then filtered. All other samples were centrifuged once.

bRead as 2.5 x 10'7.
cln these cases, Kj was larger in the samples clarified by method (c), indicating the presence of small particles

not completely removed by centrifugation.

Table Vffl. Effects of caesium concentration, pH, and NaNiFC
concentration on caesium removal

CsfMl
2.5E-7
2.5E-6
5.0E-6
5.0E-5
5.0E-6
5.0E-5
2.5E-6
2.5E-6
2.5E-6
5.0E-6
5.0E-5

NaNiFC cone.
fppm1)

10
10
10
10
40
40
10
20
40
10
10

pH
7
7
7
7
7
7
10
10
10
10
10

I h
1.0E5
7.3E4
5.6E4

—
8.9E4
..

4.8E4
9.1E4
1.8E5
4.3E4
5.2E4

1C after:
1 d
1.9E5
1.4E5
1.0E5
..

2.4E5
..

4.6E4
1.2E5
4.1E5
5.0E4
4.0E4

4d 8

3.6E5
3.2E5

—
6.7E4

—
1.4E5
1.0E4
6.1E4
9.3E5
2.9E4
1.2E3

"The 4-d samples are averages of three determinations: (a) centrifuged once; (b) centrifuged
twice; and (c) centrifuged and then filtered. All other samples were centrifuged once.
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decrease as the caesium concentration increased. However, they decreased to very small values after 1-
and 6-day contact times with the lower caesium concentrations but increased somewhat at the highest
caesium concentration. With 10 ppm KCoFC, there was no useful 137Cs removal at any time for
caesium concentrations <2.5 x 10"* M; at higher concentrations, however, there was significant 137Cs
removal that increased with time. Caesium concentrations of 5 x 10"* and 1 x 10'5 M yield caesium
loadings in the 10 ppm sorbent of about 0.25 and 0.5 meq/g, respectively, when about half the total
caesium is loaded, as was the case here. These results show that sorbent concentrations greater than
10 ppm are necessary for effective u7Cs removal from W-29 simulant at pH 10 and suggest that
conversion of the sorbent to the caesium form (CsNiFC or CsCoFC), by exchanging caesium for the
other alkali metals, stabilizes the ferrocyanides against decomposition.

A different set of experiments with slurries containing 10, 20, or 40 ppm NaNiFC and caesium
carrier indicated that U7Cs removal is inhibited at pH 10, compared with pH 7 (Table VIII). The effect
of caesium concentration at pH 7 with 10 ppm sorbent appeared to be modest, with a small decrease in
137Cs removal as the concentration increased. The caesium loading of the sorbent was surprisingly large
in the case of 5 x 10;s M caesium, corresponding to 2.6 meq/g sorbent. At pH 10 with 10 ppm sorbent,
137Cs removal was about the same at 2.5 x 10"* to 5 x 10"5 M at l h and 1 d but decreased after 4 d.
Only in the case of 5 x 10"5 M caesium did 137Cs removal become very small. This contrasts to the
observation reported in Table VII, in which increased caesium concentration (to a maximum of 1 x 10'5
M) caused an improvement in U7Cs removal; however, at 5 x 10"5 M, more caesium is present than can
be exchanged into the sorbent. An accurate caesium concentration has not been reported for the
MVST waste, but earlier results indicate that caesium is <0.5 ppm, or <4 x 10"* M, well within the
range of these measurements. Therefore, the data indicate that the stable caesium loading from the
MVST waste will not significantly reduce the efficiency of U7Cs removal.

At pH 7, caesium removal always increased with time; at pH 10, however, it decreased after 1 d in
every case except that for 40 ppm NaNiFC. This observation again indicates that the ferrocyanides lose
effectiveness as pH increases, probably as the result of decomposition (metathesis) of the sorbent to
form the transition-metal hydroxide [Ni(OH)2] as pH increases. As the sorbent dosage increases, this
effect becomes less important. Thus, at pH 10 with low caesium concentrations, 10 ppm sorbent is
relatively ineffective; however, there is only a small loss in effectiveness with time with 20 ppm
NaNiFC, and with 40 ppm, the caesium removal increased over the test period. Other data have shown
that effectiveness is lost at pH about 11 when 100 ppm sorbent is used.

Results of a comparison of KCoFC and NaCoFC slurries prepared according to the Savannah
River method showed that each product had limited stability at pH 11.1 (Table IX). In this test,
different amounts of sorbent from 20 to 200 ppm were.used. At pH 9.2, the two materials were
generally comparable except for the 20 ppm NaCoFC series, which gave lower results than the others.
At pH 11, both materials were ineffective at 20 and 50 ppm, but Kj increased with higher sorbent

Table DC Distribution coefficients of KCoFC and NaCoFC at different sorbent loadings

Time

pH9.2
12 min
1 h
6 h
3d
4d
4 d, filt.

oH 11.1
12 min
l h
6 h
3d
4 d

Amount of KCoFC sorbent Cppm")
20

3.1E4
6.8E4
2.3E5
6.7E5
5.5E5
8.4E5

4.4E2
~0
~0
-0
—

50

6.9E4
1.5E5
3.3E5
6.4E5
5.0E5
1.1E6

3.7E2
~0
-0
-0
—

100

4.5E4
1.5E5
3.4E5
7.9E5
3.0E5
1.9E6

5.2E3
5.4E3
3.7E3
1.7E3
--

200

LIES
1.8E5
3.6E5
8.6E5
2.4E5
2.8E6

2.5E5
4.9E5
4.1E5
3.4E4
1.9E4

Amount of NaCoFC sorbent
20

1.3E4
2.5E4
6.6E4
1.3E5
1.4E5
1.5E5

41
~0
~0
-0
~

50

8.7E4
1.8E5
3.8E5
8.1E5
7.4E5
1.2E6

-0
~0
~0
~0
—

100

6.9E4
1.9E5
4.6E5
6.7E5
6.2E5
2.2E6

6.2E3
1.5E4
2.0E4
5.6E2
--

(ppm)
200

1.4E5
2.5E5
5.6E5
6.1E5
6.7E5
1.9E6

2.3E5
6.9E5
3.7E5
2.1E5
3.1E5
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concentrations, 100 and 200 ppm. At pH 11 with 100 and 200 ppm sorbent, the K,, decreased from 1
or 6 h to 3 or 4 d. With 200 ppm sorbent at pH 11, NaCoFC gave larger K,jS than did KCoFC at
longer times; however, at still higher pH levels, both compositions became ineffective.

2.2.3 Removal of caesium from high-pH solutions with dried KCoFC
Dried, granular KCoFC is resistant to decomposition at pHs higher than 11, so a series of

experiments was conducted at pH 9, 12, and 13 using amounts of sorbent between 67 and 667 ppm.
The KCoFC was prepared according to the Savannah River method, dried at 100 °C, and screened to
100-230 mesh particle size. The results are reported in Table X. At pH 9, caesium removal increased
steadily with time and the amount of KCoFC added. A substantial degree of caesium exchange was
achieved within a few hours, but the removal continued to increase even after 3 d.

At pH 12, caesium removal increased to a maximum between 1 to 3 d and then decreased
somewhat at 14 d. The exception to this was at the largest KCoFC addition, 667 ppm, in which
caesium removal remained essentially constant from 1 to 14 d. Thus, with a relatively large amount of

Table X. Caesium distribution coefficients at high pH with granular KCoFC

Time

pH9.1
2 h
6 h

24 h
3d
14 d
pH 12.1
2 h
6 h

24 h
3d
14 d
oH 13.2
2 h
6 h

24 h
3d
14 d

Granular KCoFC (vvm)
67

1.4E4
2.5E4
4.8E4
6.9E4
1.1E5

2.1E4
5.0E4
1.1E5
1.0E5
4.6E4

4.3E4
5.4E4
4.1E4
1.3E4
5.2E2

133

1.2E4
2.1E4
4.1E4
5.8E4
8.7E4

3.2E4
7.0E4
1.4E5
1.4E5
6.5E4

3.8E4
4.6E4
3.5E4
1.1E4
7.7E2

333

1.5E4
2.6E4
4.7E4
6.0E4
9.8E4

2.3E4
5.2E4
1.1E5
1.2E5
6.0E4

2.7E4
3.1E4
2.4E4
8.5E3
7.7E2

667

2.3E4
4.1E4
7.7E4
9.8E4
1.5E5

4.3E4
8.2E4
1.7E5
1.7E5
1.9E5

4.7E4
5.0E4
4.2E4
1.6E4
2.4E3

sorbent, effective caesium removal was achieved for contact times of at least 14 d at pH 12. The
performance was degraded considerably more at pH 13 than at pH 12. Caesium removal was
decreasing within 1 d, but it was still >90% for 3 d in the case of the largest KCoFC addition. Even at
pH 13, significant caesium removal can be realized over a period of the order of 1 d to perhaps a few
days if the amount of sorbent is large enough. Storage of caesium-loaded sorbents at high pH levels
will result in decomposition of the sorbent and release of the sorbed caesium.

At times up to 3 d, K,, values are generally larger at pH 12 than at pH 9, although they
subsequently decrease at longer times at pH 12. The K,, value did not usually change significantly as
the sorbent dosage increased by a factor of 10, from 67 ppm to 667 ppm. The major exceptions were
for the longest time of mixing at pH 12 and 13, at which Kj increased for the largest amount of
sorbent. At lower pHs, K,, is smaller with the granular form of KCoFC, probably because of a smaller
surface area. The advantage of the heat-treated, granular sorbent is its resistance to high-pH solutions.
The loss of effectiveness with increasing time at high pH is probably caused by slow metathesis of part
of the sorbent to Co(OH)2, which effectively reduces the amount of KCoFC. Such a decomposition
reaction is apparently much slower with the granular KCoFC than with slurries that become ineffective
at pH 13 within a much shorter time. Since decomposition of the sorbent is probably related to
solubility products, excess sorbent can be added to compensate for the loss of effectiveness.
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A commercial preparation of KCoFC marketed by Bio-Rad some years ago but is no longer
available, was tested at pH 9, 11, 12, and 13. The distribution coefficients increased with time at pH 9
but showed a maximum at some intermediate time at the higher pHs. The higher the pH, the shorter
the time to the maximum. As in the cases reported above, the values tended to be smaller at pH 9
than at the higher pHs, except for the longer exposure times. After 4 d, this material is slightly
superior to the preparation described in the preceding tables.

2.2.4 Removal of caesium with other transition-metal ferrocvanides
Scouting tests were carried out with copper, ferric iron, ferrous iron, manganese, and zinc

ferrocyanides. Copper ferrocyanide (KCuFC) is available in limited quantities in France and has been
studied in England. The material used in the tests was prepared according to the Savannah River
method for KCoFC. The solid was dried at 75 °C, crushed, and screened; a 100-200 mesh size fraction
was used at a dosage of 333 ppm. The results (Table XI) show that this sorbent is comparable, or
perhaps somewhat superior, to KCoFC at pH 9, but loses its effectiveness at pH 11 or greater much

Table XL Caesium distribution coefficient with granular KCuFC (100-200 mesh,
333 ppm) and NaNiFC slurry

Granular KCuFC
Time

1 h
24 h
4 d
7d

14 d

9
3.2E4
2.4E5
3.8E5
3.7E5
3.9E5

at pH of
11
4.0E3
8.9E1
2.4E1
2.2E1
2.5E1

NaNiFC Slurry at
DHof:

12
~0
92
5
9

23

9
8.6E4
7.4E5
2.2E6
1.5E6
1.6E6

11
4.1E4
3.8E5
7.1E5
6.0E5
1.1E5

12
2.7E4
5.9E3
5.9E1
-0
-0

more rapidly than does KCoFC. For comparison, NaNiFC slurry used at 100 ppm showed that
granular KCuFC is useful at pH < 11 but is not as effective as nickel or cobalt ferrocyanide slurries; at
higher pHs, it is not as effective as granular KCoFC.

Several preparations of the zinc compound were tested, both as a slurry and as a dried solid
prepared with a range of stoichiometric ratios. All forms were relatively ineffective with the W-29
simulant solution, yielding Kj values generally less than 1000. With normal tap water at pH 6.8, Kj
values were about 2 x 105; with 1 M NaNO3 at pH 8.6, the Kj was about 1 x 104. Manganous
ferrocyanide slurry was prepared in the same way as NaNiFC and used in tap water and 3 M NaNO3 at
pH 7 to 8. With tap water, it was quite effective over short times (hours), with K,, = 1.5 x 10*;
however, the Kj decreased with time and was only 5.6 x 104 after 14 d. With the 3 M NaNO3 it was
relatively ineffective at all times, decreasing from 1.5 x 10" after 12 min to 1.2 x 102 after 14 d.
Potassium ferric ferrocyanide (Prussian blue) was prepared by a slow crystal growth method. This
compound normally has very small particles or is colloidal, but the slow crystal growth method yielded
solids that could be handled. It was reasonably effective in tap water, giving K,, values of nearly 1 x 10*
and 2 x 10s at pH 8 and 10, respectively, but it was inferior to other sorbents in the W-29 simulant,
giving Kj values of 2 x 104 and ~0 at pH 7 and 11, respectively. Potassium ferrous ferrocyanide was
prepared by drying the precipitate at 75 °C, crushing, and screening the product; the 100-200 mesh size
fraction was used. It was generally less satisfactory than other sorbents for caesium removal from W-29
simulant, giving KjS in the range of 3 x 103 to 5 x 103 at pH 9 and <1 x 103 at pH 11. The above
materials were not studied further.

2.2.5 Removal of caesium from acid solutions
Scouting experiments were carried out to test the ability of ferrocyanides to remove caesium from

acidic solutions. A process utilizing such compounds would be useful for decontaminating acidic waste
solutions at the source. Acidified W-29 simulant solution (high salt concentration) and water were
used. Each was adjusted by adding a quantity of HC1 calculated to increase the acid concentrations to
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Table XH Caesium distribution coefficients for acidified solutions with
100 ppm ferrocyanides

Solution8

Water
Water
Water
Water
Water
Water
Simulant
Simulant
Simulant
Simulant
Simulant
Simulant

pH
0
1.0
2.3
0

1.0
2.3
0

7.6
7.9
0

7.6
7.9

Sorbent
KCoFC
KCoFC
KCoFC
NaNiFC
NaNiFC
NaNiFC
KCoFC
KCoFC
KCoFC
NaNiFC
NaNiFC
NaNiFC

I n
2.0E5
5.6E5
3.3E6
4.1E5
3.3E5
2.7E6
6.7E3
2.9E5
5.6E5
7.5E3
2.4E5
3.1E5

Time
I d
2.3E5
5.1E5
1.4E6
6.3E5
7.7E5
6.8E5
5.7E3
4.0E5
1.3E6
3.6E4
4.9E5
9.4E5

14 d
2.4E5
6.1E5
1.1E6
1.1E6
1.5E6
1.3E6
4.8E3
4.0E5
1.9E6
1.4E5
1.5E6
9.0E5

14 d"
5.2E5
1.4E6
3.8E6
4.7E6
3.4E6
2.7E6
5.5E3
2.2E6
1.7E7
1.6E5
3.3E6
8.3E5

"Solution is water or MVST W-29 simulant plus HC1 to adjust pH and a U7Cs spike from
MVST W-29.

bbSample filtered before counting.

Table XQL Caesium removal from acid solutions with 100 ppm
NaNiFC at 4-d contact time

Solution HNCs (MÏ
Water

Water

Simulant

Simulant

Simulant

1.0

2.0

1.0

2.0

4.0

Sample'
cent
cent/cent
cent/filt
cent
cent/cent
cent/filt
cent
cent/cent
cent/flit
cent
cent/cent
cent
cent/cent
cent/filt

% Removed 1C.
87.7
88.1
88.5
87.7
89.8
90.7
83.1
83.8
83.4
77.3
78.2
63.0
64.4
64.9

4.3E4
4.5E4
4.66E4
4.3E4
5.4E4
5.9E4
3.0E4
3.1E4
3.1E4
2.1E4
2.2E4
1.03E4
1.1E4
1.1E4

"cent = sample centrifugea once; cent/cent = centrifuged twice;
cent/filt = centrifuged and then filtered.

1, 0.1, and 0.01 M. This adjustment was reasonably successful in the case of water as the final pHs
were 0, 1, and 2.3; however, the W-29 simulant final pHs were 0, 7.6, and 7.9.

The results (Table XII) show that, while 100-ppm quantities of both KCoFC and NaNiFC slurries
are reasonably effective with the acidic water solutions, NaNiFC is superior. Decreasing the pH below
2 has a deleterious effect, but caesium removal is about as complete at pH 2.3 as it is at high pH levels.
Thus, the ferrocyanides are equally useful in water over the pH range from 11 to 2, with a small
decrease in effectiveness as the pH decreases to 0. With the acidified W-29 simulant, NaNiFC is clearly
superior to KCoFC, with about 90% caesium removal (DF of 10) being attained with 100 ppm of
sorbent. It is clear that caesium can be removed from acidified salt solutions, even up to l M acid, but
caesium removal is more effective at higher pH levels.

Additional experiments tested the effectiveness of NaNiFC slurries at higher acidities (Table XIII).
At l M acid, caesium decontamination was somewhat less effective than that reported above. However,
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reasonably good caesium removal was obtained at both l M and 2 M HNO3, with about 90% of the
caesium being removed with 100 ppm sorbent. The use of NaNiFC for caesium decontamination of
acid solutions, such as evaporator condensâtes and decontamination solutions, is suggested if it is not
practical to increase the pH of the solution to improve the effectiveness of the sorbent.

2.2.6 Removal of caesium from PW and MVST supernate solutions
Results using several PCs on actual supernate from one of the ORNL waste tanks are shown in

Table XIV. In the first four cases, the solutions were adjusted to pH 9.6. NaCoFCN and NaNiFCN at
50 ppm were especially effective. Clarification problems caused some of the results for KCoFCN to be
poor. The last column, for 21 d, is most significant because greater care was taken to remove solids
that had caused poor Cs decontamination in some cases.

At the higher pH of 11.5, good removal of Cs was obtained with granular KCoFCN over a period
up to ~1 d, but then it became less effective. At 100 ppm, it removed <10% after 21 d; and at 500
ppm, -50%. In the last case, 500 ppm of sodium titanate was also added and Sr was effectively
removed. These experiments demonstrate that >99% of both Cs and Sr can be removed from this low-
level waste with a single-stage batch separation.

Table XIV. Decontamination of LLLW Supernate Solution*

Sorbent
PPM FCN"

50 NaCo-S
50 NaNi-S
50 KCo-S

150 KCo-S
100 KCo-G
500 KCo-G
500 +NaT"

LLLW
pH

9.60
9.60
9.60
9.60

11.5
11.5

15m

83.8
77.9
23.0
66.4
83.8
94.3

Mixing Time
4 h 24 h

% Caesium Removed
96.1 99.0
93.4 97.5
49.1 88.3
92.4 99.0
95.5 87.2
98.0 95.6

21 dc

99.5
99.3
97.6
99.7
8.4

55.5

% Strontium Removed
500 KCo-G 11.5 58.2 92.2 97.3 99.5
500 +NaT_______________________________________________

"Feed: 2.4X105 Bq/mL 137Cs + 3-OxlO3 Bq/mL "'Sr.
bS = slurry; G = granular, NaT = sodium titanate.
"Samples settled overnight, then filtered.

An experiment to test a batch LLLW flowsheet using three successive stages used l L of supernate
from an earlier sample from MVST W-26. The experimental data and conditions are summarized in
Table XV. Three separation stages reduced the caesium activity to the limit of detection with the
counting system available, with an overall DF of >1.9 x 10s for the three cycles of decontamination.
This experiment confirms that caesium is present in exchangeable forms so that each of the successive
stages of separation yields about the same DF, at least until nearly all the caesium has been removed.
Such results clearly demonstrate that caesium can be reduced to a very low level, in the vicinity of
permissible discharge limits. The primary uncertainty in extrapolating from this scale to a process level
lies in the extended time (several days) that took place between the first and second batch contacts.

Small quantities of ferrocyanides were added to the softening-clarification step in the PWTP (Table
XVI). Additions of NaNiFCN were most effective, with even 3 ppm giving an adequate DF. Nearly all
the tests except the blanks gave useful DFs.

23 Removal of strontium from simulant solutions
A number of gel-derived microsphere preparations made by an internal gelation process and other

inorganic sorbents were tested with W-29 simulant solution containing ^Sr tracer and a small amount
of actual W-29 supernate for a U7Cs spike. The data are summarized in Table XVII. None showed
removal of caesium under any conditions. All materials removed strontium much more effectively at
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Table XV. Test of three-stage batch separation of mCs from W-26 supernate

Solution 137Cs CsDP Total Notes
_________(Bq/mLI cycle____DP_____________________
Feed 1.89E5
First Extraction: Add 104 ppm NaNiFC + 200 ppm NaT; mix 4 h; let settle.
Al 1.10E4 17 - First 250 mL decanted after 20 h
A2 1.03E4 18 - Second 250 mL decanted after 20 h
B2 5.85E3 32 - A2 after settling additional 16 h
C2 1.81E3 104 - Same as B2 plus centrifuged
F2 1.75E3 108 - Same as B2 plus filtered
B3 1.68E3 113 - A2 after settling additional 2 d
B4 1.66E3 114 - Duplicate of B3
Second Extraction: Add 104 ppm NaNiFC + 200 ppm NaT to A2; mix.
2F1 94 110 2010 Filtered sample after mixing 9 min
2F2 76 135 2490 Filtered sample after mixing 14 min
2F3 58 178 3260 Filtered sample after mixing 30 min
2F4 44 234 4300 Filtered sample after mixing 60 min
2F5 21 490 9000 Filtered sample after 20 h
Third Extraction: Add 104 ppm NaNiFC to 2F5; mix.
3F1
3F2
3F3
3F4
Average

0
3
0
1
1

X 1

-

-

-

21 1.9E5

Filtered sample after mixing 2 min
Filtered sample after mixing 8 min
Filtered sample after mixing 30 min
Filtered sample after mixing 60 min

"DF includes dilution factor of about 1.03 each cycle.

Table XVL mCs Removal From Process Waste*

Sopbent
PPM FCN"
100 KCo-G
100 KCo-G
20 KCo-G
20 KCo-Sc

20 KNi-S
3 KNi-S

20 NaNi-S
3 NaNi-S

20 NaCo-S
0 Blank
0 Blank

Cone.
Feed

90.
141.
61.

141.
141.
100.
100.
141.
141.
141.
190.

fBq/U
Supernate

3.1
1.6
2.9

11.
2.8
1.9
2.1
8.

19.
114.
150.

DF

61.
88.
21.
13.
50.
54.
49.
17.
7.
1.2
1.3

'Add 2.5 ppm Fe3+ + 0.3 ppm Betz 1100 + NaOH to pH 11.5.
bG = granular form;
'Heat-treated sluny.
bG = granular form; S = slurry form.
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pH 13 than at lower pH levels, and all but the Sandia sodium titanate (pelletized, heat treated and
ground) [14] (NaT) and titanium phosphate were relatively ineffective at pH <11, which is the upper
limit for long-term stability of ferrocyanides that might be used for concurrent caesium removal. At
the higher pHs, NaT is clearly superior to all other materials tested. In a batch contact, 454 ppm
removed 99% of the strontium at pH 13 and about 90% at pH 11, values that are in the range of
practical batch applications. At lower pHs (10 and below), the titanium phosphate preparations were
nearly as effective as NaT, although they were inferior at high pH levels. Some of the gel-derived
microsphere preparations were much better materials to work with because of the absence of fine
powders, although some preparations tended to degrade during mixing. All showed much slower rates
of sorption, as would be expected because of the small surface area. The data in Table XVII are for
24-h mixing time; KjS were observed to increase significantly over longer time intervals, up to > 15 d in
some cases. Such long times are not practical for most process applications. At a pH of 10 or less, the
TiP exchangers are comparable to NaT, and it is likely that an improved form could be synthesized.
Accordingly, these results are sufficiently promising that additional work would be worthwhile to
attempt to prepare microspheres with better exchange characteristics by varying the porosity and
crystallinity.

Table XVH. Strontium removal from W-29 simulant with inorganic sorbents

Sorbent
type8

NaT
TiO2
SG-TiO2
SG-NaT-B
SG-NaT-C
SG-ZrP
SG-TiP-A
SG-TiP-B

Sorbent
(ppm)

454
1820
-300
-300
-300
-300
-300
-300

PH
K,"

7.6E3
6.0E1

1.3E2
4.1E3
5.5E3

10
%e

78
10

4
58
65

pH 11 DH 12 oH
V b off V b o/c V bJVj /o rvj /o rvj

2.1E4
1.1E2
1.1E3
1.8E3
1.7E3

91
17
30
41
39

3.7E4 94 1.9E5
6.4E2 54 2.9E3

1.5E3
2.1E3
2.1E3
1.7E4
2.2E4
1.9E4

13
%c

99
84
37
44
45
85
88
86

NaT is granular sodium titanate made from the Sandia preparation; TiO2 is reagent-grade titania (Fisher); SG codes are
gel-derived microsphere preparations made by the internal gelation process of the following: TiO2 is hydrous titanium oxide; NaT-
B and NaT-C are hydrous titanium oxides treated with NaOH; ZrP is hydrous zirconium oxide treated with phosphoric acid; and
TiP-A and TiP-B are hydrous titanium oxide treated with phosphoric acid.

'Values after 24 h of mixing; KL. increased with longer times.
c% refers to the percentage of ®Sr activity removed from solution after 24 h.

2,4 Source treatment studies of aluminum decladding solutions
There is increasing interest in treating certain highly active wastes at their source rather than

mixing them with a very much larger volume of low-activity waste containing large amounts of salts.
One important waste is generated by dissolution of the aluminum associated with aluminum-clad
actinide oxide cermet irradiation targets at the Radiochemical Engineering Development Center
(REDC). The caustic solution contains large amounts of aluminum and 137Cs activity, plus some '"Sr,
but almost no actinides. The expected composition is shown in Table XVIII. Removal of 137Cs from
this waste would substantially decrease the 137Cs input into the LLLW system over the next few years.

Batch equilibrium measurements of distribution coefficients with NaT, KCoFC, and the SRS resin
[15,16] were conducted on this simulant traced with W-29 supernate for 137Cs and ^Sr. Solutions at full
strength, diluted two parts solution to one part water, one part solution to one part water, one part
solution to two parts water, and one part solution to three parts water (1.055, 0.703, 0.528, 0.352, and
0.264 M sodium aluminate, respectively) were prepared. Because of the effect of pH on aluminum
solubility, concentrated nitric acid was added to adjust the pH of these solutions, in intervals of 0.2 pH
unit, to values calculated to be between 14.1 and 13.1. The measured pH range was 13.7 to 12.8.

Results of these tests are shown in Table XIX for the inorganic ion exchangers. Two of the
solutions, at zero and 1:1 dilution, were tested for strontium removal by adding about 700 ppm of
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Table XVHX Expected composition of aluminum target dissolution waste

Species

NaAlO2
NaOH
NaNO3

pH

Concentration
(M)

1.054
1.298
0.469

14.1

Species
134Cs
137Cs
""Sr
12Soh

"*Ru

Ci/L

2.9
6.7
0.11
0 1?
0.009

Table XIX. Caesium and strontium removal from caustic aluminate solution
with inorganic sorbents

Exchanger8

NaTi-0

TiFC-0

TiFC-2:l

NaTi-l:l

TÏFC-1:!

TiFC-l:2

TiFC-l:3

Contact
time

flrt
I
1
24
72
I
1
24
72
I
1
24
72
I
1
24
72
I
1
24
72
I
1
24
72
I
1
24
72

Al/OH/NO
fM1»

1.055
1.298
0.469

0.982
0.122
1.523

0.672
0.124
1.002

0.528
0.649
0.235

0.511
0.124
0.731

0.345
0.127
0.451

0.261
0.128
0.308

DH
Value

14.11
13.71
13.69

13.09
13.00
12.97

13.09
13.01
12.96

13.81
13.57
13.50

13.10
13.00
12.96

13.10
12.99
12.97

13.10
13.01
13.02

Condition1"
C
B
E

C
B
E

C
B
E

C
B
E

C
B
E

C
B
E

C
B
E

SrIQ

8650
110961
104565

8317
39372
67083

26958
214881
327316

11973
108884
96761

33825
169589
263839

37908
204746
219437

20372
112871
154491

CsK,

32
20
15

12474
36627
34153

36317
89140
64187

23
31
38

31064
78141
67093

33249
120784
96335

20218
114918
120919

Sr
Rem.

85.09
98.70
98.61

78.22
94.60
96.78

92.73
99.03
99.37

89.47
98.75
98.60

95.21
99.01
99.37

94.67
98.97
99.04

91.97
98.47
98.88

Cs
Rem.
(%1

2.05
1.10
0.55

85.64
94.67
94.30

94.51
97.69
96.83

1.60
2.25
3.07

94.80
97.88
97.53

93.99
98.28
97.85

91.91
98.48
98.56

a NaTi-0,1:1 are 700 ppm sodium titanate at zero and 1:1 test solution dilution with water, respectively. TiFC-0, 2:1, 1:1, 1:2, and 1:3 are
700 ppm sodium titanate and 500 to 600 ppm potassium cobalt fenocyanide at zero, 2:1, 1:1, 1:2, and 1:3 dilutions of test solution with water,
respectively.

b C, B, and E are the initial calculated pH, initial measured pH, and the measured ending pH, respectively.

Sandia sodium titanate exchanger at the calculated pHs of 14.11 and 13.81. All five dilutions, at a
calculated pH of 13.1, were tested for the removal of both caesium and strontium by adding a
combination of 700 ppm sodium titanate and 500 to 600 ppm of KCoFC prepared according to the
Savannah River method, dried at 100 °F, and sized to 100-230 mesh. Results at all conditions and
times showed promising decontaminations. After 72 h, the KCoFC still retained the 137Cs that had
been picked up at shorter mixing times, even though the pH was about 13.
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2.5 Removal of *°Co from supernate
Tests were initiated to determine whether *°Co could be removed from the supernate when results

showed that, following the removal of U7Cs, it would be the primary contributor to the gamma field
remaining in the supernate. Cobalt can be present in different physical and chemical forms, including
colloids and anionic and neutral complexes, as well as the more common cationic species.[17] A variety
of ion-exchange and clarification methods were evaluated in scouting tests that were initiated just
before the experimental program was interrupted.

Ultrafiltration [18-23] was tried first using a 20,000-MWCO membrane, at pH 8.5, from the above
W-26 supernate as received after one cycle of ferrocyanide/sodium titanate decontamination. No
removal (within experimental error) of *°Co was observed. Adjustment and equilibration to pH 13
before ultrafiltration, again resulted in no measurable decrease in *°Co activity.

A number of inorganic sorbents materials were also tested for removal of *°Co from the W-26
supernate solution used above for several tests of 137Cs removal. The dominant gamma activity left was
^Co (about 180 Bq/mL), and essentially no cobalt had been removed during these caesium-removal
tests. This solution (pH -10.2) was used to test a number of processes that might remove *°Co. No
useful cobalt removal (DF < 1.25) was achieved by:

Addition of granular KCoFC at pH 10.2
Addition of Co(NO3)2 at pH 10.2, and then Na4Fe(CN)6, to precipitate NaCoFC in situ
Addition of Co(NO3)2 at pH 12.8, and then Na4Fe(CN)6, to precipitate NaCoFC in situ
Adjust pH to «1, add CofNOj)^ then adjust pH to 7.8 before addition of Na4Fe(CN)6
Addition of Co(NO3)2 at pH 1, before pH adjustment to 10.2 or 12.8 to precipitate Co(OH)2
Addition of sodium aluminate to precipitate aluminum hydroxide
Addition of cobalt hexacyanocobaltate at pH 10.2
Manox A (MnO^ claimed to be a specific cobalt sorbent) at pH 10.2
Addition of KCuFC at pH 10.2
Addition of sodium titanate at pH 10.2
Addition of Co(NO3)2 plus TRU-Clear (potassium ferrate, strong oxidant that precipitates as
Fepj) at pH 10.2
Addition of Chelex 100 at pH levels of 2.7, 10.2, and 12.8
Addition of Lewatit 208 at pH levels of 2.7, 10.2, 12.8
Adjustment of pH to «1; addition of Co and H2O» addition of Chelex 100
Adjustment of pH to «1; addition of Co and H2O2; addition of Lewatit 208
Adjustment of pH to «1; addition of Co and H2O2; addition of Dowex 1
Adjustment of pH to »1; addition of Co and H2O2; addition of Dowex 50.

The data show that cobalt is not filterable even with ultrafilters of porosity corresponding to 20,000
MWCO, is not exchangeable with stable cobalt carrier over the pH range from 1 to 12.8, and is not
exchangeable on ion exchangers under conditions that remove normal cobalt from solution. These
results suggest that the residual cobalt in the waste supernate solutions is in some nonequilibrium form,
possibly an inner-sphere complex, that is not in reasonably rapid equilibrium with the "normal" species
of bulk cobalt in solution under the same conditions.

3. PERFORMANCE OF SELECTED TREATMENT PROCESSES
Results from the experimental program showed that the following decontamination methods appear

most promising.
Inorganic sorbents: Organic ion exchange resins:____________

1. Caesium removal with FCs, 3. Caesium removal with the SRS resin,
2. Strontium removal with NaT; 4. Strontium removal with an organic chelating resin.
The inorganic sorbents generally are more selective than organic ion exchangers under reasonable

conditions, and it is anticipated that they would give large DFs (102 to 105) if used in a batch (stirred-
tank) mode consisting of one to three stages in series. This would be a relatively simple process rather
like the sludge-precipitation processes commonly used in waste treatment. It must be recognized that
solids in addition to the added sorbents may also be produced because of precipitation of constituents
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of the LLLW (i.e., from pH adjustment). Solids cannot be tolerated in column feed; so the solution
would have to be carefully clarified if exchangers were used in column configuration.

For practical purposes, K,, is directly related to the DF in a one-stage process. If Kj is large, DFs
approaching 100 might be obtained in one stage using a practical amount of sorbent (<1000 ppm = 0.1
wt. %). If the system continues to obey the same equilibrium, the overall DF is squared if two batch
separation stages are used in series, and cubed if three stages are used. Thus, reasonably large DFs can
be achieved with a very few batch process stages if K,, is large. Such considerations suggest that one to
three batch separation stages should be adequate for caesium and strontium decontamination using FCs
and NaT, respectively under favorable conditions. Very different flowsheets can be made to work, and
many factors such as equipment and space requirements, operational mode, and maintenance can be
quite different. The selection of the optimum method or combination of methods will depend on the
particular situation.

3.1 Ferrocyanide and sodium titanate sorbents
The transition metal ferrocyanide sorbents may be used for caesium removal over the pH range

from a maximum of about 11 down to moderately acidic solutions. The range 7 to 11 is of main
interest, but decontamination of acidic solutions could be useful for treatment of specific wastes at the
source. Settling characteristics of the FCs are known to depend on several conditions of the
preparation procedure, such as the concentrations of reagents, mole ratios, order of addition,
temperature, aging time, and others; and no prediction can be made other than by following a standard
recipe. The use of surfactants or polyelectolytes might improve sedimentation.

The FCs present a problem with respect to final disposition. It is possible to recover the caesium
from them by treatment with NaOH, but this is likely to evolve into a fairly complicated recycle
scheme. The caesium could than be loaded on a stable solid such as a zeolite and incorporated into a
solid waste form (concrete or glass). The FCs are suitable for direct fixation in certain wastes, such as
concrete, and this has been investigated in the UK. [24] Caesium leach rates are low and the waste is
stable. As long as the temperature is limited and the compounds are sufficiently diluted by the
concrete, they are stable. However, a serious potential problem has developed recently at Hanford
because very large quantities of FCs and mixtures of nitrate/nitrite salts have been dewatered in large
storage tanks. [25] This situation is under intensive investigation currently, and the result will
determine how FC wastes can be solidified at Hanford and other locations.

Sodium titanate has been investigated to a smaller extent than the FCs, but the use of material
prepared at the Sandia National Laboratory[14] and formed into a granular product by Cerac
Corporation during a development program several years ago was very effective. Sodium titanate will
also be used for strontium removal at the Savannah River Site. In addition, reagent grade TiO2 and
several preparations of gel microspheres of hydrous titania, titanium phosphate, and zirconium
phosphate have been used in scouting tests. All of these were considerably inferior to the NaT in
terms of KjS, but it is possible that gel-derived material with better exchange properties could be
prepared to take advantage of the superior handling properties.

It may be possible to use NaT with a caesium removal process using FC if a large strontium DF is
not required. This could be carried out at pH 10.5-11, even though strontium removal would not be
very efficient under this condition. Alternatively, pH 13 could be used to improve the NaT and a
stabilized KCoFC might be effective; but there would be a time constraint on the contact time, and
either caesium or strontium would not be permanently held by the sorbents if the pH stayed above 11.
Also, the stabilized KCoFC would be much more expensive to prepare.

The titanates cannot be effectively eluted, so they logically become the solid waste for disposition.
Much work has been done relating to the incorporation of NaT in solid wastes. Strontium titanate has
also been used as an isotopic heat source material. It is stable, non-reactive, and suitable for
incorporation in a variety of solid waste forms.

3.2 Organic sorbents
The organic ion exchangers might be particularly suited for a polishing step to remove residual low

levels of activity after the bulk had been removed by a batch process with the inorganic sorbents. They
give K/s in the range of 102 to 10\ so that column operations are more suitable in general. The
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resorcinol-based Savannah River resin is effective for caesium removal over a fairly wide pH range, but
the optimum is about pH 12.5.[3,4] Potassium interferes with Cs uptake to a significant extent, and the
potassium concentration is high in some tanks. Several tanks are ~0.25 M, but others are > 1 M, and
the average of all supernate is 0.51 M. The capacity of an ion exchange column with SRS resin,
estimated from batch distribution data, is not more than 500 column volumes at 0.5 M K*.

Several chelating resins were tested for strontium removal. These included IRC-718, lonac SR-5,
and Lewatit 207 and 208, all of which were found to be quite effective. IRC-718 and Lewatit 207 and
208 showed excellent potential column capacities, in the vicinity of 2000-3000 bed volumes. Chelating
resin could be used mixed with SRS resin for removal of both caesium and strontium in the same
column, or separate columns could be used in series. The second approach is probably advantageous
because conditions such as residence time during loading and the elution procedure could be optimized
for each resin. A small-scale column test was made with a mixed bed of SRS resin and IRC-718 and
successfully removed both elements together.

4. PROCESS OPERATIONS AND FLOWSHEETS
Several operations will removing actinides, caesium, and/or strontium from LLLW, and a flowsheet

will consist of a rational combination of these individual steps. We studied the following:
1. Clarification at pH >~13 or <11 to remove actinides, *°Co, and other metals from supernate;
2. Caesium removal by inorganic ion exchange with FC in a batch process, at pH <11;
3. Caesium removal by SRS resin in a column process, at pH 11 to 13 but preferably -12.5;
4. Strontium removal by ion exchange with NaT in a batch process, preferably at high pH, >~13;
5. Strontium removal by organic ion exchange with a chelating resin, with pH 10-13.
The processes have different optimum pH values, so it would be advantageous to operate different

steps at different pHs, such as 10.5-11 and 12.5-13. The lower pH range is advantageous for caesium
removal with NaNiFC and is satisfactory for strontium removal with chelating resins. The higher pH
range is necessary for efficient strontium removal with NaT, and it is expected to be advantageous for
alpha removal by clarification. Solids may seriously interfere with an ion exchange column operation.
Batch separations should be used in the early stages when radioactivity levels are higher, and columns
used (if necessary) only after activity has been reduced so that hands-on maintenance is practical.

Clarification is probably most advantageous, with respect to alpha and cobalt decontamination, at
the highest practical pH; and a very efficient solids removal step is expected to be necessary to assure
adequate removal of alpha activity. In our limited tests, sedimentation and décantation have not given
the degree of solids separation required; it is expected that better separations will be obtained with
filtration following batch separation stages. For this sort of process, cross-flow filtration appears to be
well-suited. It is known that both the FCs and titanates exist partly as very small (sub-micron) crystals,
so it is expected that a very small pore size will be necessary, for example, 0.1 /im or smaller. Studies
in the United Kingdom, have used filters with a molecular weight cutoff of about 10,000 to 20,000
(corresponding to about 0.003 /im pore size).

One can propose a batch-processing flowsheet consisting of three separation stages (mixing tanks),
with a filtration step following each:

Stage 1 Stage 2 Stage 3

pH adjust
add sorbent
mix

filter
pH adjust
add sorbent
mix

filter
add sorbent
mix filter Product

The flowsheet could be operated in a simple batch mode or as a continuous or semi-continuous process
with a relatively large volume, flowing through the successive stages. The sorbents would be either
removed and replaced periodically, or moved to the preceding stage instead of being replaced, to
maintain the necessary DF. If greater decontamination is required for its specified fate (direct
solidification, further decontamination, or possibly discharge), either additional batch stages or ion
exchange columns could be used. The solid sorbent is the waste concentrate.
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One can also propose a process using ion exchange columns rather than batch separation stages:

*°Sr removal
columns

Such columns readily give many equivalent separation stages, and their size is determined primarily by
residence time requirements. The maximum throughput depends on conditions, but should be in the
range of a few hundred to a few thousand bed volumes.

Combinations of the two approaches can also be used. The head-end step could involve a
scavenging precipitation to aid the clarification operation, and PCs and/or NaT could be included as
well. Without adequate pretreatment, plugging of columns is quite likely due to precipitation of metal
compounds within the columns and particulates in the feed causing operation to be more difficult, the
sorbent requirement to be larger, and the amount of waste concentrate generated to be greater.

A simple one-stage batch separation would involve a mixing vessel and cross-flow filter to retain
the sorbent in the vessel and clarify the product. A one-stage batch process with NaNiFC at 104 ppm
and a K^IO6 would give a DF of 105, or 99% caesium removal. Two stages would give a DF of about
104, and three about 10*. Since it is somewhat difficult to quantitatively remove the small amount of
solid sorbent from the mixing vessel after each batch is processed, a simpler approach would be to start
with enough sorbent to treat several batches of superaate, and then run proportionately more batches
of waste solution through that separation stage. For example, if 10 times as much sorbent (1040 ppm,
based on the volume of the mixer or contacting vessel, or 1.04 kg in a 1000 L mixer) is used in a single-
stage mixer, ten successive batches of solution are contacted, removed, and replaced without removing
the sorbent. In a two-stage countercurrent process, the sorbent concentrate from the second stage
filter, is cycled back to the first stage, where the loaded sorbent is removed as sludge. Head-end feed
adjustment and clarification followed by two or three batch separation stages, with the first stage feed
adjustment step tailored to the particular waste process. Such head-end steps would remove actinides
and rare earths, any solids entrained in the superaate or produced by the feed adjustment, and any
activity loaded on added sorbents. Additional stages would be in series. The equipment up to and
including the first ion-exchange stage to remove D7Cs would require substantial shielding, while the
others would need good containment and light shielding.

Quantitative removal of the spent sorbent prior to replacement with new sorbent is not necessary
in a batch process. This contrasts to the situation with ion exchange columns, in which serious
contamination of effluent streams can result from small amounts of loaded exchanger being left near
the bottom of a column when resin is replaced or regenerated. When separation stages or processes
are used in series in this manner there is no assurance that such large DFs can actually be obtained
because non-equilibrium chemical species present in small concentrations can limit the
decontamination process. This is equally true for both batch and column processes. If very large DFs
are required it might be advantageous to use a column process after the first batch separation removed
the bulk of the contamination.

5. CONCLUSIONS
The experimental program being conducted to investigate potential separation methods for

application to specific problems relating to the management of LLLW at ORNL has been described.
Measurements are reported for caesium and strontium removal from simulated high-salt waste
compositions, and for experiments with actual LLLW supernate solutions. The purpose of the study
was to acquire an extensive data base to support the development of flowsheets for decontamination of
the LLLW generated at ORNL.

Experimental measurements with inorganic ion-exchange have centered on batch separations of
caesium using transition-metal hexacyanoferrate(II) compositions and of strontium using titanium
oxide-based sorbents. Caesium distribution coefficients in the range of l x 106 were generally observed
with nickel and cobalt ferrocyanides at pH values <11, yielding DFs of about 100 with 100 ppm of
sorbent in a single-stage batch separation. Ferrocyanides are stable in acid solutions and remain
reasonably effective as the pH decreases into the acid concentration range of at least 1 to 2 M.
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Strontium distribution coefficients as large as 1 x 10s were observed with sodium titanate at pH 13, and
the values decrease as the pH decreases.

Most organic ion exchange resins are not very effective for caesium removal from such high salt
concentrations, but a new resorcinol-based resin developed at the Savannah River Site was found to be
considerably superior to any other organic resin tested. Several chelating resins were effective for
removal of strontium from the waste simulants. The large distribution coefficients and poor physical
form (degradation to small particles) of most inorganic sorbents favor their use in simple batch
separation processes, but an internal gelation procedure for forming inorganic exchangers appears
promising. Organic resins are generally more suited to column operations, and distribution coefficients
were entirely adequate for this application.

Cross-flow filtration at the microfiltration and ultrafiltration level was investigated both for
removing the suspended ferrocyanide ion-exchange material and as a means of reducing the
concentration of *°Co in the supernate.
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USE OF ZEOLITES AS SORBENTS FOR THE REMOVAL OF
LONG-LIVED RADIONUCLIDES FROM AQUEOUS WASTES
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La Habana, Cuba

Abstract

The influence of the reaction time, the temperature, the concentration of
precipitating agents and the agitation speed on the decontamination factor
(DF) for 60Co, ̂ Sr/Y and 144Ce radionuclides in the chemical treatment of
simulated waste solutions were studied.
From the results obtained, a laboratory scale design was made to
decontaminate radioactive wastes containing 60Co and 144Ce through the
combination of chemical treatment and the sorption on to sodium enriched
zeolite. Reduction of activity levels to below the specified limit
concentrations in water can be achieved by the application of the combined
technologies in the treatment plant.

1. INTRODUCTION

In radioactive liquid waste treatment, the combination of sorption with
chemical precipitation is carried out to increase overall effectiveness
and to achieve acceptable values of volume reduction and decontamination
coefficients [1,2].
Chemical precipitation is one of the methods widely used for
concentrating the activity in liquid radioactive wastes into a reduced
volume. The study and application of this method in several countries
[3-5] justifies its scientific and practical value.
In this paper, ferric chloride and sodium phosphate were used
in an alkaline environment as a precipitant-flocculant system to
decontaminate simulated waste containing 6t̂ Co and '̂ Sr/Y. The composition
was very similar to that of radioactive liquid wastes from typical
treatment plants [6]. The ferric hydroxide formed in the solution has
a high specific surface which facilitates the sorption of ions. In
addition, the presence of insoluble phosphates favours the
decontamination from rare earths and strontium [1,7]. Sorption was used
in the final stage by adding natural zeolites.
In all cases, the experiments were carried out in plant scale
equipment in order to determine the performance of the treatment process at
full scale.

2. MATERIALS AND METHODS

The radionuclides studied included 60Co, 144Ce and 90Sr/Y which are commonly
found in waste streams arising at nuclear power plants and research
centres. According to recent investigations [8], zeolite was found to be
less selective than desirable, and it was considered that the
combination of sorption with precipitation-flocculation would increase
the overall effectiveness of the decontamination process. For this
purpose, solutions with a chemical composition similar to liquid
radioactive wastes from nuclear facilities with the added radionuclides
were used [6]. Table I shows the chemical composition of the solution
studied.

107



TABLE I. CHEMICAL COMPOSITION OF SIMULATED WASTES

Salt
Ca(N03)2 . 4 H2O
MgCl2 . 2 H2O
NaNO3
Na2SO4
NaCl
FeCl3
pH

Concentration (ppm)
129
396
417
135
176
0.6

6.8 - 7.2

Radiometrie analyses were carried out using a 60 x 60 mm Nal (Tl)
well-detector coupled to a single-channel radiometer from India and a 40
x 40 mm Nal (11) detector coupled to a RFT 20026 radiometer from East
Germany for gamma emitters. A Geiger-Müller window detector coupled
to an Indian LV 4755 radiometer was used to count beta particles. The60Co, 1wCe and 90Sr/Y measurements were carried out with a 95% reliability.
The measurements at the final stage of the investigation, where the
combination of the chemical treatment with sorption on zeolites for
°°Co, '̂ Ce and 137Cs was studied, were carried out using gamma
spectrometry with an intrinsic Ge detector coupled to a 1024-channel
multichannel analyzer. In all cases these measurements had a 3% error
range.
The measured activities of the prepared solutions were 2.1xl03 Bq/1 for
wCo, and 3.2xl05 Bq/1 for 144Ce and ̂ Sr/Y. For the
precipitation-flocculation the following system was used:

FeCLj
Na3P04
NaOH
pH = 10 - 12

6 H20
12 H20

This system was used because it has already been shown to
provide good decontamination factors [1,9]. The PROPER programme and the
STATGRAPHICS statistical programme packages were used to process the
experimental data.

3. EXPERIMENTAL

3.1.STUDY OF THE DEPENDENCE OF THE DECONTAMINATION FACTOR (DF) ON REACTION
TIME
To determine the influence of the reaction time on the decontamination
factor (DF), three series of experiments were carried out at different
temperatures and Fe3+ and PÔ 3" concentrations (Table II). These
factors exert the largest influence on the kinetics of the chemical
process.
Experiments involving *°Co or 144Ce were sampled at 15, 30, 45 and 60
minutes. With ^Sr/Y, samples were taken at 15, 90, 120 and 180 minutes,
because it is known [1] that, under some conditions, for '"Sr/Y
coprecipitation with calcium phosphate increased time favours increased
decontamination.
3.2.STUDY OF THE DEPENDENCY OF DF ON Fe3+ CONCENTRATION, TEMPERATURE AND
AGITATION SPEED
Experiments were carried out in a glass cylindrical reactor with a
conical bottom at a 1:7 scale in relation to the Pilot Plant (10] or
bench scale [11]. The pilot plant reactor has an interior coil for heating
and a propeller mixer inside.
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TABLE II. CONDITIONS FOR THE STUDY OF DF DEPENDENCY ON
REACTION TIME

Curve
1
2
3

Fe3+,ppm
200
20
20

Po43-,ppm
200
20
20

ToC
30
30
80

V, rpm
70
70
70

The coagulation-f locculaton process was carried out in two
stages. The first used fast agitation {1500 rpm) to ensure homogeneous
distribution of precipitation agents. The second one used slow
agitation (20 - 100 rpm) where the f locculation-coagulation occurs.
The agitation time was set at 3 min. for the first stage and 15 min.
for the second based on published information [12,13] and our own results
on the influence of reaction time on the effectiveness of the process.
Once the coagulation-f locculation process was finished,
a sample was taken and centrifuged for 5 min. at 2500 rpm before
radiometric analysis of the supernatant liquor.
The effectiveness of the process was determined by calculating the
decontamination factor (DF) [4]:

DF = ——— (1)

where:
A0 is the initial specific activity of the solution( counts/min/ml )
A, is the final specific activity of the solution (counts/min/ml).
Some process variables that may influence the DF were examined, they were:
X, = Fe3+ concentration, ppm
X2 = PO^ concentration, ppmX3 = T = Temperature, °CX4 = V = Agitation speed, rpm
The initial pH value was 12 in all cases and the final pH ranged between
10 - 12.
Since the objective of the research was to analyze the sensitivity of the
process to the test parameters a second-degree orthogonal design which
ensures equating to zero all variations among the coefficients of the
regression equation, [15] was used experimentally. The experimental matrix
(Table X) required 29 experiments: 16 corresponding to the 24 factorial
level, 8 in the "stars" points and 5 in the middle of the level. The
value of the coordinate of the "star" point depends on the number of
factors to be studied (k) and the number of repetitions in the middle of
the level (n0), and it is calculated for the 2k complete factorial designusing the equation [15]:

a4 + 2k a2 - 2k-' (k + 0.5 n0) = 0 (2)
For k = 4 and n0, a = 1.66.
Table III shows the values examined for each parameter and the real
coordinates of codified parameters (XI, X2 , X3, X4).
The limits of the parameters under study were selected from
published information on the treatment of similar wastes [16,20]. The two
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TABLE III - PARAMETER RANGES STUDIED AND COORDINATES OF THE
CODIFIED PARAMETERS

Range
+ a
+ 1
0
- 1
- a

Fe3+, ppm
. 20 - 200

200
164
110
56
20

PO43-, ppm
20 - 200
200
164
110
56
20

T, OC
25 - 80

80
69
52.5
36
25

v, rpm
20 - 100
100
84
60
36
20

levels studied were
level.

'-I", with "0" corresponding to the middle of the

To determine the significant coefficients in the model, the Student
criteria was used with 95 % confidence limits. The model adjustment was
made according to the Fisher criteria. Due to the orthogonality of the
model and the use of the least squares method, all regression
coefficients were able to be determined independently of one another
through the formula [15]:

y
A: = (3 )

Using the calculations from the experimental matrix,
obtain the equation in the following form:

we can

DF = (Xj) (X k ) +A12J4(X1 ) (X2) (X 3) (X 4 ) (4)

Once the design was established, it was convenient to use a similar series
of experiments for ""Sr/Y and for "Co (see analysis of the results). Six
experiments were made for ^Sr/Y with 4 repetitions each using conditions
which appear in Table IV and for *°Co, 2 experiments with 3 replications
each were made. Their conditions are shown in Table V.

3.3.DETERMINATION OF THE EFFECTIVENESS OF ZEOLITE AS AN ADDITIVE
The influence that the addition of zeolite could exert within
the system to increase the extent of decontamination was studied.
The amount of added zeolite (X,) and its particle size (X2) were varied
in the experiments using "'Co and l44Ce radionuclides.
An experimental plan with 13 experiments was developed according to a
second-degree orthogonal design (Table 12): 4 of them corresponding to the
22 factorial level, 4 in the "stars" points and 5 in the middle of the
level. Table VI shows the ranges investigated and the real values of the
parameters.

3.4.COMBINATION OF CHEMICAL TREATMENT WITH SORPTION ON NA+-ENRICHED
ZEOLITE
A 25 litre volume of solution, containing the radionuclide
being studied, with a composition similar to that used in the previous
experiments, was treated using chemical precipitation combined with
sorption on zeolites.
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TABLE IV. CONDITIONS FOR EXPERIMENTS WITH Sr-90/Y-90

Curve
1
2
3
4
5
6

Fe3+, ppm
20
20
0
0
0

200

PO43-, ppm
110
110
110
110
200
0

T, OC
25
52.5
25
52.5
52.5
52.5

V, rpm
20
20
20
20
60
60

TABLE V. CONDITIONS FOR EXPERIMENTS WITH Co-60

Curve
1
2

Fe3+, ppm
200
200

PO43-, ppm
20
0

T, oC
80
80

V, rpm
100
100

TABLE VI. VALUES OF THE PARAMETERS IN THE STUDY OF THE
EFFECTIVENESS OF ZEOLITE AS AN ADDITIVE

+ a
+ 1
0
- 1
"™ 3,

XI (ppm)
500
450
300
142
100

X2 (mm)
0.5 - 0.63
0.4 - 0.5
0.315 - 0.4
0.16 - 0.2
0.125 - 0.16

Treatment was made litre by litre in the same facility as
described in 3.2. The following procedure was used:
The solution in the reactor was heated to 80°C and then
adjusted to pH 12 using sodium hydroxide. FeCl3 and Na3PO4 solutionswere then added to give the required concentrations. The mixture was then
stirred for 3 minutes at 1500 rpm followed by slow stirring for a further
15 minutes.
For feeds containing ̂ Co, O.2 g
before adjusting the pH to 12.

of zeolite was added to the solution

In all cases, the pH of the solution was controlled before and after
treatment. The supernatant liquor was sampled and "'Sr/Y centrifugea for 5
min. before determining the activity. The experiments with ""Sr/Y
solutions to examine the combined effect of chemical treatment and sorption
used the effluents obtained in the complementary studies described in
Table IV. They were filtered, characterized and then combined to provide a
volume of 16 litres of solution.
Once the chemical treatment cycle had been completed, a 24 hour settling
time was allowed for phase separation and then the supernatant liquor
was siphoned off and filtered. Natural zeolite from the "El Piojillo"
deposit was used as a filtration media, its characteristics are reported in
[8].
In order to reduce the water
settled for 48 hours and
filtered.

content of the sludges, they were further
the supernatant liquid siphoned off and

After the clarification, a sample was taken to measure the
activity and to determine the decontamination factor reached at this stage.
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The filtered liquid was then passed to the sorption stage which used
packed beds of zeolite. The conditions of treatment for each sorption
stage were:
Sorbent: Na+-enriched zeolite from "El Piojillo" deposit
Particle size: 0.5 - 1 mm
Temperature: 80 ± 1 °C
Speed: ~-20 ml/min (3.3 x 10'7 m3/sec)
Column diameter:3.6 cms
Bed height: 3.6 cms
Sorbent mass: 27 g.
The volume of the sludges generated in the chemical treatment
and the zeolite used in the filtration and sorption stages were measured so
as to determine the volume reduction factor (VRF) in relation to the
initial volume of the feed solution. Later on the sludges and the
zeolite were cemented using the procedure described in [8].
Finally, to confirm the results obtained with simulated wastes,
approximately 8 litres of real laboratory waste containing *°Co + I37Cs were
treated.
The characterization of all the solutions treated by the combination
of the chemical precipitation and the sorption processes are shown in
Table XIII.

4. RESULTS AND DISCUSSION
Tables VII - IX show the results obtained during the study of the effect
of reaction time on the effectiveness of the process.
The DF values for 144Ce show hardly any change with time and for *°Co are
practically constant after 15 min. On the other hand, the third '"Sr/Y
curve shows the DF slowly increasing during the experiment, this is
possibly related to the nature of the decontamination process. It is known
that Ca*+ and Sr2+ can form mixed phosphates in neutral and alkaline
solutions due to isomorphism between calcium hydroxyapatite
Cai0(OH)3(OH)3(PO4)6 and strontium hydroxyapatite Srlo(OH)3(PO,,)6.
During the aging
the solid to the

of the precipitate, ions diffuse from the surface of
interior. This process is slow but both the diffusion of

TABLE VII. DF DEPENDENCY ON THE REACTION TIME - Co-60

t.min
5
15
30
45
60

Curve 1
147.90 ± 8.70
148.42 ± 9.97
158.16 ± 9.27
147.18 ± 5.93
139.06 ± 7.26

Curve 2
56.98 ± 2.73
76.49 ± 4.66
83.42 ± 5.46
83.56 ± 3.47
88.02 ± 6.04

Curve 3
83.24 ± 5.44
90.69 ± 6.38
107.65 ± 4.49
102.16 ± 7.97
108.41 ± 5.62

TABLE VIII. DF DEPENDENCY ON THE REACTION TIME Ce-144

t.min
5
15
30
45
60

Curve 1
32.14 ± 0.87
32.20 ± 0.65
32.84 ± 0.67
31.34 ± 0.62
30.69 ± 0.60

Curve 2
23.86 ± 0.38
22.37 ± 0.34
23.66 ± 0.37
23.57 ± 0.58
24.38 ± 1.08

Curve 3
30.91 ± 0.60
32.34 ± 0.66
30.86 ± 0.60
31.39 ± 0.62
31.39 ± 1.24
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TABLE IX. DF DEPENDENCY ON THE REACTION TIME - Sr-90

t. min
15
30
45
60
90
120
180

Curve 1
150.93 ± 23.93
153.87 ± 16.20
154.52 ± 25.45
153.44 ± 18.07
152.39 ± 17.83
162.30 ± 38.37
151.36 ± 19.64

Curve 2
15.39 ± 23.54
12.47 ± 0.75
12.04 ± 1.45
10.83 ± 2.03
13.13 ± 1.66
12.92 ± 0.88
13.36 ± 0.93

Curve 3
19.56 ± 1.54
22.90 ± 1.99
23.23 ± 2.04
39.97 ± 5.09
41.47 ± 8.43
47.44 ± 14.07
49.44 ± 11.45

ions from the solution to the surface of the particle and into the
crystal itself are favoured by increase of temperature. This is the only
variable between the results of curves 2 and 3 and could explain the
behaviour seen in the latter [1,7].
However, the use of elevated temperature cannot be justified on economical
grounds. We therefore decided that we would set at 15 minutes the
residence time of the solution in the mixer reactor because that time
provides a good efficiency for the process.
Values of DF obtained in the study of the dependency on Fe3+ and POf
concentrations, the temperature and the agitation speed are given in Table
X.
After the determination of the significant coefficients, the models that
describe the DF dependency of the design parameters within the studied
range for '"Co and r44Ce were obtained. The model obtained for *°Co was:
DF = 156.56 + 21.60
- 4.61 X,.X4 - 12.93
A j * A 2 * A 4

and for 144Ce:

x, +
x,2

34.46 X3
+ 33.91

+ 10.57 X4 + 9.59 X,.X3
X3

2 + 26.14 X4
2 - 5.18 (5 )

DF = 41.22 + 1.45 Xt + 0.93 X3 - 1.45 X4 + 1.12 X,.X 2 + 0.43
X,.X3 + 0.64 X2.X3 - 1.24 X3.X4 - 0.77 Xj2

- 1.43 X2
2 - 1.72 X2

2 - 0.42 X4
2 - 0.43 X,.X3 .X4 - 0.67

Ä2 » A3 * X^ *t" X « 08 Aj • A2* X^ — 0*55 AI» ^2* X-j » X^

(6 )

Table X also shows the DF values calculated for the models for each of the
isotopes with an 18-standard deviation for ̂ Co and 2 for 144Ce.
It can be seen from the experimental results that in all cases the DF is
greater than 99 for the ^Co which agrees with results reported in the
literature [22, 23] for the decontamination from this radionuclide with
the precipitation system used.
We can conclude from the model obtained for this radionuclide
that the Fe3+ (X,) concentration, the temperature (X3) and the agitationspeed (X4) exert a second-degree influence on the DF values while the PO43'
concentration has little effect since the X2 parameter appears in the modelsolely as an interaction with X, and X4.

In order to confirm the fact that the *°Co coprecipitation
mainly occurs with the Fe(OH)3 which is formed in the system and that the
presence of phosphate precipitate is not essential for its removal, the
complementary experiments referred to in section 2, Materials and Methods,
were made. The results (Table XI) showed that it is not necessary to add
POf ions for the decontamination of solutions of this radionuclide.

The results obtained for the decontamination of 144Ce solutions show
that the DF value fluctuates between 31 and 43 which means that the
efficiency of removal is greater than 97%.
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TABLE X. DF DEPENDENCY ON THE Fe3+ AND PO*,~ CONCENTRATION AND ON
TEMPERATURE AND AGITATION SPEED

No 1̂*̂ 2 ̂ 3 ̂ 4
1 -1 -1 -1 -1
2 +1 -1 -1 -1
3 -1 +1 -1 ~1
4 41 41 -1 -1
5 -1 -1 41 -1
6 +1 -1 +1 -1
7 -1 -fl +1 -1
8 +1 +1 +1 -1
9 -1 -1 -1 +1
10 41 -1 -1 +1
11 -1 41 -1 +1
12 4-1 +1 -1 +1
13 -1 -1 -1 -1
14 +1 -1 -1 -1
15 -1 -fi -1 -1
16 +1 41 -1 -1
17 -1 -1 41 -1
18 41 -1 41 -1
19 -1 41 41 -1
20 41 41 41 -1
21 -1 -1 -1 41
22 41 -1 -1 41
23 -1 41 -1 41
•24 41 41 -1 41
25 41 41 41 -1
26 -1 -1 -1 41
27 41 -1 -1 41
28 -1 41 -1 41
29 41 41 -1 41

Co-60
DF Exp DF Cal
147.08 147.30
175.92 170.18
127.72 136.94
167.55 180.54
205.05 197.04
272.75 258.28
176.39 186.68
278.92 268.64
161.67 167.30
202.68 192.46
167.71 177.66
183.29 182.10
147.08 147.30
175.92 170.18
127.72 136.94
167.55 180.54
205.05 197.04
272.75 258.28
176.39 186.68
278.92 268.64
161.67 167.30
202.68 192.46
167.71 177.66
183.29 182.10
278.92 268.64
161.67 167.30
202.68 192.46
167.71 177.66
183.29 182.10

Ce-144
DF Exp DF Cal
36.25 38.50
38.15 34.62
35.28 34.70
34.99 37.07
37.08 38.40
40.07 40.84
38.99 37,95
44.49 45.63
37.14 34.82
34.12 32.86
31.49 30.91
39.28 37.79
36.25 38.50
38.15 34.62
35.28 34.70
34.99 37.07
37.08 38.40
40.07 40.84
38.99 37.95
44.49 45.63
37.14 34.82
34.12 32.86
31.49 30.91
39.28 37.79
44.49 45.63
37.14 34.82
34.12 32.86
31.49 30.91
39.28 37.79

Sr-90
DF Cal
1322
>2170
>2170
>2170
>2170
>2170
1498
>2170
>2170
892
1822
>2170
1322
>2170
>2170
>2170
>2170
>2170
1498
>2170
>2170
892
1822
>2170
>2170
>2170
892
1822
>2170

TABLE XI. DF VALUES OF THE COMPLEMENTARY
EXPERIMENTS FOR "to

Experiment
1
2

P043~
20
0

DF
279 ± 46
253 ± 15

In contrast to "Co, the decontamination of 144Ce wastes show that the
effect of PO,,3" concentration is significant, indicating that the
mechanisms by which coprecipitation occurs are different. According to
Paneth-Fajans-Hens [8], the more insoluble the compound formed by the
radionuclides with the anions in the surface, the higher will be the
absorption of radionuclides in the surface of precipitates formed in
the system; this could explain the preferential adsorption of cobalt
in iron hydroxide and the adsorption of cerium both on the ferric
precipitate and on insoluble phosphates [24]. On the other hand, the
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chemical similarity of cobalt and iron presumably favours the
coprecipitation of the former with the ferric hydroxide.

It is possible to analyze from the models [5, 6] the effect
exerted by each of the factors on the DF. For example, the DF increases
with Feî+ concentration up to about 110 ppm but thereafter is
constant.

With regard to '"Sr, it was impossible to obtain the model. As shown
in Table X, for a series of experiments there is no precise DF value
because the activity was reduced to below the limit of detection of the
facility used with a reliability of 95 % and a relative error range (s)
of O.25 which according to Dementev [25] is calculated as:

2 (1 + 1 + s2 Vf Tm)
(7)

s2 Tm
where
V^ - Minimum counting rate detected,
Tm - Contact time of the sample,Vf - Counting rate of the background.

In this case we can only assume that the DF is higher than that
calculated based on the minimum counting rate detected (DF = 2170) which
represents greater than 99 % decontamination.

Experiments 5 and 6 of Table IV were made in parallel with the
matrix to establish the role of the precipitating agents in the
decontamination. In these experiments the temperature and the agitation
speed were kept constant. In experiment 5 after treatment it was
determined that the counting rate of the supernatant liquor decreased
down to the minimum detectable level while for experiment 6, the
decontamination was less (DF = 17.12 ± 1.54).

Experiments 1 to 4 of the same table were carried out to confirm
previous results. The DFs obtained correspond to values where the counting
rate of the supernatant liquor is below the minimum level of detection.

From these results we may conclude that, depending on the measuring
conditions used for ""Sr/Y, the Fe3+ concentration does not exert any
influence upon the DF, even if the treatment temperature and the agitation
speed are within the lower limit of the range studied, and the amount of
PO/" added corresponds to the the centre of the range which also
guarantees the same decontamination at 25°C as at 52.5°C, which is an
advantage from the energy consideration for scale-up.
On the basis of all these results, the most favourable conditions for the
decontamination of solutions of the three radionuclides studied were
determined. From the model for "Co and l44Ce [4,5], we determined the
optimum conditions within the studied range. For this purpose, a FORTRAN
program was used with a SM 1420 computer using an algorithm based on
the inversed path method [26).

The optimization criteria was the determination of the highest DF
value.

The conditions for cobalt were the following:
T = 80°C
Fe3+ =200 ppm
PO^ = 20 ppm
V = 100 rpm
They provide a DF > 102.
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The conditions for cerium were:

,3 +Fe
PO/
V

= 80°C
= 200 ppm

= 189 ppm
= 20 rpm

They provide a DF > 10.
The conditions for '"Sr/Y were selected taking as criteria
a simple, economic and highly effective design:

PO,3"
= 25°C

= 110 ppm
= 20 rpm

This design provided DF values above 1O3 which guarantees
a radionuclide removal in excess of 99%. These results justify the use of
the system to decontaminate low-activity radioactive waste from this
radionuclide.

The data in Table XII shows that the use of zeolite treatment does not
increase the DF for l44Ce, so there is no justification for the addition of
zeolite to the system. Therefore, the model [7] was not obtained.
DF = 29.39 - 2.2X2 + 0.62X,2 - 1.17X,.X2 + 2.32X22 (8)

To analyze the effect of the addition of zeolite in the
decontamination of *°Co solutions, the minimum counting rate
detectable for the facility used was calculated according to the same
criteria used for the analysis of the results for ̂ Sr/Y.

As can be seen in Table XII, all DF values for ^Co of the
experimental matrix are higher than the DF corresponding to the minimum
counting rate detected, i.e. in this case the addition of zeolites is
favourable for decontamination. On the other hand, the results obtained
did not allow derivation of the equation describing DF dependency on the X,
(amount of zeolite added) and X2 (particle size) parameters so we decided
to add O.3 g of zeolite with a O.315 - O.400 mm particle size to the ^Co
waste treatment design. These conditions agree with those of the centre of
the experimental plan used.

TABLE XII. EFFECT OF ZEOLITE TREATMENT ON DF.

No XI X2
* — —
1 -1 -1
2 +1 -1
3 -1 +1
4 +1 +1
5 -1.27 +1
6 +1.27 0
7 0 -1,27
8 0 +1.27
9 0 0
10 0 0
11 0 0
12 0 0
13 0 0

Ce-144
DF Exp.
24.9 ± 0.3

31.6
34.3
29.3
27.3
28.5
29.2
34.2
29.0
29.8
26.6
27.3
26.5
28.7

DF Calc.
_

31.13
33.46
29.06
26.73
27.40
27.40
34.91
29.34
28.40
28.40
28.40
28.40
28.40

Co-60
DF Exp.
253 ± 15
>293
>293
>293
>293
>293
>293
>293
>293
>293
>293
>293
>293
>293

* - Experiment without zeolite.
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TABLE XIII. OVERALL RESULTS OF THE DECONTAMINATION OF RADIOACTIVE SOLUTIONS BY THE
COMBINED TREATMENT OF CHEMICAL PRECIPITATIOH AND SORPTION ON ZEOLITES.

S T A G E S

Before

Treatment

After
chemical
treatment
and fil- "
tration

After
sorption
on
zeolite

Sludges
obtained

Final
wastes

Solution
activity
Total
solids
Volume
Supernatant
activity
Total
solids
DF
Effluent
activity
Total
solids
DF
Volume
(ml)
Total
solids
Volume
(ml)
DF

Simulated Solutions
Co-60
5.7 xlO"6
Ci/1
1.17
g/i
25 000

4.28X10"8
Ci/1
3.34
9/1
133

5.49X10"9
Ci/1
4.0g/i
1038

1100

15.0g/i
1172

21.3

Ce-144
2.57X10"7
Ci/1

0.83g/i
25 000

3.12X10"8
Ci/1

4.33g/i
8.24

3.03X10"8
Ci/1
5.01g/i
85.80
1038

12.0g/i
1210

20.7

Sr-90
227678
Imp/30min
2.03g/i
15 500
286
Imp/30min
-

796

< Vmin
detected
4.3g/i
> 2110

280

-

-

-

Residual Solution
Co-60
4.6 xlO"8

Cs-137
6.55X10"7

12.28g/i
7 380

6.06X10"9
Ci/1

4.26X10"8
Ci/1

12.33g/i
7,59

5.35X10"9
Ci/1

15.40

1.14X10"9
Ci/1

12.00g/i
8.60 57.45

380

46.83g/i
416

17.7

For '"Sr/Y, these studies were not carried out due to difficulties raised
during measurements.

The results corresponding to the process of decontamination of
solutions and radioactive wastes through the combined treatment of chemical
precipitation with sorption on zeolites are given in Table XIII.

It can be seen that, for '"Co, 144Ce and I37Cs a level of decontamination
below the concentration limit allowed in water for those radionuclides
was achieved according to the Cuban standards of basic safety rules [28]
which are:
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Radionuclide *°Co 144Ce 137Cs
Bq/1 1300 450 550

For *°Sr/Y the solution was decontaminated to below the limit
of detection.

This shows the efficiency of the process design as well as the
suitability of its application to the decontamination of radioactive wastes
similar to those studied.

It is important to point out that even though chemical treatment
provided good decontamination of all solutions, it is necessary to combine
this treatment with the sorption on zeolites in order to decontaminate to
a permissible discharge level and provide a satisfactory volume reduction
factor value, (between 18 and 20), which is the final objective in this
type of research. For this purpose, it was only necessary to pass the
effluent from the chemical treatment through one sorption column of
zeolite.

The same table shows that this design was successful for the treatment
of waste solution containing *°Co + 137Cs, generated in the laboratory, for
which, despite a total solid concentration higher than that of
radionuclides (12.28 g/1), provided similar decontamination and volume
reduction factors. It is notable that the 137Cs in the waste stream was
successfully removed by the treatment of these types of solutions using
the combination of chemical treatment and sorption in zeolites which
is a very useful technology for a Waste Treatment Plant.

5. CONCLUSIONS
5.1. The results obtained in this paper show that decontamination from
Ĉo, "'Sr/Y and 144Ce radionuclides by chemical treatment of low-activity
radioactive wastes can be achieved with the Fe3'*"/OH'/Ca2+/PO43' system.Decontamination factors of MCo > 102, "Sr/Y > 103, and l<4Ce > 10 were
obtained with this system.
5.2. Models describing the decontamination process for *°Co and 144Ce wastes
were obtained as a second-degree DF function of Fe3+ and PO^
concentrations, of the temperature and the agitation speed.
5.3. With the combination of chemical treatment and sorption in
Na*-sodium-enriched zeolites, a treatment process using simulated wastes
was established achieving a concentration level below the permissible
limits in water for *°Co, l44Ce and 137Cs radionuclides and in all cases, a
satisfactory volume reduction value (<~20 fold).
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USE OF INORGANIC SORBENTS AS BACKFILL
MATERIAL FOR UNDERGROUND REPOSITORIES

Guoqing XU, Jifang GU,
Zhichao DU, Xuanlin FAN
Beijing Research Institute of Uranium Geology,
Beijing, China

Abstract

The sorption properties of U(VI), ""Sr, 137Cs, ^'PuflV), ̂ Am,
on bentonite and U(VI), 137Cs and ̂ Sr on zeolite have been investigated.

The Kj values, Rf values, migration rates and sorption isotherms
were determined using batch and column tests. The effect of contact time,
particle size, pH, concentration, composition of sorbents and ratio of solid
to solution on the K^ values has been examined.

In order to explain the results obtained, the chemical
composition, cation exchange capacity, specific surface area, bulk density,
pore diameter, effective channel size, effective porosity, permeability
coefficient, thermal stability and degree of swelling of materials studied
were also determined.

The results obtained show that Na- and Ca- bentonite taken from Lin
An and An Ji deposits and clinoptilolite and mordenite taken from Jingyun
deposit are suitable backfill material for HLW underground repositories.

1. INTRODUCTION

1.1 AIMS OF THE RESEARCH
Research into the use of inorganic sorbents as backfill materials is

of importance in the geological disposal of radwastes. Backfill materials
are considered not only as a part of engineered barriers, but also as
sorbents for radionuclides in repository environments.

The aims of our research were:
- to select suitable materials as backfill materials for radwaste

repositories in China;
to understand the sorption properties of some radionuclides on
bentonite and zeolite rocks;
to define the methodology and techniques for sorption experiments;

- to develop expertise in this field.
1.2 GEOLOGICAL LOCATION OF SORBENTS USED

The samples for the investigation of the sorption properties of
radionuclides were collected from L-9in An and An Ji deposits (bentonite)
and Jingyun deposit (zeolite). The geological situations of these deposits
are described briefly below.
1.2.1 Bentonite deposits

Bentonite is known to be a good backfill material for radwaste
repositories.

Bentonite deposits are mainly located in East China. Two deposits
were selected for study, those in Lin An and An Ji counties, Zhejiang
province. The Na-bentonite deposit located in Lin An county is distributed
in a fault-depression basin, its age is Jurassic. This deposit belongs to a
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continental volcanic-sedimentary type. The ore-bearing rocks are
montmorillonitized sedimentary tuff. The main mineral in the ores in
Na-montmorillonite, other minerals present are quartz, zeolite, hydromica,
calcite, chlorite, biotite, feldspar, crystal-and rockclasts.

The Ca-bentonite deposit located in An Ji county is distributed in a
syncline formed in the Jurassic period. The ore-bearing rocks are vitro-
clastic tuff of Cretaceous age. The main mineral in the ores is
Ca-montmorillonite. The other minerals present are the same as described
for Na-bentonite deposit, but sometimes Ca-bentonite contains more zeolite
than Na-bentonite.

The rocks and their mineral compositions mentioned above were
identified by optical and electron microscopy, differential thermal,
thermogravimetric, X-ray diffraction and infrared spectroscopic analyses.
1.2.2 Zeolite deposits

It is well known that natural zeolites have good sorption
properties for some radionuclides, such as Sr, Cs, Co, etc, due to their
specific internal structure [1-5].

The zeolites studied were collected from the Jingyun zeolite deposit
located in Jingyun county, Zhejiang province. This deposit is distributed in
J3-K2 continental fault- depression basin. Zeolitized rocks are mainly
tuff-breccia, perlite and lithophysa rhyolite. The deposit consists of five
mineralized zones. Of these, two of them are Tingjingshan and Laohutou
mineralized zones, which have been investigated.

Zeolitized rocks consist of clinoptilolite, mordenite and a small
amount of hollandite, montmorillonite, quartz, chalcedone, feldspar,
chlorite, calcite and other minerals. The clinoptilolite is 30 - 45%,
mordenite 20 - 40% of the material. The rocks and their mineral compositions
mentioned above were determined by the methods described above for bentonite.

2. PHYSICAL AND CHEMICAL PROPERTIES OF BENTONITE AND ZEOLITE

2.1 CHEMICAL COMPOSITION
The average chemical composition of samples of bentonite from China

and zeolites from China, USA, Cuba and Bulgaria are listed in Table I.
2.2 CATION EXCHANGE CAPACITY (CEC)

The CECs for Na-bentonite and Ca-bentonite were in the ranges 50 -
81 and 51 - 79 meq/g respectively. For the zeolites the CECs were 179 and
184 meq/g for material from Tingjingshan and Laohutao, respectively.
2.3 SURFACE AREA

The outer specific surface areas were determined by BET nitrogen
sorption capacity method. The outer surface areas of bentonite were 24.6
m2/g (20 - 40 mesh) and 26.8 m2/g (100 - 120 mesh) for Ca-bentonite and 23.2
m2/g (20 - 40 mesh) and 26.6 m2/9 (100 - 120 mesh) for Na-bentonite.

The outer specific surface areas of zeolite rocks from Tingjingshan
and Laohutou mineralized zones had the values of 31.8 and 25.6 m2/g (60 - 200
mesh), respectively.

From these data it can be seen that the values of the outer specific
surface areas of zeolite rocks are slightly greater than that of bentonite.

The total specific surface areas of bentonite were determined by the
polar organic molecule sorption method and had the values of 416.5 - 549.86
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TABLE I. AVERAGE CHEMICAL COMPOSITION OF BENTONITES AND ZEOLITES (WT%)

Sample SiO2 Fe2O3 FeO A12O3 TiO2 MnO CaO MgO P2O5 K2O Na20 Loss on Total Si/Al
ignition

Ca - bentonite
Na - bentonite
Zeolites
- Tingjingshan
- Laohuton
California
- JCPDS
Cuba
- Piojillo
- Polmarito
- Orozeo
Bulgaria
- Bair

62.2
63.38

66.23
66.68

66.21

64.17
65.78
58.87

66.6

1.38
0.93

1.12
1.09

0.84

2.47
1.71
2.66

0.33

0.06
0.64

0.55
0.45

—

—

-

-

13.9
15.1

11.58
11.11

11.02

10.89
10.81
11.07

11.09

0.132
0.069

0.14
0.12

0.10

—

-

0.06

0.034
0.015

-
0.06
0.04

0.01

—

-

-

1.58
1.34

2.52
2.47

1.33

4.04
3.86
5.14

2.10

2.18
2.24

0.04
0.22

0.39

1.23
0.96
2.18

0.48

0.055
0.077

0.1
0.15

~

—

-

-

1.31
1.62

1.32
1.45

1.04

0.9
0.79
0.99

3.65

0.10
1.94

2.90
2.20

5.82

1.28
2.02
1.10

2.47

16.9
12.7

12.28
12.28

(11.78)

14.77
13.97
17.12

13.16

99.83
100.51

98.84
99.86

98.54

99.75
99.90
99.13

100.0

_
-

4.91
5.25

5.10

5.19
5.38
4.37

5.10
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m2/g and 275.48 - 397.69 m2/g for Ca-bentonite and Na-bentonite (60 - 200
mesh), respectively.

2.4 BULK DENSITY

The bulk densities were determined at room temperature and the dry
bulk densities were determined after drying at 105°C. The data obtained for
bentonite and zeolite rocks are listed in Table II.

TABLE II. SOME PHYSICAL
ZEOLITES

PROPERTIES OF BENTONITES AND

Clinoptilolite
Morden it e
Ca-bentonite
Na-bentonite

Water
Content

(%)
12.89
11.47
30.40
36.70

Bulk
Density
(g/cm3)
1.76
1.67
1.90
1.78

Dry Bulk
Density
(%)
1.56
1.50
1.46
1.30

Effective
porosity
(%)
14.74
22.90
21.63
27.16

Degree of
Swelling
(mL/g)

-
26
37

2.5 PORE DIAMETER AND EFFECTIVE CHANNEL SIZE

The pore diameters of 20 - 50 A are predominant (67% and 80% for
Na-bentonite and Ca-bentonite, respectively) (20 - 40 mesh). These results
were obtained using BET nitrogen sorption capacity method.

The effective channel sizes of Clinoptilolite and mordenite from
Tingjingshan and Laohutou were all about 4.0 A [6].

2.6 EFFECTIVE POROSITY

The effective porosities were determined by the kerosene saturation
method. The averages of the data obtained are summarized in Table II.

2.7 PERMEABILITY COEFFICIENT

The determination of permeability coefficients of bentonite were
undertaken using distilled water with the material of dry bulk density 1.46
g/cm3. The results obtained were 3.20xlO'9cm/s and 3.26xlO'9cm/s for
Ca-bentonite and Na-bentonite, respectively.

2.8 THERMAL STABILITY

Using the method described in [6], Clinoptilolite taken from
Tingjingshan was heated to 350°C for 12 hours, basically no change took
place. When heated to 450°C for 16 hours, part of the Clinoptilolite was
destroyed, on heating to 550°C for 16 hours most of it was destroyed.

Mordenite taken from the same place was heated to 550°C for 16 hours
and to 650°C for 2 hours with very little change when heated to 750°C for 2
hours, most of the mordenite was destroyed.

2.9 DEGREE OF SWELLING
The degree of swelling of bentonite was determined and the results

obtained are shown in Table II.
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3. SORPTION TESTS

3.1 EXPERIMENTAL PROCEDURES
3.1.1 Batch tests

Batch tests were carried out by mixing a certain volume of simulated
granitic groundwater containing radionuclides with bentonite or zeolite rocks
in plastic vessels. The pH values of solutions were adjusted to certain
levels and the temperature of sorption experiments was kept constant.
Samples were taken at different intervals of time and centrifuged prior to
analysis.
3.1.2 Column Tests

The materials tested were bentonite, zeolite and sand. Bentonite
and zeolite were preequilibrated with simulated granitic groundwater. The
particle size of bentonite was varied (20 - 120 mesh) in experiments with
different radionuclides, that of zeolite was 40 - 100 mesh and that of sand
was 40 - 60 mesh. Mixtures of bentonite or zeolite with sand were put into
glass columns filled with retainers of glass wool or nylon net in the upper
and lower parts. The radionuclides were introduced into columns by rapid
injection. The feed solutions were passed through the beds at a constant
flow rate of 8.- 10 drops per second.

4. RESULTS AND DISCUSSION

Distribution coefficients (Kd) have been determined for americium,neptunium, uranium, caesium and strontium sorption onto bentonites and
zeolites. The Retardation Factor (Rf) has been calculated according to thefollowing equation:

K,, x Bulk Density
RC = 1 + —

Effective porosity
4.1 SORPTION ON BENTONITES

The results show that both Kj and Rf values for sodium and calciumbentonite are high and therefore they are both effective for sorption and
retention of these nuclides.
4.1.1 Batch tests

The results of batch tests show, in summary, that in adsorption,
attainment of equilibrium takes between 10 minutes and 20 hours depending on
the form of the sorbent and the radionuclide considered. Generally, Kj
values increase with increase of pH, some by a considerable amount, others
hardly at all. The large increases were shown by the elements that form
hydrolysed, colloidal or polymeric species at higher values of pH and
therefore sorption may not be the only mechanism responsible for the removal
of a radionuclide from solution. Some unexpected variations in Kj with
particle size were observed, with higher values being obtained as the
particle size was increased. The values of Kd for the actinide elementsincreased with the decrease in the solid-liquid ratio.

The sorption isotherms for strontium and uranium at near neutral pH
were determined. From the results it is clear that Ca- and Na-bentonite have
the ability to sorb uranium. Under the experimental conditions Ca- and
Na-bentonite could sorb 70 - 90% and 50 - 94% of the uranium, respectively.

The sorption isotherms of uranium on Na- and Ca-bentonite are
different. The former is irregular, which implies that sorption mechanism of
U on Na-bentonite is complicated. The latter complies with the Langmuir
isotherm.

125



The relationship between concentration and sorption capacity of Sr
on Na- and Ca-bentonite can be expressed by the Langmuir equation.
Therefore, the maximum sorption capacities of Sr on Ca - and Na- bentonite
could be obtained, which were 4.7 mg/g and 22mg/g, respectively.

Ca concentration in equilibrium with Ca-bentonite increased with the
increase of Sr concentration in feed solutions which indicates that the
sorption mechanism may be ion exchange.

The pH values of solutions in which the ratio of Na-bentonite to the
simulated groundwater was 1:100 were 9.4.

When Sr concentrations varied from 10 ppm to 400 ppm, the pH
values of equilibrium solutions gradually decreased from 9.3 to 6.8
indicating that precipitation is the main decontamination mechanism. When Sr
concentrations were higher than lOOOppm, Ca concentrations in equilibrium
solutions linearly increased with the increase of Sr concentration.
4.1.2 Column Tests

The feed solution would not pass through a bed of Na-bentonite of
particle size less than 20 - 40 mesh unless the material was mixed with a
large proportion of sand. No problems were encountered with Ca-bentonite and
in all experiments no uranium or strontium were detected in the effluents.

Rf can be written as Rf = v/V*, where v and V* represent the flow rate
of the simulated water and rate of radionuclide migration respectively. V
can be estimated by the formula L/t. Migration depth L of a radionuclide
can be determined by the gravity centre approximation method, t is the
duration of the experiment. The Kd values can be calculated from the equation
for Rf given in section 4. Table III lists the calculated values. The
values obtained in column tests for americium, neptunium, plutonium and
uranium are similar to these obtained in the batch tests. The values for
caesium differ by one or two orders of magnitude and those for strontium
show even greater difference.

From the data on ̂ Am, B7Np, 137Cs and ̂ 'Pu it is clear that all of
them were sorbed in the upper parts of the columns. Migration rates of137Cs, M1Am, ^Np, '̂Pu, U and ̂ Sr are of the order of 10-3 - 10-4 cm/min,
which show that Na- and Ca-bentonite have the ability to retard
radionuclides and are good backfill materials for radwaste repositories.

4.2 SORPTION ON ZEOLITES
4.2.1 Batch tests

The batch contact experiments examined the sorption of uranium,
strontium and caesium. Sorption equilibrium was reached very slowly, taking 2
- 9 days, with uranium being the quickest and strontium the slowest. Kdvalues increased as sorbent particle size decreased and increased with the
decrease in solid-liquid ratio. When the test solution was equilibrated
with the zeolite the pH value changed, tending always towards pH 7 - 8 with
caesium and strontium solutions and pH 5 with uranium solutions. Values
of Kd were determined for feed solution pH values of 3.0, 7.2 and 9.0.
The results show that for caesium the lowest Kd occurred at pH 7.2, forstrontium at pH 3.0 and there were only small changes in Kd with pH for
uranium.

The sorption isotherms for strontium, caesium and uranium are
described by the Freundlich equation.
4.2.2 Column tests

Table IV lists the results obtained from experiments using packed
beds of clinoptilolite or mordenite.
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TABLE III. Rf and Kd VALUES FROM BENTONITE COLUMNS

Nuclide * Material used
(Wt ratio) Rr

'̂Am Na
Ca
Ca
Ca
Ca
Ca
Ca

*"Np N a
Ca
Ca
Ca
Ca
Ca
Ca

'̂Pu . N a
Na
Na
Ca
Ca

U (VI) Na
Na
Na

""Sr Na
Na
Na

l37Cs Ca
Ca
Ca
Ca
Na

+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S
+ S

(U
(U
(U
(Sr
(Sr
(Sr

+ S
+ S
+ S

(1:
(3:
(1:
(1:
(1:
U'
(3:
(1:

(1:
(1:
(1:
(1:
(1:
(9:

49 ppm)
90 ppm)
180 ppm)

2)
4)
2)
1)
2)
2)
4)
2)

1)
2)
1)
1)
2)

1)

5 3 ppm )
95 ppm)

2QO pp)

(9:
(9:
(1:

1)
1)
2)

1.87
9.21
1.48
4.96
5.21
5.56
5.84
1.31
6.14
4.23
4.43
4.38
4.16
4.96
1.69
1.80
2.20
2.40
1.93
126
154.
134.
473
260
203.
275
245
145
117
2778

x
x
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X

9
3

8

10
10
10
10
10
10
10
10
10

<t
4
4
4
4
4
4

4
4

104
104
104
10
10
10
10
10
10
10

4
4

3
3
3
3
3

Kd(mL/g)
3.
3.
6.
1.
1.
1.
1.

2.
3.
1.
1.
1.
1.
1.

24
29
25
92
50
39
86
89
90
61

51
50
47
97
71
81
83
46
00
85
76
44
37
40

.3

.9

.9

.5

.6

.7

.7

.5

.1
539.

x
X
X
X
X
x
X

X
X
X
X
X
X
X

—
-
-
-
-

6

103
103
103
104
104
104
104

103
104
104
104
104
104
10"

* Na = Na - bentonite, Ca = Ca - bentonite, S = sand

TABLE IV. RESULTS OF COLUMN TESTS USING ZEOLITES

Nuclide *Zeolite (Wt%) Rr Kd(mg/L)
Uranium
Uranium
Caesium
Caesium
Strontium
Strontium

C
M
C + S (1:9)
M + S (1:9)
C
M

S (1:9)
S (1:9)

4.7
2.15
5.7 x 103
5.0 x 103
5.0 x 103
1.8 x 103

2.47
0.85

*C = clinoptilolite, M = mordenite, S = sand.
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Compared with the Rf values obtained in batch tests, these values aresmaller because of the larger percentage of sand in the columns.

5. CONCLUSIONS

(1) The sorption equilibria for M1Ain, a7Np, 137Cs, U and ^Sr were
reached in 17 - 20, 14, 16, 1/6 and 1/6 hours,
respectively for Na-bentonite, and in 9 - 12, 10, 5, 1/6
and 1/6 hours, respectively for Ca-bentonite. The sorption
equilibrium for a'Pu was reached in 8 hours for
Na-bentonite. The sorption equilibrium for U, ^Sr and l37Cs
on zeolite were reached in 2 - 3, 8 - 9 and 3-6 days,
respectively.

(2) The pH values had a remarkable effect on the Kd values, butthe degree and manner of the effect are different for
various radionuclides and sorbents.

(3) In general, the K,, values increased with the decrease of
particle size of sorbents, but the particle size had no
influence upon the Kd values for ̂ 'Pu.

(4) The ratio of solid to solution had a remarkable effect on the
Kd values. Generally, the Kj values increased with the
decrease of the ratio of solid to solution.

(5) The K.J values increased with the increase of concentrations of
radionuclides when the concentrations of solutions were
low. The opposite was observed when the concentrations of
solutions were high.

(6) The Kd values for M1Am, 07Np and ̂ 'Pu on bentonite and of ^Sr
and 137Cs on zeolite were more than l x 103 mL/g. The Rf valueswere the same as the Kj values.

(7) The saturated sorption capacity was determined by sorption
isotherms. The saturated sorption capacity of U was 4 - 2 2
mg/g and 3 - 10 mg/g for Na- and Ca-bentonite respectively,
at pH 5-6 with the concentrations of 50 - 200 ppm. The
saturated sorption capacity of ""Sr was 18 - 29 mg/g and 21 -
38 mg/g for Na- and Ca-bentonite respectively, at pH 7 with
the concentrations of 50 - 200 ppm. The saturated sorption
capacity of 137Cs, ""Sr and U on clinoptilolite was 2.1 meq/g,
0.7 meq/g and 1.75 meq/g, respectively. The saturated
sorption capacity of l37Cs, ^Sr and U on mordenite was 2.0
meq/g, 0.62 meq/g and 1.13 meq/g, respectively.

(8) The results obtained show that bentonite and zeolite are
suitable backfill materials for HLW repositories.
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SEPARATION AND SOLIDIFICATION OF RADIOACTIVE
CESIUM FROM NUCLEAR WASTE SOLUTIONS WITH
POTASSIUM COBALT HEXACYANOFERRATE (H)
ION EXCHANGER
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Department of Radiochemistry,
University of Helsinki,
Helsinki, Finland

Abstract

The purpose of this study was to develop a separation
and solidification process for '37Cs, present in nuclear waste
solutions. In this process cesium is selectively separated
from the solutions by columns packed with granular potassium
cobalt hexacyanoferrate. The process has been tested both in
laboratory and pilot-plant experiments and the full scale
industrial plant at the Loviisa NPP will be in operation in
1991. In this plant potassium cobalt hexacyanoferrate columns
are used for the separation 134'137Cs from an evaporator
concentrate solution. Results on the column performance are
given in this report. In addition, preparation, structure and
ion exchange properties, as well as, resistance to radiation
and elevated temperatures, of potassium cobalt hexacyano-
ferrate are desribed. A short description of the final
disposal concept for the columns loaded with cesium is also
given.

1. INTRODUCTION

Because of its relatively long half life (30 a) and high
fission yield, 137Cs is the major radioactive component in most
low- and intermediate active nuclear waste solutions.
Separation of 137Cs from these solutions would substantially
reduce their activity, in some cases to a level enabling
discharge of the the residual solutions. Inorganic ion
exchangers are useful materials for this kind of separation
processes, because they often exhibit high selectivities for
specific metal ions. For cesium the best absorption properties
have been shown by hexacyanoferrate(II)s of the transition
metals [1-3], one of the most effective of these being
potassium cobalt hexacyanoferrate(II) [4].

Hexacyanoferrâtes are being used as precipitation agents
for the removal of cesium from nuclear waste solutions.
Precipitation with hexacyanoferrates is rather effective
compared to most other precipitation agents, but yields a
colloidal sludge, which is very difficult to be removed from
the solution. So far no large scale applications utilizing
hexacyanoferrates in granular form as packed bed columns have
been reported. Using hexacyanoferrates in columns instead of
precipitation agent considerably increases the efficiency of
the separation and makes the process much more straight-
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forward. The limiting factor in the use of hexacyanoferrâtes
in columns has been their often poor mechanical properties;
the grains might disintegrate and glogg the bed. To obtain
hexacyanoferrates in granular form suitable for column
operations needs a careful consideration of preparation
methods, e.g. ratios of the reagents, washing and drying.

This study was financed by the Ministry of Trade and
Industry, Finland, and the Imatran Voima Power Co., Finland.

2. PREPARATION OF POTASSIUM COBALT HEXACYANOFERRATE

The general preparation method for potassium cobalt
hexacyanoferrate in this study was based on the work of Prout
et al [4,5]. Ten different potassium cobalt hexacyanoferrate
products of varying composition were prepared from K4Fe(CN)6and Co(NO3)2 solutions (Table I).

Table I. Compositions of potassium cobalt hexacyanoferrates
[6] .
Product Composition Water content (%)
( 1 )
(2 )
(3)
( 4 )
(5)
(6 )
(7 )
(8)
(9 )
(10)

K
K
K
K
K
K
K
K
K
K

2CoFe(CN)6

1 96C°1.02Fe<CN)6
1.92C°1.04Fe<CN>6
i 7gCOi 12

Fe((-'N)g
1 ' 64^°1 ' 18Fe (CN) g
1.*34C°1.'33Fe(CN)6

0'78Co., 'g-jFe (CN) g
0"64Co1 "g8Fe (CN) 6

C"1 o -it F 6 ( CN ̂  /•

6.9
7.5
8.0
7.0
7.9
11 .6
12.3
14.4
14 .2
17.3

The compositions were determined by atomic absorption
spectrophotometry from samples dissolved in boiling
concentrated sulphuric acid. The water contents were
calculated from the weight losses after drying at 180 °C.

The stoicheiometric potassium cobalt hexacyanoferrate
(product 1) was prepared by adding Co(N03)2 solution to
K4Fe(CN)6 solution. The non-stoicheiometric products (2-10)
were prepared using the reverse order of mixing. Details on
the experimental conditions are given in Table II.

Mixing K4Fe(CN)6 solution with Co(NO3)2 results in theformation of potassium cobalt hexacyanoferrate precipitate,
which is colloidal sludge. This sludge is very difficult to
separate from the solution by filtration and therefore centri-
fugation was used. After separation the precipitate was washed
with water and dried at 110 °C. The resulting cake was then
crushed and desired grain sizes were collected by sieving.
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Table II. Experimental conditions used in the preparation of
potassium cobalt hexacyanoferrâtes [6].
Product Volume of 0.5 M Co(N03)2 Molar ratio

K4Fe(CN)6 C(mol/l) V(ml) Co/Fe in
starting
materials

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

200
200
200
140
50
60
60
10
75
60

0.5
0.5
0.5
0.5
0.5
0.1
0.05
0.1
3.0
3.0

200
20
100
200
200
1000
2000
250
600
1000

1 .0
0.1
0.5
1 .43
4.0
3.33
3.33
5.0
48
100

3. STRUCTURE AND PHYSICAL FORM OF POTASSIUM COBALT
HEXACYANOFERRATE

Identification of crystal phases of the potassium cobalt
hexacyanoferrate products by X-ray diffractometry revealed
that the products (1)-(6) have practically identical face-
centered cubic structure (Fig. 1) [6]. This structure,
presented for K2CoFe(CN)6/ is shown in Figure 2 [7]. In the
unit cell cobalt and iron ions are located at the corners of
the elementary cube and the exchangeable potassium ions at the
body centre. Cyanide groups are placed between the iron and
cobalt atoms.

X-ray diffraction patterns of the products (8)-(10)
revealed that these products are mixtures of two phases, cubic
potassium cobalt hexacyanoferrate and tetragonal Co2Fe(CN)6[6,7] .

All the products prepared yielded granules after
crushing and sieving the dried cakes. The granules of products
(1)-(3), however, immidiately disintegrated when immersed in
water. Therefore, these products are not suitable for use in
columns. All the other products, (4)-(10), kept well their
granular form both when immersed in water and when used in
columns. The granules are aggregates of very small crystals;
according to transmission electron microscopic and X-ray
diffrantion studies the diameter of the potassium cobalt
hexacyanoferrate crystal is 20-40 nm [6].

4. THERMAL BEHAVIOR OF POTASSIUM COBALT HEXACYANOFERRATE

Thermal behavior of potassium cobalt hexacyanoferrate,
K2CoFe(CN)6, was studied by thermoanalytical methods (TG, DTG,DTA, EGD) and X-ray diffractometry [8] . According to these
studies K2CoFe(CN)6 loses its water in the temperature range of20-170 °C. The water loss is reversible; the anhydrous phase
reabsorbs water when in contact with air. Decomposition of
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400

Figure 1. X-ray diffraction patterns of K2CoFe(CN)6 ( a ) ,
Kl.64CoK 1 8Fe(CN) 6 ( b ) , K^oCo^oFeCCNjg (c) , K0 .78CoK61Fe(CN)6
(d) and K0 .5 8CoK 7 1Fe(CN)6 (e) [6] ,

1.006nm

O Fe

Co

K

Figure 2. Unit cell K8 [CoFe(CN)6]4 of potassium cobalt hexa-
cyanoferrate.

K2CoFe(Cn)6-1.4H2O

20-170°C

K2CoFe(CN)6

230°C

K2CoFe<CN)6 + K3Fe(CN)e + K3Co(CN)6 + K2CO3

- 300°C

+ CoFe2O4(?)

K3Fe(CN)6 + K3Co(CN)6 + K2CO3

! -350°C

K2CO3 + Cc>,O4

900°C

K2CO3/K2O+ CoO + Fe2O3

Figure 3. Solid products formed in the thermal decomposition
of K2CoFe(CN)6 [8].
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K2CoFe(CN)6 begins at temperatures higher than 230 °C. The
solid products formed in the thermal decomposition are shown
in Figure 3.

5. RADIATION RESISTANCE OF POTASSIUM COBALT
HEXACYANOFERRATE

Radiation resistance of potassium cobalt
hexacyanoferrate, K2CoFe(CN)6, was studied by exposing samplesof it to gamma irradiation doses of 2 and 5 MGy [9] . The
effects of irradiation on the structure was studied by IR-
spectrometry and X-ray diffractometry and on the ion exchange
properties by determining the uptake of cesium and the
distribution coefficient of 134Cs on the sample before and
after irradiation. Practically no effects on structure and ion
exchange properties were observed by both doses. Considering
the solidification of 137Cs into potassium cobalt
hexacyanof errate, the loading of 137Cs can be at least 0.8
Ci/kg (30 GBg/kg) of K2CoFe(CN)6. This figure is a conservativeestimate, based on the assumption that all the beta and gamma
radiation are absorbed by the exchanger and considering the
cumulative dose for the whole life-time of 137Cs. In the real
ion exchange processes, therefore, loadings can probably be
much higher.

6. ION EXCHANGE PROPERTIES
6.1. Ion exchange mechanism

In stoicheiometric potassium cobalt hexacyanoferrate
potassium ions are exchangeable according to the following
equation:

K2CoFe(CN)6 + 2Cs+ ^——f Cs2CoFe(CN)6 + 2K+ (1).
In the non-stoicheiometric potassium cobalt

hexacyanoferrate products (2)-(7) increasing proportion of the
potassium ions has been replaced by excess of cobalt ions
(Table I) . These cobalt ions are assumed to locate in the
channels of lattice and be exchangeable. For the non-
stoicheiometric product K1 >76Co-] .-]2Fe (CN) 6 it was found that foreach cesium ion taken up by the exchanger 0.87 K+ ions and 0.06
Co2+ ions were released from the exchanger into the solution
[10]. The ratio of the released ions 0.87/0.06 is 15.0, being
almost identical to 1.76/0.12 = 14.7, which is the ratio of
exchangeable potassium and cobalt ions in this exchanger.
Therefore, it is assumed that the exchangeable potassium and
cobalt ions in cubic potassium cobalt hexacyanoferrâtes are
randomly distributed in the channels of the lattice and are
exchanged for cesium in the same ratio as they are present in
the exchanger.

However, not all the exchangeable potassium and cobalt
ions are exchanged for cesium. Completely cesium-exchanged
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form, Cs2CoFe(CN)6/ can not be formed by ion exchange from
potassium cobalt hexacyanoferrâtes. The theoretical ion
exchange capacity, i.e. the amount of potassium ions, for
K2CoFe(CN)6 is 5.73 meq/g. Observed cesium uptake was 1.31
meq/g, which is 23 % of the theoretical value. For non-
stoiheiometric' cubic potassium cobalt hexacyanoferrâtes the
uptake values were even lower (Fig. 4) [6] . The lowest curve
in Figure 4 shows the cesium uptake values for different

240

0.25 0.5 0.75
Proportion of K*amongst
total exchangeable ions

Figure 4. Cesium uptake (x), specific surface area, As (o) andcalculated area occupied by cesium ions assuming that each ion
absorbed covers an area of 0.25 nm2 Acg (——), as a function of
the equivalent fraction of potassium ions amongst the total
exchangeable ions [6].

potassium cobalt hexacyanoferrate products. In the x-axis the
value 1 refers to K2CoFe(CN)6/ value 0.5 to K1 >0CoK5Fe (CN) 6 andvalue 0 to Co2Fe(CN)6.To explain the differences between the theoretical ion
exchange capacities and the observed cesium uptake values it
was studied whether the ion exchange of cesium takes place
only at the surface of the hexacyanoferrate crystals. There-
fore, the specific surface areas of the hexacyanoferrate
products were determined (middle curve in Fig. 4) . A very good
correlation was obtained between the specific surface areas
and the cesium uptake values (uppermost curve in Fig. 4)
assuming that each cesium ions taken up covers an area of 0.25
nm2 at the crystal surface (see Fig. 2: length of the
elementary cube egde is 0.5 nm, area of one side is 0.5 nm x
0.5 nm = 0.25 nm2) . For example the specific surface area of
the product (4) was 62 m2 and the calculated area covered by
cesium ions 52 m2 (cesium uptake 0.35 meq/g = 0.35-10"3 mol/g;
0.35-10~3 mol/g x 6.023-1023 (Avogadro number) = 2.1•1O20 Cs+/g;
2.1-1020 CsVg x 0.25-10"18 m2/Cs* = 52 m2) .

The observed good correlation between the specific
surface areas and the cesium uptake values indicates the
validity of our hypothesis on the surface layer ion exchange
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22* 134,Figure 5. Distribution coefficients (KD) of "^Na, ö°Rb, '-"Cs,45Ca, 85Sr and 133Ba on K2CoFe(CN)6 as a function of initialpotassium ion concentration [11].

process. This surface layer process is valid only for the
single phase cubic products.
6.2. Selectivity

Figure 5 shows the distribution coefficients (KD) of
trace sodium, rubidium, cesium, calcium, strontium and barium
ions on K2CoFe(CN)6 [11]. The distribution coefficient is
defined as follows:

Kr = (A0/A - 1 ) x V/m (2) ,
where A0 is the initial concentration of the ion in the
solution, A the concentration in the equilibrium, V the
solution volume and m the dry exchanger weight. The KD's weredetermined by shaking a sample of the exchanger with a sample
of solution until equilibrium was reached, separating the
exchanger from the solution and determining the ion
concentration in the solution. In determining the
concentrations the following radioactive tracers were used:22Na, 86Rb, 134Cs, 45Ca, 85Sr and 133Ba.

At high potassium ion concentration (>0.01 mol/1) the
distribution coefficients show high selectivity for cesium
over other alkali and alkaline earth metal ions. The
separation factor (a = KD (Cs)/KD (Rb) ) for the ion pair Cs/Rb,calculated from the linearly declining parts of the curves, is
very high, 55. The separation factors among other ions than
cesium are very much lower. At lower potassium ion
concentrations (<0.01 mol/1) the exchanger does not show
preference for any of the ions studied, except barium
slightly.
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6.3. Effect of interfering ions
Effects of three different ions, Na+, K+ and Co2+, on the

distribution coefficient of trace cesium on K1 76Co., 12Fe(CN)6were studied (Fig. 6) [10,12].

6 •

W
0

a )

ID'4

KD
106

105

104

103

in2

b)

t
1
t

_
1 1

L_!!l 1 1 1 1 1 1

10 0 10" 10~ 10 10
[Co2*],mol/l

Figure 6. Distribution coefficient (K„) of 137Cs on
K1,76C°1 i2Pe(CN)6 as a function of Na+ (o) , 1C (x) (Fig. a) andCo +̂ (Fig. b) concentration [10,12]

As seen, sodium ions even at as high concentration as 5
mol/1 do not have effect on the ion exchange of cesium.
Potassium ions decrease the distribution coefficient at
concentrations higher than 0.01 mol/1. The decreasing effect
is as expected, because potassium ions are exchangeable ions
in the exchanger and shift the equilibrium to left hand side
in the equation 1. However, even at as high concentration as 1
mol/1 the KD has a high value of about 10. Cobalt ions, whichform a part of the exchangeable ions in K1>76Co1 12Fe(CN)6,decrease the KD of cesium, but only at concentrations higherthan 1 mol/1.

For comparison to other exchangers known to be selective
for cesium, KD's for trace cesium on ammonium phosphomolybdateand mordenite as a function of sodium and potassium ion
concentrations are shown Figure 7 [12,13].

Compared to ammonium phosphomolydate and mordenite
potassium cobalt hexacyanoferrate is much more selective for
cesium. For example at a high potassium concentration of 1
mol/1 the distribution coefficient of cesium on potassium
cobalt hexacyanoferrate is about 104, compared to about 103 in
the case ammonium phosphomolybdate and ' 102 in the case of
mordenite.
6.4. Effect of pH

Potassium cobalt hexacyanoferrate is effective for
cesium separation on a wide pH range (Fig. 8) [12]. At pH
values higher than 13 the exchanger starts to dissolve.
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Figure 7. Distribution coefficient (KD) of 137Cs on ammoniumphosphomolybdate (a) and mordenite (b) as a function of Na+ andK concentration [12,13].

5.

0)0 4 .

3 ..

KCoCF

7
PH

1O 13

137Cs onFigure 8. Distribution coefficient (KD) ofK1 76C°1 i2Fe(CN)e from nuclear waste solutions as a function ofpH'. (o)'= waste solution with [Na+] 43.5 mmol/1 and [K+] 1.2
mmol/1, (x) = waste solution with [Na+] 2700 mmol/1 and [K+]
240 mmol/1 [12].

6.5. Kinetics of ion exchange
Rate of cesium ion exchange on potassium cobalt

hexacyanoferrate is rather slow (Fig. 9) [12]. The smaller is
the grain size of the exchanger and the lower is the salt
concentration of the solution, the higher is the rate.

7. CRITERIA FOR THE SELECTION OF POTASSIUM COBALT
HEXACYANOFERRATE PRODUCT FOR COLUMN OPERATIONS

From the hexacyanoferrate products prepared (Table I)
the product (4) with the composition K, >7gCo-| >12Fe (CN) 6 was
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Figure 9. Absorption of 137Cs on K-, .vgCo-, -12Fe(CN) 6 from nuclearwaste solutions as a function of time.' A: effect of grain
size; waste solution with [Na+] 2700 mmol/1, [K+] 240 mmol/1
and pH 13.0. B: effect of salt concentration; solid line =
waste solution with [Na+] 17 mmol/1, [K+] 2.2 mmol/1 and pH
9.0; broken line: waste solution with [Na+] 2700 mmol/1, [1C]
240 mmol/1 and pH 13.0 [12].

found to be most suitable for column operations for the
following reasons:
- products (1)-(3) were abandoned because of their rather high
solubilities [6] and because the granules/ which they form,
immediately disintegrate in water
- products (8)-(10) were abandoned because of their slow
kinetics : an instant low-level breakthrough of cesium was
obtained when these products were used in column operations;
this is probably due to crystal phase transformation required
in these products Co2Fe(CN)6 (tetragonal) + 2Cs+ ——>
Cs2CoFe(CN)6 (cubic).

The drawback in the selection of product (4) for column
use is its low uptake value for cesium (Fig. 4).

8. COLUMN EXPERIMENTS

The purpose of this study was to develop a method for
the separation of radioactive cesium nuclides from an
evaporator concentrate solution at the Loviisa NPP (PWR, WER-
440) . At the plant liquid waste streams, such as
decontamination solutions and leackages from the primary
circuits, are being combined and concentrated by evaporation.
The solution is highly alkaline (pH 13.7) and contains high
concentrations of of sodium (2.7 mol/1) and potassium (0.24
mol/1). After aging for a few years 134'137Cs constitute more
than 95 % of the activity, which is about 10 mCi/m3 (0.4
GBq/m3) . If the cesium activity is removed, the residual
activity should be well within the legistlative level for
discharge.
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In this paragraph both the laboratory scale and pilot-
plant scale experiments with potassium cobalt hexacyanoferratecolumns are described.
8.1. Laboratory scale column experiments

In the laboratory scale experiments the effects of flow
rate and exchanger grain size were studied using small
K1.76C°1 .i2Fe(CN) 6 columns (2 ml = 1.2 g) . The diameter of thecolumns was 5 mm. Prior to pumping the evaporator concentrate
to columns, solid fines were removed with a 0.2 ^un filter and
the pH of the solution was lowered with HNO3 to 11.5 to preventthe dissolution of the exchanger.

2000 4000 6000 8000 10000

VOLUME (BV)

Figure 1 0 . Effect of exchanger grain size on the breakthrough
of 3 Cs from K1 7500-, 12Fe(CN)6 columns, a: 1.25-0.85 nun, b:0.85-0.32 mm, c: '0.32-0. 14 mm. Flow rate 18 BV/h.

0 2000 4000 6000 8000 10000

VOLUME (BV)

Figure 11. Effect of flow rate on the breakthrough of 137Cs
from K! 76Co., 12Fe(CN)6 columns, a: 34 BV/h, b: 18 BV/h, c: 9BV/h. Grain size 0.32-0.85 mm. d: mordenite (grain size 0.32-
0.85 mm, flow rate 12 BV/h).

Figures 10 and 11 show the breakthrough of 137Cs from
columns when three different grain sizes and flow rates were
used. For comparison one breakthrough curve for mordenite
zeolite is shown in Figure 11 . The breakthrough curves show
the percentage of breakthrough as a function of effluent
volumes presented as bed volumes.
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As seen, decreasing the grain size and flow rate
considerably improve column performance. This is due to the
slow kinetics of cesium ion exchange.

Figure 11 shows that potassium cobalt hexacyanoferrate
is superior compared to mordenite. As told in chapter 6.3. the
distribution coefficient of cesium on potassium cobalt
hexacyanoferrate was 100-times higher than on mordenite. In
the column operation the difference in separation efficiencies
is even higher.
8.2. Pilot-scale experiments

In the pilot-plant experiments the effects of flow rate,
grain size and solution composition were studied. Emperiments
were carried out at the Loviisa NPP. The experimental
procedure comprised of three major stages:
- adjustment of the solution pH to 11.5-12.0 with HNO3- filtration (0.2 urn) of solid fines
- removal of 134 '137Cs by K1-76Cou12Fe (CN) 6 columns

B

1. 2.

\

r
ar°i

cro

3. 6. c

Figure 12. The pilot plant installations for cesium removal
from evaporator concentrates. 1. sampling tank 2. prefliter 3.
pH adjustment vessel 4. nitric acid tank 5. pump 6. feed tank
7. cartridge filter, 0.2 ^im 8. K-, _76Co1 _12Fe (CN) 6 column 9.
relief valve 10. pressure gauge A. sampling B. drain

In the experiments 150 ml hexacyanoferrate columns were
used. The diameter of the column was 2.54 cm and the bed
height 30 cm. The installations used in the exeperiments are
shown in Figure 12.

The cesium breakthrough curves at two different flow
rates, grain sizes and solution compositions are shown in
Figure 13.

The results obtained in the pilot-plant experiments were
very close to those in the laboratory experiements, and even
better. Figure 13c shows that the decrease in potassium ion
concentration in the solution improves the column efficiency.
This is as expected considering the results shown in Figure 6.
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the feed, a: effect of flow rate (* = 22 BV/h, x = Î1 BV/h) ,
b: effect of grain size (* = 0.30-0.85 mm, x = 0.20. -0.30 mm),
c: effect of solution composition (* = [Na+] 2.7 mol /I, [K+]
0.24 mol/1, x = [Na+] 2.3 mol /I, [K+] 0.11 mol/1) [14].

9. INDUSTRIAL SCALE CESIUM SEPARATION PLANT AT THE LOVIISA
NPP
A full-scale cesium separation plant has been

constructed at the Loviisa NPP. The separation process in this
plant consists of the following steps:
- the pH of the solution is lowered from 13.7 to 11.5 by
pumping 60 % nitric acid to the waste storage tank of 300 irr
volume
- solid fines are removed with 0.2 jim filters
- radioactive cesium is removed with two 8 litre columns in
series connection
- breaktrough of cesium is monitored wi'th an online single
channel analyser.

Test runs of the plant will start in November 1991 and
the plant will be in operation in early 1992.

1 0. FINAL DISPOSAL OF POTASSIUM COBALT HEXACYANOFERRATE
LOADED WITH CESIUM
Imatran Voima Power Co is planning to dispose of the

potassium cobalt hexacyanoferrate columns loaded with cesium
according to the following concept:
- after removal of cesium nuclides into potassium cobalt
hexacyanoferrate columns the ends of the columns will be
sealed by welding
- the columns will be placed into concrete blocks, twelve
columns into one block
- the concrete blocks will the be disposed of in a bedrock
repository for power plant waste at a depth of about one
hundred meters.

This procedure provides a multibarrier protection
against release of activity into ground water. The outermost
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barrier, the concrete block, provides at least 30 cm thickness
between the columns and the surface of the blocks. The second
barrier, the stainless steel column, is 3 mm thick. In the
condition prevailing in the final repository, the rate of
congruent corrosion of steel is estimated to be less than 1 mm
in 1000 years [15] . This being true, 137Cs will have decayed to
a very low level before the columns corrode through. If,
however, these two barriers will be destroyed by corrosion,
the third barrier, the exchanger, will come into contact with
ground water.

To verify the safety of the disposal, elution of 137Cs
from potassium cobalt hexacyanoferrate into ground water was
studied [16]. Ground water sample from the Loviisa NPP area
was first contacted with concrete for two weeks, during which
the pH of the water rose to a high value of 12.4. Samples of
this solution (10 ml) were shaken for eighth months with
samples of K-, >76Co-, .12Fe (CN) 6 (1 g) loaded with 134Cs. Every
month the exchanger was separated from the solution and a new
sample of water was added. Determination of the 134Cs activity
in the leachant solution indicated that the fraction leached
every month was 4'10~5 of the original 134Cs activity in the
exchanger. If the fractional release were constant, it would
take 1000 years to elute 50 % of the original activity in the
exchanger.
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Abstract

The sorption of caesium and strontium from radioactive wastes was studied on several
inorganic sorbents. A special attention has been paid to the preparation of these sorbents for
use in columns. One possibility is the incorporation in a phenolic resin. Small beads of
insoluble hexacyanoferrates were also prepared by local growth at the laboratory scale.
Caesium can be retained with a high efficiency on zinc or nickel hexacyanoferrates II. The
mechanism of fixation is mainly ion-exchange, with the alkaline ion in mixed alkaline
hexacyanoferrates II, or with zinc for pure zinc hexacyanoferrates II. The best results on
columns were obtained for products with a high kinetics of fixation : mainly mixed alkaline-
zinc hexacyanoferrates II or mixed alkaline-nickel hexacyanoferrates n with small crystals.
The fixation of strontium was studied on polyantimonic acid (HAP) and on two types of
phosphatoantimonic acids. In the case of HAP, a total exchange of the protons by strontium
can only be achieved in alkaline solutions. This is due to the presence of protons placed in two
different cristallographie sites with different accessibilities. For low strontium concentrations,
the best efficiency is achieved with HAP. One type of phosphatoantimonic acid with a layered
structure is attractive, if a larger quantity of strontium has to be retained.

INTRODUCTION.

Caesium and strontium with half-lifes close to 30 years are the main fission products in
radioactive wastes from the nuclear industry and nuclear research centers after a cooling time
of some years. It seems attractive to separate these elements from primary wastes in a way
suitable for further storage in safe conditions. Fixation on inorganic sorbents from an aqueous
solution is a promising way of separation as such products are generally radiation resistant
and are stable enough for a long term storage. Among possible products, we chose insoluble
hexacyanoferrate known for their affinity for cesium [1-8] and antimonic acid known for its
affinity for strontium [9-13]. The aim of this study was to verify the efficiency of such
products and to develop our knowledge on the fixation mechanisms in order to determine the
optimum conditions of separation. For that purpose, fixation kinetics and sorption isotherms
were studied by batch experiments and connected to the composition and crystalline structure
of the products. Several types of zinc and nickel hexacyanoferrates II were studied for
caesium sorption. Antimonic acid was compared to two types of phosphatoantimonic acids for

1 On leave from the Institute of Nuclear Chemistry and Technology, Department of Radiochemistry,
Warsaw, Poland.
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strontium sorption. The results of batch experiments were then applied to separations on
columns.

1.SORPTION OF CAESIUM ON ZINC AND NICKEL HEXACYANOFERRATES (ÏÏ).

The compositions and structures of the hexacyanoferrates used for caesium fixation
studies are summarized in Table 1.

TABLE 1

Compositions3 and structures of hexacyanoferrates II prepared
by classical precipitation (A) and by slow growth on alkaline hexacyanoferrates II (B).

Method Zn

1 A 2.02

2 A 1.55

3 B 1.60

4A

5A

6CA

7B

Ni Na

<0.1

0.89

0.03

1.55 0.77

1.76

1.28

0.90 1.82

K Hb H2O

5.5

4.9

0.96 - 3.4

0.13 7.5

0.48 9

1.13 0.31 2.65

3.9

Structure

trigonal(27)d

rhomb(28)d

rhomb(25,28)d

f.c.c.

f.c.c.

f.c.c.

cubic(?)

Cmaxe

1.6

1.0

0.95

0.83

0.46

0.96

0.40

a) Concentration are given in atoms per iron atom.
b) Determinated by difference in order to achieve ionic neutrality.
c) Purchased from Recherche Appliquée du Nord (STMI, Trappes, France).
d) Structure described in the given references.
e) Retention capacity for Cs in atoms per iron atom of the solid.

1.1.Composition and structure of some zinc and nickel hexacyanoferrates II.

Although there have been numerous investigations of the insoluble hexacyanoferrates,
the details of their crystal structures and even their analytical compositions are not fully
resolved. A systematic review of the literature [14] revealed certain features. Although a great
variety of formulae and compositions have been reported, some definite formulae can be
reached by using a suitable and precise preparation mode. This is the case for zinc
hexacyanoferrates II with the well-established compounds Zn2Fe(CN)6-2H2O and
MI2Zn3[Fe(CN)6].xH2O with M1 = Na, K or Cs [15, 16]. Both are "prepared by mixing a
solution of a zinc salt with an alkaline haxacyanoferrate II solution. The composition of the
products depends on the ratio of the reagents and the nature of the alkaline ion. In contrast,
nickel hexacyanoferrates II seem not to have definite formulae. Their composition can be
written as Mr

2xNi2-xFe(CN)6.yH2O with M1 = Na, K, Cs, NRj [14].
The first structural investigations on X-ray powder patterns of iron cyanides indicated a

unit cell of the face-centered type which seems toofit a large amount of hexacyanoferrates
MA

k[Fe(CN)6]i.xH2O. The cell edge is about 10 A. The basic feature of the structure is a
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three-dimensional connection of FeQ and MANo octahedrae. Whereas all the ions Fe are in a
well defined coordination environment, the unit cell contains two different kinds of metal ions
MA. Most of the hexacyanoferrates of bivalent metals such as Ni and Zn seemed to be
isostructural compounds whose structure remained unchanged if alkali-metal ions were
present in the complex composition [14]. It was found that this structure presents a partial site
occupancy for iron atoms. They generally include alkali-metal or M"1" ions and the MA to
alkali metal ratio varies over a large range [17]. The partial occupancy of Fe sites could
explain the occurence of mixed compounds and solid solutions.

FIGURE 1 - Cavity of the tridimensional skeleton M12
not represented [23].

[Fe(CN)o]2- Alkaline ions are

Zinc hexacyanoferrates are usually not cubic, though some cubic unstable forms coexist
for the Zn2Fe(CN)6 and Zn3[Fe(CN)6]2 compounds [18]. Zn2Fe(CN)6.2H20 was found to
be trigonal [19]. The structure of the M2rZn3[Fe(CN)6]2 series was accurately determined
using single crystals prepared in gels [18]. It belongs to the rhombohedral system R3C. The
structure is a three-dimensional framework formed by FeC6 octahedra linked to ZnN4
tetrahedra by the CN bridges (Fig.l). Large cavities occur, each of them communicating with
the six neighbours by means of six "windows". Alkaline ions and water molecules are located
inside these cavities. Some of the water molecules surround the alkaline ions, others are
mostly zeolitic ones.
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l.Z.Preparation of products for column utilisations.

Inorganic ion exchangers suffer from some drawbacks which limit their practical
applications, especially in column operations. The main disavantages are low mechanical
strength and irregular shape of grains.

1.2.1.preparation of mixed sorbents.

To overcome these difficulties. Narbutt et al. [20, 21] incorporated the inorganic
compounds into a matrix in the course of the polycondensation process. Precondensed
phenolic resin was obtained from sulfonated phenol and formaldehyde in a solution
containing an excess of sulfuric acid. A chosen amount of powdered inorganic sorbent was
then added to the fluid mixture and uniformly dispersed. The resulted suspension was slowly
poured into Apiezon A oil at 90°C and then dispersed by vigorous stirring. Small drops of the
suspension hardened within a few minutes as a result of cross-linking the resin matrix, when
completing the reaction of polycondensation. Spherical beads of the obtained composite
materials were separated from oil, degreased with detergent, dried and sieved. Composite ion
exchangers containing various nickel or zinc hexacyanoferrates II were synthesized according
to this method.

It could be easy to prepare mixed sorbents on industrial scale.

1.2.2.preparation by the slow growth method.

We have proposed a new preparation process by a method of growth from the solid
[22,23,24], The principle is slow growth of an insoluble compound on a soluble reacting
crystal placed in a concentrated solution of another reactant. When a crystal of sodium
hexacyanoferrate (II) is placed in a zinc or nickel salt solution, it is immediately covered by a
film of insoluble hexacyanoferrate (II). Under favourable conditions, we observe an internal
solution between the remaining crystal and the film. The radius of the sphere formed by the
film increases with time up to an equilibrium value. At the same time, sodium ions cross the
film and diffuse into the external solution. When the radius has reached its maximum value,
the thickness of the insoluble film increases while the radius of the soluble crystal decreases
until consumption. The growth kinetics accelerate when the temperature increases or when the
divalent salt concentration decreases. These results were interpreted as being governed by an
osmotic pressure phenomenon. The internal solution can be considered as a saturated sodium
hexacyanoferrate (II) solution. If the activity of water in the external solution is higher than
that in the internal solution, water can penetrate the film and the growth kinetics are fast. If the
activity in the external solution is lower than this value, water is more inclined to leave the
film and, there is no possibility of an internal solution and no film growth.

At present, the conditions leading to controlled size and stability are well established for
nickel and zinc hexacyanoferrates II at the laboratory scale. Owing to the relatively simple
method of preparation, it is thought that the larger scale manufacture would be feasible and
economical. We are also studying the extension of this method of preparation to other
insoluble compounds.

1.3.Fixation of Cs ions.

1.3.1.retention capacities and exchange balance.

The maximum uptakes of caesium on various products are given in Table 1, and
compared with other results found in the literature in Table 2 for zinc and Table 3 for nickel
hexacyanoferrates II.

A notable feature is the lack of influence of pH on Cs fixation. The maximum uptake at
low pH is nearly equal to or higher than the values in neutral medium. The distribution
coefficient seems not to be pH dependent [8]. This fact is probably linked with the high
affinity of these products for Cs+ ions and to the irreversibility of the fixation.
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TABLE 2

Maximum uptake of caesium on zinc hexacyanoferrates II

Product

Zn2Fe(CN)6.(2+x)H2O

Na2Zn3[Fe(CN)6]2.xH20

K2Zn3[Fe(CN)6]2.xH20

H2Zn3[Fe(CN)6]2.xH20

Zinc hexacyanoferrate nb

Zn2Fe(CN)6
 b

K2Zn3[Fe(CN)6]2.xH20

Zn2Fe(CN)6.2H2O

K0.82Zni.55Fe(CN)6

K2ZnFe(CN)6.2H2O

5<pH<7 pH<4 Remarks

1.62

0.93

0.95

l->2 c 10'3N HC1

2.1

2

0.98 pH 3

1.65

1.4 3 MHN03

1.54
0.91d 1.16e

Reference

25

25

25

25

26

27

28

29

30

7

a) Results are given in caesium atoms per one iron atom in the solid.
b) Analysis not given.
c) Results varying from batch to batch.
d) Duodenal juice (pH 6.8).
e) Gastric juice (pH 1.2).

1.3.1.1.zinc hexacyanoferrates II.

The maximum uptake is close to one caesium atom for each iron atom for mixed
hexacyanoferrates ÏÏ. It corresponds to the total alkali metal content. For simple
hexacyanoferrate II, the capacity is higher, but we never observed the reported value of 2
caesium atoms per one iron atom in the solid which corresponds to a Cs2ZnFe(CN)e
composition.

Zinc is released as caesium is fixed, but we observed an excess of caesium which could
be explained by a caesium salt adsorption. The fixation leads to a modification of the crystal
lattice, the new phase Cs2xZn2-xFe(CN)6 has a cubic structure [25].

For K2Zn3[Fe(CN)6J2> the potassium content of the solid decreases with the increasing
uptake of caesium, while the zinc content remains constant. This implies a one to one Cs"VK+

exchange with potassium ions nearly completely removed from the solid. In the case of mixed
compounds, caesium is fixed without structural change and the rhombohedric phase
Cs2Zn3[Fe(CN)6]2 is formed [25].

1.3.1.2.nickel hexacyanoferrates II.

The results, vary from one product to the other. However, we notice that the maximum
uptakes are nearly always lower than one caesium atom per one iron atom. It seems that a one
to one alkali ion/Cs"1" exchange occurs. At high caesium concentrations, a small amount of
nickel is also released [25].
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TABLES

Maximum uptake of caesium on nickel hexacyanoferrates IP

Product 5<pH<8 pH<4

Ho.74Nii.63Fe(CN)6 0.35 0.83
0.94

Ho.42Nai.o<sNii.26Fe(CN)6 0.46 0.35

Nai 33NiL 33Fe(CN)o 0.71 0.77
0.83

Ho.3iK1.13Ni1.28Fe(CN)6 - 0.72

Nickel hexacyanoferrate IIb 1.9

Nii.96Fe(CN)6 - 0.27

KLMNiuTFeCCNfc - 0.25

KLTsNiuFeCCN)« - 0.3

K2NiFe(CN)6-3H20 0.67 0.79 c

Nickel hexacyanoferrate IIb-d - 0.39
0.33

Remarks

10-2 N HC1
IQ4 N HC1

10-2 N HC1

IQ'2 N HC1
IQ'1 N HC1

10-2 N HC1

-

3 M HN03

3 M HN03

3 M HN03

pH1.2

0.5M HMH
3.1MHNÛ3

Reference

25

25

25

25

26

30

30

30

7

31

a) Results are given in cesium atoms per one iron atom in the solid.
b) Analysis not given.
c) Gastric juice.
d) Probably mixed potassium compound.

1.3.2.kinetics of fixation.

The time required for reaching equilibrium depends on the structure of the final product.
If the exchange is performed without a structural change, which is the case for the cubic
compounds (nickel) or the rhombohedral compounds MI2ZnJ[Fe(CN)6]: (M1 = Na,K)
equilibrium is reached within a few minutes.

A slow kinetics was observed for simple zinc [16] hexacyanoferrates II. With this type
of compounds, fixation requires a structural change and the equilibrium uptake at high
caesium concentrations is only reached after several hours.

The caesium fixation may be controlled by several mechanisms, the slowest limiting the
overall rate :

- diffusion in a liquid film at the surface of the particles
- diffusion within the particles in a single phase system
- formation of a new phase
- diffusion within the particles in a double phase system
Boyd et al, [32] have derived rate laws for film and particle diffusion. This model does

not fit the kinetics observed when the fixation of caesium leads to the formation of a new
phase. The reaction rate can be limited by the diffusion in the new phase, which grows from
the surface to the center of the particle. We have developped a mathematical description of
this case. It seems to represent the observed phenomenon for the fixation on trigonal zinc
hexacyanoferrate II [25].
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1.3.3.application to the recovery of caesium from low level radioactive waste solutions.

1.3.3. l.synthetic wastes.

Examples of elution curves from zinc hexacyanoferrates columns are given on Fig.2.
The more favourable case is observed for rhomboedral mixed alkaline-zinc hexacyanoferrates
II (curves B and A) : we observe a plateau with a high value of the decontamination factor D,
ended by a steep fall next to the retention capacity. These conditions are fulfilled when the
kinetics, as measured in the batch experiments, is fast. On the contrary a slow kinetics of
fixation leads to a continuous decrease of D (curves C and D). In the case of mixed alkaline-
nickel hexacyanoferrates II, a plateau is observed for products with small crystals. It is also
connected to a fast kinetics of fixation.

1.3.3.2.nuclear real wastes.

Effluents from the primary circuit of a PWR reactor were tested. The pH of the solution
is fixed to 7 by the presence of large quantities of lithium borate (7 g.l"1). Mixed potassium-
zinc hexacyanoferrate was used. We noticed high values of the decontamination coefficient.
Even after the passage of 40000 column volumes, this coefficient is equal to 200. However a
non negligible release of potassium and zinc was observed. This drawback hinders the use of
hexacyanoferrates for the continuous treatment of PWR circuits, but these products are well
adapted to the treatment of all effluents before final disposal. Another application is the
selective removal of radioactive cesium from ion exchanger resins used in the primary circuits
[33]. A volume reduction factor superior to one order of magnitude can be achieved by
transferring the radioactivity from the resin onto hexacyanoferrates.

After incorporating a powdered insoluble hexacyanoferrate II into the matrix of a phenol
sulfonic resin, very efficient removal of 134-137Cs has been achieved from real radioactive
liquid waste of a nuclear reactor. The properties towards caesium fixation (distribution
coefficent, kinetics) of the obtained composite products remain nearly the same as those of the
inorganic filler alone. The best results were found with the composite sorbent containing
potassium-nickel hexacyanoferrate II. In acid waste solution (pH = 1), after passing 200 bed
volumes, the decontamination factor remained constant with a value superior to 300. For
comparison, the phenol sulfonic resin was also tested as a caesium sorbent. Its efficiency for
caesium sorption is very low : the decontamination factor falls to one after passing only 20
bed volumes of solution [34].

The mechanical strengh of composite sorbents is improved, which is very important for
column processes. They combine the efficiency and selectivity toward caesium fixation of the
starting inorganic compounds together with the mechanical stability of the organic resin.

2.SORPTION OF STRONTIUM ON ANTIMONIC AND PHOSPHATOANTIMONIC
ACIDS.

2.1.Composition and structure of the sorbents.

Antimonic and phosphatoantimonic acids are stoechiometric compounds with well-
established structures. Hydrated antimony pentoxyde (HAP) was purchased from Carlo Erba,
Milano, Italy. Analyses performed by nuclear activation and thermogravimetry led to a
Sb2O5, 2.54 ± 0.02 H2O composition. The crystallographic structure belongs to the
pyrochlore type with a Fd3m space group and a 10.35 A parameter. The crystallographic
positions of the atoms before and after strontium fixation were determined from the
diffraction lines intensities. Optical and electron microscopy showed aggregates of
approximately 100 j^m diameter, constituted of small particles (0.08 to 0.18 ̂ im).

Two types of phospatoantimonic acids, prepared at the Laboratoire de Chimie des
Solides [35,36], Université de Nantes, France, were studied : H3Sb3P2Oi4,nH2O(RH3) and

RH.^ has a rhomboedric structure R3 m constituted of lamellae
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FIGURE 2 - Variation of the decontamination factor D as a function of the caesium quantity
Q per gram of product poured on a column of various zinc hexacyanoferrate n prepared by
slow growth. A : mixed sodium-zinc hexacyanoferrates n (mixture of phases) ; B :
K2Zn3[Fe(CN)6]2 ; C : mixed sodium-zinc hexacyanoferrate II with a higher Zn
concentration than A ; D : zinc hexacyanoferrate n with composition close to Zn2Fe(CN)o-

1 h

0.5

0.1 L

\RH3

HAP

•RH.

10-2 10"1 1 10 102 t h 103

FIGURE 3 - Examples of kinetics of strontium fixation. Variation of the fixation achievement
factor F as a function of time t for polyantimonic acid HAP (initial Sr concentration 2.8 10'
2M) and two phosphatoantimonic acids : RH3 (Sr concentration 0.33M) and RH5 (Sr
concentration 2.8 10'2M)
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of SbOô octaedrae connected to PÛ4 tetraedrae and including large channels. Electron
microscopy shows small crystals (< 0.2 |j,m) aggregated in particles (l jj,m). RH5 has a
tridimensional orthorhombic structure Pnnm or Pnn2. Electron microscopy shows sticks
(length : 2 fxm, thickness 0.7 jxm) constituted of a few crystals.

2.2.Fixation of strontium.

2.2.1.kinetics.

We have studied the kinetics of the fixation of strontium on polyantimonic and
phosphatoantimonic acids. As shown in Fig.3, the time required for reaching the equilibrium
increases in the order :

RH3 < HAP < RH5

For RÜ3, the equilibrium is reached within 15 minutes even when the initial
concentration of strontium is important (0.33M). This feature can be explained by the lamellar
structure of RH3 which allows a rapid diffusion od strontium into the particle. Inversely for
RHs, the equilibrium is attained slowly. Concerning HAP, the time required for reaching the
equilibrium increases with increasing the amount of strontium ions in the solution. These
times vary from a few minutes (initial concentration of strontium 10~5M), to several days.

1tf

102-

0.2 0.4 0.6 X Sr

FIGURE 4 - Variation of the distribution coefficient Kd of strontium as a function of the
exchanged fraction X Sr in the solid for HAP (XSr = 1 for theoretical capacity of 2 Sr
equivalent per mol) and RH.$ (XSr = 1 for the theoretical capacity of 3 Sr equivalent per mol)
in acid medium.

2.2.2.fixation at trace level.

This study was performed mainly in view of the treatment of acid nuclear wastes
containing sodium ions. Therefore we studied distribution coefficient IQ of strontium ions on
HAP, RHs and RHs, as a function of nitric acid and sodium ions concentrations. As shown in
Fig.4, the affinity for Sr2+, without Na+ increases in the order :

HAP > RH5 > RH3

Figure 5 shows the variation of the equilibrium distribution coefficient in strontium ions
as a function of sodium ions concentration. If the concentration of the salt is lower than 10'3
M NaNO3 for HAP and RH5, and 10'2 M for RHs, the value of Kd is the same as in pure

solutions. Above this value, Kd decreases linearly with a -0.85 slope. This slope results
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FIGURE 5 - Variation of the distribution coefficient of strontium ions as a function of
sodium ion concentration in 0.5 M HNÛ3 solution.

TABLE 4

Fixation capacity for strontium on polyantimonic acid HAP and
two phosphatoantimonic acids RHs and RHs

as a function of pH in equivalent per mol of product.

HAP

RH3

RH5

Acid

pH3

0.62

2.08

1.88

Neutral

pH5.3

0.62

2.42

1.15

Basic

pH12

2.0

4.85

5.61

theory

2

3

5

from the competition of both H+ and Na+ ions, and is difficult to predict as the activity
coefficients in the solid vary with the (Na+)/(H+) ratio.

2.2.3.sorption isotherms and capacity.

The distribution coefficient of strontium on HAP decreases with increasing the initial
concentration of strontium in solution. Inversely for RH3 the distribution coefficient is
constant for large strontium concentrations. There is an inversion in the selectivity.
Concerning the fixation capacities, the values of the maximum uptake of strontium on the
three acids studied are given in Table 3. In the case of RH.-* in basic medium, the fixation
capacity is greater than the theoretical one. We can suppose that ion exchange Sr2+/H+, is not
the only process involved in the fixation mechanism. We must also envisage the exchange
Sr(OH)+/H+. Furthermore, some strontium was probaly retained by Sr(OH)2 adsorption. For
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HAP in basic medium the retention capacity leads to SrSb2Oo.nH2O, in agreement with the
starting formula H2Sb2O6.nH2O. In acid and neutral media, the number of sites involved in
the exchange is smaller than 5 (about 0.6 sites per mole of HAP), leading to a lower capacity.

2.2.4.structural study of the fixation of strontium on polyantimonic acid.

To explain more in details these observations we have determined the crystal structure
of HAP before and after fixation of strontium. We have reported here the main
crystallographic parameters in connection with the present work. There are two fixation sites :
Si sites are situated in the hexagonal windows while Sn sites are located in the cavities. For a
partial exchange, cations are only found in one unique site (site Si-samples 1 and 2)
irrespective of the pH medium, but in the two sites Si and Sn when the exchange is complete.
It can be concluded that in basic medium, sites Sj and Sn are successively occupied. We must
observe that the population of Sj (2.8 cations) is pratically equal to the maximum fixation
capacity in acid or neutral medium (0.6 equivalent for one mole = 2.5 cations per unit cell). In
conclusion, in acid or neutral medium, the Sr2+ cations are only located in hexagonal
windows.

2.2.5.Fixation on columns.

The highest -values of the distribution coefficient of strontium are reached on HAP, but
the slow kinetics of diffusion does not seem to be favourable for a fixation of this element on
a column. However for radioactive strontium produced by fission reactions, whose pondéral
concentration in wastes is very low, the capacity corresponding to the fast step of the kinetics
(0.1 eq. mol"1) is large enough. In column experiments,, with synthetic radioactive strontium
solutions, we observe a plateau with a value of 7 x lOVfor the decontamination factor until a
fixed quantity of 0.15 eq mol'1. In the case of RH3 and RH5, the particle size is too small for
column utilization.

CONCLUSION

Two types of products were studied for the fixation of caesium and strontium from
radioactive waste : these are insoluble hexacyanoferrates n and antimonic or
phosphatoantimonic acids. In order to select the best products three types of measurements
had to be performed : distribution coefficients at trace level, variation of the exchange
equilibrium as a function of fixed quantity and capacity, kinetics of fixation.

Zinc and nickel hexacyanoferrates II show a very high affinity for caesium ions. If the
hexacyanoferrate II contains alkali metal or H* ions, caesium is exchanged with these ions ;
there is no structural change and the kinetics of reaction are very fast. The fixation also takes
place on simple zinc hexacyanoferrate II with a capacity higher than those observed on other
products, but caesium is incorporated in the hexacyanoferrate II with a structural change and
the kinetics are much slower, requiring several hours to reach equilibrium. In that case, the
fixation cannot be completely explained by exchange with the Zn-+ ions and we must admit
that a certain amount of caesium is also retained by adsorption of Cs+ together with the
corresponding anion. All studied hexacyanoferrates II can remove caesium traces from
aqueous solutions. However, for good retention properties on column, a fast kinetics of
fixation is needed. This excludes products on which the kinetics are limited by structural
change or crystal sizes.

In the case of strontium, the best sorbent is polyantimonic acid as it shows the highest
distribution coefficient at low concentrations and a fast step kinetics with non negligible
capacity. For a large quantity of strontium, a lamellar phosphatoantimonic acid could be used,
but the granulometry of this product is not suitable for column utilization. The use of a
thermodynamical approach on the exchange joined to a comprehensive structural study lead to
a better knowledge of the mechamism of the Sr2+ fixation on HAP [371. Two different
protons are exchanged, leading to two different cristallographie sites for Sr2*. These results
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have some pratical aspects for the retention of radioactive strontium from nuclear wastes. In
acid waste solutions, only the reduced capacity of 0.31 mol.mol"1 has to be considered. To
achieve a higher concentration in the solid, the solution must be alkaline. However in this
case, the distribution coefficient Kd will fall off with the fixed concentration because of the
decrease of the selectivity coefficient Kc leading to a less effective fixation. The kinetics of
fixation is also an important parameter for pratical use of the products. We have already
shown that the working capacity has to be reduced due to the limited extent of the fast step of
the fixation. In the future, it is probably possible to change these parameters by changing the
preparation conditions, either in the same pyrochlore structure, or in another symetry obtained
by altering the chemical composition.

In all cases an important factor must be taken into account : the granulometry and the
stability of the products when they are used in columns. We developed a new method of
preparation by slow growth, which leads to hexacyanoferrates suitable for column utilization.
This method was not yet applied to antimonic acid, which can be used only in small columns.
Another possibility is the incorporation of antimonic acid into an organic matrix in the course
of the poly condensation process [20]. The main drawback of this procedure is the
impossibility to store organic resins for a long time. An important effort is needed in the
future for the preparation of inorganic exchangers with suitable granulometry and long term
stability in columns.
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SORPTION BEHAVIOUR OF RADIONUCLIDES
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Abstract

The sorption behaviour of U(VI), Zr(IV), Th(IV), Fe(III), Cr(III),
Y(III), Sc(III), Ce(III), Sr(II) and Cs(I) has been studied. Applying a
set of physicochemical methods, spectrophotometry, dialysis,
ultrafiltration, electromigration, centrifugation and ion exchange, the
state of the above radionuclides has been studied over a wide range of pH
(1 - 12) and cation concentration in solutions. The conditions of
formation of mono- and polynuclear hydroxocomplexes in solution have been
determined. The features of sorption behaviour of mono- and polynuclear
forms on different sorbents have been studied. The hydrolysis of Zr, Fe,
Cr and Y leads to reduction in the sorption of these elements on cationite;
on the contrary, the hydrolysed forms of U, Th and S are more strongly
sorbed. Sorption of Cs, Sr and Ce on different samples of soil and on
different inorganic sorbents has been studied. A methodological approach
to the determination of the sorption-desorption mechanism is discussed.

1. INTRODUCTION

Routine operation of nuclear power plants includes detailed provisions
for treatment, conditioning and disposal of radioactive wastes arising from
power generation and post-operational decommissioning. The accident at the
Chernobyl Unit 4 NPP has shown that in an emergency situation a number of
safety measures should be undertaken to minimize and eliminate the
radiological consequences associated with a potential accident. In this
context, data and information is needed on the sorption of various
radionuclides (Cs, Sr, Ce, Pu, Am etc.) on different types of soil and on
the forms and behaviour of these radionuclides in surface and underground
water systems typical for the defined affected areas. Such data can be a
basis for effective technical decisions, for practical measures for
prevention of radionuclide migration and dispersion in the environment
and for predicting and modelling their transfer from the environment
systems into biological chains. The data will also enable recommendations
to be made for agricultural and other managerial activities in the affected
area.

The objective of this work was to investigate the sorption
characteristics of the polycharged species of the radionuclides of Zr, Th,
U, Fe, Cr, Y and Sc from the solutions in order to determine any anomalous
behaviour in their sorption, when they are present in solution as
hydroxocomplexes.

The second objective of the work was to determine the sorption
behaviour of Cs, Sr and Ce radionuclides on different types of soil
typical for Byelorussia and to identify sorbents which could be used
for decontaminating aqueous solutions of different compositions.

A variety of complexes and particles can be formed in a solution
depending on its composition and on the nature of the cation
(radionuclide). Each complex species has specific physico-chemical
properties which determine the behaviour of the radionuclide in any
processes: sorption, extraction, migration in natural waters, etc. The
more profound our knowledge is about the composition, structure,
thermodynamic stability of radionuclide complexes, and the interaction
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mechanism between each complex form and a sorbent, the more efficient
will be the technical solutions. Sillen and co-workers [1,2] were the
first to undertake investigations on the hydrolytic behaviour of cations
in solutions. In addition to the above authors investigations, we have
investigated the hydrolytic behaviour of cations at very low (10~* mol/1)
concentrations in solution.

2. EXPERIMENTAL

The studies were carried out using different physico-chemical
methods, spectrophotometry, dialysis ultrafiltration, electromigration,
centrifugation and ion exchange, which allowed us to determine conditions
under which the mono- and polynuclear hydrocomplexes of Zr4+, Th4+, Fe3+,
Cr3+, Sc3+ and UO2* cations are formed in solution during hydrolysis. The aim
was to determine the specific features of sorption behaviour of mono- and
polynuclear hydroxocomplexes towards the sorbents, silica gel and KU-2
cation exchanger. The sorption value was determined simultaneously with
the state of radionuclides in solution before and after sorption by means
of the above methods [3).
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Fig. 1. ——— Sorption of l-Zr(IV), 2-Fe(III), 3-Cr(III) by cationite KU-2
---- Decrease in the quantity of MeI+(%) in solution due to

hydrolysis; I1 - Zr4+, 2' - Fe3+, 3' - Cr3+

3. RESULTS AND DISCUSSION

The data presented in Fig. 1 show that, in the case of Zr(IV),
Fe(III) and Cr(III), the formation of the mononuclear Me(OH)(Z'l)+
hydroxocomplexes in solution results in a decrease in the value of the
distribution coefficient (K<j) . In this case, a normal ion-exchange process
occurred when a decrease in the cation charge was accompanied by a decrease
in its sorption ability. A different picture was observed with sorption of
Th(IV), Sc(III) and U(IV). It is seen from the data of Fig. 2 that when the
Me(OH)(I"l)+ hydroxocomplexes are prevalent in the solution, the sorption of
thorium, scandium, and uranium increases. The hydrolysed Th(OH)3+ and
UO2(OH)+ forms appear to absorb better on a cation exchanger than the
corresponding hydrated cations. In so doing, the sorption of hydrolysed
forms proves to be a reversible ion exchange process. Indeed, it is
seen from Fig. 3 that the value of the distribution coefficient (Kd)
remains constant upon changing the solution volume/sorbent mass ratio
(V/m) . The result proves that the sorption of hydrolysed forms is a
reversible process. At the same time the data of Fig. 4 show that the
value of the distribution coefficient (Kd) decreases with an increase inconcentration of the competing Na' cation in solution, indicating an ion
exchange sorption mechanism for the hydrolysed radionuclide forms. In
the solutions where the polynuclear Meq{OH)8 hydroxocomplexes are formed,the sorption onto a cation exchanger decreases for all the radionuclides
investigated (Fig. 5). As a result of hydrolysis, the polynuclear
complexes with a small charge and, as a consequence of it, low sorption
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Fig. 3. Dependence of the sorption of radionuclides by cationite KU-2

on V/m ratio
1 - Fe(III), pH 2.6
2 - Cr(III), pH 4.0
3 - Sc(III), pH 4.5

QZ

Fig. 4. Dependence of the sorption of radionuclides
by cationite KU-2 on on Na+ concentration
1 - Fe(III), pH 2.5 2 - Cr(III), pH 4.0
3 - SC(III), pH 4.5 4 - U(IV), pH 4.5

ability may be formed. It is also possible that a steric factor is of
great importance when the internal sorbent exchange sites become
inaccessible to the particles formed.

In the tests with silica gel, a more complicated sorption behaviour
of mono- and polynuclear hydroxocomplexes of radionuclides was observed.
Our studies have shown that for Fe(III), Cr(III), Sc(lII) and Y(III), the
distribution coefficient increases when increasing the pH of the solution
at a constant ionic strength. With Fe(III) and Cr(III) (Fig. 6) the
increase in the distribution coefficient (Kd) is due to an increasing
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3T*
Fig. 5. Sorption of Zr(IV) polynuclear hydroxocomplexes by

cationite KU-2, pH 1.5

Fig. 6.——— Sorption of radionuclides by silica gel
1 - Fe(III), 2 - Cr(III)

——— Quantity of [MeOH2*] (%) in solution
1« - FeOH2+, 2' - CrOH2+

S

Fig. 7.——— Sorption of radionuclides on silica gel
I - Sc(III), 2 - Y(III)

——— Quantity of [MeOH2+] (%) in solution
II - ScOH2+, 2' - YOH2+

concentration of hydroxcomplexes in solution. However, with Sc(III) and
Y(III) (Fig. 7) the distribution coefficient increases at values of pH when
there are yet no observed marked quantities of hydroxocomplexes in the
solution. For instance -the sorption of Sc(III) begins at pH = 2.5 and
Sc(OH)2'' hydroxocomplexes appear at pH = 4. That means that the fact that
the Kd increases with pH increase in solution cannot be explained in terms
of hydrolysed forms of the radionuclides participating in the sorption on
the silica gel.

In order to make sure that hydrolysed forms were being adsorbed by
silica gel, the total concentration of Fe(III), and of Fe3+ cations were
determined simultaneously by spectrophotometry, as well as the change of
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40 2.S

Fig. 8. Fe3+/FeOH2+ ratio in solution before (1)
and after (2) sorption on silica gel

the Fe3+/Fe(OH)2'1" ratio in solution during sorption. Since the Fe3+/Fe(OH)z+
ratio does not change after sorption (Fig. 8), it can be concluded that
the Fe(OH)n(3'nH hydroxocomplexes are adsorbed on the silica gel to an
extent that is not less than that of Fe1' cations. The data on sorption
tests (Fig. 9) shows that the value of the distribution coefficient (Kd)
does not depend on the V/m ratio. This means that the sorption of
Fe(OH)n(3"nH hydroxocomplexes is a reversible process. At the same time,
the data in Fig. 10 provide evidence that while increasing the
concentration of an inactive electrolyte in solution from 2xlO"2 to 2.0
mol/1 (Na4, Ça2', AI3') the value of Kd increases, not decreases. This can
be observed when the sorbed radionuclide concentration in solution, for
instance, amounts to 2xlO'7 mol/1. The presence of triply charged A13+
cations at concentrations of 2x10* times greater than those of the sorbed
cations does not appear to affect the sorption. Consequently, the
sorption of Fe(OH)n3"" hydroxocomplexes proceeds via the non-ionic exchange
SiOH silica gel groups. At such high concentrations of A13+ cations in
solution, all the dissociated Si-O-H groups will be occupied by A13+
cations, while the sorption of Fe(OH)n(3'nl+ hydroxocomplexes seems to
proceed by the establishment of bonds with undissociated SiOH groups of
the silicagel, i.e. there is a process on the silicagel surface similar to
the formation of hydroxocomplexes in solution. The total quantity of
OH-groups per gram of silicagel amounts to l.BxlO21, while that of
dissociated Si-O-H groups in weakly-acid solution is 2-4x10'* mol/1. The
results show that at the Cr(III) concentration in solution of 5.7xlO"3M
and at pH 5.9, Ig of silica gel absorbs IxlO31 chromium atoms. Only 2%
of the absorbed chromium can be distributed on the dissociated Si-O-H
groups while the other 98% can occupy undissociated SiOH groups; the whole
quantity of Cr(OH)n3"n complexes can be adsorbed as a monolayer. In the
case of Fe(III), similar calculations show that only 15% of the iron can be
adsorbed by the ion exchange mechanism, but 85% by mechanisms similar to
the polymerization of mononuclear hydroxocomplexes in solution.

The measurements show that polynuclear Fe|)(OH)q hydroxocomplexes
participate in the sorption on silica gel, but their sorption activity
depends on the age of the solution. It appears that with short aging
times the fraction of polynuclear Fe(III) forms remaining in solution
after sorption decreases, but at more than 100 h aging, increases. It is
probable that as the "age" of the solutions increases, the fraction of
OH-groups in the polynuclear complex decreases at the expense of
separation of H4 ions. In turn, the formation of O-bonds decreases the
sorptive activity of polynuclear complexes. However, this is only a
hypothesis. Upon increasing an inactive electrolyte concentration in the
NaNO3 solution, the fraction of polynuclear Fep(OH)q forms in solution
increases while the Fe(III) sorptive ability decreases. This indicates

a weak sorptive ability for polynuclear Fep(OH)q hydroxocomplexes, possibly
due to the surface charge of the polynuclear hydroxocomplex being very
small. As a result it was observed that the presence even of single
charged competitive Na* cations in solution considerably decreases the
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(1,4) - initial; (2,5) - after addition of a new portion of
sorbent; (3,6) - after addition of a new portion of solution
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Fig. 10. Dependence of the sorption of Fe(III)-(l-3)
by silica gel on Mez+ concentration
1 - Na+, pH 2.8, 2 - CaI+, pH 2.7, 3 - Al3
4 - Na+, pH 4.5

and Cr(III)-(4)
, pH 2.7,

Fe(III) sorption by silica gel. It can be concluded that the data obtained
make it possible to develop some versions of sorptive extraction of
radionuclides from solutions. The main part of the research work within
this project is dealing with sorption behaviour and properties of the
radionuclides of Chernobyl origin - Cs, Sr and Ce. Four important tasks
were undertaken:

inventory of radioactive contamination, characterization of
contaminated objects and the general area,
development of decontamination technology and methods for cleaning up
the area, industrial facilities, cultural and architectural objects,
cleaning of water and water solutions,
development of cost effective methods for minimization of
radioactive waste, treatment and conditioning of waste,

- disposal and isolation of radioactive waste, rehabilitation actions.
Any technical solution on decontamination, utilization of waste,

prediction of radionuclide behaviour in natural environment and in
technological processes can be based first of all on available data about
the forms of radionuclides involved in technical or natural processes. The
more we know about composition and the thermodynamic stability of
radionuclide complexes, the more effective will be the technical solution.
Several points should be discussed on a methodological approach for
studying radionuclide forms in soil and water systems.

Usually decisions on the forms of radionuclides adsorbed on the soil
are made based on desorbtion of them from soil by different solutions.
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1. H2O - the fraction of radionuclides that is extracted by H2O is knownas the water soluble form.
2. CH3COONH4 - the fraction extracted by means of this solution (pH 7.0)is considered to be an ion exchangable form of a radionuclide.
3. HC1 - the fraction extracted by means of this solution (IM) is

considered as a mobile form of the radionuclide.
4. The radionuclide portion that cannot be extracted by means of the

aforementioned solutions, relates to the fixed radionuclide forms.
Several situations can arise. Firstly, the ability of the

radionuclides to move or not move into the solution of a given composition
is not determined by its speciation. Suppose, for example, that Sr is
present in the soil only in the form of Sr2+ cation and is bound to only
one composition of soil molecules. In this case various values of Sr
extraction would be obtained when treating the soil with the
different solutions. Taking into account the fact that Sr can be bound to
molecules of differing composition, and the links can vary in strength and
mobility, if we use 10 solutions rather than 3, we can obtain 10 different
values of radionuclide extraction but the form of radionuclide Sr remains
the same - that is a Sr-+ cation. For example from the amount of the
radionuclide extracted by H:O a conclusion can be made that this amount
represents the. water soluble form, but the amount of Sr extracted by the
solution is not necessarily entirely present in ionic form in the solution.
For example, Cs and Ce move from soil to H:O and O.1M HCl but about 70% Cs
and Ce are present in particulate form even in 0.1M HCl.

The data, presented in Table I. show that Cs is completely sorbed by
all soil types from a solution of 0.1 M HCl. Therefore Cs transition to
the solution cannot be desorption (it cannot be desorped), but by
particulate material transition to the solution together with the
radionuclides sorbed on them. These particles can be retained by
filters with pores equalling 1 fjm. The extent of radionuclide extraction
does not directly relate to the amount of any radionuclide form in the
soil. For example, if 10% Sr is extracted with CH3COONH4 solution,
it does not follow that 10% Sr is present in an ion-exchangable form
in the soil. The Sr-cation distribution between the solution and solid
phase (soil) is defined by the
law of mass action:
R2Sr + 2NH4+= 2R-NH4 + Sr2+ t
Kd = C"Sr/CSr = [100 - %desorp . ] / %desorp.

in which m - mass of a soil sample (g),
V - solution volume (1).

[ R2Sr ] [ NH/

Table I. Sorption of "7Cs on soils

Soil

Loamy

Sandy
Soddy-
podzolic
Peaty-
swampy

Soil
amount(g)

11
46
12
26
9
20
13
30

0.1M HCl

Sorbed
quantity

(*)
97
95
88
93
80
88
91
95

0.
Soil

amount(g)
7

23
17
19
12
21
4
5

IM HCl, KC1,
FeCl3Sorbed
quantity

(*)
55
50
31
32
30
74
49
50
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5 10 so too soo
Fig. 11. Variation of the quantity of surface molecules (f%) and a

specific surface of particles (S°) as a function of particle
size

The experimenter controls the extent of desorption: he can change it
by changing the proportion V/m. We believe that the ion-exchangable or
water soluble portions can not be determined by a single experimental
value - the percentage of desorption or extraction. Other
physico-chemical methods should be used for this purpose. It is necessary
to define the state of the radionuclides in the solution used to desorb
radionuclides from the soil.It is necessary to bear in mind that there is
a great difference between definitions of a water soluble form and an
ionic form. The ionic form is that of the hydrated cation. What is the
soluble form?, we do not pretend to have the final answer, but
nevertheless, we offer the following definition. Fig. 11 shows how the
specific surface of particles S° (ratio of total particle surface
area to total mass), and corresponding ratio of surface molecules
to total number of molecules in particle - f(%) should change with
particle size reduction. At the beginning the values { S° and f) increase
and then decrease, and at a certain point we can not talk about
"surface molecules" and "specific surface" as these notions lose their
physical meaning. This situation appears to occur when the number of
molecules on the "rib" of a particle equals 2 (Fig. 11). At this point,
when specific surface loses its physical sense, we can talk about soluble
forms.

If this approach is accepted, the soluble form may be represented by
the particle with a quantity of atoms in it no greater then 8. This means
that in a study of radionuclides it is very important not only to
determine the ratio of the ionic and non-ionic forms, but also to
determine the extent of nucleation of non-ionic forms.

Data in Table II show that the ratio of Ce and Cs in the soil prior
to contact with a desorption solution and in the solution (after
desorption) is different. The increase of the proportion of Ce in
solution compared with that in soil is in good agreement with the
observation that Cs sorption on to soil is a hundred times greater than
for Ce. This results in easier desorption of Ce to the solution. This
in turn means, that by contact with the solution desorption, not
dissolution takes place.

In order to determine to which type of soil molecules the
radionuclides are attracted we conducted experiments on Cs sorption with
sandy soil in the presence of various humic acids in water. The results
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Table II. ""Ce/'̂ Cs ratio in soil and in solution
(0.1M HC1 + 0.1M KC1 + 0.1M FeCl3)

Distance
from reactor

km
6
30
40
70
260

Ratio of I44ce / 131Cs
Soil

2.0 ± 0.2
0.4 ± 0.2
0.3 ± 0.1
0.6 ± 0.3
0.01 ± 0.01

Solution
11.6 ± 2.7
2.4 ± 0.4
4.0 ± 0.4
1.5 ± 0.4
0.2 ± 0.1

1(0

o —

Fig. 12.
ï x. y <f r ~6 ? i g ' ?H ^
Sorption of radionuclides by peat
1 - eriophorum peat, H+ - form ~j m
2 — natural eriophorum peat 137CsJ
3 - eriophorum peat, H+ - form ~j
4 - natural eriophorum peat ŜrJ Sr

5 - eriophorum - sphagnum peat, H^-form"
6 - reed peat, H+-form 144Ce
7 - reed peat, Ca-form
8 - woody-sedge peat, H+-form

144'Ce

show the presence of humic acids virtually does not affect Cs sorption.
This means that Cs does not combine with humic acids and, apparently, Cs
is not retained in soil by them.

The data in Figs. 12 - 14 show the result of Sr, Ce and Cs sorption
experiments on different natural and synthetic sorbents. It has
been shown that natural peat can be used for sorption of Ce and Sr
radionuclides from contaminated water. For Cs extraction from
solution, sorbents based on hexacyanoferrâtes (II) can be effective.

The form of radionuclides in water is determined primarily by the pH
and the presence of any complexing anion such as COj2", PÔ , 304 etc. For
an investigation of water samples from the rivers Braginka, Pripyat and
Slutch we prepared model solutions by introducing I37Cs, "Sr, 144Ce isotopes
to water from these rivers. This procedure had to be adopted because
even back in 1986, water contamination in Byelorussia was too low to
conduct direct research with samples of river water. Study of the
behaviour of these radionuclides in water from the above rivers has shown,
that Sr Le deposited by centrifugation and is retained at 30-40% by
dialysis. Experiments on Sr sorption by cationite also show (Fig. 15) that
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X X

Fig. 13. l37Cs sorption by cellulose polyphosphate - base sorbent
1 - Na-form 2 - M„-form 3 - H-form
4 - sorption of 137Cs on nickel hexacyanoferrate II

io

< 2 3 V S - * ? f e p / ö

Fig. 14. ^Sr sorption by cellulose polyphosphate - base sorbent
l - Na-form 2 - H-form
3 - M0-form 4"- NH4-form

Sr is present in water in non-ionic form. The very fact that Kd values
change when the V/m ratio changes, testifies to the fact that Sr exists
in nonionic forms in the solution. Whilst Cs is practically completely
sorped by cationite from distilled water, Cs sorption from natural water
samples is insignificant (Table III).

Such a small Cs absorption from the natural water by cationite cannot,
obviously, be explained only by the competition from other cations present
in natural water. It is well known that particles of colloid size have a
negative charge in water. Hence, Cs ions sorped on them behave as
negatively charged particles and therefore cannot be sorped by KU-2
cationite.

Data in Fig. 16 show that the form of Ce existing in water is mainly
determined by the pH value: change to a colloidal form (pseudocolloids)
is practically the same in distilled water and in water fron the river
Slutch. Data on KU-2 sorption support this conclusion and show that in
all cases Kd values are not constant when the V/m ratio is changing (Fig.
17).
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Fig. 15.
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il fi S (0 ,. to~-
Sorption of ̂ Sr by cationite KU-2 from natural water

V.

/Où

80

l 60

G

° W

HtO_

4.0 6.0 S.O 10.0

Fig. 16. Removal of 144Ce from solution by dialysis
1 - H2O distillate
2 - Slutch River

•10'

Fig. 17.

B 10 12 to to

V/m -W'2
Sorption of '""Ce by cationite KU-2

1 - from water of Slutch River
2 - from water of Berezina River
3 - from distilled water
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Table III. Sorption of Cs on cationite KU-2
Water
samples
Sorption {%)

Distilled
water
99.7

Pripyat
river
7

Braginka
river

4

Canal

3

The data obtained on the pseudocolloidal state of radionuclides in
water systems, allow the correct choice of a technical solution for the
decontamination of aqueous solutions of radionuclides. Since radionuclides
exist in a particulate form in water only centrifugation and membrane
filtration methods will be effective.

REFERENCES

[1] GRANER F., SILLEN L., Acta Chem. Scend. 1, 1947, p. 631
[2] SILLEN L., KARTELL D., Stability constants of metall-ion

complexes, London, 1964.
[3] DAVIDOV Ju. P., Forms of radionuclides in solutions, Minsk, Science

and Technique, 1978.

172
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Abstract

The adsorption properties of hydrous titanium and zirconium
oxides for Co(II) and other corrosion products have been studied
under high temperature and pressure condition. The studies of
dependence of distribution coefficients (K ) on temperature indi-
cate that K- decreases with increasing temperature. The more
negative enthalpy values for cobalt sorption at high temperature
on oxide sorbents are connected with formation of spinel-type
compounds like cobalt metatitanates. The sorption of radionucli-
des on oxide sorbents in column processes was studied under high
temperature and pressure conditions, similar to those existing in
the BWR recirculation loop. The column filled with TiO aq. worked
very effective as both mechanical and ionic filter. Due to low
mechanical stability of oxide sorbents, hydrous titanium oxide
was incorporated into porous stainless steel membrane. The memb-
ranes impregnated with TiO aq. are very efficient materials for
sorption of radionuclides from aqueous solution, and can be used
for removal of radioactive corrosion products in RWCU.

1. INTRODUCTION

During operation of Pressurized Water Reactors (PWRs) and
Boiling Water Reactors (BWRs) small amounts of corrosion products
from construction materials are relased into the coolant. The
corrosion products deposited then on the fuel elements are acti-
vated and - after release - are transported within the circuit.
The deposits of activated corrosion products cause radiation risk
for the personnel. Different strategies have been developed to
minimize radioactivity generation, transport and deposition in
the cooling systems. One of these consists in the permanent
cleaning the water from ions and particles. For removing ions,
the ion exchange in mixed bed columns is the method of choice.
Since organic ion exchange resins hold up only moderate tempera-
tures, the water must be cooled below 50°C to avoid the resin
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degradation. Because of thermal losses when decreasing the tempe-
rature, only a small part of the flow (i.e. 1-7% of the recircu-
lation system) is cleaned in the reactor water clean-up (RWCU)
system of the BWRs. If it has been possible to clean the coolant
at higher temperatures by using heat-resistant inorganic ion
exchangers, then a greater amount of reactor water could be puri-
fied without energy loss.

Tewari and Lee [1] and Michael at al [2] have investigated
zirconium oxide, aluminum oxide and titanium oxide as sorbent to
remove cobalt radionuclides from water up to 200°C. Kichuchi at
al [3] and Kawamura at al [4] have investigated the sorption of
cobalt ions on titanium oxide at the temperatures from 20 to
300°C . Kamatsu [5] at al used the layered fibers of titanium
oxide for sorption of Co under hydrothermal conditions.

The present work describes the experimental results on low and
high temperature sorption of some activation and fission products
on oxide sorbents and stainless steel membranes impregnated with
zirconium and titanium oxide.

2. THE SORPTION OF RADIONUCLIDES UNDER BATCH CONDITIONS

The following sorbents were studied: magnetite 0.1-0.2 mm
fraction, hydrous zirconium oxide, hydrous titanium oxide preci-
pitated by KOH and high capacity of titanium oxide precipitated
by LiOH all of in 0.1-0.3 grain size fraction. The method of syn-
thesis of titanium oxide sorbents was described earlier [6], The
batch experiments were carried out in 1 dm autoclave with
stirring The distribution coefficients and sorption capacities
were estimated (table 1).

Table 2 compares the sorption capacity of TiO aq. , ZrO aq. ,
id £•

and Fe 0 before and after hydrothermal treatment. The capacity
at the elevated temperature of 300°C was also given. In the case
of ZrO aq. and TiO aq. the capacity decreased by a factor of

£w (~i

TABLE 1
Distribution coefficients for hydrous oxides and magnetite

at 300°C

sorbent

Ti02aq.

ZrCLaq.

Fe3°4

3 -1distribution coefficient (cm g )
Co

,
1.7x10

1.4xl03

~
5.0x10

Zn
,

2. 1x10

S.SxlO3

^
4.5x10

Mn
.

1. 1x10

1.2xl03

o
1. 1x10

Sr
.

1.7x10

1. IxlO3

<1

Cs

6

<i
<1
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TABLE 2
Ion exchange capacity values for Co2+ on different hydrous and

magnetite at 25° and 300°C

sorbent

Fê °A3 4
Zr02aq.
Ti02aq. (K)*
Ti02aq. (Li)*

capacity
at 25°C
0. 14
0.85
1.41
3. 18

capacity
at 300°C
0.17
0.27
0.34
0.97

The sample was precipitated by KOH
The sample was precipitated by LiOH

about 3 after hydrothermal treatment. It was related to the dehy-
dration of hydrous oxide. During hydrothermal treatment the water
content of hydrous oxides decrease from 20% to 3-4%. Magnetite as
an unhydrous sorbent does not change the capacity after hydro-
thermal treatment. The table 2 shows that the all the oxide sor-
bents after hydrothermal treatment were resistant against high
temperatures and did not change their sorption capacities with
temperature. The capacity of hydrous titanium oxide precipitated
by LiOH was very high and comparable to those of organic ion
exchangers.

The studies of dependencies of distribution coefficients (KJd
on temperature indicate that K decreases with increasing tempe-
rature. The temperature dependence of sorption equilibria is
related to the enthalpy change by the van't Hoff equation. Figure
1 shows the distribution coefficients of cobalt ions plotted as a
function of the temperature for hydrous titanium and zirconium
oxide and magnetite. From the slopes of K vs. 1/T, the following
enthalpy changes of cobalt sorption were calculated: -66 kJ mol'1
for Ti02aq. , -65 kJ mol for ZrO aq. and -52 kJ mol"1, for mag-
netite These values are much more negative than those typical for
ion exchange reactions where enthalpy changes are equal 8 -10 kJ
mol [7]. The more negative enthalpy values for cobalt sorption
at high temperature on oxide sorbents are probably connected with
formation of spinel-type compounds like cobalt metatitanates
(CoTiO ). It is well known that magnetite as a spinel is able to

2+ 2+incorporate Co , Ni and other divalent transition metal ca-
tions with formation new spinel compounds like Co Ni Fex y 3-(x+y)
Similar enthalpy values for sorption on hydrous oxides and magne-
tite suggest that mechanism of sorption is similar in all the
cases.
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Figure 1
Temperature dependence of distribution coefficients for Co
oxide sorbents

on

3. SORPTION OF RADIONUCLIDES IN THE COLUMN PROCESS

The sorption of radionuclides on oxide sorbents was studied
under high temperature and pressure conditions, similar to those
existing in the BWR recirculation loop. The system shown in figu-
re 2 consist of the autoclave, high pressure pump, and column
filled with sorbent. Feed water from the tank was pumped into the
autoclave and heated to 280°C, then fed to the column ( d=3 mm,
h=180 mm). The column was heated inside the autoclave. Feed water
samples from the autoclave and effluent samples from the column
were analyzed by gamma spectrometry.

The zirconium oxide and titanium oxide were studied in long
time column experiments. The time of experiments was about 2
weeks and 10 or 2x10 bed volumes of the solution were pumped
trough the columns. The following radionuclides were used as
radiotracers: Co, Zn, Cr, Mn, mAg, Sb and Sr .
Before the experiments, the solutions were put in the contact
with autoclave walls under the condition of future experiment
(280°C) for 300 hours.Next the water from autoclave was measured
for the content and size of the colloid particles. A typical
breakthrough curve for titanium oxide is shown in figure 3. The
high level of activity in the beginning of experiment was probab-
ly connected with the transformation of amorphous titanium oxide
to crystalline (anatase) form. After passing 1000 bed volumes of
solution, purification of the radioactive solution WJLS very
effective and more than 99% of Co, Zn,

was„, , 51-Sb and Cr was
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Figure 2

The diagram of system for the studies of high temperature
sorption in dynamic condition.
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b e d v o l u m e s

Figure 3
Breakthrough curves for titanium oxide sorbent
Column: d=3 mm, h=18 cm,
Sorbent: titanium oxide in lithium form 0.1-O.3 mm,
Temperature: 280°C_
Pressure: 75 kg cm
c - concentration (activity) of radionuclides in feed solution,o
c - concentration (activity) of radionuclides after passing
trough the column

-2
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retained on the sorbent bed. Silver is sorbed only in a small
quantity, and strontium only in the first 6000 bed volumes. Small
sorption affinity of TiO aq. to Ag+ ions confirms that the me-
chanism of sorption at high temperature is different to that
observed at room temperature. At 25° C the sorption of Ag is very
high because silver is sorbed by the ion exchange mechanism [6].
At high temperature, when cations are sorbed according to the
spinel-formation mechanism, silver (as monovalent cation) can' t
form spinel compounds.

TABLE 3
Decontamination factor values for some corrosion and fission
products on various sorbent column after being with fed 10 bed

volumes of solution

sorbent

Ti02(Li)

Ti02 sat.
by Fe2+

Zr02

decontamination factor
58Co

>600

>600

>600

657r,Zn

>600

>600

>600

51Cr

>600
>600

>600

110m.Ag

2.7
13

6.7

125QKSb

>600
>600

>600

85Sr

1.8

21

15

Table 3 presents the comparison of decontamination factors for
the sorbents studied. The decontamination factors were estimated^ _after passing trough the column 10 bed volumes. Titanium oxide
saturated by Fe ions was chosen for the studies because iron
ions are the main dissolved corrosion product and the concentra-
tion of these ions is much higher (20 ppb) than that of Co , Mn+
or Cr (ppt level) [8], In long time operation of TiO filter,

C-i

the sorbent first will be saturated by iron ions, but as the
results in table 3 show after saturation by Fe , titanium oxide
did not loose sorption ability towards other cations. As was
indicated earlier, the conditions in the autoclave were similar
to those in the BWR circulation loop. The speciation of radionuc-
lides in autoclave solutions was determined by filtration trough
a filter of 0.45 yon and by removal of ions using ion exchange
resin. The results are shown in table 4. Similarly as in reactor
water coolant big part of the radioactivity exists in the form of
crud particles especially Cr, Zn and Co. From these data
and from speciation of the radionuclides in effluent, the decon-
tamination factors for both soluble and insoluble species were
calculated. Table 5 presents the decontamination factors for
particles d>0. 45 /im, d<0.45 p.m and for ions on the TiO column.
The results indicate that TiO can work both as ion and mechani-
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TABLE 4
Speciation of radionuclides in autoclave solution

nuclide

58rCo
65Zn
51Cr
85Sr
125Sb

110mAg

particles
>0.45 (%)

45
45
46
8.8
18
45

particles
<0.45 (%)

0.9
1.3
26
0.5
82
3.5

ions

54
53
28
91
0
51

Bq/9

6 8 10

Figure 4

12 14 16
c o l u m n length cm

Profile of activity of TiO sorbent column
dash line - after passing 104 bed volumes of radioactive solu-
tions
broken line - after passing 2x10 bed volumes of radioactive
solutions
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TABLE 5
Decontamination factor values for particles and ions

on hydrous oxide column

nue 1 i de

Co
65_Zn
51Cr
Sr

125Sb
110mAg

decontamination factor
particles
>0.45
67
168
107
230
6
116

particles
>0. 45
6
5
3

1
6

ions

300
>300
3

6
>500

cal filter. The decontamination factor for all insoluble radio-
nuclides excluding mAg was near 100. After long time
experiments the column was disconnected and parts of the loaded
sorbent were gradually taken out from the column. The activity of
sorbent samples taken from various parts of the column was measu-
red. Fig. 4 presents the activity profile of the sorbent column
after passing 10 bed volumes. Main part of the Co and Zn
activity was in the first 2 cm of the sorbent bed, but in case of

mAg, the column was totally saturated in the whole length. A
similar profile of the activity distribution along the column was
obtained after passing trough the column 2x10 bed volumes of the
solution. The main part of Co and Zn activity was in the
first 4 cm of the column. From these data and from distribution
coefficient values (tab.1) we can estimate, for how long time the
sorbent column can still purify radioactive solution. The result
of the calculation indicate that 10% of initial activity will be
in effluent after passing trough the TiO? column about 2x10 bed
volumes of the radioactive solution. The values were estimated
for the flow rate of 10 m h , but as is shown in fig. 4, at the
flow rate of 10-50 m h the decontamination factor is indepen-
dent of the flow rate so it is possible to use faster flow. From
the presented result we can conclude that the hydrous titanium
oxide filter can be applied for the purification of the BWR water
coolant. Standard column filter with l m of TiO aq. should purify
2x10 m of water coolant from ( Co, Mn, Zn) in both solid
and ionic forms.
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4. SORPTION PROPERTIES OF Ti02/Zr02 IMPREGNATED STAINLESS STEEL
MEMBRANES

As was presented in chapter 2 and 3 the oxide sorbents like
ZrO aq. and TiO aq. are very efficient materials for sorption of

4L* f—>

radionuclides from aqueous solution, and can be used for removal
of radioactive corrosion products in RWCU. One of disadvantages
of these materials is the irregular shape of the grains and poor
mechanical stability, especially under high temperature and pres-
sure conditions. This problem was tried to solve by calcination
of sorbent [4], or by incorporation of inorganic ion exchanger in
alumina carrier [4], polymer matrix [9], porous titanium sponge
[4] and porous stainless steel membrane [10]. Titanium oxide
calcinated at 600°C had high compressive strength, but its speci-
fic surface area was very small which resulted in low cobalt
capacity (0.01 meq g ). TiO -Al„CL adsorbent had larger capacity_1 <L <L o(0.08 meq g ), but its compressive strength decreased under
hydrothermal- conditions due to pyrohydrolysis of A12°3- Titanium
oxide incorporated in phenolsulphonic-formaldehyde matrix loses
thermal stability since the organic matrix decomposes under reac-
tor coolant conditions. Titanium sponge impregnated by TiO_ was
highly resistant and efficient material for high temperature
sorption of cobalt radioisotopes but capacity was also very low
(0.05 meq g~ ). Reverse osmosis membranes developed by Framatome
[10] was studied for purification of aqueous solution at tempera-
tures below 50°C. The retention was best in pH range 7-9.5 and at
slow flow rate. The impregnated stainless steel membranes should
be promising materials for high temperature sorption of radioac-
tive corrosion products in RWCU. The present work describes the
experimental results on low and high temperature sorption of some
radioactive corrosion and fission products on porous stainless
membranes impregnated with TiO aq. and ZrO aq. sorbents.

£« £•
TiO aq. and ZrO aq. were precipitated inside a porous metal

£_i £-tmatrix. Porous stainless steel discs (diameter=13 mm, thickness=3
mm) and candle (d=13 mm, h=18, thickness=3 mm) were used as
supports. The membranes were formed as follows:
1. The air from porous disc was removed under vacuum;
2. The disc was immersed in tetraisopropyl ortotitanate or
zirconium propooxide for 20 hours;
3. The membrane was shaken with 1 mol dm" LiOH solution for 5
hours, washed with deionized water and dried at 50-C to attain
a constant mass.
The procedure was repeated 5-7 times. Figure 5 shows the diagram
of the formation of TiO? disc membrane. After repeating the pro-
cedure of precipitation 7 times, the membrane became saturated
and 70% of free volumes inside the membrane were occupied by
TiO aq. The amount of TiO aq. is 7% by weight and 25% in volume.

L. £*
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Diagram of formation of TiCL disc membrane
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Figure 6
The flow-pressure characteristic of TiO membrane

The flow - pressure dependence (fig.6) for TiCL-impregnated
membrane (candle) at 280°C indicate that permeability of the
impregnated membrane was high, but decreased after long-time
filtration of hot colloid solution.
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TABLE 6
Decontamination factor on impregnated stainless steel disc

at 25°C

membrane

Ti°2
Zr02

decontamination factor
58rCo
7

3

65„Zn
5

5

51Cr
5

7

110m.Ag
2

9

85Sr
4

5

The adsorption properties of porous stainless steel impregna-
ted by TiO or ZrO_ were studied at both room (20°C) and high

^
temperature condition (280°C, 75 kg cm ). Table 6 presents the
decontamination factors for porous discs impregnated by TiO aq.
and ZrO aq. . at room temperature. Because the thickness of the

TABLE 7
Membranes and sorbents capacity at 25°C

membrane

TiO,

Zr02

membrane
capacity
(meq)
1.3

0.98

sorbent
capacity
(meq g )
0.85

0.65

pure sorbent
capacity
(meq g )
3.14

0.85

disc is very small (3 mm) the decontamination factor values are
very low. Table 7 presents the comparison of the capacities for
cobalt of impregnated stainless steel membranes and pure inorga-
nic sorbents. If we compare the capacities of inorganic sorbents
inside the membranes and those of pure sorbent, we can conclude
that not all the sorption sites inside the membranes were acces-
sible for cobalt ions. Capacity of sorbent membranes is lower,
but the sorption capacity is not a very important factor for the
purification of solutions from trace ion impurities. In case of
the BWR coolant, the concentration of Co is about 20 ng
dm [10] and the membrane can purify large volumes of coolant
until full saturation.

The membrane candles were studied under high temperature and
pressure conditions. Table 8 shows the decontamination factors
for membranes impregnated by TiO and ZrO after passing trough

C. C-t31.4, 6, and 10 dm of radioactive solution. At high temperatures
the efficiency of purification of radioactive solution is much
higher because the rate of sorption increase. The kinetics of
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TABLE 8
High temperature purification of radioactive solution on sorbent

membranes

membrane

membrane
without
sorbent
membrane
with TiO
after
1.5 dm
membrane
with TiO
after
6 dm

membrane
with TiO
after
10 dm
membrane
with ZrO
after
10 dm

decontamination factor
58Co

1.7

570

>600

>600

>600

65„Zn

1.9

510

>600

>600

>600

54..Mn

-

630

>600

>600

>600

51Cr

23

49

70

65

84

. 110mAg

11

>1000

1.2

>1.0

1.0

85Sr

3

830

4

1.8

1.9

125Sb

>600

>600

>600

>600

>600

sorption was already studied [11] and rate of sorption on TiCUaq.
increases 10 times when temperature changes from 20° to 280°C.
The decontamination factors values for Co, Zn and Mn were
about 500 at the beginning of experiments and after passing3trough membrane 6 dm of solution were greater than 600 (the
activity in effluent was under the limit of detection) and did
not decrease during the experiment. On the other hand the D^ va-

85, 110m,lues for w"Sr and ""' Ag rapidly decreased after passing 3 dm" of
radioactive solution.

The dependence of decontamination factor on temperature
divalent transition metal cations (fig. 7) shows that with
increase of temperature the efficiency of the purification of
solution sharply increases. As it was presented in figure 1,
distribution coefficient (thermodynamic parameter), determined
under batch condition, decrease with temperature. From opposite
thermodynamic and kinetic factors the more important was rate of
sorption reaction, because the membrane was very thin and the
process was very far from state of equilibrium.

for
the
the
the
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Figure 7
The dependence of decontamination factors on temperature for
stainless steel membrane impregnated by

TABLE 9
Decontamination factor values for particles and ions on TiCXt

impregnated stainless steel membranes at 280 C

nue 1 i de

58„Co
65Ŵ *7«Zn
"54xJ*±. .Mn
51Crwl
QC85Sr
125Sb

110m. Ag

decontamination factor
particles
>0.45

66
80
56
-
—
93
49

particles
>0.45

1
5
3
3
—
1
6

ions

>300
>300
>300
3
4
>500
1

Because the feed water in the autoclave contains radionuclides
in both ionic and solid insoluble forms, the decontamination
factor for particles up to 0.45 p.m. below 0.45 pm and for ions
were studied separately. Table 9 presents the decontamination
factors for solid and ionic species on TiO membranes. The
results indicate that the membrane column can work as ionic and
mechanical filter. Filtration of the solution was efficient and
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TABLE 10
Elution of radionuclides from stainless steel membranes after

sorption of radionuclides at 280°C

eluent

0. 1 M HC1
10% Oxalic
acid
10% Oxalic
acid 100°C

percent of elution
58r~Co

2.8

1. 1

12.8

65Zn
5.4
0.9

16.3

54..Mn
12.6
13.0

38.7

51Cr
7.5

10.2

27.3

110m.Ag
0.3
1.2

4.0

85Sr
0.6

0.5

3.6

more than 98% of particles > 0.45 p.m remained on the membrane.
For divalent transition metal cations the decontamination factors
were very high, but sorption efficiency of univalent (Ag+ ) and
trivalent (Cr ) transition metal cations was small because these
ions do not form spinel compounds with titanium or zirconium
oxide. Divalent strontium as a not d-electron metal cations also
is not able to forms spinel with TiCL aq.

Desorption of radionuclides was studies to estimate the possi-
bility of membrane regeneration in a manner similar to ion
exchange resins. The membrane after sorption of radionuclides in
high temperature was tested for regeneration in several solu-
tions. The result are presented in table 11. In high temperature
the radionuclides form very strong bonds with TiO_ and regenera-
tion with acids and complexing solutions was impossible.
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