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FOREWORD

The International Atomic Energy Agency (IAEA) has published Technical
Reports Series and Safety Series documents on radioactive waste management
over nearly three decades. These documents have served Member States
presenting basic reference material and comprehensive surveys of the
'state-of-the-art1 technologies applied to radioactive waste management.

The need for assistance in specific waste management problems facing
many countries has been demonstrated in IAEA activities including technical
assistance projects and Waste Management Advisory Programme (WAMAP)
missions. Technical Reports Series and Safety Series documents usually
reflect:

- technological solutions based on experience and resources
normally available in countries managing nuclear fuel cycle
wastes;

- volumes and activities of radioactive wastes of orders of
magnitude greater than those generated in countries without
nuclear power.

A new series of technical documents is being undertaken especially to
fully meet the needs of Member States for straightforward and low cost
solutions to waste management problems. These documents will:

give guidance on making maximum practicable use of indigenous
resources;

- provide step-by-step procedures for effective application of
technology;
recommend technological procedures which can be integrated into
an overall national waste management programme.

The series entitled 'Technical Manuals for the Management of Low and
Intermediate Level Wastes Generated at Small Nuclear Research Centres and
by Radioisotope Users in Medicine, Research and Industry' will serve as
reference material to experts on technical assistance missions and provide
'direct know-how' for technical staff in Member States. Currently, the
following manuals have been identified:

- Minimization and Segregation of Radioactive Wastes
Storage of Radioactive Wastes
Handling, Conditioning and Disposal of Spent Sealed Sources
Handling and Treatment of Radioactive Aqueous Wastes

- Treatment and Conditioning of Radioactive Solid Wastes
- Treatment and Conditioning of Carcasses and Biological Material
- Treatment and Conditioning of Radioactive Organic Liquids
- Treatment and Conditioning of Spent Ion Exchange Resins from

Research Reactors, Precipitation Sludges and Other
Radioactive Concentrates
Design of a Centralized Waste Processing and Storage Facility.



The order of preparation of the manuals is based on priority needs
of Member States and it is recognized that additional areas of technical
need may be identified as this programme is implemented. In this regard
the programme is flexible, should other manuals or modifications prove
necessary.

The objective of this manual is to provide essential guidance to
Member States without a nuclear power programme on selection, design and
operation of cost-effective treatment and conditioning processes for spent
ion exchange resins, precipitation sludges and other radioactive
concentrates arising from institutions or small research centres.

The IAEA wishes to express its gratitude to the consultants who
prepared this document, A. S. Williamson (Ontario Hydro, Canada), W. Hild
(independent consultant, Germany), and S. K. Cowlam (AEA Technology, United
Kingdom) in conjunction with W. Baehr as the IAEA officer responsible for
this work from the Division of Nuclear Fuel Cycle and Waste Management.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States or
organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the pan of the IAEA.
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1. INTRODUCTION

Spent radioactive ion exchange resins, precipitation sludges and
evaporator concentrates are generated from the treatment of aqueous waste
streams at nuclear research centres and from the use of radioisotopes in
research and medical or industrial applications. A strategy for the
effective management of these wastes from generation to disposal is
necessary to ensure their safe handling, conditioning, storage and disposal
to avoid detrimental effects on health and the environment.

This report describes the factors to be considered in the development
and selection of appropriate strategies for managing these types of waste.
Waste characteristics, pretreatment requirements, conditioning processes,
packaging, and properties of the conditioned products are discussed. In
addition, safety considerations and quality assurance needs are addressed.
The report is intended to provide guidance to Member States that do not
have nuclear power generation programmes. Several processes and procedures
are presented, though preference is given to the simpler, easy-to-operate
processes requiring relatively unsophisticated and inexpensive equipment.

2. WASTE ARISINGS AND CHARACTERISTICS

The volumes of radioactive ion exchange resins, precipitation sludges
and concentrated liquors produced from medical, industrial and research
applications in developing Member States are modest. This Section
describes the characteristics and quantities of these wastes produced by
Member States.
2.1. Characteristics of the waste and arisings

Many types of radioactive waste are generated through the use of
radionuclides in research, medical, industrial and other institutional
activities. Member States have been classified as to the type and quantity
of radioactive waste produced on the basis of the types of facilities and
uses [1]:

Group A - Member States which utilize radioisotopes at a few
hospital locations with the waste containing only
short lived radioisotopes. Only one institute utilizes
long lived radioisotopes.

Group B - Member States which have multi-use of radioisotopes in
hospitals and other institutional areas and need a
central collection and processing system.

Group C - Member States which have multi-use of radioisotopes and a
nuclear research centre which is capable of indigenous
production of several radioisotopes.

The estimated annual arisings of aqueous wastes, and the different
concentrates and activity levels resulting from their treatment are given
in Table I [1, 2].
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TABLE I. ESTIMATED ANNUAL WASTE ARISINGS AND ACTIVITIES [1, 2]

TYPE RAW WASTE
VOLUME ACTIVITY

TREATMENT | CONCENTRATE
VOLUME ACTIVITY

ION EXCHANGE RESINS | ~1 [mVa] 0.1-10 [GBq/V
DIRECT

CONDITIONING ~1 [nr/a] 0.1-10 [GBq/a]

EVAPORATION ~1 0.2-0.4 [TBq/a]
LIQUID WASTES -200 [irr/a] 0 . 2 - 0 . 4 [TBq/a]

PRECIPITATION -20 [nr/a] 0.2-0.4 [TBq/a]

DIRECT
CONDITIONING

0.01-0.05[TBq/a]



TABLE II. LIQUID WASTE CHARACTERISTICS BY SOURCE AND APPLICATION [1]

Source Typical
Isotopes

Chemical
Characteristics

Recommended Disposal
Method

1. Nuclear
Research
Centres

2. Laboratories
producing
radioisotopes

3. Radiolabelling
and radio-
pharmaceuticals

Variable with long Generally uniform
lived Fe-59,Co-60 batches with nearly
Cs-137 etc. mixed neutral pH from
with short lived regeneration of
Na-24 etc. ion exchange resins

Storage for decay and
if necessary treat by
precipitation

Wide variety
depending upon
production and
purity of targets

C-14, H-3, P-32,
S-35, 1-125
(see Table III)

a) Small volumes of Segregate a) and b)

b)

high specific
activity and
high chemical
concentrations
Larger volumes
of low specific
activity.

Small volumes of
variable but
predictable
chemical composition

Store a) in hot cells
for interim decay
then remove for
further storage and/or
treatment along with
Type b)

Decay in storage,
isolate low specific
activity for disposal.
Treat or solidify high
specific activity
C-14 wastes

Medical
diagnoses and
treatment

Tc-99m, 1-131,
Sr-85
(see Table III)

a) Large volumes of
urine from
patients

b) Small volumes
from preparation
and treatment

a) Direct release to
sanitary waste

b) Collection, decay
and release

5. Scientific
research

6. Industrial and
pilot plants

7. Laundry and
decontamination

Variable with
much C-14, H-3
1-125

Extremely variable

Depends upon
applications

Wide variety
likely

Volumes could be
large and chemical
composition
undefined
Volumes large with
low specific
activity but
containing
complexing agents

Researcher should
segregate wastes by
chemical classes,
specific activity
and radionuclide.
Individual containers
taken to central
facility for direct
release or storage for
decay prior to release.
Little of this waste
requires treatment,
but must be separated.

Storage for decay
and release. U and
Th may require
processing .
Storage for decay.
If treatment is
required chemical
pretreatment may
be necessary.



TABLE III. PRINCIPAL RADIONUCLIDES USED IN MEDICINE, CLINICAL MEASUREMENTS
AND BIOLOGICAL RESEARCH [1]

Radio- Half-life Principal
nuclide application

H-3

C-14

Na-22

Na-24

P-32

S-35

Cl-36

Ca-45
Ca-47

Cr-51

Co-57

Co-58

12.26 a Clinical measurements
Biological research
Labelling on site

5960 a Biological research
Labelling

2.6 a Clinical measurements

15 h Clinical measurements

14.3 d Clinical therapy
Biological research

87.4 d Clinical measurements
Biological research

3x10̂  a Biological research

164 d Biological research
4.5 d Clinical measurements

27.7 d Clinical measurements
Biological research

271.7 d Clinical measurements
and

70.8 d Biological research

Typical
quantity per
application

Up
Up

<
Up

Up

Up

Up
Up

Up

Up

Up
Up

Up
Up

Up

to
to

5MBq
50 GBq

1 GBq
to lOMBq

to

to

to
to

to

to

to
to

to
to

to

50 kBq

5 GBq

200MBq
SOMBq

5 GBq

5MBq

lOOMBq
1 GBq

5MBq
100 kBq

50 kBq

Waste
characteristics

Solid, liquid
Organic solvents

Solid, liquid
Solvent, exhaled

C02

Liquid effluents

Liquid effluents

Solid, liquid
effluents

Solid, liquid
effluents

Mainly solid
some liquid

Mainly liquid
effluents

Solid and liquid
effluents

Fe-59 44.6 d Clinical measurements Up to SOMBq Mainly liquid
Biological research effluents
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TABLE III. (cont.)

Ga-67

Se-75

Sr-85

Y-90

Tc-99m

In-111

1-125

1-131

Xe-133

Au-198

Hg-197
Hg-203

78.26 h Clinical measurements

119.8 d Clinical measurements

64.8 d Clinical measurements
Biological research.

64.1 h Clinical measurements
Biological research

6.02 h Clinical measurements
Biological research

2.8 d Clinical measurements
Biological research

60 d Clinical measurements
Biological research

8.04 d Clinical measurements
Clinical therapy
Biological research

5.25 d Clinical measurements

2.7 d Clinical therapy

64.4 h Clinical measurements
46.6 d

Up

Up

Up

Up

Up

Up

Up
Up

Up
Up
Up

Up

Up

Up

to

to

to

to

to

to

to
to

to
to
to

to

to

to

200MBq

SOMBq

SOMBq

IMBq

SOOMBq

500MBq

SOOMBq
SOOMBq

SOOMBq
10 GBq
SOMBq

200MBq

10 GBq

SOMBq

Liquid

Mainly

Solid,

Solid,

Solid,

Solid,

effluents

liquid

liquid

liquid

liquid

liquid

Solid, liquid
Occasionally
vapour

n

Not significant

Solid, liquid

Tl-201 3 d Clinical measurements Up to 200MBq Solid, liquid
effluents
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Table II provides a summary of the aqueous waste characteristics by
source and applications, and also indicates some of the typical isotopes
found in these wastes. Recommended treatments for the wastes are
summarized in Table II and are described in detail in a related technical
manual on the handling and treatment of radioactive aqueous wastes [1].

The main radionuclides found in wastes resulting from medical,
chemical and biological research application are shown in Table III [1].

2.2. Characteristics of radioactive concentrates
The wastes covered by this report are ion exchange resins,

precipitation sludges, and evaporator concentrates. Details of their
characteristics are given in Sections 2.2.1-2.2.3.

2.2.1. Ion exchange resins
Ion exchange media can be classified into two basic categories:

zeolites which are inorganic, and synthetic organic resins. Most
commercial ion exchangers are synthetic organic resins typically consisting
of polystyrene cross-linked with divinylbenzene. The degree of
cross-linking determines resin swelling properties, hardness, and
mechanical strength. The exchange capability of the resin is determined by
the fixed ionic groups. Cation resins come in strong and weak acidic
forms; anion resins in both strong and weak basic forms. The strong acid
and base resins are more commonly used because of their ability to
dissociate.

Resins are produced in bead form with diameters ranging from
0.3-1.5 mm and in powder form with particle sizes of 5-130 urn. Powdered
resins can have surface areas up to 100 times larger than the equivalent
weight of bead resin.

Bead resins are normally used in columns which can be set up as anion,
cation, or mixed bed types. Because powdered resins have a good ability to
remove suspended solids from aqueous streams they are used as filter
pre-coat material. Although regeneration of spent resin is possible, the
preferred option is direct conditioning as a solid waste and not
regeneration [3].

2.2.2. Precipitation sludges
Chemical precipitation and flocculation are simple and relatively

inexpensive processes suitable primarily for the treatment of effluents
with low activity and high salt contents. Their efficiency is dependent on
the chemical and radiochemical composition of the aqueous waste. When the
radionuclide concentration is low, addition of an inert carrier may be
required to achieve adequate radionuclide removal. Often the stable
isotopes of the particular radionuclides present or reagents with similar
chemical properties are used to induce co-precipitation. Specific
precipitation methods must be applied to each individual radionuclide or
group of radionuclides having similar chemical behaviour and the
concentration of the precipitating agent must be related to the waste
composition. Some precipitation reagents and their related pH conditions
are shown in Table IV [4].
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TABLE IV. PRECIPITATION REAGENTS AND pH CONDITIONS FOR
CHEMICAL TREATMENT OF AQUEOUS WASTES [4]

Radionuclides Reagent pH Condition

Cs Ferrocyanides of
Ni, Cu, Co

8 - 9

Sr Fe or Ca phosphates
CaCO , BaSO , MnO

> 10

Co, Fe, Mn, Cu Fe (II) or Fe (III)
hydroxides

alkaline medium

Zr, Nb, Ce

Ru, Sb

Fe (III) hydroxides

Cu, Ti, or Fe
hydroxides

> 10

5 - 8.5

Actinides Fe (II) hydroxides alkaline medium

2.2.3. Evaporator concentrates
Evaporation is an effective way of purifying and concentrating aqueous

radioactive waste streams regardless of the physical and chemical state of
the salts and radionuclides. With the exception of tritium and the few
volatile radionuclides such as iodine and ruthenium, other radionuclides
are essentially separated from the effluent and are concentrated in the
evaporator bottom. The salt concentration achievable through evaporation
can range from 15-40 wt% depending on evaporator type, efficiency, and
chemical composition [4].
2.2.4. Liquids for direct conditioning

In some laboratories or facilities of a nuclear research centre small
volumes (some 10-100 litres) of liquid effluents are generated which
contain higher concentrations of radioactivity with long lived
radionuclides. A typical example are decontamination liquids.
Decontamination liquids are infrequent wastes. They result from the
decontamination of plant piping and equipment, and they can include crud
(corrosion products) and a wide variety of solutions containing phosphates,

13



citrates, tartrades, detergents, acidic products and ethylenediaminetetra
acetic acid (EDTA). These effluents will be carefully segregated and
collected in small bottles or containers. Dilution with other radioactive
effluents or concentration by evaporation and precipitation respectively is
not advisable. Direct conditioning with cement is the preferred option.

3. WASTE MANAGEMENT STRATEGIES

3.1. Strategic considerations

Radioactive waste concentrates from medical, industrial and research
centre users of radioisotopes are described in Section 2. It is important
that effective waste management practices are established for these
wastes. Pretreatment of the original aqueous waste streams is covered in a
related technical manual [1]. Several additional factors have always to be
taken into account in arriving at the selected strategy:
• Care should be taken to minimize environmental risks both in terms of

the natural environment and harm to the public by selection of the
best practical environmental option.

• It is a good waste management practice to ensure that radiation
exposure to the workforce is as low as reasonably achievable (ALARA).

• Where it is not yet possible to undertake all of the management steps
from waste arising to final disposal it is advisable that steps which
are taken avoid foreclosing later options, since these may require
reconditioning the waste with consequent cost and radiation dose
penalties.

• As these concentrates are incompatible with the natural environment
the 'dilute and disperse' option open for some aqueous and gaseous
wastes is not appropriate for the wastes covered in this report.
Accordingly, strategies incorporating confinement and concentration of
the waste are preferred.

• The preferred processes should be the cheapest and simplest to procure
and operate that still enable compliance with the foregoing criteria.

3.2. Pre-processing considerations
Because individual producers of these wastes may not have interest or

expertise in waste management, and as the treatment of small quantities of
waste may not be cost effective, it may be appropriate to consider having a
central waste management facility where the necessary expertise,
infrastructure and quality assurance capability can be built up.
Accordingly, this concept envisages that the wastes from a variety of
producers would be transported to the central facility for subsequent
management. In many countries the national nuclear research organization
is the central agency with responsibility for radioactive waste management,
with regulation provided by an appropriate Government department.

This concept enables the responsibilities of the waste producers and
the receiving agency to be assigned as follows:

14



• The waste receiving agency defines the information and quality
assurance requirements for effective waste management. This is likely
to include physical, chemical and radiological characteristics, and
quantity of the waste.

« The producer would be responsible for characterizing each waste in
accordance with the agency requirements.

• The waste management agency would assume complete responsibility for
subsequent management of the wastes including any necessary
verification of the producer's data.

• The agency would be responsible for establishing the costs associated
with management of the wastes and recovery of these charges.

3.3. Preliminary waste management steps
Radioactive liquid waste generated by the producer will require

collection and storage until a sufficient quantity has accumulated to
justify transport to the radioactive waste management agency. Safety
aspects of the storage of radioactive wastes are described in the IAEA
Safety Series [5, 6]. The following steps should be taken to ensure safety
during this phase and to avoid later difficulties at the processing stage.

During waste collection, the different waste types should be
segregated. For example, wastes containing short lived radioisotopes should
not be mixed with wastes containing isotopes with long half-lives.
Suitable records should be maintained identifying the type of waste in each
container, the radioisotopes present, and their activity level. It is
preferable that the wastes be collected and stored in steel tanks or in
containers suitable for transport, such as steel or plastic containers of
an appropriate size for the waste quantities generated. Glass containers
should be avoided because of their susceptibility to shattering and
puncturing.

After receipt of the wastes at the radioactive waste management
agency, some verification of the producer's characterization data will be
necessary. The wastes containing short lived radioisotopes can be
subjected to interim storage to allow decay to a substantially
non—radioactive state. The wastes containing long lived radioisotopes
should be segregated on the basis of chemical type and radiological
hazard. Subsequent arisings of similar wastes can be consolidated until a
sufficient quantity of each is available for cost effective conditioning.

The steps in the waste management strategy to interim storage pending
disposal are shown in Figure 1. The waste is stored pending treatment both
to accumulate enough waste for cost effective treatment and for selection
of the appropriate conditioning process.

Following immobilization a complete waste management strategy would
include both storage and disposal. However, in developing Member States
the quantities of waste for disposal may not be sufficient to justify
construction of a waste repository. Consequently, the conditioned waste
may have to be stored for an extended period of many years.
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NUCLEAR RESEARCH CENTRE
(RESEARCH REACTOR) INDUSTRY MEDICINE

Ion Exchange
Resin Waste

Aqueous
Liquid Waste

Aqueous
Liquid Waste

Aqueous
Liquid Waste

Direct

Conditioning Precipitation

Concentrate

Discharge to
Environment

after Sentencing

Discharge to
Environment

after Sentencing

Storage Pending Disposal

FIG. 1. Block diagram for management of ion exchange resins and aqueous liquid wastes from
research centres, medicine and industry.
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4. TREATMENT AND CONDITIONING OF WASTE CONCENTRATES

There are several techniques available for treating and conditioning
ion exchange resins, precipitation sludges, and evaporator concentrates.
Section 4.1 discusses potential matrix materials which can be used in the
conditioning process. Section 4.2 provides information on existing
processes. Section 4.3 provides guidance on process selection for the
particular waste types and limited volumes considered in this manual.

4.1. Matrix materials
There is a wide range of potential matrix materials available for the

conditioning of low and intermediate level liquid wastes [7]. The
selection of any particular material will be governed not only by the waste
form performance criteria stipulated by the licensing and regulatory bodies
but by the form of the waste and the extent and type of treatment prior to
arrival at the conditioning plant. For example, acidic wastes cannot be
incorporated in cements unless a neutralization treatment stage is
available. The chemistry of the waste and the matrix must also be
compatible in order to satisfy the processing requirements. For example,
wastes containing compounds which retard the setting of cement, such as
borates and citrates, may require chemical pretreatment, for instance by
precipitation prior to encapsulation in cements.

This wide divergence in regulatory, process and product requirements
has led to the investigation and adoption of a variety of conditioning
matrices for waste immobilization. The main categories are:

Cements and cement based materials
Bitumen
Polymers

The matrix materials must be adapted to:
• the radioactive components in the wastes (types and half-lives of

radionuclides, specific activities, radiation levels, etc.);
• the chemical and physical properties of the waste materials (sludges,

ion exchange resins, and concentrates); and
• the behaviour of the package with regard to disposal conditions.

This Section outlines the characteristics of the materials available
for conditioning of low and intermediate level liquid concentrates and
indicates some of their properties which have led to their consideration
for waste immobilization.

Primary barriers for confinement and limiting the release of
radionuclides are formed during the immobilization process. Important
properties for these barriers are:
• compatibility with the waste;
• homogeneity;
• low solubility;
• low permeability;
• mechanical strength;
• resistance to external agents (chemical, biological, etc.);
• resistance to heat and radiation; and
• stability during storage.
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In addition, matrix materials should be relatively easy to handle and
should not dilute the wastes excessively, resulting in large immobilized
volumes relative to those of the untreated waste. Finally, the selection
of the matrix materials should take into account the local, national or
international industrial availability and the relevant economics.

The setting of suitability criteria and arranging the properties in
order of importance are difficult and depend on the local circumstances and
the methods selected.

4.1.1. Types of cement and cement based material
Cements have been considered as potential matrices for the

immobilization of low and intermediate level liquid concentrates for many
years. The term 'cement' in this Section is used to describe inorganic
hydraulic cements which have the ability to react with water at ambient
conditions to form a hardened mass.

Inorganic cements are considered attractive for waste solidification
as they satisfy a number of process and product requirements. These
include:
• Cements have excellent properties for the retention of actinides both

in the short term and the disposal environment.

• Cements are suitable for conditioning wastes ranging in composition
from dry solids to wet sludges.

• Cements have excellent thermal stability due to their high specific
heat and the non-flammable nature of the materials.

• Solidification in cement is a simple and low-temperature process.
• Cements are composed of thermodynamically stable hydrated salts and

have well documented physical and chemical properties.
Additional advantages of the use of cement are the extensive civil

engineering experience with its use, the shielding effect of this matrix,
and its compatibility with water.

The most common inorganic cements are those based on calcium
silicates, such as the so called 'Portland cements' and those based on
calcium aluminates, such as the 'high alumina cements'. Other inorganic
systems based on calcium sulphate or gypsum cements have also been
investigated for the conditioning of liquid concentrates.

The properties of all the above cements can be modified by the
addition of inorganic or organic components to form a wide range of
different matrices, which can be tailored to meet the specific requirements
of individual waste streams. Commonly available cement types and additives
are:

Cements: Ordinary Portland cement (OPC)
Blast-furnace slag cement (BFS)
Pozzolanic cement
High alumina cement (HAG)
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Additives: Pulverized fuel ash (PFA)
Reactive silica - Silica fume (RS)
Sand
Lime
Cement modifiers.

This report focuses on the ordinary Portland cement which is mostly
used for solidification of radioactive concentrates.

The main disadvantage of cementation is that the final waste volume
can often be double the initial volume due to the relatively low waste
loadings that are achievable. In addition, the cure of the cement paste
can be affected adversely by certain salts in concentrates, making it
necessary to prepare trial formulations to ensure that the waste form will
develop the required properties.
4.1.2. Bitumen

Bitumen is the name given to a wide range of hydrocarbons with high
molecular weight, commercially available as a residue of petroleum or
coal-tar refining. The characteristics of bitumen as a matrix material for
the incorporation of radioactive wastes present the following advantages:
• insolubility in water;
• high resistance against diffusion of water;
• high chemical inertness, except oxidation;
• high biological inertness,
• high plasticity;
• good Theological properties;
• • good behaviour towards ageing;
• rather good stability against radiation;
• high incorporation capacity leading to good volume reduction factors;
• material abundantly available at a reasonable cost.

However, as an organic material, bitumen has the following
disadvantages :
• decrease of viscosity as a function of temperature leading to a

softening of the matrix that melts at temperatures of about 100°C;
• combustible, although not easily flammable;
• possibility of chemical interactions with certain waste components

(e.g. nitrates, nitrites, etc.); and
• low heat conductivity.
4.1.3. Polymers

Organic polymers of various types have been used to condition aqueous
liquid waste treatment residues, although to a much lesser extent than
cement or bitumen. Several types of thermosetting polymers such as
polystyrene, polyester, epoxide, and urethane have been used to produce
solid waste forms. In most cases, the use of an organic polymer as the
immobilization matrix requires the waste to be dried before mixing.
However, water extendable polyester and vinyl ester resins can accept large
volumes of water.
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Thermoplastic polymers such as polyethylene can be used for the
immobilization of radioactive concentrates by heating them until they
become liquid then mixing them with the waste in a similar manner to
bituminization.

Polymers are considerably more expensive matrix materials than cement
or bitumen and the need, in most cases, for pre-drying of the waste stream
may be a further disadvantage.
4.1.4. The preferred matrix material

A review of published information has shown that cement and associated
materials are the preferred matrix material for immobilization of low and
intermediate level radioactive concentrates from effluent treatment and
liquid purification. In the following sections basic data and chemical
properties of this matrix material will be summarized.

TABLE V. TYPICAL COMPOSITION OF COMMERCIALLY USED PORTLAND CEMENTS
(weight %)

Constituent Chemical formula
Cement type

II III IV V

Tricalcium
Silicate

Dicalcium
Silicate

Tricalcium
Aluminate

3CaO-Si02
( C3S )

2CaO-Si02
( C2S )

3CaO-Al203
( C3A )

50 42 60 26 40

24 33 13 50 40

11 5 9 5 4

Tetracalcium
Aluminoferrite
Others

4 CaO'Al203-Fe203
( C4AF )

8 13 8 12 7

7 7 10 7 7

TABLE VI. HEAT OF HYDRATION IN CEMENT CONSTITUENTS

C3S
C2S
C3A

C4AF

120
60
200

30

Calories per
Calories per
Calories per
Calories per

g of constituent
g of constituent
g of constituent
g of constituent
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4.1.4.1. Basic chemistry of cement hydration
By mixing the liquids with cement powder the cement reacts with the

water to form the solid hydration products. The main hydration products
responsible for the properties of a hardened cement stone are tobermorite
(calcium silicate hydrate phases) and calcium hydroxide. The hydration
process is exothermic. The amount of heat depends on the cement type
used [8]. The typical composition of commercially used Portland cements is
given in Table V and the specific hydration heat caused by the different
constituents is listed in Table VI.

The hardening and strength producing process has been explained as
follows: the hydration produces Tobermorite colloid and calcium
hydroxide. The colloid is neutralized by the concentration of calcium ions
which leads to the formation of a gel. Once in the rigid gel state, the
hydration process is considered to be non-reversible. The strength of the
hydrated cement stone is thought to be caused by 'van der Waals forces' at
the contact points of the colloid particles. The highly specific surface
area and numerous contact points explain the ability of cement to withstand
high compressive forces in relation to tensile forces. Neutralization of
the colloid charge is necessary to allow coagulation of the particles. It
has been determined that electrolyte concentration changes of certain ions
can stabilize the colloid and thus prevent coagulation. The chemical
reactions by which the hydration products are formed can be summarized as
follows [9]:

C,S + HO (1)
J £*

2 (3CaO-Si02) + 6H20 ——————> 3CaO-2Si02-3H20+3Ca(OH)2

C2S + H20 (2)
2 (2CaO-Si02) + 4H20 ——————> 3CaO-2Si02-3H20+3Ca(OH)2

CSA + H2o (3)
3CaO-Al203 + 6H20 ——————> 3CaO-Al203-6Hg

C4AF -f H20 (4)
4CaO-Al203-Fe203 + 17H20 —————> 3CaO-Al203-12H20+CaO-Fe203-5H20

These are the basic reactions which occur if cement powder is mixed
with water.

For the complete hydration of cement paste, a water/cement ratio of
about 0.25 is necessary. For reasons of good workability, a w/c ratio of
0.4-0.5 is usually applied. This means that even after complete hydration
the cement contains a large amount of free water which is bound in the
capillary pores.

4.1.4.2. Influence of chemicals on cement cure
Radioactive wastes may contain chemical species which can affect the

hydration of cement. This may involve acceleration, retardation, or even
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complete inhibition of the process. For example, boric acid and borate
ions inhibit hydration even at low concentrations, sulphates can accelerate
the hydration reaction, whereas organic acids and complexing agents can
retard hydration.

For the conditioning of radioactive wastes with cement, changes to the
normal hydration reaction are undesirable because of the potential for
adverse effects on waste form strength, durability, and leaching
resistance. Inhibition of the cement cure could result in unacceptable
waste forms due to reduced mechanical strength, or in the most extreme
case, failure to cure at all. Acceleration of the cement cure could
increase the hydration reaction exotherm and cause a flash set, steam
production, and possibly cracking of the waste form. Retardation of the
cure of the waste form could result in development of free water and
production delays due to prolonged cure times.

Boric acid and borate ions inhibit the hydration of cement even at
very low concentrations [10, 11]. Boric acid reacts with calcium hydroxide
according to the formula

2H3B03 + Ca(OH)2 —————————> Ga(B02)22H20 + 2H20

Ca(B02)22H20 is fairly insoluble. It is thought to establish a
barrier at the interface between the cement particles and the solution.
This barrier retards the diffusion of water and colloidal particles across
the boundary. Those colloidal particles which do cross the boundary are
stabilized by the borate ions and therefore do not coagulate. The net
result is a permanently plastic substance. The cement paste remains in
this state and does not develop strength.

The inhibiting properties of boric acid can be overcome by a strong
alkali, as shown by the following chemical equations:

4 H3B03 + 2NaOH —————————> Na2B407 + 7H20
H3B03 + NaOH —————————> NaB02 + 2H20
H3B03 + 3NaOH —————————> Na3B03 + 3H20

These reactions are reversible. By increasing the alkali quantity or
by removing water, the reaction can be forced to the right. However, no
more alkali should be added than necessary since free alkali can cause
expansion and failure of the product. By the addition of equivalent moles
of sodium hydroxide corresponding to the mole concentration of the boric
acid, the cement is allowed to set. Other additives to overcome the
inhibition by boric acid are CaO (calcium oxide), Ca(OH)2 (slaked lime),
Na2C03 (washing soda) and Na2Si03 (metasodium silicate). They all
have to be added in mole concentrations equivalent to that of boric acid.

Slaked lime is the best suitable additive for this purpose. It is a
naturally occurring product which does not involve significant risks during
handling. The simplest method is to add it to the Portland cement prior to
mixing with the waste concentrate, although neutralizing the boric acid in
the waste with lime accelerates the setting process.

An admixture of Portland cement with slaked lime is sold in the USA as
masonry cement [12]. In Germany, a cement called KW3 is available on the
market which is suitable for the solidification of waste concentrates with
a maximum borate content of 4.5% without additives.

22



Figure 2 is the ternary compositional phase diagram for the production
of acceptable boric acid waste forms with cement. The formulations are
given in weight percent of masonry cement, water and dry boric acid [12].

This diagram also indicates the resulting formulation regions in free
standing water. Formulations which contain the minimum water required for
the formulation of a homogeneous mixable paste fall on the line labelled
'mixability limit1. Envelopes of these formulations, the curing of which
took fourteen days and which were subjected to a fourteen day immersion
test, are indicated by the unshaded sections. They show that about 15 wt%
of dry boric acid can be incorporated into masonry cement. Such
formulations have an acid to base ratio of approximately 1. For comparison
it should be mentioned that as little as 5 wt% of dry boric acid inhibits
the curing of a Portland cement. Formulations which did not cure within
fourteen days after preparation are indicated by the lightly shaded area.
It represents the region in which the equal molar concentration law is
broken and the inhibiting properties of the boric acid predominate.

Sodium sulfate is contained in BWR waste and reacts with tricalcium
aluminate (3CaO«Al2C>3) and tetracalcium aluminoferrite (4CaOAl203«Fe2C>3) .
Thus, 3CaO«Al2C>3»3CaS04»xH20 and/or 3CaOFe2C>3»3CaS04»xH20 are formed.
Both form hexagonal pillar crystals which contain up to 3 moles of crystal
water and have a specific gravity of 1.7 only. The reaction is strongly
exothermic and therefore accelerates the rate of hydration. It can
liberate sufficient heat to cause a flash set in the cement paste and other
problems such as steam production.

In the presence of water, the sulfates react with the free calcium
hydroxide to form calcium sulfate. This reacts with the hydrated calcium
aluminates to form calcium aluminum sulfate hydrate (ettringite)

Ca(OH)2 + Na2S04 • 10H20 ——————> CaS04 • 2H20 + 2NaOH + 8H20

4CaO • A1203 • 19H20 + 3(CaS04 • 2H20) + 16H20 ——————>
3CaOAl203 • 3CaS04 • 31H20 + Ca(OH)2

The formation of ettringite involves a volume increase because of its
low density of 1.73 g/cm^ as compared with an average of 2.5 g/cm3 for
the other hydration products of cement. This causes cracking and damage in
the set cement. This phenomenon is known as sulfate attack on cement.

Sodium sulfate also reacts strongly with calcium hydroxide to form
gypsum products and sodium hydroxide

Ca(OH)2 -f Na2S04 ———————> CaS04 + 2 NaOH.

At temperatures below 34°C, plaster of Paris (CaS04 \ H20) is formed.
Above 34°C, other unstable CaS04 crystals will form, e.g. CaS04 • 2H20. With the
temperature cooling down again to below 34°G, the gypsum crystals may again
be converted into plaster of Paris.

The formation of gypsum products does retard the hydration process.
By the addition of slaked lime to Ha2S04-containing solutions, gypsum
products are formed which slow down the rate of heat release when mixed
with Portland cement [12]. The addition of slaked lime also allows for
more liquid to be incorporated into the product without 'bleeding'.
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FIG. 2. Ternary compositional phase diagram for the solidification of boric acid waste (PWR dry
evaporator bottoms) with masonry cement.

Figure 3 is a ternary compositional phase diagram showing the
formulational boundaries within which sodium sulfate containing waste forms
can be prepared [12]. Waste forms made of 9 wt% sodium sulfate and
Portland cement I survived water immersion with only a little damage, while
samples made (of 7 wt% sodium sulfate and masonary cement) under identical
conditions failed completely.

Sodium nitrate, the main constituent of liquid wastes from
reprocessing, retards the setting of Portland cement. The use of lime as
an additive is not necessary. From NaNOg-containing wastes, a dense
concrete waste form is produced which does not need mechanical
densification or the addition of plasticizers [13].

Organic compounds and phosphates are usually contained in
decontamination solutions. Among them, citrates and tartrates as well as
some detergents retard the cement setting considerably. Sodium oxalate
acts as a moderate accelerator, just as the sodium phosphates. High
contents (>50g/L) of organic compounds delay the setting anyway. This
effect can be eliminated by the addition of sodium silicate. Other
additives are less or not effective (e.g. lime) for this purpose.

The immobilization of precipitation sludges is similar to that of
evaporator concentrates. Small additions of sodium silicate are
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FIG. 3. Ternary compositional phase diagram for the solidification of sodium sulfate waste (BWR
aqueous evaporator bottoms) with masonry cement.

recommended. Blast-furnace cement seems to be superior to Portland cement
for the immobilization of spent organic ion exchange resins [9]. Calcium
hydroxide should be added if resins saturated with boric acid are to be
cemented.

Due to the interaction of many waste components with cement, a
pretreatment of the waste prior to mixing with cement is often needed. It
may consist of neutralization, as mixing of acidic wastes with cement leads
to a too high heat evolution and strongly alkaline solutions cause
expansion and failure of the product. The pH should be kept between 6-9.
The detrimental effects of the borates can be prevented by the addition of
sodium hydroxide, that of sulfates by lime and that of organic compounds by
sodium silicate as pointed out above. It is useful anyway to let the waste
solutions cool down to almost ambient temperature prior to mixing with
cement. Several publications deal with the cementation of radioactive
wastes [7, 10-16].

It is recommended that laboratory tests be conducted to determine the
optimum pretreatment method and cement admixtures prior to cementation on a
large scale.

According to [17], the compatibility of radioactive wastes with
hydraulic cements is summarized as follows:
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Waste Type Compatibility

Organic ion exchange resins poor/good
2\Precipitation sludges good

12)Boric acid wastes poor/good '
Sulfate wastes fair
Nitrate wastes good
Phosphate wastes good
Detergent solutions poor/good
Complexing agent wastes poor 4)Oils, organic liquids poor/good
Acidic wastes poor/good

1) Good with special cements and calcium hydroxide
2) Good with admixtures of e.g. sodium silicate
3) Good with anti-foaming agents
4) Good with emulsifying agents
5) Good with neutralization

4.1.4.3. Properties of cement pastes

Bleeding is a term which describes the effect of free water being
produced on top of a coagulating cement paste. It can occur under certain
circumstances, depending on the composition of the waste and the type of
cement, but should be prevented by all means. Portland cement has a low
tendency to bleeding contrary to e.g. slag-furnace cement. Additions of
bentonites reduce the tendency to bleeding.

Shrinking takes place during the setting of cement pastes. Its extent
depends on the water content and the kind of storage (wet or dry). The
usual value is 0.2-0.3 vol.%. Large shrinking can cause cracking of the
product which leads to a decrease in mechanical stability and via the
increased surface to increased leaching.

Hydration heat is produced during mixing of cement with liquid wastes
and setting. Some types of Portland cement exhibit a significant
temperature rise during setting which may lead to problems (e.g. steam
evolution).

Densification e.g. by vibration or caused by the presence of nitrates
leads to products with a few air pores only and an increased density and
compressive strength. However, the corrosion resistance of the waste form
is not improved. It depends on the microporosity which is not changed by
the densification.

4.1.4.4. Properties of cemented waste forms
The cemented waste forms have to meet several criteria to be suitable

for long term interim storage, transport and disposal.
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The most important property with respect to disposal usually is the
corrosion and leach resistance. This is largely related to the porosity of
the cemented waste form. The latter depends on the water/cement ratio. As
mentioned in Section 4.1.4.1, a value of 0.25 is sufficient for complete
hydration. All excess water will result in increased porosity. On the
other hand, w/c ratios of 0.5-0.6 are often anticipated in order to
incorporate a maximum amount of water containing wastes into the cement
matrix.

The leach rate of caesium can be reduced by adding calcium bentonites
(natural bentonites) or zeolites to the cement. The leach rate of
multivalent radionuclides, especially that of actinides is always very
small due to the high alkalinity of the cement systems.

Another important property of cemented waste forms is the mechanical
strength. It ensures that the dispersion of activity of the product is
minimized in case of accidents involving a mechanical impact. The
mechanical strength increases with decreasing w/c ratios. Increasing
amounts of NaNOß in cemented waste forms lead to a decrease in the
mechanical strength.

Detailed requirements with regard to the mechanical strength should be
derived from site specific safety assessments.
Radiation resistance

Significant changes of the product properties by irradiation (e.g.
reduced mechanical strength) have been observed only at doses of >10^ Gy
and therefore are not relevant for low and medium level radioactive
wastes. The only relevant radiation effect can be the formation of
radiolysis gases. The production rate of Ü2 from beta/gamma irradiation
was 3-8 ml/kg cement product/10^ Gy. Alpha irradiation led to a four
times higher production rate. However, the presence of nitrates in the
waste form decreased the amount of radiolysis gases by a factor of 10; in
nitrate containing cement products Q£ was found in addition to H£ [13].
4.1.4.5. Laboratory tests

Laboratory tests may be required:
to establish the optimum working conditions (pretreatment), type of
cement, types and amounts of additives; and
to control the quality of the resulting waste forms. Quality tests
are described in Refs. [13, 18].
The most commonly used tests are:
compressive strength (mechanical compaction of cement cubes);
setting time (e.g. by the Vicat method; penetration of the cement
paste by a special needle);
bleeding;
shrinking;
hydrolytic stability and leach resistance; results suitable for first
information and comparisons can be obtained from short term tests; for
safety assessments, however, long term tests may be necessary.
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FIG. 4. Illustration of a typical in-drum cement mixer.
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FIG. 5. Cement/waste planetary mixing system.
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FIG. 6. Cementation of radioactive concentrates, resins and sludges at the Nuclear Research Centre
Karlsruhe.

4.2. Conditioning processes
In this Section, different processes for immobilizing of radioactive

liquid concentrates and other liquids in a matrix material are described.
Two methods have been extensively used throughout the world for many
years: cementation and bituminization. Methods using polymers are at the
pilot plant stage or in a stage of early industrial application. Normally
the immobilization is performed in fixed installations at the site of waste
generation, but also mobile systems have been developed for some
applications (cementation, bituminization, solidification of resins in
polystyrene). Such mobile systems can treat the waste at several nuclear
facilities on a campaign basis.
4.2.1. Cementation processes
4.2.1.1. In-drum mixing

In this process the cement and the waste are fed separately into a
container which is also the final product container. The components are
blended until a homogeneous mixture is obtained. After mixing, the waste
form is allowed to set, the drum is capped with pure cement which is also
allowed to set before quality control checks are made. The lid is then
fitted and the package removed for decontamination and storage.

The preferred method of feeding the waste and cement to the drum is by
gravity. It is important that the cement and the waste are mixed well to
ensure homogeneity of the waste form. During mixing, care must be taken to
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FIG. 7. Cement/waste in-drum mixing RIG with a lost paddle.
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FIG. 8. Simplified process diagram of MOWA mobile cementation equipment.

avoid air entrainment. This leads to porosity in the waste form which
could adversely affect mechanical strength and leachability. Two mixer
concepts may be employed with this process. One is to remove the mixing
paddle from the drum before the cemented waste solidifies. The cement
residue on the paddle must not be allowed to contaminate the working area.
At the end of each day's production the paddle has to be cleaned by water
washing. This contaminated water can be used several times before being
conditioned as secondary waste. A typical in-drum mixer of this type is
shown in Figure 4 [19] and Figure 5 illustrates the planetary mixing system
in a platform [20] . Figure 6 shows an in-drum mixing system for intermediate
level radioactive concentrates, ion exchange resins and sludges installed
in a hot cell at the Nuclear Research Centre Karlsruhe [17].

In the second concept, a 'lost-paddle1 approach is used where the
paddle is detached from the mixer and becomes incorporated in the waste
form. Various designs of a mixing paddle were investigated, the objective
was to use a paddle which is inexpensive to fabricate but capable of
producing a homogeneous mix for a range of liquids and sludges. A design
of a 'lost' mixing paddle system is shown in Figure 7 [20].

An example of a 'lost-paddle1 approach is used in a mobile plant. A
schematic layout of this plant is given in Figure 8 [21].

4.2.1.2. Roller mixing
Another common in-drum mixing alternative is roller mixing.
This is a relatively simple mixing system used for the cementation of

liquid wastes in some of the early immobilization plants. In operation
cement was added to the 220 L drum and liquid waste or slurry pumped into
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the drum. After sealing the drum with a lid, it was turned into a
horizontal position and placed on rollers, the mixing action was obtained
by rotating the drum by means of the mechanically driven rollers.

The drum rolling mixing system is probably the easiest to operate and
requires the minimum of plant and equipment. Because of the poor
utilization of the drum volume, the difficulty to get a good sealing
between lid and drum, and the relatively poor quality of the cemented
product, the drum rolling mixing system is not in use at any place in the
world. It could have a process application for the solidification of low
level active wastes and where only a small throughput of drums is required.

A drum rolling system used by UKAEA, Winfrith, (United Kingdom) for
inactive trials is shown in Figure 9 [20].
4.2.1.3. Tumble mixing

This is yet another in-drum mixing technique in which the drum and its
contents are attached to a tumbling frame and rotated about three axes.
The tumbling equipment is relatively complicated and expensive. Although
tumbling provides better mixing than the roller process, again homogeneous
mixing cannot be guaranteed. Figure 10 illustrates this process [7] .
4.2.1.4. In-line or continuous mixing system

In this process the cement and the waste are separately metered into
one end of the mixer. The cement is fed with a screw feeder while the
waste is fed by a positive displacement pump. The cement/waste mix is
released directly from the mixer into the storage container. The filling
level in the container is monitored possibly by ultrasonic or contact
probes. The container is then sealed, decontaminated, monitored and sent
for storage. The waste tank and mixer can be flushed through after each
run. If desired the rinsing water can be stored and used to prepare the
feed slurry for the next run.

The advantages of the continuous mixing system identified from
experience include:
- The mixing unit is small and can be disposed of in existing waste

containers in the event of a mechanical failure.
- The waste container can be completely filled.
- A homogeneous product is produced because of the high mixing

efficiency.
The main difficulties with the process are essentially associated with
control:
- Careful control of the metering systems for cement powder, radwaste

and cement/radwaste slurry is required.
- Careful control of mixing parameters (water/cement ratio, shaft speed,

etc.) is needed.
- A radwaste container change method is required.

More metering plant is located in the active area than in 'in-drum'
systems.
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FIG. 9. Drum rolling mixer.
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35



C E M E N T
FEED DRIVE

FIG. 12. Continuous in-line mixing system.

A major problem encountered with the operation of continuous mixers
was the cleaning of the mixing chamber and blades. Although modifications
were made to the equipment so that the mixing chamber could be easily
dismantled for cleaning, it was difficult to clean out the cement paste by
just flushing with water or sand. This would prove to be a major
difficulty in operating continuous mixers under active conditions and
relatively large volumes of active secondary waste could be generated.

A schematic in-line cementation process is shown in Figure 11 [7] . A
diagram of such a continuous mixer is given in Figure 12 and an
illustration of the mixing rig in Figure 13 [20].
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FIG. 13. A view on cement/waste continuous in-line mixing system.



oc TABLE VII. EXAMPLES OF INSTALLATIONS FOR CEMENTATION OF WASTES [7]

Country

Aus t r ia

Belgium

Czechoslovakia

Germany

Site

Research centre
( Seibersdorf )

Power plants
(3 plants)

Research centre
(Rez)

Power plants

Research centre
(Julien)

Research centre
(Karlsruhe)

Type of waste Process

Ash sludges In-drum mixing

Concentrates, In-drum mixing
sludges
Evaporator In-drum mixing
concentrates,

Evaporator In-drum mixing
concentrates, (mobile systems]
sludges

LLW-concentrates In-drum mixing
( reactor ,
research
institute,
laundry)

LLW- and MLW- In-drum mixing
concentrates

Capacity
Feed Immob. waste

10 drums/da

2 m3/d

15 L/h

2-7 m3/
shift

50 L/hb

2.8-4.2 m3/ 28 drums/shift
shift

(reactor,
reprocessing,
research
institutes,
decontaminat ion
facilities)
ion exchange
resins



TABLE VII. (cont.)

Country

France

India

Netherlands

Norway

Sweden

Site

Power plants
(typical for
two PWRs of
900 MW(e)

Research centre
(Fontenay-aux-
Roses )

Research centre
Cadarache)

Power plant
(Rajasthan)

Research centre
(Petten)

Research centre
(Kjeller)

Power plants
(Ringhals,

Type of waste

Power-plant
waste

Evaporator
concentrates

Evaporator
concentrates

Untreated
waste

Sludges

Liquids

MLW-concentrates

Evaporator
concentrates,

Process Capacity
Feed Immob. waste

In-drum mixing 3-5 m-^/d
(concrete container)

In-drum mixing 0.3 m-^/d
(cement +
vermiculite)

In-drum mixing 1.7 m3/a
(concrete container)

In-drum mixing 80 m3/a

In-line Mixing 5 m3/d

In-drum mixing 0.5 m-^/d

In-drum mixing0 0.26 m-^/d 0.4 m^/d
(cement + 5-10% exp.
vermiculite)

In-container mixing 50-500 Le 2-5
(concrete container container containers/d

Oskarshamn) ion exchange
resins

inner volume)



TABLE VII. (cont.)

Country Site Type of waste Process Capaci t y
Feed Immob. waste

Switzerland Power plants
(2 Plants)

Evaporator
concentrates,
sludges,
ion-exchange
resins)

In-drum mixing 10-25
drums/d

United Kingdom Power plant Sand/cooling
(Hinkley Point) pond sludges

Power plant Cooling pond
(Trawsf ynydd ) sludge

United States Laboratories MLW-concentrates
of America (Lawrence

Livermore
Rad. Lab. )

Los Alamos MLW-concentrates
Scient. Lab. )

a Drum volume: 200 L; smaller drums also in use; material
b Capacity of the roller-dryer used in this system.
c In-drum polyethylene-lined steel drums are used.
d Polyethylene in-drum mixing supported by a hopper.
e Surface dose-rate of the container is limited to 1 mSv/h

accordingly.
f As original waste form.

In-drum mixing 12x80 L*
(lost blade) drums/d

In-drum mixing 15x80 L*
(tumbling) drums/d

In-drum mixing -
(by rotation)

In-drum mixing 3.8 m^/m
(by rotation, (projected)
cement/
vermiculite 1:1)

- mild steel usually.

; thus, amount of waste is metered

420 L/d

600 L/d

-

50 drums/m
(projected)



4.2.2. Status of waste conditioning by cementation

Conditioning of liquid radioactive waste concentrates by cementation
has developed as a standard solidification technique in waste management.
It is practised at different scales depending on the specific local
situation with respect to the types and volumes of wastes. Versatile
cementation units can be designed that take account of possible
fluctuations in waste compositions and arisings. In addition, waste
conditioning applying elaborate mixtures of cement and additives is common
practice and assures final waste products of high quality and high
standard. Table VII lists some of the numerous cementation units in
operation in various Member States. The table shows cementation of a
variety of wastes, not restricted to the wastes which form the subject of
this report, and for a wide range of processing throughputs.

4.2.3. Bituminization processes
4.2.3.1. Batch bituminization process

In this process the waste is continuously introduced into a metered
volume of molten bitumen at about 200°G. The mixing vessel is externally
heated. The water evaporates and the solid particles are mixed with the
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bitumen. When the required composition of the waste form is reached, the
addition of the waste is stopped. The mix is heated and stirred for some
time to evaporate the residual water. Then it is discharged into drums or
other containers and cooled. This process is illustrated in Figure 14 [7].
4.2.3.2. Continuous extrusion bituminization process

In this process, the waste is continuously fed into the inlet of a
multiple screw extruder together with molten bitumen. During passage
through the extruder, intensive mixing of waste and bitumen occurs with
simultaneous evaporation of water. The product is extremely homogeneous
with individual solid particles coated with a layer of bitumen. The
bituminized product is discharged to drums and allowed to cool and
solidify. The condensâtes may contain small amounts of organics
(bituminous oil) and radioactivity, and will require further treatment.
This process is illustrated in Figure 15 [7].
4.2.3.3. Continuous film-evaporation bituminization process

The liquid waste and bitumen are fed separately on top of the spinning
distributor of the evaporator where the two streams mix and flow down the
heated wall of the evaporator, maintained at about 160°C. As the mixture
of bitumen and waste flows down the wall of the evaporator, the water
content of the mixture is progressively evaporated and the bituminized
waste material is drained near the bottom into custom-made steel
containers. The vapours generated are condensed first in the built-in
condenser in the evaporator and subsequently in an external condenser.

As for the extrusion bituminization process, the condensâtes may
contain small amounts of bituminous oils and radioactivity, and will
require further treatment. The non-condensibles are subjected to standard
off-gas treatment processes consisting of scrubbing, heating and filtration
prior to discharge to the atmosphere. The equipment used in this process
is shown in Figure 16.

Essentially the same equipment can be operated with a bitumen emulsion
instead of molten bitumen.
4.2.4. Status of waste conditioning by bituminization

Bituminization is a proven immobilization process for a wide variety
of radioactive wastes. Both batch and continuous processes have been used
but the continuous process is generally preferred because of the higher
throughput possible. The primary items of equipment for the continuous
process are either a multiple screw extruder or a wiped thin-film
evaporator, both of which are expensive. The process is also energy
intensive due to the need to heat equipment, bitumen storage tanks, and
feed lines. Table VIII gives examples of installations for bituminization
of waste.
4.2.5. Polymer processes

Polymer processes have only been used to a limited extent for the
immobilization of radioactive wastes, mainly for ion exchange resins. Both
thermoplastic and thermosetting polymers have been applied. In most cases
the waste must be pre-dried when polymers are used as the immobilization
matrix. An exception to this is if a water extendable vinyl ester or
polyester resin forms the matrix. Generally, polymer processes are of the
batch type. Some examples of polymer immobilization of wastes are given in
Table IX.
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TABLE VIII. EXAMPLES OF INSTALLATIONS FOR BITUMINIZATION OF WASTES [7]

Country

Belgium

Canada

Commonwealth
of Independent
States

Czechoslovakia

Finland

Site

Belgoprocess
(Eurobitum)

Research centre
(CEN)

Research centre
(Chalk River)

Power plants
Waste disposal
site
(St. Petersburg)

Research Inst.
(Sverdlovsk)

Research centre
(Rez)

Power plant
(Olkiluoto)

Type of waste

ML W from
reprocessing

Sludges

Aqueous slurries,
ion exchange
resins

Research waste

PWR wastes
Evaporator
concentrates

Concentrates

MLW wastes
concentrates,

Evaporator
concentrates,
sludges

Dry waste

Process Capacity

Feed3 Immob. waste

Extruder 80 L/h 133 kg/h

Kettle - 45 L/h
evaporator

Wiped film 120 L/h* 100 L/h
evaporator

Extruder 5 L/h*

Evaporator -
Kettle 50-100 L/h
evaporator

Film 50 L/h
evaporator
Kettle 10 L/h
evaporator
(bitumen
emulsion)

Film 50 L/h
evaporator
(bitumen
emulsion)

Mixer 100 L/h 70 L/h



TABLE VIII. (cont.)

Country Site

France Cogema13

(La Hague)

Research centre
(Cadarache)

(Valduc)

India Waste Immobili-
zation Plant
(Tarapur }

Japan Japan Atomic
Energy Res.
Inst .

Power Plants
(3 plants)

(3 plants)

(PNC)

Type of waste

Sludges

MLW from
reprocessing

Evaporator
concentrates

Various research
wastes

Evaporator
contrâtes, sludges

Evaporator
concentrates,
sludges, ion-
exchange resins

Sludges,
evaporator
concentrates

PWR, BWR, ATR
wastes

PWR wastes

Reprocessing

Process

Film
evaporator
Extruder

Extruder

Film
evaporator

Extruder

Film
evaporator

Wiped film
evaporator

Drum mixer

Film
evaporator

Drum mixer

Extruder

Capacity

Feeda Imroob. waste

60-90 kg/h 50-70 kg /h

50 L/h 40 kg/h

200 L/h

60 L/h

45 L/h

60 L/h

40 L/h*

70 kg/h*
80 kg/h*

200 kg/h*

140 kg/h*

200 kg/h*



TABLE VIII. (cont.)

Country Site Type of waste Process Capacity

Feeda

aids, evaporator
concentrates

Immob. waste

Poland

Sweden

Research centre
(Swierk )

Power plant
(Barsebaeck)

Evaporator

Ion-exchange
resins, filtering

Kettle

Thin film
evaporator

50 L/h

80-100 L/h

Switzerland

United States
of America

Power plant
(Goesgen)

Power plants

PWR wastes Extruder

PWP, and BWR Extruder
wastes

120 L/h

120 L/h

a Feed = evaporation capacity; * = feed rate of waste
b Compagnie Générale de Matières Nucléaires, France.



TABLE IX. EXAMPLES OF INSTALLATIONS FOR POLYMER IMMOBILIZATION OF WASTES [7]

Country

Germany

France

Site

Mobile
system
(FAMA)

Research centre
(Grenoble)

Power plant
(Chooz)

(Ardennes )

Type of waste

Granular ion-
exchange
resins

Concentrates ,
sludges, ion-
exchange resins

Power-plant
wastes

Power-plant
wastes
(powders )

Capacity
Process

Feed Immob. waste

Styrène- 1-2 m3/d
diphenylbenzene
( in-drum)

Polyester 30 L/h
epoxy
( in-drum)

Polyester 60 L/h
epoxy
( in-drum)

Polyester 100 kg/h l drum/d
epoxy
( in-drum)



4.3. Process selection

4.3.1. General
This Section attempts to provide guidance to Member States in

Groups A, B and C in the selection of appropriate processes for treatment
of radioactive concentrates. It is assumed that the differences in
volumes, types, and radioisotope content of wastes for the Member State
groups will present different requirements which may influence an
individual state's preference for a given process.

Typical volumes and characteristics of the radioactive concentrates
and the importance of this characterization have been emphasized in
Section 2 of this document. The estimated maximum annual arisings for the
three waste streams are 1 m-Va of ion exchange resin, 1 m-Va of
evaporator concentrates, and 20 mVa of precipitation sludges, as shown
in Table I. These values should be considered in both process selection
and sizing of the necessary equipment. The physical and chemical
properties of the immobilized wastes are also an important consideration in
process selection.

A major factor in process selection is the resources required and
these include availability of matrix material, financing, operating
infrastructure, and the skills of the workforce. For example, with regard
to personnel, it is considered necessary that supervisors have appropriate
training and experience in radioactive waste management practices to ensure
that process operations meet the appropriate safety, regulatory, and
quality assurance standards. Plant operators require adequate knowledge in
order to operate the process equipment correctly, and it may be appropriate
to select processes which have parallels in the indigenous non-nuclear
industries.
4.3.2. Waste form properties

The physical and chemical properties of immobilized waste forms have
to be adequate to meet any storage, transport and disposal facility
conditions and regulatory requirements. For example, requirements for
leaching resistance, waste form compressive strength, fire and impact
resistance during transportation, chemical stability, and radiation
stability may differ between Member States and would also depend on the
final disposal acceptance criteria. The waste form producer will need to
show that his waste forms meet the foregoing requirements.

TABLE X. QUALITATIVE COMPARISON OF PROPERTIES OF IMMOBILIZED WASTE FORMS [17]

leach resistance cement < polymers < bitumen
radiation resistance polymers < bitumen < cement
mechanical stability bitumen < polymers < cement
fire resistance bitumen g polymers < cement
waste loading cement < polymers £ bitumen
costs polymers > bitumen > cement
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Table X gives a qualitative ranking of waste forms produced by
cementation, bituminization and polymer immobilization. The relative costs
of waste forms using these three matrices are also shown. It is clear from
the table that cemented waste forms are superior in all respects with the
exception of waste loading and leachability.
4.3.3. Guidelines for process selection

Because of the very limited use of polymers as immobilization matrices
for waste concentrates, and the necessity in most cases for pre-drying of
the feed, these matrices and their processes cannot be recommended for use
in the present application.

Tables XI and XII provide an evaluation of cementation and
bituminization processes, respectively. The need with the bituminization
processes for high temperature operation, and the potential fire hazard,
indicate that cementation is the preferred process option in this case.

TABLE XI. EVALUATION OF CEMENTATION PROCESSES

PROCESS ADVANTAGES DISADVANTAGES

In-drum mixing 1. Good product homogeneity
2. Simple processing equipment
3. Good quality control
4. Suitable for mixed waste streams
5. Lost paddle avoids secondary

waste generation and reduces
potential to spread contamination

6. Suitable for small waste volumes

Fixed paddle variant
generates secondary
waste from paddle
cleaning and potential for
spreading contamination.
Waste pretreatment
may be necessary

Roller miyang 1. Simple processing equipment
2. Suitable for mixed waste streams
3. Avoids secondary waste generation
4. Suitable for small waste volumes

1. Uncertain product homogeneity
2. Poor quality control
3. Waste pretreatment may be

necessary

Tumble mixing 1. Suitable for mixed waste streams 1.
2. Avoids secondary waste generation 2.
3. Suitable for small waste volumes 3.

Uncertain product homogeneity
Poor quality control
Waste pretreatment may be
necessary
Complex, expensive processing
equipment
Significant maintenance
requirement.

In-line mixing 1. Good product homogeneity
2. Good quality control
3. Suitable for mixed waste streams
4. Continuous operation

Secondary waste generation
from cleaning mixer and waste
lines
Waste pretreatment may be
necessary
Complex processing equipment
Significant maintenance
requirements.
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TABLE XII. EVALUATION OF BITUMINIZATION PROCESSES

PROCESS ADVANTAGES DISADVANTAGES

Batch process 1. Suitable for small waste volumes
2. Good product homogeneity
3. Suitable for mixed waste s t reams
4. Good q u a l i t y control
5. H i g h waste loading

1. High temperature process
2. Secondary waste t reatment of

condensâtes
3. Was te p rê t r ea tmen t may be

necessary
4 . Possible f i r e haza rd .

Cont inuous
ex t rus ion

1. Sui table for large waste vo lumes
2. Good product homogeneity
3. S u i t a b l e for mixed waste s t reams
4. Good qua l i ty control
5. H igh was te l o a d i n g

1. High tempera ture process
2. Secondary waste t rea tment of

condensâtes
3. Waste p re t rea tment may be

necessary
4 . Possible f i r e haza rd
5. Expensive equ ipmen t .

Continuous
f i l m evaporator

1. Suitable for large waste volumes
2. Good product homogeneity
3. Suitable for mixed waste streams
4. Good qua l i ty control
5. High waste loading

1. High temperature process
2. Secondary waste t r ea tment of

condensâtes
3. Waste pretreatment may be

necessary
4. Possible f i r e hazard
5. Expensive equipment
6. Signi f icant maintenance

requirements .

The evaluation in Table XI of the different cementation processes
reveals that in-drum mixing has more advantages and fewer disadvantages
than roller mixing, tumble mixing, and in-line mixing. Therefore in-drum
mixing is recommended as the preferred process for the ion exchange resins,
precipitation sludges and evaporator concentrates at the modest quantities
arising in the context of this report.

4.3 .4 . Preferred process flowsheet

The small estimated waste arisings of 1 m^/a ion exchange resins,
evaporator concentrates and 20 mVa of precipitation sludges,

indicate that a preferred strategy would be to operate two conditioning
campaigns per year. With in-drum cementation in a 200 L drum, a waste
loading per drum of 100 L of concentrate, and a conditioned waste
production of four drums per day, each campaign would take about six
weeks. This would result in a conditioned waste inventory of about 110
drums per campaign, or 220 drums per year. If possible, it is recommended
that all three waste streams be combined together for conditioning
according to the flow sheet given in Figure 17. However, if any of the
wastes contain long-lived radionuclides they should be conditioned alone as
per the example given in Figure 18 where ion exchange resin is conditioned
separately. This separation of wastes containing long-lived radionuclides
allows the other conditioned waste forms containing only short-lived
radionuclides to be stored until the radioactivity has decayed to
de minimis levels when they may be disposed of as conventional wastes in
accordance with local regulations.
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Ion Exchange
Resins
1 m3/a

1000 kg/a

Precipitation
Sludges
20 m3/a

23000 kg/a

Evaporator
Concentrates

1 m3/a

1200 kg/a

Blended Waste
100 L Waste

per drum
25200 kg/a

Conditioned
Waste

220 drum/a

Cement first
waste second

Mix

Meter
6 x 50 kg
cement

per drum

Conditioned
Waste

Disposal

FIG. 17. Flowsheet for combined in-drum cementation of ion exchange resins, precipitation sludges
and evaporator concentrates.
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TABLE XIII. ASSUMED WASTE FEED COMPOSITIONS

Waste Type Density Dry Solids
weight %

Water
weight %

Precipitation sludges 1150 12 88

Evaporator concentrates 1200 20 80

Ion exchange resins 1000 50 50

In addition, separate conditioning of ion exchange resins is advisable
when the precipitation sludges and/or evaporator concentrates contain high
soluble salt loadings because of the possibility of these salts replacing
radionuclides fixed on the resins.

For the waste conditioning processes shown in the flowsheets, the
waste compositions shown in Table XIII have been assumed.

The flowsheets show a number of operations that should be undertaken:
Buffer storage

Analysis

Waste form recipe

Blend and adjust pH -

The wastes are accumulated in tanks until there is
sufficient volume for the suggested biannual
conditioning campaign. The recommended capacities
of these tanks are: 10 m^ for precipitation
sludges, 1 m^ each for ion exchange resin and
evaporator concentrate. These tanks should have
provision for mixing, sampling, and discharge.
Before starting the campaign, each waste should be
analyzed for chemical composition, radionuclide
inventory, density, etc. This provides the basis
on which the operating conditions of the
cementation will be defined, and for confirmation
of the waste characterization data provided by the
waste producers.
The flowsheets shown in Figures 17 and 18 assume
that a simple, straightforward cementing recipe can
be used. Samples of the wastes should be taken and
small scale cemented waste forms prepared to
confirm that the recipe is suitable. If not,
chemical pretreatment and adjustment of the recipe
may be necessary, taking account of the results
obtained in the analytical characterization of the
waste streams. The suitability of adjusted recipes
to provide an acceptable waste form should be
confirmed by proof tests before undertaking full
scale operations [7, 22].
Blend the wastes in the proportions established by
the proof tests and adjust to pH 7.
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Precipitation
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• ^
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i

Evaporator
Concentrates

Buffer
Storage

Buffer
Storage

Blend and
adjust pH

Ion Exchange
Resins

1000 kg/a

Blended Waste
100 L Waste

per drum
24200 kg/a

Meter
Cement first

Waste
Second

Mix

Meter
6 x 50 kg
Cement
per drum

Meter
Cement first

Waste
Second

Mix

Conditioned
Waste

20 drums/a

Conditioned
Waste

200 drums/a

Condi-
tioned
Waste

Storage

Condi-
tionedQuality

Check
Quality
Check Waste

Disposal

FIG. 18. Flowsheet for in-drum cementation of ion exchange resins and combined precipitation
sludges and evaporator concentrates.
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Meter cement in drum -

Meter blended waste -

The contents of 6 x 50 kg bags of cement are first
metered in a 200 L drum.
Blended waste is metered batchwise (in total 100 L)
during slow mixing. Mixing is continued until a
homogeneous mixture is produced, and this could
take up to 15 minutes. After complete mixing, the
stirrers will be removed from the drum by lifting
the planetary gear unit. After the dripping off of
the cement paste from the stirrers and subsequent
cleaning the drum is moved to the cement curing
position and allowed to stand for 24 hours in order
to solidify. Campaigne operation of the in-drum
mixer needs only decontamination at the stirrers at
the end of the campaign. This can be achieved by
using tissues or decontamination in a drum filled
with water by operation of the stirrers. The
resulting contaminated effluent can be used several
times. Slightly different procedures are adopted
when operating according to the flowsheet in
Figure 18.

Quality check

Conditioned waste
storage
Conditioned waste
disposal

- Carry out specified quality control checks on the
waste form. These may include checks for the
absence of free liquids and confirmation of
crack-free solid formation. If the waste form is
satisfactory, cap the drum with a layer of pure
cement and allow to stand for the capping cement to
solidify. Fit and secure the drum lid. Perform a
contamination check and decontaminate drum surface
if needed. Measure surface dose rate.

- Transfer the waste drum to the storage building.

When a disposal facility (repository) becomes
available, the waste drum may be transferred from
storage to the disposal facility.

The waste loading in cement for the combined waste treatment flowsheet
has been set at a low value. In practice a higher waste loading could be
tolerated, thereby reducing the number of conditioned waste drums by a
factor of four. However, in order to achieve this it would be necessary to
introduce a further waste concentration step, such as filtration. This
would lead to a more complicated and expensive process, and has not been
incorporated into the flowsheet.

4.3.4.1. Alternative precipitation sludge process option
If a large enough tank to allow biannual conditioning of precipitation

sludges is not available, this class of waste can be conditioned in 100 to
1000 litre batches, if necessary. It is preferable to keep the size of
batch to be conditioned as large as possible to ensure best waste form
uniformity and minimize secondary waste formation from equipment cleanup.
If this approach is taken, the process shown in Figure 12 for combined
precipitation sludges and evaporator concentrates should be followed but
with elimination of the buffer storage and waste blending steps.
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5. QUALITY ASSURANCE

5.1. General

The purpose of quality assurance/quality control measures is to
provide confidence that the objectives of waste management operations are
being met by the appropriate specifications of process, packaging and
disposal defined by the quality assurance/quality control (QA/QC)
procedures. These procedures are defined as follows.
Quality assurance: planned and systematic actions necessary to provide

adequate confidence that an item, facility or person will perform
satisfactorily in service.

Quality control: actions which provide a means to control and measure the
characteristics of an item, process, facility or person in accordance
with quality assurance requirements.
Intrinsic and desired properties that need to be quantified, monitored

or otherwise assured have to be assessed for each management step. For
handling, transport and storage operations, the requirements mainly concern
safety of operators, security of the wastes from interference or theft and
the behaviour of the package under conceivable abnormal conditions.

The quality control measures which are necessary to generate data are
identified in Ref. [23] on qualitative acceptance criteria, which also
indicates where the control measure can be applied, e.g. in the operation
or commissioning of a process or in the development of a waste package
design. In this context it is emphasized that the type of waste and its
radioactivity content should be considered when applying the referred
methods.

It is recognized by the IAEA that guidance on the quality assurance
for radioactive waste packages should be given to the waste managers as
well as to the competent national authorities.

However, the basic responsibility for achieving quality in performing
a particular task (e.g. in design, in manufacturing, or in the
commissioning and operation of a conditioning plant for radioactive wastes)
rests with those assigned the task and not with those seeking to ensure, by
means of verification, that it has been achieved.
5.2. Acceptance criteria for waste packages

General qualitative acceptance criteria for waste packages consigned
to a low level waste repository cover:

• radionuclide inventory
• radiation
• mechanical behaviour
• chemical durability
• gas generation
• combustibility and thermal resistance
• free liquids
• explosive and pyrophoric materials
• compressed gases
• toxic and corrosive materials
• physical dimensions and weights
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• unique identification
• responsibilities and organization
• quality control
• compliance with codes and standards.
These requirements have been presented and discussed in Réf. [23].

As regards storage according to Ref. [24] the waste acceptance
qualification conditions will include:

• maximum allowable weight per package;
• mechanical resistance for the stacking of packages (3 without

pallet and 4 with pallet is usually suggested);
• satisfactory corrosion resistance of the package metal;
• no loss of integrity after a drop test from a height related to

the package transport condition; and
• sufficient resistance to a standard fire test.
The radionuclide content in the conditioned waste must comply with the

local regulatory limits (for example lower than 400 Bq/g of conditioned
waste). The radiation dose rate of the conditioned waste packages may
impose limitations according to the admissible radiation exposure to the
personnel. Typically, for a dose rate of è 0.5 mSv/h at l m distance
from the surface direct contact-handling is allowed; otherwise, radiation
protection features are mandatory.

On-line measurements may be performed at a waste processing and
storage facility on each completed package in order to determine the
radiological characteristics of the package. These are likely to include

• total activity content (GBq);
• gamma radiation dose rate (mSv/h);
• average dose rate value over the surface on contact and at l m

from the package;
• peak value and location of hot spot areas, which are important

for the package transport and location in the storage building;
• outer surface contamination;
• weight of the package.
In the case of external contamination, the package has to be cleaned

and rechecked before authorization for interim storage is given.
Waste package identification should ensure that each of the completed

waste packages is uniquely identified from the time of production. Marking
and labelling should be performed according to local regulations and
adequate traceability of waste packages should be established.
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6. PROCESS SAFETY

This section covers the safety aspects which need to be considered in
the processing and conditioning of radioactive concentrates. Safety
requirements dictate that the conditioning facility has to provide
radioactive containment, adequate ventilation, and shielded areas, if
necessary.

Personnel protection will need to meet IGRP radiation
recommendations. In addition, suitable protective clothing, rubber gloves,
face mask and visors should also be provided. All the previously outlined
requirements are necessary in the waste processing area.

In the development of a radioactive waste management centre, Member
States should review the process and carry out safety analyses.

It will be necessary to assess the radiation exposure of the plant
operators on the site, non-radiation workers at the facility and
neighbouring public. For the process workers in particular, staffing
levels and job functions will need to have dose budgets estimated. If
necessary the cementation unit could be easily shielded.

Hazard and operability (HAZOP) studies on the plant and process at the
conceptual design stage will reveal any aspects which may require revisions
to the design or operating procedures.

The assessment of accident scenarios includes the estimation of the
frequency and consequences of possible accidents related to the plant and
the materials which it handles. As a result risk assessment analysis is
possible.

Radioactive liquid and gaseous discharges should be as low as
reasonably achievable (ALARA) and meet regulatory and environmental
restrictions.

Details of the safety assessment methodology are contained in an
IAEA-TECDOC on the storage of radioactive wastes [24].

7. INTERIM STORAGE OF CONDITIONED WASTES

After the waste has been immobilized, the waste packages are normally
placed in an interim storage facility for a period which may last for many
years. The main reason for interim storage of the conditioned wastes is
that a repository site is not immediately available. Also, interim storage
can be used to take advantage of any activity decay with time, thereby
facilitating later handling, transport and disposal of the wastes. Until
repositories are available, the national interim storage facilities for
conditioned waste can be developed in several different ways.

A simple way, especially for Member States not operating a complete
nuclear fuel cycle, is the use of a large transportable container normally
used as a shipping container (Figure 19). The container could be set up at
a suitable place, i.e. at a centralized collection site, in a small nuclear
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FIG. 19. Large scale container.

FIG. 20. Interim storage hall.
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research centre, nuclear power plant or a guarded area under government
control. Depending on the size, between 40 and 70 drums could be stored
within a container serving as a barrier against unauthorized contact with
the waste. Later on when a repository is available, the container,
including waste drums, can be transported directly without additional
reloading steps.

Another approach for interim storage of conditioned waste, especially
for Member States having a small nuclear research centre, is the erection
of a simple hall on the ground surface with a steel frame construction and
prefabricated corrugated sheets covering the walls and the roof
(Figure 20). The storage hall should be built above groundwater level, not
to be reached by a potential flood or groundwater. Where this is not
possible, the building must be constructed with appropriate protective
systems to prevent the inleakage of groundwater. The capacity for the
waste storage facility should be designed for a period of 10 years.

The possibility of capacity extension should be provided in the design
of the facility.

To prevent radiation exposure to on-site personnel, it is recommended
that the interim storage facility should be constructed away from waste
treatment plants or other buildings.

At the end of the interim storage period, the waste containers must be
capable of being identified, retrieved and transported to the final
disposal site. The final disposal of conditioned wastes is not covered in
this report, as the subject has to be considered under the special
situation of the respective Member States.

The storage of radioactive wastes is considered in detail in a related
document on storage of radioactive wastes [24].

8. CONCLUSIONS

This report provides guidance to Member States belonging to Groups A,
B and C who have small volumes (20 m-Va precipitation sludges, 1 m^/a
evaporator concentrates, 1 m-Va ion exchange resins) of radioactive
concentrates arising from medical and industrial applications, and the
operation of nuclear research centres.
1. The wastes must be adequately characterized; chemically, physically,

and radiologically as a precursor to waste management.
2. In identifying treatment options, the best practical environmental

options should be selected, with radiation doses and discharges as low
as reasonably achievable (ALARA).

3. The waste management strategy should include all the steps from waste
arising to final disposal.

4. It may not be possible in the short term to undertake all of the waste
management steps. However, those steps which are undertaken should
not foreclose options for the later steps.

5. The process option should aim to confine and concentrate the wastes.
6. The preferred process option for conditioning radioactive ion exchange

resins precipitation sludges and evaporator concentrates is in-drum
cementation. Flowsheets are provided for this preferred process
option.
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7. The preferred process option is cheap and simple to procure and
operate, and uses a readily-available matrix material. The process
satisfies the preceding conclusions.

8. It is considered important that a central agency should have the
responsibility for managing the waste.

9. The need for quality assurance throughout waste management is
emphasized.

10. It is suggested that cheap simple structures will be adequate for
interim storage prior to disposal.
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