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FOREWORD 

The International Atomic Energy Agency has been active in the field of 
radioactive waste management for many years. In co-operation with the Nuclear 
Energy Agency of the Organization for Economic Co-Operation and Development 
(OECD/NEA), the Agency has held four symposia dealing with aspects of the 
conditioning of low- and intermediate-level waste concentrates. In 1965 and 
1970, two symposia dealt exclusively with the treatment, conditioning and 
management of low- and intermediate-level wastes; in 1972, a symposium was 
held on the management of radioactive wastes from fuel reprocessing; and in 
1976, the problem of wastes from the entire nuclear fuel cycle was considered 
in a further symposium. Radioactive waste management and effluent control 
were the subject of a plenary session and three technical sessions at the Salzburg 
Conference, Nuclear Power and its Fuel Cycle, in 1977. 

The following IAEA Technical Reports Series documents surveyed the 
information available on their respective subjects at the time of preparation: 

No. 78: Operation and Control of Ion-Exchange Processes for Treatment 
of Radioactive Wastes (1967); 

No. 82: Treatment of Low- and Intermediate-Level Radioactive Waste 
Concentrates (1968); 

No. 87: Design and Operation of Evaporators for Radioactive Wastes 
(1968); 

No. 89: Chemical Treatment of Radioactive Wastes (1968); 
No. 106: The Volume Reduction of Low-Activity Solid Wastes (1970); 

and 
No. 116: Bituminization of Radioactive Wastes (1970). 

The present report includes and updates the information contained in 
Nos 82 and 116 above, on the conditioning of low- and intermediate-level waste 
concentrates for transport, storage and/or disposal. Two other forthcoming 
reports will update information contained in Nos 78, 87, 89 and 106. These 
are Treatment of Low- and Intermediate-Level Solid Radioactive Wastes, 
Technical Reports Series No. 223; and Treatment of Low- and Intermediate-
Level Liquid Radioactive Wastes, in preparation. 

The basis of the present report was established in a series of consultants 
meetings during 1979. The report was further developed at a Technical 
Committee meeting held in Vienna from 16 to 20 December 1979. Subsequently, 



the chairman of the Committee, the Working Group leaders and the scientific 
secretary expanded and revised the text for review by an Advisory Group 
meeting held in Vienna from 3 to 7 November 1980. The participants are 
listed at the end of these Proceedings. 

It is hoped that in both developing and developed countries, this report 
will be of value to authorities and specialists who are responsible for or involved 
in the design, operation and regulation of low- and intermediate-level waste 
management facilities. 
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1. INTRODUCTION 

The nuclear fuel cycle, together with the use of separated radioisotopes, 
in many endeavours generates a variety of low- and intermediate-level radioactive 
wastes. These waste materials contain quantities of radionuclides sufficient to 
present potential health risks to people if the wastes are not adequately managed, 
but usually insufficient quantities to require heat removal [1 ]J 

Adequate management involves a series of steps which lead from the arising 
of the wastes to their safe disposal, steps which may include collection, segregation, 
treatment, volume reduction, conditioning, transport, interim storage and disposal. 
Each step is defined by the need to accommodate to the preceding one and to 
facilitate the ones that follow. 

This technical report describes primarily the technologies available for the 
conditioning steps (i.e., immobilization and packaging) and relates them to the 
other steps. In broad terms, the purpose of conditioning is to convert the wastes 
into packages that are suitable for transport, storage and disposal. 

In the context of this report, the objectives of immobilization are to convert 
the wastes into forms which are: 

(a) Leach resistant so that the release of radionuclides will be slow even 
though flowing water may contact them; 

(b) Mechanically, physically, chemically and radiologically stable for at 
least all stages of the handling, transport and interim storage up to the 
time of actual disposal. 

Ideally, it would be desirable that the waste forms remain essentially stable 
for the hazardous lives of the waste; however, in the case of long-lived alpha-
bearing wastes, this cannot be assured. These objectives can be more easily 
achieved by immobilization processes if the original wastes first undergo treatment 
processes to reduce their volumes and remove extraneous volatile or oxidizable 
fractions. These treatment processes, discussed in two other IAEA Technical 
Reports [2, 3] are reviewed only briefly in this report; however, the immobiliza
tion processes are outlined in more detail. 

The degree to which each of the immobilization processes achieves the 
forementioned objectives may differ widely. The selection of processes for 
immobilizing a particular waste stream is frequently a balance of economic and 
reliability factors against a blend of short- and long-term aims. For example, 
if the primary aim is only to achieve properties acceptable for transport of the 
waste form, superior stability and leach resistance are unlikely to factor greatly 
in the process selection. However, if it is expected that the properties of the 

See Appendix 1 for References cited according to chapter. 
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waste form will contribute significantly to its resistance to the release of long-lived 
radionuclides after the waste is placed in a disposal site, then an emphasis on 
these properties is likely. 

The conditions for disposal of low- and intermediate-level radioactive wastes 
are particularly important considerations [1,4]. A series of barriers to radionuclide 
migration is involved in waste repositories, including the immobilized waste form, 
the container, possibly other engineered barriers, and the natural barriers of the 
geology of the disposal site. The relative importance of the various barriers can 
be determined by safety analyses of the total repository system and the pathways 
of the radionuclides back to man [5]. As the relative importance of the various 
barriers is understood, the selection of immobilization processes and packaging 
requirements can be made qualitatively, based on judgement and past experience. 
However, the matching of conditioned waste specifications with criteria for various 
disposal options is not yet possible in a quantitative sense; increasing effort is being 
devoted in the early 1980s to producing such criteria for the prime waste disposal 
concepts. 

2. SCOPE 

This technical report describes the currently available processes and 
technologies which may be used for the immobilization of low- and intermediate-
level wastes and their concentrates into leach-resistant, stable, and compact forms, 
and their packaging for subsequent transport, storage and disposal. This report 
focuses primarily on the wastes which do not need extensive treatment to reduce 
their volumes. Thus, the treatments of wastes still in the form of dilute liquids 
and of gaseous wastes are not discussed. Also, wastes arising from the mining, 
milling, and refining of uranium and high-level wastes such as those coming from 
the first stage of fuel reprocessing are not considered in this document. 

This report is intended to describe in some detail the major processes and 
the immobilization matrices already applied to significant quantities of wastes; 
however, it is not an exhaustive summary of all the literature published on waste 
conditioning. For those types of waste for which no conditioning methods are 
yet in full-scale application (for example, cladding hulls) some of the methods 
under development are described. In addition, processes under development which 
are believed to be particularly promising alternatives to currently applied methods 
are included. 

Although the economics of the conditioning steps and the selection of the 
disposal methods are important factor in waste management, they are outside the 
scope of this report; however, some of the present disposal concepts and practices 
are described as an aid to understanding their impacts on the packaging requirements. 
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3. TYPES OF LOW- AND INTERMEDIATE-LEVEL RADIOACTIVE WASTE 
AND THEIR CHARACTERISTICS 

3.1. INTRODUCTION 

This chapter outlines in general terms the main types of waste for which 
immobilization processes are described and indicates which of these types of 
waste are usually encountered at various nuclear facilities. It also tabulates the 
important characteristics of typical wastes from each source. 

As an aid to those readers whose interests lie primarily with wastes from 
one particular source, such as a nuclear power plant, the chapter also indicates 
the more appropriate processes for treatment of wastes from each source, 
prior to immobilization; thus, it is intended as a bridge leading to the review 
of treatment processes in the following chapter. 

3.2. TYPES AND SOURCES OF WASTE 

3.2.1. Types of waste 

Various classification systems can be used to categorize low-and intermediate-
level wastes [1, 2] 1 . Classifications can be based on specific activities, dose-rates 
or radiotoxicities. Other classification criteria might be origins of waste, 
physico-chemical natures or types of radiation and half-lives of the radionuclides. 
Each of these classifications may have its advantages and disadvantages depending 
on the purposes of the classification. As the aim of this report is to describe 
the technologies involved from the preprocessing of the raw waste to the final 
conditioned waste (immobilized in a matrix and packaged), the following 
waste categories have been identified: 

Concentrates from liquid wastes: 

Sludges; 
Spent ion-exchange media; 
Concentrates (from evaporators and membrane processes). 

See Appendix 1 for References cited according to chapter. 
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Solid wastes: 

Combustible: 
non-alpha-bearing2; 
alpha-bearing. 

Non-combustible: 

Non-alpha-bearing; 
Alpha-bearing. 

Special wastes: 

Organic liquids; 
Decanning residues; 
Other irradiated and/or contaminated materials; 
Wastes from decommissioning operations; 
Wastes with significant tritium or carbon-14 content. 

It should be noted that some solid wastes, both combustible and non-combustible, 
are also compactable. 

3.2.2. Primary sources of radioactive wastes 

Not all of the above types of waste are produced at each of the various 
types of nuclear facility. For the facilities which are the more important sources 
of wastes, the types of waste usually encountered are outlined below. 

Nuclear power plants: The treatment of large volumes of liquid effluents 
results in three types of waste with high water content: sludges, spent ion-
exchange media and concentrates. 

Solid wastes with low water content produced at a nuclear power plant can 
be divided into combustible and non-combustible wastes. 

Contaminated organic liquids include lubricants and solvents from 
decontamination processes. 

Other types of waste composed of non-combustible material such as metals 
and masonry arising from decommissioning activities might be treated either 
mechanically or chemically or both. 

Wastes arising at nuclear power plants do not usually contain concentrations 
of transuranic nuclides high enough to warrant special treatment as alpha-bearing 

2 See Section 3.4.2. 
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wastes. For some wastes consideration might be given to their tritium 14C content 
in choosing their method of treatment [3—5]. 

Reprocessing facilities: Wastes from reprocessing include sludges and 
concentrates from the treatment of liquid effluents, concentrates from solvent 
washing and acid recovery, and solid wastes from uranium and plutonium 
separation, from plutonium purification and from plant maintenance. Most will 
warrant treatment as alpha-bearing wastes. Other alpha-bearing wastes unique 
to reprocessing facilities are organic liquids which are mixtures of tributyl 
phosphate and hydrocarbons used for the extraction of uranium and plutonium. 
Decanning residues represent one of the most important intermediate-level 
wastes produced in the reprocessing facilities. Also, graphite sleeves and metal 
accessories arise from the preparation of some types of fuel for decanning and 
dissolution [6, 7]. 

Fuel- production facilities: Generate primarily solid wastes, both combustible 
and non-combustible. In addition, some waste organic liquids are produced. Only 
wastes arising from the production of mixed-oxide fuels containing plutonium or 
233U, are likely to be classified as alpha-bearing wastes [8]. 

Nuclear research centres: The operation of nuclear research centres involves 
all types of radioactive materials, including transuranics. Common sources of 
radioactive wastes are research reactors, remote-handling cells, and pilot fuel-
reprocessing facilities. As a result, wastes in all the categories listed in Section 3.2 
may be produced at one time or other. 

Institutional and industrial sources: This category of waste source comprises 
all users of radioisotopes not included above. Particularly important are medical 
institutions and university research centres. Most wastes are solid, either 
combustible or non-combustible, and include a significant proportion of 
scintillation liquids. Although the characteristics of the wastes differ somewhat 
from those from other sources, these wastes are often delivered to other nuclear 
facilities for treatment and possible conditioning for storage or disposal [9]. 

3.3. WASTE TREATMENT APPROPRIATE TO SPECIFIC SOURCES 

In the following chapter a variety of methods are reviewed for treating 
wastes before immobilization. Not all these methods are, however, appropriate 
for wastes from a specific type of source. As an aid to the reader who is primarily 
interested in methods applicable to wastes from one source, for example a nuclear 
power plant, Table I indicates the categories of waste most likely to be encountered 
from each of the primary sources and the type of treatment which might be 
appropriate before the wastes are immobilized. 
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0\ TABLE I. WASTE TREATMENTS APPROPRIATE TO WASTES FROM SPECIFIC SOURCES 

Waste 
category 

Appropriate treatment prior to immobilization (Section No.) 

Water removal Thermal & chemical Chemical Mechanical Decontamination 
(4.2) destruction (4.3) adjustment (4.4) treatment (4.5) (4.6) 

Source A B C D E A B C D E A B C D E A B C D E A B C D E 

Concentrates from: 
Liquid waste: 
Sludges 
Ion-exchange media 
Concentrates 

X X X X 
X X X 
X X X X 

X X 
X X 
X X 
X X 

X 
X 
X 

X X 

Solid wastes: 
Combustible: 

non-alpha-bearing 
alpha-bearing 

Non-combustible: 
non-alpha-bearing 
alpha-bearing 

X X X X X 
X X X 

X X X X X 
X X X 

X X X X X 
X X X 

X X X X X 

Special wastes: 
Organic liquids 
Decanning residues 
Other irradiated materials 
Decommissioning wastes 
Wastes with significant 

3H and 14C content 

X X X X X X X X X 

X X 

X X 
X X 

X X X X 

X X 
X X 

X X X X 
X 

Primary sources of waste: A - Nuclear power plants; B - Fuel reprocessing facilities; C - Fuel enrichment and fabrication facilities; 
D - Nuclear research centres; E - Other institutional and industrial sources. 



3.4. WASTE CHARACTERISTICS 

3.4.1. Concentrates from aqueous wastes 

The waste concentrates produced by water purification equipment usually 
still contain considerable quantities of water and often must be further dehydrated 
before they are finally immobilized [4]. The most common forms of concentrate 
are sludges and suspensions, spent ion-exchange media, and concentrates 
produced by evaporation. Their main characteristics are listed in 
Tables II, III and IV, respectively. 

Sludges and suspensions are produced from large volumes of liquid effluents 
by co-precipitating an insoluble non-radioactive solid and much of the radio-
element content as well. The precipitation is followed by decantation, 
centrifuging or filtration, with or without a precoat or filter-aid. The chemistry 
of the process may be controlled by additives to decrease further the solubility 
of such radioelements as caesium. 

Spent ion-exchange media arising from the nuclear industry are predominantly 
of the organic resin types but some inorganic or mineral types are also used. Some 
of the characteristics of spent ion-exchange resins are described in Table III. 
Many of the applications, such as coolant and moderate purification with granular 
resins in PWR and HWR power plants, and feedwater purification with powdered 
resins in BWR plants, use the resin only once, discarding it without regeneration. 
Other applications, such as BWR feedwater purification with granular resin, 
regenerate them routinely until their properties have been degraded by fouling, 
fracturing or other damage [5]. 

Concentrates are produced mainly by evaporation of large volumes of liquid 
wastes. The volume-reduction factor3 (VRF) may be limited by the solubility 
of the salts contained in the concentrates at their storage conditions. Heated 
storage is sometimes used to prevent crystallization. 

Membrane processes (such as ultrafiltration, reverse osmosis, and 
electrodialysis) are also used to produce concentrates, particularly from wastes 
such as laundry effluents which may give evaporator problems. 

The principal sources of concentrates are nuclear power plants (primary and 
secondary circuits, and effluents from auxiliaries), fuel reprocessing (solvent 
washing, acid recovery), and research centres. Their characteristics are summarized 
in Table IV. 

3 VRF = V° l u m e °f waste treated 
Volume of concentrate 
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TABLE II. CHARACTERISTICS OF TYPICAL SLUDGES AND 
SUSPENSIONS 

Source Nuclear power plants Fuel reprocessing Nuclear research 
Characteristic facilities centres 

Physical 
Nature Thickened colloidal or flocculated suspension 

Dry solids content 

Chemical 
Nature 

pH 

Radioactivity 

Nuclides 

Specific activity 

Metal oxides, 
hydroxides, filter 
aids 

Activation products, 
fission products 

< 1 Ci/m3 

2 to 6% 

Metal oxides, hydroxides, 
sulphates, ferrocyanides, etc. 

7 to 10 

Activation products, fission 
products, transuranics 

0.1 - 1000 Ci/m3 

3.4.2. Solid wastes 

Solid wastes arise in the routine operation of nuclear facilities, the quantities 
being roughly in proportion to the amount of nuclear material handled. Also, 
other solid wastes are produced in random quantities as a result of occasional 
operations such as major maintenance and decontamination. 

On the basis of the treatment and immobilization processes which are 
appropriate, the solid wastes are usually classified and segregated as either 
combustible or non-combustible; sometimes they are also segregated for 
compaction. The non-combustible class includes all solid wastes which are not 
suitable for processing in an incinerator or pyrolysis furnace. As a result of the 
generally higher radiotoxicities of wastes containing transuranic elements, 
each of these classes has been sudbivided into two categories, "alpha-bearing" 
and "non-alpha-bearing". The threshold between alpha and non-alpha has 
not been fixed by any regulations although a value of 10 fiCi/kg of waste has 
been informally used in the United States of America as a low value for 
alpha-bearing wastes. The detection thresholds at present are of this order 
with sophisticated instrumentation, but this threshold is unrealistically low 

8 



TABLE III. CHARACTERISTICS OF TYPICAL SPENT ION-EXCHANGE MATERIALS3 

Common sources: Nuclear power plants, nuclear research centres, fuel storage ponds 

Typical composition 

Form 

Particle size (mm) 

Particle density (g/cm3) 

Water content after draining (%) 

Type of ion exchange 

Typical contaminants: 

chemical 

radioactive 

Specific activity (Ci/m3) 

Beads 

0.6 - 1.8 

1.1 - 1.2 

4 0 - 6 0 

Anion and/or cation 

Corrosion products, 
borate, chloride, 
carbonate 

Activation products, 
fission products 

10-1000 

Type of matrix material 

Organic 

Powder 

< 0 . 3 

1.1 - 1.2 

50 to > 80 

Mixed anion-cation 

Corrosion products, 
chloride 

Activation products, 
fission products 

< 1 0 

Inorganic 

Granules 

1 - 3 

1.2 - 1.4 

-
cation 

Carbonates, sodium 
ion 

Fission products (Cs) 

0 . 1 0 - 1000 

For further information, see Ref. [5]. 
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TABLE IV. CHARACTERISTICS OF THE PRINCIPAL TYPES OF 
CONCENTRATE 

Source 
Characteristic 

Physical: 
Nature 
Density (kg/L) 
Dry solids content 
(wt%) 

Chemical: 
PH 
Principal cations 
Principal anions 

Radioactivity: 
Nuclides. 

Specific activity 
(Ci/m3) 

Nuclear power plants Solvent washing at 
reprocessing 
facilities 

Nuclear research 
centres 

Concentrated solution with suspended solids 
1.1 - 1.3 

10 - 30 

6 - 1 2 
Lithium, sodium 
borate, sulphate, 
phosphate 

Activation products, 
fission products 

1 - 10 

1.2 

15 

> 12 
Sodium 
carbonate, 
nitrate 

Fission products, 
transuranics 

100 - 1000 

1.1 - 1.3 

5 - 3 0 

3 - 1 0 
Sodium, calcium 
sulphate, nitrate, 
phosphate, 
citrate 

Activation 
products, 
fission products, 
transuranics 

1 - 2 0 

for normal operating instrumentation. The basis for this low threshold is 
being questioned and higher values are under consideration [10]. 

Combustible solid wastes which originate at nuclear power plants, research 
establishments and fuel reprocessing plants include: 

Polyvinylchloride (PVC) and polyethylene bagging and sheeting; 
Protective clothing of various plastics, rubbers, textiles, paper and leather; 
Packing of cardboard, paper, wood, and plastic; 
Cleaning materials such as rags, tissues, mops; 
Filters of textile, glass, cellulose or mineral fibre with metal, plastic and 

wood components. 

In addition, medical research laboratories may discard animal carcasses and other 
biological wastes. Most of these wastes are collected in sealed plastic bags. 
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Some characteristics of specific wastes are noteworthly in addition to those 
outlined in Table V. Because of the corrosion problems associated with the release 
of HC1 from PVC, neoprene and other chlorinated polymers, these materials will 
sometimes be classified among the non-combustible wastes. Tramp metal such 
as wire and toe caps of shoes can interfere with mechanical treatments such 
as shredding. Some free liquid may also still be present in the collected waste. 

Prolonged storage of these wastes may involve the attack on some of 
the organic matter by microorganisms, insects and rodents, or the formation 
of radioly tic gases. The potential fire hazard from some of the types of waste 
must also be considered. 

Alpha-bearing combustible solids are produced at fuel reprocessing plants, 
at mixed-oxide fuel fabrication plants, and at research centres working with 
transuranic elements. To a large extent they consist of the same materials as 
the non-alpha-bearing ones, but will also contain other types usually specific 
to alpha-bearing waste, e.g. glove-box components. 

Since their characteristics are often similar, the comments made for non-
alpha wastes will also apply to alpha-bearing combustible solids. Tn addition, 
however, precautions must be taken to preclude criticality, especially after' 
volume reduction, by limiting the plutonium content to a value of the order of 
200 g per 200-litre drum. If 238Pu is a major contaminant, heat production must 
also be taken into account. If the plutonium content of some of the waste is 
high enough to warrant recovery, the assayed waste may be segregated, and 
that with the higher content treated with special precautions to facilitate 
recovery. For example, avoiding high temperature, or the presence of silica or 
polyethylene during incineration, may improve recovery yields [7]. 

Non-combustible non-alpha-bearing waste may be comprised of activated 
or contaminated reactor components, tools, scaffolding, metallic and ceramic 
filters, as well as miscellaneous laboratory equipment. Some of the special 
wastes discussed below are also of this general type. 

These items are frequently non-compactable and often must be dismantled 
or cut to permit storage or further treatment. Some non-combustible 
contaminated materials can be readily decontaminated whereas this is rarely 
feasible with combustible wastes. 

Non-combustible alpha-bearing wastes, as indicated in Table V, are often 
the same types of waste material discussed above except that they have 
originated in the plutonium extraction part of a fuel reprocessing plant, or 
from a glove-box line in a mixed-oxide fuel-fabrication plant. 

3.4.3. Special types of waste 

Organic liquids, plus a wide variety of waste fluids which are predominantly 
organic in composition, arise from operations within the nuclear fuel cycle [11] 
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TABLE V. CHARACTERISTICS OF TYPICAL SOLID WASTES 

Characteristic waste category 

Main sources 

Physical: 
Type 

Bulk density (kg/m3) 
Compressibility (%) 

Chemical: 
Ash content: (wt %) 

(vol. %) 

Radioactivity: 
Nuclides 

Specific activity 
(3-y(Ci/m3) 

a(Ci/m3) 

Non-alpha 

Nuclear power plants, 
nuclear research 
centres, medical 

institutions 

Paper, cloth, and 
polymeric materials 

1 0 0 - 4 0 0 

5 0 - 85 

2 - 1 5 
2 - 15 

Activation products, 
fission PTO ducts 

0 - 0 . 5 
0 - 0 . 0 1 

Combustible 

Alpha-bearing 

Fuel reprocessing 
plants, nuclear 
research centres 

Paper, cloth, and 
polymeric materials 

1 0 0 - 4 0 0 
5 0 - 85 

2 - 15 
2 - 15 

Fission products, 
transuranics 

0 - 0 . 1 
0 - 5 

Non 

Non-alpha 

Nuclear power 
plants, nuclear 
research centres 

Metal, glass, 
masonry, polymeric 
materials 

200 - 3000 
0 - 6 0 

-
— 

Activation products, 
fission products 

0 - 0 . 1 
0 - 0 . 0 1 

-combustible 

Alpha-bearing 

Fuel-reprocessing 
plants, nuclear 
research centres 

Metal, glass, 
masonry, polymeric 
materials 

200 - 3000 
0 - 6 0 

-
— 

Fission products, 
transuranics 

0 - 0 . 1 
0 - 100 



and from other uses of radioisotopes. Among the most heavily contaminated 
(10—40 Ci/m3) are the degraded solvent extractants used for fuel reprocessing. 
Other significant organic liquid wastes are other solvents, some of them 
chlorinated, lubricants from pumps, turbines and compressors, and scintillation 
liquids from medical and research applications. Some aqueous decontamination 
solutions contain appreciable concentrations of organic compounds such as 
citrates, oxalates and EDTA. 

Decanning and dissolution residues from fuel reprocessing are among the most 
radioactive of intermediate-level wastes. The largest quantity are the cladding 
hulls which may be magnesium, zirconium, or stainless steel alloys and include 
activation products and adhering fuel particles. They may contain amounts of 
the order of 10s Ci/m3 including about 1 g Pu/m3. The residues also include 
other parts of the fuel assemblies and fines from fuel chopping and dissolution [7], 

Other irradiated materials are routinely replaced and become waste. These 
include some components associated with fuel such as graphite sleeves, as well 
as control rods, burnable poisons, and in-core detectors. Often the principal 
radionuclide is ^Co. 

The heterogeneous nature of some of the wastes can be important in their 
management. 

Waste from dismantling and decommissioning nuclear facilities is primarily 
a combination of decontamination liquids and non-combustible solids. A large 
variety can be expected, including assorted metals, concrete, and polymers. 
The radioactivity associated with the solids may be either contamination which, 
in the extreme, may be either uniform or highly localized at leakage points, or 
it may be induced activity from neutron irradiation. The dimensions of the 
waste may be quite large despite size reduction, or be quite small and intensely 
radioactive as is a spent irradiation source. 

In the long term this category of waste is likely to contribute a significant 
fraction of the total volume of radioactive wastes to be managed [12], 

Wastes with significant tritium or 14Ccontents arise from reactors, 
reprocessing plants, and industrial and medical users of the separated isotopes. 
If tritium or 14C is the predominant contaminant, the waste may require special 
consideration in its management because of their particular characteristics. 
Because both nuclides emit only weak beta radiation, the radioactive content 
of the waste cannot be determined easily to guide the method of management. 
Incineration of the waste will release both the nuclides; also evaporation will 
release tritium if it is present as a gas or in the oxide form and thus associated 
with the contained water. 

The principal sources of tritium are tertiary fission in fuel, neutron reactions 
with boron and lithium in water-cooled reactors, and neutron activation of 
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deuterium in heavy-water reactors. The principal sources of 14C are the neutron 
activation of 14N, 1 70, and 13C, primarily in fuel, water and graphite, respectively. 
Wastes associated with these sources are likely to be contaminated at least to low 
levels with these nuclides and, in special situations where concentrating processes 
are present, e.g. for carbonates on ion-exchange resins, elevated concentrations 
may exist. 

A study of the problem posed by tritiated waste has been conducted for 
the European Economic Community by McKay [13]. Tritium removal is already 
practised at the ILL reactor at Grenoble [14] and is under detailed study in 
Canada [14, 15]. 

14 



4. TREATMENT PRIOR TO IMMOBILIZATION 

4.1. INTRODUCTION 

In Chapter 3, the different types of waste and waste concentrate and their 
physico-chemical and radiological properties were described. To transform these 
wastes to forms with properties suitable for transport, storage and disposal, it is 
almost always necessary to use one or more treatment processes prior to immobil
ization of the wastes (Table VI). These treatment processes are used for one or 
more of the following purposes: 

To transform the wastes or the waste concentrates into physico-chemical 
forms compatible with the immobilization processes and the matrix 
materials to be applied; 

To reduce further the waste volumes; 
To sort the wastes, for example to allow for plutonium removal; 
To remove as much as possible the inactive ballast materials; 
To recover as much as necessary the appropriate inactive materials that can 

be recycled; 
To insolubilize the radionuclides in view of improving the leach-resistant 

properties of the final waste forms. 

This chapter gives a qualitative overview of the different types of treatment 
process and detailed descriptions of numerous specific processes currently applied 
or under development; however, it is not intended to be all inclusive. For further 
information, the reader is referred to recent surveys of treatment processes [1 —3]1. 

4.2. TREATMENT FOR REMOVAL OF WATER 

Residues of liquid-waste treatment steps (such as sludges, concentrates, 
slurries, etc.) need dewatering in order to reduce their volumes and to make them 
compatible with the immobilization processes described in Chapter 6. Dewatering 
can be achieved by evaporation, centrifugation or filtration. These different 
processes can mostly be carried out with commercially available equipment. 

4.2.1. Evaporation and drying 

The different evaporation and drying processes are based on the conversion 
of water into steam, aiming at removing the water from soluble and insoluble 
impurities (but not volatile materials). They can be applied to sludges from 

See Appendix 1 for References cited according to chapter. 
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TABLE VI. CHARACTERISTICS OF WASTE TYPES AFTER TREATMENT 

A. Concentrates of liquid effluents 
(a) Sludges, evaporator bottoms 

Treatment 

Centrifugation 

Freeze-thaw 

Filtration 

Two-stage evaporation 

Drying 

Chemical adjustment: 

Before cementation 

Before bituminization 

Before encapsulation in UF 

Before encapsulation in polyesters 

fbj Bead ion exchangers 

Treatment 

Centrifugation or 
draining 

Drying 

Crushing 

Chemical adjustment 

and powdered ion ex 

Solids content 

(%) 

90 

9 5 - 9 9 

9 0 - 9 9 

Solids content 

(%) 

5 - 9 0 

. 12 

2 0 - 4 0 

3 0 - 4 0 

95 - 9 9 

Density 
(bulk) 

0.6 

0.5 - 0.6 

0.5 - 0 . 6 

changers 

pH 

7 - 1 0 

8 - 9 

1 - 2 

2 . 5 - 1 1 

Grain size 
(mm) 

< 0 . 8 

Cationic form 

Na+ 

chemical precipitation, concentrates from evaporators, regenerates from ion-
exchange processes and ion-exchange resins under controlled conditions. The 
processes usually produce residues with a water content of 1 to 5%. 

Vapour-liquid separation is important since decontamination of the overhead 
stream is a primary objective. The decontamination factor is defined as the ratio 
of the radionuclide content in the residue to the content in the overhead stream. 
This factor normally ranges around 104 to 106 for a single-stage evaporation. 
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TABLE VI. (contd) 

B. Residues of solid wastes 
(a) Combustible 

Treatment 

Crushing, grinding, 
shredding 

Compaction and 
baling 

Incineration 

Pyrolysis 

Hydropyrolysis 

Acid digestion 

Molten salt 

Bulk density 

0.01 - 0 . 0 7 (paper, 
cloth) 

0.15 (plastic) 

0.2 - 0.5 (wood, coal) 

0 . 5 - 1 

0.5 - 2 

0.5 - 2 

0.5 - 2 

0.5 - 2 

1 - 3 

(b) Non-combustible 

Treatment 

Disassembly 

Crushing, grinding, 

shredding 

Compaction and 

baling 

Smelting 

Decontamination 

Bulk density 

0 . 1 - 1 

0 . 1 - 1 

0 . 7 - 3 

2 - 8 

Particle size 

1 - 5 

-

1 - 5 cma 

1—5 mm 

1—5 mm 

slurry ( 6 - 3 0 wt% 
solids) 

cake 

Particle size 

As required for 
subsequent 

handling 

< 5 cm 

Form of Pu 
if present 

Unchanged by 
treatment process 

Refractory 

Soluble 

Soluble 

Soluble by complexing 

with hot H 2 S0 4 

Soluble salts 

Residual activity 

Dependent on process 
efficiency 

Particle size dependent upon sorting. 
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The most common evaporation equipment, capable of producing almost dry 
solid products are thin-layer devices, rotary dryers and fluidized bed dryers [4, 5]. 
Solar energy evaporation of low-level sludges has been employed [6], but the risk 
of spreading airborne contamination limits this application to very special cases. 

Preconcentration by evaporation of first-stage distillation bottoms, before 
drying, may be useful when these have relatively low solid contents (10 wt%). This 
evaporation concentrates the solids up to 30 to 40 wt% and can be performed in 
pot-type, thermosyphon and forced circulation evaporators, the latter with or 
without vapour compression. The main constraints encountered in evaporation 
processes relate to corrosion phenomena, to scaling and formation of incrustation, 
to the presence of interfering compounds such as certain unstable nitrates, organics 
(oils), foaming agents, and not the least to the problem of generation and removal 
of dust. Anti-foam agents added to foaming evaporators frequently overcome the 
problems caused by foaming agents such as detergents. 

4.2.2. Centrifugation 

Centrifuges are used to achieve partial dewatering of solid-liquid suspensions 
like sludges, obtained by filtration or chemical flocculation of liquid effluents, as 
well as spent ion-exchange resins. The principle of operation is a liquid-solid 
separation by centrifugal forces. Horizontal and vertical centrifuges are being 
used, at 4000 to 6000 rpm. 

Centrifuges are used both for continuous and batchwise operations in nuclear 
power stations [7, 8] and in nuclear research centres applying chemical flocculation 
processes [9]. In the latter case, freeze-thawing or gravity thickening is used to 
overcome the problems related to the colloidal structure of the sludges. The system 
applicability is limited to large particles unless additional filtering layers or poly-
electrolytes are used. 

Typical process data indicate throughputs of 1 to 5 m3 feed slurry per hour, 
with feed solids content from 0.01 to 1 wt%. The dewatering performance largely 
depends on the solids characteristics, and the residual water in the solids varies 
between 5 (granular) and 90 wt% (colloidal sludges). 

4.2.3. Freeze-thawing 

A possible pretreatment step for colloidal sludges prior to centrifuging or 
filtration is the freeze-thawing process. Extensive experience with this process 
has been gained in the research centres at Harwell and Mol [10]. 

The colloidal suspensions are first completely frozen (~15 to -20°C) and after 
thawing show improved settling characteristics. The physical process occurring is a 
tri-dimensional cracking of the colloidal network into a more granular structure. 
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The process is applied to sludges with relatively low specific activity 
(0.1 - 5 nCilg dry solid). 

The equipment used in Mol consists of two batch vessels of about 1 m3 each, 
operated alternately. Direct dewatering to 12 wt% of solid content is obtained, 
starting with sludges concentrated by gravity to 6 wt% solids. Drawbacks of this 
process are the energy balance, engineering related to corrosion and the dis
continuous small scale of operation. 

4.2.4. Filtration 

Filtration is applicable to chemical sludges, obtained from flocculation and 
co-precipitation of liquid effluents, as well as to suspensions originating from 
backwash cleaning of larger filter units. The process aims at volume reduction, 
by dewatering before any further treatment or immobilization, and is based on the 
separation of solids on a porous material through which the liquid phase passes. 

Two main filtration techniques are applied — vacuum filtration and 
pressure filtration: 

(i) Vacuum filtration is the most common type of filtration. Continuous units 
are commercially available and based on horizontally rotating cylinders with filter 
cloth or porous metal, on which the filter cake is accumulated during the slow 
rotation. The filter cake is scraped off. The capacity is limited by the filtration 
characteristics of the sludge and the equipment size is large compared with pressure 
filtration units. 

Owing to its design and principle of operation, vacuum filtration is compatible 
with radiological safety requirements and allows for treating low-level as well as 
intermediate-level sludges, with low exposure to personnel and low potential for 
spread of contamination. 

Dewatering up to 20 to 40 wt% solids can be obtained for wastes with initial 
1 to 10 wt% solids content. 

(ii) Pressure filtration offers the advantage of increased filtration rate and compact 
equipment, but the risk of leakages, owing to its operation under pressure, is a 
disadvantage. 

The commercially suitable units consist of filter cartridges or horizontal and 
vertical multilayer plate configurations [2, 11]. Semi-continuous operation is 
obtained in the vertical one by centrifugal cleaning of the discs. 

Combined systems of pressure filtration with additional hot air or steam 
drying are also operated at some nuclear power stations, for example in the 
Federal Republic of Germany. 

In general, the filtration technique has the disadvantage that in the case of 
poor filterability of the sludges (colloidal) filter aids as precoat have to be used, 
resulting in an increase of the final waste volume. 

19 



4.3. TREATMENT TECHNIQUES FOR THERMAL AND 
CHEMICAL DESTRUCTION 

4.3.1. Incineration 

Large amounts of solid combustible wastes arise from all operations in the 
nuclear fuel cycle, research activities and the production and use of radioisotopes. 
These wastes contain alpha-, beta-, and gamma-contaminated materials ranging 
from trace activity levels up to large concentrations of Pu. Incineration of these 
wastes results in significant volume reductions, leaving ashes for conditioning. 

The incineration process involves the thermal oxidation of the organic 
compounds in starved or excess-air or oxygen-rich atmospheres [11, 12] and trans
forms them into off-gases, which can be released after appropriate gas cleaning, 
such as by wet scrubbing and filtration. These gas cleaning techniques deal with 
chemical components (HC1, NOx, H2S04...), volatile radionuclides (Ru, Cs...) and 
particulates in the off-gases. At present, no particular efforts are being made to 
remove 3H and 14C from the off-gases; the sorting of wastes can ensure a low 
level of contamination. 

Numerous incinerator designs are described in detail in the available literature. 
Reference is also made to an IAEA document on volume reduction techniques [3]. 

The main characteristics of the incineration processes, in operation now or 
under development, can be summarized as follows: 

(i) Operating temperatures range from 750 to 1100°C, with exception of 
the slagging incinerators referred to later; 

(ii) Low throughputs (5 to 40 kg-h"1) are used for alpha-contaminated 
materials, for reason of criticality control; 

(iii) Feed-preparation steps are important for monitoring, sorting and control 
of the incinerator process; 

(iv) Gas-purification systems are, in general, complex and have to deal to a 
large extent with problems related to corrosion and secondary liquid 
production and treatment (HC1, S02...); 

(v) Ash residues need to be immobilized with an appropriate matrix material; 
(vi) Large-volume reduction factors are obtained, ranging from 30 to 60; 

engineering of the incinerator hearth is difficult when refractory linings 
are to be used. 

Another thermal treatment process is pyrolysis, by which the organic 
components of the waste feed are thermally decomposed and gasified but not 
oxidized. Some experimental and pilot-plant work is being performed in the field 
of removing alpha emitters from combustible waste [13]. The claimed benefit is 
the relatively small amount of secondary wastes from off-gas cleaning systems. 
With regard to plutonium recovery another advantage of pyrolysis is the ease of 
chemical leaching of the ashes which are produced at low temperature (< 700°C). 
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Two other processes similar to pyrolysis are also under investigation 
pyrohydrolysis [14], and incineration in molten salts [15, 16]. 

These processes give good decontamination of the off-gases and allow straight
forward recovery of heavy metals (uranium and/or plutonium) from the residues. 
In the case of molten salt incineration, another advantage is the quality of the final 
waste form which is solid and compact and ready for packaging. 

A new and promising development is the high-temperature slagging incinerator 
[17, 18] (See Section 6.5.2). The basic differences from conventional incinerators 
are: 

Operating temperatures (1200 - 1600°C) are higher; 
Feed must contain a substantial fraction of non-combustible, fusible materials, 

which can be selected radioactive wastes, such as metals, sludges, glass or 
recycled slag. 

Incineration as a volume reduction process can also be applied to organic 
liquid wastes and spent ion-exchange resins [19]. Owing to the fairly high enrich
ment of the activity in the residue, the existing incinerator layouts do not allow 
for processing intermediate- or high-level beta-gamma wastes. To avoid this problem, 
pretreatments aiming at a primary decontamination are carried out. 

4.3.2. Chemical destruction 

Under this heading, processes are described that are based on chemical 
reactions for the destruction and elimination of chemical compounds, both in liquid 
and solid wastes. 

4.3.2.1. A cid digestion 

Acid digestion is a process based on the dehydrating action of concentrated 
sulphuric acid to carbonize organic materials and on the oxidizing action of 
nitric acid. 

The process was originally developed for the volume reduction of plutonium-
contaminated combustible wastes from fuel-element fabrication and reprocessing 
facilities in order to ease the removal of plutonium from the residues [16, 20, 21 ]. 
However, studies are also under way to extend its use to the destruction of organic 
ion-exchange resins used for the clean-up of contaminated waters (e.g. pond water, 
reactor coolant water) [22]. 

Typical flowsheets comprise mainly the digestion unit, the acid recovery and 
the off-gas treatment systems. The chemical reactions occur at temperatures of 
about 250°C. For alpha-contaminated wastes, the digester unit is limited in size 
for reasons of criticality safety. The process residues consist of ±10 wt% solids 
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(sulphates and oxides). Owing to the low processing temperature, the Pu dissolution 
and separation can be carried out with relatively simple chemistry. 

Pilot-plant and full-scale experience with cold simulated wastes indicate that 
a large variety of combustible wastes, including organic liquids, can be processed. 

The disadvantages are the rather high corrosiveness, requiring appropriate 
materials engineering, and the complex off-gas treatment system. 

4.3.2.2. Destruction of n Uric acid 

Chemical destruction of nitric acid in intermediate-level waste streams, 
originating at reprocessing plants, has been successfully demonstrated at Karlsruhe, 
Federal Republic of Germany [23], based on previous experience with high-level 
wastes [24]. 

The chemistry occurring is the decomposition of nitric acid by formic acid, 
sugar or formaldehyde, in solutions with salt contents up to 400 g/L. The process 
aims at: 

A major volume reduction of intermediate-level waste evaporator bottoms with 
high nitric acid concentrations; and 

The elimination of NxOy gaseous components, by recombination and recycling < 
of nitric acid in the process, or by controlled release into the atmosphere (N20), 
or eventually after catalytic reduction to N2 . 

4.3.2.3. Destruction of tribu tylphosphates 

The chemical destruction of spent extraction solvents (TBP) from reprocessing 
plants is being investigated at Eurochemic, Mol (Belgium). The EUROWATT 
process [25] extracts TBP from the diluent by means of concentrated phosphoric 
acid, forming an insoluble adduct with TBP which is separated as a heavy phase 
together with the activity. The diluent can either be recycled to the reprocessing 
plant or be incinerated. The adduct is thermochemically decomposed at 300°C 
into volatile hydrocarbons for incineration and concentrated phosphoric acid, 
recycled in the process and finally converted into insoluble phosphates for 
conditioning. 

4.4. CHEMICAL ADJUSTMENT 

The different categories of wastes subjected to immobilization are frequently 
not under the optimum chemical form suitable for the immobilization process. 
Various chemical processes are carried out on concentrates, sludges, spent 
resins, etc. These are basically chemical adjustments aimed at stabilizing or 

22 



eliminating unstable or reactive compounds, complexing or insolubilizing radio
nuclides and adjusting in general the waste concentrate before immobilization. 

An example of chemical adjustment is the destruction of thermally unstable 
ammonium salts, by eliminating NH3 via alkaline distillation from intermediate-
level waste concentrates before bituminization; the original ammonium-salt con
centration can be reduced to less than 0.1 wt%. 

It is often necessary to apply a chemical adjustment to evaporator concen
trates and spent ion-exchange resins aimed at improvement of: 

The confinement of the radioisotopes by insolubilization of those that present 
high leaching rates; 

The final waste form quality, as a first barrier, which is important for ensuring 
the safety of storage and disposal; and 

The safety of solidification or embedding processes. 

Such a procedure is applied at Julich, Federal Republic of Germany, when drying 
the evaporator concentrates from decontamination operations. 

Chemical adjustments are made in the standard treatment equipment such as 
chemical reaction vessels or evaporators, according to the operational needs. 
Main reactions involved are of the redox type leading either to a proper 
oxidation state of chemical compounds or to complete destruction. Exact 
operating conditions must always be specified by the chemists in charge and 
preferably include the application of chemicals giving no increase in the 
final salt content. Hydrogen peroxide and nitric acid are mentioned as 
oxidizing agents and hydrazine, formic acid, formaldehyde or sugar as 
reducing chemicals. 

The pHs are chosen according to the types of selected matrices: 

7 to 10 for concrete; 
8 to 9 for bitumen and polymers; 
1.5 ± 0.5 for urea formaldehyde; 
2.5 to 11 for modified vinyl esters. 

When effluents containing boric acid are concentrated by evaporation, 
chemical adjustment is desirable to obtain a sufficient solubility of the 
boron compounds. This results in a high pH (11 —12) which, if necessary, 
is lowered to the appropriate value just before the immobilization process. 

With some immobilizing matrix materials, chemical treatment of the 
wastes is necessary to avoid later dimensional instability of the waste forms, 
for example swelling in contact with water. A variety of treatments has 
been used; one specific example is the addition of Ca or Ba ions to liquid 
wastes containing phosphates or sulphates which are to be immobilized in 
bitumen. 

The insolubilization of radionuclides such as 137Cs, 90Sr, 106Ru 
simultaneously present in concentrates containing sodium nitrates, 
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sulphates and phosphates, is frequently necessary and achieved by combined 
additions of specific additives: 

Ferrocyanides (of Ni, Co, Cu) for caesium; 
Barium sulphate for strontium; and 
Hydroxides of metals (Cu, Fe11) for ruthenium. 

The confinement of radionuclides may also be improved by a pre
liminary redox treatment (e.g. H 2 0 2 , KMn04) which destroys or stabilizes 
the organic and organo-mineral complexes which are often found in 
evaporator concentrates. 

4.5. MECHANICAL TREATMENT TECHNIQUES 

Solid waste usually undergoes mechanical treatment to reduce its 
size and volume prior to conditioning. Sometimes such treatment steps 
are carried out to prepare for another step such as decontamination or 
incineration, or to prepare the solid waste for transport. Today, in nearly 
all nuclear power stations, research laboratories, hospitals and other 
radioactive-waste-producing facilities, some kind of mechanical waste treat
ment is done. Also, most of these techniques are important for decommis
sioning operations. 

4.5.1. Cutting and sawing 

Cutting and sawing operations are carried out mainly on large items which 
consist usually of metals, though sometimes of plastics. This waste has to be 
reduced in size to make it fit into packaging containers, or to submit it to treatment 
such as incineration. The cutting is carried out either in the dry state in cells, using rei 
remote control where necessary and with conventional tools, or under water. The 
cutting may also be done by plasma-jets, laser torches or explosive fuses. Cutting 
operations are one of the most important steps in decommissioning work. 

This type of operation is often carried out in an appropriate room (decontami
nation room, area for solid-waste treatment) after the preliminary sorting or else 
in a decommissioned facility during dismantling. Cutting of intermediate-level 
wastes always has to be done with appropriate shielding. 

4.5.2. Crushing, grinding and shredding 

Crushing techniques must be used for size reduction of friable solids (e.g. glass, 
concrete, ceramics, etc.) These techniques bring about a volume reduction by 
increasing the apparent density of the wastes when already reduced in size. They 
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can be applied to combustible waste, so as to limit the volume stored prior to 
incineration, or as a feed requirement for the incinerator; they are also applied to 
non-combustible and non-compactable waste to improve volume reduction. 

In principle, all types of mill, grinder and crushing machine of conventional 
technology are used. The most used machines are based on blade or hammer-
grinders (for waste composed of plastic material or clothes and also for glass and 
ceramics) or grooved-roller grinders (for non-compactable waste such as graphite 
sleeves and crucibles, screening, etc.). 

A special case is crushing at very low temperature (-150 to -190°C) known 
as cryogenic crushing. It permits the reduction in volume of a very broad range 
of wastes varying both in type and size (even glove-boxes), more especially the 
alpha-bearing type [26]. The waste is frozen by the application of cold gaseous 
nitrogen and afterwards crushed in a conventional crusher designed for this special 
purpose. 

When waste mixtures, sorted by size and not by composition, have to be 
reduced in size, the shredding technique can usually be applied. 

4.5.3. Compaction 

Compaction is a mechanical volume reduction technique used widely for 
low-level and alpha-contaminated combustible wastes and for wastes treated by 
techniques discussed in Sections 4.5.1 and 4.5.2. The compaction can be done as a 
preparation step for transport or for conditioning or even direct disposal. 

The most important constraints encountered in compaction are the presence 
of alpha emitters or tritium in large quantities and exposure to a high residual 
radiation due to fixed deposits or to the activation of metals making up the waste. 

Commercially available presses and compacting devices, such as compactors, 
balers, baggers and packers, are operated. Typical equipment are hydraulic and 
pneumatic presses, applying forces between 4 and 1500 t, corresponding to 
30 to 1000 kg/cm2 pressure. The lower-pressure compaction or baling is mainly 
performed for transport, while higher-pressure compaction is for waste conditioning 
and disposal. 

Usually the waste with its package (metal, wood, paper) is fed directly into the 
compaction unit. A volume reduction factor of 3 to 12 will be obtained, depending 
on the type and compressibility of the waste and the performance of the equipment. 
Compaction of alpha-contaminated materials is commonly performed in alpha-
controlled workshops by personnel in frogman suits. 

A special application of compaction is the treatment of hulls and decladding 
wastes originating from decanning operations and dissolving of fuel. Mechanical 
compaction on hulls with their associated hardware can provide a final volume 
reduction factor of no more than 2 or 3. Although notably higher values can be 
achieved using high compaction pressures on simple chopped tubing, this does not 
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allow for the incorporation of assembly end-pieces. Compaction to higher densities 
would bring some cost advantages in transportation and storage, but these have 
been predicted as being comparatively minor and it would also bring penalties in 
the size of compaction press [27]. Thus, normally compaction constitutes either a 
shaping operation prior to storage or prior to treatment by melting. 

A constraint on all mechanical treatment techniques is that they require an 
appropriate ventilation system for dust control and frequently an inert gas blanket 
system to reduce the fire risk when combustible solids are processed. 

4.6. DECONTAMINATION TECHNIQUES 

4.6.1. Chemical decontamination processes 

Decontamination of reactor components and of process equipment and 
facilities is required in order to: 

(a) Permit the repair of equipment or recycle of materials for re-use; or 
(b) Reduce the volume and/or the radioactivity level of wastes prior to 

conditioning and disposal. 

Various chemical cleaners have been used at ambient or elevated temperatures 
(i.e. 60-95°C) for internal flushing - solvents, detergents and surfactants to 
remove grease, dirt and organic solvents; acids, acid salts or alkalis to dissolve 
oxide films, complexing agents to solubilize certain ions; oxidizing agents to 
dissolve certain types of film; and reducing agents for other desirable chemical 
effects. If there is no intention of salvaging the equipment or re-using the facility, 
corrosive decontaminating agents which attack the surface of the equipment can be 
used more freely than otherwise. 

Decontamination of small pieces of equipment can be achieved with chemical 
cleaners used by manual means, if the radiation level permits, or in mechanical 
devices like a washing machine with a drying drum [26]. Alpha decontamination 
factors of 2 to 8 have been obtained in one cycle; repeated operations can be 
carried out to achieve maximum decontamination by this means. 

A pilot plant for decontaminating metallic alpha-beta-gamma-contaminated 
materials by electropolishing has been constructed at Hanford, USA [28]. The 
process is performed in an acidic solution and the electro-chemical reactions 
occur with the waste material as anode. 

The French have developed a washing and leaching process at CEA, Cadarache, 
for partial decontamination of combustible and other alpha wastes and recovery 
of the Pu. The process consists of a cryogenic crushing of the wastes, in order to 
obtain small-sized materials with a large surface, and subsequent washing and 
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leaching steps, with detergents and acidic solutions. A 2 m3 "h-1 plant is being 
built and will become operational for alpha wastes in 1981 [29]. 

Laboratory equipment (measuring devices) can be decontaminated simply by 
ultrasonic cleaning. 

More advanced decontamination methods based on lasers are under investiga
tion, but information available in literature is not yet adequate to define their 
usefulness. 

All the above-mentioned chemical decontamination methods result in radio
active chemical solutions and/or sludges requiring appropriate treatment before 
conditioning and disposal. The problems associated with these residues are the 
high chemical concentration, the presence of complexants and sometimes the high 
corrosiveness; separate treatment, often batchwise, is needed to avoid chemical 
reactions and incompatibilities with other waste streams. 

However, in managing the decontamination operations properly, waste 
arisings can be minimized and solutions can be recycled to reduce the volumes of 
residues which must be handled. 

4.6.2. Decontamination by smelting 

The slagging fusion treatment technique aims mainly at converting metallic 
solid wastes into a large volume of decontaminated metal that can be re-used and 
reduced into a small volume of slag that contains essentially all the contaminating 
radionuclides. 

One of the most currently practised applications is the decontamination and 
recycling of lead. By the addition of specific salts, the slagging fusion is obtained 
at 450°C and the radioactivity is concentrated in the slag. The loss of lead is 
less than 1%. Extensive experience has been gained at Marcoule and Saclay, 
France [30]. 

Similar experiments at Marcoule were conducted for the fusion of decladding 
wastes containing Mg and Zr. However, the results obtained to date are not 
conclusive. Actually the most advanced application is the fusion in eutectic salts 
of Zircaloy and stainless-steel claddings, resulting from reprocessing of LWR and 
FBR spent fuel [31 ]. 

Decontamination by smelting various stainless-steel components and equipment 
is being studied at Hanford {32], based on conventional metallurgical technology 
and with more advanced heating (induction, autogenous melting, electric arc, 
plasma arc) and furnace types (vacuum furnace). 

R and D is being performed on the decontamination of alpha-bearing wastes 
by slagging or fusion and in glass melts, aiming at either immobilization in metal 
matrices or recovery of Zr depleted in Hf. 

The advantage of decontamination by smelting is the volume reduction 
obtained and the recycling possibilities of valuable material. The problems and 
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limitations associated are the uncertainty of waste composition, the corrosion of 
refractory materials of the furnace and the chemical formulation of appropriate 
slagging composition. 

4.6.3. Mechanical decontamination 

Some techniques used in civil and mechanical engineering and in cleaning 
operations of chemical plants give good results for decontamination of large metal 
or concrete surfaces. These techniques are sand, metal or slag blasting, with or 
without water, and high-pressure water or steam cleaning. Experience with these 
techniques has been gained in dismantling operations and decontamination of 
buildings and rooms. 

For water-jet cleaning, pressures up to 600 kg/cm2 can be obtained and the 
addition of non-foaming detergents is possible. A very promising method is the 
French process "Hyperbar" with which a very high decontamination is obtained 
for reactor components, metallic tanks and large-diameter pipes [33]. 

An advantage of using water or steam is that the volume of residue for 
conditioning can be very small after appropriate treatment of the contaminated 
water. 

When using sand, metal or slag blasting, the residue volume is usually quite 
significant. Also, when blasting without the use of water, precautions have to be 
taken to overcome the problem of dust formation. 
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5. MATRIX MATERIALS 

5.1. INTRODUCTION 

After waste materials have been treated to achieve volume reductions and 
to recover valuable (active or inactive) components, they have to be conditioned 
for transport, storage and disposal. Conditioning is the waste-management step at 
which radioactive wastes are immobilized and packaged. 

The immobilization processes, discussed in Chapter 6, involve the 
conversion of wastes to solid forms that reduce the potential for migration or 
dispersion of radionuclides from the wastes by natural processes during storage, 
transport and disposal. 

The immobilization processes involve the use of various matrices, non-radio
active materials such as cement, bitumen and polymers, to fix the wastes as 
monoliths, usually directly in the waste containers used for subsequent handling. 

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 (liquids, sludges, 
ion-exchange resins, solids, etc.); and 
The behaviour of the package with regard to disposal conditions. 

As the matrix materials and the immobilization processes are selected, careful 
consideration of safety-related features must be given to identify any constraints 
or incompatibilities; awareness of these safety features and appropriate counter-
measures will enhance the safety of routine operation of the processes and sub
sequent handling, transport, storage and disposal. 

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; 
Stability during storage. 

In addition, matrix materials should be relatively easy to handle and should 
not dilute the wastes excessively, resulting in high immobilized waste volumes 
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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 an order 
of importance are difficult and depend on the local circumstances and the 
selected methods [1] . ' 

5.2. CEMENT AND CEMENT-BASED MATERIALS 

A review of published information has shown that incorporation of low-
and intermediate-level radioactive wastes in cement and associated materials has 
been practised for many years [2]. Most of the installed systems are designed 
for the immobilization of wastes from nuclear power plants and nuclear research 
centres. 

The main reasons for using cement are: 

The relative simplicity of handling; 
Extensive experience in civil engineering operations; 
The availability of raw material; 
The relatively low cost; 
The high density (shielding effect) and the mechanical strength of cement 
products; 
The compatibility of water with the matrix material. 

The word "cement" is applied to a broad range of products; the cements 
referred to in this section are hydraulic cements basically made of calcium silicates 
and calcium aluminates. The most commonly used are the ordinary Portland 
cements because of their high mechanical strength, but high alumina as well as 
pozzolanic cements are more and more used or under investigation. 

Table VII summarizes some typical cement compositions [3]. 
To improve specific properties of the waste form (e.g. chemical durability, 

mechanical strength), compatible additives can be used. Coating of concrete 
containers by polymers is also used for improving the water tightness (reducing 
porosity) of the containers. 

Cement is commonly used as a matrix material for immobilizing evaporator 
concentrates, sludges, miscellaneous solid wastes, decladding hulls, etc., either 
as an embedding or as a packaging material. When cement is used for packaging 
solid waste materials, normal concrete compositions from civil engineering 
practice are often applied, but heavy materials (barite, haematite etc.,) may be 
added to improve the shielding effectiveness. 

1 See Appendix 1 for References cited according to chapter. 
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TABLE VII. TYPICAL CEMENT COMPOSITIONS 

CaO 

Si02 

A1203 

F e 2 0 3 

FeO 

MgO 

SO s 

Type I a 

64 

21 

6.5 

2.5 

-
2.5 

2.1 

Oxide analysis (wt%) 

Portland cements 

Type II b 

63 

22 

5 

4 

-
3 

1.5 

Type HI c 

65 

20 

5.5 

3 

-
2.3 

2.5 

High alumina 
cement 

37 

9.6 

41 

4.9 

5.6 

1.0 

0.2 

a Standard Portland cement. 
b Sulphate resistant, less reactive and slower setting. 
c High early strength (ground to high fineness). 

The mechanism of setting (hardening) of cement or concrete-waste mixtures 
is not fully understood [4]. Owing to the complexity of the water/cement 
chemistry and its sensitivity to the physicochemical composition of the waste, 
special attention has to be paid to the nature of the treated wastes. Additives 
can be used to improve waste-cement compatibility. The additives most frequently 
used are the following: 

Sodium-silicates providing a good set for boric-acid solutions, lowering 
the volume increase factor and improving the fluidity [3]; 
Zeolites, vermiculite, clays to achieve improved retention of cations such as 
caesium [5]; 
Vermiculite, silica, diatoms and other absorbents to absorb excess of water [5]; 
Organic derivatives to improve the fluidity characteristics and water-tightness [3]; 
Formaldehyde, to prevent bacterial growth, which can cause an internal 
build-up of gas pressure. 

To improve one or more characteristics of cement-waste forms, new matrix 
materials based on cement have been studied in several countries. For example, 
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polymer impregnation of concrete after conditioning of the waste has been done 
at Casaccia (Italy) [6]. Methylmethacrylate or styrene is used as pore-filler after 
dehydration at 165°C. The compressing strength is better than that of the original 
material and the leachability is significantly lowered. Other applications of 
cement-polymer matrices are also reported in the United States of America. In 
France, at CEA, Cadarache, improvement of weathering and ageing resistance 
was obtained by using, as matrix material for conditioning, a mixture of 56 wt% 
sand (0—2 mm size), 29 wt% Portland cement and 15 wt% of a commercially 
available bitumen-emulsion (HR — Everfast) used in civil engineering [7]. 

5.3. BITUMEN AND BITUMEN-BASED MATERIALS 

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. It was two major components — asphaltene compounds, which give 
bitumen colloidal properties, and malthene compounds, which impart viscous 
liquid properties. Several types of bitumen are available: 

Direct distillation bitumen; 
Blown bitumen, obtained by oxidation of oils with air; and 
Cracked bitumen, obtained by cracking the molecular structure of heavier 
fractions. 

Also, aqueous emulsions of bitumen (55 wt%) are commercially available. 
The characteristics of bitumen as 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 rheologic properties; 
Good behaviour towards ageing; 
Rather good stability against radiation; 
High incorporation capacity leading to good volume reduction factors; and 
Material abundantly available at a reasonable cost. 

Nevertheless, 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 >100°C; 
Combustible, although not easily flammable; 
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Possibility of chemical interactions with certain waste components (e.g. nitrates, 
nitrites, etc.); 
Low heat conductivity; and 
Tendency to swelling. 

The disadvantages of bitumen can be counterbalanced by appropriate 
selection of the operational conditions such as: 

Incorporation temperatures considerably lower than decomposition 
temperatures; 
Appropriate pre treatment of the concentrates to be incorporated; and 
Fire-proof installations and provisions of fire-fighting equipment. 

As a result of both the good matrix characteristics and effective operational 
measures, bitumen has been used successfully in world-wide nuclear waste 
management operations for many years. Table VIII summarizes the properties 
of different types of bitumen and gives some references to applications in waste 
management. 

The stability of bitumen with respect to radiation is a property of primary 
importance when bitumen is considered as a waste matrix material. As a mixture 
of aromatic and aliphatic hydrocarbons, bitumen is more sensitive to radiation 
than cement. The main factors influencing the radiation stability of bitumen 
are the dose-rate and the total absorbed dose, whereas the type of bitumen plays 
only a minor role. In the literature a total absorbed dose limit of 108 to 109 

rad is commonly reported for the radiation resistance of bitumen-waste forms [8]. 
Irradiation >109 rad causes a radiolysis of hydrocarbons with a release of radio-
lytic products, chemical reactions of bitumen and other components with radicals 
and an oxidation of bitumen. It is generally valid that the increased oxidation 
of bitumen results in decreased velocity of the formation of radiolytic products. 
Formation of gaseous radiolytic products is also connected with an oxidation and 
partial polymerization. Intensity of such processes increases with an increased 
number of unsaturated hydrocarbons in the bitumen. 

Bitumen has a low heat conductivity and, therefore, heat release connected 
with the decay of radionuclides may cause an increase in temperature in a bitumen 
block. The thermal conductivity of typical bitumen waste forms is between 0.2 
and 0.3 Wm-1 K_1; it changes slightly with the temperature and increases with 
the increased salt content in bitumen [9, 10]. 

Bitumens are thermoplastic materials and mechanically they behave as 
elastics solids or as viscous liquids depending on temperature. Break-point is a 
term used to describe the behaviour of bitumen at low temperatures (< 0°C). 
Break-point is the point where bitumen loses its plastic properties and becomes 
more glass-like. Break-point depends on the type of the bitumen. The values 
reported in the literature vary from +5° to -10°C. 
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STABLE VIII. PROPERTIES OF BITUMEN 

Trade name 

Properties 

Origin 

Softening point (°C) 
(ring and ball) 

Penetrability (0.1 mm) 
(25°C, 100g,5h) 

Flash-point (°C) 
(Cleveland open crucible) 

Mass loss after heating (%) 
(163°C, 5 h ) 

Relative density 

Viscosity 

Chemical composition: 

Paraffins (wt%) 
Aromatics (wt%) 
Resins (wt%) 
Asphalts (wt%) 

References 

10/20 
or 15 

Straight 

65-75 

10-25 

250 

1 

1 

22.1 cp at 
230°C 

B: SCK 

40/50 

Straight 

4 7 - 6 0 

40 -50 

> 2 5 0 

< 1 

1-1.1 

<4.5 

Shell Mexphalt < 

90/100 

Straight 

41-51 

80-100 

> 2 3 0 

< 2 

1-1.07 

<4.5 

F: Marcoule F: Marcoule 

Dr Ebano 

R 85/40 

Blown 

80 -90 

35-45 

240 

< 0 . 2 

1.01-1.05 

B: Eurochem, 

R 90/40 

Blown 

85-90 

35-40 

250 

< 0.2 

1.01-1.05 

. F :La 

10/60 

53 

42 

200 

1 

28.6 
27.8 
23.4 
19.2 

SU 

BND 

60/90 

47 

66 

200 

1 

23.6 
35.2 
22.2 
19.0 

SU 

90/130 

40 

92 

200 

1 

SU: 

1 

44 

130 

180 

1 

1 

25.6 
29.6 
21.3 
20.7 

SU 

BN 

3 

49 

54 

200 

1 

1 

26 
16 

SU 

4 

Blown 

67.5 

23 

230 

1 

1 

15.8 
33.2 
29.1 
27.9 

Mol Cadarache Hague 
Saclay (planned) 

FRG:KFK S: Barsebaeck N:KjelIer 
Karlsruhe 
CH: DK:Ris0 A:Seibers-
Gosgen SF:01kiluoto dorf 

Lenin
grad 

Note: Emulsions are used in France and Czechoslovakia. 



Bacteriological attack on bitumen and bitumen compounds has been reported. 
Such attack has been regarded as generally insignificant. 

5.4. POLYMERS (Table IX) 

A rather new development in immobilization materials concerns different 
types of polymer which can be mixed with pretreated wastes, and by cooling 
or thermosetting lead to monolythic waste forms. Development of these polymers 
as alternatives for existing and full-scale operating bituminization and cementation 
plants is aimed at: 

Improvement of the quality of cement or bitumen waste forms; 
Reduced volume with respect to cement; 
Immobilization of specific waste types unsatisfactorily immobilized by 
existing materials. 

Although most of this development work is in the stage of laboratory or pilot-
plant demonstration, a few materials have reached the level of full-scale radioactive 
operation. 

5.4.1. Polystyrene 

Polystyrene was developed by Bayer-Gfk (Fed. Rep. Germany) and is at 
present being used with mobile equipment in a number of nuclear power plants. 
It is especially applicable to immobilizing spent ion-exchange resins, both granular 
and powder [11]. 

The polymerization process is initiated after 0.5 to 4 h at 25°C and the 
polymer is sufficiently hardened within 3 to 8 days. Temperatures of 65 °C may 
be obtained as a result of the exothermal reaction. Since free water cannot be 
enclosed in the matrix material, mechanical dewatering or adding absorption 
material (vermiculite, silica gel) might be necessary. 

The final waste form is fusible and not very flammable; it is decomposed 
by pyrolysis at temperatures higher than 380 - 400 °C. 

5.4.2. Urea-formaldehyde 

The urea-formaldehyde (UF) resins were developed in the USA [12]. The 
matrix material consists of an aqueous emulsion of partially polymerized 
urea-formaldehyde molecules. The emulsion is viscous and with about 65 wt% 
solids is completely miscible with water. Wet solid wastes are mixed into the 
partially polymerized emulsion and UF cross-linking and polymerization occur 
upon the addition of 2.3% of inorganic acid catalyst. 
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TABLE IX. SOME PROPERTIES OF POLYMERS 

Matrix 
Properties 

Monomers 

Fillers 

Catalysts 

Potential for water 
encapsulation 

Flammability 

Ageing 

Bacterial sensitivity 

Density 

Compressive strength 

Brittleness 

Softening point 

Decomposition point 

References 

Polystyrene 

Styrene, divinyl-
benzene 

-

Azo-bis-isobutylo-
nitrile 

Low 

Low-styrene mono
mer explosive 

Slow 

Attack possible 

1 - 1.1 

Rather high 

Thermosetting 

>350°C 

Fed.Rep. Germany, 
Belgium, Netherlands 
(mobile installa
tion FAMA) 

Urea-formaldehyde 

Urea, formaldehyde 

Cellulose, clay, 
wood flour 

Mineral acids 

Yes, already formed 
in polymerization 

Low 

Embrittlement by 
dehydration 

1 - 1 . 3 

Thermosetting 

USA (Cyana lock) 
Tigerlock (not in 
use) 

Polyesters 

Vinylic esters, 
styrene 

Silica gel, sand 

Organic peroxides 

Low, except for mo
dified polyesters a 

Low-styrene monomer 
explosive 

No attack 

1.1 - 1.2 

200 MPa 

Not very brittle 

Thermosetting 

USA (DOW) (not in use) 
France: CEA 

SENA 

Epoxies 

Epoxies, phenols 

Silica gel, sand 

Low, except for mo
dified epoxies a 

Low 

S l . l 

Thermosetting 

USA (United Techno
logies) 
France (CEA) 

Polyethylene 

Used as already 
polymerized resin 

Low 

Flashpoint 340°C 

Embrittlement 

Rather high 

0.95 - 1.0 

Plastic material 

Not brittle 

10O-135°C 

>160°C 

Netherlands 
(Borssele) 
Argentina (Atucha) 

Modified polyesters and epoxies are developed for high water take-up. 



Urea-formaldehyde is a thermosetting resin and its gel time depends on the 
pH of the UF-waste mixture. For a pH of 1.5 ± 0.5 the gel time is from 5 to 
30 min at 25°C. The gel time increases with the pH. During polymerization, 
water in the waste and resin emulsion is physically entrapped in the resultant open-
cell solid matrix. The prepolymer must contain water between 35 and 60%. The 
setting time is about 48 h. 

The application of urea-formaldehyde has been directed towards liquids or 
water suspensions, such as ion-exchange resins, sludges and evaporator concen
trates. The urea-formaldehyde resins have only been used as a waste matrix in 
the USA. Since the final waste form quality has been found to be rather poor [13], 
this matrix material is generally being replaced with improved materials. 

5.4.3. Polyesters and epoxies 

Polyesters and epoxies have been thoroughly studied as new immobilization 
matrices for radioactive wastes. The CEA at Grenoble (France) [14, 15] has 
developed processes for both polyester and epoxies, aimed at the immobilization 
of dried evaporator concentrates and sludges and spent ion-exchange resins, and 
the encapsulation of metallic wastes. The matrix material can be either a poly
ester resin or the more expensive epoxy resin. In France it is planned to use 
these resins on a large scale for the conditioning of wastes, especially from the 
decommissioning of nuclear facilities. A first full-scale immobilization process 
based on the CEA process is now working at the Chooz Nuclear Power Plant. 

The specific chemical compositions of most of the polyester and epoxy 
resin formulations are unavailable since they are sold under patented trade 
names. In principle, the polyesters are based on unsaturated acids (e.g. maleic 
acid, phthalic acid) which are cross-linked with vinyl monomers (e.g. styrene) to 
obtain a tridimensional structure. The polymerization process occurs by thermo
setting after a catalyst promoter is added. Catalysts are peroxides. The 
polymerization reaction is exothermal. At normal catalyst dosages (0.2 to 0.5%) 
the heat production ranges from 150 to 200 kcal/mol. 

Epoxy resins are obtained by the reaction of epoxy functions with phenols 
(epichlorohydrin with Bisfenol A) in the presence of alkali to neutralize the HC1. 
Hardening of the linear chains into tridimensional network can be achieved with 
acid anhydrides or polyamines. The polymerization process occurs by thermo
setting at room temperature. 

New developments with polyester resins are the DOW Waste Solidification 
Process [ 16] and the United Technologies Process [17]. The first one is based 
on a modified vinyl ester, water-extendable polyester, which forms first an 
emulsion with liquid or slurry waste (evaporation concentrates, sludges, resins). 
The catalyst promoter is then added and sets the emulsion into a solid, which is 
liquid free. The ester can solidify waste with a pH range of 2.5 — 10.5. The 
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United Technologies Process uses a thermosetting resin which polymerizes after 
addition of 0.75% hardener. The areas of application for these processes are 
mainly PWR and BWR evaporator concentrates and spent ion-exchange resins. 
The drying process of these waste streams is performed in hot silicone oil. 

5.4.4. Polyethylene 

Polyethylene is used as a matrix material for immobilization of waste 
concentrates (sludges, resins, evaporation concentrates) in a limited number of 
nuclear power stations in the Netherlands, the Federal Republic of Germany 
and Japan [18]. Feasibility studies have also been undertaken at ORNL to investigate 
its use for organic liquids such as TBP. 

Polyethylene is a thermoplastic material. Prepolymerized granulated 
polyethylene (commercially available as raw material for polyethylene extrusion) 
heated up to 180°C can be processed in equipment similar to bitumen (extruders, 
thin-film evaporators). Its properties are similar to those of bitumen, and drying 
phenomena by evaporation can occur during the mixing step. 

The advantages of the polyethylene as a matrix material are the following: 

Compatibility with a number of wastes; 
Good mechanical strength; 
Good radiation stability; 
Low leaching rate. 

The ignition point is at a temperature of 400°C for a final waste form 
containing 40 wt% nitrates. 

5.4.5. Other polymers 

The potential use of other polymers as matrices is being studied with the 
aims of obtaining properties better than those for existing polymer systems 
(e.g. acceptable water content of waste), reducing problems related to toxicity 
and fire risks for raw monomers, and improving the cost aspects. 

5.5. GLASSES, CERAMICS AND OTHER INORGANIC MATERIALS 

Vitrified waste forms, developed for high-level waste concentrates, ceramics 
and other inorganic binders are being investigated as matrix materials for non-
high-level wastes. 

Borosilicate and phosphate glasses are being studied as potential matrices 
for cladding waste and dissolution residues. 
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Aluminosilicate minerals can be used as glass formers to immobilize 
radioactive waste, as ion-exchange materials and as reagents for the incorporation 
of waste solutions. Studies were performed at Hanford, USA, for the conversion 
of spent cladding hulls to silicate forms at high temperatures (500 to 600°C) 
[19]. Inorganic ion-exchangers have been investigated in the USA and are now 
being examined for reconcentration of fission products from primary circuit 
resins before hot isostatic pressing [20]. Immobilization of high salt waste 
concentrates in kaolin has been developed at Hanford [21 ]. Natural clay based on 
aluminosilicates has also been studied in the USSR [22]. 

Aluminosilicate based ceramic materials have been investigated at Karlsruhe 
for immobilization of alpha-bearing waste concentrates originating from 
incineration, acid digestion or evaporation [23]. Clays or kaolin are mixed with 
the waste concentrate and as pellets thermally transformed into ceramics. 

As well as zeolites, titanium and zirconium oxides are being studied for 
hot isostatic pressing at Sweden [20]. These processes are also being examined 
in the United Kingdom. 

The high-temperature slagging incinerators are producing polyoxide waste 
forms, partially crystalline and partially amorphous, with basalt properties. The 
waste forms can be obtained by an appropriate choice of the waste feed composition 
and the addition of non-radioactive materials can be avoided. The process is 
described in Chapter 6. 

5.6. METALLIC MATRICES 

Investigations on the application of metal matrices for the conditioning of 
decladding wastes and feed clarification residues from reprocessing plants are 
under way. In this context it should be mentioned that melting techniques in 
combination with slagging are described as decontamination procedures in 
Section 4.6. 

In general, low melting alloys are being investigated as potential metallic 
matrices. In Belgium lead with about 1.5 wt% antimony is being tested as filling 
alloy for precompacted cladding hulls; testing is carried out at about 450°C. 
Porosities in the waste-alloy composition can be reduced by applying a vacuum 
casting technique. 

An interesting alternative that combines a waste volume reduction technique 
with an embedding technique, i.e. that utilizes a waste material as incorporation 
matrix for other waste, is under investigation in France and the USA. Here various 
metallic wastes such as Zircaloy (1800°C) from decanning operations and stainless 
steel (1400°C) and Inconel (1350°C) from decanning and decommissioning 
operations, are melted at high temperatures, either with or without the addition 
of metals that lead to eutectic mixtures and reduce the melting temperatures 
to about 1100°C. 
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An alternative process leading directly to a disposal waste form is the 
dissolution of cladding hulls in a molten metal like zinc at about 800°C, utilizing 
an eutectic salt mixture blanket (MgCl2, CaCl2, CaF2) to minimize zinc 
volatilization [24]. To avoid extra waste production this salt phase can also be 
recycled after recovery of actinides that extract into that phase. For stainless-steel 
dissolution the use of Sb-18% Cu has been examined at 900°C. 

A specialized use of metal as a matrix is the formation of metal tritides as 
a means of immobilizing tritium. The tritium must first be concentrated and 
separated from the original liquid or gaseous phase [25] and then reacted with 
metals such as titanium or zirconium [26], to produce the final waste form. 
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6. IMMOBILIZATION PROCESSES 

INTRODUCTION 

In this chapter different processes for immobilizing the radioactive elements 
of the wastes in a matrix material are described. 

Two methods have been extensively used throughout the world for many 
years — cementation and bituminization. Methods using polymers or other matrix 
materials are in the pilot-plant stage or in a stage of early industrial application. 

For each matrix material several process techniques could be used in view of 
how the wastes are mixed with the matrix material. 

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. 

In those cases where the same basic immobilization technique is used at 
several places one typical example of installation is described giving references to 
the others. 

6.1. CEMENTATION PROCESSES 

The cementation process for nuclear waste immobilization, with and without 
additives, has been commonly used on an industrial scale for several years in 
different countries [ 1 — 5]1. 

Basically, the process consists of mixing the cement with the waste, be it as a 
solution, slurry or solids, within a container. The cement mix is then allowed to 
set. The mixing of the cement with the various rad-waste forms, i.e. sludges, resin 
beads etc., affects the properties of the waste form. The various cementation 
processes can be classified according to how this mixing is achieved (Fig. 1). 

6.1.1. The in-drum mixing cementation process 

In this process the cement, the waste and any additives are fed separately into 
a container which is also the final shipping container. A schematic diagram of this 
method of mixing is shown in Fig. 2. Once in the container the components are 
mixed until homogeneous mixture is obtained. After mixing, the cement composite 
is allowed to set. Finally the drum is capped with wet concrete which is also 
allowed to set. The container is then monitored and quality-control checks are made 
on the package before it is removed for decontamination and storage. 

1 See Appendix 1 for References cited according to chapter. 
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FIG.l. Cement immobilization processes (Chap. 6.1 [6]). 

The method of feeding the materials to the drum can vary with the preferred 
gravity or vibro-feeding. The mixing of the cement and waste is important for 
the homogeneity of the final waste form. Care must be taken to avoid air entrap
ment as it is desirable to have the lowest possible porosity in the set cement 
composite. Paddle and screw stirrers have been used. These operate at speeds of 
the order of a few rpm. High-speed shear- and vibro-mixers are under examination. 
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FIG,2. Example ofin-drum mixing process (Chap. 6.1 [6]). 

Another common alternative is to mix the materials by physically rolling or 
tumbling the lidded drum [1,3 ,7] . The intermediate between these two mixing 
approaches is to rotate the drum around the static eccentric stirrer [8]. 

These types of plant are very easy to maintain. The main moving part is the 
mixer. Stirrers can be operated on the 'lost-blade' with the driving motor located 
outside the shielding. Blockage problems with cement-bearing lines can be avoided 
by careful flushing through the plant after operation. 

There are no major hazards associated with such plants; no applied heating 
is required. A low operation temperature with the non-combustibility of cement 
means no fire risk and eliminates difficulties with off-gas treatment. 

The throughput of these plants is primarily limited by the drum size and the 
time necessary for mixing. These plants can be designed to handle drums of 
varying size but there is a limit to the size of drum in which uniform mixing can 
be readily achieved. There are no other major problems in scaling up these plants. 
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FIG.3. In-line mixing cementation process (Chap. 6.1 [6~\j. 

6.1.2. The in-line mixing cementation process 

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 with a 
mono-pump. The mixer is also a mono-pump. From the mixer the cement waste 
mix is released directly into the storage container. The filling level in the container 
is monitored by both ultrasonic and 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. 

A variety of in-line mixers, both static and dynamic, has been used. The 
dynamic mixers include ribbon mixers, pug mills, and mono-pumps. Static mixers 
comprise a length of pipe containing stationary helical vanes which mix the waste 
and cement as they flow through it. The batch mixing-blade system is also used. 
This involves introducing the waste and cement into a conically shaped batch mixer. 
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lid positioning device 

FIG.4. Mobile cementation plant (DBWA). Schema (Chap. 6.1 [12]). 

A mixing blade then blends the constituents and the mixture is drained into a 
container through the bottom of the mixer. (A typical example of using in-line 
mixing is shown in Fig. 3.) 

In-line mixers have the advantages of a small hold-up volume, ease of cleaning, 
higher throughput and the capacity to prepare composites of different sizes, 
including much larger ones than is practical with in-drum mixing. They have the 
disadvantage of greater maintenance problems. 

Plants using in-line mixing are under construction at five United States power 
stations but not as yet in commercial operation [7, 9]. The in-line mixing 
cementation process can be applied directly on the disposal site [10, 11]. 

6.1.3. Mobile cement immobilization plants 

The waste arising annually at nuclear power plants may be immobilized 
within a few weeks in even a modest sized cementation plant. The plant requires 
trained personnel and has to be maintained all the year round. As a result 
considerable economies of cost can be made by building a mobile cementation 
plant to handle the wastes at several nuclear power stations. It is also safer to 
transport the plant to the waste rather than transport wet wastes considerable 
distances. The plant can then have its own permanent skilled team. 
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FIG.5. Mobile cementation plant (DEWA) (Chap. 6.1 [12]). 

Several types of mobile cementation plant have been constructed. Figure 4 
shows a sectioned diagram of the DEWA plant [ 12]. The unit consists of a cube-
shaped frame which contains the steel-shielded hot cell. Barrels, which are first 
loaded with cement, are transferred on to a roller conveyer using a fork-lift truck. 
Once in the hot cell the barrels are raised into position for filling. The liquid 
waste is dosed by using a metering tank. An ultrasonic probe is used to monitor 
the level in the barrel. 

The waste is homogeneously mixed with the cement using a double-helicoidal 
planet mixer. The mixing process can be monitored through a lead glass window. 
The barrels are sealed in the conveyer. Sealing is performed manually if low-level 
wastes are being handled or remotely if higher radiation levels exist. 
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FIG.5.(cont.j 

The plant also incorporates cleaning-spray nozzles and a dust extractor which 
is connected to a HEPA filter. The hot cell includes facilities for extra cement 
addition. The performance of the unit varies with the specific activity of the 
wastes, the shielding requirements and the dry solids content of the waste. 

The plant has a throughput of 3.6-4.6 m3/d using unshielded 400-L barrels 
or 1.8—2.2 m3/d with externally shielded 200-L drums or internally shielded 
400-L drums. 

To date the planthas been operated without excess radiation exposure or 
contamination problems at both BWR and PWR reactor sites. It is operated by 
a staff of three to four, including the foreman. To set the plant up at a new site 
takes one or two days, as illustrated in Fig. 5. 

Further developments to the plant design are being made. These include more 
compact construction on a mobile trailer, facilitating shorter setting-up (~ 1/2 d) 
and shut-down times. The use of a completely closed system with a built-in lid and 
disposable stirrer minimizes contamination risk. A tandem filling and stirring 
device has enabled higher throughputs to be achieved. 

Another mobile cementation system is the FAFNIR plant [13]. In this plant 
the drum is filled with a defined amount of dry cement powder and is equipped 
with internal mixing blades. Then the drum is connected to the plant. After 
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horizontal rotation to agitate the cement powder the waste is injected with help 
of the vacuum build-up in the drum. The mixing of the cement powder and the 
waste is performed by further rotating. The plant has a capacity of 7 m3/shift. 
Maximum radioactivity can exceed 100 Ci/m3. It can handle cylindrical containers 
with a maximum diameter of 1.5 m, a maximum height of 1.5 m and a maximum 
weight of 6 t. Additional equipment is available for processing dried powdered 
wastes. 

6.1.4. Modified cementation process 

To gain a better quality of the cement waste forms the cementation processes 
were modified by introducing impregnation procedures. The basic idea is to fill 
or to cover the pores and thus lower the leach rate. This polymer-impregnated 
concrete (PIC) is essentially impermeable with improved strength, durability and 
resistance to chemical attack. The impregnation also reduces the problem of 
shrinkage with the attendant corrosion of the steel drums owing to condensation 
in the created annular free space. 

In the PIC process the waste is incorporated into cement or concrete as in 
conventional cementation processes. The resulting waste form is allowed to set. 
The set waste form is dehydrated by heating under vacuum to 165°C. This results 
in most of the interstitial water being removed and the formation of a highly 
porous solid. The amount of water driven off depends on the waste/cement ratio 
and the nature of the incorporation material. For cement it can reach 20—30% by 
weight while for concrete it can be 6—12% by weight. 

The porous cement is impregnated with an organic monomer containing a 
small amount of catalyst. This step can be accomplished in various ways; for small 
samples, soaking in the monomer for about two hours at ambient pressure is usually 
sufficient. The impregnated material is heated to polymerize it. Styrene catalysed 
with 2.5 wt% of diazoisobutyronitrile requires a temperature of 85°C for about 
40 h, while methyl-methacrylate polymerizes almost completely after 19 h at 75°C. 
Polymerization can also be induced by gamma irradiation. 

A PIC pilot plant has been constructed at CSN Casaccia [14, 15]. A schematic 
diagram is shown in Fig. 6. This plant produces 60-L PIC composites. It has a 
8-kW oven. This is used for dehydrating the cement composites and then poly
merizing them after impregnation. The evaporated water is collected using a 
condenser and a tank. A pump and tanks are used for monomer feeding and 
recovery. After impregnation the drums are closed and the monomer polymerized. 

Each 60-L drum incorporates about 45% by weight of chemical sludges. 
The optimum choice of the waste/cement ratio, the cement type and the operating 
conditions could make the dehydration and impregnation of the cement sufficiently 
rapid to ensure a good processing rate. 

An active pilot plant to process the wastes at Casaccia is currently under 
construction. 
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FIG.6. Pilot-plant scheme for the polymer impregnated cement process (Chap. 6.1 [15]). 

The cementation of tritiated waste by concrete polymer materials is being 
studied in the French CEA plants of Saclay and Grenoble. The wastes are tritiated 
water and solid waste contaminated with tritium. From the mixture of cement 
and sand with HTO, a grout is prepared which is then coated in an epoxy or 
polyester resin. The main problem is to get a grout without free water appearing 
on the surface. With solid wastes a grout is prepared using Portland PZ 8 R silico-
aluminous cement with additives. Again this grout is coated with a polymeric 
matrix. Characterization of the grouts is done by leaching in tap water at 25° C 
according to IAEA recommendations, including long-term experiments. Further
more, the release of tritium is studied, depending on submission of the samples 
to the action of air during cycles from 2 to 128 days (air: 30% humidity; 
flow: 0.8 L-min -1). The whole study is aimed at defining a technical process for 
industrial application (60-L drums) [16]. 

The fixation of tritiated liquid waste with polymer-impregnated cements is 
also examined at Brookhaven National Laboratory in the USA [17, 18). 

6.1.5. Status of the development 

The fixation of treated and untreated waste with cement has developed as a 
standard technique in waste management [6]. It is practised on different technical 
scales depending on the specific local situation with respect to the types and 

Text continued on p. 59 
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1/1 

o TABLE X. INSTALLATIONS FOR CEMENTATION OF WASTES 

Country Site Type of waste Process 

Feed 

Capacity 

Immob. waste 

Refs 

Austria 

Belgium 

CSSR 

Fed. Rep. 
Germany 

Research center 
(Seibersdorf) 

Power plants 
(3 plants) 

Research center 
(Rez) 

Power plants 

Research center 
(Julich) 

Research center 
(Karlsruhe) 

Ash sludges 

Concentrates, 
sludges 

Evaporator 
concentrates 

Evaporator 
concentrates, 
sludges 

LLW-concentrates 
(reactor,research 
institute, laundry) 

LLW- and MLW-
concentrates 
(reactor reprocessing, 
research institutes, 
decontamination 
facilities), 
ion-exchange resins 

In-drum 
mixing 

In-drum 
mixing 

In-drum 
mixing 

In-drum 
mixing 
(mobile systems) 

In-drum 
mixing 

In-drum 
mixing 

10drums/da 

2m3/d 

15L/h 

2-7 m3/ 
shift 

50 L/hb 

[19] 

[12,13] 

[20] 

2.8-4.2 m3/ 28 drums/ [21] 
shift shift 



Country Site Type of waste 

France COGEMA0 

(Marcoule) 

(La Hague) 

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

Power plants 
(1300 MW(e)) 

Research centre 
(Fontenay-aux-
Roses) 

Research centre 
(Saclay) 

Research centre 
(Cadarache) 

Centre de 
Stockage No. 1 
(La Manche)6 

Solid waste 

Solid waste 

Power-plant 
waste 

Power-plant 
wastes 

Evaporator 
concentrates 

Sludges 

Evaporator 
concentrates 

Compressed 
solid waste 

Preconditional 
waste 

Capacity 
Process Refs 

Feed Immob. waste 

-

-

In-drum 
mixing 
(concrete container) 

In-line 
mixing 

In-drum 
mixing 
(cement + vermiculite) 

Mixing in 
mixer 
(discharge in concrete 
containers) 

In-drum 
mixing 
(concrete container) 

In-drum 
solidification 

In-situ embedding 
(concrete trenches) 

6m3/d 

4m3/d 

3-5 m3/d 

-

0.3 m3/d 

100-300 kg/d 

1.7 m3/d 

20 m3/d 

20 m3/d 

[22,23] 

[24] 



TABLE X. (cont.) 

Country Site Type of waste 

India Power plant Sludges 
(Tarapur) 

Power plant Untreated 
(Rajasthan) waste 

Research centre Sludges 
(Trombay) 

Netherlands Research centre Sludges 
(Petten) 

Liquids 

Norway Research centre MLW-
(Kjeller) concentrates 

South 
Africa 

Research centre 
(Pelindaba) 

MLW-
concentrates 

Process 
Capacity 

Feed 

Refs 

Immob. waste 

In-situ 
cementation 

In-drum 
mixing 

In-situ 
f 

cementation 

In-line 
mixing 

In-drum 
mixing 

In-drum 
mixing8 

(cement + 
5-10% exp. 
vermiculite)h 

Intrusion of 
concentrate in 
evaluation drums' 

500 m7a 
(design value) 

80 m3/a 

225 m3/a 
(design value) 
operated at 
80 m3/a 

5 m3/d 

0.5 m3/d 

0.26 m3/d 0.4 m3/d 

[25,26] 

0.175 m7h 3 drums/h 

[27] 

[28,29] 

[30,31] 



Country Site Type of waste 

Sweden 

Switzerland 

United 
Kingdom 

United 
States of 
America 

Power plants 
(Ringhals, 
Oskarsham) 

Power plants 
(2 plants) 

Power plant 
(Hinkley Point) 

Power plant 
(Trawsfynydd) 

Laboratories 
(Lawrence 
Rad. Lab.) 

(Los Alamos 
Scient. Lab.) 

Evaporator 
concentrates, 
ion-exchange 
resins 

Evaporator con
centrates, sludges, 
ion-exchange resins 

Sand/cooling 
pond sludges 

Cooling sludge 

MLW-
concentrates 

MLW-
concentrates 

Process 
Capacity 

Feed 

Refs 

Immob. waste 

In-container 
mixing 
(concrete container, 
1 m3 inner volume) 

In-drum 
mixing 

50-500 1/" 
container 

2—5 containers/day [2] 

10-25 drums/day [32] 

In-drum 
mixing 
(lost blade) 

In-drum 
mixing 
(tumbling) 

In-drum 
mixing 
(by rotation) 

In-drum 
mixing 
(by rotation, cement-
vermuculite 1:1) 

12X80Lk 

drums/day 

15X80Lk 

drums/d 

3.8 m3/m 
(projected) 

420 L/d 

600 L/d 

50 drums/m 
(projected) 

[33] 

[34] 

[35] 

[36] 



-fc. TABLE X. (cont.) 

Country Site 
Capacity 

Type of waste Process 

Addition of con
centrate into 
premixed cement-
vermuculite (1:3), 
without mixing, 
in concrete cask 
(4.2 m3) 

Mixing in mixer, 
discharge into 
concrete container 

Mixing in mixer 
(special in-situ 
procedure) 

Feed 

15 m3/ 
6 months 

-

15 m3/d 
(liquid waste) 

Immob. waste 

12 casks to 
burial ground 
in 6 months 

-

-

Refs 

United 
States of 
America 

USSR 

(Brookhaven 
Nat. Lab.) 

Moscow 

Central 
disposal site 

Evaporator 
concentrates 

Concentrates 

Solid and 
liquid wastes 

[36,37] 

[38,39] 

[38] 

Drum volume: 200 L; smaller drums also in use; material — mild steel as a rule. 
Capacity of the roller-dryer used in this system. 
Cogema = Compagnie Generate de Matieres Nucleaires. 
Used only in special cases. 
Shallow-ground disposal site, named Centre de stockage No. 1. 
Substitutes in-drum cementation facility of same capacity. 
In-drum polyethylene-lined steel drums are used. 
Polyethylene in-drum mixing supported by a hopper. 
Drums with a dissipation device for the concentrate, open space filled with cement-vermiculite (10:1). 
Surface dose-rate of the container is limited to 1 rem/h; thus, amount of waste is metered accordingly. 
As original waste form. 



TABLE XI. INSTALLATIONS FOR BITUMINIZATION PROCESSES 

Country 

Austria 

Belgium 

Canada 

CSSR 

Finland 

Site 

Research centre 
(Seibersdorf) 

Reprocessing 
plant 
(Eurochemic) 

Research centre 
(CEN) 

Research centre 
(Chalk River) 

Research centre 
(Rez) 

Power plant 
(Olkiluoto) 

Type of waste 

Evaporator 
concentrates 

MLW from 
reprocessing 

Sludges 

Aqueous slurries, 
ion-exchange resins 

Ashes, dry wastes 

Research waste 

MLW wastes 

Evaporator 
concentrates, 
sludges 
Dry waste 

Process 

Film evaporatorb 

Extruder 

Kettle 
evaporator 

Wiped film 
evaporator 

Ribbon blender 

Extruder 

Kettle evaporator 
(bitumen emulsion) 

Film evaporator 
(bitumen emulsion 

Mixer 

Feeda 

-

80L/h 

— 

120 L/h* 

5L/h* 

10 L/h 

50 L/h 

100 L/h 

Capacity 

Immob. waste 

50 L/h 

133kg/h 

45 L/h 

100 L/h 

-

70 L/h 

Refs 

[18] 

[7] 

[1] 

[2] 

[6] 



TABLE XI. (cont.) 

Country 

France 

France 

Germany, 
Fed. Rep. 

Site 

Cog6mac 

(La Hague) 

Research centre 
(Cadarache) 

(Valduc) 

Research centre 
(Karlsruhe) 

Type of waste 

Sludges 

MLW from 
reprocessing 

Evaporator 
concentrates 

Various research 
wastes 

Evaporator 
concentrates, 
sludges 

LLW and MLW 
concentrates 
(reprocessing, 
research) 

Film evaporator 

Extruder 
(bitumen emulsion) 

Extruder 
(two-step process) 

Extruder 

Film evaporator 
(bitumen 
emulsion) 

Extruder 

Film evaporator 

Extruder 

Feed 

6 0 - 9 0 kg/h 

SOL/h 

500 L/h* 

200 L/h 

60 L/h 

45 L/h 

60 L/h 

140 L/h 

Capacity 

Immob. waste 

5 0 - 7 0 kg/h 

40 kg/h 

— 

— 

60 kg/h 

Refs 

[20] 

[20] 

[10] 

— 

[15] 

[20] 

[21] 



Country Site 

India 

Japan 

Poland 

Sweden 

Switzerland 

(j, United 
~J Kingdom 

Waste Immobiliza
tion Plant 
(Tarapur) 

Japan Atomic 
Energy Res. 
Inst. 

Power plants 
(3 plants) 

(3 plants) 

Power Reactor 
and Nuclear Fuel 
Developm. Corp. 
(PNC) 

Research centre 
(Swierk) 

Power plant 
(Barsebaeck) 

Power plant 
(Goesgen) 

Research 

Evaporator 
concentrates, 
sludges, ion-
exchange resins 

Sludges, 
evaporator 
concentrates 

PWR, BWR, 
ATR wastes 

PWR wastes 

Reprocessing 

Evaporator 

Ion-exchange 
resins, filtering 
aids, evaporator 
concentrates 

PWR wastes 

Magnox 
wastes 

Capacity 
Process 

Feed Immob. waste 

Refs 

Wiped film 
evaporator 

Drum mixer 

Film evaporator 

Drum mixer 

Extruder 

40 L/h* 

70 kg/h* 
80 kg/h* 

200 kg/h* 

140 kg/h* 

200 kg/h* 

[11,12] 

[4] 

[26] 

[27] 

[22] 

Kettle 

Thin-film 
evaporator 

50 L/h - [2] 

80-100 L/h [14] 

Extruder 120 L/h [23] 

Extruder 15 L/h 



CO 

TABLE XI. (cont.) 

Country Site Type of waste Process 
Capacity 

Refs 

Feed Immob. waste 

United States 
of America 

USSR 

Power plants 
(4) 

CSBR 

Power plants 

Waste disposal 
site (Leningrad) 

Research Institute 
(Sverdlovsk) 

PWR and BWR 
wastes 

Concentrates, 
sludges 

PWR wastes 

Evaporator 
concentrates 

Concentrates 

Extruder 

Rotary drier 
and extruder 

Evaporator 

Kettle 
evaporator 

Film evaporator 

120 L/h 

200 L/h 

50-100 L/h 

50 L/h 

[22] 

[2] 

[2,25] 

[2] 

[2] 

a Feed = evaporation capacity; * = feeding rate of waste. 
b Unless otherwise stated, bitumen is used in the process. 
c Compagnie Generate de Matieres Nucleaires, France. 
d Drum mixer: batch bituminization process with evaporation, see Section 6.2.1.1. 



volumes of waste as from power stations, reprocessing plant, fuel fabrication plants, 
research institutes and others (Table X). 

Technical demands arising from the types of waste (e.g. handling of liquids, 
suspensions, solids etc.) can be accounted for in designing the plant. The same is 
valid for the handling of waste forms from any step of the process if they are not 
consistent with the specifications. 

Existing technical facilities are capable of, or can be adapted to, working with 
very elaborate mixtures of cement and additives to ensure a high standard in the 
main properties of the cement artefacts. Most probably this will be valid if new 
standards are established in the course of the further development of immobilized 
waste forms with cement. 

6.2. BITUMINIZATION PROCESSES 

The bituminization process for nuclear waste immobilization has been 
commonly used on an industrial scale for several years in different countries (Table XI). 

Basically, the process consists of mixing solutions, sludges or solids with 
bitumen at elevated temperatures. The water contained in the waste is evaporated 
and the residual particles are uniformly coated with a thin layer of bitumen. The 
bitumen mix is released in suitable containers, where it cools down and solidifies. 
The properties of the bitumen waste form are affected by the rad-waste 
constituents, e.g. nitrates, borates etc. The various bituminization processes 
can be classified into batch processes and continuous processes (Fig. 7). 

6.2.1. Batch-bituminization processes 

6.2.1.1. Batch-bituminization process with evaporation 

This process, illustrated in Fig. 8, is applicable for various types of liquid 
wastes and sludges. It was used in several countries as the first industrial 
bituminization process [ 1 —4]. In this process the waste is continuously introduced 
into a metered volume of molten bitumen at about 200° C. The mixing vessel is 
externally heated. The water evaporates and the solid particles are mixed with 
the 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. 

A technical installation using the batch-bituminization process [5] is the USSR 
plant DB 100 operated at the Leningrad Waste Disposal Station since 1978. This 
installation consists of two storage tanks (25 m3 each) and three waste tanks 
(5 m3 total) with metering vessels and pumps. The bituminization unit is a short 
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FIG. 7, Immobilization process. 

valve evaporator with forced circulation for the liquids. To the unit belongs a 
mechanical droplet separator. The heating is done with steam (0.6-0.9 MPa). 
The power consumption of the stirrer is 11 kW. The off-gas treatment system 
consists of two tube condensers, a condensate tank (6 m3), filters, blowers and an 
installation to take off-gas samples for controls. 

The average capacity of an operation cycle was 200-240 L/h. During the 
first year of operation 300 m3 waste were treated in the plant. The concentration 
of solids in the waste solution was 380 g/L and up to 25 g/L detergents. The 
specific |3, 7-activity was 2.2 X 10 -4 Ci/L. The bitumen products contained 
45—55 wt% solids and residual water of 0.1—0.5 wt%. The bitumen used was 
BND-90/130. The content of solids in the condensate was 0.2-0.3 g/L and the 
activity was 1.8—2.5 X 10~7 Ci/L. The activity in the treated off-gas was deter
mined to be less than 2 X 10 -15 Ci/L. The process and the technical installation 
are relatively simple. The operation is simplified by the metering of the waste and 
the bitumen. The system has been operated at capacities up to 250 L/h. The 
operation of the installation, including remote operation, is easy. The disadvantages 
are the decreased operational safety for some waste compositions and the narrow 
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temperature interval to maintain so as to avoid local overheating and formation 
of incrustation. There is a tendency to replace this batch-type process with the 
more advanced processes described below. 

6.2.1.2. Batch-bituminization process without evaporation 

This process is used for the immobilization of dry wastes as granular and 
powdered ion-exchange resins. It is applicable for other dry particulate wastes. 

In this process the waste is dried at first. Then it is moved into a metered 
volume of molten bitumen and mixed with the bitumen at 130°C. When the 
mixture is homogeneous it is released into drums or other containers. A technical 
installation using this process is operated at the Olkuluoto power plant, Finland 
[6] (Fig. 9). The installation consists of a steam-heated dryer, into which the 
waste is metered from the storage tank. The bituminization unit is a conical vessel, 
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FIG.9. Batch bituminization process without evaporation (Chap. 6.2 [6]). 

which is also steam heated (300 kW). From this vessel the mix is released into 
drums. The steam vapours are condensed and pumped to the liquid-waste 
treatment system. The off-gas from the mixing vessel flows via an air-filter to the 
ventilation system. 

The average capacity of the plant is 2 -3 drums (208 L) per 8 hours or about 
100 L water/h in terms of evaporation. The activity of the granular resins is 
< 3 Ci/m3 (design value 81 Ci/m3) and for the powdered resin < 0.1 Ci/m3 

(design value 27 Ci/m3). The dry waste/bitumen ratio is 50:50. The residual water 
content is < 0.5 wt%. The bitumen used is BIT-45. 

The process and the technical installation are simpler than in the batch-
bituminization process with evaporation, because the evaporation step and the 
mixing step are separated. Therefore, no interference of the different power 
demands arise, thus avoiding overheating and the formation of incrustation. 
A scale-up of this process seems to be possible. 

6.2.2. Extrusion processes 

6.2.2.1. The single-step extrusion process 

A wide variety of wastes can be treated by this process — aqueous solutions, 
concentrates, sludges, ion-exchange resins, diatomaceous earths, incinerator 
ashes and other particulate wastes. The types of bitumen used are blown or 
straight distilled bitumen that has a melting point of about 90°C and a high flash 
point of 3 00° C. 
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As illustrated in Fig. 10, in this process the waste is continuously fed into the 
input device of a twin-screw extruder, together with the bitumen liquefied by 
adequate heating. Progressing through the extruder, the water evaporates up to 
steam domes by externally applied heat. Simultaneously the waste particles and 
the bitumen are mixed and kneaded. Each particle of about 20 txm is individually 
coated by bitumen in the homogeneous mix, which is discharged into drums or 
other containers and cooled down. The condensates are transferred to the liquid-
waste treatment systems. 

An industrial-scale installation using this process is the Eurobitum plant 
at Mol, Belgium [7-9]. 

From the waste-storage tanks the wastes are transferred to four air-sparged 
buffer tanks (9.2 m3 each) by steam jets. From these buffer tanks measured 
amounts of waste solutions are transferred to the reaction vessels (two vessels, 
2.8 m3 each). These vessels are equipped with three jackets for heating and 
cooling purposes. Additional equipment installed are propeller-type stirrers, a 
pulsed-air mixing system, a sampling system, temperature, density and level-
measuring systems, connection to the reagent make-up vessels to receive liquid 
chemicals, and connections to weighing bins to receive chemicals in powder form. 
Furthermore, these vessels can be connected with the ammonia-elimination system 
or to the general vessel ventilation scrubber. 

From the reaction vessels the slurry is transferred by steam jet to the slurry 
feeding tank. It has a capacity of 7 m3 which corresponds to 2.5 days of operation; 
and a pulsed air mixing system and/or a stirrer keep the slurry homogeneous. 

63 



Other equipment for safe operation of this tank is installed, i.e. level alarms, a 
sampling system, etc. From this tank the slurry is transferred to the bituminization 
unit, which is a four-screw extruder, by a two-stage air-lift system. There the 
slurry is mixed with hot bitumen. The water is evaporated at a rate of < 80 L/h. 
The extruder is jacket-heated by steam of 2 MPa. The power consumption is 
15-20 kW. Six separated heating zones are installed along the length of the 
extruder. 

A steam-heated dome with inspection windows surmounts each of the three 
heating sections of the extruder. Along these domes the vapours are routed to 
separate condensers, The condensate is sent to the waste tanks for analysis and 
treatment dependent upon its activity. From the extruder the bitumen mix is 
discharged to 220-L drums positioned on a turntable which can take up to six 
drums. The flow of the bitumen mix can be interrupted by a special valve during 
the drum changing. Filling is done in two intervals. The drums are loaded or 
unloaded by a grab tool from or to the conveyers and on to a wagon which transports 
the filled drums into the storage shelter. Non-tight closing of the drums is done in 
a special position. 

To this installation belongs a rework tank, an ammonia removal system, a 
decontamination system for the extruder and the bitumen storage tank, which 
has a volume of 30 m3 and is located outside the building together with a silo for 
30 t calcium hydroxide. 

The average capacity of the plant is approximately 130 kg/h in terms of 
bitumen-salt product. The concentration of the solids in the feed solution is about 
40 wt%. The specific j3, -y-activity is < 0.7 Ci/L. The bitumen products contain 
40 wt% solids and ~ 0.5 wt% residual water. The bitumen used is Mexphalt 
R 85/40. The content of solids in the condensate is 100-300 mg/L and the activity 
0.2 mCi/L. The absolute filter of the special off-gas line ventilating the vapours 
evolving from the bitumen product at the extruder outlet and from the drum in the 
filling position was removed after the treatment of an amount of waste equivalent 
to 1.5 X 10s Ci and 4.2 X 10s Ci; the contact dose-rate was only 1.2 and 0.05 R/h, 
respectively. The oil content of the off-gas is 0.05-0.1 wt% of the bitumen fed 
to the system. In about two years of operation 860 m3 liquid waste have been 
processed. These are about 5100 drums of 220 litres. The activity in the bitumen 
product was 5.2 X 10s Ci fission products and 2.4 X 103 Ci a-emitters. 

The process has proved to be very reliable in a wide variety of applications 
with a diverse range of feed materials. The advantage of this process is the 
continuous operation and the reproducible production of a homogeneous waste 
form. However, pre-operational evaluation of the behaviour of the waste in 
question in a mixture with bitumen at elevated temperatures and given physico-
chemical conditions is inevitably necessary to preclude any disturbance in the 
processing operations. Also, for undisturbed operation a homogeneous feed is 
necessary and the process parameters have to be carefully controlled. Adequate 
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FIG.11. The two-step extrusion process (Chap. 6.2 [2a]). 

instrumentation and skilled operators guarantee smooth operation of the process, 
early detection of off-standard conditions and appropriate countermeasures. 
To avoid pronounced abrasion of the screw elements of the extruder, the salt 
concentration in the mix should not exceed 50 wt% solids. Preventive maintenance 
and rinsing have contributed to bringing the availability of the plant up to more 
than 85%. 

6.2.2.2. The two-step extrusion process 

This process was developed for the incorporation of sludges in molten bitumen. 
But other types of liquid waste, such as suspensions, are applicable. As illustrated 
in Fig. 11, the principle of this process is to prepare a mix of the slurry and the 
bitumen in the first step in which the water is removed to a large extent. In the 
second step the mix is fully dewatered and discharged into containers. 

A technical installation using this process has been in operation since 1976 
at Marcoule, France [10]. It consists of a drum dryer in which the sludge is 
dewatered to having about 50 wt% water. This sludge is continuously homogenized 
in a stirring vessel. From this vessel the sludge is metered to the first two screw 
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extruders, to which detergents and the molten bitumen are metered. In the 
extruder three "working zones" exist. In the first the material is mixed; in the 
second the water is pressed off and removed from the extruder; in the third the 
mix passes a high-pressure area and a low-pressure area. The mix leaving the 
extruder contains residual water of up to 10 wt%. The extruder has several 
heating and cooling circuits which can be operated independently to maintain 
optimal working conditions in the extruder. To remove the residual water from 
the mix, a second two-spindle extruder is used, which is heated by steam like the 
first one. The bitumen waste form leaves the drying step with a water content of 
about 0.5 wt%. 

The capacity of the facility is about 500 L/h in continuous operation. 
Straight distilled bitumen is used - Mexphalt 40 + 50 for the "medium level" 
sludge and Mexphalt 80/100 for the "higher level" sludge. 

In comparison with a one-step extrusion process the two-step process has a 
higher capacity. The removal of the water is done in two steps — first, by a type 
of filtering in the first extruder, and second by evaporating the minor fraction of 
the water in the second extruder. Thus, the process is not governed by heat-
transfer limits with respect to the evaporation of the bulk water. Despite the fact 
that both extruders can be operated independently to a large extent, the demands 
regarding maintenance are twice that of a one-step process. 

Other installations using the two-step process are being operated in the USSR. 
There, the first extruder is substituted by a rotary dryer [2]. 

6.2.3. Film-evaporation processes 

6.2.3.1. Film-evaporation process with molten bitumen 

This process is applied for the immobilization of evaporator concentrates, 
sludges and spent ion-exchange resins. 

A facility for incorporation of evaporator waste concentrates in bitumen 
matrix is in advanced stages of completion at the Waste Immobilization Plant, 
Tarapur (Fig. 12) [11, 12]. Wiped film evaporator (agitated thin-film type) is the main 
process equipment. The liquid waste and asphalt are fed separately on top of the 
spinning distributor of the evaporator where the two streams get mixed and flow 
down along the wall of the evaporator which is heated by mineral oil and 
maintained at about 160°C. As the mixture of asphalt 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. The 
non-condensibles are subjected to standard off-gas treatment processes consisting 
of scrubbing, heating and filtration prior to discharge in the atmosphere through 
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a tall stack. The operation is semi-continuous since removal of the filled waste 
form container and its replacement by an empty one takes a few hours, during 
which period the feed to the evaporator is stopped. 

The entire process is carried out in a shielded concrete cell (4m X 4m X 10m 
high) provided with remote-operation aids such as in-cell crane, master slave 
manipulators etc. The evaporator has a capacity of 40 L/h of waste feed with a 
heat-transfer surface of 1.5 m2. The expected specific activity of the waste form 
is 1.5-2 Ci/L vis-a-vis the feed waste activity of 1 Ci/L. Expected volume reduc
tion is around 1.8. The decontamination factor between waste and condensate is 
expected to be of the order of 104. 

The process using molten bitumen is operated in the USSR on a different 
scale. The capacity of the wiped-film evaporator ranges from 50 L/h to 500 L/h, 
whereas the other equipment of the various installations is of the same type. 
The process can be operated continuously or discontinuously [2]. 

Molten bitumen is also used in turbulent film evaporators (LUWA type), 
which seems to be the preferred system at present. Details of operation 
experience over a four-year period are reported from the Barsebaeck Nuclear 
Power Station, Sweden [ 13, 14]. 

6.2.3.2. Film-evaporation process with bitumen emulsion 

Concentrates, sludges and spent ion-exchange resins from power-plant 
operation and research establishment are immobilized using emulsified bitumen. 

As illustrated in Fig. 13, the radioactive waste containing 200 g/L salts and a 
bitumen emulsion in water are fed separately on top of the evaporator unit where 
the evaporation of the water and mixing takes place at a temperature of about 
150° C. The bitumen/waste mixture is discharged continuously from the bottom 
of the evaporator unit. The final waste form contains up to 40 wt% salts. 

An installation for bituminization using a wiped-film evaporator is operated 
at Rez, Czechoslovakia [2]. The evaporation capacity is 50 L/h. The evaporator 
is heated by steam up to 160°C. The vapours and gases pass through a demister 
and condenser. The distillates are discharged after monitoring. The remaining 
gases pass through an absolute filter and stack to the atmosphere. An industrial 
unit for this type with a capacity of 200 L/h is under construction. For this 
installation standard equipment was used. There were no difficulties in scaling 
up the process. The use of emulsified bitumen facilitates the transport and 
metering of the bitumen. On the other hand, the capacity of a given bituminiza
tion unit is lower when bitumen emulsion is used, because more water has to be 
evaporated within the same amount of time. 

Emulsified bitumen is also used in turbulent film evaporators for the 
immobilization of PWR liquid waste without prior concentration [ 15]. 
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6.2.4. Movable bitumen plants 

For multiple-site immobilization of evaporator concentrates, sludges and 
decontamination solution a semi-mobile bituminization unit was developed in 
France [16]. 

This plant consists of seven independent subassemblies; the process features 
are illustrated in Fig. 14. The majn component is a shielded turbulent film 
evaporator (LUWA type) with an evaporation surface area of 0.5 m2, a condenser 
of 2 m2 and a constant volume feeder of 20 to 100 L/h. The bitumen is melted 
with an external electric heater (6 kW) and then dumped into a steam-heated 
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storage tank. The transfer pump for the bitumen has a capacity of 5 to 35 kg/h. 
To the auxiliary equipment belongs a thermofluid heater (295 kW), the distillate 
treatment system with two cartridge filters, and two activated carbon columns. 
The ventilation system has a prefilter and an absolute filter; the flow-rate is 
3000 m3/h, which creates a negative pressure of 5 to 15 mm WG. The bitumen 
mix is discharged into 225-L drums. The evaporator can be cleaned with 
perchlorethylene. 

The concentrates treated had a specific activity of 10 to 50 Ci/L and a salt 
content of 350 to 600 g/L. 

This process has been operated at the Cadarache Centre (France) from 1975 
to 1978. In 1978 the plant was used for the treatment of evaporator concentrates 
at the Mont d'Arree power plant. It was foreseen to move the plant after 
decontamination to the Brennilis site to treat about 600 drums of stored 
intermediate-level waste. A mobile bituminization plant using an extruder is 
described in Ref. [17]. 
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6.2.5. Status of the development 

Since the first research and development efforts in the early 1960s [24] 
bituminization has proved to be an immobilization process for a wide variety 
of radioactive wastes. According to the local demands batch-type processes or 
continuous processes can be selected, but there is a tendency to prefer the 
continuous ones. They can work as a one-step or a two-step process. The main 
component of the technical system is a screw extruder or a film evaporator. To 
account for the specific properties of the wastes, different types of bitumen can 
be used, including bitumen emulsion. By detailed evaluation of the behaviour 
of the waste in question in a mixture with bitumen at elevated temperatures and 
given physico-chemical conditions, any disturbance can be precluded from the 
processing operations. 

The total operational history of the bituminization processes adds up to 
many tens of thousands of hours. Current experience with the process proves 
that all operational risks can be accounted for. 

6.3. THE POLYMER PROCESSES (Table XII) 

Incorporation of radioactive waste into polymeric fixation agents is a 
relatively new immobilization process when compared to incorporation in cement 
or bitumen. Depending on the polymer used, the immobilization can take place 
either at ambient temperatures or with hot liquids up to 60°C. All the polymer 
processes are essentially batch processes where a catalyst is generally mixed with 
the wastes and polymer either in a pre-mixer vessel or in the receptacle itself. 
The polymeric processes do not really solidify the wastes; the long chained 
molecules of the organic polymer are linked together to form a porous sponge 
that "traps" the waste [1-3] . 

6.3.1. Thermosetting resins 

6.3.1.1. Poly ester I epoxy process for liquid/wet waste 

In this process a modified polyester is used to solidify low-level liquids from 
operation and decontamination of power plants, including dispersed solids like 
ion-exchanges resins and filter aid materials [4]. 

Waste to be immobilized can range in pH from 2.5 to 11 with no adverse 
effects on the process and the resulting waste form. An immobilization system 
using this process has been developed by DOW Chemical Company, USA. 
Figure 15 shows the simplified flow diagram [5]. 
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N> TABLE XII. INSTALLATIONS USING POLYMER PROCESSES 

Country 

Argentina 

Fed. Rep. 
Germany 

France 

Netherlands 

Switzerland 

Site 

Power plant 
(Atucha) 

Movable 
system 
(FAMA) 

Research centre 
(Grenoble) 

Power plant 
(Chooz) 

(Ardennes) 

Power plants 
(Borssele) 

Power plant 
(Beznau) 

Type of waste 

Power plant 
waste (liquids) 

Granular ion-
exchange resins 

Concentrates, 
sludges, ion-
exchange resins 

Power-plant 
wastes 

Power-plant 
wastes 
(powders) 

Power-plant 
waste (liquids) 

Granular ion-
exchange resins 

Polyethylene 
(extruder) 

Styrene-diphenyl-
benzene 
(in-drum) 

Polyester 
epoxy 
(in-drum) 

Polyester 
epoxy 
(in-drum) 

Polyester 
epoxy 
(in-drum) 

Polyethylene 
(extruder) 

Styrene-diphenyl-
benzene 
(in-drum) 

Feed 

15L/h 

l - 2 m 3 / d 

30L/h 

60L/h 

100 kg/d 

lOL/h 

Capacity 

Immob. waste 

-

1 drum/da 

— 

2 0 - 2 5 drums/da 

Refs 

[21] 

[22, 23] 

[6] 

[7] 

[8] 

— 

[26] 



Country Site Type of waste Process 

Feed 

Capacity 

Immob. waste 

Refs 

United States — 
of America 

Movable system 

LLW from power 
plants, ion-
exchange resins, 
filtering aids 

Liquid wastes 
(sulphates, borates) 
ion-exchange resins, 
sludges 

Dry waste 

LLW from power 
plants, ion-
exchange resins, 
sludges 

Vinyl ester 
(in-drum) 

Urea-formaldehyde 
(in-drum, in-line) 

In-drum 

Urea-formaldehyde 
(in-drum) 

6 drums/ha [4] 

[1,2,12-18] 

[24] 

[24] 

Drum volume = 200 L or similar. 
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FIG.15. The polyester/epoxy process with liquid/wet waste (DOW) (Chap. 6.3 [5]). 

The waste is transferred from collection and storage tanks to the batch tank 
where it is thoroughly mixed. A representative sample is withdrawn. The sample 
is subjected to the immobilization process to verify that the waste characteristics 
have not significantly changed and that the chemicals have not exceeded their 
useful life. This sampling step also establishes the operating parameters for the 
specific waste to be processed. 

The volume of waste for immobilization is controlled by batch processing 
through the metering tank. The rad-waste metering tank is filled to a predeter
mined volume by pumping waste from the rad-waste batching tank. A gravity 
overflow return is provided from the metering tank back to the rad-waste batching 
tank. 

The immobilization container is loaded with a predetermined quantity of 
binder at the preparation station and transferred to the mixing station by conveyor. 
Alternately, the binder can be pumped to a metering tank in the processing area 
and then transferred to the container by gravity. At the mixing station the waste 
and the binder are combined in their measured proportions. Catalyst and promoter 
are then blended sequentially with the waste binder mix to initiate the curing 
process. 
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The mixture is allowed to cure (solidify) while remaining on the conveyer. 
The curing time is controlled to result in solidification in about one hour, and 
temperature is controlled not to exceed 100°C. 

At the quality monitoring station the cured contents of the container are 
tested to ensure correct waste form quality. This monitoring consists of measuring 
two separate properties which are unique characteristics of the solids generated 
by the DOW process: (1) the solidification is an exothermic reaction and the 
resulting temperature rise is measured for comparison with the representative 
sample test; and (2) resistance to penetration is measured to ensure that the 
reaction is completed and that a solid block has been obtained. The solid block 
contains no free liquid. 

The container of immobilized and quality monitored waste is then sealed 
and subjected to the radiation surveys and smear testing required for storage and 
shipment. 

A roller conveyor is used to transfer the container from the preparation 
station through the immobilization process. Stops and clamps are used for 
positioning and holding the container at the various stations where operations are 
performed. When a 1.4-m3 or larger container is used, no conveyor is needed. 
The shielded cask mounted on the trailer holds the 1.4-m3 liner. 

The process is essentially the same for laboratory-scale mixes, the full-scale 
208-L drum (described here), and for 1.55-m3 and 5.5-m3 liner mixes. The 
design of the mechanical equipment is simple so as to reduce the risk of malfunction. 
The system is designed to process and to solidify at a nominal rate of six 208-L 
drums per hour in a remotely and a biologically shielded system. 

The rad-waste-to-immobilization agent ratio is at least 1.25 to 1 and as high 
as 2.5 to 1. A variety of simulated wastes has been immobilized: 

(a) Spent decontamination solutions at pHs of 3 to 5 and 9 to 10 with 40% 
solids; 

(b) Filter aid and slurries, 90/10 by volume (resin/waste); 
(c) Ion-exchange resins, 90/10 by volume (resin/waste); 
(d) PWR evaporator bottoms with a pH of 2.5 and 7% solids; and 
(e) BWR evaporator bottoms with a pH of 10.6 and 6% solids. 

A field demonstration was carried out by successfully immobilizing 
3400 litres of radioactive decontamination solvent at a nuclear power plant [4]. 

The process is intended to replace the urea-formaldehyde process. Most of 
the existing equipment can be used for this process. 

6.3.1.2. The poly ester Iepoxy process for wet and dewatered waste 

For the immobilization of liquid concentrates from power plants, reprocessing 
plants and research centres, ion-exchange resins and inorganic exchangers and 
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FIG. 16. Principle flow-sheet of the polyester/epoxy process with wet and dewatered waste 
(Chap. 6.3 [6]). 

sludges, a process using a polyester diluted in styrene or epoxy has been developed 
at the research centre at Grenoble, France. This process is also applied for the 
conditioning of solid radioactive wastes, including those from the decommissioning 
of nuclear facilities. The principles of the flow-sheet of this process are given in 
Fig. 16 [6]. 

One of the main features of this process is that the wastes to be immobilized 
must be dewatered. The evaporator concentrate is dried to a water content of 
1 to 2 wt% after neutralization, if necessary. Ion-exchange resins and filtering aids 
are dewatered to 40—55 wt% water by pumping off or by filtering with a rotating 
filter system. Sludges have to have not more than 70 wt% water. The pretreated 
wastes are mixed with the matrix material in the drum (100 L or 200 L). The 
polymerization is initiated by adding a catalyst during mixing at ambient 
temperatures. The mix solidifies within 4 - 6 h, but to produce a200-L drum in 
the filtering and mixing station only one hour is necessary. 

This process is easy to operate. It uses only one type of polyester and one 
type of epoxy as long as the wastes are properly pretreated. The only component 
to be replaced after fabrication of about 15—20 drums are the blades of the mixer, 
because a layer of polymerized resins is built up on them. To do this the blades 
remain in the drum after the routine preparation of a unit. As soon as the 
gelation process has finished the blades are disconnected from the mixer and 
remain in the drum. 
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There is no particular safety problem with the epoxy. But with polyesters 
the presence of monomeric styrene, which is necessary to dissolve the polyester 
and which participates in the polymerization process, requires the use of ventilation 
systems and explosion-proof devices during the handling before polymerization. 
As soon as the gelation reaction is finished there is no remaining hazard. 

Since 1976 all the liquid effluents of the Grenoble Nuclear Research Centre 
have been immobilized with this process. The plant capacity is 30 L/h. Up to 
now more than 200 100-L drums have been produced. At the Chooz PWR plant 
a facility (capacity 60 L/h) has been in operation since 1979 [7, 8]. A pilot plant 
was started in Japan in 1979 for treating BWR-type wastes. 

Regarding the scale-up potential the system is determined by the pretreatment 
components, i.e. the drying and dewatering systems. Therefore, the new facility at 
Grenoble has two thin-film evaporators [9]. For the filling and mixing position 
parallel units are necessary. 

6.3.1.3. The poly ester j epoxy process for dry waste 

A major variation from the polymer processes described above is the inert-
carrier rad-waste process (ICRP) developed by General Electric, jointly with United 
Technologies Chemical System Division [10, 11]. 

This process completely dehydrates typical low-level wastes from nuclear 
power plants, including aqueous solutions of sodium sulphate, boric acid, or 
sludge (iron hydroxide, etc.), ion-exchange resins, small quantities of miscellaneous 
residues from detergents and decontamination solutions and dry incinerator ashes. 
The resulting dry solids are incorporated into a castable matrix with an epoxy resin 
to form a rock-like solid. The process has particular advantages in operations which 
require (a) preparation of compositions which are too viscous to mix by ordinary 
methods; and (b) extremely intimate mixing of solids with small quantities of 
liquids. 

During ICRP operation (Fig. 17) rad-waste solution flows into a large volume 
of turbulent silicone oil (held at 150°C) where the water in the rad-waste solution 
is flashed off in seconds. The resulting anhydrous solids in the waste solution form 
a slurry in the silicone oil which is passed through a jet mixer where an epoxy 
resin is added. This resin coats each individual dry particle of waste. The coated 
waste particles are separated from the carrier and coalesce into a continuous 
castable mass that is drawn off. As the epoxy resin mass leaves the process, a 
hardener is added in a static mixer. The final mixture is fed into drums or casks 
where it cures in about 3 h. After curing, the mass is non-flammable, has low 
leachability, and a chemical strength and impact resistance to withstand all 
probable handling and transportation exposure. The process has been demonstrated 
successfully in a nominal l/10th scale ICRP pilot-plant capable of processing 
25 to 50 L/h liquid waste. In a typical mixture 20 to 35 wt% of the solid mass is 
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FIG.17. The inert-carrier rad-waste process (Chap. 6.3 [11]). 

epoxy and 65 to 80 wt% is sodium sulphate or other solid. The volume reduction 
achieved is a direct function of the water content of the waste. A typical BWR 
waste which is 20 to 25 wt% sodium sulphate is reduced by a factor of approximately 
10:1 over the volume produced by immobilization in cement. PWR wastes which 
are nominally 12 wt% boric acid are reduced in volume by a factor of approximately 
15:1 over the volume of cement immobilized waste. 

All the operational experience over a period of more than six months showed 
the basic process to be free of operational problems. Also, current experience with 
partial remote and automatic controls shows the ICRP to be fully amenable to 
entirely remote operation with manual attention required only during start-up and 
shut-down. The entire operation can be fitted in three 2.4 X 2.4 X 2.4 m pretested 
modules. The arrangement is flexible. The system is generally compatible with 
existing rad-waste processing space and drum or cask-handling equipment. 

6.3.2. The urea-formaldehyde process (UF) 

This process is applicable for all types of liquid waste including borates, 
sulphates, ion-exchange resins and sludges. The immobilization processes using 
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UF were developed originally as proprietary processes (Tigerlock, Cynalock, 
Polypak( by private industry; therefore, detailed information on the waste form 
characteristics and preparation technique is somewhat limited. 

The technical method of organic polymer mixing depends on the type of 
immobilization agent and the receptacle used. There are three types of UF mixing; 
(a) in-container disposable paddle mixer, (b) in-line mixer, (c) in-line mechanically 
driven mixer [11]. To prepare the immobilized waste form, appropriate quantities 
of UF and neutralized waste (pH 5—8) are mixed together before a sufficient 
amount of catalyst is added to lower the pH to about 1.5. In the Tigerlock process 
this is sodium bisulphate. On using in-line mixing the catalyst is added to the 
mixture as it enters the storage drum [ 12]. In the immobilized waste form the water 
is not chemically bound but mechanically encased. 

In various applications of the UF process the containers used vary from 208 L 
up to 5.7 m3 [2, 13, 14]. Volume reduction factors are reported as 5—80 to 1 
depending on the material used [15]. Despite the fact that this process is well 
established and has been widely used in the USA [16—18], it has some drawbacks. 
The low pH (1.5 ± 0.5) required for the polymerization reaction is not compatible 
with common carbon steel drums. Additional absorbents are necessary to meet 
the no-free-standing water (NFSW) criteria, because the final waste form has a 
tendency to "weep" for months. Furthermore, ageing of the polymer before 
solidification may cause operating inconveniences. For these reasons there is a 
tendency to gradually replace these systems by other polymer processes (see 
Section 6.3.1). 

6.3.3. The polyethylene process 

With the polyethylene process liquid power reactor waste, ion-exchange resins 
and organic waste have been satisfactorily immobilized [19, 20]. Since the 
physical properties of the polyethylene are similar to those of bitumen, similar 
(or identical) equipment can be used in both processes. 

In the batch process, a suitable polyethylene is added to the agitated mixing 
vessel and heated up to 100-170°C to obtain a fluid melt. Liquid waste is then 
added at a rate proportional to the evaporation capacity of the vessel until the 
desired quantity of waste solids (typically about 40 wt%) is incorporated in the 
plastic. After all the volatile liquids are evaporated, the product is drained to the 
mold or disposal container at ~ 180°C [ 19]. Leach rates of the product are 
comparable to those for bitumen products. 

Incorporation of organic ion-exchange resins is done similarly except that the 
resin is dried to minimize foaming before it is added to the molten polyethylene. 
Up to 80 wt% resin can be incorporated in the plastic though increasing viscosity 
may limit the practical resin content to about 50 wt%. Generally, the strength and 
chemical resistance of the loaded plastic are comparable to those for the pure 
plastic [20]. 
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FIG.18. The continuous polyethylene process. 
1. concentrate tank 7. condenser 
2. metering pump 8. rotating table 
3. polyethylene tank 9. disposal drum 
4. dosing balance 10. fume hood 
5. extruder 11. blower 
6. degassing 

Up to 40 wt% organic liquids, including tributyl phosphate, have also been 
incorporated into polyethylene [19]. The waste form retains the properties of 
the plastic matrix material. 

In the continuous process the granulated polyethylene and the liquid 
concentrate are metered to the extruder, which is heated by steam. The poly
ethylene is liquefied and the water of the concentrate evaporated. The vapours 
are removed via degassing domes and condensed. In parallel the solids contained 
in the concentrate are intensively mixed and homogeneously distributed in the 
polyethylene. The mixture, free of water, is released into a 200-L disposal drum 
and allowed to solidify and to cool down. Any gases released during the drum 
filling process are removed by the off-gas system (Fig. 18). 
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This process is operated at the Borssele nuclear power station, Netherlands, 
and at the Atucha nuclear power station, Argentina [21]. According to the four 
years of operation experience gained there the polyethylene is somewhat more 
difficult to process than bitumen. The reason is the different softening-melting-
solidification behaviour of the polyethylene. Especially the feed inlets to the 
extruder must be adequately positioned to avoid violent splashing in the feeding 
unit. 

6.3.4. Movable polymer plant 

For the on-site immobilization of spent bead ion-exchange resins a movable 
plant has been developed and constructed using a styrene-diphenyl-benzene mixture 
as matrix material [22]. 

By flushing with water, the spent resins are transferred to the measuring vessel. 
From there they are transferred to the waste container. There the water is with
drawn via a perforated bottom inside the waste container. Then the premixed 
solution of styrene with diphenyl-benzene and a catalyst is inserted and the 
mixture is allowed to cure [23]. 

The technical system consists of a vacuum feeding tank, tanks for storing and 
mixing the styrene-diphenyl-benzene, a shielded measuring vessel for the resins and 
a device for positioning the waste container. With the exception of filling the 
measuring vessel, all transfers of the material involved are done by vacuum. The 
system is designed to handle spent resins up to 1000 Ci/m3. The capacity is 
1-2 m3/d. Up to 1979 about 100 m3 spent resins have been solidified. 

In the United States of America another movable system using the urea-
formaldehyde process is available [2, 24]. 

6.4. EMBEDDING PROCESSES 

Embedding processes are used to immobilize wastes in monolithic blocks. 
As a rule these wastes are cladding hulls, structural parts, crushed air filters, baled 
trash and compressed drums. Furthermore, granulated and pelletized waste can 
be embedded with the same technique. The processes applied are batch-type. 
The solid waste is loaded in a container. The open space is then filled with the 
embedding material. The equipment for the processes is simple and to some extent 
similar to that of the cementation or polymer processes. As in-line cementation 
processes are applied, the liquid waste/cement slurry can be used to fabricate the 
block. 
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6.4.1. Embedding in cement and concrete 

Solid waste generated at power plants, reprocessing plants and research centres 
are routinely embedded in cement. In the Karlsruhe Nuclear Research Centre, for 
example, the embedding in cement of the mentioned wastes has been practised for 
many years [ 1 ]. Intermediate-level wastes, as well as low-level wastes, can be 
immobilized by the same process, but some equipment modifications may be 
necessary for hot-cell operation. However, the equipment used is simple, easy to 
maintain and replaceable with standard remote-handling techniques. With respect 
to the various wastes, optimized cement slurry compositions can be used. 

6.4.2. Embedding in polymer-impregnated cement 

To embed structural parts and parts of fuel pins a process using polymer-
cement matrix has been developed [2, 3]. This matrix material is a mixture of an 
inorganic aggregate (Si02, kaoline), a polymer as a binder and chemical additives 
such as retardants (Al (OH)3) and water-repellent chemicals (paraffins). 

To keep the weight fraction of the polymer < 20 wt%, special effort is 
necessary. The testing of many combinations of materials mentioned resulted in 
a matrix mixture of 50 wt% Si02, 10 wt% kaolin, 20 wt% Al (OH)3 and 20 wt% 
of a polyester based on orthophthalic acid, styrene and glycol. The matrix material 
shows excellent flame and fire resistance (accord. ASTM oxygen index 30), low 
porosity and high resistance against thermal shocks. The compression strength is 
140 MPa. No visual change could be observed after an accumulated radiation dose 
of 1010 rad. A demonstration test at 1:1 scale with contaminated solids with a 
dose-rate of 100 R/h at contact has been performed successfully. The incorporation 
can be performed under water, thus reducing air-borne contamination problems. 
Water is, however, an inhibitor for many polymerization reactions. The aggregate 
material has to be impregnated with water-repellent paraffins prior to mixing the 
aggregate with the polymerizing compounds. 

6.4.3. Embedding in bitumen-impregnated cement 

A cement-bitumen process has been developed in France to immobilize 
compacted waste in 870-L steel drums [4]. A variety of waste materials is being 
immobilized. These include low-level waste in 100-L steel drums and in PVC 
containers, various non-compressible materials and intermediate-level waste in 
500-L steel drums. The 100-L steel drums are first compressed in a 250-t press. 
The 500-L drums are similarly crushed but then must be moved in a lead-shielded 
container. 

The waste embedding process involves first filling an 870-L drum with the 
waste packages. The drum is then placed on a vibrating table. A special cap is 
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inserted over the drum. This cap has an inlet for the bitumen-cement mixture and 
an exhaust pipe to allow the vapour to escape. Three pieces of L-shaped iron are 
welded under the injection cap to ensure a free space of at least 10 cm depth. 
For the drums containing the intermediate-level waste there is a special cover 
equipped with a 15-cm-deep metal shield. A second cover is then employed. This 
allows the cement-bitumen mixture to be injected through a central hole. 

The filling mixture of cement, bitumen and sand is first blended in a 500-L 
capacity mixer before being transferred to an 800-L capacity buffer mixer. The 
function of the second mixer is to keep the mixture homogeneous during the 
injection operation. 

Each batch of the injection mixture is made up from 300 kg crushed sand, 
150 kg dry Portland cement powder, 75 kg bitumen emulsion and 100 kg water. 
After filling with the cement-bitumen mixture, the container is taken to a 
ventilated area to dry for at least 48 h. The injection cover is then removed and 
the free space at the top of the drum is filled with fresh cement-bitumen mixture. 
The waste form is then allowed to dry for a further 15 days. After this a layer 
of pure bitumen emulsion is put on the top and the container is sealed with a 
bolted cap. In the case of drums containing intermediate-level waste the cap is 
set into the bitumen mixture. These drums can be moved around with the aid of 
a vacuum lift. 

The process is still being optimized but has been used on an industrial scale 
at Cadarache for several years. 

6.4.4. Embedding in polymers 

The polymer process operated at the Grenoble Research Centre is used to 
embed solid wastes. For example, the polyester mix is prepared in the drum and 
then the solid waste is immersed in the drum. As a rule, in this case inert matter 
(e.g. sand) must be added to minimize the shrinkage and to prevent the formation 
of cracks [5]. The operational experience with this process shows it to be a 
reasonable alternative to the cement-embedding process. 

6.4.5. Embedding on disposal site 

This method is used in the USSR for conditioning both solid and liquid wastes 
into a concrete (cement) monolith at the disposal site. The practice of this modifi
cation in the USSR is described in Refs [6, 7]. 

The technology consists of a number of consecutive operations. Solid waste 
is discharged into one of the waste-disposal units. After the unit is filled with 
solid wastes, the device for processing liquid waste is mounted. The cementation 
unit has a capacity of 15 m3 liquid waste/h, it consists of a metal rectangular cement 
silo with a capacity of 13 m3, a spiral conveyer to feed cement to the mortar-mixer, 
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a centrifugal pump, and a system of pipes for feeding the liquid waste into the 
vertical mortar mixer. The mortar mixture is prepared right above the discharge 
port and is poured directly into the disposal unit [6 J. 

The method has been used at the disposal sites in the USSR for more than 
10 years. It is very simple and inexpensive, but it requires the transport of liquid 
wastes from the place of origin to the disposal site, when both solid and liquid waste 
are embedded in the same disposal unit. 

6.5. OTHER PROCESSES 

6.5.1. Hot pressing processes 

Hot isostatic pressing (HIP) has been used to make dense synthetic mineral 
blocks from a wide range of particulate wastes [1,2]. These include fuel hulls in 
a suitable matrix (e.g. Mullite), insoluble residues from fuel dissolution, ion 
exchangers including zeolites and titanates [3], incinerator ashes, etc. 

These wastes are first dried, optional mineral formers added and the material 
placed in a metal container. The container is then hermetically sealed, usually 
under vacuum. If the material has been dehydrated and denitrated at 900°C or 
higher, evacuation can be made cold or omitted. Alternatively, the container can 
be evacuated at 750-800°C. The heating to the temperature required for final 
compaction is done in a gas-tight container under a high outside pressure of argon 
gas. This prevents any release of dust or fumes, which is a problem with 
conventional sintering or hot pressing and could contaminate the apparatus. 
Typical pressures used are 100 to 300 MPa and the working zone can be up to 
2 m3 in volume. 

Uniaxial pressing techniques are also being developed for direct immobilization 
of wastes. In the United Kingdom a semi-continuous process is being examined for 
sintering various wastes. These wastes include spent hydrous titanium dioxide ion 
exchanger, Magnox cladding scrap, barium sulphate floe, and stabilized zirconia 
from the disposal of Zircaloy cladding by dissolution. During pressing, temperatures 
between 100 and 1000°C and pressures of 7-14 MPa are used. To aid pressing, 
5-10 wt% additives are used. The resulting waste forms have an open porosity of 
less than 10% and a closed porosity of 5-10% [4-6]. 

6.5.2. The slagging process (Fig. 19) 

This process is able to incinerate any type of waste capable of forming slags, 
including incinerable low-level TRU waste (FLK incinerator, Mol) [7-9] . 

The shredded waste, which must contain at least 20% slag-forming matter, 
is charged to a furnace of cylindrical shape and incinerated at about 1500° C. This 
temperature is reached by internal heating with oil. Inside the furnace another 
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FIG. 19. Block diagram of the slagging process (Chap. 6.5 [ 7\). 

cylinder with a smaller diameter is coaxially positioned so that an annular-shaped 
space is formed. When the inner cylinder of the furnace rotates, the waste flows 
down the annular space. The off-gases are passed through an after-burner, cooled, 
scrubbed and released. The liquid slag is released from the bottom of the furnace 
to a water basin, thus forming small pellets. 

The facility is operated at an advanced pilot-plant scale. Up to now about 
8.5 t low-level waste have been incinerated and about 3.8 t pellets fabricated. The 
capacity of the unit is 53 kg/h. The factor for the volume reduction is 0.95. The 
ash content of the waste was about 46%. 

The slagging process has also been chosen for the treatment of TRU wastes 
at Idaho National Engineering Laboratory in the USA. 
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7. PROPERTIES OF THE IMMOBILIZED WASTE FORMS 

7.1. INTRODUCTION 

In the previous two chapters, a wide variety of immobilization matrices and 
several immobilization processes using these matrices are described for conditioning 
radioactive liquid and solid waste residues. The physical, chemical, and radiological 
properties of the waste forms prepared are important when considering their 
handling, packaging, intermediate storage, transport, and disposal; that is, during 
the operations comprising the management of immobilized waste. The inter
dependence of each operational step or decision in waste management is inescapable 
and optimization of the waste-management process requires a thorough under
standing of these interrelationships. To accomplish this, a data base must be 
generated that permits a systems analysis within the constraints of certain estab
lished criteria. 

In this chapter, as applied to the properties of immobilized waste forms, 
criteria mean those values, or range of values, which a form must have for particular 
properties in order to be acceptable for a given waste-management operation (as 
described in Chapter 8). For example, this could be a value for minimum density 
acceptable for deep-sea dumping, or the maximum permissible concentration of 
long-lived transuranic elements for shallow ground burial. These criteria are 
generally set by appropriate authoritative agencies. Standards that are used with 
respect to waste properties are applied using those methods for measuring proper
ties which have been promulgated or sanctioned by appropriate national or inter
national societies and organizations (e.g. IAEA, ISO, ASTM, DIN, etc.). The 
adoption of such standards is necessary if meaningful comparisons between various 
immobilized waste forms are to be made for the purpose of evaluation. Unfortu
nately, it is not always possible to express, on a common basis, much of the infor
mation that is now available on immobilized waste forms. Precise definitions of 
terms as well as definitive descriptions of the tests performed and any existing 
accepted standard methods that were used in the tests should be included if a more 
useful data base is to be established. Furthermore, a wider and more frequent 
exchange of information will foster a broader acceptance of uniform standards 
and criteria for judging the adequacy of immobilized low- and intermediate-level 
waste forms. 

In addition to transport regulations, the properties that are usually con
sidered of importance to the safety and economics of solidified low- and 
intermediate-level waste management are: 

(1) Leachability and long-term chemical stability; 
(2) Mechanical ruggedness, thermostability, and radiation resistance; and 
(3) Compatibility with container, and the water content and volume of the 

final waste form. 
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Low teachability is generally considered one of the most important proper
ties in the evaluation of an immobilized waste form since it represents the first 
barrier to the release of radionuclides to the environment over long periods. 
Considerable effort has been expended world-wide to develop immobilized waste 
forms with as low a teachability as practicable. Low teachability can reduce the 
amount of additional conditioning and surveillance that is required. Mechanical 
ruggedness is desirable, especially during transport, to reduce the probability of 
waste forms breaking into smaller pieces, since larger surface areas would be 
presented to the environment and such pieces would be more readily dispersed. 
Long-term chemical stability and radiation resistance are necessary if waste forms 
are to retain their original properties and pressurization of the container by radio-
lytic gases is to be minimal. Compatibility between the form and the container 
is necessary since, in part, it determines the life of the primary container; and in 
most cases, corrosion from the outside should far outweigh corrosion from the 
inside. Minimum volume (i.e. minimum voidage and the maximum percentage 
of waste in the form) is desirable primarily for economic reasons. As mentioned 
in Chapter 2, the economic aspects of waste management are important, but are 
specific to each site and are not considered in this report. 

There are differences of opinion concerning the relative importance of the 
properties considered desirable in immobilized waste forms. It is generally agreed, 
however, that the long half-lives of some of the radionuclides contained in these 
forms necessitate that they retain their initially desirable properties for sufficiently 
long periods to ensure that the radioactivity has decayed to acceptable levels. As 
pointed out in Chapter 8, the requirements or constraints imposed by the storage 
facility and disposal site can influence the choice of type and composition for the 
waste form. A knowledge of many physical, chemical, physico-chemical, and 
radiological properties of the form is required for understanding and controlling 
the immobilization process as well as for optimizing the packaging, transport, 
storage, and disposal of the immobilized wastes form. Values of these properties 
are needed as a function of the conditions (temperature, pressure, pH, etc.) 
encountered in all steps of the management of the waste. Each of these properties, 
with typical values, or ranges of values where these have been measured, are dis
cussed in the sections below. 

7.2. PHYSICAL PROPERTIES 

The physical properties of an immobilized waste form should always be 
considered in the selection of a disposal system. For example, the requirements 
imposed by deep-sea dumping are different from those for shallow ground burial; 
the statutory requirements for transportation and interim storage are again some
what different. Changes in external conditions, (e.g. temperature, pressure and 
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climate during storage, transport and disposal) may lead to changes in physical 
properties and hence affect radionuclide release. Among the physical properties 
that may require consideration are: 

(1) Waste/matrix ratio; 
(2) Homogeneity/heterogeneity; 
(3) Density; 
(4) Porosity and permeability; 
(5) Mechanical properties; 
(6) Thermal conductivity, and 
(7) Swelling/shrinking and freeze/thaw cycling. 

These properties and some observed effects associated with them in a range of 
immobilization systems are discussed below. 

7.2.1. Waste/matrix ratio 

If comparisons of physical properties are to be made it is necessary to know 
the relative loadings of waste in the final forms. This is sometimes reported in an 
ill-defined way and there is uncertainty as to whether the author means volume or 
weight fraction, on either a wet (presence of free and/or physisorbed water) or 
dry waste basis. Generally, the amount of solid, dry waste incorporated in a 
matrix is in the range 10-15% by volume, except in the case of conversion to 
ceramics where a volume reduction of the waste concentrate can be achieved. Some 
data on waste/matrix ratios for various binder materials are given in Table XIII1. In 
Table XIV, more detailed data are given for several ordinary types of waste 
incorporated in cement. Cement is the waste binder material with the longest 
history of use for low- and intermediate-level wastes and with the most informa
tion available. 

7.2.2. Homogeneity/heterogeneity 

In all cases the waste form under consideration consists of two or more 
phases, and uniformity of dispersion of either the waste or individual radio
nuclides in a matrix may affect the mechanical or physico-chemical characteristics 
of the final form. This property is not generally considered, except for a qualita
tive statement where, for example, there is gross phase separation as in bleeding 
or in stratification of insoluble components (e.g. resins) because of density dif
ferences. Four levels of inhomogeneity can be considered and Table XV is a 
summary of one such classification. 

1 See Appendix 1 for References cited according to chapter. 
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TABLE XIII. PERCENTAGES OF WASTE IN VARIOUS MATRICES AND 
SOME ASSOCIATED PHYSICAL PROPERTIES OF THE IMMOBILIZED 
WASTE FORMS 

Matrix material 

Cement 

Cement + additives 

Polymer/cement 

Ceramic 

Glass 

Bitumen 

Polyethylene 

Urea-formaldehyde resin 

Unsaturated polyester 
resin 

Epoxy resin 

Incorporated wastea 

%by 
weight*5 

< 2 d to 66 

15 to 25 

16.7 to 35.5 

90 to 95 

9 to 30 

25 to 80 

~ 3 0 

30 to 70 

8 to 70 

~ 4 5 

%by 
volume0 

10 to 90 

13 to 22 

f 

90 to 95 

15 to 45 

13 to 60 

~ 1 8 

15 to 90 

35 to 70 

- 5 0 

Density 
(kg/m3) 

1500 to 2300 

1300e to 2000 

1450 to 2090 

3500 to 5500 

2500 to 3000 

1060 to 1500 

~ 1 1 0 0 

1000 to 1300 

1040 to 1300 

~1100 

Representative range of reported values including all types of incorporated liquid and 
solid waste, i.e. evaporator concentrates, organic or inorganic ion exchangers, filter sludges, 
precipitates, incinerator ashes, etc. Data taken from various sources, including primarily 
Refs[l-4]. 
Mass of wet or dry waste per unit mass of immobilized waste form. 
Volume of waste concentrate per unit volume of immobilized waste form. 
The waste is cellulosic filter aid (see Table XIV). 
Grouts are a special class of cement products containing fly ash, clays, and other additives 
that result in solidified waste form densities that are low (i.e. ~ 1300 kg/m3). 
Not available. 

7.2.3. Density 

A value for the density of a product is useful and, in the case of deep-sea 
dumping, necessary (i.e. > 1.2 g/cm3). It is conceivable also that, if sufficient 
water were to accumulate in a shallow-land burial site, drum surfacing could 
occur owing to hydrostatic pressure if the product density were < 1.1 g/cm3. 
In the case of products that are less than the theoretical density (i.e. contain 
voids) it is necessary to describe the method of measurement and to specify bulk 
or apparent density. Comparative densities for a number of waste forms are shown 
in Table XIII. 
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TABLE XIV. TYPICAL COMPOSITION OF CEMENTED WASTE FORMS 

Waste type 

25 wt% Na 2 S0 4 

70 wt% NaN0 3 slurry 

30 wt% NaN0 3 solution 

Neutralized HN03-A1(N03)3 

2 0 - 2 5 wt% solids water treatment 
sludge 

30—40 wt% solids evaporator sludge 

Concentrated BWR reactor waste0 

400 g/L evaporator concentrate 

Acid digestion process residue 

AI2 0 3 -Zr02 calcine 

Fly ash 

Fe/Al hydroxide sludge (58 wt% 
water) 

Diatomaceous earth (67 wt% water) 

Linde AW-500 zeolite (40 wt% water) 

Amberlite 200 cation resin (50 wt% 
water) 

BWR bead resins, recommendede 

BWR bead resins, rangee 

f 
BWR filter sludge, recommended 

BWR filter sludge, range 

Weight % 

Dry waste 

8 

30 

10 

21 

5 to 12 

15 t o 2 1 

10 

15 

8 

66 

20 

51 

17 

38 

28 

14 

8 to 59 

10 

2 to 18 

in solidified forma 

Cement 

67 

57 

67 

58 

50 to 79 

48 to 63 

60 

52 d 

67 

27 

62 

16 

40 

31 

34 

55 

< 1 6 to 79 

41 

13 to 80 

Total water 

25 

13 

23 

21 

16 to 38 

22 to 31 

30 

33 

25 

7 

18 

33 

43 

31 

38 

31 

14 to 76 

49 

19 to 86 

a Calculated from data given in Ref. [5]. 
Miscellaneous flocculating and scavenging agents. 
Assumed to be ~25 wt% Na2S04. 
Includes 0.13 kg vermiculite/kg cement. 
Pre-neutralized with NaOH to prevent swelling and crumbling and containing about 
50 wt% water. 
Cellulose fibre filter aid, powdered resins etc., containing about 50 wt% water. 
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TABLE XV. A SUMMARY CATEGORIZATION OF THE DEGREE OF 
INHOMOGENEITY IN WASTE FORMS 

Level of phase 
separation 

Example Method of evaluation and 
presentation of results 

(1) Multiphase (a) Compacted trash, 

(b) Dewatered resins. 

(2) Macrophase (c) Can occur in polymer composites 
where entrained or chemical 
water is expelled [6]. 

(d) Cement/liquid waste composites, 
so-called bleeding [7]. 

(e) In ceramic monoliths where the 
waste (plus additives) may lead 
to gross phase separation, causing 
radionuclides to be preferentially 
distributed in one phase [8], 

(3) Microphase Particulate solid waste dispersed 
in a matrix — reflects also the 
effectiveness of the mixing stage 
[8]. 

(4) Ultraphase Cement/liquid waste composites 
[9] and direct conversion 
ceramics [8] in which the radio-
elements may have been incor
porated into a crystalline phase 
or appear as an insoluble phase. 

(a and b) Visual observation. 
Presented as either mass (or 
volume) per unit mass 
(or volume). 

(c and d) Visual determination 
of free water. Presented as a 
volume fraction or percentage. 

(e) By phase contrast micro
scopy. Presented as a phase 
distribution diagram. 

Point counting on photographs 
of sectioned core samples. 
Presented as a distribution map 
showing particle population 
density. 

Solid-state analysis, 
(e.g. electron probe microanalysis 
and X-ray diffraction). Presented 
as crystallographic data and phase 
distribution diagrams. 

7.2.4. Porosity and permeability 

Residual porosity in the waste form will affect other parameters such as 
the mechanical and physico-chemical properties (e.g. leach rate). Porosity is usually 
described as interconnected (open) or closed and a body may contain one or both 
types. Cement matrices contain intrinsic interconnected porosity that leads to high 
internal surface areas if the water/cement ratio is high^ Such porosity can be 
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measured directly and characterized in terms of permeability as a function of 
hydrostatic pressure. Ceramic final forms would ideally contain no interconnected 
porosity and less than 10% closed porosity. If interconnected porosity exists the 
method of measuring should be reported. Permeability is not necessarily a function 
of porosity, and materials such as bitumen and some polymers, which are essen
tially pore-free solids, will permit the passage of water. Reported data on the 
porosity and permeability of immobilized waste forms are meager. Typical closed 
porosity values of 2 to 8 vol.% are obtained for ceramics containing 90-95% (by 
weight or volume) of incorporated waste; ceramics do not exhibit interconnected 
porosity. Representative permeabilities of bituminized products containing 
25 to 80 wt% (or 13 to 60 vol.%) waste fall in the range of 1.4 X 10"10 to 
2.9 X 10"10 kg-s^-m"1 for water vapour and 2.0 X 10"10to 2.9 X lO'^kg-s^-m"1 

for liquid water [10]. 

7.2.5. Mechanical properties 

Certain minimum values for a range of mechanical properties are required 
if an immobilized waste form is to survive accidents or long-term stresses during 
handling, storage, transport and final disposal. In all waste forms the matrix is 
the continuous phase and will tend to determine the mechanical properties. The 
incorporated waste has a detrimental or beneficial effect depending on the particu
lar mechanical property and the proportion of waste incorporated. The mechanical 
properties of the final waste form will be determined by its resistance to the 
intrinsic ionizing radiation and the external environment, excursions of tempera
ture and/or pressure in the event of an untoward occurrence. 

Generally, only the compressive strength of a waste form has been reported, 
but occasionally the tensile strength in bending has been measured, and one or 
two laboratories have devised drop tests to simulate impact conditions. In such 
impact tests, the use of laboratory-scale (e.g. 100-mL) specimens may not truly 
represent full-scale conditions. The current degree of evaluation is insufficient 
if a proper description of the mechanical behaviour of the form is required. For 
example, cement and ceramic waste forms are described as brittle but the extent 
to which they will be friable will depend on the tensile strength. Bitumen is 
described as plastic and so in the long term could be prone to creep; conversely 
if the as-applied strain rate is of impact proportions it may behave like a glass 
and fracture. Polymers may be described as brittle or tough at normal tempera
tures, but if the glass transition temperature is traversed then a reversal in property 
will occur. In all cases the impact resistance is a function of fracture toughness and 
this property can be heavily dependent on the nature and quantity of added parti
culate phases. Compressibility is particularly relevant to polymer matrix products 
where water can be retained in the molecular structure. Urea-formaldehyde resins 
have been shown to release adsorbed water readily when compressed. Hardness 
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is another property worth consideration in the situation where a waste form 
becomes exposed to an erosive environment. 

Above all it is necessary to know how the mechanical properties of a waste 
form may change owing to the intrinsic ionizing radiation. There is no question 
of 'if in this case, because cumulative radiation effects begin immediately in the 
life of a form. Structural changes such as gas-bubble formation or embrittlement 
could have a dramatic effect on mechanical properties. Radiolytic gas bubbles have 
been observed in bituminized waste [11] but the effect on physical properties has 
not been reported. 

Table XVI has been so constructed that it illustrates the paucity of data as 
well as summarizes what has been found in the literature. In conclusion it is noted 
that many earlier comparative reviews of the literature tend to describe mechanical 
properties collectively and qualitatively in terms such as "good" or "poor", with 
no indication of the meaning of these terms. 

7.2.6. Thermal conductivity 

Significant heat generation generally occurs only in high-level waste, and 
thermal conductivity is not usually a required property in the assessment of low-
and intermediate-level waste forms. However, a situation could occur where 
thermal conductivity would be important (e.g. in the USSR, where the unit of 
immobilized waste form is expected to be 1000 m3, or in the USA, where con
sideration was given to pumping bituminized waste into concrete pits). In these 
cases core temperatures may get high enough to allow phase separation due to 
density differentials. Concentration of waste towards the bottom of the container 
would exacerbate the thermal effect. The volumetric heat generation rate from 
radioactive decay to a waste containing 103 Ci/m3 (aged mixed-fission products) 
is calculated to be about 3 W/m3. Fuel cladding hulls (containing neutron-induced 
radioactivity and contaminated with a few ppm of the spent fuel), when incor
porated in a matrix to the extent of about 35 vol.% hulls, have been calculated to 
have a volumetric heat-generation rate as much as 100 times greater (i.e. 
~ 300 W/m3 vs 3 W/m3). In practice these volumetric heat-generation rates 
coupled with the thermal conductivities of the solidified waste forms, the sizes 
of containers used, and the rate of heat loss to the environment, have caused no 
significant temperature rises in low- and intermediate-level waste forms. However, 
if a very large container is to be used, a high thermal conductivity is desirable and 
a detailed heat-transfer analysis must be made for the storage scheme. 

7.2.7. Swelling/shrinking and freeze/thaw cycling 

In the event that water gains access to the waste form in the long term, the 
sorption of water by the form could lead rapidly to full exposure of the form 
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TABLE XVI. MECHANICAL PROPERTIES OF IMMOBILIZED WASTE FORMS3 

Matrix material Compressive Tensile Impact Fracture 
material strength strength resistance toughness 

(MPa) (MPa) (J-m"1) (J-m~2) 

Cement 3.2 to 70 2 to 4 15 to 22 300 to 400 

Polymer cement 64 to 96 b 3 to 13 96 to 260 

Ceramic 1000 to 2000 100 to 300 b b 

Urea-formaldehyde 0.42 to 5 b b b 
resin 

Unsaturated 8.8 to 98 5 to 15 23 to 38 460 to 750 
polyester resin 

a Representative range of reported values including all types of incorporated liquid and solid wastes, i.e. evaporator concentrates, organic and 
inorganic ion exchangers, filter sludges, precipitates, incinerator ashes, etc. Data taken from various sources including primarily 
Refs [1,2,4,12,13]. 

" Not available. 



if the container bursts. The swelling of bitumen containing sodium sulphate waste 
residues has been reported [14, 15]. Also, the swelling or bursting of cemented 
waste forms containing residues that were not pretreated (e.g. sodium 
sulphate or ion-exchange resins) has been reported [14—17]. Wastes encapsulated 
in urea-formaldehyde resins may undergo weight loss and shrinkage upon exposure 
to air owing to evaporation of liquid [18]. Immersion in water for several weeks 
produces severe structural modification in urea-formaldehyde resin waste forms. 
Reference [14] reported no visible effect for polymer-waste mixtures, but indicates 
the possibility of flotation with residues like sodium borate. Reference [19] 
reported that thermosetting resins (polyester and epoxy) undergo only small 
variations when these materials are put under water for several weeks. The loss 
of weight was about 8% when encapsulating evaporation concentrates and 2% 
when conditioning spent ion-exchange resins. In both cases the increase in diameter 
was about 1%. 

In the case of wastes incorporated in cement matrices, the most important 
problem is the behaviour of the free water contained in the pores of cement, either 
at the moment of preparation or entering later from the environment. This aspect 
can be critical during the hard weathering cycles that normally occur in temperate-
zone countries. In the long term such entrapped water can produce cracking and 
mechanical degradation of the final waste form. The swelling/shrinking character
istics of cements with additives are not well known. In fact, very little data are 
available since most of these materials are at present only at the laboratory-
development stage. 

The effects of artificially produced weathering on urea-formaldehyde resins 
has been studied [20]. These studies included freeze/thaw effects and showed that 
these resins had very poor resistance to weathering and lost integrity after eleven 
6-h cycles. Usually, polyester resins are not appreciably affected by weathering. 

Where a waste form is stored outside or inside an unheated building, it may 
be necessary to determine its resistance to cyclic freeze/thaw conditions. No 
adverse effects were observed in tests [12] with cement or bitumen waste forms 
after continued storage in a freezer and cycling between —40°C and +20°C. The 
sample size and duration of the freezing and thawing cycles and the overall length 
of the tests (i.e. the total number of cycles) prior to making the observations, 
however, were not defined. The qualitative nature of this evaluation would suggest 
caution in acceptance, especially since the results appear to be contrary to those 
of other investigators. In Ref. [ 14] the comment was made that cement/waste 
forms may crack if porous. A summary of some of these reported observations 
is presented in Table XVII. 
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TABLE XVII. EFFECTS OF EXPOSURE TO WATER AND WEATHERING ON VARIOUS IMMOBILIZED 
WASTE FORMS 

Water 
resistance 
and compatibility 

Weathering 

Cement 

Wetting 
generally 
increased the 
hardness 
of concrete 

Normally good 
but the influence 
of free water and 
the w/c ratio is 
very important 

Cement with 
additives 

No empty pore 
present; very 
good water 
resistance 

Good because 
free water is 
evacuated 

Bitumen 

Good 
resistance 

a 

Polyesters 

After 10 
weeks sub
mersion 
increase in 
diameter 1%; 
increase in 
weight 2% 

Good freeze, 
thawing 
between —40 
and +20°C b 

Resins 

UF 

Loses water 
by evaporation; 
high permeability 
and friability 

Rapid loss of 
integrity under 
weathering cycle 

Not available. 
Qualitative evaluation, therefore caution advised in acceptance. 



7.3. CHEMICAL AND PHYSICO-CHEMICAL PROPERTIES 

The chemical and physico-chemical properties presented in this section are 
representative of those presently available. The properties discussed are considered 
the most significant ones from the point of view of waste form suitability during 
storage, transport and disposal. The compatibility of wastes with various 
matrix materials and of immobilized waste forms with container materials 
are important considerations in waste storage and disposal. Long-term 
chemical and/or radiation stability is often necessary to confine radio
nuclides until they have decayed to an acceptable level. Among the chemical 
characteristics that must be considered are fire resistance (i.e. ability to withstand 
oxidation) and leachability (i.e. ability to withstand dissolution) upon exposure 
to environmental waters. Fire resistance is especially important to safety during 
transport. 

7.3.1. Waste versus matrices chemical compatibility 

The chemical compatibility of the most common types of radioactive waste 
from research, fuel fabrication, reactor operation etc., with the solidification 
agents most commonly used for immobilizing them, is discussed in the following 
sections. Qualitative evaluations for the various combinations of waste and matrix 
[1—5 ] are summarized in Table XVIII. The designations (good, medium, and bad) 
are used to convey, respectively, that no extra attention is needed, that some 
special attention is probably required, and that a poor form is obtained no matter 
what is done to improve it. Organic liquids pose special disposal problems with all 
matrix materials, and to date the polyester resins have shown the greatest ability 
for immobilizing them successfully. 

7.3.1.1. NaN03/bitumen 

It is well known that nitrates can oxidize organics, sometimes with a vigorous 
exothermic reaction. Therefore, in the past, a number of studies [6—8] have been 
carried out to verify the safety of bitumen for incorporating nitrates, both during 
the incorporation process itself and during the management of the bituminized 
waste in later storage, transport, and disposal steps. The results of these studies 
show that safety can be guaranteed if the process temperature is strictly controlled 
(not greater than 200°C). In addition to nitrates, there are other chemicals (e.g. 
Mn02 , see Section 7.3.3) which can enhance the oxidation of bitumen under 
certain conditions. The concentration of such chemicals in the waste must be 
known and controlled. 
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00 TABLE XVIII. WASTE/MATRIX CHEMICAL COMPATIBILITY3 

Material 
incorporated 

Type of chemical: 

Borates 

Na2S04 

NaN03 

Nitrates 

NH4NO3 

Phosphates 

Carbonates 

Reductants 

Oxidants 

Complexing agents 

Soaps 

Type of waste: 

Organic liquids 
Ion exchangers 
Sludges 
Filter cartridges 
Hulls 
Large items 

Cement 

Good with 
additives (1) 

Medium (2) 

Good (3) 

Good 

Bad 

Good (5) 

Good 

No effects 

No effects 

Bad(8) 

Bad 

Bad 
Medium 
Good 
Good 
Good 
Good 

Bitumen 

Good 

Medium 

Medium (4) 

Bad 

Bad 

Good (5) 

Good 

Medium (6) 

Medium (7) 

b 

b 

Medium 
Medium 
Good (9) 
b 
b 
Good 

Matrix compatibility 

Polyester 
resins 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

Good 

b 

Good 

b 

Good 
Good 
Good 
Good 
b 
Good 

Urea-formaldehyde 
resin 

Good 

Bad 

Medium 

b 

b 

b 

Bad 

b 

b 

Bad 

Bad , 

Bad 
Bad 
Good (10) 
b 
b 
Good 

Cement with 
additives 

Good(l) 

Medium 

Good 

Good 

Bad 

Good 

Good 

b 

b 

Bad 

Bad 

Bad 
Medium 
Good 
Good 
Good 
Good 

Obse: 

(1) 

(2) 
(3) 
(4) 

(S) 
[6] 

(7) 

(8) 
(9) 

(10) 

rvations 

Additives such as 
calcium salts. 
25 g/L maximum. 
150 g/L maximum. 
Good with precautions -
nitrate concentration 
to be controlled - be 
careful with presence 
of reductants. 
250 g/L maximum. 
With precaution -
concentration to be 
controlled. 
Caution with Mn02 

sludges. 
If>0.5g/L. 
If > 1.0 g/L. 
Good if pH is strictly 
controlled. 

Good means that no special attention is required. Medium means that some special attention is probably required. Bad means that a poor waste 
form is obtained no matter what is done to improve it. Evaluation gleaned from data in various sources including primarily Refs [1—5]. 
Not available. 



7.3.1.2. Ion-exchange resins/bitumen 

The ion-exchange resins used in the nuclear industry are in the form of either 
beads or powders which are dehydrated during incorporation in bitumen. These 
dehydrated ion-exchange resin particles can re-adsorb water from the environment 
during storage or disposal, thus swelling [9] and markedly reducing the mechanical 
properties of the bituminized waste forms. 

7.3.1.3. Urea-formaldehyde resins 

This type of matrix was developed in the USA, and currently several vendors 
are offering it commercially there. Since the process for incorporating radioactive 
wastes in urea-formaldehyde resins was pioneered and developed by privately 
owned companies, a large part of the data needed to fully evaluate the process 
remains proprietary. This has resulted in much of the scientific data on the urea-
formaldehyde resin process being unavailable in the open literature. Thus, a 
comparison of its fundamental properties with those of other matrix materials 
is difficult. Experience has shown, however, that the existence of free (i.e. 
unbound) liquid in packages of apparently solidified waste forms has been a 
significant problem. Vendors of the process have used various means, including 
removal of the excess liquid by pumping and the addition of sorbents, or other 
reagents, to alleviate the problem. Not much has been written to date about the 
success or failure of the additives used to improve the urea-formaldehyde 
resin/waste solidification process. 

7.3.1.4. Borates 

The solidification of borate wastes has caused problems in the past. In 
particular, they retard the setting of cement. At present, this is overcome by 
neutralizing to high pH (~ 12) or by using special additives (e.g. complexing 
agents and calcium salts) which can abate the effects of borates in cement. 
However, for optimization, more work should be done towards increasing the 
ratio of borate to cement in the immobilized waste forms. Bitumen and polyester 
resins, for the most part, have shown good compatibility with borates. 

7.3.2. Matrix/container compatibility 

The most widely used containers are constructed of either concrete or 
ferrous alloys. The concrete containers can be used satisfactorily when cement, 
concrete, or grout is used to incorporate waste, but some minor effects can occur 
due to shrinkage of the matrix. Concrete containers, on the other hand, are not 
suitable for the urea-formaldehyde resins because of the acid catalysts used to 
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TABLE XIX. MATRIX/CONTAINER COMPATIBILITY 

Cement 

Cement with 
additives 

Bitumen 

Resin 
Urea-formaldehyde 

Polyester 

Metallic 
drum 
(mild steel) 

Good 
compatibility 

Good 
compatibility 

Good 
compatibility 

Possible reaction 
of acidity with steel 

Excellent 
compatibility 

Metallic 
drum with 
resin coating 
on inside 

Excellent 
compatibility 

Excellent 
compatibility 

Excellent 
compatibility 

Compatibility 
is excellent if 
coating is well done 

Suitable but not 
used 

Concrete container 

Good compatibility 

Good compatibility 

Introduction of waste/ 
bitumen at high temperature 
may evaporate water in the 
container structure causing 
weakness 

Acidity of resin can react 
with waste container 

Good compatibility 

Polymerr. 
impregnated 
concrete 
(PIC)a 

Good 
compatibility 

Good 
compatibility 

Good 
compatibility 

Good 
compatibility 

b 

a PIC containers for radioactive waste forms are in a development stage. 
b No data available. 



set the resins. Also, the introduction of a waste/bitumen mixture at elevated 
temperature (e.g. 120 to 160°C) could possibly cause damage (e.g. cracking or 
steaming) in a concrete container. Metallic containers can be attacked by action 
of the acid catalyst required for polymerization of urea-formaldehyde resins and 
therefore may not be completely satisfactory in this case. The other matrix 
materials mentioned previously can usually be contained in metal without 
problems. 

Containers made of polymer-impregnated concrete (PIC) are being developed 
in several countries (e.g. BNL, USA; JAERI, Japan; CNEN, Italy). Containers 
made of this material show promise with respect to chemical resistance, permeabi
lity, and mechanical properties. Nevertheless, there is at present a lack of published 
information which precludes full comparison of PIC with other container materials. 
General observations on the compatibility of commonly used matrix materials 
with currently available containers are summarized in Table XIX. 

7.3.3. Fire (oxidation) resistance 

A knowledge of the flammability of an immobilized waste form is important 
to safety in handling and is also necessary in meeting the criteria of the various 
regulatory bodies that govern its transportation. One way of determining flamma
bility characteristics is the ASTM D63 5-74 test. Specimens in the form of strips 
(125 mm long, 12.5 mm wide and 8 ± 1 mm thick) are submitted to a Bunsen 
burner flame for 30 s. The duration of the residual flame and the extent of burning 
are then measured. The flammability of powdered ion-exchange/urea-formaldehyde 
(UF) resins was reported as negligible when this test was used [10]. The thermal 
characteristics of various waste forms have also been determined by use of a 
differential scanning calorimeter [11]. In these studies, urea-formaldehyde waste 
forms exhibited ignition temperatures around 300°C. Ignition temperatures of 
resins (anion and cation) were relatively high (400 to 600°C) except for anion-
exchange resin in the nitrate form which ignited about 250°C. These and other 
pertinent data are summarized in Table XX. 

Some preliminary test data have shown that wastes immobilized with modi
fied vinyl ester (a polyester) resin can withstand a high temperature, 538°C, for 
a short time [6], as required by IAEA and US DOT regulations. In a simulated 
transportation accident, one-gallon specimens of immobilized waste in cans were 
actually exposed to burning fuel oil. Weight losses of ~ 6 to 9% appeared to be 
due to steam released from the samples, since none of the samples were charred 
enough to account for the total loss; also, the tops were forced off all capped 
containers. Testing the samples with the container removed was the most 
severe condition, and weight losses ranged from 12 to ~ 13%. The surface of 
these samples charred but the specimens did not burn, even when the burning 
time was 20 min. None of the samples tested supported combustion after the 
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TABLE XX. FLAMMABILITY DATA3 ON SIMULATED UREA-FORMALDEHYDE (UF) 

RESIN AND BITUMEN WASTE FORMS (duPont DSC analyses) 

Partial 
Sample Matrix Waste Per cent heat of 
number material additive additive combustion 

(cal/g) 

UF-1 

UF-2 

UF-3 

UF-4 

UF-5 

UF-6 

UF-7 

UF-8 

UF-9 

UF-10 

UF-11 

AS-l b 

AS-2C 

UF resin 

Bitumen 

0 

Water 

Water 

Boric acid 

Boric acid 

Boric acid 

Boric acid 

Sodium nitrate 

Sodium nitrate 

Sodium nitrate 

Sodium nitrate 

0 

0 

0 

50 vol.% 

67 vol.% 

24wt% 

48 wt% 

58 wt% 

48 wt% 

31 wt% 

23 wt% 

47 wt% 

32 wt% 

0 

0 

1610 

731 

353 

233 

218 

137 

115 

380 

273 

291 

307 

2074 

2067 

300 

295 

300 

325 

325 

310 

315 

310 

305 

305 

300 

400 

400 

360 

390 

345 

- 4 0 0 

- 3 9 0 

~ 3 9 0 

- 3 9 0 

350 

345 

345 

335 

455 

465 

Ignition 
temp. 
(°C) 

Combustion 

temp. 
(°C) 



AS-3 

AS-4 

AS-5 

AS-6 

AS-7 

AS-8 

AS-9 

AS-10 

AS-11 

AS-12 

AS-13 

Boric acid 

Boric acid 

Boric acid 

Boric acid 

Sodium sulphate 

Sodium sulphate 

Sodium nitrate 

Sodium nitrate 

Sodium nitrate 

Sodium nitrate 

Sodium nitrate 

31 wt% 

46 wt% 

19 wt% 

31 wt% 

30 wt% 

48 wt% 

19 wt% 

27 wt% 

33 wt% 

39 wt% 

44 wt% 

1443 

1139 

1697 

1213 

1427 

1429 

1297 

1893 

746 

816 

809 

400 

425 

415 

410 

420 

430 

470 

425 

395 

380 

420 

465 

495 

500 

490 

500 

505 

520 

515 

475 

455 

455 

a Taken from Ref. [11]. 
Blackote brand roofing asphalt containing thinning solvent. 

c Pioneer-221 steep roof asphalt used for samples AS-2 through AS-13; contained no thinning solvent. 



TABLE XXI. DETERMINATION OF FIRE RESISTANCE OF 20-kg SPECIMENS OF 
WASTE/RESIN MIXTURES3 

Parameter 

Matrix resin 

Duration of experi
ments (min) 

Temperature (°C) 

Loss of weight (%) 

Thickness of 
carbonized layer 
(mm) 

Evaporator 
from PWRs 

Polyester 

35 

830 

4 

5 

Nature of the immobilized wastes 

concentrates 

Epoxy 

18 

950 

12 

_ 

Evaporator 
concentrates 
from BWRs 

Polyester 

30 

600 

7.7 

2 

Ion-exchange 

Polyester 

25 

600 

7.7 b 

2 

resins 

Epoxy 

15 

980 

19b 

_ 

Filter 

sludges 

Epoxy 

18 

900 

24.6 c 

— 

a Taken from Ref. [9]. 
A large part of the weight loss is due to evaporation of trapped water in the IX resins. The resins initially contained ~50 wt% water. 

c A large part of the weight loss is due to evaporation of water. Conditioned sludges initially contained ~70 wt% water. 



fuel oil fire burned out [12]. Similar pilot-plant studies in which various types 
of radioactive wastes were incorporated into polyester or epoxy resin matrix 
material [13] tend to corroborate the results described for the vinyl ester resin 
(see Table XXI). In these pilot tests 20-kg specimens were exposed to burning 
petrol for 15 to 30 min. 

Another type of test that was used for determining the heat resistance of 
an ion-exchange UF resin composite entailed heating the specimen in an oven 
for 10 min at 800°C. In this case the specimen carbonized and shattered [10]. 
In a similar test [9], cement containing IS to 19% by weight of dry granular 
ion-exchange resin collapsed after 1/2 h at 500°C. 

The other widely used matrix for low- and intermediate-level waste immo
bilization, bitumen, is flammable. The poor fire resistance of bitumen is well 
known and is probably its worst feature. Experience has shown that when 
oxidizing salts (e.g. Mn02 or NaN03) are mixed with bitumen, the burning 
rate is increased [ 6 - 8 ] . In differential scanning calorimeter tests [11], the 
ignition temperatures for bitumen and bitumen waste forms containing salts, 
including sodium nitrate, were found to be approximately 400°C. There was 
no significant lowering of the ignition temperature below that of bitumen itself 
upon incorporation of these salts into bitumen. These and other related data are 
summarized in Table XXII. For purposes of comparison the qualitative fire and 
heat resistance properties of several immobilized waste forms are shown in 
Table XXIII, which also shows the resistance of these materials to biodegradation 
which may be considered as a slower form of oxidation. 

7.3.4. Leaching-rate values 

The leaching rate of immobilized wastes can be measured by several methods. 
Four main methods have been generally accepted: 

(1) A rapid leaching test carried out with laboratory samples using an extractor 
of the Soxhlet type (72-h residence time, at 100°C, according to ISO recom
mendations [14]). This method is generally used for relative comparison 
of formulations under development. 

(2) A long-term leaching method carried out with laboratory samples according 
to IAEA recommendations [15]. This method has also been taken by the 
ISO as a basis for its proposed standard method [16]. 

(3) A long-term method (not yet standardized) that is carried out with a full-
scale waste form without container following the IAEA recommendations 
as far as the leaching water renewal frequency is concerned [11]. This method 
has been developed and used in France, mainly for the purpose of evaluating 
the long-term radiological risk of radioactive waste disposal practices. 
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TABLE XXII. COMBUSTION CHARACTERISTICS2 FOR BITUMEN, RESIN, AND 
BITUMEN-RESIN MIXTURES (METTLER DSC, ANALYSES) 

Sample 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Sample 
composition 

Anion resin 
chloride form 

Anion resin 
chloride form 

Bitumen with 
chloride-type resin 

Bitumen with 
chloride-type resin 

Anion resin 
nitrate form 

Anion resin 
nitrate form 

Bitumen with 
nitrate-type resin 

Bitumen with 
nitrate-type resin 

Anion resin 
hydroxyl form 

Anion resin 
hydroxyl form 

Resinb 

content 
(wt%) 

100 

100 

31 

31 

100 

100 

47 

47 

100 

100 

Sample 
weight 

10.5 

6.4 

5.7 

11.3 

5.3 

9.8 

4.4 

6.7 

6.6 

11.7 

Partial 
heat of 
combustion 
(cal/g) 

1869 

2007 

3389 

1933 

2830 

3240 

3481 

3434 

2187 

2169 

Exotherm 
initiation 

temp [DSC] (°C) 
1 2 3 

420 

420 

405 

360 

230 

220 

230 

230 

400 

400 

- -

455 

- -

475 

420 

420 

425 

450 

460 

425 

Flame 
ignition 
temperature 
[visual] (°C) 

500 

500 

-

-

260 

260 

250 

250 

— 

-

Combustion 
temperature 
(°C) 

550 

540 

530 

525-555 

>500 

550 

>500 

535 

545 

550 



11 Bitumen with 42 5.6 3 487 340 435 - - 540 
hydroxyl form resin 

12 Bitumen 0 5.5 3 901 365 420 - 415 540 
(Pioneer-221) 

13 Bitumen 0 10.4 2 824 350 390 - 415 540 
(Pioneer-221) 

14 Bitumen 0 c 10 200d c c c c c 
(Pioneer-221) 

15 Cation-exchange 100 5.9 12 600 340 430 500 610 545 
resin (sodium form) 

16 Cation-exchange 100 7.4 10 700 340 450 515 610 >550 
resin (sodium form) 

a Taken from Ref. [11]. 
Dowex SAR, except samples 15 and 16 which used Amberlite 200 macroreticular cation resin. Bitumen binder is Pioneer-221 asphalt. 

c Not applicable. 
Bomb calorimeter used for this sample. 
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TABLE XXIII. RESISTANCE OF IMMOBILIZED WASTE FORMS3 TO OXIDATION 

Waste matrix material 
Fire resistance 

Property 

Heat resistance Biodegradation 

Cement 

Cement with additives 

Bitumen 

Resin 
Urea-formaldehyde 

Polyester 

Epoxy 

No flammability, but 
incorporated ion-
exchange resins 
might be flammable. 

Self-extinguishing flame. 

Ignition temperature 
is ~400°C. 

No self-sustaining combustion 
upon removal from flame after 
30-s exposure. 

Upon exposure to flame for 
up to 20 min, charring, 
but no burning occurs. 

No burning or charring 
reported after 15 to 18 min 
at 950°-980°C. 

Good if long-term 
temperature is 
less than 200°C. 

Moderate if tempera
ture is less than 400°C. 

Carbonizes and shatters 
when heated in an oven 
for lOminat 800°C. 

Exterior carbonizes to 
a depth of a few mm after 
heating at 600°C for 
25 min. 

After heating to >900°C 
for 15 to 18 min, weight 
losses of ~8 to 25% were 
observed with 20-kg 
specimens. The loss was 
assumed to be water. 

No marked effects 
by microorganisms. 

No effect after one 
year; no more 
available data, 
c 

a In this table no consideration is given to the oxidation (e.g. corrosion) of the waste container. Observations from various sources 
including primarily Refs[10—13]. 
No available data, but probably similar to cement. 
No available data. 



TABLE XXIV. SOME LEACHING-RATE TEST RESULTS a FOR CEMENT, BITUMEN, AND 

THERMOSETTING RESINS 

Leaching 
test method 

Rapid leaching 
using Soxhlet 
extractor 

Long-term 
leaching 
using IAEA 
method on 
small samples 

Long-term 
leaching using 
IAEA method on 
large samples 

Radioelement 

Caesium 

Cobalt 

Caesium 

Strontium 

Cobalt 

Plutonium 

Caesium 

Strontium 

Plutonium 

Cement 

10"' to 10"2 

5X lO'2 

10"3 

10"s 

c 

10"s 

10"2 to 10"3 

< 1 0 " 3 

< 1 0 " 6 

Leaching rate (cm/d) 

Bitumen 

c 

d 

3 X 10"6 

2X 10"s 

7X 10"5 

< 1 0 " s 

1.5 X 10"6 

c 

6X 10"7 

Resin 

Polyester 

c 

c 

1.3 X 10"7to 
5 X 10"6 

3 X 1 0 " 6 to 
5X 10"* 

7X 10"7to 
I X 10"5 

c 

d 

c 

UF 

c 

c 

8 X 10"3 

1 X 10"4 

1.8 X 10"5 

c 

c 

c 

Cement 
with 
additives 

10"2 

5 X 10"3 

1.2 X 10"5 

3.2 X 10"7 

1.5 X 10"s 

c 

c 

Data taken from various sources including primarily Refs [3, 19]. 
Non-radioactive CsN03. 

c Not available. 
In progress. 
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(4) A static leaching test using laboratory samples has been proposed [17] by 
the Materials Characterization Center (MCC) in the United States. This 
method is different from all the above in that it neither circulates nor 
replaces the leaching water. A round robin to evaluate this test is in 
progress. 

A standard test, similar in some respects to the second method above, but of 
shorter duration, is being developed by the American Nuclear Society [18]. 

The leaching results obtained with laboratory samples cannot be easily 
extrapolated to an actual situation because of the lack of a consensus among 
investigators concerning leaching mechanisms. Thus, the third method could 
be a useful one in performing safety and risk analyses. Recently there has been 
evidence that the leaching rates obtained with small samples are often higher than 
those obtained at full scale [19], as the values reported in Table XXIV demonstrate. 
A comparison of some leaching rates that have been reported [20,21] for 
numerous materials proposed for solidifying radioactive wastes is shown in Fig.20. 
Matrix materials that up to now have been considered only for incorporation of 
high-level wastes (HLW) are included for the sake of completeness. 

The scatter in the data in Table XXIV and Fig. 1 suggests that a world-wide 
co-operative research effort is needed if useful evaluations of leaching results are 
to be made. Leaching, which can occur when water contacts a waste form, is an 
important mechanism in the dispersal of radioactivity. Thus, leach testing has 
been recognized as a primary technique for evaluating the suitability of a waste 
form and for comparing waste forms. Evaluations of leaching-rate data, however, 
are difficult for many reasons, the most important of them being: 

(a) Leaching can proceed by several concurrent mechanisms (such as diffusion, 
dissolution, erosion, etc.), the relative contribution of which may change 
with time, temperature, impurities in the water, matrix material, the radio
nuclides of interest, and other variables; 

(b) The actual leaching conditions which a waste form will encounter during 
its sound life are but imprecisely known with postulated conditions varying 
widely; 

(c) Investigators of waste forms have tended to use leaching-rate test procedures 
unique to their own studies, making comparisons difficult. 

7.4. RADIOCHEMICAL PROPERTIES 

The physical or chemical characteristics of immobilized waste forms can 
change as a result of a-, /?-, and 7-radiation. Some matrices now in use for waste 
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TABLE XXV. CALCULATED RADIONUCLIDE DISTRIBUTION 
IN SOLID WASTES FROM LIGHT-WATER-COOLED REACTOR PLANTS3 

AFTER 180-DAY DECAY 

Nuclide 

89Sr 

^ S r 
9sZr 
103Ru 
I06Ru 
I27m-p 

129lTlrp 

134Cs 
137Cs 
141Ce 
144Ce 
5ICr 
S4Mn 
55Fe 
59Fe 
S8Co 

^ C o 

Total 

Half-
life 

52.7 d 

27.7 a 

65 d 

39.5 d 

368 d 

109 d 

34.1 d 

2.0 a 

30.0 a 

32.5 d 

284 d 

27.8 d 

303 d 

2.6 a 

45.6 d 

71.4 d 

5.3 a 

Decay 

energy 
(MeV) 

1.47 

0.546 

1.12 

0.75 

0.04 

0.089 

0.106 

2.06 

1.18 

0.58 

0.32 

0.75 

1.38 

0.231 

1.56 

2.31 

2.82 

Activity'' 
after 
180-day decay 
(Ci/aperBWR) 

49 

90 

1.1 

-

2.1 

1.6 

-

130 

120 

0.25 

5.1 

0.60 

13 

800 

6.6 

130 

200 

1.6 X 103 

% Total 
activity 

3.16 

5.81 

0.07 

-

0.14 

0.10 

-

8.39 

7.75 

0.02 

0.33 

0.04 

0.84 

51.63 

0.43 

8.39 

12.91 

100.0 

Activity13 

after 
180-day decay 
(Ci/a per PWR) 

2.0 

2.7 

0.64 

0.10 

1.7 

11 

1.3 

2.8 X 103 

2.7 X 103 

-

4.2 

0.35 

22 

200 

1.8 

120 

280 

6.1 X 103 

% Total 
activity 

0.03 

0.04 

0.01 

0.00 

0.03 

0.18 

0.02 

45.54 

43.92 

-

0.07 

0.01 

0.36 

3.25 

0.03 

1.95 

4.55 

100.0 

a Two 3500-MW(th) reactors per station in each case. 
b Values taken from WASH-1258, Vol. 1, pp. 2-156 and 2-158. The differences in the 

activity spectrum for the two types of LWRs can be explained mainly by the escape rate 
coefficients assumed for the releases of fission and corrosion products to the primary 
coolant. 
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FIG.21. Cumulative radiation dose for light-water-cooled fa) BWR and (b) PWR plant 
wastes as a function of initial activity level and time. (Taken from NUREG/CR-0619: 
BNL-NUREG-50957, p.85). 

immobilization undergo significant changes at high (~109 rad) absorbed radiation 
doses. However, in some cases, it is primarily the incorporated waste that is 
affected by the irradiation. Thus, the characteristics of the waste/matrix mixture 
may be altered at some dose level. 

Because of their relatively long half-lives, 60Co, 137Cs, and 90Sr are the most 
important radionuclides in low-level wastes that must be immobilized over a long 
term. The calculated radioactive compositions of incorporated solid (wet and dry) 
wastes from BWRs and PWRs after 180-day decay [ 1 ] are presented in Table XXV. 
The dose-rate, and therefore the expected maximum absorbed dose due to these 
nuclides, changes as a function of decay time. In Fig.21 this relationship is shown 
for BWR and PWR wastes over a thousand-year period [ 1 ] for initial total activity 
concentrations ranging from 0.35 to 3500 Ci/m3 (0.01 to 100 Ci/ft3). For most 
immobilized low-level reactor wastes, an integrated dose of 108 to 109 rad over 
a period of approximately one hundred years is considered a reasonable maximum. 
Experimental results have shown that, in general, most low- and intermediate-level 
wastes immobilized in any of the currently considered matrix materials (i.e. cement, 
bitumen, and urea-formaldehyde, polyester, and epoxy resins) can withstand such 
radiation doses under the conditions now envisioned for storage and disposal [1—4]. 
Furthermore, limitations on the permitted surface dose-rates of waste packages, 
coincidentally, may put constraints on the total amount of penetrating activity 
that can be contained. The effect of a-radiation on immobilized low- and 
intermediate-level waste forms is not too well known. Some such studies have 
been made on cement waste forms [5] but corresponding data for other waste/ 
matrix mixtures are not readily available. The effects of internally contained 

113 



radiation on various immobilized waste forms will be discussed below for each 
matrix material that has been generally considered suitable for low- and 
intermediate-level waste immobilization. 

7.4.1. Cements 

There seems to be little evidence that the absorbed radiation dose in waste/ 
cement mixtures causes significant changes in the physical or chemical charac
teristics. There is a possibility that high radiation doses absorbed in incorporated 
ion-exchange resins might lead to changes in the resin structure which could result 
in swelling. However, as mentioned above, in some cases the restrictions on 
surface dose-rate of a packaged waste form may limit the amount of activity 
which can be mixed with the cement. The radiation stability of polymer-
impregnated cement has been tested [6]. Under the conditions used, no significant 
effects were observed at an integral dose of 108 rad which corresponds to an initial 
concentration of 5 X 103 Ci/m3 of aged fission products going to complete decay. 

Radiolytic gaseous products will be produced if water, nitrates, sulphates, 
hydrates, or other non-radiation resistant compounds are present [7]. Because 
of its porosity, concrete tends to absorb such gaseous radiolysis products [5]. 
Also, recombination of the species produced limits the pressure rise due to gas 
formation [5]. In general, waste/cement mixtures containing less than 103Ci/m3 

are not expected to suffer from radiolytic gas release. 
Other studies [3] have shown that ordinary Portland Type I, Portlandpozzo-

lanic, and high-alumina cements displayed hydrogen generation rates of 600 to 
1400 cm3 (STP) per year for each curie of a-activity (5.2 MeV particles) present. 
The G(H2) value was not affected by dose-rate or by pH. However, decreasing the 
water-to-cement ratio, either initially or by raising the temperature to 70°—100°C, 
or adding nitrate, nitrite, or organic acids, decreased the G(H2) value. Specimens 
doped with solid 238Pu a-emitter had lower G(H2) values than similar specimens 
prepared with the 238Pu in solution. Normally, a-activity is not a major concern 
in the immobilization of nuclear power plant wastes. In practice, the effect of 
irradiation is not the limiting factor for activity content in concrete. The con
sideration of leaching characteristics (Sections 7.3.4 and 7.4.4) may limit the 
activity more than any other factor. 

7.4.2. Bitumen 

Of the immobilization matrices, bitumen has undergone the largest number 
of investigations into property changes caused by ionizing radiation. At high dose-
rates, breakdown of the physical/chemical structure of bitumen products is mainly 
due to the formation of highly reactive radicals. This in turn may lead to changes 
in properties such as: 
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(1) Density; 
(2) Porosity; 
(3) Viscosity; 
(4) Penetration; 
(5) Softening point; and 
(6) Leach rate. 

The formation of radiolytical gases in bitumen is of particular interest 
because of its high hydrocarbon content. The release of gases is in itself a poten
tial problem but, in addition, it is one of the causes of change occurring in physical 
properties (e.g. the change in density owing to swelling). 

Under certain conditions irradiations up to 108 rad may improve the waste 
form quality, but at higher doses the physical/chemical structure will inevitably 
start to decompose. The degree of physical or chemical change that is induced 
by irradiation depends on several factors, mainly: 

(1) Type of bitumen; 
(2) Type and amount of waste; and 
(3) Integral dose. 

Speaking broadly it is known that in many bitumens the radiolytic yield for 
the sequence C 2H 6-C 2H4-C 2H 2-C 6H 6 decreases in the order 1-0.80—0.15—0.01. 
When hard bitumen is irradiated the radiolytic gases cause mechanical tension 
which results in the formation of open pores accompanied by easy release of gases. 
In more elastic bitumens the formation of open pores is more difficult. In this 
case the gases remain within the body in closed pores and cause an increase in 
volume, as shown in Table XXVI. Irradiation tests on two types of bitumen used 
in the USSR (BN-III and BN-IV) show that BN-III is more highly oxidized and 
contains a smaller fraction of aliphatic hydrocarbons than BN-IV. The release of 
gases, mainly hydrogen, was three times higher with BN-IV than with BN-III. 
Since BN-IV is harder, the increase in volume was smaller than that of BN-III. 

In the USSR, studies of gas release from waste/bitumen mixtures were also 
made by observing blocks prepared from actual wastes. The mixtures contained 
60 wt% bitumen BN-III and 40 wt% sodium nitrate and varying amounts of 90Sr. 
The results obtained during five years are presented in Fig.22. Mixtures with 
0.15 Ci/kg became irradiation stable after two years while gas release from mixtures 
with higher activity levels gradually became smaller. The same waste/bitumen 
mixture (60 wt% BN HI/40 wt% NaN03) was also irradiated with an external 
source of 60Co, the dose-rate corresponding to a 90Sr activity of 73 Ci/kg of 
material. The composition of gases is given in Table XXVII. 

In France, irradiation of straight-run distillation bitumens to 108 rad 
(720 rad/s from 137Cs) showed a higher degree of swelling with soft bitumen. 
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TABLE XXVI. EFFECTS OF 7-RADIATION ON DIFFERENT TYPES 

OF BITUMENa 

Type of 
bitumen 

Pressure 
(atm) 

Increase in 
volume 
(%) H2 

Gas produced 
(vol%) 

CH4 CO 

BN-HI 

BN-IV 

1.42 

1.24 

18.0 

2.6 

3.5 

10.0 0.02 

0.05 

0.40 

a The total dose was 7 X 106 rad from a ̂ Co source at a dose-rate of 8 rad/s [8]. 

_ +0.2 

u: 
< -0.2 

1.54 Ci/kg 

15.4 Ci/kg 

1500 days 

0.15 Ci/kg 

FIG.22. Gas release from bituminous materials (60 wt% bitumen BN-III and 40 wt% NaN03) 
with various specific activities of^Sr. 

TABLE XXVII. COMPOSITION OF RADIOLYTIC GASES IN 

VOLUME PER CENT 

Gas 

Pure BN-III 

Material 

60% BN-IH + 40% NaNQ3 

H2 

CH4 

C2H6 + C2H4 

co2 

10.6 

2.5 

0.9 

0.13 

15.2 

2.5 

1.0 

0.14 
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TABLE XXVIII. THE CHANGES IN CHEMICAL COMPOSITIONS OF 
BITUMEN TYPES BIP-85/40, BIT-15 AND BIT-45 AS A 
FUNCTION OF ABSORBED DOSE 

Constituent 

Asphaltenes 

Oils 

Resins, soft 

Resins, hard 

Total 

106 

23 

49 

19 

8 

99 

BIP-85/40 

5X 10s 

24 

42 

23 

8 

97 

Composition (%) 

106 

20 

31 

35 

13 

99 

BIT-15 

5X 108 

19 

34 

31 

15 

99 

106 

17 

41 

28 

11 

97 

BIT-45 

5X 10* 

17 

37 

33 

11 

98 
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FIG.23. Hardening of bitumen and bitumen-salt mixtures on irradiation with 10-Me V 
electrons. The values in brackets are the softening points of the non-irradiated samples. 
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TABLE XXIX. THE CHANGES IN PHYSICO-CHEMICAL PROPERTIES OF 
BITUMEN TYPES BIP-85/40, BIT-15 AND BIT-45 AS A 
FUNCTION OF ABSORBED DOSE 

Property 

Dose (rad) 

BIP-85/40 BIT-15 BIT-45 

0 105 5 X 1 0 8 0 106 5X 108 0 106 5 X 1 0 1 

Penetration 

a t25°C , 
1/10 mm 

Softening 
point, 
R&B(°C) 

Penetration 
index 

Ductility 
at 25°C (cm) 

Break-point, 
Fraass (°C) 

39 38 

80 80 

3.6 3.6 

4 3 

-21 -25 

31 

93 

4.7 

3 

-15 

15 13 11 

75 75 82 

1.0 0.7 1.1 

5 4 

+ 5 +8 +23 

45 45 

57 56 

0 0 

24 

65 

0.3 

>100 >100 >100 

-10 -9 

Oxidized bitumen showed less increase in volume [9] . At Karlsruhe [10] a bitumen 
product containing 57.2 wt% Ebano 15, 42-wt% NaN03, 0.75 wt% H20, and 
0-05 wt% NaOH was irradiated with 10-MeV electrons and 7-radiation. The 
specific hydrogen production was found to be very nearly linear reaching 
0.4 to 0.5 cm3/g at 100 Mrad. All the samples of pure bitumen and of waste/ 
bitumen mixtures showed marked swelling after irradiation to 108 rad [10]. 
Porosities were 10% for Mexphalt 15, 40% for Mexphalt R 90/40, and around 
30% for their waste products (50 wt% NaN03). Hydrogen production at 10s rad 
was 0.71 cm3/g and 0.56 cm3/g for Mexphalt R 90/40 and Mexphalt 15, respec
tively, and about half these values for the waste/bitumen mixtures. Irradiation 
of power-reactor spent ion-exchange resins and simulated evaporator concentrates 
rich in borates and detergents showed porosities between 1 and 4% after irradia
tion with both 10-Me V electrons and 7-radiation to a total integrated dose of 
80 Mrad. Hydrogen production was 0.3 cm3/g for 80 Mrad. 

The influence of dose-rate on the chemical composition (oils, resins, 
asphaltenes) of two types of bitumen was found to be quite small [11, 12]. 
This was confirmed by experiments in Finland, as is shown in Table XXVIII [13]. 
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The release of radiolytic gases, however, is very dependent on the dose-rate. The 
gas generation in a mixture of 60 wt% bitumen and 40 wt% NaN03 was higher 
at lower dose-rates. For 10 rad/s, it was 0.28 cm3 • d"1 • Ci"1, or almost 30 times 
higher than with a dose-rate of 600 rad/s [8]. The hardening of various types of 
bitumen seems to be pronounced only for doses exceeding 108 rad [14]. This is 
illustrated in Fig.23. The change in some physico-chemical properties including 
softening point are shown in Table XXIX [13]. 

7.4.3. Synthetic polymers 

Immobilization of radioactive waste in plastic materials results in waste 
forms with radiation resistance properties rather similar to those of bitumen. 
The amount of data on radiation resistance, however, is very limited. No data 
were found on the resistance of urea-formaldehyde products, but for polyester 
products the type and amount of radiolysis gases were reported [15]. The 
quantities of gas produced (expressed in moles per 100 g of product after 
irradiation at 4.6 X 109 rad) were as follows: CO2,0.12; H2 ,0.08; CO, 0.02; 
and CH4,0.05. At a dose of 5 X 109 rad no mechanical degradation was observed 
in samples containing mineral salts or ion-exchange resins and no effect on mecha
nical strength was noted [16]. 

7.4.4. Leachability of irradiated wastes 

Generally, the main concerns connected with final disposal of radioactive 
wastes are the eventual leaching of radionuclides and the evolution of radiolytic 
gases (Section 7.4.2). It is therefore desirable to know the maximum concentra
tions of activity that can be associated with the various types of waste, without 
producing significant change in the characteristics of the final waste form. The 
effects of radiation on the leaching properties of immobilized waste has been 
under study in the USA and in several European countries. As mentioned earlier, 
there have probably been more irradiation studies on bitumen as a matrix for 
immobilizing radioactive waste than on any other material. Indications are that 
the leaching rate of bitumen or bitumen waste forms may be only slightly 
influenced by irradiation. In the following discussion an attempt has been made 
to present an overview of the types of experiment that are being done and to 
point out some of the different approaches to the problem. 

Experiments were performed in France using samples prepared with solids 
arising from waste treatment by chemical co-precipitation of nickel ferrocyanide 
and barium sulphate. In this study several different types of bitumen were used 
for the matrix. The active samples (2.5 to 3.5 Ci/t) containing 57.2 wt% solids 
(including 33% NO3) were irradiated to 1 X 1010 rad with a 137Cs source (intensity 
720 rad/s) [9]. 
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TABLE XXX. COMPARISON OF LEACHING CHARACTERISTICS 
OF IRRADIATED AND UNIRRADIATED BITUMEN/WASTE SPECIMENS 

Type of bitumen in specimens 
Integral 
dose 
(rad) 

1 X 1010 

0 

1X1CT10 

0 

1 X 1010 

0 

1 X 1010 

0 

Leaching 
time 
(d) 

264 

264 

104 

104 

91 

91 

104 

104 

Fraction leacheda 

(0 
1.6 X 10"3 

1.8 X 10"3 

8.6 X 10-4 

3 X 10"3 

6X 10"4 

1.5 X 10"3 

1.1 X 10"3 

2.9 X 10"3 

Mexphalt 40/50 

Mexphalt H 80/90 

Mexphalt H 90/40 

Mexphalt R 115/15 

A = total activity initially present in specimen; a = total activity in leachant. 

The leach-test results for both irradiated and non-irradiated samples are 
summarized in Table XXX. The leaching rates are very similar and, in some cases, 
nearly the same for the irradiated and unirradiated samples. 

In the USSR [8], studies of the influence of specific activity on the leach rate 
of bitumen specimens have shown that an increase in specific activity somewhat 
increases the leach rate. This is especially true in the first portions of leach water 
(see Fig.24). The results of irradiation experiments (Fig.25) have shown that for 
a block with specific activity 103 Ci/m3, more than 50 years are required for a 
factor of 5 to 10 change in leach rate. 

In the USA the effects of internal irradiation on the leaching rates of sodium 
and fission products from bitumen-waste forms containing 60 wt% solids and as 
much as 1.4 X 104 Ci of aged mixed-fission products/m3 were studied in hot-cell 
tests [17]. These waste forms were prepared by incorporating three typical 
varieties of intermediate-level radioactive liquid wastes: (1) waste evaporator 
concentrate; (2) simulated aluminium decladding solution; and (3) neutralized 
Savannah River Plant Purex second-plutonium-cycle concentrate. Fission products 
in the form of a Purex first-cycle waste were added to the solutions prior to incor
poration into type RS-2 emulsified bitumen. The results are given in Fig.26. 
Neither swelling nor evolution of gas was observed in any of these waste forms. 
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FIG.24. Change in leach rate of^Sr during storage of bitumen blocks containing 60 wt% 
bitumen BN-IIIand 40 wt% NaN03 in water before irradiation. 
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FIG.25. Change in leach rate of Cs during storage of bitumen blocks containing 60 wt% 
bitumen BN-III and 40% NaN03 in water after irradiation with mCO. 

Examination of the interior of an intermediate-level waste form after an internal 
radiation dose of 4.1 X 107 rad showed the formation of gas bubbles less than 1 mm 
in diameter. Leaching rates of the major insoluble fission products (106Ru, 90Sr and 
rare earths) from the bitumen were less than 10"5 to 10"7 g • cm"2 • d"1. The 
leaching rates for sodium and caesium, about 10"4 g • cm"2 • d"1, were sufficiently 
low that the long-term storage of the bitumen form in drums was expected to be 
satisfactory from the standpoint of leach rates. 
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FJG.26. Leaching ofNa and Cs from intermediate-level waste incorporated into emulsified 
bitumen forms containing 60 wt% solids. 
— — : waste containing28 X 102 Ci/m3 

— — : waste containing 108 X 103 Ci/m3 

: waste containing 44 X 102 Ci/m3 

: waste containing 69 X 103 Ci/m3 

On the basis of all the foregoing experiments it can be concluded that the 
maximum permissible activity in bitumen waste forms is limited more by gas 
release than by leach rate. The experiments also confirmed that, from the radio
chemical point of view, wastes containing ~103 Ci/m3 can be satisfactorily 
incorporated into bitumen. 
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8. PACKAGING, STORAGE, TRANSPORT AND DISPOSAL 

When the waste has been immobilized according to methods previously 
described, it will be packaged and handled during storage, transport and, 
finally, disposal. The packaging and these different steps of handling the 
immobilized waste can be performed in many ways. However, they have to 
be adapted to the characteristics of the waste form and, in turn, the waste 
forms will have to meet certain quality standards depending on the handling 
foreseen. Thus, there is a strong interconnection between the immobilization 
step and the waste form requirements on one hand, and the methods for 
packaging, storage, transport and disposal, on the other. 

This chapter will initially present the status of acceptability criteria for 
conditioned waste in view of its further handling. Present methods and 
experiences for packaging, storage, transport and disposal are also described. 

8.1. ACCEPTABILITY CRITERIA FOR THE STORAGE, TRANSPORT 
AND DISPOSAL OF CONDITIONED WASTES 

Internationally accepted criteria and regulations exist for the packaging 
and transport of solid low- and intermediate-level radioactive wastes, as 
discussed in Section 8.4. In addition, criteria and guidelines exist for packaging 
and sea dumping these wastes, as discussed in Section 8.5.2. However, 
specific criteria for the storage and underground disposal of these wastes 
have not yet been commonly adopted, although several countries have 
published recommendations that describe the criteria for acceptance or 
rej ection of such wastes and the IAEA has dealt with the topic [1 ,2] ' . The 
setting of acceptability criteria is a responsibility of national regulatory bodies 
and is a topic which is under intensive discussion. 

Acceptability criteria of a specific nature must be developed in relation 
to safety analyses of the specific waste-management system involved, some 
aspects of which may be dependent on site-specific conditions [3]. Thus, 
the acceptability of specific storage and disposal operations must be determined 
through specific safety analyses and comparisons of the results with ICRP 
recommendations, subject to the considerations of the "as low as reasonably 
achievable" principle. Until specific criteria are set, and probably even 
thereafter because of the wide variety of potential situations, in operational 
practice it is likely to be necessary for waste-generating agencies to co-operate 
with the storage and disposal facility operators in formulating mutually 
acceptable waste immobilization and packaging specifications and handling 

1 See Appendix 1 for References cited according to chapter. 
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procedures. Factors to be considered in establishing criteria and specifications 
concern the waste form as well as the waste package, as discussed briefly below. 

The chemical, mechanical and thermal stability of the waste form have 
to be considered in view of normal conditions as well as possible accidents 
during storage, transport and disposal. Should the waste contain liquids, 
combustible, explosive or toxic materials, special requirements will have to 
be fulfilled. For alpha-bearing wastes with a high content of fissile material 
the possibility of nuclear criticality has to be evaluated. Complexing agents 
in the waste which might influence the migration of radionuclides from a final 
repository are also an important factor to be considered during the safety 
assessment of waste disposal. 

The identification and content, as well as the dimensions, weight and 
structural design of waste packages, are of primary importance when designing 
handling procedures and handling equipment. Other important factors in 
connection with the waste package are surface contamination and penetrating 
radiation (dose-rate), which determine if the packages will have to be handled 
remotely, shielded or sealed. Also, consideration needs to be given about 
what parts of the package are re-usable (e.g. shielding) and what parts 
are disposable. 

8.2. PACKAGING OF THE FINAL WASTE FORM 

The packaging in this context means the act of providing a primary 
container for the final waste form. It does not include re-usable transport 
containers and shielding casks. 

8.2.1. Functions and requirements of the container 

The packaging container is an essential link in the chain of correct 
management of radioactive wastes. Regarding safety there are requirements 
for the container to retain radionuclides in the immobilized waste form, and 
also quite often to retain radiation itself. Furthermore, the container 
influences the technical feasibility and the costs of the management system. 
The main functions of the container can be listed as follows: 

(1) To act as a receptacle for the waste form from the immobilization process, 
and in some cases also as a mixing vessel; 

(2) To make handling operations easy and not time-consuming, and to be 
reasonable regarding area and space needs; 

(3) To prevent the spread of radionuclides from the waste during handling, 
storage, transport and disposal activities, both during normal operations 
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and in the event of incidents involving, for example, abnormal chemical 
and physical conditions; 

(4) To provide a barrier to delay the release of radionuclides from the 
waste form after disposal of the package as a result of chemical attacks 
or, in certain cases, physical ones (e.g. pressure in sea disposal); 

(5) To contribute to the shielding of radiation, if needed. 

To fulfil these functions the container should meet certain requirements. 
At present the requirements applied follow normal IAEA transport 
regulations [ 1 ] and national regulations; in the case of sea dumping there also 
exist guidelines of the OECD/NEA [2] and recommendations of the IAEA [31. 
Consistent with these instructions the container should also meet the 
following general requirements: 

(1) To act as a receptacle 

The container should: 

Have a suitable construction to enable filling and, in certain cases, mixing; 
Have a construction not requiring manual operation during packaging; 
Have a construction to enable easy and proper sealing when needed; and 
Consist of a material compatible with the waste. 

(2) To make handling easy and area/space needs reasonable 

The container should: 

Have a form and structure to make lifting, transfer and stacking easy 
and safe; 
Be strong enough to stand failure operations; 
Not be too heavy nor too bulky; 
Be easily decontaminated on the outside (smooth or coated surface); 
Not have coatings against corrosion which are sensitive to damage 
during operations; 
Satisfy the transport regulations or be suitable for extra transport shields; 
Permit effective occupation of the area and the space at the storage 
facilities and in most cases in disposal facilities. 

(3) To retain radionuclides before disposal 

The container should: 

Be strong enough to secure its function during the transport and the 
time of storage (sufficient wall thickness, suitable construction); 
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Have corrosion resistance to secure its function during the storage 
time (sufficient wall thickness, suitable construction, coatings if needed); 
In certain cases be leak-tight, especially to rain showers; 
Reduce the effects of possible failures (fall, transport collision, 
immersion, fire). 

(4) To act as a barrier after disposal 

In many cases the container is considered to be one barrier in the multi-
barrier system to ensure the safety of disposal. To meet this function the 
container should: 

Be strong enough to stand the pressure existing in disposal, at least 
during a certain period of time which depends on the very specific 
circumstances (type of waste, disposal method and site, other 
barriers); and 

Be corrosion resistant for a predetermined period of time, again 
depending on the specific circumstances. 

(5) To act as a radiation shield 

Depending on the specific system and circumstances there can be a need 
for the container to act as a biological shield. To meet this the container should 

Have a proper combination of construction and material. 

To fulfil the requirements above, the properties of the container should be 
known as function of time, depending on the storage and disposal method chosen. 

8.2.2. Examples of containers in use 

At the moment various types of container with different shapes, sizes, 
materials and construction are in use. The inner volume ranges from some 
litres to several cubic metres and the loaded weight of the package from tens 
of kilograms to tens of tons. The materials employed are usually mild carbon 
steel, stainless steel and concrete with wall thickness from about one to hundreds 
of millimetres. The container may have a protective coating and include a 
radiation shield. Containers in use are listed in the following according to the 
structure and material: 
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TABLE XXXI. CHARACTERISTICS OF SOME COMMON CONTAINERS IN USE 

Property 

Inner volume 

Outer volume 

Dimensions 
(outside) 

Loaded weight 

Wall thickness 

Material 

Coating 

Closure 

Biol, shield 

Strengthenings 

Mech. propert. 

Easiness of 
handling 

Easiness of 
decont. 

Corr. resist. — 
in air 
in fresh wat. 
in saline wat. 

Ref. 

200-L drum 

200 L 

200 L 

Dia. 57 cm, 
height 88 cm 

200-500 kg 

1 mm 

Mild steel 

Paint 

None 

None 

Iron bars 

Good 

Good 

Good 

>10a 
>10a 
>10a 

[2] 

Type of container 

200-L drum inside 
400-L drum with 
concrete between 

200 L 

400 L 

Dia. 77 cm, 
height 110 cm 

10 cm 

Mild steel 
concrete 

Paint 

Ring 

Concrete 

Iron hoops 

Very good 

Good 

Good 

MOO a 
>100a 
>100a 

[7] 

Concrete cont. 
with 200-L drum 
inside 

200 L 

1000 L 

Dia. 100 cm, 
height 125 cm 

2,3 t 

20 cm 

Normal concrete 
& mild steel 

No 

Concrete cap 

Concrete 

Iron bars 

Very good 

Good 

Poor 

MOO a 
>100a 
>100a 

[8] 

Cubical 
concrete cont. 

1000 L 

1740 L 

Side length 1200 cm 

10.25 cm 

Reinforced 
normal concrete 

No 

Concrete 

Concrete 

Iron bars 

Very good 

Good 

Poor 

MOO a 
>100a 
>100a 

[9] 

Metallic drum; 
Metallic containers of different forms; 
Metallic drum with concrete lining inside; 
Metallic drums with concrete between; 
Concrete cask with metallic cask inside; 
Concrete container of rectangular form. 

The characteristics of some common type of containers are summarized in 
Table XXXI and illustrations of these examples in Figs 27—30. More 
detailed discussions are presented in Refs [1—6]. 
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FIG.27. 200-litre steel drum. 
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FIG.28. Two steel drums with concrete lining between. 
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FIG.29. Concrete container with steel drum inside. 
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FIG.30. Cubical concrete container. 
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8.2.3. Remarks 

The numerous types of container in use are understandable when one 
considers the various types of waste form and the different strategies and systems 
of waste management in different countries. The proper choice of the container 
needs to be made on the basis of specific technical conditions surrounding its 
use. In addition to the requirements discussed, the very specific situation in 
each country or even in an institute may have its decisive influence on the 
choice. Certainly, the container is one of the principal features which enhances 
the safety of radioactive waste management. 

As a rule the types of container in use meet the requirements during 
handling, storage, transport and disposal operations. However, improvements 
in container life after disposal can most likely be made and may be desirable, 
especially if the container is considered to be a significant barrier. Furthermore, 
the expanding use of nuclear power will call for careful evaluation of the 
packaging containers to optimize and standardize the size, shape, materials, 
construction, and shielding, and to reduce costs. 

8.3. INTERIM STORAGE 

8.3.1. Objectives of interim storage 

After the waste has been conditioned the waste packages are normally 
put in an interim storage facility for a period of days to months. The main 
reasons for having an interim storage of the wastes are usually because a 
disposal site is not immediately available or the interim storage is used as a 
buffer storage for logistical reasons prior to disposal. Also, interim storage can 
be used to take advantage of the activity decay with time, thereby facilitating 
later handling, transport and disposal of the wastes. 

Interim storage facilities can be made in many different ways and for 
different time periods. The common feature of all is that the waste can be 
readily removed when so decided. As a result the waste packages must be 
identifiable and retrievable during the whole time period planned for 
interim storage. 

8.3.2. Principal techniques of interim storage 

Many different techniques are used all over the world for storage of 
conditioned wastes. Broadly, they can be divided into two categories: area 
storage and engineered storage. 
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By area storage is meant storage of the waste packages on the ground 
surface in the open air or possibly with a simple cover as a protection from 
rainfall and direct sunshine. 

By engineered storage is meant storage in specially prepared structures 
like covered concrete trenches, buildings or engineered rock cavities. These 
engineered storage factilities can be built to different degrees of complexity 
in view of ventilation, temperature control, humidity control, activity control, 
etc. Depending upon national regulations and upon the physical and chemical 
properties, the activity content and dose-rate of the waste packages, remote-
handling equipment, activity monitoring equipment, fire-fighting equipment 
etc., will be installed in the storage facility. 

The major requirements for interim storage facilities are their ability 
(a) to limit radiation exposures to man, and (b) to provide physical containment 
of the waste in conjunction with the waste containers. At the end of the 
interim storage period the waste containers must be capable of being 
identified, retrieved and transported to future handling or disposal sites, 
preferably without the need for repackaging. In addition, consideration has 
to be given to protection of the waste from accidental intrusion, vandalism, 
and other adverse acts. 

Theoretically, prevention of radiation exposure can be accomplished by 
providing sufficient shielding around the waste form or by providing a 
sufficient separation distance between the waste form and man. If adequate 
shielding is provided, then essentially no separation distance is required. 
Conversely, if the storage concept provides adequate separation distance, no 
shielding would be required except during handling and transport operations. 
Between these two extremes, combinations consisting of varying degrees of 
shielding and separation distance are acceptable. 

In a similar manner containment integrity for the wastes can be accomplished 
by using containers designed to last through the storage interval with no 
external protection, in which case little or no shelter from the elements need 
be provided by the storage facility, or by using a storage facility that provides 
sufficient environmental protection so that a waste container of minimal 
structural integrity will suffice. Again, between these two extremes numerous 
combinations of intermediate conditions are acceptable. 

Design aspects relevant to storage facilities for radioactive wastes are 
as follows [ 1 ]: 

(1) The structures of storage facilities shall provide the necessary shielding 
to minimize radiation exposure to on-site personnel; 

(2) The floor of the structures shall permit drainage to a sump of any water 
entering the storage facility. Samples shall be analysed for radioactivity; 
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(3) Combustible wastes shall be stored in structures provided with fire 
detectors and fire-suppression devices, and fire-fighting facilities shall 
be readily available; 

(4) The interim storage facilities should be designed in such a way that 
corrosion of the drum due to high humidity or damage from frost can 
be minimized; 

(5) If radiolytic gases are likely to be produced during the interim storage of 
conditioned waste, the drums should allow these gases to escape; 

(6) Ventilation must be provided in any store where chemical or radiolytic 
action could give rise to the production of explosive gases (e.g. hydrogen); 

(7) All transport facilities within the interim storage building (crane, 
conveyor, etc.) should be designed taking into account mechanical or 
electrical failures and consequently the neccessity for retrievability of 
the drum being manipulated; 

(8) Records must be maintained so that the location and content of 
individual drums are known. 

8.3.3. Examples of current practices for interim storage 

An example of area storage is given in Fig.31 [2]. The waste packages 
are placed on top of each other in layers on a prepared surface. Eventually 
they are interfilled and covered by gravel and an impermeable layer. 

The facilities at Bruce Nuclear Power Development in Canada provide a 
centralized waste storage service for all Ontario Hydro reactor units [3]. 
Treated [4] and untreated low- and intermediate-level solid wastes are 
emplaced retrievably in a variety of engineered concrete structures which 
have a design life-time of 50 years. The in-ground structures, i.e. trenches 
and tileholes, are entirely above the water-table and are fitted with underground 
systems to collect any water for monitoring, and to provide a redundant 
migration barrier. Control of precipitation and surface water run-off into the 
storage area is also provided. The current trend is to build above-ground 
structures such as the "quadricells" which are designed for intermediate-level 
wastes such as ion-exchange resins. They have double shielding walls with a 
monitored interspace. The next stage of facilities, which are approved and 
scheduled for use late in 1982, will house low-level wastes in a prefabricated, 
prestressed-concrete storage building. This concept will provide storage with 
safety equivalent to the in-ground trenches but at much lower cost. 

At the Eurobitum plant, Mol, Belgium (see Section 6.2.2.1), special 
storage bunkers have been built for interim storage of the bituminized waste [5]. 
This engineered Eurostorage facility is directly connected to the Eurobitum 
plant and is designed for the retrievable storage of the chromized steel drums 
containing the bituminized wastes for fifty years. After that period, a disposal 

132 



Totally Exposed 
Surface Storage 

Barrels 
Boxes \ j . 

Surface Storage 
with Weather Cover 

TSA-Type 
Storage 

~ 3 f t 
(~0.90 m) 

Earth 
rels Plastic (~0.90 m) 
•s \ _ Cmer \ Earth 

FIG.31. Scheme of outdoor storage method. 

FIG.32. Eurostor age. 

repository for radioactive wastes is expected to be available in Belgium where 
the drums will then be placed. 

As indicated in Fig.32, a liaison corridor built as a continuation of the 
filled-drum handling cells of the bituminization facility leads to the storage 
bunkers via a lock. The bunkers are constructed in a modular way allowing 
easy extension of the facility by addition of new bunker cells. The first two 
bunker cells have at present been extended by two additional ones. The 
inside dimensions of each cell are 64 m long, 12 m wide and 8.2 m high; 
each bunker cell can contain 5000 drums in four layers. 

The filled drums are transported through the liaison corridor by means 
of a transfer carriage holding 12 drums. An automatically controlled overhead 
crane with a grab tool on a telescopic column takes the drums from this 
carriage to put them into their storage position. TV cameras follow these 
operations, allowing the operator in the control room above the liaison 
corridor to switch over to manual control whenever necessary. 
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In case of failure of the handling equipment, emergency equipment is 
available and can take over its functions. Should the latter fail, operations 
can be carried out manually. Moreover, conditioned solid intermediate-level 
waste can also be received in an additional access station, where the drums 
are lifted by a special overhead crane and put on to the carriages in the liaison 
corridor, from where the normal storage operation can take over. 

An opening in the wall between the storage cell and the liaison corridor 
allows the passage of the overhead crane. A chicane avoids a direct radiation 
beam into the corridor from the stored drums at the normal operation level. 
When the bunker cell is filled with drums the opening is remotely closed 
with removable shieldings. 

The Eurostorage facility became operational in autumn 1978. The first 
bunker cell had been filled with 5024 drums by the beginning of November 1980. 

At the Barsebaeck power station in Sweden bituminized waste is stored 
in a building with 252 vertical concrete channels in the floor giving a storage 
capacity of 2700 drums (six layers of four drums of 200 L in each channel) [6]. 
To minimize corrosion of the drums the air in the storage building is 
circulated from the loading hall through the channels and back up to the hall 
through a drier. The relative humidity is thereby kept below 50% at all times. 
Owing to the combustibility of the bitumen waste, the storage facility is 
also equipped with fire-detection and fire-fighting equipment (C02-tubes, 
water-foam system). 

8.4. TRANSPORT OF CONDITIONED WASTES 

Radioactive wastes require transport from their points of origin to storage 
and disposal sites. The safety of these operations (i.e. protection of persons, 
property and the environment from radiation and other hazards) is the 
primary concern in the transportation of radioactive wastes. Thus, transportation 
must be considered as an integral part of the waste-management system. 

The radiation levels of the various types of radioactive waste have a 
significant impact on the methods and equipment used for transportation. 
The low levels of penetrating radiation characteristic of low-level wastes 
permit their transport without shielding and with direct handling operations. 
However, the higher levels of penetrating radiation associated with intermediate-
level wastes require the use of shielding during their transport and indirect or 
remote-handling operations; thus, the equipment aspects are more demanding. 

In principle, three modes of transportation can be used: road, rail and 
water transport. 
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8.4.1. Regulations [1] 

Although each consignment must meet the regulations of the state in 
which transportation occurs, the basic requirements applicable to radioactive 
waste shipments are given in the Regulations for the Safe Transport of 
Radioactive Materials, Safety Series No.6,published by the IAEA. A comprehensive 
review of the IAEA regulations is now under way with plans to publish 
a revision in 1983. 

Five of the main objectives of the IAEA regulations for the safe transport 
of radioactive material are [2]: 

(1) To limit radiation doses to transport and handling workers and members 
of the general public to acceptable levels under normal conditions 
of transport; 

(2) To limit the risks from accidents to acceptable levels for transport and 
handling workers and members of the general public; 

(3) To limit the activity content and specific activity in connection with 
different transport packages; 

(4) To specify labels for the packages and vehicles; 
(5) To set the classification and test requirements for transport packages. 

The regulations specify the requirements for packaging and conditions 
of transport for all types of radioactive material, including radioactive wastes. 

In the current regulations several shipping categories applicable to 
radioactive waste are defined: 

(a) Low Specific Activity Category (LSA) [3] 

A significant fraction of radioactive wastes qualifies as low specific 
activity materials, e.g. depleted uranium from enrichment plant, some 
contaminated equipment, etc. LSA materials must be packaged in strong 
industrial packaging. General design requirements are specified, e.g. minimum 
dimensions and maximum surface dose-rate limits. In the forthcoming 
revision it is proposed to limit LSA to materials with radiation levels below 
10 mSv/h (1 rem/h) at 3 m from the unshielded material and to require 
packaging for some LSA materials to withstand normal conditions of transport. 

(b) Low-Level Solid Material (LLS) 

Solids, consolidated waste with uniformly distributed activity, activated 
material, or objects contaminated with non-dispersible activity below specified 
levels qualify as low-level solids. Like LSA, low-level solids may be transported 

135 



in strong industrial packaging. In the revision, it is proposed to limit LLS 
in the same way as LSA. 

(c) Type-A category 

All radionuclides can be transported as a Type-A category material, 
but the quantities and forms are limited. Each of them has been assigned 
"special form" or "normal form" activity limits. Special form material will 
not readily disperse into the environment if the contents escape the package. 
A series of tests must be performed on a material before it can be considered 
to be special form. Normal form material is anything that is not special form. 

Requirements for Type-A packages are specified in the IAEA regulations. 
Type-A packaging is designed to withstand the normal conditions of transport 
as demonstrated by the retention of the integrity of containment and shielding, 
to the extent required by the regulations, after certain specified tests 
[1, Section VII]. This also applies to any shielding that is considered a part 
of the packaging. 

(d) Type-B category 

Any quantity of a radionuclide in excess of its Type-A limit is considered 
a Type-B category material. Type-B category materials can only be transported 
in Type-B packaging. Requirements for Type-B packages are also specified 
in the IAEA regulations. Type-B packaging is designed to meet all the require
ments specified for Type-A packages; in addition, Type-B packaging must be 
able to survive in environments that demonstrate its ability to withstand 
transportation accident conditions without loss of integrity. Environmental 
test conditions (impact, puncture, fire) are specified in the regulations 
[1, Section VII]. Each design of a Type-B packaging must be specifically 
approved by the competent authority in the country of origin of the design, 
and acceptable to the authorities in the countries in which it is used. 

(e) Special arrangement 

In the event that a shipment of radioactive waste cannot comply with 
any of the above categories (e.g. large, bulky wastes resulting from 
decommissioning of nuclear power reactors which cannot be packaged), the 
shipment may still be made under special arrangement with the competent 
authority of the country concerned. Many deficiencies in packaging design 
can be compensated for by operating procedures provided for in the 
special arrangement. 
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(f) Activity limits for LSA, LLS, Type-A and Type~B packages 

The regulations specify values, Ax and A2, that limit the quantities of 
all radionuclides that can be contained in Type-A packages [1, Table VII]. 
A! specifies the maximum activity of special form radioactive material 
permitted in a Type-A package; A2 specifies the maximum activity of all 
other radioactive material permitted in a Type-A package. 

The only limits on the activities contained in Type-B packages are those 
prescribed on their approval certificates, although each package must comply 
with the external radiation level limits specified in the regulations. LLS category 
materials must not exceed an average estimated specific activity of no more 
than 2 X 10"3 A2/g and LSA category materials no more than 1 X 10~4 A2/g. 
There is a need to re-examine the. philosophy and regulatory requirements 
which govern the shipment of low specific activity materials [4]. As indicated 
above, this is being done during the current review by the IAEA. 

The principal method of specifying transportation requirements for 
radioactive waste is based on the "full load". To qualify as a "full load", 
the consignment must be carried on a vehicle, freight container or part of a 
vessel assigned for the exclusive use of the shipper and all loading and unloading 
carried out in accordance with the directions of the shipper or receiver. In 
the case of full loads of packages, the radiation level shall not exceed: 

(a) 10 mSv/h (1000 mrem/h) at any point on the external surface of the 
package, provided that the vehicle is equipped with an enclosure and 
prevents the access of unauthorized persons to the interior of the enclosure. 
Under other conditions, the radiation level at any point on the external 
surface of the package shall not exceed 2 mSv/h (200 mrem/h). 

(b) 2 mSv/h (200 mrem/h) at any point on the outer surface of the vehicle. 
(c) 100 juSv/h (10 mrem/h) at any point 2 m from the outer edge of the 

vehicle. 

The radiation level from the package at any time during normal transport 
conditions shall not exceed 2 mSv/h (200 mrem/h) at any location on the 
external surface of the package. In addition, the transport index at any time 
during normal transport shall not exceed 10. (The transport index for 
packages is the maximum radiation level, in microsieverts per hour divided 
by 10 (mrem/h), at 1 m from the external surface of the package.) 

The regulations specify additional requirements relating to transport 
by road, namely that the radiation level shall not exceed 20 ixSv/h (2 mrem/h) 
in any normally occupied positions of the vehicle, unless persons occupying 
such positions are provided with special health supervision and personal 
monitoring devices. 
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8.4.2. Examples of containers used for transportation of wastes 

Containers for transporting radioactive wastes must be specialized to 
some extent in order to be economically attractive. The construction 
materials of drums are steel or glass fiber, and of casks are lead, cast steel or 
concrete. A common structure is a lead slab sandwiched between two 
steel plates. The wall thickness depends on the radioactivity level of the 
contents; thicknesses usually vary between 5 and 150 mm lead equivalent. 
The closure mechanisms are often a bolted lid or a shielding plug either bolted 
or slid into place. 

The following container descriptions are classified by the waste they 
are designed to carry: 

(a) Low-level waste shipping containers 

Low-level waste may normally be transported in strong industrial packaging, 
e.g. 200- to 600-litre drums. However, long-lived (alpha-bearing) low-level 
waste require Type-A or Type-B packaging. For LSA, LLS and Type-A 
quantities, no overpack is required. In shipments of these types the drums are 
usually stacked one or more levels deep on trucks, rail vehicles or ships, 
depending on their masses. For Type-B quantities of low-level waste, or for 
Type-A quantities not sealed in approved drums, an overpack is used. 

Low-level waste is transported mainly by road but also by rail and for 
sea dumping by ships. 

(b) Intermediate-level waste shipping containers 

Intermediate-level wastes are normally placed in 200-litre drums; future 
development, such as full-scale commercial reprocessing may make advantageous 
use of 400-litre drams. 

Two methods of shielding gamma-ray activity are used: 

(1) Shielding by re-usable overpack: Such overpacks may be for Type-A or 
Type-B packaging and may have capacities for one or more drums. The 
loading and unloading of re-usable shielded overpacks normally involves 
remote handling of the waste drums. 

(2) Shielding by disposable overpack: In this concept the drums containing 
intermediate-level waste are placed in individual overpacks that are disposed 
of in a repository or to a dumping site along with the waste. The overpack 
can be made of concrete cast iron or cast steel. The disposable overpack can 
also serve as an additional barrier to radionuclide migration from the 
waste package. 
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FIG.33. A transport cask for 14 drums or for a 5.5-m steel container. 

The technology for transporting low-level and intermediate-level wastes 
has been developed over a period of many years. 

Figure 33 illustrates a typical Type-A transport cask with an inner volume 
of 5.5 m3 [4]. It can be used for shipping one 5.5-m3 steel-lined load or fourteen 
200-litre drums in two layers in a seven-drum array. Such cylindrical casks 
come in several sizes and wall thicknesses. Rectangular casks are also used for 
the container geometry so that long slim components can be packed conveniently. 

Figure 34 illustrates a one-drum cask with lead shielding and Fig.35 a 
seven-drum cask with a cast-iron shielding, both used in the Federal Republic 
of Germany [5]. Both casks meet the Type-B criteria. 

Figure 29 shows a typical disposable overpack, where the solid waste is 
incorporated into a metal drum placed within a concrete cask. These casks meet 
the Type-A or the Type-B criteria. 

8.4.3. Experiences and future plans 

Available technology is adequate to meet the transportation requirements 
for low-level and intermediate-level wastes. These wastes have been packaged 
and shipped routinely throughout the world for many years. 
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FIG.34. Re-usable transport shields: A transport shield for one drum. 

FIG.35. Re-usable transport shields: A transport shield for seven drums. 

Low-level waste transport is the simplest form of radioactive waste 
shipping. Loading and unloading is mainly done with forklift trucks. The 
containers are placed on pallets or transportation containers to facilitate 
the handling procedure. These handling practices in use today are expected 
to be satisfactory for all future low-level waste loading and unloading. 

The handling of intermediate-level wastes is more complex because of the 
need to maintain the required shielding; however, the techniques are well 
developed. The loading and unloading of shielded casks normally involve 
remote handling of the drums and casks in hot cells. Handling of the casks 
outside the hot cells is done in the normal way with cranes. 
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Future developments in the field of packaging and transportation will be 
primarily aimed at handling the increased waste volumes that will be produced 
as the nuclear power industry expands and more reprocessing plants are built. 
Now containers will be developed for more efficient handling of particular 
waste materials, but their design and construction will be basically an application 
of existing technology. 

Based on the experiences of shipping low-level and intermediate-level 
wastes for many years, systematic approaches have been developed. For 
example, the Federal Republic of Germany [5] has developed a transportation 
system for low-level and intermediate-level wastes using 200-litre drums, 
400-litre drums as overpacks, disposable casks with heavy concrete shielding 
and re-usable one-drum and seven-drum casks. Figure 36 illustrates the system 
for transport of the low-level and intermediate-level wastes from the waste 
producer or a storage hall to a recovery hall for disposal. The drums or the 
drums with disposable overpacks are put in transport containers and the 
re-usable casks are put on pallets during transportation. For disposal in a 
repository the drums must be unloaded from the seven-drum casks and 
placed in one-drum casks because the disposal shaft-cage dimensions are limiting. 

In Sweden it is planned to use a sea-transportation system for transport 
of reactor wastes to a central repository. This system will use large concrete 
containers for transport of drums and concrete blocks by a specially built 
roll-on, roll-off ship [6]. Figure 37 illustrates the transportation system with 
large containers for 72 drums or 12 concrete boxes, transport by hydraulic 
lift trucks and a roll-on roll-off ship. 

8.5. DISPOSAL OF CONDITIONED WASTES 

Disposal of waste implies the emplacement of waste materials in a 
repository without the intention of retrieval, whereas storage, as previously 
discussed, is done with the intention that the waste will be retrieved at a later 
time. In disposal the waste is abandoned; however, the repository site is not 
abandoned, but surveillance should not be necessary beyond some expected 
period of institutional control. The overall objective of both disposal and 
storage is to manage the waste in a manner that will result in no unacceptable 
detriment to humans at any time. 

Two fundamental modes of disposal are used for conditioned low- and 
intermediate-level wastes — underground disposal and sea dumping. Each 
of these modes is described, and selected reference documents and 
examples are cited. 
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FIG.36. Transport system for low-level and intermediate-level wastes in the Federal Republic of Germany (Chap. 8.2 [5]). 
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FIG.37. Transport system for reactor waste. 

8.5.1. Underground disposal 

Four types of system for underground disposal of conditioned wastes 
are considered suitable [ 1 ]. Three involve emplacement of solid wastes in 
(a) shallow-ground repositories1, (b) repositories in abandoned mines or rock 
cavities, and (c) deep geological repositories excavated especially for the 
disposal of radioactive wastes; the other involves injection of self-solidifying 
fluids containing wastes into fractures within low-permeability strata. The 
conditioning of the wastes (i.e. the conversion of the wastes to more stable 
forms and their packaging) and any additional engineered barriers used in the 
repository design are important factors for isolating the waste from the human 
environment. Also, the natural geological barriers are important in all cases, 
but in the latter two modes they are considered the ultimate barrier to 
migration of radionuclides into the human environment. 

The general characteristics of the wastes influence the selection of suitable 
underground disposal options. For this purpose the wastes are categorized 
as shown in Table XXXII [ 1 ]. 

1 It should be noted that the practice of emplacing wastes in shallow ground 
repositories is considered by some Member States to be a mode of storage rather than 
disposal. 
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TABLE XXXII. GENERAL CHARACTERISTICS OF LOW- AND 
INTERMEDIATE-LEVEL WASTE CATEGORIES FOR DISPOSAL 
CONSIDERATIONS 

Waste category 

Intermediate-level, 
long-lived 

Low-level, 
long-lived 

Intermediate-level, 
short-lived 

Low-level, 
short-lived 

Important characteristics3 

Intermediate beta-gamma, 
significant alpha, 
intermediate radiotoxicity, 
low heat output. 

Low beta-gamma, 
significant alpha, 
low/intermediate radiotoxicity, 
insignificant heat output. 

Intermediate beta-gamma, 
insignificant alpha, 
intermediate radiotoxicity, 
low heat output 

Low beta-gamma, 
insignificant alpha, 
low radiotoxicity, 
insignificant heat output. 

Characteristics are qualitative and can vary in some cases: 'Insignificant' indicates that 
the characteristic can generally be ignored for disposal purposes. 

In Table XXXII, the long-lived wastes are the alpha-bearing wastes 
discussed in Section 3.4.2. 

Table XXXIII summarizes the preferred underground disposal options 
for wastes in the above four categories [1]. Reference to this table will be 
helpful while reading descriptions of relevant examples. 

8.5.1.1. Shallow-ground repositories 

Shallow-ground disposal of radioactive wastes involves emplacement of 
the wastes in repositories, with or without engineered barriers, above or below 
the ground surface, where the final protective covering is around a few metres 
thick. Such repositories can provide the required isolation for reasonable 
periods of time, but these times will be short compared with those for deep 
geological repositories owing to the accessibility of the waste to intrusion by 
humans and to natural processes. Consequently, shallow-ground disposal should 
only be considered as a suitable disposal method for wastes that decay to 
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FIG.38. Burial trench operation at Barnwell site. (Courtesy of Chem-Nuclear System, Inc.) 

acceptable levels within a period of time for which institutional control of the 
repository site can be reasonably expected to continue. Reference is made 
to an IAEA guidebook [2] for elaboration of the above points. 

The burial of solid wastes in landfills is the simplest and most economic 
method of disposal and is potentially an effective method for the large 
volumes of low-level wastes resulting from nuclear activities. However, some 
experiences from early use of this method in the USA pointed to limitations 
on its use; improvements based on these experiences were recommended 
for repository site selection, development, and operation to reduce the 
potential environmental impacts of new repositories [3], Also an IAEA 
publication presents the stepwise process for investigations and selection of an 
appropriate site [4]. 

Figure 38 shows a burial trench operation at the 278-acre Barnwell, 
South Carolina (USA), site which is being used for disposal of appropriate 
wastes from primarily private nuclear installations in eastern USA. Initially, 
the waste delivered to Barnwell was buried in trenches which were 6 m deep, 
15 m wide, and 150 m long. At present, the facility buries the incoming waste 
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in trenches which are much larger than those originally used, with dimensions 
equal to 6 m by 30 m by 305 m. Certain high specific activity shipments of 
radioactive waste are buried in narrow slit trenches 6 m deep, 0.8-0.9 m wide 
and 305 m long. After the trenches are filled with waste, a shield of 2—3 m clay 
is placed over the trench. A vibratory compactor compresses the clay to 
eliminate settling. Finally, the clay is capped by a sand layer, which is 
contoured to prevent surface water from seeping into the trench [4a]. 

Another similar disposal site is that at Drigg, located about four miles 
southwest of Windscale in the United Kingdom; this site receives solid radio
active waste principally from Windscale but also from numerous operations 
throughout the country [5]. The waste is buried in trenches based on glacial 
boulder clay, which isolates them from the underlying St. Bees sandstone. 
The trenches are drained to a stream which flows into tidal reaches of the 
River Irt and which is monitored regularly. At present rates of disposal, the 
site is expected to have a useful life of about 100 years. The wastes authorized 
to be disposed of at Drigg by British Nuclear Fuels are subject to the following 
restrictions: 

(a) That the waste is buried in the ground beneath at least one metre of soil; 
(b) That no burial excavation penetrates through the boulder clay stratum; 
(c) That the dose-rate at the surface of substantially unshielded waste 

containing radionuclides emitting beta particles or gamma radiations 
does not exceed 0.75 rad (7.5 mGy) per hour; 

(d) That in all the matter (whether or not consisting wholly of the waste) 
buried on the site in any one day: 

The alpha activity on the average does not exceed 20 mCi 
(800MBq)/m3; and 
The beta activity of beta-emitting radionuclides which do not emit 
gamma radiation on the average does not exceed 60 mCi 
(2.4GBq)/m3. 

In addition to direct burial in trenches, shallow-ground repositories may 
be engineered structures, such as concrete casks as shown in Fig.39 or concrete 
trenches. These engineered structures are designed to keep water from 
contacting the wastes in order to prevent leaching of radionuclides from the 
wastes. Examples of concrete-lined trenches or pits are found in the USA 
and the USSR. 

At the Los Alamos site in the USA, fission-product wastes with high 
gamma readings (greater than 5 R/h at the surface of the containers or 
200 mR/h at 1 m) are handled separately, being shielded during transport 
and at the burial ground, and placed in specially drilled shafts in the waste 
repository [6]. 
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FIG.39. Concrete casks for disposing drums of waste contaminated with 230Pu are sealed 
before being covered with corrugated galvanized steel sheets and l-2m crushed tuff and 
soil in Area G of the Los Alamos Scientific Laboratory. 

Another example of a large waste disposal facility is in Moscow, USSR, 
for the treatment and disposal of radioactive wastes produced by scientific 
research laboratories, educational and medical establishments [7]. As shown 
in Fig.40 solid wastes are placed in ferroconcrete water-isolated containers 
of 200—600 m3, divided into two compartments and grounded in clay soil. 
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FIG.40. Container for disposal of 200 m3 solid radioactive waste. 
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FIG.41. Disposal of intermediate-level waste in the Asse salt mine. 
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To make use of the voids between the solid waste, the Moscow facility 
combines the disposal of solid and liquid wastes together in the form of a 
concrete-cement monolith. Liquid radioactive wastes are mixed with cement 
and added to the solid waste in concrete containers. 

8.5.1.2. Repositories in man-made or natural rock cavities 

As shown in Table XXXIII the wastes that can be emplaced in man-made 
or natural rock cavities and their conditioning requirements are very similar 
to those for emplacement in shallow-ground repositories. One exception is 
noted, depending upon the circumstances which should be carefully assessed 
on the basis of detailed safety analyses, long-lived wastes might be emplaced 
in dry cavities. Reference is made to an IAEA document [8] for guidance 
on the use of rock cavities. 

One example of a rock cavity used as a repository for low- and intermediate-
level radioactive wastes is the Asse salt mine located in the Federal Republic 
of Germany near Braunschweig and illustrated in Fig.41. It is a former salt 
mine in a dome formation with galleries between 490 and 775 m below grade. 
Since 1967 the Asse salt mine has been used as an experimental facility for 
the development of methods and techniques for the safe disposal of low- and 
intermediate-level radioactive wastes. At the time of writing, 124 000 containers 
with low-level wastes in 200-litre or 400-litre drums and in concrete shielding 
have been emplaced at the 750-m level. Prior to 1974 the drums were piled 
in the mine chambers; subsequently they were tumbled down from the top 
of the chamber. Periodically, they are covered with salt. In addition, about 
1300 drums with intermediate-level radioactive waste were emplaced at the 
511-metre level; these drums were removed from a retrievable shielding cask 
from above prior to emplacement. 

Another example is the former rock-salt mine Bartensleben, located in the 
Magdeburg district in the German Democratic Republic. It is licensed as a 
central repository for low- and intermediate-level radioactive wastes and was 
placed into operation in 1977. The solid wastes are dropped into the disposal 
cavity from the storage gallery above; stacking of drums of solid waste is 
also practised. Liquid-waste concentrates are mixed with hydraulic binders 
underground and pumped into a disposal cavity to solidify there. 

8.5.1.3. Deep geological repositories 

As shown in Table XXXIII, all kinds of solid waste can be emplaced in 
repositories in deep geological formations especially selected and excavated 
for the purpose. Such repositories are preferred for long-lived wastes and 
applicable for short-lived wastes; however, they provide more isolation than 
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FIG.42. Schematic diagram of underground repository system. (After shut-down and sealing.) 

necessary for the short-lived wastes. Host formations being considered for 
deep geological repositories include evaporites (e.g. salt), igneous and 
metamorphic rocks (e.g. granite, basalt, volcanic tuffs) and argillaceous 
formations (e.g. clays and shales). Reference is made to IAEA documents for 
discussion of the factors of importance for selection of a site for such a 
repository [9] and for elaboration of the step-wise process for implementation 
of this disposal option [1, 10]. 

A schematic diagram of a deep geological repository is shown in Fig.42, 
which illustrates how long-lived alpha-bearing wastes could be emplaced in 
the operating corridors of repositories for disposal of high-level wastes. 
Other designs, such as those for special cavities at shallower depths, might 
also be used to provide repositories for low- and intermediate-level wastes. 

Many countries have active programmes for development and implementation 
of deep geological repositories for high-level and alpha-bearing wastes, but 
none have repositories of this type in use at present. The technological bases 
for use of deep geological repositories are rapidly being developed [11]. Much 
of the work is related directly to the requirements for dissipating the heat 
produced from radioactive decay of high-level and some intermediate-level 
wastes. Other work is related to the refinement of the site-selection process [10], 
to the design of repositories and to methods for assessing their safety [12]. 
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Container Hydraulic lift 

FIG.43. Repository for low- and intermediate-level waste. 

It will be necessary for radioactive wastes emplaced in deep geological 
repositories to be successfully isolated from the human environment for the 
thousands of years required to ensure that they will not result in unacceptable 
radiation exposures to humans at any time; however, it is generally accepted 
that the potential level of future risk can only be determined by assessments 
performed for specific repository sites [13]. The Swedish Nuclear Fuel Safety 
Project carried out such assessments for several repository locations in 
granite [14]. On the basis of their work the technical and scientific feasibility 
of deep geological repositories for safe disposal of high-level and alpha-bearing 
wastes has been established [13]. 

One concept for use of a geological formation for a repository for low-
and intermediate-level wastes has been developed by the National Council 
for Radioactive Waste [15]. This concept is illustrated in Fig.43. It is now 
being further developed by utilities (KBS) and site selection will be made 
within a few years. 
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TABLE XXXIII. TENTATIVE RELATIONSHIP OF PREFERRED DISPOSAL OPTIONS AND RADIOACTIVE 
WASTE CATEGORIES 

Disposal options 

Emplacement 
at shallow 
depths 

Emplacement 

or cavities0 

Dry3 

Wetb 

Dry3 

Wetb 

Intermediate-level, 
long-lived 

Low-level, 
long-lived 

Not recommended 

Not recommended 

Possible, depending 
on circumstances 

Not recommended 

WASTE CATEGORY 

Intermediate-level, 
short-lived 

Solid, immobilized, 
packaged 

Possible; immobilized, 
packaged, with more 
engineered barriers 

Low-level 
short-lived 

Solid, may be immobilized 
or packaged 

Possible; solid, immobil
ized or packaged, with 
more engineered barriers 

Solid, may be 
packaged6 

Solid, immobilized, packaged6 



Emplacement in 
deep geological 
formations'1 

Dry" 

Wet" 

Injection of self-
solidifying fluids into 
induced fractures in low-
permeability strata 

Liquid injection 
into deep, permeable 
formations 

Solid, immobilized, 
packaged 

As above; possibly 
with more engineered barriers 

May be possible 
with adequate demonstrated technology 

and certain radionuclides 

May be possible 
with adequate demonstrated technology 

and certain radionuclides 

Applicable, but may be 
more stringent than necessary6 

Applicable with 
appropriate technology 

Applicable with 
appropriate technology 

a Geological environments naturally isolated from moving groundwater. 
b Geological environments with some movement of groundwater. 
c The mine or cavity may have resulted from natural processes or from extraction of minerals, or may be excavated especially for 

waste disposal. 
d Repository excavated especially for the disposal of radioactive wastes. 
e May be preferred for countries with undesirable geological conditions at shallow depths. 
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8.5.1.4. Injection of self-solidifying fluids 

As indicated in Table XXXIII, disposal of low- and intermediate-level 
wastes can be done, under certain circumstances, through injection of self-
solidifying fluids into fractures in low-permeability strata. This is a very 
specialized method of waste disposal and one for which there may be quite 
limited numbers of appropriate sites. 

This method of waste disposal is sometimes called hydraulic fracturing 
because of its application at the Oak Ridge National Laboratory (USA) where 
intermediate-level wastes are injected into the local shale formation under 
hydraulic pressure [16]. In this process the liquid waste is mixed with a 
solid blend of cement and additives. The grout is injected into a low 
permeability shale formation at a depth of 200 to 300 m. The injected grout 
forms a thin sheet 100 to 200 m wide and sets in the shale formation fixing 
the radioactive waste. Each injection disposes of an annual accumulation of 
about 300 m3 of waste solution. More than twenty injections have been made 
at the original site, and a new facility about 250 m away is now being used. 

8.5.2. Sea dumping 

The other mode for disposal of conditioned low-level wastes is to dump 
them into the deep sea under controlled conditions and, among other 
limitations, at a depth greater than 4000 m. In 1972 the Convention on the 
Prevention of Marine Pollution by Dumping of Wastes and Other Matter 
(London Dumping Convention) was adopted by an international conference 
in London [17]. This Convention came into force in 1975 after being ratified 
by the appropriate number of countries. 

The Convention stipulates that an appropriate national authority in each 
country that wants to dump radioactive waste into the sea has to issue a 
special dumping permit for each dumping operation. It also gives the Inter
national Atomic Energy Agency (IAEA) the responsibility to define "high-level 
radioactive wastes or other high-level radioactive matter unsuitable for 
dumping at sea" and to make recommendations regarding the dumping of 
radioactive matter not included in the definition. (Note that the term "high-
level waste" is not to be interpreted as synonymous with high-level reprocessing 
plant waste which is commonly called high-level waste.) 

In 1978, the IAEA submitted a Revised Definition and Recommendations [18] 
which was accepted as a replacement'to the Provisional Definition and Recom
mendations of 1974; this document is at present being revised and updated. 

From 1967 through 1976 the Nuclear Energy Agency (NEA) of the 
Organization of Economic Co-operation and Development (OECD) organized 
and supervised sea-dumping operations in which, at one time or another, eight 
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OECD Member Countries actively participated. Since 1977, dumping operations 
by OECD Member Countries have been conducted under an OECD Multilateral 
and Consultative Surveillance Mechanism, being administered by NEA, which is 
designed to further the objectives of the London Dumping Convention, taking 
into account the IAEA Definition and Recommendations. Experiences during 
the sea-dumping operations established the bases for guidelines for packaging 
the waste for its safe disposal into the deep sea [19]; these guidelines were 
subsequently reviewed by an IAEA Technical Committee [20] in connection 
with the Agency's continuing role with the London Dumping Convention. 
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9. CONCLUSIONS 

1. A variety of conditioning processes for low- and intermediate-level wastes 
is already being successfully applied on an industrial scale; others are 
under development and demonstration. Increasing attention is being 
given to the technology for conditioning the numerous and variable types 
of solid waste. These developments will contribute to the management 
of the large amounts of wastes that will result when obsolete nuclear 
facilities are decommissioned. 

2. There is a need for a more quantitative overall evaluation of the conditioned 
waste forms including their long-term stability. Both the evaluation of 
further developments and the establishment of quality assurance for 
existing processes would benefit from appropriate standardized testing 
methods, coupled with consistent reporting methods. Nevertheless, it is 
evident now that most immobilized waste forms can constitute one of the 
series of significant barriers to radionuclide migration required for 
effective waste disposal. 

3. The merits of whether or not to condition wastes before putting them in 
extended storage depend on radiological, technological and economic 
considerations. Improvements in the understanding of these aspects by 
the originators of wastes will speed the application of waste conditioning. 

4. When clear advantages are not evident, there is always a tendency to delay 
conditioning. Although specific criteria for waste disposal will only come 
from radiological analysis of the pathways in actual situations which lead 
to dose to the population, a concerted effort should be made for an 
early rationalization of the credit which can be derived from the waste form. 

5. The enhanced safety achieved by conditioning of wastes before extended 
storage can be understood by the public and contribute to acceptance 
of local waste-management operations. 

6. The review of conditioning technology represented by this report has 
revealed no technical reason why low- and intermediate-level wastes 
should not be immobilized as they arise, or at least following an optimized 
delay for radioactive decay, as a step towards the eventual disposal of 
these wastes. 
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Appendix 2 

GLOSSARY 

canister: A container (usually cylindrical) for remotely-handled spent fuel or 
high-level waste. A canister affords physical containment; shielding is pro
vided by a cask, but extra shielding may be required. 

cement: Finely pulverized product of firing limestone and clay in a kiln. When 
mixed to a paste with water it hardens to a stony substance. The binding 
ingredient of mortar, concrete, grout etc. 

concrete: A hard, compact substance made of sand, gravel, cement and water. 

conditioning of waste: Those operations that transform waste into a form suitable 
for transport and/or storage and/or disposal. The operations may include 
converting the waste to another form, enclosing waste in containers, and 
providing additional packaging. 

disposal: The emplacement of waste materials in a repository, or at a given 
location, without the intention of retrieval. Disposal also covers direct 
discharge of both gaseous and liquid effluents into the environment. {See 
storage.) 

drum: A type of waste container similar in appearance to an oil drum (~ 200 litres) 
which may be sealed by a fitted lid. Can be encased in concrete for inter
mediate-level wastes requiring some shielding. 

embedding: A process of putting solid or liquid waste into a matrix to form a 
heterogeneous waste form. 

flask/cask: A massive transport container providing shielding for radioactive 
materials and holding one or more canisters. 

grout: A fluid of cement mixture. 

immobilization of waste: Conversion of a waste to a solid form that reduces the 
potential for migration or dispersion of radionuclides by natural processes 
during storage, transport and disposal. 

intermediate-level waste (medium-level waste): Wastes of a lower activity level and 
heat output than a high-level waste, but which still require shielding during 
handling and transport. The term is used generally to refer to all wastes not 
defined as either high-level or low-level. 

low-level waste: Waste which, because of its low radionuclide content, does not 
require shielding during normal handling and transport. 
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matrix: In waste management, a non-radioactive material used to immobilize 
radioactive waste in a monolithic structure. Examples of matrices are 
bitumen, cement, various polymers, etc. 

overpack: Secondary (or additional) external containment for packaged radio
active waste. 

solidification: Conversion of liquid or liquid-like materials into a solid. 

storage (or interim storage): The emplacement of waste in a facility with the intent 
that it will be retrieved at a later time. 

treatment of waste: Operations intended to benefit safety or economy by changing 
the characteristics of the waste. Three basic treatment concepts are: 

(a) volume reduction; 
(b) removal of radionuclides from the waste; 
(c) change of composition. 

waste form: The physical and chemical form of the waste (e.g. liquid, in concrete, 
in glass, etc.) without its packaging. 

waste package: The waste form and any container(s) as prepared for handling, 
transport, storage and/or disposal. A container may be a permanent part of 
the waste package or may be re-usable (e.g. shielding cask, shock absorbers, 
etc.) for any waste management step. The waste package may vary for the 
different steps in waste management. 
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