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FOREWORD 

To give the Member States some guidance on the existing technology for 
the treatment of low- and intermediate-level radioactive liquid and solid wastes, 
the International Atomic Energy Agency is planning to produce a series of 
technical documents on the treatment methods. The present report includes 
and updates the information contained in Technical Reports Series Nos. 78, 
87 and 89 on the treatment methods for liquid waste. The other two reports 
entitled "Conditioning of Low- and Intermediate-Level Radioactive Wastes", 
Technical Reports Series No.222, and "Treatment of Low- and Intermediate-
Level Solid Radioactive Wastes", Technical Reports Series No.223, have been 
recently published and constitute complementary documents to the present one. 
The report on Conditioning is especially essential in providing a general approach 
to the treatment of liquid wastes. 

The present report was developed by a Technical Committee in Piestany, 
Czechoslovakia, from 9 to 13 November 1981 and reviewed by an Advisory 
Group in Madrid from 23 to 26 November 1982. The participants are listed at 
the end of the report. The Agency wishes to express its thanks to all those 
who took part in the preparation of this document, and in particular to 
J. Clarke, United Kingdom, consultant in the preparation of the first draft of 
the document, and to E. Malasek, Czechoslovakia, and J. Claes, Belgium, who 
acted as Chairmen of the meetings. The IAEA officer responsible for this work 
was V. Tsyplenkov of the Waste Management Section, Division of Nuclear Fuel 
Cycle. 

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

The nuclear industry has been established for over three decades and, like 
conventional industries, its activities give rise to both liquid and solid wastes. 
These arise from the various processes used in the nuclear fuel cycle and in the 
applications of radionuclides in research institutions, hospitals and industry. In 
volume, liquid wastes tend to be much greater than solid wastes, so, whereas a 
reasonable percentage of the latter could be stored pending treatment, methods 
of treatment for the former had to be devised quickly to reduce the need for the 
storage capacity and to discharge as much of the decontaminated water as 
possible to the environment. As a result, a wealth of experience has already 
been obtained in the treatment of radioactive liquid wastes. 

The main purpose of waste management is to minimize the radiation 
exposure of both workers and the public including long-term effects. Strict 
conditions were enforced from the very beginning with national authorities basing 
their judgements on guidelines laid down by the International Committee on 
Radiological Protection (ICRP). 

This report aims at giving the reader details of the experience gained in the 
treatment of both low- and intermediate-level radioactive liquid wastes. The 
treatment comprises those operations to remove radioactivity from the wastes 
and those that change only its chemical composition, so as to permit its 
discharge. Considerable experience has been accumulated in the satisfactory 
treatment of such wastes. 

Although there are no universally accepted definitions for low- and 
intermediate-level liquid radioactive wastes, the IAEA classification (see 
section 3.2) is used in this report. The two categories differ from one another 
in the fact that for low-level liquids the actual radiation does not require shielding 
during normal handling of the wastes. Liquid wastes which are not considered 
in this report are those from mining and milling operations and the high-level 
liquid wastes resulting from fuel reprocessing. These are referred to in separate 
IAEA reports [1—3]. Likewise, wastes from decommissioning operations are 
not within the scope of this report [4]. 

Apart from the description of existing methods and facilities, this report is 
intended to provide advice to the reader for the selection of appropriate 
solutions to waste management problems. In addition, new and promising 
techniques which are either being investigated or being considered for the 
future are discussed. 

Initially, treatment processes were based on those already established in 
conventional industries for the treatment of water and effluents, e.g. chemical 
precipitation with its associated pretreatment such as filtration, neutralization 
and sedimentation. However, with more stringent decontamination requirements, 
more efficient processes became necessary and this led to the use of more specific 
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chemical précipitants and the establishment of ion-exchange treatment and 
evaporation techniques. Much experience has been gained from plants utilizing 
these processes and improvements both to the treatments themselves and the 
actual facilities used have been and continue to be made. A problem peculiar to 
radioactive liquid wastes is usually the very small amount, by weight, of radio-
nuclides which have to be removed by some kind of chemical or physical reaction. 
However, the fact that these three main processes have been and continue to be 
successfully operated shows that the problem is under control. Additionally, 
the use of combinations of all or some of the existing processes has become 
current practice. Because of the continuous concern to improve efficiencies 
and selectivity, new or specific processes for waste streams are being developed 
and should become routine over the next decade. 

In this report an attempt has been made to give relevant data on existing 
experience in separate well-defined sections. However, the very specific com-
position of many liquid waste streams, the subsequent efficiency of the processes 
as well as site-specific considerations related to the ALARA principle and the 
availability of technology must be taken into account when choosing a particular 
application. The second section is therefore devoted to the planning necessary 
before the process is selected. Details of sources and types of waste then follow 
before coming to the sections on the actual processes in operation and the 
new ones in the development stage. It should be mentioned that none of the 
processes described in this report deals with tritium and radioiodine separation. 
Also, only a limited number of processes are suitable for the treatment of pure 
organic liquid wastes (oils, solvents etc.). 

Throughout the report reference is made to the secondary wastes and 
concentrates produced by the various processes. It is very important to realize 
that these must also be treated as radioactive wastes and the feasibility of 
liquid waste treatment may depend upon successful treatment of the 
secondary waste and conditioning and disposal of the resulting waste concentrate. 
Finally the report concludes with a general summary of observations. 

Details of the subject are given in the list of references dealing with general 
and specific information. 

2. SELECTION OF A WASTE TREATMENT SYSTEM 

2.1. Introduction 

The selection of a liquid waste treatment system involves a set of decisions 
related to a number of factors [5 ]. These can be grouped into five main categories 

— Characterization of arisings with the possibility of segregation 
— Discharge requirements for decontaminated liquors 
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FIG.l. Logic diagram for selection of liquid waste treatment system. 

— Available technologies and their costs 
— Conditioning of the concentrates resulting from the treatment 
— Storage and disposal of the conditioned concentrates. 

The interrelationships of these elements are illustrated in Fig.l. The 
figure identifies the main components for the selection of a waste treatment 
system, which are described in the following paragraphs of this section. 

2.2. Characteristics of the liquid wastes 

The selection of a treatment process for liquid wastes depends to a large 
extent upon their radiological and physico-chemical properties and the quantity 
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of arisings. It is therefore important to know these properties, not only based 
on the reference plant design but also with respect to the actual operational 
conditions in a plant. 

Information on the classification and characterization of the liquid wastes 
is discussed in more detail in section 3 of this report. 

The radiological properties of liquid wastes are much less restrictive in the 
selection of the treatment process than the physico-chemical characteristics. 
This fact illustrates the importance of a thorough knowledge of the liquid wastes 
when designing a management scheme. 

The physico-chemical properties might necessitate the inclusion of some 
pretreatment or adjustments of the liquid waste prior to its decontamination 
step, such as filtration of suspended particles, separation of organics from 
aqueous waste or the addition of antifoaming or stabilizing chemicals (detergents). 

Actual plants very often deviate during their operation from the conditions 
shown on a process flowsheet. Flowsheet conditions generally represent averages 
and the plant may operate above or below these conditions for numerous reasons. 
Sometimes the plant can be out of action with such problems as equipment 
failures or power cuts, resulting in the operator increasing the plant rate to 
satisfy his production goal. Similarly, an out-of-specification waste may require 
the product to be retreated. Both recycling of the wastes and high operating 
rates can result in considerable waste stream variation. 

Another operation that can result in abnormal (non-flowsheet) waste 
characteristics is the flushing and decontamination of equipment for repair. Also, 
unexpectedly high amounts of corrosive chemicals (e.g. СГ or F~) may appear 
through lack of control on the quality of industrial chemicals used in the 
processing. Detergents, complexing agents, and organic liquids often interfere 
with conventional treatment processes. All of these possible conditions should 
be considered in evaluating potential waste treatment processes. 

Also, it is customary for a waste generating facility to change gradually 
because of the constant emphasis on increasing throughput and operating 
efficiency throughout its lifetime. These changes will increase the waste 
production rate. Consideration should, therefore, be given to the possibility 
and means of eventually increasing waste treatment throughput (oversizing or 
adding units) should such be required. Flexibility of and redundancy in a 
plant will become the basic criteria for overcoming all above-mentioned 
difficulties and will guarantee a minimum of malfunctions. 

2.3. Requirements for release to the environment 

Before attempting to select and design a waste treatment system, the 
restrictions or limits on release of the decontamination liquor should be 
understood [6]. Determination of these limits is done differently in various 
countries but does, in any case, require extensive analyses by both the waste 
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producer and regulating authority to arrive at an agreement that the releases 
are acceptable. One approach that may be taken in judging acceptability is 
recommended by ICRP [7]. According to that approach it must be shown that 
the exposures resulting from the releases are below specified limits such as the 
value of 5 mSv/a equivalent dose for individual members of the public (critical 
groups). With knowledge of mechanisms for the transport and dispersion 
of the effluents from the point of release to the points of exposure and by 
use of models, a release limit can be established. When the effluent is released 
monitoring can be necessary [8]. In the ICRP approach the limits that are 
given within' the previous guideline shall also be in accordance with the recom-
mendation that 'all exposures shall be kept as low as reasonably achievable 
(ALARA), economic and social factors being taken into account'. With this 
approach the waste generator must show to the satisfaction of the competent 
authority that he has evaluated all possible alternatives and selected his 
management schemes according to the ALARA concept. These complementary 
approaches should include not only the treatment processes but also secondary 
waste and the release location, e.g. river, lake, sea, ground. The evaluation of 
release location requires consideration of the discharge characteristics listed below. 

(a) Discharge into water bodies 

— The minimum, average, and maximum flowrates of the river or the flow 
pattern of the sea in the vicinity of the discharge point 

— The potential uses of the water, e.g. industrial, agricultural, drinking 
— The pathways to human exposure, e.g. drinking, fish, irrigation 
— Combined effects of all facilities discharging into the water body. 

(b) Discharge into ground or deep formations 

— The hydrological characteristics, e.g. depth of water table, movement of 
underground water, characteristics of underground water 

— The geological characteristics, e.g. structures, composition 
— Pathways to human exposure 
— Combined effects of all facilities discharging to the ground or the 

deep formations. 

(c) Discharge into the atmosphere 

— Main wind direction 
— The pathways to human exposure, e.g. inhalation, deposition on vegetation 
— Combined effects of all facilities discharging into the atmosphere of that 

particular region. 
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Once an agreement is reached as to the suitability of the proposed waste treatment 
scheme, a discharge authorization is provided to the waste producer which 
details the specific requirements to be met at the point of discharge in terms of: 

— Maximum permissible radioactivity concentration in the effluent 
— Flowrate of the effluent and total volume 
— Actual, monthly and/or yearly radioactivity discharge both for total 

activity and for individual or regrouped radionuclides 
— Physico-chemical composition of the effluent (pH value, biological oxygen 

demand, chemical oxygen demand, suspended solids, temperatures etc.). 

In quantifying these release limits, the pathway to man model, specific 
for a particular discharge, as well as ALI (annual limits on intake) values for the 
individual radionuclides are the determining factors. The release limits can 
be represented as: 

A T = • A¿ 

where 

A j is the maximum weighted activity discharge rate in Bq/a or Bq/month 
typical for an individual nuclear installation, 

a¡ is the weighting factor for an individual radionuclide or group of 
radionuclides, 

Aj is the radioactivity discharge of the corresponding radionuclide(s), 
in Bq/a or Bq/month. 

As examples, the discharge formula for SCK/CEN Mol (Belgium) [8] is 
5(a) + (0) + 30(90Sr) + 3(131I) + 3 00(2 2 6Ra) + 0.001(3H) < 0 . 1 6 7 TBq/month 
and for Amersham International Limited Establishment (UK) is 2 5 00 (2 2 6Ra) 
+ 420(a) + 50(Ca+Sr) + (|3) < 222 TBq/month. 

In addition to the latter, a discharge of 14.8 TBq/a of tritium is permitted, 
provided that the discharge in any individual month does not exceed 1.85 TBq [9]. 

2.4. Available treatment technologies 

The processes available for treatment of liquid radioactive wastes fall 
generally into three main categories: ion exchange, chemical precipitation, and 
evaporation. Other processes are being used (see section 9), but not extensively. 
All these processes are discussed in detail in subsequent sections. Table I is a 
general guide showing the main features of the three basic treatment processes. 

Using evaporation techniques, decontamination factors (the DF can be 
defined as the ratio of the specific activity of the untreated liquor to that of the 
treated effluent) can be very high, one or two orders of magnitude higher than 
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TABLE I. MAIN FEATURES OF THE BASIC TREATMENT PROCESSES 

Basic Chemical p rec ip i t a t ion Ion exchange Evapora t ion 
t r e a t m e n t 
processes 

Liquid - n o t sensitive t o highly Sui table fo r : - L o w de te rgent 
rad waste salt-laden so lu t ions - L o w suspended solids c o n t e n t requ i red 
charac- - Possible negative c o n t e n t ( f oaming 
teristics e f f ec t s when oils, - Low salt c o n t e n t p rob lems) 

de te rgen ts and com- — Absence of non- ionic 
plexing agents are active species 
present 

Decontami- < 1 0 - 1 0 0 ( ( 3 , 7 ) , 103 ( a ) < 1 0 to > 1 0 " 104 - 1 0 s 

na t ion excep t iona l > 1 0 3 ( a ) average 102 t o 10 3 

fac to r ( D F ) 

Volume 1 0 - 1 0 0 (wet sludge) 500 to Ю 4 Depends on the salt 
r educ t ion 2 0 0 - 1 0 4 (dr ied solid) c o n t e n t in the 
f ac to r ( V R F ) so lu t ion 

Convent iona l Possible with evapora- Possible w i th Condensa t e can be 
c o m b i n a t i o n t ion and u l t ra f i l t r a t ion evapora t ion subsequen t ly t rea ted 
with o t h e r by ion exchange 

Process Volume of f loes may be - L imi ted rad ia t ion Sensitive to scaling, 
d rawbacks impor t an t . Dewater ing stabil i ty foaming , salt 

sys tem needed for - Limi ted hea t p rec ip i t a t ion and 
sludges resis tance cor ros ion 

Appl ica t ion - Concen t r a t i on of — Deminera l iza t ion of - Concen t r a t i on of 
types active species e f f l u e n t when salt the so lu t ion 

c o n t e n t < 1 g /L (act ive and non-
— Separa t ion of active active species) 

species 

Scope of - Utili ty liquid wastes — Main tenance of p o n d — Pr imary coolan t 
the f r o m nuclear p o w e r water qua l i ty c leanup 
appl ica t ion p lan ts - Water cond i t ion ing - Uti l i ty l iquid 

- L L a n d I L s t r e a m s in reac to r circui ts wastes f r o m 
in reprocessing — Var ious t r e a t m e n t s nuclear power 
ope ra t i ons in reprocessing p lan ts 

- Nuclear Research ope ra t ions — Various uses in 
Cent res ' l iquid wastes - Pos t - t r ea tmen t for reprocessing 

all o the r ope ra t i ons ope ra t i ons 

Main tenance Possible blockage of Possible blockage of Possible foaming , 
feed lines and cor ros ion ion-exchange beds scaling and salt 

p rec ip i t a t ion 
p rob lems , cor ros ion 

Cost Relatively cheap Relatively expensive Expensive 
mainly fo r syn the t i c (energy consuming) 
ion exchangers 
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can be reached by ion exchange. However, chemical precipitation often gives 
only rather modest DFs between 10 and 100 (obtaining higher DFs is exceptional 
and requires very close operating conditions) for beta-gamma and up to 1000 
for alpha. 

The condensate resulting from evaporation techniques can be subsequently 
treated by ion exchange, giving DFs of >106. 

Evaporation or chemical precipitation techniques are recommended when 
rather highly radioactive liquids have to be treated, whereas ion-exchange resins 
are not, because of the limited radiation resistance of their organic constituents. 
Because of the large experience already gained in the treatment of radioactive 
liquid wastes with these three basic processes, maintenance of equipment should 
not pose any major problem. However, corrosion, scaling, foaming and salt 
precipitation are problems which could be encountered during evaporation 
operations. Regarding chemical precipitation, blockage of the chemical feed 
lines as well as corrosion could be expected. As for ion-exchange treatments, 
problems may arise with blockage of the resins due to the pressure of suspended 
solids or colloids. 

Regarding the process costs, the evaporation technique tends to be the 
most expensive owing to its high energy consumption. For this reason, there is, 
at the present time, a tendency to replace evaporation by other techniques 
(chemical or new) as far as possible and mainly when large volumes of liquid 
radwastes have to be processed. Chemical precipitation is considered the 
cheapest process (20 to 50 times less expensive than evaporation). Ion-exchange 
treatment costs are located between evaporation and chemical precipitation costs. 

2.5. Conditioning of concentrates 

Any treatment of radioactive waste generates a certain concentrate. Although 
the decontamination of liquid wastes allows for discharging the effluents, one 
should include in the proper evaluation and design of the liquid waste treatment 
that the concentrates need to be managed for the same reasons as those applicable 
to the original liquid waste. Depending on the process, this concentrate will be 
solid (ion-exchange resins, filter cartridges, filter cakes, sludges etc.), or liquid 
(evaporator concentrates, regeneration liquors, concentrates from membrane 
processes). The concentration factors, as the ratio of liquid wastes volume to 
concentrates volume, may vary within a wide range depending upon the treatment 
processes and the liquid waste characteristics. 

In most cases the treatment of liquid wastes is strongly linked to the site 
where they are generated. Exception can be made for small volumes of low 
active wastes (medical wastes, samples etc.). Current practices indicate that 
usually the conditioning of concentrates is performed on-site (power plants, 
research centres). The concentrates can also be shipped off-site for conditioning, 
intermediate storage and/or disposal. 

8 



The available conditioning processes are described in Ref. [10]. Special 
attention needs to be paid to the following general considerations: 

(a) The volume reduction factor which can be reached in the liquid waste 
treatment process must be optimized, taking into account: 

— The specific activity of the later immobilized forms due to radiolysis 
and limited radiation stability 

— The radiation doses of the individual waste packages with respect to 
transport limitations and 

— The national strategy on intermediate storage and/or disposal (higher 
volume reductions do substantially increase the safety requirements for 
further handling and storage). 

(b) The choice of matrix material and hence the conditioning process may 
also be affected by the requirements for intermediate storage and/or 
disposal: 

— The physico-chemical composition of the concentrate and its limitations 
with respect to the compatibility with matrix materials (bitumen and 
NaN0 3 , cement and resins) and to the subsequently obtainable waste 
to matrix ratios and 

— The compatibility of the final waste form with its container material. 

The volume reduction factors achieved are, actually, very dependent on 
the characteristics of the liquid radioactive wastes to be treated. However, it 
has to be pointed out that the 'waste concentrates' are not all produced in the 
same way. Evaporation gives rise to a small volume of liquid, generally highly 
salt laden. The application of chemical precipitation produces wet sludges 
and generally needs the setting up of a dewatering system capable of con-
centrating the wet sludges before immobilization. Ion exchange generates a 
solid which can be subsequently directly immobilized and, when regeneration 
of the ion-exchange resins is performed additionally, the resulting highly salt-
ladén solutions have to be treated in a further step either by using a more 
specific ion-exchange process or by evaporation. 

Evaporator concentrates can be dried to produce a salt cake or incorporated 
into a matrix which can accept free water. 

2.6. Intermediate storage and/or disposal 

The off-site shipment of conditioned (or non-conditioned) waste to its 
intermediate storage (or disposal) offers the advantage that one can eliminate 
incompatible characteristics between the siting of the plant and the disposal 
of the wastes being generated. 
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Disposal options are covered under the IAEA underground disposal 
programme [11]. The programme is subdivided into shallow-ground disposal [12], 
disposal in mines or rock cavities [13], and deep geological disposal [14]. 
Alternatives for disposal of liquid concentrates include hydraulic fracturing [15] 
and disposal to subsurface wells or strata [16]. For some categories of conditioned 
low-level wastes sea dumping is used [17]. 

2.7. Planning the waste treatment system 

In most cases treatment of low- and intermediate-level liquid wastes aims 
at splitting them into two fractions: (1) a small stream of concentrate containing 
the bulk of the radioisotopes, and (2) a large stream, the level of contamination 
of which is sufficiently low to permit its discharge to the environment. However, 
a treatment system cannot be assessed only for its ability to decontaminate the 
liquid waste stream. It must be remembered that treatment is part of an overall 
waste management (see Fig.l) in which the waste generation, conditioning and 
final disposal all play important parts. 

Disposal of the concentrate is probably the key step which governs nearly 
all waste management schemes. Depending on the disposal route it is obvious 
that the requirements for the waste conditioning step, hence also the treatment, 
can be very different. For example, because of the expected high cost of 
geological storage, treatment and conditioning of alpha wastes should lead to 
the achievement of a high volume reduction factor. As shallow-ground disposal 
of low- and intermediate-level wastes cannot allow a release of activity beyond 
the limits fixed by national regulations it is clear that one has to pay attention 
to the leach rate of the waste form which involves the choice of a certain type 
of treatment. 

Another constraint on the selection of treatment processes can be the 
transport regulations in the case of shipping concentrates, which can impose a 
limited concentration factor due to limited values for dose commitment during 
transport operations. 

2. 7.1. In-plant improvements 

The design and costs of a waste treatment system can be influenced heavily 
by the design and operating practices in the waste generating facility. Improve-
ments in these throughout the lifetime of the facility is customary. However, 
it is more desirable to examine the facility plans for these improvements before 
selecting the treatment system. Such improvements may include reduction of 
liquid volumes, elimination of chemicals, segregation or combination of waste 
streams, and avoiding production of secondary wastes. 
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(a) Reduction of liquid volumes 

Waste volumes may be reduced by modification of the generation facility 
process or improving operating practices. Reduction of water leaks into the 
process system and reduction of indiscriminate flushing/cleaning operations 
reduces the volume of liquor to be treated. Leakage of untreated water into a 
fuel storage pool adds both to the liquid to be processed and the waste con-
centrate volume. 

(b) Elimination of chemicals 

Elimination of chemicals f rom the process system reduces the salt content 
and generally simplifies the treatment process. 

Such is the case in the substitution of electrochemical means in place of 
chemical addition for plutonium valence adjustment in a fuel reprocessing 
facility. This reduction in chemical addition lowers the salt content of the 
waste stream. Similarly, denitration of acidic solutions by electro-oxidation or 
addition of organics can reduce the amount of neutralization chemical required 
to produce an effluent suitable for release. Another example is the elimination 
of ion-exchange regeneration through use of a throw-away ion-exchange material 
such as the powdered ion-exchange material. By avoiding chemicals for regeneration, 
the waste is only the used resin and the equipment can be reduced for both 
concentrate and condensate treatment. 

(c) Production of secondary wastes 

The production, treatment and disposal of secondary wastes should be 
considered in the comparison of treatments. Chemical treatments generally add 
chemicals that produce an increase in volume of precipitates for disposal. Filters 
using filtering aids increase the amount of solid waste. Likewise, spent filter 
cartridges will form solid secondary waste. Bead-ion-exchange systems produce 
regeneration solutions, while all the spent resins have to be treated and disposed 
of as solid waste. Evaporation, while not requiring the addition of chemicals, 
may volatilize contaminants, such as iodine or ruthenium, requiring gas cleanup 
equipment and resulting in an additional waste stream. It is obvious that any 
equipment decontamination will generate secondary wastes. 

(d) Re-use of liquid effluents 

Waste volumes as well as the amount of effluents discharged into the 
environment may be reduced by suitable recycle and re-use of some waste 
streams. For example, re-use of decontamination solutions or recycling of 
clarified liquors within a process reduces the need for addition of fresh water 
to the process. 
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2. 7.2. Influence of workers' exposures on a plant design 

The exposure to the general population from waste treatment operations is 
essentially established or limited indirectly by regulations on discharges. 

Inside the waste treatment facility, however, the exposures to the workers 
are controlled according to the ALARA principle, taking into account the 
limitations for radiation workers. It is possible that a contradiction may occur 
between the requirements for performance of a treatment process and the 
limitation of radiation exposures to workers. Generally, one aims at concentrating, 
as far as possible, the bulk of the radioactivity in order to limit the volumes of 
waste which should be subsequently conditioned and disposed of. However, the 
handling of highly active waste concentrates requires shielded and remote facilities, 
resulting in important investment costs. So it should be noted that in using 
the ALARA approach the balance of worker and public radiation exposure will 
have an influence on plant costs. 

3. TYPES, SOURCES, AND CHARACTERISTICS 
OF WASTES 

3.1. Introduction 

As liquid wastes arise from almost every nuclear operation they can be 
composed of different nuclides in different chemical forms and the activities 
can be very different. It is therefore necessary to characterize the liquid wastes 
according to different properties and sources in order to assess safe handling 
and correct treatment. 

3.2. Types of waste 

The various types of radioactive liquid wastes are normally classified as 
high-, intermediate- and low-level radioactive; these classifications being based 
on specific activity. Other classifications could be based upon chemical, physical, 
radiological and biological properties as well as the half-life of the individual 
radionuclides. Each classification system has its advantages and disadvantages, 
depending upon the source of the waste and the treatment method to be applied. 
The specific activities defining high, intermediate and low level are often different 
in various countries and are even different in various establishments of the same 
country, e.g. high level in a research establishment may correspond to intermediate 
or even low level in a reprocessing plant. 
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TABLE II. CLASSIFICATION OF LIQUID WASTES 

Category Activity (m 3 ) 
mixed /З /7-emit ters 3 

Remarks 

1 < 37 kBq No treatment required; 
released after measuringb 

Low-level 
waste (LLW) 

2 37 kBq to 37 MBq Treated, no shielding 
required 

3 37 MBq to 3.7 GBq Treated, shielding sometimes 
required according to radio-
nuclide composition 

Intermediate-
level waste (ILW) 

4 3.7 GBq to 370 TBq Treated, shielding necessary 
in all cases 

a Concentration of alpha activity is negligible. 
b Related to the release rates, licensed by the respective competent authority. 

The IAEA [18] has suggested a classification system based upon specific 
activity. Four categories of low- and intermediate-level liquid waste according 
to this classification are shown in Table II. The treatment of liquid wastes of 
one category will normally result in two streams of other waste categories — a 
nearly equal volume of liquid waste of the lower category and a much smaller 
volume in a higher category. Sometimes a multi-step process is necessary to reach 
this goal. 

3.3. Sources of waste 

Radioactive liquid wastes are generated in all nuclear power operations, 
ranging from ore production to the disposal of radioactive wastes. They are also 
generated in other operations involving the application of radioisotopes, e.g. non-
destructive testing, medicine, remote power sources etc. The liquid wastes vary 
extensively in both chemical and radionuclide content, with each nuclear operation 
generally producing a primary type(s) of liquid waste depending upon the particular 
operation being conducted. Most operations, particularly the làrger ones, however, 
will also produce a variety of secondary radioactive liquid wastes from activities 
such as showers, laundries, analytical laboratories, and decontamination services. 
The following sections provide typical data on the radioactive waste arisings from 
various nuclear operations. 
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3.3.1. Mining and m illing 

Natural uranium (0.71% 235U) in most cases is obtained by mining (both 
subsurface and open pit mines). Waste water arisings in these operations vary 
with the type of mine or extraction operation. These liquid arisings contain very 
small amounts of the natural alpha activity from the uranium in the ore [19]. 

Milling presents a greater waste problem since the uranium is separated from 
extraneous material to produce a concentrate of about 85% U 3 0 8 . The process 
involves dissolution in acid, chemical extraction, settling etc., which produce 
liquid arisings contaminated with both chemicals and alpha activity. Arisings 
from such operations may typically amount to 700 - 800 m 3 /d , with specific 
activities of up to 370 kBq/m3 [20], and are always in the range of Category 1 
or 2. Treatment of those wastes generally includes retention and settling in a 
tailings pond. 

3.3.2. Uranium conversion 

Uranium concentrate milled from ore is converted to uranium hexafluoride 
for enrichment using combinations of treatments including reduction with 
ammonia, hydrofluorination, and fluorination (hydrofluor process); or nitric 
acid dissolution, solvent extraction, calcining, hydrofluorination, and fluorination 
(wet process). Liquid wastes from these treatments contain about 0.03% of the 
material processed. As in the case of milling, the major radioactivity results from 
natural uranium, 226Ra, 2 3 0Th and their daughter products. After the addition of 
lime, sedimentation at holding or settling ponds is the conventional treatment 
used [19]. 

3.3.3. Uranium enrichment 

Natural uranium contains about 0.71% of fissionable 235U. Light water 
nuclear power reactors require uranium enriched to 2—4% 23SU. This can be 
done in several ways, but the major processes in use today are diffusion through 
a barrier or centrifugation. Such plants are usually large complexes containing 
many operations (analytical laboratories, decontamination etc.) in addition to 
enrichment. Conversion to UF6 is often included in the enrichment process. 
Therefore, there are numerous waste streams. The radioactivity consists, as in 
the case of milling and conversion plants, of natural uranium and daughter 
products. For a 9 X 106 SWU enrichment plant radioactive-contaminated liquids 
amount to 5—10 m 3 /d . They are discharged to a holding pond following treatment 
to recover uranium [19]. Unlike the milling and independent uranium conversion 
facilities, the radionuclides in the liquid wastes may include fission products from 
irradiated uranium recycled through the enrichment process. The estimated radio-
nuclide releases from the holding pond of such a plant are shown in Table III [21 ]. 
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TABLE III. ESTIMATED RADIOACTIVITY RELEASED 
FROM THE PRIMARY HOLDING POND O F A GAS 
CENTRIFUGE ENRICHMENT PLANT a [21 ] 
(Transuranicalpha specification = 1500 dis-min"1 - g - 1 U) 

Isotope Radioactivity 
(Bq/a) 

232 и 2.9 X 10s 

2 3 3 и 1.5 X 103 

2 3 4 u 1.0 X 108 

235 и 3.8 X 106 

2 3 6 и 9.6 X 106 

2 3 8 и 8.1 X 107 

239pub 3.0 X 102 

2 3 7 Np° 1.5 X 10s 

106 Ru 3.4 X 109 

9 sZr- 9 5Nb 7.4 X 108 

137Cs 5.6 X 107 

144 Ce 5.6 X 107 

99 Тс 2.6 X 10" 

Other fission products 5.6 X 107 

a Relative to 9 9Tc, the retention of all fission products in equipment 
and traps is greater by a factor of 10. 

b Cobaltous fluoride trap decontamination factor for 2 3 9Pu = 10 s . 
0 Cobaltous fluoride trap decontamination factor for 2 3 7Np = 400. 

3.3.4. Fuel fabrication 

Fuel fabrication facilities include a variety of operations including conversion 
of UF 6 to U 0 2 , sintering and finishing fuel pellets, tubing preparation, and final 
assembly. Recovery of off-standard pellets and recycle represents a respectable 
portion of the operations [22]. Treatment of liquid wastes usually consists of 
discharge to a disposal pond, although ion exchange is used to recover the 
residual uranium in the plant and when producing U/Pu mixed-oxide fuel. During 
fuel fabrication up to 600 m 3 / t U with specific activities of 740 kBq/m 3 (natural 
alpha) can arise [20]. These wastes also contain large amounts of chemicals, 
e.g. nitrates, fluorides etc., used in the U 0 2 production and cladding treatment. 
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3.3.5. Nuclear power plan ts 

According to the different types of reactors now operating commercially all 
over the world - PWR, BWR, HWR, GCR - different waste streams arise. These 
streams are different both in activity content and in the amount of liquids generated. 
Water cooled and moderated reactors generate more liquid waste than the gas 
cooled plants. In all cases liquid waste will arise f rom decontamination operations. 
Data given in the following sub-sections are taken mostly from Ref. [23]. Only 
normal operations but not emergency situations were considered. 

3.3.5.1. Pressurized water reactors 

Active liquid waste streams are generated by cleanup of primary coolant, 
generator blowdown system, cleanup of spent fuel storage pond, drains, wash 
waters and leakage waters. The volumes of liquid waste arisings per year for a 
1000 MW(e) plant lie between 4000 m 3 and 16 000 m 3 . For details see 
Table I in Ref. [23]. 

The cleaning procedure results in evaporator concentrates, ion-exchange 
resins and sludges. The activity of liquid concentrates can reach 37 GBq/m3 . 

3.3.5.2. Boiling water reactors 

Active liquid waste is produced in the cleanup systems of primary coolant, 
steam condensate cleanup system, sump water (leakages) and the different drains 
(floor, laundry, equipment drain). 

Volumes generated are significantly higher than at PWRs, and for a 1000 MW(e) 
plant are approximately double those quoted above. The water is largely re-used 
after liquid waste treatment. The water treatment results in spent ion-exchange 
resins and filter sludges and occasionally in evaporator concentrates. The activity 
of resulting liquid concentrates reaches up to 50% of the PWR values and is mainly 
concentrated in the solid phase. 

3.3.5.3. Heavy water reactors 

Heavy water moderated reactors generate normally a low amount of liquid 
waste streams. Liquid wastes arise from the cleanup system of the moderator 
circuit (high tritium values), the primary cooling circuit sump water and the 
different drains. The annual generated liquids (calculated for 1000 MW(e)) vary 
between 12 300 m 3 /a (Darlington GS-A, Canada) [24] and 25 000 m 3 (Atucha, 
Argentina [23]). As the cleanup system of such reactors works mainly with 
once-through ion-exchange techniques, virtually no liquid concentrates are 
generated. 
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3.3.5.4. Gas cooled reactors 

Gas cooled reactors produce only few liquid waste streams in comparison 
with other reactor types. Only fuel cooling pond water, laundry drain and 
decontamination processes generate such waste types in significant volumes. 
The liquids obtained from the gas-circuit dryers are relatively low in volume. 
A total of up to 10 0 0 0 - 2 0 000 m 3 /a of liquid effluents (extrapolated for 
1000 MW(e)) are generated by GCRs. Residues are some filter sludges, ion-
exchange resins and sometimes evaporator concentrates. 

As oil is used as a lubricant and sealing material at some reactor sites, 
contaminated oil can become a liquid radioactive effluent. This problem arises 
especially at gas cooled reactors. The Magnox reactors running in the United 
Kingdom produce such contaminated organic liquids. Dougall and Newell [25] 
reported that about 115 m 3 radioactive oil was generated with an activity 
content of about 148 GBq tritium and 5.5 GBq other radionuclides in one year. 
In the future the production of contaminated oil can also become a problem for 
gas cooled HTRs and metal cooled breeder reactors. 

3.3.6. Fuel reprocessing 

Normally the reprocessing operations are carried out according to the 
classical Purex process. Basically, this process consists of dissolving the irradiated 
fuel in nitric acid and separating and purifying uranium and plutonium from the 
fission products using the solvent extraction technique (with diluted tri-butyl 
phosphate (TBP) in dodecane). 

Besides high-level wastes, large amounts of intermediate-level liquid wastes 
are generated in each step of the fuel reprocessing operations from initial receipt 
of the fuel and storage in ponds until the Pu- and U-extractions and purifications. 
Obviously the characteristics and amounts of such wastes are very variable 
according to the type of fuel reprocessed (LWR, GCR etc.). Nevertheless, as a 
common feature, some typical waste streams are inevitably produced such as: 

— Cooling pond liquid wastes 
— Decladding wastes 
— Off-gas scrubber solutions 
— Solvent wash alkaline wastes 
— Second and third uranium and plutonium cycle wastes 
— Oxalic liquor from Pu conversion 
— Plant decontamination solutions. 

3.3.6.1. Cooling pond wastes 

A new philosophy, especially in some European countries [26], recommends 
the interim storage of spent fuel for a longer period of time (more than 10 years) 
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before reprocessing. At least for the first 5 to 10 years the storage is normally 
in water ponds, although with Magnox fuels this is not necessarily the case. 
Interactions of water with Magnox result in corrosion of cladding and necessitate 
shorter cooling periods. 

The water in fuel ponds is usually either demineralized or mains water 
inhibited against corrosion; so it can be either very low in salt content or 
reasonably high. Such liquors are usually treated by recirculation through ion-
exchange columns and the régénérant liquors from such columns constitute the 
liquid waste. Nevertheless, today very often powdered ion-exchange resins are 
used for such water cleanup, resulting in solid wastes. The activity in the pond 
water comes from the stored fuel rods and the cladding. The radioactivity varies 
according to the cladding used on the fuel rods, its corrosion rate, and on the 
leakage and/or diffusion rate of the fission products. The specific activities 
excluding tritium in such pond waters are of the order of 10 MBq/m3. A great 
amount of data have been collected by the INFCE Working Groups [27] and the 
BEFAST Working Group [28]. 

3.3.6.2. Decladding wastes 

Chemical decladding is primarily responsible for the production of significant 
amounts of intermediate-level liquid waste. As a typical example [30], at La Hague, 
decladding of the French graphite-gas natural uranium reactor fuel produces 
6 m 3 / t U. Such wastes contain both alpha [ (3-7)X10 1 0 Bq/m3] and beta/gamma-
emitting nuclides [(7—11)X1012 Bq/m3] , the most important ones being 90Sr, 
106Ru, 144Ce and 1 3 4 / 1 3 7Cs. Other figures, varying from 16 to 43 m 3 / t U, are also 
mentioned in the literature for other types of fuel [29, 31 ]. 

3.3.6.3. Off-gas scrubber solutions 

In order to prevent undue release of NO x and active gases into the environ-
ment (mainly iodine) during fuel dissolution, caustic scrubber solutions are 
generally used for the off-gas treatment. Whereas the specific activity of such 
waste is rather low ( < 1 . 1 X 1010 Bq/m3 for 131I), important volumes may arise 
which moreover contain noticeable amounts of inactive salts (Na0H/Na 2 C0 3 etc.). 

3.3.6.4. Solvent alkaline wastes 

This waste generated during the TBP cleanup operations for recycling 
purposes is mainly composed of a mixture of NaOH and N a 2 C 0 3 in which TBP 
radiolytic degradation products are also present. A typical composition is given 
by Horwitz [32]. This stream is characterized by a rather high salt content and 
activity (Ru and Pu). The arisings of the solvent alkaline wastes are comparable 
to the former one. About 1 - 2 m 3 / t Uof such waste can be expected with an 
activity of 3.7 X 1012 Bq/m3 (1st cycle) [30]. 
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3.3.6.5. Second and third uranium and plutonium cycle wastes 

From the extensive purification cycles for Pu and U, always using the same 
solvent extraction technique, some aqueous alpha-contaminated raffinates arise. 

Only sporadic data have been published concerning their main characteristics, 
indicating [30] an activity around 3 X 1010 Bq/m3 (/3y) and an acidity of about 
2—3M H N 0 3 . Depending on the process used to separate Pu f rom U, noticeable 
amounts of iron and sulphate may be present in these wastes. There do not seem 
to exist any published data concerning the generated waste volume expressed per 
tonne of uranium reprocessed. 

3.3.6.6. Oxalic liquor from Pu conversion 

This stream results from the Pu oxalate precipitation step (conversion of Pu 
nitrate into Pu oxide). Although low in volume, it may contain significant amounts 
of Pu. 

3.3.6.7. Plant decontamination solutions 

As regards waste streams, it can be said that they vary widely in activity and 
chemical composition. However, they often result f rom the mixture of H N 0 3 

and NaOH and may contain moreover a large variety of complexing agents. These 
solutions contribute to a large extent to the great final volume of intermediate-
level wastes from reprocessing operation owing to their high salt content. 

As a matter of fact, all these reprocessing liquid wastes are usually mixed as 
far as they are compatible with subsequent treatment or they are stored separately. 
These resulting intermediate-level waste concentrates may contain up to 400 g/L 
of N a N 0 3 with a final 0y activity of about 2 - 4 X 1010 Bq/L. Arisings of 
2—4 m 3 / t U m a y be considered typical for such concentrates. 

Decontamination operations of power reactors or reactor systems very often 
are performed with chemicals. The classical chemical method is the APAC [125] 
(alkaline permanganate + ammonium citrate) which, together with its modifications, 
is a two-step method. The wastes produced are problematic to handle because of 
high concentrations of chemicals which, in many cases, cause difficulties in the 
solidification processes of the wastes. To avoid this problem, modern methods 
have been developed where a very low concentration of chemicals is used. The 
solution used contains citric acid, oxalic acid and EDTA. This solution is 
continuously recycled through filters and ion exchangers which fix the radio-
nuclides and regenerate the chemicals. Ion exchangers later are turned into waste. 
The process called 'CAN DECON' [69] has been used in Canada for the deconta-
mination of CANDU reactors. A similar process with higher temperature and a 
greater concentration could be applied to light water moderated reactors. 



For very effective decontamination, e.g. cleaning of scrap metals when all 
the activity has to be removed before re-use, special methods with anodic 
dissolution of the material surface (electropolishing) have been studied. The 
electrolyte normally is sulphuric or phosphoric acid. 

In the Soviet Union this decontamination technique with anodic dissolution 
has been performed also in piping systems where the cathode has been moved 
along the pipes. 

It is important that the decontamination operations, intended to decrease 
the man exposure to radiation, shall be performed in such a way that operators 
of waste management facilities are not exposed to radioactivity removed from 
the reactor systems. 

3.3.6.8. Spent solvent solutions 

Typical organic liquid wastes, generated by the reprocessing of spent fuel, 
are solvent solutions such as TBP. These liquids are separately processed using 
specific techniques. As an example, one can refer to the Eurowatt process [33], 
where the kerosene solute is separated from the TBP, the latter being thermally 
mineralized into phosphate salts. 

3.3. 7. Nuclear research establishments 

This section also includes universities, colleges, and isotope laboratories. 
A great variety of effluents arise at such sites depending on their activities. 

These can include wastes from 

— research reactors 
— radioactive-chemical laboratories 
— decontamination facilities 
— hot cells 
— pilot plant activities. 

Although the volumes can be very high, the activity levels do not normally exceed 
10 MBq/m3 beta/gamma activity, although in special cases very small volumes 
may exceed this value very much (e.g. decontamination solutions, cell work etc.). 
The alpha activity is normally much lower than this, not exceeding about 
1 MBq/m3 , but in special laboratories working in plutonium this level can be 
exceeded. 

The chemical and radiochemical composition of these effluents varies 
considerably but, as the lower activity level streams are often mixed at the treat-
ment plant, a reasonably stable composition of effluent results; so-it can be 
treated in the same facility on a routine basis. 
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A significant part of the waste arisings may be organic material, which will 
need special treatment. Scintillation counting liquids will be a reasonable fraction 
of this type of waste. 

As regards the arisings of liquid waste in the different research centres, the 
amount, as well as radionuclide content, vary widely, related very closely to the 
special kind of work done in the specific establishment. Table IV lists some 
available data on the arisings of aqueous liquid wastes in some research centres. 

As regards the arisings of organic liquids it is rare that figures are reported 
as to their amounts. But, as the volume of scintillation counting liquids is surely 
the most significant part of this special waste, one can consider the values given 
in Ref. [34] as a guideline for other arisings. It was estimated that about 
4 5 0 - 5 0 0 m 3 /a liquid scintillation fluid, with an average activity content of 
260 MBq tri t ium/m3 and 20 MBq carbon- 14/m3 , arises in the United States of 
America, including also waste from industry. Other radioisotopes are present 
only in minor concentrations, such as 32P, 35S, 4 sCa and 125I. 

3.3.8. Hospitals and industries 

In hospitals liquid wastes arise which are very closely connected to the kind 
of radiotherapeutic and diagnostic nuclear medicine techniques that are applied. 
Most of the radioisotopes used are very short-lived ones [42]. Therefore, in most 
cases, the only treatment that is performed is the storing of the liquids in decay 
tanks before they can be released to the environment. Thus, the necessary 
treatment steps are generally very limited for the treatment of these very low-
activity content but sometimes rather significant volumes of wastes. Detailed 
data on the arisings of hospital waste are in principle available, but are very 
difficult to interpret. One can estimate that not more than 5% of the arisings at 
a research establishment in Category 1 is produced by hospitals. 

Isotope production units and other industrial establishments do produce 
some effluents, but again they are relatively low in activity level and volume 
except when producing some individual isotopes. One exception is the labelling 
of compounds with tritium which can produce intermediate-level effluents, but 
fortunately the radiotoxicity of tritium is relatively low. Carbon-14 can cause 
some problems, likewise. To give quantitative data does not seem to be useful, 
because the basis for such an evaluation differs too widely. 

3.4. Waste characteristics 

The main characterization principles will be the chemical, physical, radio-
logical and, in some respect, the biological properties of the treated liquid waste 
streams, Attention has to be paid to the different properties of aqueous and 
organic liquids. 
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3.4.1. Chemical properties 

There are various chemical properties of the aqueous effluents which will 
influence any selected treatment process. Together with other properties they 
will help the waste manager to decide which type of treatment is necessary. Such 
properties include: 

— chemical composition of the liquid 
— pH value 
— Zeta potential 
— form of the impurities 
— oxygen demand 
— toxicity 

In aqueous wastes there may be organic compounds present (oil, greases, 
solvents) f rom different origins, such as leakage of lubricants from pump seals 
and other rotating equipment. Other organics present may be anionic detergents, 
as for example alkyl benzene sulphonate (ABS). 

The treatment of some of these organic-aqueous mixtures may comprise 
collecting them in tanks for settlement and removal of water and solid particles, 
followed by monitoring. Afterwards the organic phase may be sent to an 
incinerator where it is burned, mixed with a sufficient quantity of fuel oil [25] 
or other organic diluents. 

Toxicity is the ability to cause harmful effects by a poisonous substance on 
the human body by physical contact, ingestion or inhalation. Therefore, the 
toxicity of a waste is of interest, as the safety of operating personnel is of 
paramount importance in the treatment. Sometimes it has to be considered as 
more important than the radiotoxicity, especially regarding effluents of industrial 
work. 

Organic solvents can be inflammable and, when accumulating in certain 
parts of storage tanks, pipelines and other parts of equipment may form gas . 
pockets and become dangerous. In addition, some types of solvents such as 
kerosene and trichlorethylene may cause leakage of liquids by dissolving plastics 
and other sealing materials of tubes, vessels, tanks, etc. 

3.4.1.1. Chemical composition 

The chemical composition of a liquid is, in principle, the decisive factor in 
selecting a certain purification procedure. For the treatment of wastes from a 
nuclear power plant or a main step in the nuclear fuel cycle, the composition of 
the arisings will be nearly constant. So, virtually, no variation in the cleaning 
steps must be done. However, when dealing with waste streams from research 
facilities and decontamination activities there are constant variations in their 
chemical compositions. The process selected can be based on conventional 
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chemical treatment principles. A special problem is the amount of detergent 
present in the waste liquor, especially when dealing with laundry waste, and 
the presence of detergents and complexants is the decisive factor in the treatment 
method selected. All operators should be reminded of the need to keep the 
detergent content of their wastes as low as practically possible and to use only 
detergents with low foaming properties or tailored surface active reagents [43]. 

3.4.1.2. pH value 

The pH value of the effluent is very important to both the containment 
facilities and the treatment process. In order to withstand corrosiveness, the 
collection system will have to be constructed of suitable materials or the pH value 
adjusted before collection. Neutralization may cause precipitation of sparingly 
soluble salts and, of course, adds chemicals to the effluent especially if it is highly 
acidic and needs a lot of alkali to raise the pH value to neutral. However, the 
large volumes of low-level liquid waste are often fairly neutral and it is only with 
the smaller volumes of intermediate-level waste where the pH value is a problem. 

3.4.1.3. Zeta potential 

The Zeta potential is only important in chemical treatment, where it is used 
to determine optimum coagulation and flocculation dosages. It has long been 
used in conventional water works for the production of potable water. It is 
actually a measurement of the electro-kinetic charge surrounding solid particles 
suspended in the waste which must be neutralized before flocculation can take 
place. Details of this will be given in section 6 on chemical treatment methods. 

3.4.1.4. Oxygen demand 

The chemical oxygen demand of a liquid is the amount of oxygen necessary 
for the complete oxidation of all the inorganic and organic salts in solution. This 
has to be satisfied before any chemical reaction involving coagulants etc. added to 
the effluent is carried out; thus i f i s sometimes an important consideration in 
chemical treatment methods. 

3.4.1.5. Toxicity 

The presence of toxic organic compounds is an important matter to be taken 
into account and must be known, whatever the toxicity level will be. These 
materials generally have their origin in research work and laboratories preparing 
labelled compounds. If the toxicity is high, a special treatment of the wastes must 
always be performed, preferably before they are treated for radioactive decontamina-
tion. For other compounds in which the toxicity is lower (amines and certain 
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non-water soluble solvents) the normal treatment (decontamination and/or dilution 
with other effluents) may be sufficient to eliminate the potential hazard. Special 
precautionary measures have to be taken when dealing with cancer-generating 
labelled organic compounds. 

3.4.2. Physical properties 

The physical properties of effluents normally do not vary much for a 
particular waste stream, because the origin of this waste is the same. So they 
should only be mentioned briefly in this report. 

The more important physical properties of an effluent which could influence 
its treatment include the following: 

— Conductivity 
— Turbidity 
— Emulsifying ability 
— Density 
— Viscosity 
— Surface tension. 

The conductivity of an aqueous liquid gives some measure of the electrolytes in 
solution and, if high, could preclude the use of ion-exchange treatment methods. 
Usually a conductivity of 1.0 mS/m is the limit for treatment in ion-exchange 
purification of effluents in the nuclear fuel cycle and reactor operation. For 
other sources ion-exchange treatment is done up to significantly higher values. 
Turbidity indicates the presence of colloidal particles in the effluent and will need 
to be removed by some kind of chemical treatment. If organic liquids (e.g. solvents 
or oils) are present in the aqueous waste, there is the possibility of emulsion 
formations. Emulsions will very much affect the results of flocculation and filtra-
tion techniques. 

Both the density and viscosity may have some bearing on the pumping of the 
liquors, while surface tension can affect intimate mixing. However, in general, 
those are relatively minor points to be considered when deciding what treatment 
techniques to adopt when planning an effluent treatment plant. 

3.4.2.1. Form of the impurities 

The concentration of chemicals dissolved in the liquor and the amount of 
suspended matter have a great influence on subsequent treatment and, in some 
cases, pretreatment is necessary before the main treatment can be applied. Thus, 
filtration may be necessary to remove suspended solids before performing ion-
exchange processes or others. Likewise, effluents containing corrosive, scale-
forming or foaming materials possibly must be pretreated prior to evaporation. 
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3.4.3. Radiological properties 

The radiological properties of a given effluent are probably the most 
important, as they will not only affect the choice of the treatment process but 
also the safety of its operation and the radiological impact to the operators and 
the environment, the most important of which include: 

— Composition of radionuclides 
— Criticality considerations 
— Radiation stability 
— Self-shielding effects. 

3.4.3.1. Radionuclide composition 

The composition of radioactive effluents covers a very wide range both as 
regards the presence of alpha-emitting and beta/gamma-emitting nuclides. Some 
streams will contain both, especially the large volumes of low-level activity liquors, 
and treatment must be devised accordingly. In general, the intermediate-level 
streams will contain more specific groups of isotopes or even just one or two 
individual nuclides. Examples of these are some cooling pond waters at 
reprocessing plants where the emphasis is on cobalt and caesium with some 
strontium and the plutonium effluent streams at separation plants. (See 
section 7.4.4.) It is even possible to find streams containing only beta/gamma 
activity, where the bulk of the activity has a relatively short half-life so that the 
effluents can conceivably be left in storage for a while and then can be safely 
discharged to the environment. However, such streams are the exception and 
most effluents require some kind of treatment. 

The specific activity of the effluent determines whether it is classified as 
low or intermediate level as shown in Table III. However, it must be realized 
that the categories suggested are merely proposed by the IAEA and that their 
number varies considerably from country to country and even between establish-
ments in the same country. Some of the intermediate-level streams often require two 
or more different types of treatment, e.g. evaporation techniques may have to 
be followed by ion-exchange treatment of the distillate. Whatever the treatment, 
the final effluent for discharge must be low in activity, i.e. below the authorities' 
discharge limits. So much higher decontamination factors are needed for 
intermediate-level effluent than for low-level wastes. The same principle has to 
be applied for radionuclides with different radiotoxicity. 

3.4.3.2. Criticality considerations 

The possibility of reaching critical concentrations during the handling or 
treating of liquid effluents arises only during certain steps of the nuclear fuel 

27 



cycle. During the cleaning steps of the solvent rinsing waters at several points of 
the fuel extraction in reprocessing work it has to be considered that there is a 
possibility of sludge formation with considerably high amounts of heavy fissile 
metal. In such cases mixing or dilution procedures should be provided. 

3.4.3.3. Radiation stability 

Stability under the influence of radiation is important only for high- and 
intermediate-level waste. Considerations have to include radiolysis, which causes 
gas generation and possible recombination, production of organic products and 
catalysis of radiation-chemical reactions, leading to explosions. However, as most 
of the intermediate-level waste does not vary significantly in its radiological 
composition, the individually tailored treatment processes can overcome all these 
influencing parameters. 

3.4.3.4. Self-shielding effects 

The self-shielding properties of large volumes of radioactive effluent cannot 
be overstated, as this point is very important when planning a treatment plant. 
It is therefore important to calculate the self-shielding properties of expected 
batches of effluent since large savings in both space and capital investment are 
possible if a facility requires less or even no shielding. Liquids giving rise to 
precipitates or scales have the reverse effect. 

3.4.4. Biological properties 

Biological wastes are characterized by the presence of micro-organisms 
in the effluent. Both the types and concentrations of those organisms can 
be important, as they can lead to high biological oxygen demand which may 
affect treatment. The presence of biodegradable substances in effluent, both 
organic and inorganic, can cause troubles due to foaming in both chemical treat-
ment tanks and evaporators, particularly the latter. In addition, such effluents 
may contain toxic substances which could cause complications with the safety 
of operations. However, these effluents arise at quite specific establishments and 
can be segregated and treated as required. 

Special attention has to be given to faeces of patients in radiotherapy 
hospital departments. But, as mentioned before, the radionuclides applied for 
radiotherapy are in most cases very short-lived and no problems should occur in 
the treatment of sewage effluents, if enough storage volume is available. 
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4. SEPARATION AND SEGREGATION 
OF WASTE STREAMS 

4.1. Introduction 

Each waste stream should be examined at its source for both volume and 
concentration reduction and possible pretreatment prior to combination with 
other streams. While it is desirable to have to operate only on one treatment 
facility, it can be more economical to segregate streams, e.g. alpha-contaminated, 
high-salt streams etc., requiring different processes. 

Concentrates from the treatment of alpha-contaminated waste streams may 
require more expensive conditioning and sometimes special storage and disposal. 
Thus, waste stream segregation is a necessity. Such an approach will minimize 
the volume of these concentrates by avoiding dilution with non-alpha-contaminated 
concentrates and may ease further treatment and disposal. 

As pointed out in section 8, high-salt streams are more amenable to treat-
ment by evaporation than by ion exchange. In some cases pretreatment of the 
waste streams by, for example, coagulation may produce an effluent suitable for 
combination with other streams for final treatment in one process. Many 
combinations of treatments are possible; while analysis of these combinations 
is time consuming, all must be considered in order to achieve an optimum solution. 
The French have provided an excellent example of such an improvement at 
Fessenheim. By addition of an ion exchanger step to an evaporator system the 
resulting amount of solidified concentrates for disposal was reduced by a factor 
of 11 [44]. 

Another typical example relates to the management of intermediate-activity 
concentrates arising from reprocessing operations. Since this waste is expected to 
arise in relatively large volumes it may be worthwhile to provide for treatment 
which would allow its splitting up into a large volume of low activity waste on 
the one hand and a small volume of high activity on the other hand, considering 
that these two streams can be disposed of quite differently. Another possibility 
worthy of noting is the separation of actinides from beta-gamma activity which 
might also permit an improvement in the management of such waste in reducing 
the volume of waste to be disposed of in geological formations. These two 
approaches constitute some of the prominent features of the Research and 
Development (R&D) programme of the European Community on treatment of 
intermediate-level wastes being carried out [45, 46]. (Some details about the 
treatment processes involved in this programme are reported in section 6.) 

In general the most practicable solution is a compromise with as few 
facilities as possible and this is the normal practice today. 
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4.2. Segregation of liquid wastes 

The waste manager has several drainage systems, all arranged so that the 
minimum amount of effluent arising on-site requires treatment and can be 
segregated and that only a small proportion of the active liquors need to be 
diverted to the intermediate-level waste treatment plant. The following system 
is often used. 

4.2.1. Sewage effluents 

Liquids from all toilets and wash basins in non-active areas could be dis-
charged directly to the sewage treatment works. These wastes should contain no 
radioactivity and may therefore be discharged after monitoring and conventional 
treatment. 

4.2.2. Trace waste effluents (Category 1) 

This water arises from laboratories and workshops where only 'trace' level 
solutions are used. It can also include liquids from secondary cooling systems of 
nuclear facilities (e.g. experimental assembly cooling and decontamination waste 
streams of the higher category). It normally contains virtually no activity and 
can be discharged well within the authorized limits. However, such effluents 
usually contain non-active contaminants such as suspended matter and grease 
and oils. After removal of the former by filtration or settlement and the latter 
by a grease trap and/or skimmer, the effluent can be collected, sampled and dis-
charged without any further treatment. Concentrates produced in treatment of 
such liquids are usually handled as radioactive material. 

4.2.3. Low-level liquid wastes (Categories 2 and 3) 

These wastes arise at laboratories and other areas where radioactive work is 
carried out, or as cleaning waters or decontaminated waste streams of the higher 
category. In laboratories they are normally discharged into a piping system inside 
the building or drained into tanks outside. When the tank is full, the liquid can 
be mixed, sampled and analysed and, if satisfactory, discharged to the main low-
level treatment plant. If the activity level is too high the liquor can be diverted 
to the intermediate-level treatment plant either by tanker or a special drain. 

Water from cooling ponds can go by normal drainage directly to the low-
level treatment plant or, if considered too high, be diverted to the intermediate-
level plant. 

The bulk of the active arisings in nearly every establishment should be in this 
category. 
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4.2.4. Intermediate-level liquid wastes (Category 4) 

These streams are segregated in a variety of ways. They can be collected at 
source in small containers and transported to the intermediate-level waste treat-
ment plant, especially in research establishments, or even have their own separate 
drainage system. Intermediate-level liquors and decladding wastes usually have 
their own special treatment facilities. 

Although this system of classifying liquid waste arisings into a few broad 
classes appropriate to the existing facilities at the central treatment plant has 
been successfully applied for many years at many places and will probably 
continue, the separation of more specific streams, for which special treatments 
are and will be devised, has to increase. An example of the latter is the treatment 
of predominantly alpha-activity streams where, depending on Pu form, ion-exchange 
treatments utilizing anionic resins can be used for plutonium removal. 

4.2.5. Organic liquids 

Organic liquid waste is generated in small quantities, compared with aqueous 
waste streams. Depending on the actual treatment process it may disturb and 
interfere even in such quantities. In this case, or if the discharge is not allowed, 
such wastes should be collected separately. Examples of contaminated organic 
liquid wastes may be a liquid scintillation fluid, solvent solutions from fuel 
reprocessing or turbine oil in some types of nuclear power plants (see section 3). 
Usually drums, suitable for intermediate storage, are used for collecting thesee 
wastes. They are transported to the treatment plant by trucks and become 
incinerated in most cases. 

5. SOLID-PHASE SEPARATION 

5.1. Introduction 

Separation is carried out to remove suspended and settled solid matter from 
liquors. There are three distinct reasons for requiring such treatment: 

(1 ) To pretreat the effluent so that it is suitable for further treatments such as 
ion exchange and evaporation; 

(2) To remove any suspended matter (floes) carried over from the sedimentation 
stage after chemical treatment of the effluent; 

(3) As an alternative to sedimentation for the removal of a chemical precipitate 
from the bulk liquid. 
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First, any activity associated with the solid particles is removed so that it 
: becomes the initial decontamination stage while in the second it acts as a 

'polishing' stage to remove traces of activity associated with the floe carried over 
from the chemical treatment. 

There are several types of separation equipment available, all based on those 
which have been regularly used in the conventional water and effluent industry. 
The most popular types are: 

- Filters 
- Centrifuges 
- Hydrocyclones. 

5.2. Filters 

Filters are used in a process in which undissolved particulate solids suspended 
or carried by a liquid are separated from the liquid by forcing it through a porous 
body. In the following sub-sections the different types of filters as well as their 
uses and performance are described. Decontamination factors for filters may 
range from 1 to 100. Normal values lie between 2 and 10 because of the presence 
of dissolved radionuclides in the waste stream. 

5.2.1. Sand filters 

There are two different types of sand filters: gravity sand filters and pressure 
sand filters. Uses are reported as part of the process for cleanup of cooling pond 
waters and other effluents from reprocessing plants and power stations (see 
section 7 for examples). 

Before the filtration operation sometimes polyelectrolytes are added to 
improve performance of sand filters. The main objectives are to obtain larger 
floes, to prevent them passing through the bed particles and to decrease the 
pressure drop of the operation. 

5.2.1.1. Gravity sand filters 

These filters consist of large beds of filter material, usually in an open tank, 
through which the effluent flows by gravity. They are cheap and reliable but 
flowrates are relatively low. In addition they are not easy to 'back-wash' and 
can produce large volumes of waste liquor. 

5.2.1.2. Pressure sand filters and analogous types 

These filters are often called 'rapid sand filters' and have much greater flow-
rates than the gravity type. Anthracite beds may be preferred for dealing with 
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waste waters containing drops of oil, since the particles are more easily wetted 
by oil, which is thus retained. The filter material is contained in a pressure vessel 
and the effluent is pumped in under pressure and flows down through the filter 
bed, where the suspended solids are removed. The consistency of the bed is one 
of the prime necessities of such filters. Sometimes the particles are all of one 
uniform size and sometimes the bed consists of layers of material varying in 
particle size with the largest size at the bottom and the finest material at the top. 
This could be used to improve distribution and prevent channelling; however, 
a common ùse is materials of different density, e.g. anthracite sand, where the 
lower density material has the larger size and settles at the top. At regular intervals, 
or when the pressure drop across the bed becomes excessive, thus reducing the flow, 
the filter has to be 'back-washed'. This is done by using a carefully controlled 
water-air upward flow through the bed which agitates the particles and carries the 
foreign matter away. The sand particles then settle back into the same layer 
formation as before. 

One of the disadvantages of the process is the amount of waste wash liquors 
produced as secondary waste. Also, care has to be taken to keep the sand particles 
free so that they do not allow the formation of 'channels' in the bed which act 
as short circuits for the effluent and reduce the efficiency of filtration. In some 
filters anthracite or spent ion-exchange resin is used instead of sand as the filter 
media. 

These filters are used in conventional industry after chemical treatment of 
the effluent to remove floe carry-over. 

5.2.2. Pre-coat filters 

Pre-coat filters are also pressure filters and are often used as a pretreatment 
for effluents requiring further treatment such as ion exchange and evaporation. 
Their volume throughout is relatively high and they can remove a wide distribution 
of particle sizes from the effluent. Again, they consist of closed pressure vessels 
containing filter septums or candles made of some porous media and sometimes 
porous plates as the filter body. Prior to filtration the candles or plates must be 
coated with some filter aid material called the pre-coat. Liquid waste is pumped 
into the vessel under pressure and forced through the pre-coated candles or 
plates where the suspended matter is removed. When the pressure drop across 
the filter increases excessively, back-washing and new coating becomes necessary. 

To delay this buildup of back-pressure it is usual to make a separate 
suspension of the filter aid in water and feed it to the flow of effluent before it 
enters the filter. This filter aid mixes with the suspended solids in the liquid 
waste and breaks up the film of solids collected on the filter candles or plates. 

The amount of filter aid added to the waste stream must be found by 
practical operation. Since its purpose is to dilute the suspended dirt, the con-
centration required will depend on the amount of primary suspended material. 
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For dilute suspensions the filter aid dose can vary from a few mg/L up to possibly 
25 mg/L or more. One practice is to split the filter aid equally between pre-coat 
and continuous operation. For plate filters, an amount of 1 g/L is necessary. 
The pre-coat should be kept to a minimum as it becomes active solid waste for 
treatment and disposal together with the suspended solids in the effluent. 

To back-wash, water or air-water mixture is passed in a high reverse-flow 
through the filter candles whereby the pre-coat is removed as a sludge from the 
filter. Horizontal plate filters are back-washed by reverse-flow too but, 
additionally, the plates are turned very quickly to throw off the filter sludge to 
the vessel wall from where it is rinsed down with fresh water. Much less volume 
of secondary waste is produced than with pressure sand filters. In addition these 
filters tend to filter more efficiently than those mentioned above. 

One such type of filter is the vacuum-drum filter. Here a drum-shaped 
vessel is covered with a filter cloth onto which a pre-coat of filter aid is applied. 
A vacuum is created inside the drum and the effluent is drawn through the pre-
coat and filter cloth where filtration takes place. The filter has similar advantages 
and disadvantages to those of other pre-coat filters and, of course, the filter-force 
is limited to the vacuum on the drum. This method is used at waste management 
systems of nuclear research centres. One difficulty, however, when using a pre-
coat filter with a cloth is that it requires the scrubbing or replacement of the cloth 
at intervals of three to six months because there is 'blinding' by fine particles. 
The use of pre-coat material and its application introduces a complication to the 
operation of the filter before it may be used to treat the liquid waste stream but, 
with automation, this concern is reduced. 

A special type of pre-coat filter in which the pre-coat consists of powdered 
mixed-bed ion-exchange material prepared by flocculation is extensively used in 
BWRs (see Fig.2). Removal of particles is good because there are additional 
electrostatic forces present in the pre-coat. The ion-exchange capacity is limited, 
but this is of no concern in the case of BWR liquid wastes with low salt content. 
The filters are mainly used for full-flow polishing of condensate, purification of 
fuel-pool water and in the waste treatment systems. 

There are two main differences of this technique compared with ordinary 
pre-coat filtration. 

— The coating procedure is more elaborate. The floe is prepared by mixing a 
pre-determined ratio of anion- and cation-exchange resin powders in a 
separate tank. The floe is then applied to the filter surface quite rapidly to 
distribute it over the entire filter surface. 

— To keep the floe on the filter surface, a continuous flow must be passed 
through the filter with minimum pressure perturbations. If the filter is 
used over a range of flowrates, a by-pass circuit with a small volume pump 
(hold-on pump) is used to keep the flow through the filter high enough to 
prevent the loss of floe from the filter surface (Fig.3). 
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FIG.3. Two pre-coat filters with needed auxiliary equipment. 

5.2.3. Back-flushable filters 

Besides the sand filter there are others that are suitable for back-flushing by 
a thrust of air, water, suitable cleaning solution or a combination of them. Among 
these filters can be mentioned those with pre-coat, already described in 
section 5.2.2, and those without pre-coat: 

— Porous metallic filters 
— Porous ceramic filters 
— Stacked etched-disc filters 
— Magnetic filters. 

Porous metallic filters are made of woven wire or sintered metal with many 
variations obtainable in the 5 ц т to 10 ц т pore size range. Since back-flushing 
does not completely remove fine particles that lodge in the filter medium pores 
during filtration, woven wire and sintered metal elements are best suited to 
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FIG. 4. Views of etched disc and schematic of a typical etched-disc filter [47]. 

remove larger sized particles. The use of harsh cleaning solutions for the purpose 
of dissolving entrapped solids may result in chemical attack on the filter itself, 
with consequent erosion of its structural integrity. 

Back-flushing of porous ceramic filters is done with water or a suitable 
cleaning solution. Depending upon the type of ceramic, these filters can be used 
at temperatures as high as 500 to 1000°C. 

An advantage of both types of porous filters is their fair mechanical strenght. 
On the other hand, eventual permanent plugging may force replacement and the 
filter lifetime is unknown. 

The etched-disc filter (see Fig.4) is a closed pressure vessel containing 
elements made of vertically mounted stacks of chemically etched stainless steel 
discs which are tightly compressed by mechanical means. The discs are etched 
on one side only and are stacked with all the etched surfaces oriented in the same 
direction. In this way, open slots of precise size (normally 5 д т ) and shape are 
formed between each individual disc. As a layer of solids builds up, pressure drop 
across the filter increases and back-flushing begins automatically. Advantages 
of this filter are: short back-flush time, amenability to automatic and remote 
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operation, low solid waste volume, compactness and high mechanical strength. 
Drawbacks are: low crud holding capability, unknown corrosion characteristics 
and back-washed waste to be treated. 

A final back-washable filter that is gaining acceptance in the nuclear industry 
is the magnetic filter [48] (see also section 9.3). In principle, the water flows 
through a matrix of balls or a wire mesh located inside a pressure vessel. A magnetic 
field is supplied by an electromagnet on the outside of the filter body. The liquid 
wastes flow through the filter and magnetic particles are removed on the balls or 
wire mesh. A disadvantage of this filter is its inability (or poor ability) to remove 
particles which are not ferromagnetic. A second disadvantage is that any 
inadvertent loss of power to the electromagnet results in the solids collected on 
the electromagnet being discharged into the cleaned waste stream. As with the 
stacked disc type of filter it can be back-washed once the pressure drop becomes 
excessive. The power to the magnet is stopped and combinations of air and water 
are used to flush the solids to a separate tank for further treatment. Similar 
advantages and disadvantages as discussed with the other back-washable filters 
also apply to the electromagnetic filter [49]. 

5.2.4. Cartridge filters 

Cartridge type filters are widely employed in the cleanup of the process 
streams in CANDU and PWR power plants [47]. 

Disposable cartridge filters contain from one to dozens of elements which 
are periodically replaced by new ones or disposed of with the housing vessels. 
Each filter element is generally composed of three stacked filter cartridges and 
several elements can be assembled together (filter basket) to allow safe handling 
of the filter elements. 

The replacement of the whole filter or its element(s) is required when the 
differential pressure across the filter, or the radioactive field in contact with the 
vessel, reaches a pre-set value. 

The filter cartridges have a pleated filter medium supported on a rigid inner 
core of perforated stainless steel or plastic material. The filter medium is made 
of treated paper, nylon, glass fibres or sintered metal (Fig.2). 

Filter cartridges achieve high filtration efficiency for particles ranging in size 
from one tenth to several hundred micrometres. The complex fabrication of the 
filter medium allows a holding capacity of up to several hundred grams of solids 
per cartridge. 

The disposal of the filter vessel (protected by temporary shielding) requires 
safe and simple techniques, however the increasing cost of vessel materials and 
fabrication dictates the disposal of the filter element(s) only. 
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5.2.5. Other types of filters 

Other methods of removing solid matter from effluents include pressure-leaf 
filters, bag filters etc. All are used in the conventional water and effluent industry 
but, as yet, have not found favour in the treatment of radioactive effluents. Only 
bag filters are used in equipments for 'vacuum cleaning' of the fuel-pool bottom. 
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A special design of filter is the mechanical self-cleaning filter, as is shown in 
Fig.5 [50]. A perforated vertical cylinder is used to strain out the coarse solid 
particles. These are continuously removed from the cylinder by a number of 
rotating steel brushes and fall to the bottom of the casing where they are dis-
charged. A chain attached to one of the brushes rotates in the discharge cone for 
the solid particles thus preventing clogging. 

A filter in use at the Loviisa Power Station in Finland uses activated charcoal 
in a deep bed filter configuration to remove oil from the condensate of the liquid 
waste evaporator [51 ]. The filter is capable of operating at 100°C and can process 
liquid waste at a rate of 2.8 kg/s. 

5.3. Centrifuges 

Centrifuges are used to clarify waste water for either re-use or discharge and 
to reduce the volume of sludge, which varies from plant to plant. In some cases 
the aim is to get a sludge as dry as possible even if it overflows with the effluent, 
in other cases maximum clarity of the effluent is the most important aim. 
Centrifuges are often used to handle the secondary waste which is produced from 
back-washing filters. This disadvantage is important because solids disposal is 
expensive [52]. 

Centrifuges in which the constant force of gravity is replaced by centrifugal 
force, hundreds or thousands of times greater, concentrate these suspensions 
faster, more efficiently, more economically and in less space. 

There are centrifuges of various types and sizes for different duties. These 
can be roughly divided into bulk centrifuges, mainly for the separation of large 
quantities of solids from a liquid phase, and high-speed separators, for liquid-
liquid applications or the removal of smaller quantities of solids. Each of these 
groups can be further divided into basic types — according to the method of 
solids discharge employed — and these, in turn, into specific types according to 
capacity and specific features of design and construction. 

5.3.1. Bulk centrifuges 

The term bulk centrifuges covers a heterogeneous group of machines with 
the common feature that they are designed to handle slurries or suspensions 
containing a relatively large amount or bulk of solids. They are equipped with 
some mechanical device for discharging the separated solid phase. The basic types 
and their chief distinguishing features are listed in Table V. 

Separation takes place in a solids-ejecting type bowl from which the separated 
solids are discharged at predetermined intervals without interrupting the feed while 
the machine is running at full speed. This function is achieved by having a separate 
inner bowl bottom that is free to move vertically. The bowl consists of a body 
and hood held together by a lock ring. Mounted coaxially inside the bowl is a 
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FIG.6. Bulk centrifuge schematic [53]. 

hollow distributor into which the liquid to be separated is fed. Outside the 
distributor is a stack of conical intermediate discs through which the feed liquid 
rises and where the actual separation takes place. These have the effect of 
dividing the separation zone into a series of very thin layers, which means that 
the different phases have only a very short distance to travel in order to free 
themselves from each other. 

During separation this bottom is pressed upwards hydraulically, ensuring a 
tight seal against the bowl hood and forming an annular space where the solids 
collect. At suitable intervals, a patented operating system gives pulses to the 
hydraulic system causing the inner bowl bottom to be pressed downwards and 
then — in a fraction of a second — pressed upwards again. By this system a large 
slit is opened between the inner bowl bottom and the bowl hood through which 
a constant volume of solids is ejected. 

The waste water liquid is fed into the bowl from the top through a central 
inlet pipe and distributed to the periphery by means of a distribution cone. The 
solids, being the heavier phase, are forced towards the bowl wall. The liquid 
leaves the bowl at its top after passing through a disc stack and built-in paring-
disc pump. (See Fig.6.) 

5.3.2. High-speed separators 

These machines, with separating compartments (bowls) running at speeds 
of 4500—6500 rev/min and generating centrifugal forces of 5000g and higher, 
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separate instantly mixtures of two liquids or liquid(s) and solids very efficiently. 
The three principal basic types differ in the means by which the solid phase is 
removed from the bowl. (See Table V.) 

5.4. Hydrocyclones 

Hydrocyclones are used in connection with an application of natural 
minerals for treatment of liquid wastes [48, 54, 55]. They can be used either 
for separation of grain particles or for segregation of fines from grains. The 
suspension enters tangentially to the periphery of the upper cylindrical part of 
the cyclone and follows a spiral descending path along the cone-shaped walls 
(Fig.7). In the lower part the water stream advances to the centre and leaves the 
cyclone in the centre orifice of the upper cover. The solid phase accelerated by 
the centrifugal force is driven to the sloping inner walls where it slips down by 
gravity into the bot tom narrow part of the cone. The operation requires high 
velocities and large pressure drops are developed so that particles less than 1 mm 
can be removed from the waste stream. The materials of construction must be 
abrasive resistant. 

The hydrocyclone is not suitable when: 

— coarse solids of less than 5 ;um are to be removed 
— the liquid in the slurry is of high viscosity 
— there is insufficient specific gravity differential between the liquid and the 

solid fractions. 

Experimental results indicate that hydrocyclones can be advantageously used 
to remove suspended solids from floor drains and filter sludge wastes in an 
operating reactor station [54]. Typically, 82 to 89 wt% removal efficiency was 
achieved and the efficiency was independent of flowrates through the hydrocyclone. 
The equipment was simple to operate and relatively inexpensive. Hydrocyclone 
systems can be compact and with no moving parts maintenance requirements are 
minimal. 

5.5. Recommendations for the application of separation processes 

As stated earlier, separation is performed to remove undissolved solids from 
liquid wastes, to remove solids which could interfere with subsequent liquid 
waste treatment schemes or to remove soluble species which have been subjected 
to pretreatment by precipitation or flocculation steps. There are many choices 
for the selection of a specific separation system. Primary variables include the 
type of matter to be removed (particles, colloids or ions) which calls for its special 
solution. 
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Hydrocyclones can serve best as a pre treatment process before filtration. For 
instance, removal of solids from liquid wastes will decrease back-wash frequency 
and pre-coat consumption for filters. Hydrocyclones are relatively inexpensive, 
simple to operate and without moving parts; maintenance is minimal. High 
removal efficiency can be achieved without encountering plugging difficulties. 
The hydrocyclone is not effective for the removal of solids of less than 5 Aim in 
size or when the liquid is of high viscosity. 

Centrifugal separation is most suitable for high solids content in the waste 
stream; typically greater than 0.5 wt% and for liquors which contain large 
diameter particles. Finally, this technique is highly suitable for the treatment of 
filter aids and back-wash solutions from filters. 

Filtration is suitable for dilute concentrations of solids in liquid streams. 
The choice of a particular filter is influenced by the quantity of liquid which 
must be treated. For very high flowrates typically found at research centres, 
gravity filtration is suitable. At power reactors both high- and low-capacity pre-
coat or cartridge filters are preferentially used. 

The filter choice should be made taking into account the following: 

— Need for high capacity of solids 
— The combined removal of particles, colloids and ionic matter 

- — Requirement to have good effluent clarity 
— Back-washable to avoid costs of media replacement 
— Small to permit shielding and remote operation which thus avoids excessive 

radiation exposures 
— Requirement to handle the filtered solids 
— The solidification process used for the residues. 

Examples of various types of filters and centrifuges are provided in Table VI 
showing typical throughputs, capacities and efficiencies. 

5.6. Conclusions 

Particle separation is a well-established technology. Almost all nuclear 
facilities use mechanical devices to separate suspended solids from liquid waste 
streams. Generally, the need for separation equipment is to remove particles 
which could interfere with subsequent liquid waste treatment processes, e.g. ion 
exchange, or with the re-use of the water. 

The numerous applications of filters, centrifuges and, to a lesser extent, 
hydrocyclones in the nuclear industry testify to the readily available and fully 
developed technology that exists. Additional development efforts will probably 
be in the direction of tailoring these techniques to specific tasks, such as in 
combination with other waste treatment systems. 
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Advantages of solid-phase separation treatment 

— The treatment processes are based on well-proven conventional equipment; 
— They remove solids from liquid waste streams that may interfere with other 

waste treatment processes; 
— They will handle a vast range of waste arisings; 
— They generally have low operational costs. 

Disadvantages of separation processes 

— Quite low decontamination factors are achievable; 
— They generate secondary waste which requires treatment; 
— They will not remove all solids from the liquid waste stream; 
— Some processes have high capital costs for remote and automatic operation. 

6. CHEMICAL PRECIPITATION 

6.1. Introduction 

Chemical precipitation methods based on the coagulation-flocculation-
separation principle are mostly used for the treatment of liquid effluents from 
research establishments, and also at reprocessing plants. Most radionuclides can 
be precipitated, co-precipitated and adsorbed by insoluble compounds, e.g. 
hydroxides, carbonates, phosphates and ferrocyanides, and so removed from 
solution. The precipitates also carry down suspended particles from the solution 
by physical entrainment. However, the separation is never complete for several 
reasons, and the decontamination factors achieved can be relatively low [57]. 
For this reason, chemical treatment is usually used only for low- and intermediate-
level liquid waste treatment. It can be used in combination with other more 
efficient methods. 

6.2. Coagulation and flocculation 

This is the method of producing voluminous flocculant precipitates in an 
effluent which can separate radionuclides and also trap suspended colloidal matter 
by adsorption into the floe. The latter is quite important as such colloidal particles 
have often taken up a lot of the activity. 

The aim of coagulation is to form precipitates which will entrain the radio-
elements by precipitation, co-precipitation or sorption of the latter. It occurs by 
addition of chemical reactants and/or adjustment of the pH value. It requires a 
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vigorous agitation to disperse the precipitate in the effluent and to aid the entrap-
ment of the activity. The time required for this is a compromise: long times may 
increase the sorption but may give colloidal suspensions which cannot subsequently 
be flocculated. Generally, mixing times vary from a few seconds in a high speed 
'flash' mixer to a minute or so with more gentle mixing, although in some cases 
(more crystalline precipitates) as long as 30 minutes may be needed. 

On the other hand, the separation from the bulk liquid of the precipitates 
requires the formation of large particles. That is the aim of flocculation. To aid 
the agglomeration of the precipitate the electric charges on individual particles 
must be neutralized to prevent their mutual repulsion. The neutralization of this 
Zeta potential by addition of opposing electric charges can be followed by a Zeta-
meter in low salinity solutions. In more saline waters it is necessary to carry out 
practical 'jar' tests (see also below). The agents used to neutralize these precipitate 
charges may themselves be chemical reagents such as aluminium or iron, hydroxides, 
or polyelectrolytes may be used. With the latter, only very low doses (a few ppm) 
are now generally required. The general classes of flocculants are: 

cationic (e.g. polyethyleneamines, polyvinylammonium chlorohydrates) 
anionic (e.g. polyvinyl or polystyrenesulphonate, or carboxylic acids) and 
non-ionic (e.g. polyacrylamides) [58]). 
The higher molecular weight materials can form bridges between the particles 

of precipitate and this is a more specific role of non-ionic flocculants. 
The flocculation stage requires very gentle stirring to bring particles close 

to one another without breaking the floes once they are formed. 
Laboratory tests are necessary to establish the correct conditions for 

operation and it is very important that this work be carried out using samples 
of the real radioactive waste to be treated; although simulations may be used in 
initial studies they are unlikely to include all trace components which can affect 
the final rate result. Such tests include 'jar' tests which measure the rate of 
flocculation and of sedimentation under batch conditions. To summarize, the 
process itself involves the following steps: 

— Adjust the pH value of the effluent 
— Add the necessary chemicals and rapidly mix to quickly disperse the coagulant 
— Allow a short residence time for coagulation to start 
— Add polyelectrolytes (if used) 
— Stir slowly and gently to keep the effluent moving so that the floe particles 

can grow to form bigger particles; (this can also be achieved by passing 
the effluent through a fluidized bed of heavy floe particles — the 'sludge 
blanket' precipitator.) 

— Finally the heavy floes are allowed to settle and/or are filtered and the treated 
supernatant liquor can be separated, possibly passed through a polishing 
filter and discharged after adjustment of the pH value, if necessary. 
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There are many different precipitation processes in use and some of these are 
listed below: 

— Lime-soda process 
— Hydroxide precipitation 
— Phosphate precipitation 
— Barium sulphate precipitation 
— Ferrocyanide precipitation 
— Processes for ruthenium removal 
— Treatment for alpha activity 
— Combined processes. 

6.2.1. Lime-soda precipitation 

This process removes 'hardness' from water and creates an additional 
precipitate of calcium carbonate, e.g.: 

Ca(HC03)2 + Ca(OH)2 —*• 2 CaC0 3 1 + 2 H 2 0 

Ca(OH)2 + Na2 C 0 3 —>• CaC03 1 + 2 NaOH 

It was used in the past, primarily to remove strontium as an analogue of calcium, 
but has now been superseded by more efficient processes [59]. 

6.2.2. Hydroxide precipitation 

Mn+ + n OH-—>• M(OH)n4 

where Mn+ is Fe3 + , Al3+ , Ti4+ etc. 

Although in conventional water treatment aluminium-hydroxide precipita-
tion is widely used, in the practice of radioactive waste management the use of 
ferric hydroxide precipitation is more common, partly because ferric ions may 
already be present in the effluent. In general ferric hydroxide floes are stronger 
and easier to settle than aluminium hydroxide. Polyvalent cations are removed 
quite well but the method is not very efficient for the alkali metals, thus it is 
poor for caesium removal. DFs of over 1000 for alpha emitters and of 100 or 
more for activation products have been reported [30]. Similarly, rare earth 
elements are effectively removed. However, because of the poor removal of 
caesium in particular and of strontium, the process may not perform well on 
mixed fission products. 
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TABLE VII. DECONTAMINATION AND VOLUME REDUCTION FACTORS 
(AFTER CEMENTING OF THE RESIDUES) FOR DIFFERENT METHODS 
OF PRECIPITATION APPLIED AT KARLSRUHE 

Method DF a Volume reduction 
factor 

Precipitation 

(a) Decarbonization 
(stoichiometric addition of 
Ca(OH)2 corresponding 
to carbonate hardness) 

(b) Soda precipitation 
(addition of Ca(OH)2 

up to 25° d H b and 
precipitation with N a 2 C 0 3 ) 

(c) Combined iron/phosphate 
precipitation 
(Ca(OH)2 up to 25° dH 
100 ppm of FeCl3 + 
200% N a 3 P 0 4 ) 

(d) Two-stage precipitation 

(1) 137Cs precipitation 
( N i S 0 4 + K 4 [Fe(CN)6] at f5H9) 

(2) Iron/phosphate 
precipitation 

Alpha emitters 100 
9 0Sr 10 
Mixed nuclides 2—5 

Alpha emitters 100 
9 0Sr 1 0 - 2 0 
Mixed nuclides 2—10 , 

Alpha emitters 500 
'"Sr 5 0 - 1 0 0 
Mixed nuclides 5—100 

800 

300 

120 

'Cs 100 80 

DF = Decontamination factor. 
Up to a content of 250 mg CaO/L. 

At the Atomic Weapon Research Establishment (AWRE) in the United 
Kingdom, the liquid wastes are purified by iron and aluminium-hydroxide precipi-
tation, either separately or combined with calcium phosphate or tannic acid 
precipitation [30]. 

At Windscale, raffinates from plutonium recovery operations are treated by 
aluminium hydroxide precipitation. Periodically the supernatants are decanted 
from the settling tanks and discharged to the sea. The DF is about 100 [60]. 

The ferric hydroxide process has been used e.g. at the Swiss Reactor Research 
Institute (EIR) [61 ]. The DFs obtained were 19 for Ag and 14 for Co. 
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At the Institute of Isotopes, Budapest, the hot cell wastes containing mainly 
137Cs, 59Co, 60Co, 90Sr, 1251, 131I and 1 3 1 mTe are precipitated as ferric hydroxides. 
The precipitate is sedimentated and filtered by sand filters. After filtration 
cation exchange is applied [62]. 

6.2.3. Phosphate precipitation 

Soluble phosphates, especially tri-sodium phosphate, are added to the waste 
to react with calcium ions already present or added. 

3 Mn+ + n P03~ M3 (P0 4 ) n ; 

where M is Fe3+, Al3+, Ca2+... including radioactive strontium. 
The reaction is complex and some kind of hydroxyapatite is probably 

formed, whose structure can include strontium ions. The method is also good 
for the removal of plutonium which has insoluble phosphates. Removal of 
caesium by this method is poor. In general, the higher the pH value, the better 
the DF achieved. 

Examples of DFs are given in Table VII. 

6.2.4. Barium sulphate precipitation 

Ba2+ + S0 4 ~~* BaS04 i 

The precipitation of barium sulphate is used for the removal of strontium [30]. 
At pH~8.5, the decontamination factor is 100 to 200 for strontium. This pH 

value is compatible with ferrocyanide precipitation. 

6.2.5. Ferrocyanide precipitation 

In some establishments insoluble ferrocyanide floes are used for the removal 
of caesium. A typical basic reaction would be : 

2MSO4 + K4Fe(CN)6 - * M2 Fe(CN)61 + 2K 2 S0 4 

where M is Cu, Zn or Ni. Most metal ferrocyanides will precipitate at specific pH 
values and carry any caesium with them. Prèbably the most commonly used are 
copper and nickel ferrocyanides. 

6.2.6. Ruthenium removal 4 

Ruthenium is easily complexed, particularly in nitric acid media. It occurs 
in wastes in different chemical forms, notably the nitroso- and nitrosylruthenium 
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complexes. The cationic forms are easily entrained by hydroxide precipitation 
(Fe, Cu, Ti). The complexes are more difficult to remove and appear to require 
a reducing medium. The best results have been obtained by precipitation of 
ferrous or cobaltous sulphide [30] ; the latter can give DFs of ~100. 

6.2.7. Alpha removal 

The alpha emitters in general are hydrolysed in an alkaline medium and, as 
indicated above (section 6.2.2), are readily entrained by the hydroxides of 
iron, aluminium and titanium, for example. A further possibility is the precipita-
tion of insoluble oxalates, together with cerium oxalate — this is the OXAL process 
developed at Ispra [63] and a further development is mentioned below 
(section 6.2.9). Uranium co-precipitation has also been used at the PFR repro-
cessing plant at Dounreay [64]. The low- and intermediate-active raffinates are 
combined at present with the separated uranium stream and treated with con-
centrated ammonia to give an ammonium diuranate floe. The treatment has 
proved to be an efficient decontamination stage for plutonium species prior to 
sea discharge achieving reductions in alpha activity between 100 and 500 and in 
beta activity 4—11. 

6.2.8. Combined processes 

Combinations of the above processes can be used to treat some effluents, in 
multi-stage processes or as double precipitations [30]. A phosphate treatment for 
strontium removal could follow a ferrocyanide treatment for caesium removal, 
the only requirement after the ferrocyanide precipitation being to raise the pH 
value before the next stage. Such multi-stage processes however produce several 
sludges for disposal and require extra equipment, thus increasing the capital 
outlay. 

A double co-precipitation process needs only one facility and, of course, 
produces only one sludge. At Harwell, United Kingdom, for instance, low- to 
intermediate-level wastes are treated with a combination of phosphate ferrocyanide 
which gives good decontamination of both strontium and caesium. Ferric sulphate 
is also added to give a ferric hydroxide floe which aids the sedimentation of the 
combined floes. Overall decontamination factors of 25 to 30 are regularly 
obtained [57]. 

Combined chemical treatment using ferric hydroxide, calcium phosphate 
and copper ferrocyanide precipitation at pH8—9 has been used in pilot-plant 
studies for treatment of laundry waste in Hungary [62]. Decontamination factors 
of 30 for strontium and 200 for cobalt and caesium were obtained. The precipitate 
is allowed to sedimentate in a continuously operated countercurrent sedimentator. 
After sedimentation mechanical filtration is applied, followed by settlement and 
centrifugation. 
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At the NPP Beznau (Switzerland) [65] ferric hydroxide-ferrocyanide 
precipitation has been tested and will be used for treatment of liquid effluents. 
After addition of chemicals, stirring and centrifugation is applied. Decontamination 
factors were: 137Cs - 690, 60Co - 170, 110Ag - 8 , 1 2 5 Sb - 125, while for the rest 
of the isotopes the values varied from 100 to 2200. 

In the COGEMA facilities at La Hague (France) the combined treatment — 
titanium hydroxide, barium sulphate, cobalt sulphide and nickel ferrocyanide — 
is used for the treatment of the intermediate-level waste. The actual performances 
of the reprocessing are as follows: 

DFj37 total: 20 to 50 

DF a total: 100 to 1000 

The concentration factor (volume of waste processed/volume of sludge to 
be stored) varies f rom 30 to 60. 

Overall results for the treatment of mixed active species are, of course, 
specific to the composition of the stream treated and they cannot necessarily 
be applied directly to another case. However, Table VII gives some results from 
the former process at Karlsruhe, by way of example of different treatments to 
the same stream, while Table VIII gives results from Mol as treatment for removal 
of different species. 

6.2.9. Separation of activities 

The precipitation of plutonium and other alpha emitters at low pH values 
can be used to separate them from the majority of fission products which remain 
in solution. The incentive for such work is the more exacting conditions expected 
for the disposal of alpha-bearing wastes, and the consequent desire to minimize 
their volume. Applications and/or variants of the OXAL process are currently 
being studied in the framework of the CEC indirect action programme at 
KFK Karlsruhe [66]. 

The acid intermediate-level waste solutions are first denitrated by means of 
formic acid or formaldehyde to reduce the nitric acid content from initial 
1 — 1.5 mol/L, thus avoiding the formation of salts on subsequent neutralization. 

During the denitration, the actinides (Pu, Am) are precipitated by adding 
oxalic acid. Because of their low concentration in the waste solution a carrier 
has to be used. 

After separation of the actinide sludges, caesium is precipitated by nickel-
ferrocyanide. Fe3+ is added for the formation of Fe-hydroxide to co-precipitate 
ruthenium and antimony. The pH value is then increased to 9. Overall decontami-
nation factors of 280 for caesium, 12 for antimony and 6 for ruthenium are made 
in order to meet requirements in matters of transport of non-shielded waste. 
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EFFLUENT 

CONCENTRATOR 

FIG.8. Orcular upward flow precipitator. 

In this regard some promising results dealing with fission products decontamination 
only have been recieved so far [67]. Related work on decontamination of the 
same waste type (intermediate-level waste concentrates f rom reprocessing 
operations) is also being carried out at KFA Jülich but in one step only (precipita-
tion of fission products plus actinides) [45, 46]. 

6.3. Separation of solids 

6.3.1. Se dim en ta tio n 

Sedimentation is an important part of a chemical treatment process since, 
unless the floe settles well, the process will be much less efficient. The most 
simple sedimentation method is to treat the effluent batchwise in a tank, then 
allow the floe to settle to the bot tom and be removed. All steps in the process 
can be carried out in the tank itself. This method is very easy to operate and 
widely used. 

A second method is to use a continuous process utilizing some kind of 
sludge-blanket precipitation again in which all the process operations can be 
carried out (see Fig.8) [68]. 

A development of this technique is the pulsed decanter developed by 
Degremont [69] and used for the treatment of low-activity effluents at Mol 
(see Fig.9). Some details are given here as an example of a relatively modern 
process. 

This is a decanter with a sludge bed which has the advantage of combining 
the flocculation step and the décantation step in the same unit. The pulsing is 
used to maintain the sludge bed in suspended form, with high concentration of 
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1. Untreated water inlet 

2. Decanted water out let 
3. Sediment extract ion 
4. Stabilizers 
5. Vacuum cylinder 

6. Vacuum pump 

7. Automat ic vacuum breaker 
8. Perforated pipes for distr ibuting untreated water 
9. Sediment concentrators 

10. Reagent inlet 

FIG.9. PULSATOR decanter [65]. 

suspended material. This giVes the advantage of complete chemical reaction with 
dense floes. The pulsed water streams used to maintain the suspension also allow 
an automatic discharge of the sludges. 

The decanter consists of a flat tank. The inlet and outlet for liquids are 
built to avoid any speed variation in the different parts of the unit. The liquid 
inlet in the form of pulsed streams is obtained with a'central bell' in which the 
liquid is accumulated progressively by partial vacuum in the air space. When the 
liquid reaches a level of 0.6 to 1 m above that in the decanter, it is released by 
a valve which connects the 'bell' with the atmosphere. The 'bell' takes about 
30 to 40 seconds to fill and about 5 to 10 seconds to empty. The unit has the 
advantage of having no mechanical stirring system which could destroy the floes. 
Also the sludge bed has a buffer effect because of its high concentration. 

There are many other designs of precipitators, almost all based on equipment 
used in conventional water treatment facilities. An advantage of using precipitators 
is the normally higher throughput for a given size and possibly better decontamina-
tion factors due to better distribution of the floe. However, the actual 
sedimentation and removal of the floe is often not so efficient as with ordinary 
tanks. 
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Many factors affect sedimentation, one being the temperature of the effluent, 
so it is much better to have treatment plants inside a building where large 
fluctuations in temperature can be avoided. The more dense the floe the easier 
it will settle, so this must be the aim during the flocculation treatment (in this 
context ferric hydroxide is a strong, dense floe). The aim is to produce the 
smallest volume of settled floe possible, as this becomes secondary waste from 
the process. 

The retention time in the tank or precipitator is very important — it should 
be long enough to allow time for the floe to form and settle but not too long as 
otherwise throughput decreases. The dimensions of the batch tank, i.e. surface 
area and depth, determine the sedimentation time; in general, tanks have a large 
area and a relatively small depth. Retention times of several hours are not 
uncommon. 

With a continuous process the flowrate through the precipitator greatly 
affects sedimentation. The upward velocity of the effluent passing through must 
not be great enough to carry away floe particles which would otherwise settle 
at the bottom. To deal with carry-over of particles it is advisable to use a filter 
after the precipitator in such systems. 

In any sedimentation process the removal of the floe (new sludge) as an 
underflow must be carefully controlled so as to ensure that as little water as 
possible is removed with it. 

The treatment of these sludges to reduce their volume is a difficult problem. 
They are usually gelatinous in nature and pretreatments may be necessary in 
order to make them filterable. This can involve the addition of filter aids (poly-
electrolytes) or other treatments such as the freeze-thaw process. After treatment 
and filtration they can be incorporated into cement or bitumen as described in 
Ref. [4]. They can also be treated by centrifugation as has been described in 
section 5 of this report. 

It is also possible to treat the floe directly by filtration or centrifugation 
without prior sedimentation of sludge. In this case the equipment used will be 
similar to that described in section 5. 

6.4. Description of facilities 

6.4.1. Seibersdorf (A us tria) 

The active line [35] has to treat effluents in the categories 40 kBq/m 3 to 
150 kBq/m3 and 150 kBq/m3 to 1.50 MBq/m3. About 2600 m 3 /a waste water 
belong to the first category, about 1200 m 3 /a are more highly active liquids. 

The active water is treated when a filling volume of about 80 m3 is reached. 
Treatment is done by the method of co-precipitation of radioactive nuclides by 
coagulation and flocculation (see Fig. 10). If necessary, a second and third 
flocculation is carried out. More than three flocculations are not advisable because 
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First step 

Second step for Cs 

NaOH 3.4 kg K4Fe(CN>6 , 3 H 2 0 / 3 0 U 
• 

4.2 kg CuS0 4 . 2 H 2 0 / 3 0 L 
• 

Rotating 
plate 

pH7 mixed mixed fi l ter 

FIG.10. Chemical treatment scheme at Seibersdorf (Austria). 

of the rising salt content. For caesium-containing waste water, copper ferro-
cyanide is precipitated. Addition of cobalt salts before a flocculation step, 
especially for the second and third flocculating step, raised the decontamination 
factors for 60Co removal. 

6.4.2. Mol (Belgium) 

Chemical treatment as a decontamination process for low-level liquid wastes 
has been applied at the CEN/SCK, Mol, Belgium, for the past 25 years. All low-
level liquid wastes, generated at the nuclear site of Mol, as well as small volumes 
of liquids from radionuclide applications are transferred to a centralized treatment 
plant of CEN/SCK [70]. 

At present, the basic treatment is a Ca 3(P0 4) 2 -precipitation at pHl 1.0 in two 
continuous parallel flocculators with a total flowrate of 70 m3 /h . The (S-7-activity 
concentration of the liquid wastes range from 370 kBq/m3 to 370 MBq/m3. 

Prior to this continuous line, batchwise pretreatments at a 125 m3-scale are 
applied, depending on the radionuclide composition and concentrations (activity 
level f rom 370 MBq/m3 to 37 GBq/m3). 

The chemicals for the flocculation-co-precipitation processes are copper and 
ferric ferrocyanide, barium carbonate and iron hydroxide. The dosages and 
performances are summarized in Table VIII. The concentration factors are given 
as processed volumes of water per tonne dry solids. 
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A new plant has been constructed in which the chemical treatment is combined 
with sand filtration and cationic exchange. The latter aims at additional decon-
tamination of 90Sr up to a DF of 100. 

6.4.3. Other со un tries 

Other examples of processes used at nuclear power plants, fuel reprocessing 
plants and research establishments are given in several publications [30, 57]. The 
latter includes the plant description for the La Hague process mentioned earlier. 
In general, equipment has not been changed much over the past few years and 
further plant details can be obtained from these references. 

One new application is the use of a combined ferric hydroxide/copper 
ferrocyanide process, potentially to replace evaporation for the treatment of low-
level liquid wastes from the PWR power plant at Chooz (France) [46]. The pilot 
plant uses a lamellar settler. 

6.5. Design of a plant for application of chemical treatment 

Essentially the treatment plant has three main sections: 

(a) Collection tanks 
(b) Process facilities 
(c) Treated effluent tanks. 

The effluent is collected in (a), then it is treated by some kind of chemical 
precipitation (b). This can take place in the collection tanks themselves or in 
some separate facility such as a special sedimentation tank or a precipitator. 
The sludge is removed at this stage and the treated effluent passes to stage (c), 
sometimes via a filter or other polishing process where it can be monitored prior 
to discharge. A final pH adjustment may also be carried out at this stage. 

The materials of construction of all tanks and equipment should be chosen 
carefully so as to ensure trouble-free operation of the plant. The collection tanks 
will receive a wide variety of effluents, some of which may be highly acidic and 
others highly alkaline so their surface linings must be corrosion resistant. In 
general the walls and floor should be constructed of some material with a relatively 
smooth, non-porous surface so that it does not become corroded and retain some 
of the radioactivity and hence become a radiation hazard. Any stirring and 
ancillary equipment on the tank should be similarly protected. Types of material 
used include stainless steel, rubber-lined mild steel and reinforced concrete with 
ceramic type linings. 

Similar precautions will be necessary for the precipitator or sedimentation 
tank in which the chemical process is taking place and in feed tanks for chemicals. 

The final collection tank receives the treated effluent, possibly at a neutral 
pH value, in which case highly protective surfaces may not be necessary. 
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Associated with these plant sections is a variety of ancillary equipment which must 
be carefully chosen and maintained. Since maintenance of contaminated equip-
ment can be a potential hazard, all such equipment should be designed for 
simplicity as well as efficiency. 

The first ancillary plant is the storage building for the chemicals used on the 
plant. It should be dry and relatively warm and have separate bays for the 
different chemicals. Hopper type storage may be necessary for ease of removing 
measured doses of material. 

A separate part of this building or a different building is necessary for the 
preparation of the solutions of these chemicals needed for dosing the processes. 
This will contain several small tanks although it may be possible to keep the 
number down by dissolving some chemicals in the same dosing tank. Suitable 
pumps will be necessary to pump the required amount of chemical to the process 
equipment. If the treatment process is continuous, some kind of metering device 
such as a rotameter may be necessary. All these tanks and pumping lines should 
be constructed in trouble-free materials such as stainless steel, polyethylene, 
polyvinyl chloride or reinforced polymer materials. 

New processes are being developed for the polishing treatment of the effluent 
liquids from chemical precipitation. These include applications of ultrafiltration 
and high gradient magnetic separation (see section 9). 

6.6. Conclusions 

Chemical treatments have always to be connected with physical methods 
such as sedimentation, filtration, and centrifugation. At present, chemical treat-
ment is mainly used at nuclear research establishments and reprocessing plants. 

Advantages of chemical treatment 

— its relatively low cost. (The added chemicals are usually relatively cheap) 
— its ability to handle a large variety of radionuclides as well as non-radioactive 

salts in solution and solid matter in suspension 
— the treatment procedures are based on well-proven, conventional plant 

and equipment 
— at least in batch processes it is relatively easy to change the chemical 

précipitants in order to accommodate changes in the composition of the 
liquid feed 

— big liquid flows can be handled economically 
— the process allows the separation of activity from inactive solutes which may 

have a larger bulk. 
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Disadvantages of chemical methods 

— the relatively low DFs being achieved as compared to other methods 
— the relatively large volume of radioactive sludges which has to be further 

treated, conditioned and disposed of 
— difficulties with continuous automatic operation 
— high inactive salt content of the treated water, which is also undesirable from 

the environmental protection point of view and can reduce the scope for a 
second treatment such as ion exchange. 

7. ION EXCHANGE 

7.1. Introduction 

The use of ion-exchange procedures in chemical processing, water and waste 
water treatment was well developed at the time the technique was first applied 
in the nuclear industry [71]. Since then much progress has been made in improving 
the technology and ion-exchange methods have been widely used to remove soluble 
radionuclides from liquid wastes. 

The process involves exchange of ionic species between the liquid and solid 
matrix containing ionizable polar groups. When exchangers become fully loaded 
they are removed from service and treated as radioactive waste. Alternatively, many 
organic ion-exchange materials may be regenerated by strong acids or bases, yielding 
radioactive liquid waste with a high salt content. There are many publications on 
the theory of ion exchange and its application to the nuclear industry [71, 72] . 

Ion-exchange methods have extensive application in nuclear fuel cycle 
operations and other activities involving radioactive materials. Examples of these 
include the cleanup of primary and secondary coolant circuits in water reactors, 
treatment of fuel storage pond water at nuclear power plants and reprocessing 
plants, cleanup of active drain water and treatment of liquid wastes arising in 
isotope production and research facilities. ! 

An important consideration in the use of ion-exchange materials is the storage, 
conditioning and disposal of any resulting waste. 

7.2. Ion-exchange materials 

There is a great variety of ion-exchange materials but they can roughly be 
divided into the following categories: 

— Inorganic exchangers: natural and synthetic; 
— Organic exchangers: synthetic — strong acid, weak acid and strong base, 

weak base. 
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Naturally occurring materials such as clays and zeolites have some ion-
exchange properties but often it is difficult to use them, for example in column 
operation. One material which has been successfully used in the past is vermi-
culite for caesium removal from effluents. One of the big potential advantages 
of natural materials is their relative cheapness, but if they need to be processed 
after mining this advantage is reduced. All these exchangers are normally 
discharged when exhausted and replaced with new material. 

The main group of synthetic inorganic ion-exchange materials are zeolites 
and these have been in regular use for radioactive effluent treatment for some 
time. These materials can behave as selective sorbents and ion exchangers. They 
are normally conditioned before use in an effort to overcome their limited 
resistance to acids and alkalies and limited mechanical stability. Their advantages 
include a good exchange capacity and they can often be specific to the radio-
nuclide which is required to be removed. 

Synthetic materials which have recently been under development include an 
aluminium silicate gel for the removal of caesium and strontium and titanates for 
the removal of corrosion products, strontium and alpha emitters [73]. Investi-
gations of hydrous titanium oxides for treating fission products and actinides in 
liquid waste is a part of the European Community Programme [46]. 

The synthetic organic resins are extensively used in the treatment of radioactive 
liquid wastes. They are the most developed of the ion exchangers and include a 
wide variety of both cation and anion exchange materials. They are mainly based 
on polystyrene and phenol formaldehyde onto which active groups can be added. 
Depending upon the problem to be overcome, the types available are strong acid, 
weak acid, strong base and weak base materials. Special 'nuclear' grade resins have been 
developed which are low in impurities, such as heavy metals, organic matter, Crete. 
These are very suitable for the treatment of high purity reactor waters. 

In general organic resins have advantages over other ion-exchange materials 
and they have a wide application in the treatment of both low- and intermediate-
level radioactive effluents. They do, however, have limitations, some of which 
are limited radiation stability, limited heat resistance, and comparatively high 
costs. The limited radiation stability can be a disadvantage when treating 
intermediate-level effluent for the removal of high-energy beta, gamma emitters such 
as cobalt and caesium, and for the same reasons the presence of alpha emitters 
may be a problem. Some of the strong base resins cannot be used above 
temperatures of ~60°C, so care has to be taken to ensure relatively low 
temperatures of effluent streams. Powdered ion exchangers often operate at higher 
temperatures (90°C), and the thermal degradation is not so important. Normally 
regeneration of ion-exchange materials is only practised in the case of organic 
resins in bead forms. This issue is discussed further in section 7.4. Powdered 
ion-exchange resins are widely used in pre-coat filters and these resins are not regenerated. 

Table IX gives a general comparison of inorganic and organic ion exchangers 
and identifies in a qualitative fashion their particular characteristics. 
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TABLE XI (A). DECONTAMINATION FACTORS FOR PWR LIQUID WASTE 
TREATMENT SYSTEMS [74] 

Decontamination factor 

Treatment system Anion Cs.Rb Other nuclides 

Mixed bed 

Primary coolant let-down (LÍ3BO3) 10 2 10 
Radwaste ( H + O H l 10 2 (10) a 2(10) 10 2 (10) 
Evaporator condensate polishing 10 10 10 
Boron recycle system feed (H3BO3) 10 2 10 
Steam generator blow-down ( i f O H " ) 10 2 (10) 10(10) 10 2 (10) 

Cation bed (any system) 1(1) 10(10) 10(10) 

Anion bed (any system) 10 2 (10 ) 1(1) 1(1) 

Powdex (any system) 10(10) 2 (10) 10(10) 

a For demineralizers in series the DF for the second demineralizer is given in parentheses. 

TABLE XI (B). DECONTAMINATION FACTORS FOR BWR LIQUID WASTE 
TREATMENT SYSTEMS [75] 

Treatment system 

Decontamination factor 

Treatment system Anion Cs.Rb Other nuclides 

Mixed-bed reactor coolant cleanup 10 2 10 

Condensate (deep bed) 10 2 10 

High purity waste 10 2 (10) a 10(10) 10 2 (10) 

Low puri ty waste 

Mixed bed 10 2 (10) 2 (10) 10 2(10) 
Cation bed 1(1) 10(10) 10 2 (10 ) 
Anion bed 10 2 (10) 1(1) 1(1) 

Powdex (any system) 10(10) 2 (10) 10(10) 

a For an evaporator polishing demineralizer or for the second demineralizer in series the DF 
is given in parentheses. 
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Table X shows typical quantitative and qualitative characteristics of ion-
exchange materials used in nuclear fuel cycle facilities and research centres. 

Table XI gives typical values of decontamination factors for ion-exchange 
material used in nuclear power plants. 

7.3. Processes and equipment 

A wide variety of systems developed for using ion-exchange materials is 
described in Refs [30] and [71]. All of them use either fixed-bed units or 
continuous equipment. 

7.3.1. Fixed-bed ion-exchange units 

In fixed-bed ion-exchange units the ion-exchange material is usually 
supported within a cylindrical pressure vessel by a perforated plate usually covered 
with a supporting layer or nozzles to minimize the passage of fine particles into 
the effluent stream. 

Figures 1 la and 1 lb are examples of simple fixed-bed ion-exchange units. 
When the ion-exchange bed is exhausted it may be either replaced or regenerated. 
The exhausted mono-bed resin may be, in principle, reconditioned by back-flushing 
to remove retained sludge particles, followed by regeneration. 

Mixed-bed exchangers are usually regenerated after hydraulic separation of the 
anionic and cationic resins. Following regeneration the resins are remixed. During 
the regeneration and transfer operations resin fines are removed and discarded. 

The choice of régénérants usually follows the manufacturer's recommendations, 
however, special treatments are often applied to ensure that the exchange resins 
are in the appropriate forms. 

In practice an ion-exchange bed is never fully regenerated. Usually regeneration 
of about 90% is reached depending on the balance between régénérant and exchange 
inventory and capital costs [30]. The régénérant liquid is usually passed co-currently 
with the flow of the processed solution. 

A counter current regeneration of a mono-bed offers minimal consumption 
of chemicals and ensures optimal performance of the regenerated ion exchanger. 
There are however several technical difficulties with this process, for example: 

— The régénérant will contain ions which cause incomplete regeneration in the 
head of the bed. However, the good economy of the process is not signifi-
cantly influenced by this fact. 

— It is difficult to distribute the regenerating solution to flow upwards whilst 
not disturbing the existing distribution of resin particles and causing channels 
in the bed or fluidizing the bed. Lately this has been overcome by dividing the 
ion-exchange bed into two parts. The upper part is regenerated downwards 
simultaneously with counter-flow regeneration in the lower bed. The 
régénérant leaves between the beds. 
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The main drawback with the régénérant ion-exchange beds used in radioactive, 
operation is that active water streams arise which require further processing before 
disposal. Radioactive solutions therefore may be decontaminated by high-capacity 
ion exchangers which do not require regeneration and can be solidified [30]. 

When the bed is not to be regenerated it may be hydraulically flushed from 
the vessel to waste storage and further conditioning prior to disposal. 

7.3.2. Continuous ion-exchange units 

Continuous units have several advantages over fixed-bed units. The main 
advantages are as follows: 

— liquid product of constant output and composition 
— lower exchange material inventory, capital cost and space requirement than 

fixed bed of the same capacity 
— reduction of the quantity of elution agent and of rinsing water used. 

The main difficulty is to move the ion-exchange material. The prevailing type of 
continuous units uses gentle hydraulic pulses to move the ion-exchange material 
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2 

2 Steam/Water circuit 5 Reactor feed water 
3 Turbine 6 Storage pond 

I o n Exchange Systems 

Circuit Funct ion 

A Make-up water Demineralization and colloids removal 
В Condensate Demineralization and f i l t ra t ion 
С Reactor coolant clean-up Demineralization and decontaminat ion 
D Storage pond Decontaminat ion and demineralization 
E Liquid radioactive wastes Decontaminat ion 

FIG. 13, Boiling water reactor. 

(Fig. 12). Applications of continuous ion exchange are currently in the non-nuclear 
field. Although, in principle, the technique could be used to treat liquid radio-
active waste, there may be scaling-down problems. The complexity of the plant 
may also be a drawback. 

7.3.3. Application of fixed-bed units 

The principles of reactor coolant cleanup systems used in nuclear power 
plants with main types of reactors are shown in Figs 13 to 16 [76]. 

7.3.3.1. Boiling water reactors 

Water chemistry in a boiling water reactor is relatively simple, since no 
chemicals are added and the pH value of the coolant is kept neutral. This water 
quality is maintained by continuous processing of a side-stream of the reactor 
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1 Reactor core 
2 Reactor coolant water 
3 Steam generator 
4 Pressurizer 

5 Steam/Water circuit 
6 Turbine 
7 Condenser 
8 Storage pond 

Ion Exchange Systems 

Circuit Funct ion 

A Make-up water Demineralization and colloids removal 
В Condensate or S.G. b low-down Demineralizatton, decontaminat ion 
C & Primary coolant chemistry Decontaminat ion, demineralization and boric acid removal 
D and volume contro l 
E Boron recovery Decontaminat ion, boric acid re-concentration 
F Storage pond Decontaminat ion and demineralization 
G Liquid radioactive wastes Decontaminat ion 

FIG. 14. Pressurized water reactor. 

coolant (normally at 1—4% of the feedwater flow) which usually includes mixed-
bed filters or a combination of strong acid cation and strong base anion exchange 
filters (Fig. 13). The ion-exchange materials are changed twice per year, in most 
cases due to leakage of S i0 2 . 

The trend is to process more than 1% of feedwater (Sweden 2 X 2%, 
Shimane (Japan) 7%). This is useful in solving radiological protection problems 
caused by radioactive corrosion products, especially 60Co. Many units use filters 
pre-coated with powdered resin. When sea water is used for condenser cooling 
some BWRs use a dual system of filters and deep-bed ion-exchange filters in 
series. 

7.3.3.2. Pressurized water reactors 

In most pressurized water reactors, the primary coolant is purified by ion-
exchange, generally using a combination of single (mono-bed) filters and mixed-
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1 Reactor core 
2 Calandria 
3 Moderator - Heavy water 
4 Reactor coolant - Heavy water 

5 Steam generator 

6 Steam/Water circuit 
7 Turbine 
8 Condenser 
9 Storage pond 

Ion Exchange Units 

Circuit Funct ion 

A Make-up water Demineralization and colloids removal 
В Condensate Demineralization and f i l t ra t ion 
С Reactor coolant cleanup Puri f icat ion, decontaminat ion 
D Moderator cleanup Demineralization (boron and gadol inium removal), decontaminat ion 
E Storage pond Demineralization and decontaminat ion 
F Liquid radioactive wastes Decontaminat ion 

FIG. 15. Heavy water reactor. 

bed filters (Fig. 14). The removal of generally highly radioactive impurities is 
achieved by a mixed-bed exchanger. 

The ion-exchange resins of the purification unit usually are not regenerated. 
Replacement of the resins takes place when the decontamination efficiency is no 
longer sufficient to maintain the required primary coolant quality. The spent 
resins are discarded and treated as solid radioactive wastes. 

7.3.3.3. Heavy water reactors 

In commercially developed heavy water reactors using pressurized heavy 
water as the heat transfer fluid, pH control is normally achieved with LiOD addition 
and chemical purification is controlled by processing a side-stream of the coolant 
through an ion-exchange system of mixed-bed ion exchangers in the D+ and OD~ 
form (Fig. 15). In moderator systems where only boric acid is used for reactivity 
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1 Reactor core 5 Condenser 

2 Carbon d iox ide coolant 6 Steam/Water circuit 
3 Steam generator 7 Storage pond 
4 Turbine 

Ion Exchange Systems 

Circuit Funct ion 

A Make-up water Demineral ization and colloids removal 
В Condensate Demineralization and f i l t ra t ion 

С Storage pond Decontaminat ion and demineral ization 

D Liquid radioactive wastes Decontaminat ion 

FIG. 16. Gas cooled reactor. 

control (Pickering A) the anion exchanger removes boric acid, chlorides and 
nitrates, and the metal ions are removed by the cation exchanger. In systems where 
both boric acid and gadolinium nitrate are used for reactivity control (Bruce A and 
subsequent nuclear power plants), a second type of mixed-bed resin consisting of 
a strong acid cation resin in D+ form and a weak base anion resin in free base form 
is used in addition to the above mixed bed. That is to facilitate independent control 
of gadolinium and borate concentrations since the strong acid/weak base resin 
mixture will remove gadolinium nitrate without removing borate. 

7.3.3.4. Gas-cooled reactors 

In gas cooled reactors the main use of ion-exchange materials is for treating 
storage pond wastes and low-level liquid radioactive waste streams (Fig. 16). 
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7.3.3.5. Spent fuel storage pond water treatment 

Spent fuel is stored in water pools. Boric acid may be added to the storage 
pond water (2000 to 3000 mg/L) to enable a greater number of fuel elements to 
be stored per unit volume. The water is cooled and purified by circulating through 
a cooler and an ion-exchange system, using either mono-bed or mixed-bed resin units. 
Good water quality in the storage pools is maintained by filters with a pre-coat of 
powdered mixed-bed ion exchangers. 

7.4. Description of facilities 

Some of the ion-exchange plants currently being operated in nuclear power 
plants, reprocessing plants and a central installation for managing liquid wastes 
from research centres and hospitals are described below. Other installations are 
described elsewhere in the literature [30, 71] . 

7.4.1. Loviisa Nuclear Power Plant (Finland) 

Loviisa NPP in Finland consists of two units of Soviet design of 440 MW(e) 
each (PWR) [51]. 

There are six separate plants for the treatment of liquid radioactive wastes and 
all of these use ion exchange. They are: 

— Continuous purification of primary circuit water 
— Storage, purification and recovery of boric acid in water discharged from 

the primary circuit 
— Purification of pond waters, e.g. fuel storage 
— Storage and purification of water discharged from special sewerage lines from 

the reactor building and the auxiliary building 
— Purification of steam generator blow-down water 
— Purification of used acid decontamination solutions. 

Altogether in these plants there are 32 ion-exchange units plus 6 cation filters 
operating as mechanical filters (not regenerated) and 4 carbon filters. The range 
of parameters for ion exchangers are: resin volume 0.8—7.5 m 3 , operating 
temperature 2 0 - 8 0 ° C and pressure 0 .4 -12 .3 MPa. 

Generally it can be said from these plants: 

— all ion exchangers are bead form resins which can nearly all be regenerated 
by 5% NaOH and 5% H N 0 3 solutions 

— all equipment is made of austenitic stainless steel 
— treated water is primarily used again as make-up process water 
— treated boric acid concentrate (4% H 3 B 0 3 ) is re-used as well as treated oxalic 

acid decontamination solution. 

Figures 17 and 18 show line diagrams of three of the ion-exchange treatment lines. 
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FIG.19. Pond water purification of Loviisa 1 and 2 NPS. 

TABLE XII. ION-EXCHANGE RESINS IN VARIOUS SYSTEMS OF TVO I 
NUCLEAR POWER PLANT 

Resin Changes 
System Type Amount per year 

Reactor water cleanup Bead 1.5 m 3 4 

System drainage cleanup Bead 1.5 m 3 1 

Condensate cleanup Powder 490 kg 15 

Pool water cleanup Powder 25 kg 3 

System drainage cleanup Powder 35 kg 75 

The pond water treatment plant processes water, e.g. from the fuel cooling 
pond, and this water is returned to the pond (Fig. 19). 

Wash water and sewerage water from radioactive areas, radioactive process 
leakage water and used decontamination solutions are collected in drain water 
pits situated in the cellars of the reactor building and auxiliary building (Fig. 18). 
Clarification and removal of major particulate impurities is performed in a tank of 
the liquid waste storage and after filtration all this water is evaporated. Aqueous 
streams of different origin are mixed with each other before evaporation, so no 
segregation is performed. During 1981 approximately 12 000 m 3 of water was 
evaporated. 

7.4.2. TVO Nuclear Power Plant, OIkiluoto (Finland) 

The TVO plant comprises two BWR units (each 660 MW(e)) of Swedish 
design [ 56 ] . Each unit has its own radioactive waste treatment plant. Ion exchange 
is extensively used in water purification systems in the plant. 

Table XII gives the amounts of resins in various cleanup systems in one unit 
and the frequency of changing these resins. 
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TABLE XIII. ION-EXCHANGE RESINS IN VARIOUS PURIFICATION 
SYSTEMS OF PICKERING NUCLEAR GENERATING STATION 

System Bead resin Annual quanti ty (m3 ) 

Primary heat transport purification LiODa 3--12 

Moderator purification DOD 12-- 2 0 

D 2 0 cleanup/fuel bay purification DOD 2-- 4 

Reactor auxiliary bay purification DOD 3--5 

End shield cooling purification LiOD 1 

a In disposable containers, all other resin is bulk and slurried to storage tanks at the station. 

7.4.3. Pickering Nuclear Power Plant (Canada) 

The Pickering 'A' Nuclear Generating Station consists of four heavy water 
PWR units (540 MW(e) each). The need to keep leak-tight systems to retain 
heavy water has greatly reduced the quantities of liquid which are discharged. 
Ion-exchange resin is used in several purification systems outlined in Table XIII, 
together with annual arisings for the entire station. 

7.4.4. Trawsfynydd Nuclear Power Plan t, Wales ( United Kingdom) 

The gas cooled nuclear power station at Trawsfynydd has an output of 
390 MW(e) [78]. The liquid waste requiring treatment before discharge to a 
lake arises from active drains and irradiated fuel storage ponds, the latter being 
the most important owing to the presence of radiocaesium. A schematic flow 
diagram of the pond water and pond effluent treatment plant is given in Fig.20. 

The cooling pond is provided with a cooling recirculation loop and a chemical 
treatment loop. The cooling loop contains two sand pressure filters and two 
caesium specific ion-exchange units containing phenol formaldehyde resin. The 
use of caesium specific, units serves to reduce potential caesium arisings in 
régénérant liquors from the chemical treatment loop. The chemical treatment 
loop contains caesium specific ion-exchange units and also anion and cation 
exchange units. The anion exchange unit removes chloride and sulphate ions in 
order to control pond water chemical conditions. The pond water effluent treat-
ment plant contains two caesium specific ion-exchange units and these can be 
used together with the sequestering unit to decontaminate régénérant liquors 
or other effluents. The effluent from the pond water treatment plant is ~50 m3 
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OUTFALL 

FIG.20. Flow diagram of cooling pond water and pond effluent treatment plants at 
Trawsfynydd NPP. 

A. Recirculation cooling. 
B. Chemical treatment loop. 
C. Pond water effluent treatment plant. 

78 



a week. Regeneration liquors from the anion and cation exchange beds are 
neutralized and passed to two successive beds of chabazite type molecular sieve 
to effect removal of the majority of the radiocaesium. The operation of the plant 
is optimized to obtain acceptable discharges to the environment with the minimum 
arising of waste ion-exchange material. 

7.4.5. British Nuclear Fuels, Sellafield Works (United Kingdom) 

Irradiated Magnox fuel is stored under water in ponds at Sellafield, the 
outflow is directed to sea [79]. In 1974, following a temporary cessation of 
reprocessing, and consequent increase in the mean residence time of fuel in the 
ponds, there was a marked increase in corrosion of the Magnox cladding. This 
resulted in a greater release rate of soluble radionuclides (mainly radiocaesium 
and 90Sr) to the pond water, significantly increasing its radioactivity concentration 
and that of the discharges to sea. 

Several options were examined for reducing the radiocaesium discharges to 
sea and it was decided that, in the long term, a treatment plant (SIXEP), based 
on an ion-exchange process, should be installed. In the short term interim 
arrangements were made to treat pond water in situ. 

The Site Ion Exchange Effluent Plant (SIXEP) is a major facility designed 
which is scheduled to commence operation in 1983. Figure 21 shows SIXEP in 
block diagram form. The main waste streams to be fed to SIXEP are the purges 
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from the existing Magnox fuel storage ponds and other fuel storage ponds. All 
of the feeds to SIXEP will first be passed through a settling tank, so that all of 
the particulate matter will have been removed before arriving at SIXEP. The liquor 
feed to SIXEP will first be filtered by means of pressurized sand bed filters. The 
pH value of feeds is adjusted using C 0 2 gas in a carbonating tower. The stream 
will then be passed through two columns of ion exchanger before discharge to sea. 
The ion-exchange columns will be operable in series with either column leading, or 
in parallel; this will provide a range of operating capabilities. Waste sands, sludge 
and spent ion exchanger will be transferred to stainless steel tanks for storage 
prior to disposal. The plant has been designed so that further storage tanks may 
be added should this prove necessary. 

The plant has been designed to allow wide variations in operating characteristics. 
The major factors affecting the choice of operating conditions are the type of 
ion-exchange material, plant operating costs and availability, operator dose uptake 
and ion-exchanger storage and disposal costs. The choice of ion-exchange material 
has been made mainly on the basis of availability, efficiency and cost. Considerations 
of cost include the exchange capacity for the different radionuclides and their 
environmental significance, and the varying compositions in streams to be input 
to SIXEP. Considerations of cost included those of changing at a later date to a 
different material, with compatibility implications. The main factor affecting 
the discharges of radioactivity to the environment will be the frequency of renewal 
of the ion-exchange material. More frequent replacement will mean lower discharges 
but, among other factors, higher storage and disposal costs. The process of 
optimization on the basis of procedures set out in ICRP 26 [7] and ICRP 22 [80] 
will play a major role in determining the eventual operating regime. 

Since SIXEP was not scheduled to come into operation until 1983, interim 
arrangements were made to remove radiocaesium from pond water. The system 
uses skips of AW500 zeolite situated in the storage pond and pond water is 
pumped through these skips. The criteria for skip operation were established on 
the basis of ICRP optimization procedure and are described in Ref. [79]. 

7.4.6. Three Mile Island Power Station, Harrisburg ( USA) 
\ 

As a result of the accident at the Three Mile Island power station, 4000 m 3 

of highly contaminated water was evacuated from the primary circuit [81 ] . The 
main radionuclides present were 137Cs, 134Cs, 8 9Sr, 90Sr,and 3H. 

An ion-exchange treatment system called Epicor II was used initially to 
treat 1500 m 3 of the contaminated water in an auxiliary building in order to 
produce an effluent whose activity was low enough to allow release into the 
environment. 

Epicor II consists of a filter demineralizer (with filter aid plus cationic resin), 
a second cationic demineralizer and a third mixed-bed demineralizer (Fig.22). 
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FIG.22. Ion-exchange treatment system Epicor II (TMI-2). 

TABLE XIV. EFFICIENCY OF EPICOR II SYSTEM 

Radionuclide 
Initial 
concentration 
(MBq/L) 

Final effluent 
concentration 
(Bq/L) 

Discharge limit 
(%)CFR 20 

137Cs 1700 162.8 20 
134Cs 307 244.2 9 

89 Sr 44.4 3.7 3 
9 0 Sr 114.7 10.73 0.3 
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The efficiency of the system to remove caesium and strontium reaches 
almost 100% as is shown in Table XIV. 

Over the period of one year 200 m 3 were processed and more than 2 X 1015 Bq 
of fission products were removed giving an effluent which was well within acceptable 
environmental release limits. 

Disposal of filters removed from the first treatment step presents problems 
due to the high activity content of the resin. The exhausted ion exchangers from 
second and third treatment steps have low activity content and can be disposed of 
without problems. The proposed alternatives to manage the high specific activity 
resins are incineration, storage in high integrity containers or vitrification. 

7.4. 7. Cogéma, La Hague (France) 

In France, in the Cogéma facilities at La Hague, the low-level wastes are 
processed by chemical precipitation (adjustment of the pH value to 10.5 and 
nickel ferrocyanide) [30]. The liquid effluent after decanting is filtered and 
then passed through a column of carboxyl type resin in the sodium form (strontium 
retention). This exchanger is regenerated by addition of IN H N 0 3 and then 
IN NaOH. These regenerating agents are processed together with the intermediate-
level waste by chemical treatment. 

The following limitations have been found in using carboxylic resins: 

— Salinity not greater than IN 
— Calcium and strontium concentration not greater than 50 mg/mL 
— pH7 to 11. 

7.4.8. The Moscow Station for Handling Radioactive Waste (USSR) 

The Moscow Decontamination Plant of the All-Union Scientific Research 
Institute of Inorganic Materials carries out daily treatment of low-level liquid 
radioactive wastes which are received from a group of nearby organizations [41]. 

From 1959 to 1974 the treatment of the wastes at the plant was carried out 
by means of industrial prototype equipment. In 1974 new equipment with a design 
capacity of 800 m3 /d was introduced. 

The objective of the treatment of liquid wastes at the Moscow Plant is the 
reduction of the radionuclide levels down to permissible annual concentrations, 
and the concentration of the radionuclides and salts into a minimum volume 
of waste residues which are sent for disposal to the Central Radiation Protection 
Plant. 

Amongst the radionuclides which are always found in the wastes, the 
most important are the highly toxic long-lived radioisotopes 90Sr, 134 ' 137Cs, 
60Co, 95Zr(Nb), 131I, 139,И1,144Се) 75Se a n d 203Hg T h e a l p h a e m i t t e r s are 
not identified and only an estimate of their total activity is given. 
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TABLE XV. OBSERVED RADIONUCLIDE CONCENTRATIONS IN THE 
INITIAL LIQUID RADIOACTIVE WASTES (MOSCOW STATION) 

Radionuclides 
Concentrations 
(Bq/L) 

Limit for disposal 
into open reservoir 
(Bq/L) 

2 a 1.85 X 102 - 1.85 X 103 

3.7 X 103 - 3.7 X 104 

9 0 Sr up to 1.85 X 102 1.48 X 101 

137Cs 3.7 X 101 - 3.7 X 103 5.5 X 102 

134 Cs 3.7 X 101 - 3.7 X 103 3.18 X 102 

144 Ce 3.7 X 102 - 1.85 X 101 4.4 X 102 

6 0Co 3.7 X 102 - 1.85 X 103 1.3 X 103 

131 j 1.85 X 101 - 1.85 X 103 7.2 X 101 

203 Hg 3.7 X 102 - 1.85 X 103 6.7 X 102 

95 Zr (Nb) 3.7 X 102 - 1.85 X 103 3 X 103 

Table XV shows radionuclide concentrations in the initial liquid wastes in 
comparison with the established health-protection limits for disposal into an 
open reservoir used for drinking and recreational purposes. 

Figure 23 shows a flow chart of the chemical section of the plant. After an 
initial precipitation, the first stage of ion exchange uses cationic exchangers, and 
the second, anionic exchangers. While in the first stage the ion exchangers can be 
replaced during operation by a second pair, regenerated with acid and alkali by 
means of circulating solutions, the second stage is permanently fixed. This second 
stage acts to produce final radionuclide decontamination of the wastes and is 
regenerated simply by means of fresh lots of nitric acid (2N) and alkali (1.5N). 

The result of the chemical treatment of the wastes is thus the formation 
of radioactive hydrated sludges from coagulation and of acid and alkali salt 
solutions containing radionuclides in the form of anions and cations. These 
solutions are evaporated. 

A flow chart of the evaporator unit is shown in Fig.24. The concentration 
section contains five such units — four working and one on stand-by. 

The evaporators, which have a remote heating chamber, are designed for a 
throughput of 0.28 L/s of solution for evaporation. The steam phase passes from 
the evaporator to a cyclone trap designed to prevent the carry-over of drops and 
then goes to a bubble-plate rectification column. The reflux from the column 
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1. Preparation of solution for alkali evaporation 

2. . Heat exchanger 

3. Evaporator for concentrating alkali solutions 

4. Evaporator for concentrating acid solutions 

5. Cyclone trap 

6. Rectification column 
7. Reservoir for collection of acid and alkali condensates 

8. Distilled nitric acid collector 
9. Reactor crystaMizer 

10. Special lorry for transport of waste to disposal 

FIG. 24. Concen tra tion section (Mosco w S ta tion ). 
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TABLE XVI. DECONTAMINATION INDICATORS (MOSCOW STATION) 

_ .. . . . Decontamination , . 
Radionuclides the decontaminated wastes 

factor 

Final concentrations in 
the decc 
(Bq/L) 

9 0Sr 5 0 0 - 5 0 0 0 < 1.8 X 10"1 

134 '137Cs 1 0 0 - 1 0 0 0 ~ 3.7 
1311 5 0 - 2 0 0 ~ 3.7 
144 Ce 1 0 0 - 1 0 0 0 < 1 1 
6 0 Co 1 0 0 - 4 0 0 0 < 1 5 
95 (Zr + Nb) 1 0 0 - 5 0 0 < 3 . 7 
2 0 3Hg 1 0 0 - 2 0 0 < 3.7 

TABLE XVII. CHARACTERISTICS OF THE RADIOACTIVE CONCENTRATES 
PASSED TO THE EVAPORATOR STAGE (MOSCOW STATION) 

Principal indicators 
Acid 
reclaim 

Alkali 
reclaim 

Hydrated 
sludge 

H N 0 3 (N) 0 . 5 - 0 . 7 - -

NaOH (N) - 0 . 0 7 - 0 . 1 5 -

Quanti ty of salts 
(g/L) 

4 0 - 6 0 2 5 - 4 0 
Suspensions 
1 0 - 1 2 g/L 

Organic substances 
(mg 0 2 / L ) 

6 0 - 1 0 0 4 0 0 - 6 5 0 7 0 0 - 9 0 0 

Water content (%) - - 99 

Beta activity (Bq/L) ( 7 . 4 - 1 4 . 8 ) X 104 ( 3 . 7 - 7 . 4 ) X 103 ( 3 - 3 . 7 ) X 10s 

Alpha activity (Bq/L) - - 1.85 X 104 
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used in the evaporation of the alkali solutions passes back into the evaporator 
circulation loop. The reflux from the acid solutions is enriched with nitric acid 
(to 4N) and is removed from the process for repeated use. 

For the average addition of 50 mg/L of iron sulphate (5%) and 80 mg/L 
of sodium hydroxide (5%), the beta activity of the solutions after chemical and 
mechanical treatment is reduced by 30-50%, the alpha activity by 95% and the 
organic substance content by 30—40%. 

The amount of hydrated sludge, which is periodically removed from the 
settling tanks, is about 1% of the volume of the effluents treated. The quantity 
of wash water after the loosening and washing of the mechanical filters is on 
average 2—3% per cycle. After the effluent has been passed through two stages 
of ion-exchange filters, stable radionuclide concentrations somewhat below the 
average annual permissible levels are obtained. 

Table XVI shows the average decontamination factors for various nuclides. 
For an average filtrate volume per cycle in the ion-exchange filters of 

2400 m 3 , the quantity of acid and alkali reclaims is about 2.5% of the filtrate 
volume. 

At the end of the chemical treatments the quantitative composition of the 
wastes sent to the evaporator stage is as follows: sludge —24%, and nitric acid 
and alkali reclaims - 3 8 % each. Table XVII shows the characteristics of these 
wastes. 

After neutralization of the distillation residues the final product — a pulp 
of density 1.4 kg/L, which is sent for disposal — has a beta-activity concentration 
of 3.7 X 106Bq/L, an alpha activity of 3.7 X 104 - 3.7 X 103Bq/L and a salt 
concentration of 600—900 g/L. The average volume of the final waste is 
0.2—0.22% of the overall quantity of decontaminated wastes. The volume 
reduction factor is thus 450—500. 

7.5. Recommendations and comments on the application of ion-exchange 
processes 

Liquid radioactive wastes usually have to satisfy the following criteria to 
be suitable for ion-exchange treatment: 

— The concentration of suspended solids in the waste should be low, usually 
less than 4 mg/L. This is because such solid materials coat the surface 
of the ion-exchange materials reducing the number of exchange sites and 
impeding water flow through the unit. Therefore liquid wastes containing 
more than 4 mg/L suspended solids should be prefiltered. 

— The waste should have low (usually less than 1 g/L) total salt content, other-
wise the ion exchanger will rapidly become exhausted by inactive ions. 

— Radionuclides should be present in suitable ionic form. Filters pre-coated 
with powdered resin can be used to remove colloids. 
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— The ion-exchange material should be compatible with the temperature of 
the waste. 

— In general, ion-exchange treatments may be applied to low- and intermediate-
level streams with low salt content. 

Consideration should be given to the following factors in evaluating the 
decontamination factors achieved: 

— type, selectivity and ion-exchange capacity of the material to be used 
— concentration of the radionuclide being removed 
— inactive composition of the waste 
— pH value of the waste 
— temperature of the waste 
— flowrates and the ion-exchanger bed size 
— regeneration method to be used 
— potential for crud break-through 
— possibility of colloid formation 
— presence of organic contaminants. 

Decontamination factors can range between perhaps 10 to 107 for very 
sophisticated systems; however, values of 102 to 103 are relatively common. 
Generally, the lower DFs are based on gross activity and the higher figures are 
nearly always for specific radionuclides for which the system has been designed. 

Volume reduction factors, i.e. the ratio of the volume of the liquid waste 
treated to the volume of exhausted resin and/or regeneration liquors, should be 
considered when planning ion-exchange systems — the higher this figure the 
more efficient the process is as far as waste management is concerned. Subsequent 
treatment of the régénérant liquors by evaporation and the exhausted resins 
by incineration will increase this volume reduction factor but such facilities may 
not be available, so the aim should be to keep their volumes as low as possible. 
This is probably more important with inorganic exchangers, as they are not 
normally regenerated and cannot usually be incinerated. 

If régénérant liquors or spent ion-exchange materials are conditioned for 
storage and/or disposal, for example by solidification in cement, there will be an 
increase in volume which may significantly diminish the overall volume reduction 
factor. 

The management of régénérant liquors or spent ion-exchange materials 
should be considered in selection of the ion-exchange process. Factors which 
should be taken into account include the safety of storage, conditioning and 
disposal of the waste. 

The economics of replacement of ion exchanger or regeneration should 
be carefully considered. 

The trend among operating plants, particularly PWRs, is away from resin 
regeneration and towards the substitution of filtration and ion exchange to 
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curtail evaporator operation [82]. This increases the volume of solid waste for 
disposal but eliminates the need for regeneration facilities, evaporation of used 
regeneration liquors, conditioning of large volumes of evaporator bottoms etc. 

Nevertheless, some of the newly designed plants continue to provide facilities 
for regeneration of deep resin beds, particularly for deborating resins. 

The replacement criteria may differ for various ion exchangers. The decrease 
in DF is the most frequently mentioned factor, but the pressure drop, radiation 
level, conductivity increase, frequency of regeneration, resin loss and chemical 
break-through are also important considerations. 

The aim of the treatment is to transfer as much as possible of the radionuclides 
onto the ion-exchange material. In most systems the ion exchanger is packed in 
a column through which the effluent passes, so ensuring intimate contact with 
the individual resin particles. As the treatment progresses, the load of radionuclides 
on the ion-exchange material increases, which can result in high levels of radiation. 

The highest radiation level is likely to occur in the upper layer of the resin 
bed that is operated without a prefilter. Insoluble cruds may collect here, increasing 
the radiation level and also the pressure drop across the resin bed, thus reducing 
the flowrate. Rapid changes in pressure may cause excessive resin attrition. 
Radiation stability is usually not the limiting factor in resin life. Precautions must 
be taken to ensure that the radiation from the column does not endanger the safety 
of the operational personnel. These usually take the form of remote operations 
or shielding or both. At the same time provisions should be made for ready access 
to all equipment in case of unforeseen operating difficulties. 

Spent ion-exchange material should be preferably hydraulically removable. 
Efficient removal of spent ion-exchange materials from vessels should be sought 
since its presence can reduce the performance of fresh ion-exchange material 
used in the same vessel. It is desirable, though sometimes impracticable, to be 
able to take samples of resin for analytical evaluation so that replacement can be 
based on accurate knowledge of residual capacity rather than operating time. 

The planning problems in dealing with liquid wastes from different plants are 
very similar. Each liquid waste stream should be examined individually as well 
as the proposed treatment based on laboratory and/or pilot plant studies before 
being put into operation. The basic data required are both the radioactive and 
non-radioactive constituents of the effluent. If the latter predominates, as is 
often the case, then most of the capacity of the ion-exchange resins will be taken 
up by the non-radioactive ions. In some cases it is possible to counteract this by 
pre-treatment of the ion exchanger. However, such practices need careful develop-
ment and control if they are to be successful. 

The management and disposal of spent ion-exchange materials and régénérant 
waste having regard inter alia to safety and wastes will require particular attention. 
The potential for development of inorganic ion exchange for selective adsorption 
and subsequent immobilization should also be exploited. 
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The development and use of exchangers which are radionuclide specific 
should be pursued to bring forward new materials. Another area of research which 
should be extended is the influence of detergents and complexing agents on deconta-
mination factor values. 

The use of ion exchangers as filter pre-coats is an attractive development which 
should be continued since there is the potential for substantial reductions in spent 
ion-exchange arisings. The removal of particulates is also very high in comparison 
with bead resin filters. 

Optimization of combined ion-exchange and other processes such as membrane 
filtration is a subject which merits further research and development. 

7.6. Conclusions 

Ion-exchange procedures have been applied to the treatment of liquid wastes 
for many years. The technique is well established and its value has been widely 
demonstrated. 

The advantages and disadvantages of ion-exchange procedures are: 

Advantages 
— Treatment procedures are based on well proven, conventional plant and 

equipment 
— Suitable for ionic impurities 
— High quality effluents are possible 
— Decontamination factors can be high 
— Radionuclide specific materials available 
— High concentration factor achievable giving low volumes of solid waste which 

can be readily conditioned for disposal 
— Some materials can be regenerated 
— Suitable for colloids separation 
— Suitable for continuous and automatic operation. 

Disadvantages 

— Salt content and suspended solids must be low 
— Non electrolytes not exchanged, colloids, and contaminants can cause 

difficulties 
— Some exchangers are pH-sensitive 
— Regeneration gives rise to secondary wastes 
— Some exchangers have low radiation tolerance 
— Some exchangers (e.g. organic) are expensive 
— Some exchangers have limited stability to heat. 

90 



8. EVAPORATION 

8.1. Introduction 

Evaporation is a proven method for the treatment of liquid radioactive waste 
providing both good decontamination and good concentration. Water is removed 
in the vapour phase of the process leaving behind non-volatile components such 
as salts and most radionuclides. The technique is well developed and both its 
advantages and limitations are well understood [83, 84]. 

Evaporation is probably the best technique for wastes having relatively high 
salt content and for nitric-acid-containing effluents, i.e. having a high electrical 
conductivity, a relatively low volume and needing high decontamination factors. 

Evaporation of liquid radioactive wastes with lower salt content ( 1 - 5 g/L) 
is normally carried out in two stages. Decontamination is performed in the first 
stage and concentration in the second stage. In this manner the conditions for 
decontamination concentration can be optimized independently. In the case of 
liquid radioactive wastes with high salt content the process is usually carried out 
in one stage. This is characteristic of the separate treatment of salt-containing 
liquid wastes at nuclear power plants or secondary wastes from ion-exchange 
processes. 

Between these two methods lie the multi-stage evaporators. They can 
achieve high decontamination factors for large waste volumes with rather high 
salt content. 

Because of its relatively high operating costs and high decontamination 
efficiency, evaporation is preferably confined to the treatment of intermediate-
and high-level radioactive liquid wastes. Although it can be considered a fairly 
simple operation which has been successfully applied in the conventional chemical 
industry for many years its application in the treatment of radioactive waste can 
give rise to many problems such as corrosion, scaling, or foaming. 

All of those problems should be considered as potential limitations of the 
process. The performance of evaporators is strongly influenced by these factors, 
in terms of decontamination factor, costs and the lifetime of the facility. From 
these points of view, the process designer requires a good knowledge of the 
chemical and physical properties of the waste requiring treatment. In addition, 
in order to ensure efficient running of the evaporator, it is important to have 
regular maintenance of the facility. 

Such problems can be reduced by appropriate preliminary waste treatments 
in order to remove substances which cause trouble and also condition the effluent 
itself, e.g. 

(a) filter to remove solid particles, which can cause trouble 
(b) adjust the pH value to reduce corrosion 
(c) remove organics by activated carbon treatment to reduce foaming. 
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8.2. Decontamination and volume reduction factor 

The main advantage of an evaporation process is its ability to reduce the 
volume of a radioactive liquid that must be disposed of. At the same time as the 
solvent is removed most of the radioactive or other dissolved material in the original 
solution remains in the reduced volume. 

An overall decontamination factor of about 1Q4 between untreated and 
effluent distillate can be expected from a single-phase evaporator completed with 
a scrubber part or a de-entrainment column [85]. 

This figure is from a mixed effluent containing very few volatile nuclides. 
The decontamination can be further increased by adding a mixed-bed strong 
cation/anion exchanger treatment of the distillate (see section 7). 

The presence of volatile nuclides such as tritium and some forms of iodine 
and ruthenium will reduce the DF. By adding alkalinity of the feed solution the 
volatility of iodine and ruthenium may be reduced; tritium separation cannot be 
effected in evaporation. 

In operating evaporators, lower values of DFs are expected when operation 
difficulties occur. Examples of such situations are: 

— Improper levels in the evaporator 
— Too high heating rate 
— Entrainment separator plugged up or damaged 
— Separator drains plugged up or damaged 
— Fluctuating flash chamber pressures 
— Abnormally foamy liquids 
— Air leaks under the liquid level. 

Different types or designs of evaporators may be sensitive to one or more of these 
difficulties. 

The maximum volume reduction depends upon the amount and properties 
of the dissolved solids in the effluent. These solids are concentrated during the 
process and if the solubility products of the salts making up the solids are exceeded 
precipitation will take place. Normally this must be avoided as the presence of 
undissolved salts can cause great maintenance problems in most evaporators. 
They can block blow-down pipes and settle in cooler parts of the evaporator. 
Thus, concentration should be controlled and not allowed to get too high. 
Another problem is that high activity in the concentrated liquor can result in 
high radiation levels requiring extra biological shielding of the facility so as to 
ensure the safety of operating personnel. As the concentration of radioactivity 
increases there is also a possibility that there will be more 'carry-over' of activity 
which will not necessarily be all removed in the de-entrainment column, so the 
activity in the distillate could be increased. The net result is a reduction in the 
decontamination factor. 
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There are evaporator/crystallizers which have been designed to continue 
evaporation until the salts do precipitate; the technique is mentioned later in 
this section. 

8.3. Limitations of the process 

Although the process of evaporation is relatively simple it has several 
limitations. Effluents containing materials which can cause corrosion, scaling 
and foaming are not really suitable for the process. Since most effluents contain 
at least one of these they all have to be pretreated to ensure trouble-free operations 
in the evaporator. This adds an extra step to the process — increasing handling 
requirements and the cost of treating the effluent. If such problems are envisaged 
they should be carefully studied before deciding upon which design of evaporator 
to install. 

Suspended matter should be removed from the feed by filtration, as is the 
case before ion-exchange treatment. The presence of insoluble particles in the 
boiling liquor can enhance both foaming and corrosion by providing bases from 
which such troubles can arise. 

Liquids containing materials which can be explosive, such as NH 4 N0 3 , reaction 
products from TBP and nitric acid are also unsuitable for evaporation. Limitations 
due to these causes depend on the content of each component. There are also 
cost limitations. The necessity of careful planning before deciding the process has 
already been fully discussed in section 2 and reported in an earlier IAEA 
publication [83]. 

8.3.1. Corrosion 

Corrosion is a much more severe problem in evaporation processes than other 
treatment methods. This is due to many factors which include: 

— high temperature 
— high velocity of the vapour and liquid 
— the concentration difference between the vapour and liquid 
— the possibility of solids in suspension 
— the presence of particular chemicals. 

Careful control of the pH value of the liquid may help but, of course, a higher 
pH value may enhance other problems. In general, corrosion is not a severe 
problem with low- and intermediate-level effluents, as the feed liquor can easily 
be neutralized before evaporation. Since some corrosion is possibly inevitable, the 
materials of construction of the evaporator itself and all its ancillary equipment 
must be carefully chosen. 

Some salts of СГ, SO4" P0 4 " etc. are corrosive and concentrated NaOH 
solutions and strong acidic solutions attack some metals. The choice of material 
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should preferably be based on actual testing under operating conditions using the 
liquids to be processed. The resistance to pitting corrosion is especially to be 
considered. Details for the selection of pH values and adequate operation tempera-
tures are described in Ref.[86]. Operational experience regarding pitting corrosion 
gained with the various evaporators at the Karlsruhe Nuclear Research Centre is 
discussed in Ref.[87]. In most cases this material selection leads to expensive and 
special types of material, e.g. stainless steels, titanium, cladded metals etc. 

Specifications should be sufficiently complete to ensure that the desired 
composition of material is used and the right conditions of heat treatment and 
surface finish are provided. Reduction in temperature, e.g. under vacuum, 
will almost certainly be beneficial with respect to reducing corrosion. Use of 
inhibitors as additives is a means of combating corrosion [83]. 

8.3.2. Scaling and incrustation 

Partridge and White [88] explained the mechanism of the initial deposition 
of scale crystals by the bubble evolution theory. Scaling can loosely be described 
as the formation of deposits on the metal surfaces inside the evaporator, which 
have precipitated from solutions owing to the prevailing conditions. Hall [89] 
classified scale as follows: 

(a) Hard adherent scale, e.g. calcium sulphate, magnesium sulphate and silicates, 
such as calcium silicates and magnesium silicates; 

(b) Soft scale, e.g. calcium carbonate, magnesium carbonate, calcium hydroxide 
and magnesium hydroxide. 

Substances with inverse solubility form hard adherent scale composed largely 
of anhydrite on the heating surface. Although not all substances which form 
soft scale have inverse solubility curves, their solubility is extremely low. 

As concerns radioactive waste liquids arising from a nuclear facility, they 
usually contain a wide variety of chemicals, and the content of radioactive 
substances is usually extremely low compared with that of the non-radioactive 
substances. Among these substances there are some which could form scaling or 
incrustation, such as calcium carbonate, magnesium hydroxide, sodium borate, 
sodium carbonate etc. When an acidic waste liquid is to be treated, the pH 
solution is usually adjusted before evaporation. In such a case sodium salts are 
contained in the feed solution. The neutralization process is necessary, because 
acidic solution attacks construction materials of the evaporators. Nevertheless, 
sometimes, if the evaporator construction material permits it, it can be useful 
to maintain some acidity in order to avoid scaling [90]. 

Whatever the deposits, such scaling on the surface reduces the heat transfer 
efficiency and so increases the energy consumption of the evaporation process. 
This means costs, so the scales must be removed or stopped from forming. 
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To inhibit the formation of hard adherent scale on the evaporating surfaces 
the following methods are known to be effective to some extent. 

(a) Addition of small crystal seeds 

If sufficiently small crystals are present, a supersaturated solution becomes 
unsaturated. The influence of crystal size is not appreciable with crystals larger 
than 5 to 50 Aim [91 ]. In addition to the seed crystals of a scale-forming ingredient 
such as calcium sulphate, a number of other materials can be used, depending on 
the nature of solution to be evaporated. 

(b) Forced circulation 

Forced circulation or strong agitation tends to reduce precipitation of the 
scaling ingredient on the heating surface. This tendency is enhanced in the sub-
merged tube-forced circulation evaporator in which the heating surface is so far 
below the liquor level that it prevents boiling. Forced circulation is a good 
practicable method. 

(c) Addition of organic materials 

The addition of organic materials, such as EDTA, can be effective in reducing 
potential scale. 

(d) Other methods 

(i) The addition of magnesium sulphate increases the sulphate ion con-
centration by precipitating fine non-adherent calcium sulphate crystals at the same 
time. Advantages of this method are simplicity of operation and no need for 
additional equipment or special construction materials. 

(ii) Circulation of solid particles such as sand or iron through the heating 
tubes prevents scale formation to some extent. However, this causes erosion of 
the pump and vessel. 

To remove scale from the evaporating surfaces, mechanical and chemical methods 
are commonly used. 

(a) Mechanical methods 

A tube cleaner, which is normally a steel cutter rotating at high speed, is used 
to shave off hard adherent scale. This method requires much labour since the 
tubes have to be cleaned one by one. A copper or brass wire brush is sometimes 
used to remove relatively thin or soft scale. Scrapers may also be used to shave off 
adherent scale. 
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(b) Chemical methods 

Soft calcium carbonate or magnesium hydroxide scale can be easily dissolved 
by inorganic acid containing corrosion inhibitors. 

HC1 is a common cleaning solution and the rate of dissolution of scale by 
HC1 increases in proportion to the 0.8th power of the velocity of washing solution 
through the heating tube. Higher temperature and concentration also increase the 
rate of dissolution. After dissolving the scale the heating tubes are neutralized by 
1 to 2% carbonate solution, or ammonium hydroxide solution. 

CaS04 scale cannot be removed by HC1 washing. The effective reagent in 
this case is sodium carbonate solution and another chemical (e.g. HF with inhibitor). 
Sodium carbonate reacts with CaS0 4 , to form CaC0 3 , which can be removed by 
HC1 washing [83]. 

To prevent pitting of the stainless steel by chloride, nitric acid is used in 
place of HC1 to clean the pre-heater tubes and the evaporator vessel of a vapour-
compression evaporator [87]. 

8.3.3. Foaming 

Foaming is a major problem in the evaporation of most radioactive liquid 
wastes. The following conditions among others contribute to the foam formation: 

— Presence of surface active agents (detergents) 
— High pH values 
— Presence of suspended matter 
— Salt concentration 
— Other conditions such as temperature gradients, causing varying viscosity and 

surface tension. 

The vigorous boiling action of the liquid inside the evaporator tends to enhance 
the foaming. If the foaming is allowed to continue it rises into the 'scrubbing' 
section of the evaporator, thus reducing its efficiency and causing 'carry-over' of 
radioactivity. 

There are several methods of dealing with the problem among which are the 
following: 

— Hydrodynamic method 
— Foam breaking coils 
— Liquid-level control 
— Use of jets 
— Antifoaming agents 
— Baffles. 

The hydrodynamic method consists in creating conditions in the evaporator 
in which foam is destroyed, namely high velocities of the steam-liquid mixture 
with a minimum content of liquid phase [92]. 
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To this end, a throttling device (consisting of a baffle, a valve and a slide 
gate) is introduced into the circulation pipe in front of the heating chamber, 
while for removing the steam-liquid mixture from the heating chamber a branch 
pipe of reduced size is used. 

The cross-section of the baffle is chosen experimentally. Where the cross-
section is correctly selected, the hydrodynamic technique suppresses foam 
reliably irrespective of the type and quantity of surface-active agents in the 
solution. Depending on the composition of the solution, the optimum conditions 
for foam destruction are obtained with a baffle cross-section of 0.4—1.0% of 
the cross-sectional area of the steam-generating tubes of the heating chamber. 

The hydrodynamic method of controlling foaming is now being used at 
nuclear power plants in the USSR. A licence for its use has been acquired by 
Czechoslovakia. 

Foams can be destroyed by either raising or lowering the temperature 
relative to that of the boiling effluent. Raising the temperature tends, among 
other things, to collapse the foam by a decrease in the surface tension. If the 
temperature is lowered, many foams become unstable owing to reduced surface 
elasticity. In practice, in order to raise or lower the foam temperature, a circular-
ring tube can be inserted along the inside wall of the evaporator above the liquid 
level. When foaming starts, either steam or cooling water may be passed through 
this tube. Sometimes this will destroy the foam, at other times it will reduce the 
foam and often it has little effect. 

In kettle type evaporators foaming can be reduced by lowering the liquid 
level in the evaporator. Then the hot surfaces of the uncovered heating tubes 
may destroy the foam. 

The use of jets spraying either steam or water onto the foam is another 
method of destroying it. These jets can be positioned on the inside walls of the 
evaporator above the water level. Such strong sprays tend to be effective owing 
to compression and shear forces and can disturb particles on the surface layer 
which often tend to enhance the foaming. In some cases it is possible to add 
antifoaming agents via those jets. Various chemicals can effectively be added to 
effluents to reduce foaming in an evaporator; these are called antifoaming agents. 
Their action is very complex and it is often difficult to decide which type to 
choose for a particular effluent. In general they are chemicals which are only 
sparingly soluble in the foaming solution, and if they are added to the feed of the 
evaporator they can effectively control foaming. However, they tend to lose 
their effectiveness after a time, so it may be necessary to keep adding them as 
'shock' doses or even as a small dose continuously to the feed. Chemicals which 
are useful as antifoaming agents include alcohols, fatty acids and esters, amides 
and silicones. All these types are marketed under commercial names and, in 
order to find the best type for a particular effluent, it is often necessary to try 
each in turn until success is achieved [93]. The success rate is sometimes not 
high and some workers suggested that up to 50% of those tried may be ineffective. 
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Baffles or other mechanical breaking devices can be used to break up foams. 
These must be included in the design of the evaporator in the form of plates etc. 
above the liquid level. The foam tends to hit such devices and be broken up 
before it can really foam. Rising film and wiped-film evaporators are examples 
of evaporators which are designed with a view to preventing foaming. 

One of the simplest methods, in practice, is often pH-value control. 
Effluents with a relatively high pH value do tend to foam and if this is reduced 
to about 6.5 to 7.0 it sometimes has the effect of collapsing or at least controlling 
the foam. 

8.4. Types of evaporators 

8.4.1. Evaporator choice and design 

There are numerous types of evaporators suitable for the treatment of radio-
active wastes. When making a choice of which to select, apart from the obvious 
operational ones of space available and cost, several factors must be considered. 
Among the important factors that are involved in evaporator choice and design 
are the following: 

(a) Physico-chemical properties 

The most important physico-chemical properties — that is the chemical 
concentration of the dissolved salts and the pH value and density, viscosity and 
surface tension of the waste as a function of temperature over the concentration 
range of the feed and the concentrated liquor — must be known. 

(b) Required throughput 

This can guide the choice and the size of evaporator in connection with the 
mode of operation (once-through or constant feed circulation). 

(c) Volume reduction and decontamination factor required 

They strongly influence the engineering of the system in terms of needed 
evaporation surface, biological shielding, entrainment separators etc. 

(d) Maintenance requirements 

The evaporator design must carefully take into account the need for easy 
maintenance in order to minimize as much as possible its cost from the point of 
view of man-rem, out of service time and money. 
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FIG.25. Pot-type evaporator [94]. 

According to the operational experience the types of evaporators that are 
used at nuclear facilities could roughly be divided into three main categories: 

— Pot or kettle types 
— Natural circulation 
— Forced circulation. 

In Table XVIII the advantages and the best applications of various categories are 
shown. 

8.4.2. Pot or kettle types 

This type of evaporator is frequently used especially for small installations. 
Pot-type evaporators are simply constructed and may be useful for simple batch-
wise evaporation. The liquid may be heated by using a jacketed kettle heated by 
steam. When very small quantities are to be evaporated electrical heating may 
be used instead of steam. 
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1. Condensate drain connection 9. Washing device 

2. Heating chamber 10. Scrubber 

3. Steam supply branch pipe 11. Decontaminated steam lead-off pipe 

4. Heating surface 12. Wash-water feed 

5. Ori f ice plates 13. Transfer pipes 

6. Circulat ion pipes 14. Separator 

7. Louvered baff le 15. Evaporated solut ion discharge 

8. Rashig ring layer 16. Source water feed 

FIG.26. Natural circulation, rising film evaporator with an external heater [95]. 
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FIG.27. Spray-film evaporator with horizontal U-tube heater [85]. 

Evaporators using steam in tubes which are coiled, U-shaped or V-formed 
in some other manner are also common in waste treatment. This type of 
evaporator is especially suitable for scale-forming liquids when designed to permit 
cold shocking or complete withdrawal of the coil from the shell for removal of 
scale. In Figure 25 a typical pot evaporator is shown. 

8.4.3. Natural circulation evaporators 

The most used natural circulation evaporators are those having long-tube 
vertical heaters, or calandria. They may be of the type in which the liquid flows 
upward through the tubes (climbing or rising film), or the type in which the liquid 
flows downward (falling film). 

In the rising film type, which may employ external or internal tube bundles, 
the waste is fed in at the bot tom of the tubes and is heated flowing upward 
through the heater. As boiling begins, bubbles form in the liquid increasing its 
linear velocity and emerge at high velocities from the top of the tubes in a flash 
chamber, where vapour leaves the liquid. 

In the falling film evaporators the position of the tube bundle and the flash 
chamber is reversed. Liquid enters at the top of the evaporator, falls downward 
inside the tubes as a film, and goes out from the bottom, where in the flash 
chamber vapour evolves from the liquid. This type of evaporator permits to 
ameliorate the heat-transfer performance, nevertheless the distribution of the liquid 
to the top of all the tubes is not easily attained. In Fig.26 a natural circulation, 
rising film, long-tube vertical evaporator with external heater is shown. The 
external heater permits easy access to the tubes for cleaning, maintenance or 
replacement. 
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FIG.28. Submerged U-tube evaporator [85]. 

Waste gas 

1 Vapour body I 

2 Circulat ion pump I 

3 Main heat exchanger 

4 Direct contact condenser 

5 Vapour body 11 

6 Circulat ion pump II 

7 Condenser 

8 Gas cooler 

9 Subcooler 

10 Degassifier 

HD Heating steam 

KW Cooling water 

FIG.29. The Bôhler type forced circulation evaporation system [96]. 
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Another type of natural-circulation unit, frequently used in LWR plants, are 
the spray-film evaporator with horizontal U-tube heater (Fig.27) and the sub-
merged U-tube (Fig.28) [85]. The liquid being concentrated completely covers 
the horizontal, U-bend heating tubes, circulation being obtained by natural 
convection and boiling of the liquid. The pump shown in Fig.27 is for circulation 
and not for enhancing heat transfer. Operation under vacuum is not uncommon 
with evaporators of this type, in which case it is sometimes feasible to use hot 
water as the heat-transfer intermediate instead of steam. 

8.4.4. Forced circulation evaporators 

Forced circulation evaporators are those using mechanical energy to improve 
heat transfer (pumps for recirculation of liquid, sometimes blades for scraping 
surfaces etc.). This type of evaporator is especially suitable for processing scaling 
liquid because high liquid velocities in the heating tubes effectively decrease scale 
deposition. The best application of forced circulation is for evaporators with 
external heaters, horizontal or vertical. This type of evaporator is considered 
better suited to use in LWR plants because the components (flash chamber, 
heater, pump, condenser etc.) may be separated to the maximum extent possible. 
This means that shielding is easier, maintenance is quicker and the radiation 
exposure may be kept to a minimum. 

A special form of evaporator with forced circulation is the multi-stage 
evaporator. An example of a multi-stage forced circulation evaporator is the 
Bôhler type evaporator. It links two evaporator stages by means of a direct 
contact condenser in such a way that the heat of condensation from the first 
stage serves as heat of evaporation in the second stage (see Fig.29) [96, 97]. 

The external heating is generally installed far below the liquid level to prevent 
boiling on the heating surface and at the same time greatly decrease the rate of 
scale deposition. Moreover, a restriction device (e.g. orifice or valve) could be 
installed before the flash chamber for this purpose. 

8.4.5. Vapour compression evaporators 

The highest heat economies in operating evaporators can be achieved by 
re-use of the energy of vaporization to provide a heat source for further evaporation. 
In vapour compression evaporators the energy potential of low-pressure vapour 
arising from the evaporator is increased by compressing the vapour, thereby making 
the latent heat of condensation available at a higher temperature and resulting in 
high total heat efficiency. Two types of vapour compression are currently used, 
mechanical compression by a blower and compression by a steam injector. 
Figure 30 illustrates an example where the evaporator utilizes its own vapour, 
after compression, as the heating intermediate in the same evaporator, resulting 
in a reduction of the energy requirement for evaporation of the order of 80%. 
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FIG.31. Wiped-film evaporator [85]. 

VAPOUR 

FIG.32. Forced circulation evaporator ¡cry stallizer [99]. 
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FIG.33. Pulsed air evaporator scheme (ACEREN). 

8.4.6. Wiped-film evaporators 

The wiped-film evaporator is considered as a forced-circulation type since it 
uses mechanical energy to improve heat transfer. The heating surface consists 
of a single (vertical type) or tapered (horizontal type) cylinder of large diameter 
in which is rotated an agitating blade of various types or a series of wipers, either 
maintaining a fixed closed clearance from the wall or riding on the film of liquid 
on the wall. Figure 31 illustrates an example of a horizontal wiped-film 
evaporator. Wiped-film evaporators are usually operated in a once-through mode. 
The advantages they may offer are the following: 

— can handle floes and slurries 
— small holdup and low residence time 
— high heat transfer coefficient 
— maximum flexibility 
— simple to decontaminate. 

The disadvantages are the high cost of construction and limitation of size. 

8.4. 7. Evaporator/crystallizer 

In crystallization much of the water is removed from liquid wastes by 
evaporation yielding a slurry of solids mixed with saturated solution. Forced 
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circulation evaporators have been modified for use as crystallizers. An example 
is shown in Fig.32 [99, 100]. In this evaporator the slurry is transferred from 
the upper section of the reservoir through the heat-exchanger tube bundle to 
concentrate the liquid up to crystallization. 

Another technical solution to evaporate radioactive liquid wastes and sludges 
to dryness is a mobile liquid waste concentration system which is in operation 
and is commercially available [101]. 

The evaporation-crystallization technique may be considered as a pre-
conditioning step as described in another IAEA Technical Report [10]. 

8.4.8. Non-boiling evaporators 

Liquid waste concentration can be obtained by means of an evaporator where 
water evaporation takes place in non-boiling conditions. In France [102] an 
evaporator (ACEREN) has been developed which employs non-saturated air for 
transferring the water from the liquid phase to the vapour phase. The evaporation 
takes place at temperatures below 35°C, the unsaturated air and the liquid film 
flowing countercurrently on large vertical surfaces (plastic film made of PVC, 
RHOVYL). This evaporator as shown in Fig.33 has been conceived mainly for 
low radioactive wastes and for the dispersion of low amounts of tritium. 

8.5. Recommendations for application of evaporation process 

Evaporation is probably the method most widely used in practice for the 
treatment of liquid radioactive wastes of different origin (nuclear power stations, 
research centres etc.). The characteristics of the facilities used in various countries 
for this type of waste are given in Table XIX. In practice evaporation is used as 
the main process for treatment and decontamination of liquid radioactive wastes 
and as a subsidiary' for the concentration of secondary waste (hydroxide sludges, 
liquid régénérants from ion-exchange filters etc.). 

The most widely used equipment is the natural circulation type of evaporator 
with an external heating chamber. Evaporators with forced circulation are used 
to a lesser extent. The advantages of the first type are the simplicity of design 
and the lack of moving parts which gives better reliability of operation. The 
advantage of the second type is the higher throughput. However, for relatively 
small volumes of wastes this advantage is insignificant as there is no sense in reducing 
reliability for the sake of this advantage. The various types of evaporator have 
been described in this section. 

Most of the operational nuclear power plants have water reactors and 
evaporation is used at most of these. However, with gas- cooled reactors this is 
not the case and in the United Kingdom there are virtually no stations which have 
an evaporation treatment process. 
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As shown in Table XIX, decontamination factors of 104 are regularly 
achieved when the evaporator also has Raschig ring or plate filled disentrainment 
columns. Very often the evaporation is carried out up to a salt concentration of 
2 0 0 - 3 0 0 g/L as can be deduced from the table. The concentrate is then almost 
a completely saturated solution. Further concentration is not normally carried 
out because of the difficulty in handling the crystalline sludges produced. The 
presence of partially soluble salts (carbonates, oxalates, sodium borates) limits 
the degree of evaporation. Before evaporation filtration is usually necessary to 
remove suspended solids. This is done by the use of pressure filters filled with 
sand or anthracite etc. as described in section 5. The aim of filtration is to prevent 
the deposition of suspended matter on the heating surfaces of the evaporator. 

Most of the evaporation facilities in use have a one-stage system. This is 
explained by the many small-scale operations in use which make efforts to save 
steam unnecessary. At nuclear power stations inexpensive steam is available 
while the capital cost of land and buildings for a second stage is usually high. In 
practice, in order to save steam, one can use evaporators with mechanical 
compression of the secondary steam. The disadvantage of this type of evaporator 
is its lower reliability of operation. These evaporators have already been described 
earlier in this section. 

8.6. Conclusions 

Evaporation is a widely used method for the treatment of radioactive wastes 
and its success has been amply demonstrated over the years. The DFs achieved 
vary; they are rarely less than 102 and in some cases up to 106. 

Improvements to the technique will probably be more in detail than in new 
design of evaporators, e.g. more efficient disentrainment columns, better heat 
efficiency, the development of non-boiling evaporators and the evaporator/ 
crystallizer system. However, whatever improvements are planned, the necessity 
for relatively simple facilities with few or no moving parts cannot be overstressed 
in order to keep maintenance to a minimum and make it practicable without 
excess danger to operational personnel. This is possibly more important in 
evaporation than most other treatment methods owing to the very high con-
centration factors which result in a waste with a high radiation. 

9. NOVEL PROCESSES 

9.1. Introduction 

The subject of novel processes for the treatment of low- and intermediate-
level liquid wastes has been discussed in considerable detail in a recent study 
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commissioned by the European Atomic Energy Community. The study covered 
a range of topics, apart f rom evaporation, of which the following will be 
mentioned in this section: 

— Membrane processes 
— High gradient magnetic separation 
— Electrical processes 
— Foam separation 
— Novel ion exchangers 
— Adsorption techniques. 

The final report [30] also contains a review of precipitation processes and a 
short chapter on the biological degradation of phosphate wastes. 

The intention here is to mention only briefly the principal aspects covered 
in that study and to point out their significance to the potential user and also to 
record any relevant information which has subsequently come to light. In this 
way it is hoped to guide the reader to those processes which may warrant further 
study, either in the laboratory, or in the formative stages of process design. 

9.2. Membrane processes 

These processes — reverse osmosis, electrodialysis and ultrafiltration - are 
conventionally grouped together because of common aspects in their technology 
and non-nuclear applications. (See Chapter 4 in Ref. [30].) However, as will be 
seen below, individually they relate to, or might replace, all three of the 
conventional treatment processes. 

9.2.1. Reverse osmosis 

This method uses high pressures (2—4 MPa) to force water through a 
semipermeable membrane which presents an effective barrier to transmission of 
ionic species or large molecules, but will allow small undissociated molecules to 
pass through. It thus produces a concentrated (product) solution — limited to 
about 0.8M by osmotic pressure considerations — and a water stream with a 
DF of 1 0 - 1 0 0 in dissolved salts, for a single stage process. The lower range is 
representative of monovalent species, the higher for di- or trivalent species which 
are more strongly rejected. Still higher values may be expected for alpha activity 
owing to its larger atomic/molecular size. 

The membranes are supported and arranged in the (tubular) process pressure 
vessel so as to allow the maximum membrane area, compatible with a reasonable 
cross flow of feed liquid; the most common forms being a flat sheet supported by 
porous layers and rolled into a spiral ('Swiss-roll' form) and an array of fine 
hollow fibres, through which flow is radially inwards. Other forms are the hollow 
tube (flow outwards through the membrane) and flat plate types, but these 
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generally have a lower membrane area/volume ratio and tend to be used for 
industrial process solutions which present greater hydrodynamic or fouling 
problems. 

Equipment is available for large-scale operation since the process is widely 
used for the preparation of potable water f rom sea- or brackish waters, and as a 
first step (before ion exchange) in the preparation of ultrapure water for steam 
boilers. In these applications the feed concentrations may vary from 500 to 
40 000 mg/L of dissolved solids. The technique can be used at pH values between 
about 3 and 12 at most, and up to 45°C. 

In radioactive use significant operational aspects would include: 

(a) the use of high pressure, hence the need to control activity release from 
possible leaks; 

(b) the need for reliable and leak-free high pressure pumps; 
(c) the requirement for replacement of the membranes, as a complete pack in 

the pressure vessel, at intervals of a year or more ; 
(d) the limited radiation resistance of the organic membranes used. However, 

given that the application is mainly to low active streams, and that membranes 
require periodic replacement anyway, this may be a problem only where 
significant active deposits (particularly of alpha activity) can take place on 
the membrane; 

(e) as with evaporation, pretreatment of the feed may be necessary to prevent 
scaling, and where dirty waters are to be fed directly it would be advisable 
to consider the use of equipment with larger flow channels as mentioned and 
the possible use of periodic foam ball cleaning. 

Radioactive application has been reported for the treatment of laundry wastes 
in nuclear power plants, and of mixed laboratory wastes. Pilot plant work has 
been carried out also, particularly in Canada on a typical power reactor waste 
stream which was concentrated prior to immobilization of the solids content in a 
thin-film bituminizer. This scheme [103], which is now to be taken into prototype 
use at the Chalk River Nuclear Laboratories, is based primarily on the use of tubular 
reverse osmosis units, which can handle any dirt in the feed: however, to obtain 
the most efficient operation it was preferred to use spiral wrap reverse osmosis 
modules with ultrafiltration pretreatment to handle the bulk of the liquid (see Fig.34). 
The concentrate f rom both of these processes passes to the tubular reverse osmosis, 
while the permeate from the latter is recycled to the spiral wrap units. The plant 
thus provides a useful example of two-stage operation and the combination of 
different types of membrane unit. A number of other speculative flowsheets are 
given [30] including a treatment of boric acid waste (as f rom PWRs) which allows 
for the recovery of the boric acid, by using the fact that the latter is relatively 
undissociated and, hence, will pass with water through the membrane whereas 
most of the activity is retained. A similar scheme has been independently 

115 



DILUTE STAGE 

SW STAGE 

BITUMINIZER 
BPR 

BITUMINIZER 

PERMEATE 

CLEANED 
WATER TO 
DISCHARGE 

WASTE TREATMENT CENTRE 
U L T R A F I L T R A T I O N 
SPIRAL WOUND 
REVERSE OSMOSIS 
HYDROCLONE 

BACK PRESSURE REGULATOR 

V A L V E 

INTERMITTENT FLOW 

PERMEATE FLOW 

FIG.34. A simplified flowsheet of ultrafiltration/reverse osmosis section of the Waste Treatment 
Centre at Chalk River, Canada [ 1 0 3 ] . 

developed by Basner and his co-workers [104] who report its preliminary testing 
on the pilot scale. 

Consideration of the reverse osmosis technique and of the examples given [30] 
suggest that it would be worthy of consideration on economic grounds for the 
pre-concentration of salt streams before evaporation or a floe treatment, and 
possibly on convenience grounds for small-scale local concentration operations 
(it was a technique used for water recycle in space modules). Account should be 
taken of the arisings of membrane packs as an additional solid waste, although 
these are of modest volume and would probably be suitable for incineration. Since 
in most cases reverse osmosis is a total concentration process, the volume reduction 
will depend, as in evaporation, on the amount of salts present, unless a floe separa-
tion is to be performed on the concentrate. 

9.2.2. Electro dialysis 

The basic principle of electrodialysis is to drive ions of one charge, under the 
influence of an electric potential gradient, through an ion-permeable membrane 
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which prevents the diffusion of oppositely charged ions in the other direction. 
In this way a salt can be split into its component acid and base (Fig.35a) or, by 
combination of a number of such cells in parallel with respect to liquid flow, a 
stream concentrated in the original salts may be prepared (Fig. 35b). This latter 
mode is the common method of industrial use, in which electro dialysis gives 
broadly the same result as reverse osmosis and has found very similar applications 
to general water treatment [30, Chapter 4.3]. As Fig. 35b shows the cells are 
electrically in series. Since efficient operation required low resistance, and hence 
very narrow cells, there is an advantage in having to accommodate only one pair 
of electrodes per stack. Conversely, the acid/base splitting (Fig. 35a) has to 
accommodate one electrode per feed path (in the limiting case of an extended 
parallel stack). The recent development of bipolar membranes which themselves 
release OH~ and H+ ions under the influence of an electric field, allows this to be 
overcome (Fig.35c). Note that in Fig.36 both (a) and (c) can also be extended as 
a stack of cells in parallel if required. 

The extent to which salt can be removed from the feed stream, in an arrange-
ment such as Fig.35b, is limited by the increasing electrical resistance of the dilute 
stream. This may be counteracted by filling the appropriate cells with ion-exchange 
resins, at the expense of some further complications in construction. Although 
electrodialysis has the advantage of being a low pressure process, this is offset by 
the tendency of the ion-exchange membranes to be fouled by solids deposited by 
concentration or side reactions. The construction of electrodialysis cells 
involves a number of seals around the individual membrane sheets. The 
assurance of a leak-tight joint at all cells adds to the complication of replace-
ment operations under radioactive conditions. 

While some development work has been carried out in Japan and the UK 
[30], large-scale operation on a radioactive feed stream seems to have been 
confined to the USSR. Rauzen and others describe a 100 m 3 /d facility 
which was used for purifying the effluents at the Moscow Station [105]. In 
this plant two stages of electrodialysis were used in series; the diluate cells in 
the second stage contained ion-exchange resin (see above) and the water 
produced had a salt content equivalent to distilled water. This arrangement 
was found to be cheaper than a final ion-exchange cleanup. One alternative 
tried was to use electrodialysis to recover acid and alkali from the régénérant 
streams [106]. However, it is not clear whether these applications have found 
wide practice since their development in the 1960s. 

A further use of this principle arises if the salts are particularly valuable: for 
example, a specific application has been found in the treatment of régénérant 
solutions from boric acid ion exchange in a heavy water reactor (SGHWR) [107]. 
Boric acid is trapped using a strong base anion exchanger and then eluted using 
KOD, the deuterium analogue of caustic potash. The K 3 B 0 3 thus formed can be 
decomposed as: 

K 3 B 0 3 + 3 D 2 0 3KOD + D 3 B 0 3 
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A. CONTINUOUS MODE 

(UF MAY BE MULTISTAGE 
FEED AND BLEED) 

FIG.36. Ultrafiltration combined with precipitation. 

in an electrodialysis cell where the potassium ion passes through a cation membrane 
to the cathode compartment and deutero-boric acid remains behind. The process, 
which requires a number of ancillary steps, is of economic interest to avoid the 
discharge of the D 2 0 and 10B content of the original stream. A similar process has 
been reported by Soviet workers [108]. 
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9.2.3. Ultrafiltration 

Ultrafiltration is basically a physical filtration process on a very fine scale. 
It can retain large molecules, suspended and colloidal particles, but allows dissolved 
salts to pass through with the bulk of the water. To keep the concentrate mostly 
in a uniform suspension requires a flow of liquid across the membrane. The 
technique uses similar configurations of equipment to those for reverse osmosis 
and has a number of substantial uses in the process industries to the treatment of 
effluents and the associated recovery of useful products in the concentrate. 
Examples include the fractionation of milk wheys and the treatment of cutting 
oil effluents. Existing radioactive applications are reported to be the removal of 
alpha-active material in the form of colloidal or suspended particles ([45, 109 and 
Chapter 4 of Ref. [30].) 

Ultrafiltration thus has application to the concentration of activity which is, 
or can be converted to, a colloidal or suspended state, or possibly included in large 
complex molecules. It has the potential advantage over the membrane processes 
(reverse osmosis and electrodialysis) already mentioned, of being selective in its 
concentrating action, because soluble salts may pass through the membrane and 
(provided they are virtually inactive) be discharged with the bulk of the water. 
It also operates at lower pressures ( 0 . 1 - 1 MPa) than does reverse osmosis, and 
at rather higher membrane fluxes. Although in most commercial units the 
membranes are organic (plastics), they are less sensitive to chemical and 
temperature conditions than for reverse osmosis and at least one form of inorganic 
membrane (Carbosep) is available, permitting treatments which might incur high 
radiation dose. 

Apart from direct treatment of feeds containing fine particulate or colloidal 
activity, two areas of potential use may be distinguished in conjunction with 
precipitation processes: 

(a) to the polishing of supernates f rom floe processes, where it is possible to 
remove residual suspended material — some of it in colloidal form — with its 
associated activity, and thus to increase the process DF; 

(b) directly to active liquids by the addition of précipitants (e.g. OH" ion for Th 
or Pu), or floe formers (e.g. ferrocyanides for Cs) but at concentrations much 
lower than are needed to precipitate under gravity. In this way the quantity 
of floe added can be very much reduced below that for a conventional 
process, the dilute suspension being concentrated by ultrafiltration to a point 
at which normal sedimentation will occur. 

The methods of use are illustrated in Fig.36. 
In these ways ultrafiltration allows floe precipitation to be extended down-

wards to activity concentrations and effective KD values where it is strongly 
competitive with ion exchange. The general limitations are: 
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(i) those of the chemical précipitants themselves — in streams of mixed activity 
it may not be feasible to find pecipitating conditions which allow all the 
active species to be removed in one floe stage; 

(ii) deposition of some of the suspended solids on the membrane which then 
requires periodic back-flushing or chemical cleaning, which complicates the 
process. 

Areas of potential use [30] include the treatment of fuel pond storage waters, 
solvent wash liquors and Pu evaporator overheads from reprocessing lines, and 
aqueous effluents f rom Pu fuel fabrication plants. Detailed study is now taking 
place (1980—82), within the framework of the indirect action programme of the 
European Atomic Energy Community, both in industry and in research laboratories, 
particularly with respect to (i) and (ii) above [45]. 

Existing published information indicates that DFs in the region of 1000 can 
be achieved for alpha removal, while for beta, gamma species DFs of 100 or 
more are expected, with overall volume reductions (active liquid to immobilized 
solid) of the order of 104. 

9.2.4. Microflltration 

On a coarser scale than ultrafiltration a range of filtration processes is 
available for the removal of suspended particles from active streams. For very 
fine particles ljum) considerable use is already made of deep-bed sand filters 
and of pre-coat filters among others. (The latter are claimed to be of use in 
removing colloids also.) A further type of filter which is becoming available in 
this area, is the membrane microfilter. Conceptually it is a near relative of the 
ultrafilter although it has much larger pores (in the region of 0.1 ц т to 1 дш, 
i.e. a factor of 10 greater than the normal range for ultrafilters). So far it is 
normally available as flat sheet membranes only; this and the high fluxes involved 
lead to a rather different method of construction. Commercial units are becoming 
available, e.g. as a light weight filter for treatment of sea water for injection into 
oil reservoirs [110] but the technique has also been used for crud separation from 
waste water generated in LWR power plants [111] and plants of up to 40 m 3 /h , 
with a concentration factor of 100 for the crud, are stated to be in operation. 
This application takes over from the more conventional types of fine filter, and it 
is also possible that such membranes could be used in conjunction with some 
precipitation processes as already mentioned for ultrafiltration, provided that the 
precipitate is suitably coarse. They are of course less likely to be suitable for 
the direct concentration of colloids. Recovery of the solids is from the recirculating 
concentrate stream and also from back-washing of deposits on the membrane. 
One feature is the relatively high frequency of backwashing required, e.g. at 
intervals of 1 - 1 0 h. 
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9.2.5. Evaluation of membrane process 

Considering the membrane processes as a whole, reverse osmosis seems to be 
preferred to electrodialysis as a means for general concentration of an active 
solution, though the latter may be at an advantage in particular cases of non-fouling 
fluids or for specialized process uses. Ultrafiltration (or its analogue microfiltration) 
is more selective: it may be operated as a refinement of chemical precipitation 
processes, and should be easier to bring into large scale use (than reverse osmosis) 
because of the lower pressures involved and the existence of pumps which could 
be readily adapted to active use. 

9.3. High gradient magnetic separation 

High gradient magnetic separation (HGMS) is a new method which has been 
proposed and tested to remove selectively solid suspended particles from a fluid. 
The liquid to be treated flows through the interstices of a matrix collector of 
ferromagnetic material such as steel spheres or knitted steel mesh placed between 
the poles of a powerful electromagnet. By means of this procedure ferromagnetic 
materials such as iron and F e 3 0 4 and paramagnetic particles such as FeO and 
F e 2 0 3 are permanently or temporarily magnetized and thus retained in the 
matrix. In the cleaning phase the trapped materials can be flushed out by reversing 
or switching off the magnetic field. 

HGMS technology has been commercially applied, for instance in the US 
and UK clay industries, to removal of the iron bearing paramagnetic particles from 
the clay slurry [30,Chapter 8]. 

The application of HGMS in nuclear industry refers mainly to the following ' 
three areas: 

— The removal at temperatures up to 300°C of particulate materials (mainly 
corrosion products) from water reactor circuits: commercial units are 
available in this field [112, 113]. 

— The separation of insoluble fission products from the radioactive dissolver 
liquid arising in the nuclear spent fuel reprocessing [114, 115]; in this field 
research and development work is still in progress, mainly to measure the 
magnetic susceptibilities of the materials concerned [116]. 

— The removal of ferric hydroxide floe such as might arise in the treatment of 
low- and intermediate-level liquid waste [117]. 

This last application is of the most interest in the present context: HGMS, 
like ultrafiltration, could be used to remove the final traces of ferric floe from 
the supernate and hence to improve the DF or even perhaps to collect the whole 
floe and so dispense with a conventional gravitational settling stage. When other 
types of floe are to be formed there is the further possibility of ferromagnetic 
seeding as a scavenging technique for the suspended particles. In both these cases 
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some more general information is required about the fineness of particles which 
can be removed by the system (i.e. how good is it for treating a true colloidal 
suspension?). 

A solid-liquid separator (e.g. a settling tank) is required to recover the floe 
from the back-flush water: its capacity is governed by the volume used for 
back-flushing which will generally be a batch-wise procedure. It is possible that 
floes collected by HGMS would have better features (less entrained water and 
associated salts) than with alternative methods, and this aspect should be explored 
quantitatively. 

Other possible applications concern the removal of existing active particulates 
which may arise in special cases owing to the corrosion of activated steels for 
example. Thus, the method may find application in the treatment of water used 
for the storage of stainless-steel-clad fuels. 

In general it is felt that HGMS presents a mechanically simple and compact 
system for the possible removal of a range of solid particles from liquid radioactive 
wastes provided the particles have suitable magnetic properties. Harding and 
Baxter [117] indicate that a higher magnetic susceptibility than that of ferric 
hydroxide would be desirable and the techniques suggested by Okuda et al. [118] 
for the formation of ferrite particles may be applied here. As well as improved 
supernate DF, larger volume reduction factors may be possible since the collected 
solids can be recovered in a limited volume of wash water. 

Apart from the necessary general information indicated above, consideration 
must be given to the chemical compatibility (e.g. pH value) of the stream to be 
treated with the ferromagnetic material of the matrix collector. 

9.4. Electrical processes 

Electrically driven processes for the separation of ionic or colloidal matter 
from water have also been extensively reviewed (see Chapter 5 in Ref. [30]) 
because of the promise they offer of carrying out chemical reactions without 
addition of further material. For the treatment of intermediate-/low-level waste 
liquids, where the chemical concentrations of active species will always be very 
low, the following possibilities seem to have the most interest: 

(a) Direct deposition at an electrode by reaction of an active solute to form an 
insoluble chemical compound, e.g. at a cathode: 
H+ + H 2 0 + 2e -»• OH" + H2 

Pu4+ + 40H~ -»• Pu(OH)4 

U O f + H 2 0 + 2e -» U 0 3 + H2 

These can proceed from a solution which is acidic in bulk. 
(b) Electrocoagulation, for instance where floes are formed around an electrode 

by anodic deposition of Fe or Al. This is claimed [30] to be more effective 
in terms of the amount of floe needed, and of its separation from the liquid, 
than are normal chemical methods. 
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Either of the above techniques would require the relevant electrode to be 
extensive relative to the area of the stream being treated (e.g. perhaps knit-mesh 
structure) to ensure good contact with all parts of the liquid. Such configurations 
have been proposed already in electrochemical treatment, but appreciable further 
development and testing would seem to be needed before they could be confidently 
recommended to the plant user. 

(c) Electro-osmosis as a means of separating suspended floes or colloids from 
the bulk of water and of concentrating the solids before final drying and/or 
immobilization. In this technique an electric field operates across a 
membrane, which separates the suspension f rom the cleaned fluid. The 
technique is thus similar in effect to ultrafiltration except that the membrane 
is kept relatively clear of deposits by the influence of the electric field acting 
on the charged colloidal particles. Thus high fluxes may be achieved (also 
because the membrane may have a more open structure), although equipment 
has still to be developed for carrying out this operation on a substantial scale. 

(d) A further possibility is the use of electrochemical regeneration of ion-exchange 
groups attached to a conducting substrate such as graphite. This avoids the 
addition of further inactive species in a conventional elution process by 
using H+ or O H ' ions which are electrochemically generated on the electrode, 
to displace from the exchanger ions (in this case including active ions) taken 
up during the absorption cycle. While this is an attractive prospect for 
isolating and concentrating the active ions, it is thought that considerable 
work would be needed to develop reliable techniques for the preparation of 
the ion-exchanger with suitable groups. 

(e) The destruction of nitric acid in intermediate-level waste may be achieved by 
electrochemical reduction of the H N 0 3 to compounds in which the nitrogen 
has a lower valency state. There is interest in this reduction in order to allow 
precipitation of the fission product species from such waste, without the 
formation of large quantities of salts (from neutralization of the acid) which, 
becoming entrained with the precipitate, would add to the mass of solid for 
final disposal. Studies involving reduction by formic acid and formaldehyde 
are currently taking place at KFK Karlsruhe and KFA Jülich, respectively [48], 
and tests have also been performed on electrochemical reduction [30, 
Appendix А2]. 

Further work on the development of electrical processes, particularly of (c) 
and (d), is being carried out in the frame of the indirect action programme of the 
Commission of the European Communities [45]. 

To reduce intermediate-level liquid waste arising on spent fuel reprocessing, 
a process is developed using the electrochemical reduction of nitric acid to 
compounds in which the nitrogen has a lower valency state [30, 119]. 

124 



9.5. Foam separation 

Foam separation was extensively studied [120-122] in the 1960s. It 
depends on the inclusion, by ion exchange, of the active species in a surfactant 
compound which is subsequently concentrated in a foam (as by bubbling gas 
through the liquid) and thus separated from the bulk liquid. 

Because of the limitations of specificity and of capacity in the surface 
layers, the technique is found to be limited in application to 'polishing' operations 
on streams containing activity as di- or trivalent cations, and where the inorganic 
species, if any, are monovalent. Also, it is not very tolerant of organic impurities 
(including surfactants) in the feed stream, or of variations of the stream composi-
tion. Within these restrictions it is capable of giving DFs of up to 200, and 
volume reduction factors of the order of 50 in the liquid concentrate. 

9.6. Ion exchanger, adsorption and liquid membranes 

A review of ion-exchange processes in section 7 has mentioned a number of 
recent developments, including the preparation of inorganic ion exchangers which 
are often similar chemically to materials used for chemical precipitation, such as 
titanium hydroxide and copper ferrocyanide. It may be more convenient to 
employ the absorbent in this form, for instance with small plants, or to avoid the 
complications of control on a continuous floe settling operation in larger plants. 
However, it must be remembered that, whereas a chemical floe will conveniently 
carry down any suspended solid impurities, these same impurities if trapped in an 
ion-exchange column can reduce its subsequent efficiency. 

The availability of new organic ion-exchange materials is largely dependent 
on what materials are developed and marketed for other purposes, since the 
expense involved in producing a new exchanger with a consistent quality 
specification generally requires a larger industrial market than would be afforded 
by active treatment processes alone. 

From the point of view of the operating plant process [30, Chapter 3] 
adsorption can be regarded as an extension of ion-exchange techniques particularly 
to the removal of undissociated or complexed species, which would not be 
absorbed on more conventional ion exchangers. Common sorbent materials such 
as activated charcoal will also remove activity such as 60Co and 137Cs which are 
probably present in ionic form. However, there is the opportunity here for further 
development, particularly the use of organic solvents held on an inert substrate, 
which offer the possibility of selective adsorption from active streams of individual 
species whose concentration is too low for economic treatment by normal solvent 
extraction. This might conceivably allow the selective removal of alpha activity. 
There are some reports that at present these absorbents have a tendency to release 
solvent into the aqueous stream, thus losing their effectiveness as well as causing 
problems in the further treatment of the aqueous stream. 
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FIG.37. Liquid membrane emulsion system. 

In this context the use of liquid membrane techniques [123] should also be 
mentioned which can also be seen as an extension of solvent extraction to the 
treatment of low concentrations of extractable species. In this method there is 
simultaneous contact between the aqueous feed stream and the organic extractant 
phase (solvent) at one interface, and between the solvent and the aqueous 'strip' or 
'storage' phase at a closely adjacent interface. In this way the solvent has only to 
transfer, and not to 'store' the solute as in conventional solvent extraction, so that 
the concentration driving force for mass transfer is appreciably higher, and lower 
concentrations of solute can be treated. However, a corollary of that arrangement 
is the absence of the 'scrub' stages of a normal solvent extraction flowsheet, in 
which extracted impurities in the solvent are washed back into the aqueous phase 
to join the primary aqueous raffinate. This puts still greater reliance on the 
selectivity of the solvent. 

The most common method of use is to form an emulsion of the aqueous strip 
phase in the solvent, and then to disperse large globules of this emulsion in the 
aqueous feed (see Fig.37), for instance by the use of a conventional mixer settler. 
The technique has been tested on a pilot scale for the extraction of uranium, both 
in the sulphate form [ 124] and f rom Wet Process Phosphoric Acid [67], though 
details of the latter operation do not appear to have been published. However, 
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there is sufficient evidence of interest and of pilot plant studies for inactive 
applications to make the process of some interest for research and possibly 
development in the treatment of active liquids. For any desired extraction it is 
necessary to identify a suitable combination of solvent and strip phases which may 
require a considerable number of sorting tests and, in particular, data will be 
needed on the minimum concentrations of feed at which the process gives useful 
extraction. 

9.7. Application of new processes 

The techniques mentioned all require some degree of development, if only of 
ancillary equipment, before they could be applied on a large scale. In any particular 
application it would of course be necessary to test samples of the effluent to be 
treated, or a very close simulant, in the equipment to be used, to discover any 
unpredicted behaviour, which may arise in all processes due to minor chemical 
components of the stream. This testing stage is required anyway for conventional 
processes. 

The processes discussed in this section are or would be largely supplementary 
to existing processes in the following main ways: 

Reverse osmosis (or 
electro dialysis): 

Ultrafiltration : 

High gradient magnetic 
separation: 

Electrical processes: 

New ion exchangers and 
adsorption processes: 

Foam separation: 

as a substitute for, or a precursor to, evaporation; 
or as a preconcentration step for floe precipitation 

to improve the DF and reduce sludge arisings 
from chemical precipitations 

to improve the DF of particular floe processes 

(a) when developed to substitute for some precipita-
tion processes 

(b) to provide improved dewatering processes for 
sludges and for dilute colloidal suspensions 

(c) possibly to provide improvements and alternatives 
to ion-exchange processes 

to provide greater selectivity in the ion-exchange 
type operation. 

to substitute for ion exchange in particular 
polishing operations. 

The potential of liquid membrane processes has still to be explored in this area: 
it is not clear whether they would be as effective as ion exchange in removing traces 
of activity, although they could be more convenient to use, because they do not 
involve the solids handling aspects. 
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10. CONCLUDING REMARKS 

In this report the principal methods currently in use for the treatment of 
low- and intermediate-level liquid radioactive wastes have been described and 
illustrated. In the subsequent sections, comparisons have been given of the 
advantages and limitations of each process and it has been noted that good 
decontamination and concentration factors are not the only criteria upon which 
a particular process should be selected. 

To stress this point, great emphasis has been placed at the beginning of the 
report on the need to plan and the section on Selection Criteria indicates the 
importance of looking at the entire operation and not just the treatment process 
when planning a liquid waste treatment facility. This general approach includes 
local requirements and possibilities, discharge authorization, management of the 
concentrates, ICRP recommendations and economics. 

It would appear that the main existing techniques of solids separation, 
chemical precipitation, ion-exchange treatment and evaporation are still and will 
be the most widely used processes. Some of the improvements envisaged are higher 
decontamination factors, more reliable facilities, radiologically safer operation, easier 
maintenance of plants and more automation of processes. These modifications 
are rather related to plant and equipment design than to the principles of the 
processes. 

From the given examples of typical applications of these techniques it is 
evident that more emphasis should be put on the benefit of combining different 
processes in one treatment plant. This allows for optimization of the overall 
performance (decontamination, concentrate management, costs), by increasing the 
selectivity of individual treatment steps and/or the compatibility between the liquid 
waste stream and the treatment process. 

The newer processes mentioned in section 9 illustrate the substantial amount 
of research and development currently being done. Such processes can be 
considered either as alternatives for existing techniques or as additions to existing 
facilities. With increasing development it can be envisaged that some of these 
could become routine operations within the next decade. One of the main 
difficulties will be the necessity for more design work to plan facilities incorporating 
these new techniques. 
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Annex 

OTHER CONTAMINANTS IN LIQUID WASTES AND EFFLUENTS 

1. TRITIUM 

Reference has been made in this report that the treatment of tritium-
contaminated liquid wastes has not been considered, since the treatments described 
in this report are not suitable for isolating this isotope. However, it must be 
remembered that quite large amounts of tritium are produced in water reactors 
and fuel reprocessing plants and some of this finds its way into the low- and 
intermediate-level liquid wastes. 

At most plants management of tritium is by administrative action, i.e. 
ensuring that all steps are taken to prevent its leakage into the main effluent 
streams. The tritium can then be retained in small, highly concentrated streams 
for storage before possible immobilization and for disposal. 

The handling of such waste was covered in detail in a recent IAEA publication 
[1 ], so it is not the intention to repeat this work in this report. The main treat-
ments mentioned are processes to enrich the tritium concentration so that the 
resultant waste can be incorporated into a solid substrate. Several methods are 
described, e.g. distillation, direct electrolysis, electrolysis with cryogenic distillation, 
vapour phase catalytic exchange and cryogenic distillation etc. Enrichment factors 
of 1000 are claimed, and in the last process mentioned a final product close to 
99% pure tritium is claimed. 

The main consideration in concentrating the tritium is to combine it with 
some solid substrate which is stable and safe to store with no loss of tritium by 
diffusion etc. which would render the store unsafe for operational personnel. 
A recent survey of the technology [2] gives the list of suitable materials as: 

(a) Inorganic hydrates and desiccants 
(b) Cement 
(c) Metal hydride 
(d) Organic polymers. 

Reports of practices in Canada and the Federal Republic of Germany were 
described in Refs [3, 4]. 

A general description of the 'ELEX' process being developed by the Belgian 
Nuclear Research Centre, SCK/CEN is given in Ref. [5]. A recent Jülich report 
also describes experimental work on the fixation of tritium in various zeolites 
and cement [6], while work in India is reported in another publication [7]. 

As the generation of electricity by nuclear power with its associated 
reprocessing plants grows, the problems over tritium control will also increase. 
Most countries are well aware of this fact as research and development work is 
being carried out all over the world. 
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2. RADIOIODINE 

The treatment of liquid wastes contaminated with radioiodine is often quoted 
as a problem. However, the nuclide can be removed by ion exchange. A recent 
IAEA publication gives full details of methods and techniques for control [8]. 
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