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FOREWORD 

Chemical precipitation by coagulation-flocculation and sedimentation has been 
commonly used for many years to treat liquid (aqueous) radioactive waste. This 
method allows the volume of waste to be substantially reduced for further treatment 
or conditioning and the bulk of the waste to be discharged. Chemical precipitation 
is usually applied in combination with other methods as part of a comprehensive 
waste management scheme. As with any other technology, chemical precipitation is 
constantly being improved to reduce cost and to increase the effectiveness and safety 
of the entire waste management system. The purpose of this report is to review and 
update the information provided in Technical Reports Series No. 89, Chemical 
Treatment of Radioactive Wastes, published in 1968. This revision was completed 
by M. Garamszeghy (Canada), C. Courtois (France) and E.W. Hooper (United 
Kingdom) during two Consultants Meetings in Vienna, in April and October 1989. 
The responsible officers for this report in the IAEA were V.M. Efremenkov and 
A.F. Tsarenko, Division of Nuclear Fuel Cycle and Waste Management. 
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1. INTRODUCTION 

The nuclear industry and all users of radioactive materials produce a wide 
range of liquid wastes. Many of these wastes need treatment to reduce the quantities 
of radioactive and non-radioactive contaminants to levels which allow them to be 
safely discharged according to international conventions and national regulations. 
Since the volume of some of these liquid wastes is quite large and the activity levels 
are generally low, treatment processes which separate the radioactive portion of the 
waste from the non-radioactive part and/or concentrate the radioactivity in a smaller 
volume are used to allow discharge of as much decontaminated water as possible. 
A considerable quantity of information is available on methods for the treatment of 
radioactive wastes. 

Chemical precipitation processes are well established methods for the removal 
of radioactivity from low and intermediate level wastes and are in regular use at fuel 
processing facilities, research establishments and some power stations [1], Origi-
nally, the processes employed were based on those used in the general water treat-
ment industry but more recently new processes have been developed to meet the 
requirements of specific radioactive wastes. An extensive development programme 
is currently in progress around the world to provide advanced methods of treatment 
in order to comply with increasing restrictions on the discharge of radioactive and 
other hazardous materials. A wide range of chemical reagents is now in use, and 
mixtures of precipitates are being employed to improve overall decontamination [2], 

Precipitation processes are particularly suitable for the treatment of large 
volumes of liquid waste which contain relatively low concentrations of radioactive 
elements. These processes are fairly versatile and may be used to treat a wide variety 
of different waste streams, including those containing large amounts of particulates 
or high concentrations of salts. However, high salt concentration in effluents can 
reduce the options for a secondary treatment such as ion exchange and may be 
undesirable in discharges because of the environmental protection aspect. Usually, 
the processes use readily available chemical reagents and are economically attractive 
when compared with some alternative processes, e.g. evaporation. Existing treat-
ment plants achieve relatively lower decontamination factors (10-100) than other 
treatment methods. Recent developments in absorber materials and in solid-liquid 
separation technology [3-6] are providing improvements in decontamination as well 
as compliance with tightening restrictions on the discharge of hazardous materials 
such as metals, nitrates, phosphates, etc. 

This report aims at providing the reader with an up to date review of chemical 
precipitation processes for the treatment of low and intermediate level aqueous radio-
active wastes. Precipitation processes may involve sorption mechanisms including 
ion exchange. These aspects are discussed in the text where appropriate. However, 
ion exchange processes involving packed beds of granular material are not discussed. 
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An attempt has been made to provide data on the performance of existing plants and 
of improved processes that are in an advanced state of development. 

Chapter 7 on sludge conditioning provides information on dewatering and dry-
ing of sludge as a preparation for subsequent storage or disposal. Chemical consider-
ations affecting sludge immobilization are also discussed. The report also defines the 
information required and the criteria to be observed in the design of a waste treat-
ment process. 

Although, in principle, precipitation processes can be applied to high level and 
non-aqueous wastes, for chemical and radiological reasons they are not used in prac-
tice. Chemical precipitation processes are not suitable for the removal of tritium or 
dissolved noble gases. The handling of tritium bearing wastes has been covered in 
detail in another IAEA publication [7]. 

There are no universally accepted definitions for low and intermediate level 
wastes; therefore, the IAEA classification [1] is used in this report. 

2. WASTE SEGREGATION AND CHARACTERIZATION 

2.1. SEGREGATION 

Radioactive liquid wastes are generated at all stages of nuclear power and fuel 
cycle operations. They are also generated in other operations involving the applica-
tion 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 of liquid waste 
depending upon the particular operation being conducted. Most operations will also 
produce a variety of miscellaneous radioactive liquid wastes from support facilities 
such as showers, laundries, analytical laboratories and decontamination services. 

Each waste stream should be examined at its source for both volume and con-
centration reduction and possible pretreatment before combination with other 
streams. Whilst it is desirable to have to operate only one treatment facility it can 
be more economical to segregate streams, e.g. alpha contaminated or high salt 
streams, requiring different optimal treatments. For example, concentrates from the 
treatment of alpha contaminated waste streams may require more expensive condi-
tioning and sometimes special storage and disposal. In this case stream segregation 
is a necessity to minimize the volume of these concentrates by avoiding dilution with 
non-alpha-contaminated concentrates. Another typical example relates to the 
management of intermediate activity concentrates arising from reprocessing opera-
tions. 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, 
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on the other hand, considering that these two streams can be disposed of quite differ-
ently. 

Another possibility worth noting is the separation of actinides from fission and 
activation products which might also permit an improvement in the management of 
such waste in reducing the volume of waste to be disposed of in geological forma-
tions. These two approaches constitute some of the prominent features of the 
research and development (R&D) programme of the European Communities on the 
treatment of intermediate level wastes [8, 9]. In general, the most practicable solu-
tion is a compromise with as few facilities as possible, and this is the normal practice 
today. 

In some cases, pretreatment of waste streams may produce an effluent suitable 
for combination with other waste streams for final treatment by one process. Many 
combinations of treatment are possible, and an analysis of all options may be time 
consuming. Computer modelling can be very useful in helping to identify the opti-
mum conditions for chemical treatment of a waste stream [10]. In addition, the 
deliberate mixing of certain waste streams such as the permanganate and acid wastes 
from multistep decontamination operations may bring about desirable precipitate for-
mation (e.g. Mn02) without the need for any additional chemical reagents. 

One of the reasons why precipitation processes are popular for the treatment 
of low activity liquid wastes is their ability to operate in the presence of a wide range 
of non-radioactive constituents. However, there are some materials that interfere 
with the process, and although it is neither practicable nor economic to absolutely 
prevent these materials from entering the collection system, it is necessary to ensure 
that only minimal amounts are allowed to do so. This is done in two ways: 

(a) by segregating, as far as possible, liquids containing these materials; 
(b) by co-operating with the waste producer to ensure that minimal amounts are 

used and, where possible, alternative materials are used which do not affect 
the treatment process. 

The following materials can adversely affect plant operation or the decontami-
nation process: 

(i) miscellaneous solid waste such as paper and fibrous materials which can cause 
blockages and clog filters; 

(ii) oils, greases and solvents which form scums may attack plastic components, 
introduce a fire or explosion risk and markedly affect the decontamination 
factors; 

(iii) chemicals not compatible with materials of construction; 
(iv) detergents at a level of a few parts per million can interfere with flocculation 

processes; higher levels can cause foaming and completely ruin the process; 
the effect of detergents can to some extent be overcome by increasing the quan-
tity of precipitate but this increases the cost and the quantity of sludge 
produced; 
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(v) complexing and other reagents that are used in decontamination procedures. 
The resulting small volume of liquid waste should be isolated for separate 
treatment. 

With some waste streams the removal of non-radioactive contaminants as well 
as the radioactive ones is necessary, particularly where effluents are discharged into 
fresh or estuarine waters. It may be necessary to adjust the pH or reduce the 
biochemical oxygen demand, solids content or concentration of specific ions. The 
precipitation process used to remove radioactivity will generally also remove much 
of the non-radioactive contamination. If, however, large amounts of a particular con-
taminant are present, the waste should be segregated from the main waste collection 
system for pretreatment before entering the main system. 

2.2. CHARACTERIZATION 

The selection of a treatment process for an aqueous waste will, to a large 
extent, be determined by the physical, chemical and radiological properties of the 
waste. 

2.2.1. Chemical properties 

There are several chemical properties of aqueous wastes that will have to be 
taken into account in considering which treatment process should be adopted. The 
properties will depend on the chemical composition and will include: 

— pH value 
— Eh value 
— toxicity 
— speciation (anionic, cationic and non-ionic) 

For particular waste streams other characteristic properties may need to be 
determined, such as: 

— oxygen demand 
— presence of separate phases 
— total hardness 

The chemical composition of a liquid is, in principle, the decisive factor in 
selecting a certain decontamination procedure. The ionic species present in the waste 
will be determined by the redox potential and the stability constants of the possible 
species and may be anionic, cationic or neutral. Organic compounds may be present 
as either a separate phase or in solutions and could interfere with conventional treat-
ment processes. 
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Changing the pH value may cause precipitation of sparingly soluble com-
pounds either intentionally or accidentally, can alter the ionic species present in solu-
tion and adds to the chemical load of the effluent. The presence of high levels of 
environmentally undesirable materials may require special treatment of the waste, 
possibly before radioactive decontamination. Special precautionary measures have to 
be taken when dealing with cancer generating labelled organic compounds. 

2.2.2. Physical properties 

The more important physical properties of a waste stream which could 
influence its treatment are: 

— electrical conductivity 
— turbidity 
— emulsifying ability 
— density 
— surface tension 

The electrical conductivity of an aqueous liquid gives some measure of its total 
dissolved salt content and will indicate whether or not electrochemical treatment can 
be considered. Turbidity indicates the presence of colloidal particles which may need 
to be removed by some kind of separation process. 

If organic liquids are present in the waste there is a possibility of emulsion for-
mation which would adversely affect the performance of flocculation and filtration 
techniques. 

The density may have some bearing on the pumping and mixing of the liquors, 
whilst surface tension can affect incorporation of powdered reagents. In general, 
however, these are relatively minor points to be considered in the decision as to what 
treatment techniques to adopt in planning an aqueous waste treatment plant. 

2.2.3. Radiological properties 

The radiological properties of a given waste stream and of secondary waste 
arisings will affect the choice of treatment process, the safety of its operation, and 
the radiological effect on the operators and on the environment. 

The composition of radioactive wastes covers a very wide range regarding the 
levels of a and ß-y emitting nuclides. The specific activity of the waste determines 
whether it is classified as low or intermediate level. It must, however, be realized 
that there is considerable variation from country to country in the definition of each 
category. 

The current development of precipitation processes is providing improved 
decontamination and a reduction in secondary waste volumes. The high sorption 
capacity of some floes may result in high radionuclide concentrations in the sludge. 
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The possibility of reaching critical concentrations of fissionable radionuclides during 
waste treatment needs to be considered for waste streams generated at some stages 
of nuclear fuel reprocessing and fabrication. High loadings of ß-y emitters will 
increase the radiation doses to equipment and require increased biological shielding. 

The radiation stability of separated sludges and any immobilization matrices 
has to be taken into account. Considerations have to include radiolysis which 
generates flammable or toxic gases, degrades organic material to products that may 
interfere with the treatment process or can catalyse reactions leading to a rapid or 
violent release of energy. 

3. CHEMICAL AND ADSORPTTVE PRECIPITATION 
AND FLOCCULATION 

3.1. GENERAL PRINCIPLES 

The objective of a chemical precipitation process is to use an insoluble finely 
divided solid material to remove radionuclides from a liquid waste. The insoluble 
material or floe is generally, but not necessarily, formed in situ in the waste stream 
as a result of a chemical reaction. A typical chemical precipitation method involves 
four main stages [11]: 

(i) the addition of reagents and/or adjustment of pH to form the precipitate 
(ii) flocculation 
(iii) sedimentation 
(iv) solid-liquid separation 

Vigorous agitation is applied during the first stage of the process to ensure 
rapid mixing of added reagents and to disperse the precipitate in the waste. The 
amount of time used for this initial mixing is a compromise: long times tend to favour 
increased sorption of radionuclides but can also cause the formation of colloidal sus-
pensions which cannot be flocculated subsequently. 

Flocculation is usually achieved by slowly stirring the mixture, which helps the 
particles of the precipitate to agglomerate so as to produce larger particles that will 
settle or can be removed by a separation process such as filtration. Flocculation can 
also be achieved by passing the slurry through a bed of settled floe using what is 
known as a sludge blanket precipitator. To aid the agglomeration of the precipitate 
the electric charge, known as the zeta potential, on individual particles must be neu-
tralized in order to prevent their mutual repulsion. Poly electrolytes may be the agents 
used to neutralize the charges on the particles, but in some instances chemical rea-
gents themselves may be used [12]. Polyelectrolytes are organic polymers which are 
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cationic, anionic or non-ionic and attach themselves to the precipitate, thereby assist-
ing coalescence to form a floe. 

Laboratory tests using real samples of the radioactive waste to be treated are 
necessary to establish the correct conditions for operation. Simulated wastes or com-
puter models may be used in initial studies but they are unlikely to include all the 
trace components present in the real waste which may affect the performance of the 
process. The neutralization of the zeta potential by addition of opposing electric 
charges can be observed by an electrophoretic method in solutions of low electrical 
conductivity; for waste streams of higher conductivity, it is necessary to carry out 
'jar' tests which measure the rate of flocculation and sedimentation under batch con-
ditions [13]. 

Two parameters are commonly used to describe the performance of a precipita-
tion process: 

(i) The volume reduction factor (VRF), which is the ratio of the volume of waste 
before treatment to the volume of the process residues containing the bulk of 
the radioactivity. 

(ii) Decontamination factors (DFs), which can be calculated in several ways, the 
value obtained being dependent on the method used. Since the total activity 
discharged into the environment is the point of concern, the DF for precipita-
tion processes in which volume changes occur during treatment is usually 
defined as 

DP _ t o t a l activity in feed _ afvf 

total activity in effluent aeve 

where af and ae are the activities per unit volume of feed and effluent, respectively, 
and vf and ve are the volumes of feed and effluent, respectively. The same expres-
sion can be used to calculate DF for specific radionuclides, total a activity and total 
ß-y activity. 

Since DF is dimensionless, it is advisable to quote the specific activity of either 
the feed or the effluent since, with precipitation processes, the effluent concentration 
may be solubility controlled and, therefore, DF will vary with the concentration in 
the feed. 

The waste volume reduction and the decontamination factors achieved with a 
precipitation process strongly depend on the method of solid-liquid separation used. 
Gravitational settling is usually rather slow so that the resultant volume of floe, and 
hence the overall decontamination factor, depend on the settling time. The physical 
nature of some floes (e.g. gelatinous metal hydroxide floes) will limit the extent to 
which they can settle under gravity. In these cases, secondary processes may be 
necessary to dewater the floe and make it suitable for subsequent treatment or 
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storage/disposal. Two recently developed methods for floe dewatering involve cross-
flow filtration [14] or an electrokinetic technique [15]. Both processes have been 
shown to be very effective; for example, a sedimented ferric floe containing approxi-
mately 5 wt% solids can be dewatered to 40 wt% solids. 

The decontamination achieved by a floe process will depend on the particular 
precipitate, the chemistry of the radionuclide concerned and the degree of separation 
of the precipitate from the liquid. It may also be affected by the presence of other 
components of the waste stream such as complexants, trace organics or particulates. 
Generally, radionuclides are removed from solution by one or more of the following 
mechanisms [11]: , 

(a) co-precipitation or isomorphous precipitation with the carrier, where the radio-
nuclide itself precipitates under the conditions of the process and is subse-
quently swept out of solution by the bulk (or scavenging) precipitate, or where 
the radionuclide is incorporated into the crystal structure of an analogous 
precipitate, e.g. radiostrontium removal by barium sulphate precipitate; 

(b) removal of radionuclides already sorbed onto particulates present in the waste 
effluent, which will be scavenged from solution; 

(c) adsorption onto the floe or on added absorbers, e.g. by ion exchange, 
chemisorption, physical adsorption, etc. 

The majority of precipitation methods use metal hydroxide floes under neutral 
or alkaline conditions to remove the radionuclides. In these processes, a number of 
the radionuclides will be extensively hydrolysed and are likely to be either co-
precipitated or sorbed onto the floe. 

Some precipitation processes are carried out under mildly acidic conditions. 
An example is the OXAL process [16, 17], in which the actinides are co-precipitated 
with lanthanide oxalates. Other processes [18-20] will be discussed in greater detail 
elsewhere in this report. 

For some treatments it may be necessary to include a stage to remove entrained 
effluent, which is particularly necessary when the effluent contains high levels of 
inactive salts or ions known to interfere in a subsequent immobilization process, e.g. 
a high ammonium ion concentration cannot be tolerated in cementation processes. 
At present, only limited information is available on the effects of a washing process 
on both the floe and the adsorbed radionuclides. The ionic strength of the aqueous 
phase, and sometimes the pH value, will change during washing, which could lead 
to resolubilization of radionuclides with the consequent generation of a new radioac-
tive waste. Reduction in ionic strength of the aqueous phase associated with the floe 
can also lead to peptization or formation of colloids of the precipitated material 
which will, in turn, reduce the efficiency of the solid-liquid separation stage, except 
possibly in the case of ultrafiltration. 

As a floe is washed it is to be expected that a small amount will redissolve as 
it re-equilibrates with the aqueous phase. When absorbers are present as additives, 
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they too may redissolve, and this could result in a reduction in decontamination fac-
tors and the presence of unacceptable levels of toxic chemicals, e.g. Mn from 
Mn02 additive, in the waste effluent. 

Changes in pH are known to alter the effectiveness of some floe processes, par-
ticularly when sorptive processes are operative. 

3.2. PRETREATMENT 

This section describes conditioning processes that may be used before the for-
mation of a precipitate in order to improve the decontamination achieved by the 
precipitation stage. These processes may be carried out to oxidize organic con-
taminants, decompose complexed species or residual complexing agents, alter the 
valency state of elements or adjust the ionic species in solution to those with a greater 
affinity for the precipitate. 

Some waste streams may require physical pretreatment before chemical treat-
ment. Such pretreatment may include coarse filtering and oil/solvent removal. For 
example, floor drain wastes may contain general debris which could damage pumps, 
clog pipes and otherwise interfere with subsequent treatment steps. 

In considering pH adjustment, oxidation or reduction processes for pretreat-
ment of a radioactive waste stream, it must be appreciated that a particular treatment 
may produce both desirable and undesirable effects. For example, the use of a reduc-
ing agent can often improve ruthenium decontamination in the precipitation stage but 
may have an adverse effect on the removal of other radionuclides by converting them 
to a lower, more soluble valency state. The use of computer modelling can greatly 
assist in defining the overall effect of a particular pretreatment. 

3.2.1. pH adjustment [12] 

The adjustment of the solution pH value can sometimes be advantageously 
employed in the treatment of wastes containing metal ion complexes in order to form 
an undissociated acid or base. By pH depression or elevation, the undissociated acid 
or base species is formed and the complex is broken, thus providing opportunities 
for further treatment procedures. 

The tendency of EDTA metal complexes to hydrolyse follows the sequence 

Ni < Co < Cd < Mn < Zn < Cu < Fe(III) 

but in all these cases it is difficult to precipitate the hydroxide unless a very high pH 
value is used. The precipitative removal of metals from complexes using calcium 
hydroxide appears in some cases to be improved by first lowering the pH to a value 
of, e.g. 1-2, where the complex dissociates and the free ligand acid is formed, and 
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then raising the pH to a high value such as 12 to gain maximum advantage from com-
petitive mass action effects of OH" and Ca2 + . However, this treatment does not 
remove the complexing agent, and so there is the possibility of further problems 
downstream if other waste streams are blended in. 

The complexing action of the neutral ammonium molecule with metals is sig-
nificant. The metal ammines are cationic, dissociating at low pH, and this property 
can be used, for example, for the precipitation of silver from its ammine by addition 
of excess chloride; but they are less susceptible to calcium hydroxide than the anionic 
EDTA complexes. It is not always possible to achieve a satisfactory degree of metal 
removal by simple pH adjustment of nickel ammine solution. However, zinc 
ammines can be treated relatively satisfactorily with calcium hydroxide. 

Complex formation is much more of a problem in waste treatment than is often 
realized. Inadequate stream segregation before treatment can sometimes create 
problems in plant performance when the possible effect of complexing agents is not 
appreciated. There are two ways of circumventing the problem (apart from avoiding 
the use of complexing agents): one is to isolate the stream for special treatment, for 
example with techniques to recover the complexing agent for reuse; the other is 
chemical destruction of the complexing reagent which generally involves oxidative 
or reductive attack. 

Adjustment of the pH value can be used to modify the ionic species present 
in the waste stream. This may affect the choice of precipitates and the operating con-
ditions used in the treatment process. Computer modelling is being increasingly used 

Fe (0H)4 

0 2 4 6 8 10 12 1 4 

pH 

FIG. 1. Variation of chemical speciation of iron with pH. 
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to predict the ionic speciation in solution and the effect of constituents of the waste 
stream on the solubility of other components. Figures 1 and 2 are examples of such 
modelling studies [21], Figure 1 shows how the chemical speciation of iron varies 
with pH for a particular Eh-pH relationship, and Fig. 2 shows how the presence of 
EDTA affects thé solubility of iron. 

3.2.2. Chemical oxidation 

Chemical oxidation is used in liquid waste treatment to reduce odour, decolo-
rize, destroy organic matter to improve precipitation and flocculation and to oxidize 
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ions such as iron and manganese to higher valency states and thereby improve the 
removal of these elements by the precipitation treatment. 

Common oxidants and their applications are: 

Oxygen. Whilst, in principle, oxygen gas is an excellent source of oxidizing 
power, in practice the low solubility of oxygen in water (KT3 mol-L"1 at 1 bar) 
makes its use as a general oxidant for aqueous waste treatment unattractive. 

The practicability of oxidation of Fe2+ and Mn2 + followed by precipitation of 
Fe(ni) and Mn(IV) hydrous oxides has been well established as a treatment process. 
The oxidation reaction is strongly pH dependent, occurring rapidly in neutral or alka-
line solution but much more slowly in acidic conditions. 

The effective oxidation of organic material by molecular oxygen, unless car-
ried out enzymatically in biological treatment processes, requires elevated tempera-
tures and pressures or the use of catalysts if the oxidation is to proceed at an 
acceptable rate. Claims for rapid catalytic oxidation at ambient temperatures and 
atmospheric pressure are questionable, and the reported reduction in chemical oxy-
gen demand is more likely to be the result of adsorption of organic material on the 
catalyst particles [22]. Certainly, the high catalyst loadings used and the fact that 
transition metal oxides, of which many of these catalysts are composed, are excellent 
absorbers is not inconsistent with this view. Air oxidation of some anions can be 
achieved. The anions that can be oxidized are nitrite, sulphide and sulphur oxy-
anions such as SO2", S2Of", S40|". 

Ozone is a very efficient sterilizing and oxidizing agent featuring several 
advantages over chlorination. In particular, it does not leave prejudicial decomposi-
tion products and allows destruction of complexing and chelating agents. Ozone fea-
tures the same coagulating, bleaching and deodorizing effects as chlorine and its 
by-products. One exception is in the presence of manganese traces where ozone 
causes a colouration [23, 24]. 

Ozone has a short lifetime (approximately 25 minutes in water at room temper-
ature) and exhibits a strong tendency to decompose by entering into side reactions 
(for example, high pH conditions reduce the half-life dramatically). Although ozone 
is more soluble in water than oxygen, the ozone produced by electrogeneration is 
not concentrated (1-2%, using air) and so the resulting solution concentration is only 
of the order of 10 mg-L"1 at 10°C and 1 bar. 

A number of organic compounds can be oxidized to carbon dioxide and water 
by using ozone, but often only partial degradation occurs. Metal-EDTA complexes 
appear to be more readily broken down (by an order of magnitude) than EDTA alone 
[25], 

Unfortunately, most of the advantages of ozone are to some extent outweighed 
by the relatively high cost of ozone generation equipment and the inefficiencies 
associated with the low solubility of the gas in water. 
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Chlorine is a powerful oxidant and, like oxygen, can support combustion, thus 
presenting a potential fire risk. Sodium hypochlorite is a more acceptable form in 
which to store and dose chlorine. 

In addition to destruction of bacteria and algae, and oxidation of many chemi-
cal compounds, the addition of chlorine or hypochlorite has a chemical action which 
can clarify some effluents by decolonization and deodorization through bleaching 
of organic matter. It is often advantageous to leave a small residual free chlorine con-
tent in the treated effluent to prevent further growth of bio-organisms. 

Below pH = 5, chlorine is in the molecular form; between 5 and 6, in the form 
of hypochlorous acid, HCIO, and at pH > 10 in the form of hypochlorite ions, 
CIO". 

Claims have been made in the patent literature [26] for the alkaline oxidation 
of EDTA, and unpublished work [27] has shown that reaction does occur to some 
extent even at pH = 6. However, it was found that although EDTA or its sodium 
salt is susceptible to breakdown, heavy metal complexes appear to be resistant, so 
that, in order to make the process possible, it is necessary to dissociate the complexes 
to release EDTA. However, it appears that chlorination of EDTA at low pH values 
is slow and also incomplete, a pH value in the region of 6 being close to optimum. 
Similarly, heavy metal tartrate and citrate complexes exert some chlorine demand, 
indicating some breakdown, but the demand is also variable with pH. 

Chlorine dioxide is a powerful oxidizing agent used in water treatment mainly 
for disinfection and the removal of tastes and odour. It is a yellow, explosive gas, 
very soluble in water. It is spontaneously explosive at partial pressures in excess of 
70 mmHg but its solutions in water are safe and reasonably stable provided they are 
not stronger than (1-2) g - L 1 . Solutions containing up to 8 g-L"1 decompose only 
slowly to give a mixture of HCl and HC103, but in strong light or in alkaline solu-
tion the decomposition is more rapid. In the treatment of radioactive wastes it is 
likely that any advantages of chlorine dioxide compared to chlorine are outweighed 
by the increased risks associated with its use. 

Hydrogen peroxide is a powerful oxidant and a somewhat less powerful reduc-
tant. It can, for example, reduce permanganate to Mn2 + and C h r o m a t e to Cr 3 + at 
a pH value <8.5. 

Hydrogen peroxide will oxidize many organic substances, particularly when 
there are unsaturated carbon bonds where attack can take place. The oxidation is 
often enhanced by the addition of a transition metal ion as catalyst. This catalytic oxi-
dation process has been shown to oxidize EDTA present in solution as metal-EDTA 
but further work is necessary to optimize the process [12]. 

Hydrogen peroxide can be used to oxidize most sulphur containing com-
pounds, nitrites and hydrazine and has the advantage of not adding to the dissolved 
solid concentration. 
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The use of hydrogen peroxide in the presence of ultraviolet irradiation has been 
shown to increase the rate of oxidation [28], 

Potassium permanganate is a powerful oxidizing agent and will rapidly oxidize 
Fe2 + , Mn2 + , sulphides, and many organic substances. In the pH range commonly 
encountered in waste treatment (pH = 3-11), Mn02 is formed which is known to 
be a cation absorber [29, 30]. Even in more acid solutions Mn02 will form if there 
is an excess of permanganate ion. 

3.2.3. Chemical reduction 

Reduction reactions are employed in waste treatment with the objective of con-
verting the pollutant to a solid fomi as in the reductive recovery of metals or through 
precipitation of an insoluble material. 

Common reductants and their applications are: 

Sulphur dioxide is a physiologically harmful gas with a pungent odour and is 
also corrosive to metals when moist. Aqueous solutions of sulphites are stronger 
reducing agents than aqueous solutions of sulphur dioxide. Sulphur dioxide will 
reduce selenates and tellurates in acid solution (pH = 2) to the elemental form, but 
reductions are not complete. 

Sulphur (IV) compounds are used for reducing anionic hexavalent chromium 
ions to the trivalent cations to permit precipitation of the hydrous oxide. One applica-
tion that has been examined for the treatment of radioactive wastes is the use of sul-
phite for the partial reduction of Fe3+ in solution in order to precipitate magnetite 
by increasing the pH value of the solution. 

Sodium dithionite (Na2S204). The potential for dithionite reduction in alkaline 
solution (+1.12 V) suggests that the reagent should be capable of reducing several 
types of metal ions to the metal, notably silver, nickel and copper, and this does 
occur. In practice, the metal when formed may be in a colloidal condition and so 
requires further treatment for separation. The reduction procedure can be useful 
when metal ions are bound with complexing agents which render normal pH adjust-
ment for precipitation of the hydrous oxide inadequate for full treatment. In alkaline 
systems the rate of reduction may be slow when metal ions are complexed. Lowering 
the pH value to dissociate the complexes may be necessary but at lower pH values 
the reducing power of dithionite is less; so a compromise has to be adopted. 

The pertechnetate ion, Tc04 , is reduced to the insoluble Tc02 by dithionite 
but reoxidation occurs readily and it is necessary to carry out operations in an inert 
atmosphere or maintain a level of reducing agent in the treated waste solution. 

Ferrous ion is a well known reducing agent and is an intermediate reductant 
in terms of the more widely used reagents. It will reduce Cr(VI) to Cr(III) but in 
solutions with pH > 2 the ferric ion resulting from the reduction stage will precipi-
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täte and this may be an undesirable addition to the solids produced in the precipitation 
stage of the process. 

Metals. Static or fluidized beds of Al, Mg or Zn powder are capable of reduc-
ing other metals such as Ag, Cd, Cr, Ni and U to an extent depending on operating 
conditions. One problem can be the formation of colloidal products. 

Hydrazine (N2H2) is a powerful reductant but its use does present certain 
hazards. The residues of hydrazine can be regarded as polluting and the substance 
is potentially carcinogenic. The possible formation of the unstable azides of heavy 
metals makes it unattractive for use in the treatment of radioactive wastes. 

Hydroxylamine (NH2OH) is a less powerful reductant than hydrazine and 
avoids azide formation. Its use is very limited because better, less expensive general 
reductants are available. 

Sodium borohydride (NaBH4) is an extremely powerful reducing agent which 
will reduce many metal ions, either simple aquo-ions or complexes, to lower oxida-
tion states or even to the elemental metal. Solutions in water are stable at high 
pH value but undergo rapid hydrolysis under neutral or acid conditions. 

The principal application of sodium borohydride in wastewater treatment is in 
the recovery of metals. Metals whose compounds are reducible include cobalt, nickel 
and silver [31, 32], Although in many cases the metal is precipitated as the element, 
in the case of cobalt and nickel the corresponding borides Co2B and Ni2B may be 
formed. 

Hydrogen peroxide (H202), although normally considered an oxidizing agent, 
is also a reducing agent as mentioned in Section 3.2.2 on chemical oxidation. 

Hydrogen peroxide will reduce Cr(VI) compounds provided that the pH value 
is slightly alkaline. Silver complexed with thiosulphate, as in photographic fixing 
solutions, can be precipitated as a silver-silver oxide sludge. 

3.2.4. Denitration 

A reduction in the nitrate salt burden of a radioactive waste stream can be 
advantageous. The benefits are: 

(a) improvement in the performance of the chemical precipitation decontamination 
process; 

(b) reduction in discharge of nitrates into the environment; 
(c) greater efficiency of any ion exchange polishing stage. 

Denitration can be achieved by either evaporative or chemical [33] methods. 
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3.3. SIMPLE PROCESSES [1, 34] 

In this section, the various processes which operate on the basis of a single or 
specific chemical reaction to form the precipitates are discussed. 

Many of these processes have been widely used in the past for the treatment 
of low and intermediate level aqueous radioactive wastes. Advanced treatment 

TABLE I. SIMPLE PROCESS TREATMENTS 

Nuclides Simple processes pH Expected DF 

Pu, Am Hydroxides (especially ferric), 7 -12 >1000 
oxalates 1 

5lCr Ferrous hydroxide > 8 . 5 > 1 0 0 
54Mn Manganese hydroxide, > 8 . 5 > 1 0 0 

manganese dioxide 
58Co, "Co, 59Fe Ferrous or ferric hydroxides > 8 . 5 > 1 0 0 

^Sr Ferrous hydroxides 7-13 pH dependent 
Calcium or iron phosphate > 1 1 > 1 0 0 
Calcium carbonate 10.5 > 1 0 0 
Manganese dioxide > 1 1 > 1 0 0 
Barium sulphate > 8 . 5 > 1 0 0 
Polyantimonic acid = 1 > 1 0 0 

Zr, Nb, Ce Hydroxides (especially ferric) > 8 . 5 100-1000 

Sb Ferrous hydroxides 5-8.5 5-10 
Titanium hydroxide 5-8.5 10-100 
Polyantimonic acid « 1 20-40 
and manganese dioxide 
Diuranate 8.5-10.5 20-30 

Ru Ferrous hydroxide 5-8.5 5-10 
Copper + ferrous hydroxides 8.5 10-25 
Cobalt sulphide 1-8.5 30-150 
Sodium borohydride 8.5 50 

Cs Ferrocyanide 6-10 > 1 0 0 
Zeolite 7-11 10 
Tetraphenylborate 1-13 100-1000 
Phosphotungstic acid = 1 > 1 0 0 
Ammonium phosphomolybdate 0-9.5 > 1 0 
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processes now in use, or being developed, often combine these simple processes with 
other stages. 

The pH of operation and the expected DFs for simple processes are summa-
rized in Table I. 

3.3.1. General precipitation processes 

A few precipitation processes are widely used; these basic treatments have 
shown decontamination efficiency for more than one radionuclide and can be consid-
ered as general treatments: 

The most commonly used of these simple treatments are: 

— lime-soda process 
— phosphate precipitation 
— hydroxide processes 
— oxalate precipitation. 

(a) Lime-soda process 

This process removes 'hardness' from water and produces a precipitate of cal-
cium carbonate: 

Ca(HC03)2 + Ca(OH)2 - 2CaC03 + 2H 2 0 

Ca(OH)2 + Na2C03 - CaC03 + 2NaOH 

It was used in the past, primarily to remove strontium as an analogue of calcium, 
but has now been superseded by more efficient processes [35]. 

(b) Phosphate precipitation 

Soluble phosphates, especially tri-sodium phosphate, are added to the waste to 
form insoluble compounds with other ions: 

3M n + + nPO?" - M3(P04)n 

where M n + is Fe3 + , Al3 + , Ca2 + . . . , including radioactive strontium. Calcium ion is 
usually added as a bulk co-precipitant to enhance the removal of other cations. 

The reaction is complex and some kind of hydroxyapatite is probably formed, 
whose structure can include strontium ions. The method also achieves good removal 
of plutonium and uranium which have insoluble phosphates. In general, the higher 
the pH value of the operation, the better the DF achieved. For strontium, a DF of 
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> 100 is obtained at pH values >11 [36]. Removal of caesium by this method is 
poor. 

Currently, barium sulphate precipitation, sometimes in combination with other 
precipitates, is more often used for strontium removal than the phosphate process. 

(c) Hydroxide processes [36] 

Many metal ions can be hydrolysed to form insoluble compounds, a number 
of which exhibit an affinity for sorption of other ions: 

M n + + nOH" - M (OH)n 

where M n + is Fe 3 + , Al 3 + , T i 4 + , etc. 

Although, in conventional water treatment, aluminium hydroxide precipitation 
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 some waste stream, because of plant corrosion. In general, ferric hydrox-
ide floe particles are larger and settle more easily than those of aluminium hydroxide. 

Ferric floe processes essentially involve the precipitation of ferric hydroxide 
either alone or in conjunction with other precipitates (e.g. sulphates, phosphates). 
Since some plant waste streams already contain iron at levels of 10-200 mg-L"1, 
ferric hydroxide can be readily precipitated by the addition of alkali (e.g. NaOH, 
Ca(OH)2 or NH4OH). Ferric hydroxide is stable over a wide pH range (5-14) but 
removes actinides most effectively at higher pH values. Typical DF values achieved 
for alpha removal are about 1000 (for Pu and Am, less for Np), and DF values of 
100 or higher for activation products have been reported. Rare earth elements are 
effectively removed, but, because of the poor removal of caesium, in particular, and 
of some other fission products (e.g. Ru, Sb), the process may not perform well as 
a standalone treatment on mixed fission products. 

Ferric hydroxide forms as a voluminous, gelatinous precipitate, which may be 
difficult to handle. Conventional filtration is not very effective, so gravity settling 
is usually favoured for the initial separation, requiring a relatively large and expen-
sive plant. There is also the possibility of carrying over fine particles of floe sus-
pended in the supernate. Generally, ferric floes will require further dewatering 
before immobilization and the supernates often need to be polished in order to 
achieve the required decontamination. The physical properties of the floe may be sig-
nificantly improved by the presence of other precipitates (for example, calcium 
salts). 

Ferric floe treatment can be affected by the presence in waste streams of other 
components such as carbonate ions or some complexants (e.g. EDTA and citric 
acid). 
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At the Harwell Laboratory in the UK, 'Strengthened' floe processes based on 
ferric and uranic floes are being developed for the treatment of low and intermediate 
level radioactive waste streams. 

At the Los Alamos National Laboratory, USA, a magnesium hydroxide 
process is used, coupled with a ferric process; it seems that the magnesium based 
process is less affected by the presence of complexants in the waste effluents. 

A simple ferric hydroxide precipitation process is being operated at the 
Tihange 2 nuclear power plant for the removal of cobalt isotopes [36, 37]. 

(d) Oxalate precipitation 

Oxalate precipitation processes are being investigated for the treatment of both 
highly active and intermediate-level radioactive waste streams. Their main advantage 
is that they provide precipitation of the actinides and the lanthanides at low pH value, 
leaving most of the fission products and iron in solution. The oxalate precipitate is 
fairly crystalline and settles quickly to small floe volumes. 

Four main applications have been considered so far for actinide separation 
through oxalate precipitation: 

— high level waste partitioning [17]; 
— medium level reprocessing concentrate [17-19]; 
— alpha bearing liquid wastes generated from acid digestion of plutonium con-

taining solid combustible waste [18]; 
— alpha bearing liquid wastes produced during fabrication of mixed oxide 

(U02-Pu02) fuels [18]. 

Oxalate precipitation has been examined on intermediate level wastes at the 
Joint Research Centre, Ispra [16] and at the Joint Research Centre, Karlsruhe [19]. 
A variant of the process has been studied at KfK, Karlsruhe [18]. The OXAL process 
developed at Ispra uses caesium as a carrier and provides DFs of about 200 for pluto-
nium and about 1700 for americium at pH = 0-1. The results for neptunium are 
poor (DF = 1.4). The presence of EDTA, citrate or tartrate complexants did not 
affect the performance of the process over this pH range. The decontamination fac-
tors are not affected by high nitrate levels. At JRC Karlsruhe, Ba, Ca, Ce and Ni 
carriers have been investigated. Decontamination factors as high as 5000 for americ-
ium were obtained by using calcium but the maximum DFs for plutonium were in 
the range of 50-80. Calcium as carrier gave the highest DFs for both plutonium and 
americium when used at a carrier to actinide ratio of 500:1. 

Whilst providing separation of actinides from some fission products, the DFs 
obtained for plutonium are generally lower than those achieved by ferric floe and 
related processes, and oxalate precipitations have not been investigated for the 
removal of low level activity in waste streams. Finally, the chemicals used are not 
particularly attractive since they are relatively expensive and could also create a tox-
icity hazard in the effluent. 
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(e) Other precipitates 

Diuranate 

Ammonium diuranate is, at present, used to precipitate the actinides from 
waste effluents at Dounreay, UK. Limited information is available concerning the 
process but plutonium DFs in the range 100-500 and a total ß-y DF of approxi-
mately 7 have been reported. A potential advantage in using a uranic floe process 
is that the floe could be dissolved and recycled to the main reprocessing plant to 
recover the actinides. Diuranate floe can be more crystalline than metal hydroxide 
floes, which makes it easier to handle and results in smaller floe volumes. 

Magnetite or iron ferrite floe [38] 

Another iron treatment currently under investigation uses magnetite 
(FeO -Fe203) precipitation. The process was designed to enable magnetic separation 
of the floe from the supernate. Magnetite is the simplest iron ferrite with a spinel 
type structure. It was proposed that by forming ferrites in situ in radioactive 
effluents, radionuclides would be incorporated in the ferrite lattice. 

Several different methods for magnetite preparation have been investigated. 
Initial work at Rocky Flats used the addition of ferrous and ferric salts in appropriate 
ratios, followed by precipitation with NaOH, whilst at Winfrith and Sellafield the 
partial reduction of ferric ions by sulphite treatment and subsequent addition of 
NH4OH was examined since the waste streams already contained Fe3 + . 

Extensive studies have been undertaken to examine the properties of magnetite 
and its effectiveness as a floe treatment. Initial studies indicated several advantages 
over ferric hydroxide: 

— better solid liquid separation 
— improved decontamination factors (laboratory studies). 

Magnetite formation in situ in real waste streams has proved rather less satis-
factory, because of interference from several ions commonly present in the wastes. 

As an alternative process the addition of preformed magnetite has been inves-
tigated, and was generally found to be more successful since it was less sensitive to 
other ions. Further work is continuing at Rocky Flats, investigating the use of com-
mercially available ferrites, to reduce the cost of the process. Up to now, any advan-
tage in using preformed magnetite instead of conventional ferric floe processes for 
alpha removal has yet to be demonstrated. 

3.3.2. Treatment for specific nuclides 

The treatments initially applied to radioactive wastes were those used to purify 
municipal and industrial waste water; they were described in the preceding section. 
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In some cases, depending on the specific chemical and radiochemical compositions 
of the waste, these treatments will not provide sufficient decontamination from cer-
tain nuclides. Special treatments have, therefore, been developed; those for 
ruthenium, strontium, caesium, antimony and technetium are described in this 
section. 

(a) Ruthenium removal [34] 

Ruthenium is a transition metal with several valence states. It is one of the most 
troublesome nuclides to remove from liquid wastes since it can be present in cationic, 
anionic or non-ionic forms. Ruthenium is easily complexed; for example, in nitric 
acid media it exists as nitroso- and nitrosyl-ruthenium complexes. 

Since the half-lives of the radioactive ruthenium isotopes are fairly short (up 
to one year), waste streams containing significant quantities of them could be stored 
to allow the ruthenium activity to decay before any treatment is carried out. In some 
waste treatment facilities, interim storage for ruthenium decay is preferred to the 
implementation of a specific separation process [37]. 

The efficiency of ruthenium removal will be variable, depending on the species 
in solution. It seems that the cationic form can be readily removed using hydroxide 
precipitation and also using ion exchange. Many metal hydroxides have been tried; 
the decontamination obtained depends on the sorptive power of the various hydro-
xides (Ti, Fe, Mn, Al, Zr, Cu) [38]. Best results have been obtained with ferrous 
and titanous hydroxides. Decontamination factors are in the range of 2-10 for all 
ruthenium species. Neutral ruthenium complexes in solution are difficult to remove. 

The observation that ferrous and titanous hydroxides are good absorbers 
suggests that ruthenium removal is improved in the presence of a reducing 
agent [39]. Treatments involving reduction include: 

— precipitation of lead paraperiodate; 
— co-precipitation of copper and ferrous hydroxides; 
— precipitation of metal sulphide; 
— use of sodium borohydride. 

In a nitric acid medium, metal sulphide precipitation is the most effective of 
these four methods. Many metal ions have been tried; iron and cobalt provide the 
best decontamination. Co-precipitation with cobalt sulphide in acidic medium yields 
DFs of about 100 [40]. Since it is not always possible or desirable (because of corro-
sion problems) to work at low pH values, the precipitation can be carried out at 
higher pH values, but the efficiency of the treatment will be decreased. For example, 
the cobalt sulphide treatment operated at the La Hague reprocessing plant at 
pH values greater than 4 achieves DFs of 30-40. 

The use of a reducing agent such as sodium borohydride in conjunction with 
copper precipitation seems to be promising for ruthenium removal [32], 

21 



The use of strong reducing agents to improve the removal of ruthenium by a 
precipitation process will result in the reduction of some other components of the 
waste stream (e.g. nitrites and nitrates). For example, work at the Savannah River 
Site has shown that reduction of nitrite ion in nitric acid medium by borohydride pro-
ceeds readily and therefore a great excess of the reductant is required [41]. Work 
at Cadarache is indicating that the rate of reduction of the nitrate ion by borohydride 
decreases with increasing pH [42]. 

The reactions occurring between a reductant and components of the waste 
stream also have to be considered. The effects of the reaction products on the precipi-
tation process and the stability of the sludges generated will need to be investigated. 

(b) Strontium removal [34] 

Strontium is generally removed to a considerable extent by some of the general 
treatments described, such as precipitation of 

— phosphate (calcium or iron); 
— hydroxide (iron at pH values between 7 and 13); 
— carbonate (calcium). 

A number of specific precipitation processes involving other absorbers such as 
barium sulphate and hydrous oxides of manganese,' titanium and antimony have been 
employed when the treatment process does not involve any of these general 
treatments. ' 

The removal of strontium by in situ precipitation of barium sulphate occurs by 
isomorphous precipitation of strontium. The removal of strontium increases when 
the pH value of the stream is increased; at pH = 8.5 the decontamination factor lies 
between 100 and 200. 

The literature contains many reports presenting data on the sorption of stron-
tium by inorganic sorbents such as polyantimonic acid, hydrous titanium oxide, 
sodium titanate and manganese dioxide. Much of this work has used the sorbers in 
a granular form which have rather slow sorption kinetics. Recent work [5] is using 
finely divided precipitates of these materials, either singly or in combination, which 
has significantly improved the sorption kinetics. 

The sorption of strontium by polyantimonic acid is reduced in the presence of 
high salt concentrations in the waste stream [20]. Calcium and magnesium ions 
present at 'hard' water concentrations can affect strontium sorption. 

(c) Caesium removal [34] 

A number of precipitation processes exist for the removal of caesium from 
aqueous waste streams: 
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(i) use of transition metal ferrocyanides (Cu, Ni, Co); 
(ii) use of phosphotungstates or phosphomolybdates; 
(iii) precipitation of the tetraphenylborate; 
(iv) adsorption on inorganic phosphates (Zr, Ti). 

The transition metal ferrocyanides can be precipitated in situ or can be added 
as a preformed slurry. The product is generally non-stoichiometric because particu-
lar transition metal to Fe(CN)6 ratios are used for different metals. Possibly, a mix-
ture of 

M2
n[Fe(CN)6] andM^M?[Fe(CN)6]2 . 

is formed where M1 is an alkali metal or the ammonium ion and M n is a transition 
metal, typically cobalt, nickel or copper. Caesium adsorption appears to be brought 
about by ion exchange. Decontamination factors higher than 100 are frequently 
observed. Different metal ferrocyanides provide maximum decontamination at 
specific pH values. The most commonly used are copper and nickel ferrocyanides 
which are effective over the pH range of 2 to 10.5 and in the presence of high salt 
loadings but DFs decrease with increasing salt content. 

At pH values greater than 11, decomposition of the transition metal fer-
rocyanides occurs, yielding the ferrocyanide ion and a precipitate of the transition 
metal hydroxide. 

Some developments are under way to extend the maximum pH value for which 
good decontamination from caesium can be achieved. 

The use of cobalt cyanide salt to co-precipitate caesium has also been reported 
[43], 

In a nitric acid medium, granular phosphotungstic acid has provided a caesium 
decontamination factor greater than 100 at room temperature; this material can be 
prepared as a finely divided precipitate and should show improved kinetics of sorp-
tion [20]. 

Ammonium phosphomolybdate can also be used to remove caesium from acid 
solutions, and its use at pH values of up to 9.5 is claimed [44], 

In both alkaline and acid media, caesium can be precipitated as its tetraphenyl-
borate by addition of sodium tetraphenylborate (NaTPB). Caesium removal is 
independent of pH in the range of 10-13 and a 30 minute contact time is sufficient 
to obtain a caesium DF greater than 103. However, there is strong competition 
among the cations in the solution, and the caesium DF will be affected by the sodium 
and potassium ion concentration. Some authors have reported problems occurring 
with sludges containing NaTPB: the precipitate is highly viscous and gelatinous and 
is difficult to separate [20] . 

Radiolysis of the tetraphenylborate ion produces benzene and benzene deriva-
tives which are toxic and inflammable [45], 
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Zirconium phosphate [46] and titanium phosphate [29] both have an affinity 
for caesium. Very recent work [47] using precipitates of these materials is achieving 
very low levels of caesium in effluents. 

(d) Antimony removal [5, 17, 18, 40] 

Antimony removal is generally achieved as a consequence of the treatment car-
ried out for other radionuclides. 

Precipitation of the hydroxides of iron, copper or titanium in the pH range of 
6 to 10 can provide DFs of up to 10 but at higher pH values. The formation of 
anionic antimony species in alkaline solutions probably results in the repulsion of 
these negatively charged species by the negatively charged floe. 

Diuranate precipitation, which has been studied for actinide recovery from 
waste streams, can provide DFs of 20-30 for antimony [5], 

It should be noted that in a nitric acid medium, DFs between 20 and 40 for 
antimony have been obtained by using granular polyantimonic acid or manganese 
dioxide [44]. These sorber materials can be prepared as precipitates. 

(e) Technetium removal 

The pertechnetate ion TcOj in neutral or alkaline Solution can be readily 
reduced to the four valent state by using agents such as dithionite (S202~), sulphide 
(S2~) or ferrous ion (Fe2+). The dioxide Tc02 is highly insoluble and can be 
removed by sedimentation or filtration. Unfortunately, reoxidation to the seven 
valent state occurs rapidly in the presence of air or dissolved oxygen unless excess 
reductant is present in solution. 

The tetraphenyl phosphonium ion forms a pertechnetate of low solubility which 
has been examined at the Savannah River Site, USA [48] for the treatment of site 
wastes. The decontamination achieved was significant but the levels of technetium 
remaining in the effluent were higher than would be acceptable for discharge and, 
of course, the process introduces organic material into the sludge resulting from 
treatment. 

3.4. COMBINED PROCESSES [49-55] 

Since the DFs and VRFs obtained by chemical precipitation processes are 
generally rather low, processing by chemical precipitation is used only to treat high 
volume waste streams or if more efficient treatments, such as concentration by ther-
mal evaporation or ion exchange, are not possible (for example, when the salt load 
of the waste or the suspended solids content is high). Alternatively, a precipitation 
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process can precede another treatment technique such as ion exchange or 
evaporation. 

In the nuclear industry chemical precipitation methods are mostly used for the 
treatment of radioactive waste streams from nuclear research establishments and fuel 
reprocessing plants. 

When the waste stream composition is variable in nature, either in radioactive 
or non-radioactive content, a single chemical precipitation process may be 
inadequate. 

To provide good decontamination of the liquid waste a combination of the 
general or specific treatments described previously is frequently necessary. Often the 
final combined process is a compromise between the optimal conditions of each 
single process so that the best overall decontamination factor for specific nuclides 
or for total a and/or total ß-y activity of the liquid waste is achieved. 

Combinations of the single processes described above can be used as multi-
stage batch processes or as a continuous precipitation process. For example, phos-
phate 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. Multistage batch processes will produce 
several sludges for disposal and require extra equipment, thus increasing the capital 
outlay. A continuous precipitation process needs only one facility and, of course, 
produces only one sludge. 

The use of these various techniques is strongly dependent on the requirements 
of each nuclear site, on the local discharge authorities for radiochemical and chemi-
cal components and on the intended solid waste treatment. 

4. EXAMPLES OF CHEMICAL TREATMENT FACILITIES 

The equipment selection and design for a radioactive waste decontamination 
plant using a coagulation-flocculation process is guided by the average daily volume 
of liquid waste submitted to treatment, as well as by the chemical and radiochemical 
composition of the waste. 

Examination of units designed in various countries leads to several classifica-
tions of plants according to the specific throughputs. First, there are small treatment 
units which are not usually described in the literature because of their small capacity 
(less than 500 L/d). These are sometimes used as pilot plants for testing a process 
to be used in a larger facility. Then, for capacities ranging between 2 and 3 m3/d, 
in nuclear research centres possessing reactors we find plants associated with various 
utilizations of the radioisotopes produced. Larger plants are industrial size units. The 
treatment stations of many nuclear research centres can process between 25 and 
100 m3/d. Only a few centres, collecting their wastes through pipelines, process 
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over 500 m3/d in plants, the treatment methods of which are at present very similar 
to those applied for producing drinking water. 

For small plants, the waste is collected in a tank of sufficient capacity for the 
treatment process to be completed in one working day (daytime). This leads to fewer 
controls and makes laboratory tests more able to predict the suitable coagulation 
treatment. This 'batch' method is often used in nuclear research centres when waste 
collection is controlled in the production areas and isolated for selective treatment. 
For such units, wastes are normally collected in flasks, bottles or drums limited to 
30 L capacity for ease of handling. The treatment concept may be guided by two 
points of view: (a) accumulation of a large volume of wastes to be treated, the decon-
tamination of which is not frequent; (b) daily treatment of the volume produced per 
day. 

In the first case, a higher investment cost will be balanced by savings on ana-
lyses, controls and tests for treatment orientation, leading to significant reduction in 
labour costs. In the second case, the argument is reversed. The choice between the 
two concepts depends both Upon local conditions and the nature of the wastes (those 
that are non-compatible owing to risks of corrosion, toxicity, presence of foaming 
agents or chelatants, etc.). In these plants, treatment is performed by the batch 
method. 

Larger capacity plants generally operate a continuous treatment process with 
on-line removal of the sludge and clarified liquid. The following collection of 
examples is not exhaustive and is intended to indicate the types of process that are 
in use at the present time or in advanced stages of development. It should be noted 
that, although some of the plants described below are no longer in full operation, 
they still serve as examples of plants which can be built to suit specific applications. 

In 1968, Ref. [13] in some detail described treatment plants in Norway, Spain, 
Egypt, the Federal Republic of Germany, France, India and the United States of 
America. The information was taken from papers presented at conferences in Geneva 
[56] and Vienna [57]. 

. A recent paper [58]- on radioactive waste management in Egypt describes a 
plant (Fig. 3) handling up to 103 m/d of low level wastes and involving precipita-
tion of ferric hydroxide at pH = 8-9. After gravity settling the supernatant liquor 
is filtered through a sand filter and then polished by ion exchange treatment. Inter-
mediate level wastes are evaporated and the still bottoms are immobilized in cement. 

Treatment of wastes at Kernforschungszentrum, Karlsruhe. A recent paper 
[59] describes a process involving denitration and chemical precipitation for the 
treatment of intermediate level liquid wastes. Figure 4 schematically shows the plant 
layout and the process using precipitates of potassium nickel hexacyanoferrate or 
tetraphenylborate for caesium removal and ferric hydroxide for other elements. 

The Cogéma waste treatment facility at La Hague [34, 40, 60] treats low and 
intermediate level aqueous wastes in separate, identical plants (STE2). The maxi-
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mum flow rates of each line is 6 m3/h and the plant comprises two reagent tanks, 
a process tank of 1 m3 capacity, a floater (3.9 m3) and a settling vessel of 31 m3 

volume. The supernatant liquors are filtered through a sand filter. The effluent from 
low level wastes is finally polished by ion exchange. The intermediate level treat-
ment consists of the following stages (Fig. 5): 

addition of sulphuric acid; 
adjustment to pH = 1.5 by using sodium hydroxide; 
addition of preformed nickel ferrocyanide; 
adjustment to pH = 8.5 by using sodium hydroxide; 
addition of sodium sulphide and cobalt sulphate to precipitate cobalt sulphide; 
addition of barium nitrate to precipitate barium sulphate; 
addition of poly electrolyte. 

The ferrocyanide absorbs caesium, thé cobalt sulphide removes the ruthenium, 
and strontium is removed by co-precipitation with the barium sulphate. Two sup-
plementary steps can be added, if necessary, before adjustment to pH = 1.5: 

— hydrazine pretreatment to destroy nitrites which interfere with ruthenium 
decontamination; 

— titanium sulphate to precipitate hydrous titanium oxide for improving decon-
tamination from antimony. 

The DFs obtained are: total a DF = 1000, total ß-y DF = 20-50, 
Ru DF = 6-30, Sr DF = 100 and Cs DF = 100. A volume reduction factor of 
about 30 is achieved after one décantation stage. 

A third line (STE3) will receive mixed liquid wastes at a flow rate of 
17 m3/h. 

Sludges are removed from the setting vessel by using air lift pumps and will 
be immobilized in bitumen. 

Treatment of wastes at Saclay (Fig. 6). Up to 1975, wastes to be treated were 
received in 50 m3 capacity tanks stirred by recirculation through pumps. Treatment 
was carried out in 50 m3 daily batches at the rate of 3-6 m3/h. After the contents 
of one tank had been homogenized, a sample was taken for laboratory control and 
test purposes to determine the nature and doses of coagulants to be used. Wastes 
were pumped to neutralizes where the pH value was adjusted and the coagulants 
were added at a mixing speed from 750 to 1500 rpm through filters to remove the 
debris. The slurry was transferred by gravity into the 3200 L flocculator (5/3) with 
a stirring speed of 40 rev./min. Poly electrolyte was added in this flocculator as well 
as in the piping supplying one of the two 70 m3 capacity static settlers [13]. 

Currently, intermediate level wastes are treated by chemical precipitation 
involving barium sulphate, titanium oxide, cobalt sulphide and nickel ferrocyanide 
[34], After décantation, the sludges are mixed with evaporator concentrates for 
bituminization. The effluent is evaporated with other low level wastes. 
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FIG. 5. Cogéma waste treatment facility. 
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FIG. 6. Radioactive waste treatment plant at Saclay — flow diagram [13]. 1 — inlet of 
radioactive effluents; 2 — storage tanks before treatment (50 m3, stainless steel); 3 — grit 
strainer; 4 — rotameter; 5 — coagulation and flocculation vessels (0.250 m3, 1.300 m3, 
2.0 m3); 6 — tanks for preparation of coagulents and chemical reagents; 7 — metering 
pumps; 8 — dry hoppers; 9 — measuring pot for pH; 10 — drainage receiving tank; 
11 — static settlers; 12 — turbidimeter; 13 — storage tanks after treatment (50 m3, mild 
steel); 14 — unloading of treated effluents for disposal. 

Treatment of wastes in India [61]. The low level liquid radioactive wastes are 
treated by chemical, ion exchange or evaporation methods. Typically, the wastes are 
pretreated to adjust the wastes chemically to a proper pH value, after which, in the 
flash mixer, chemicals such as phosphates, ferrocyanides, ferric ion, etc. are added. 
The solution is then passed through a clariflocculator, where sludge containing most 
of the radioactivity is separated and sent for filtration, solidification, storage and dis-
posal. The effluent from the clariflocculator is treated in a series of columns con-
taining vermiculite, a naturally occurring clay mineral. The treated effluent is 
discharged, after further dilution and monitoring. While the chemical treatment step 
is more specific for strontium and similar isotopes, caesium is more selectively taken 
up in the ion exchange columns. Overall decontamination factors of up to 200 are 
achieved. 

31 



Process waste treatment plant at Oak Ridge, Tennessee. The original plant, 
which was operated between 1957 and 1975, has often been described [62], It was 
a 1900 m3/d conventional horizontal flow water softening plant using a lime-soda 
process or, alternatively, lime phosphate (for removal of 90Sr) with clay addition 
(for removal of 137Cs). 

Since 1975, a new treatment, called the Scavenging Precipitation Ion Exchange 
(SPIX) process, has been in operation [63]. The SPIX process uses the addition of 
NaOH to precipitate CaC03 at pH = 12 (along with about 50% of Sr), followed by 
ferrous sulphate addition (as a scavenging agent), then clarification and filtration. 
The effluent is then passed through an ion exchange step for final Cs and Sr removal, 
followed by neutralization with H2S04. 

A new treatment plant based on ion exchangers is currently under contraction 
at Oak Ridge to replace the chemical treatment process. 

Treatment plant at Seibersdorf, Austria. The active line [64] has to treat wastes 
in the categories of 40 kBq/m3 to 150 kBq/m3 (about 2600 m3/a) and 150 kBq/m3 

to 1.50 MBq/m3 (about 200 m3/a). Treatment involves co-precipitation of radioac-
tive nuclides by coagulation and flocculation (see Fig. 7). If necessary, a second and 
third flocculation is carried out. More than three flocculations are not advisable 
because of the rising salt content. For caesium containing waste, copper ferrocyanide 

First step 

80 m3 homogenization HCl 60 L/40°/o NaOH 
w pH = 4-5 W FeCI g w pH = 7 V 

(4.3 kg in 30 L) NaOH 15min Rotating 
plate 
filter 

V Na3P04 
w pH = 8.5 w continuous stirring V 

Rotating 
plate 
filter 

Second step for Cs 

FIG. 7. Waste treatment at Seibersdorf. 
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is precipitated. Addition of cobalt salts before a flocculation step, especially for the 
second and third flocculation steps, raises the decontamination factors for 60Co 
removal. 

Treatment facility at CEN/SCK, Mol, Belgium. Chemical treatment, as a 
decontamination process for low level liquid wastes, has been applied at Mol for the 
past 30 years. All low level liquid wastes generated at the nuclear site of Mol as well 
as small volumes of liquids from elsewhere are transferred to a centralized treatment 
plant [65]. 

At present, the basic treatment is calcium phosphate precipitation at 
pH = 11.0 in two continuous parallel flocculators with a total throughput of 
70 m3/h. The ß-y activity concentration of the influent liquid wastes ranges from 
370 kBq/m3 to 370 MBq/m3. 

Before this continuous line, 125 m3 batchwise pretieatments can be applied, 
depending on the radionuclide composition and concentrations (activity level from 
370 MBq/m3 to 37 GBq/m3). The reagents used are mainly copper and ferric fer-
rocyanide, barium carbonate and ferric hydroxide. 

A new plant has been constructed in which the chemical treatment is combined 
with sand filtration and cation exchange. The latter aims at additional decontamina-
tion from ^Sr up to a DF of 100. 

Treatment process at the Joint Research Centre, Ispra. Chemical treatment is 
an important part of the liquid waste treatment system at JRC Ispra. Liquid wastes 
are collected in a 200 m3 tank and then pumped to mixing tanks, where chemical 
reagents (Ca(N03)2, Na3P04, Ni(N03)2 and FeCl3) are added with slow stirring. 
The precipitation takes place at pH = 9 in two parallel, continuous flocculators at 
a flow rate of about 2 m3/h. The effluent from the flocculators is processed in a 
centrifuge to a concentration of about 10% by weight of solids. The concentrated 
sludge may be immobilized in bitumen or cement while the clear liquid may either 
be recycled for further treatment or discharged [66]. 

Treatment facility at the Savannah River Site [67]. The effluent treatment 
facility now under construction for handling wastes from the 'F' and 'H' areas of 
the Savannah River Site in , the United States of America uses precipitation as a 
pretreatment for reverse osmosis and ion exchange stages. The precipitation step is 
carried out primarily to prevent fouling of the reverse osmosis membranes. The 
process system is designed for an average flow rate of 625 L/min. In addition to 
about 2 g/L of NaN03 , the influent waste contains kBq/L levels of radionuclides, 
and mg/L quantities of various metals such as iron, copper and aluminium. 

Iron and aluminium are precipitated in the first stage by a pH adjustment to 
pH = 7. The resultant precipitate is removed by using cross-flow filters with 
ceramic or stainless steel elements of pore size less than 0.2 mm. The filtered liquid 
is then processed by reverse osmosis and ion exchange. 

33 



Sodium 
hydroxide 

Secondary 
dewatering 
ultrafilters 

Other 
chemicals 

Floe to 
encapsulation 

500 m3/d 

Bulk 
effluents ^ ^ 
254 m3/d 

Continuous 
floe 

precipitation 

chemicals 

Medium 
active 

concentrates 

Batch floe 
precipitation 

Dewatering 
ultrafilters 

Primary 
dewatering 
ultrafilters 

Sodium 
hydroxide Floe 

to 

Proportional 
sampler 

Sentencing 
tanks 

Other 

Floe 
to 

Preliminary 
sentencing 

tank 

Liquor 
to sea 

Recycle for failed batches 

FIG. 8. EARP simplified process flow diagram. 



Liquid treatment facility at NPP Chooz, France. The low level radioactive 
effluents from the 250 MW(e) Chooz nuclear power plant in France have been 
treated by precipitation since 1985 [68]. The process is designed to remove 134Cs, 
137Cs, 54Mn, 58Co and 60Co by precipitation of ferric hydroxide with copper fer-
rocyanide at a flow rate of approximately 5 m3/h. Before startup of the chemical 
treatment plant, the waste streams were treated by evaporation, a process that did 
not have adequate capacity to meet the demands of the station. 

The flocculation reagents are mixed into the influent waste stream by an in-line 
static mixer before entering a 70 m long tubular flocculator. Flocculation aids, such 
as a polyelectrolyte, are added at various points of the tubular flocculator. A lamellar 
separator is used to clarify the liquid, followed by deep bed charcoal filtration. 

The untreated wastes have a gross ß-y activity of from 2 to 580 kBq/L, and 
the chemical treatment reduces this to below the regulatory limit of 370 Bq/L. For 
each cubic metre of liquid treated, the process consumes: 25 g of CuS04-5 H 20; 
23.4 g of K4Fe(CN)6-3 H 20; 108 g of FeCl3; 70 g of NaOH and 1 g of a 
polyelectrolyte. 

At the Los Alamos National Laboratory, the waste stream activity (approxi-
mately 37 MBq/m3) is primarily due to a emitters (Pu, Am). A 10 m3/h continuous 
feed of waste is treated by line injection of FeCl3, Ca(OH)2 and a polyelectrolyte. 
A core bottom flocculator is used for sedimentation. The sludge is dewatered to 
35-40% weight of solid in a rotary vacuum filter. The supernate is polished by a 
filter bed. The DFs obtained are between 50 and 1000 for a emitters. 

In the United Kingdom, at the Atomic Weapons Establishment (AWE), the 
liquid wastes are treated by iron hydroxide precipitation. The feed pH value is 
adjusted down to 3-4 by using sulphuric acid, Fe is then added to 70 ppm by using 
ferrous sulphate followed by sodium hypochlorite; then, Ca(OH)2 is added to 
500 ppm to precipitate Fe(OH)3. This process provides DFs for a emitters of 
between 40 and 1000. 

In France, at the nuclear research centre of Cadarache, a bearing waste 
streams are first neutralized and filtered to remove most of the activity before evapo-
ration. Also at Cadarache a new process is now in operation for treating low activity 
laundry wastes. The previous treatment was based on evaporation; but both because 
of cost and problems with foaming, the wastes are now treatéd by chemical precipita-
tion combined with ultrafiltration. The main contaminants are caesium and cobalt. 
The chemical reagents added are nickel ferrocyanide and active charcoal. The DFs 
reached are about 100, enabling release of the supernate [69, 70], 

At Marcoule, France, the treatment comprises addition of copper sulphate and 
ferrous iron, followed by pH adjustment to 8.5 to precipitate the corresponding 
hydroxides and carry down the ruthenium. Caesium and strontium decontamination 
is achieved by addition of preformed nickel ferrocyanide and precipitation of barium 
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sulphate. The decontamination factors achieved by the treatments currently applied 
are for ß-y activity 100 and more than 1000 for a emitters. Wastes are stored in 
50 m3 batches and then treated in a continuous process. The waste is produced dur-
ing fuel reprocessing operations. The sludges arising from the chemical treatment are 
immobilized in bitumen [34, 71]. 

Uranium precipitation is used at the PFR reprocessing plant at Dounreay, UK. 
The low and intermediate level wastes are combined with some of the separated 
uranium stream from fuel reprocessing and treated with concentrated ammonia to 
produce an ammonium diuranate floe. The treatment has proved to be an efficient 
decontamination stage for plutonium species before sea discharge, achieving DFs for 
a activity of between 100 and 500 and for ß activity of 4-11. 

At the SERSE pilot plant in Italy [72] simulated aged reprocessing wastes con-
taining g/L quantities of metals such as AI, Hg, and Fe and mg/L quantities of Sr, 
Cs, U and Pu are treated by precipitation. 10M NaOH is used to raise the solution 
pH value to higher than 13.5, causing the precipitation of ferric hydroxide and the 
co-precipitation of Sr and TRU elements. After mixing the reagents, coagulation is 
allowed to occur at 40-50°C for 0.5-1 h. The resulting suspension is separated in 
a 10 000 rev./min centrifuge at a flow rate of 10 L/h with a residence time of about 
two minutes. The supernate is treated in zeolite columns and then cemented. The 
centrifuge sludge is vitrified. Strontium DFs of greater than 50 are obtained. The 
use of sodium tetraphenyl borate for Cs precipitation is being studied. ' 

At the British Nuclear Fuels reprocessing site at Sellafield, UK, a new waste 
treatment plant is under construction [37]. Known as the Enhanced Actinide 
Removal Plant (EARP), the plant will process bulked effluents from reprocessing 
activities and concentrates from evaporation plants. The total plant throughput will 
exceed 60 000 m3/a. The treatment involves precipitation of ferric hydroxide using 
the iron component of the waste and sodium hydroxide to increase the pH value to 
9-10.5. Addition of nickel ferrocyanide, as a performed slurry, at levels of 
10-200 ppm, depending on the caesium loading of the waste, may be made after pH 
adjustment. Primary and secondary cross-flow ultrafiltration stages, respectively, 
provide an effluent for subsequent discharge after analysis and a dewatered sludge 
for cementation. Figure 8 shows a simplified process flow diagram of the plant. 

Facilities under development 

In France, a process has been developed for treating liquid decontamination 
wastes including oxidizing solutions (KMn04) and phosphoric acid solutions [73]. 
This treatment will be applied at the Super Phenix Fast Breeder Reactor Plant and 
includes the following steps: 
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— mixing decontamination solutions; 
— reducing permanganate ions by adding H202 ; 
— addition of nickel ferrocyanide; 
— adjustment to pH = 10 in order to precipitate manganese hydroxide. 

The chemical treatment is carried out in a continuous on-line process and the 
resulting sludges are separated by centrifugation. The expected decontamination fac-
tors for both 54Mn and 137Cs are greater than 100. 

At the Harwell Laboratory, UK, on the basis of experimental tests performed 
successively on laboratory and larger scale trials, a pilot plant has been commis-
sioned for the treatment of low level liquid wastes. 

Conventional chemical precipitation involving copper ferrocyanide and 
precipitation of iron hydroxides is followed by ultrafiltration. The ultrafiltration 
module which contains 37 membrane tubes has a total area of 0.85 m2. The plant 
can process 1 m3 of waste per day. 

When compared with conventional chemical precipitation, the overall a decon-
tamination factors are greater by a factor of two in the case of direct ultrafiltration 
treatment and up to seven by addition of 10 ppm of finely divided titanium 
hydroxide. The process has led to a volume reduction factor of about 200, producing 
a concentration of 1% weight of solids I 

In Belgium, the treatment of decontamination solutions by chemical precipita-
tion has been studied. Multistep decontamination processes often produce two or 
more distinct waste streams, one containing KMn04 and the other one, typically, 
oxalic acid. These waste streams are mixed together to precipitate Mn02 . Metal 
hydroxides can then be precipitated by raising the pH value to greater than 10. The 
use of barium salts to precipitate 51Cr as BaCr04 is being examined. 

5. PROCESS SELECTION 

The selection of a liquid waste chemical treatment system involves a number 
of decisions taking into account a number of factors. These latter can be grouped into 
five main categories: 

— characterization and possible segregation of liquid waste arisings; 
— discharge requirements for decontaminated liquors; 
— available technologies and their costs; 
— final storage for the conditioned sludges; 
— occupational and public radiation safety. 
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5.1. CHARACTERISTICS OF THE LIQUID RADIOLOGICAL WASTES 

The selection of a chemical treatment process for a liquid waste depends, to 
a large extent, upon its radiological and physicochemical properties and the quantity 
of arisings. 

It is therefore important to know these properties with respect to the actual 
operational conditions in a plant and also to the projected conditions for the near 
future. 

The radiological properties of liquid wastes are much less restrictive in the 
selection of the chemical treatment process than the physicochemical characteristics 
and the volume. This fact illustrates the importance of a thorough knowledge of the 
liquid wastes in the design of a management scheme. 

Information on the characterization and segregation of liquid wastes has been 
discussed in detail in Section 2 of this report. 

The physicochemical properties might necessitate the inclusion of some 
pretreatment or adjustment of the liquid waste such as filtration for removal of 
suspended particles, separation of organics from the waste or the addition of 
antifoaming or stabilizing chemicals (detergents) before the decontamination 
treatment. 

During operation, the actual plant conditions very often deviate from the condi-
tions shown on the process design flowsheet. Flowsheet conditions generally 
represent averages, and the plant may for numerous reasons operate above or below 
these conditions. Sometimes, after the plant has been out of action because of 
problems such as equipment failure or power cuts, the operator increases the plant 
processing rate in order to satisfy his production goal. Similarly, an out-of-
specification waste following abnormal operation such as flushing and decontamina-
tion of equipment may require the product to be treated again. Both can result in con-
siderable waste stream variation. 

It is also customary for a waste generating facility to change gradually because 
of the constant emphasis on increasing throughput and operating efficiency through-
out 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 (by oversizing or adding units) if necessary. Flexibility of, and 
redundancy in, a plant will become the basic criteria for overcoming all the above 
mentioned difficulties and will guarantee a minimum of malfunctions. 

5.2. DISCHARGE REQUIREMENTS FOR DECONTAMINATED LIQUORS 

The restrictions or limits on the release of the decontaminated liquors should 
be carefully considered. Determination of these limits is done differently in various 
countries but does in all cases require extensive analyses by both the waste producer 
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and the regulatory authority to arrive at an agreement stating that the releases are 
acceptable. This limit will directly govern the decontamination factor required by the 
process and the activity limits of the liquid waste stream being treated. 

Adopting the International Commission on Radiological Protection (ICRP) 
approach, it must be shown that the exposures resulting from the releases are below 
the specified limits for individual members of the public, including the critical 
groups. By knowledge of the mechanisms for transport and dispersion of effluents 
from the point of release to the points of exposure and by the use of computer 
models, a release limit should be established. When the effluent is released, monitor-
ing and control are necessary. In the ICRP approach, the limits that are given within 
the previous guideline shall also be in accordance with the recommendation that all 
exposures shall be kept 'as low as reasonably achievable' (ALARA principle), eco-
nomic and social factors being taken into account. 

The evaluation of the release location requires consideration of special and 
different characteristics for each discharge point as listed below: 

— discharges into fresh or seawater bodies; 
— discharges into ground or deep formations; 
— discharges into the atmosphere. 

Once an agreement is reached on the suitability of the proposed waste treat-
ment 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; 
— flow rate of the effluent and total volume; 
— actual, monthly and/or yearly radioactivity discharge, both for total activity 

and for individual or grouped radionuclides; 
— physicochemical composition of the effluent (pH value, biological oxygen 

demand, chemical oxygen demand, suspended solids, temperature, etc.). 
Radiological requirements are not the only parameters that have to be taken 

into account. In the case of chemical waste treatment, physicochemical considera-
tions according to the regulating limits also need to be examined. The physico-
chemical composition of the effluent depends on: 

— arising waste streams; 
— chemical reagents added during treatment; 
— efficiency of solid/liquid separation. 

5.3. AVAILABLE TREATMENT TECHNOLOGIES 

The processes available for treatment of low level liquid radioactive wastes 
generally fall into three main categories: ion exchange, chemical precipitation and 
evaporation. 
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Chemical precipitation often gives only rather modest DFs between 10 and 100 
(obtaining higher DFs is now possible in some cases, according to new develop-
ments) for ß-y activity and up to 1000 for a activity. However, chemical precipita-
tion processes appear to be very flexible and quite easy to control. 

Chemical precipitation techniques are recommended when liquids with rather 
high salt content have to be treated. Because of the extensive experience already 
gained over many years in the treatment of radioactive liquid wastes by chemical 
precipitation, maintenance of equipment should not pose any unusual problems. Cor-
rosion is, however, a point to be carefully considered because of the extensive use 
of a wide range of concentrated chemical reagents over a broad spectrum of pH 
values (see Section 6). 

Regarding the process costs, there is, at the present time, a tendency to replace 
evaporation by other techniques (chemical or new process) as far as possible and 
mainly when large volumes of liquid radwastes have to be treated. Chemical precipi-
tation is considered the cheapest process (20 to 50 times less expensive than evapora-
tion). Ion exchange treatment costs are located between evaporation and chemical 
precipitation costs. 

5.4. FINAL STORAGE FOR THE CONDITIONED SLUDGES 

Some considerations on sludge conditioning are given in Section 7. The most 
important objective which will govern all the selections of the processes is usually 
to obtain a conditioned product that can be stored, has long term stability and pro-
vides maximum volume reduction. Cost is also an important element to consider in 
achieving this objective. 

Although the decontamination of liquid wastes allows for discharging the 
effluents, in the proper evaluation and design of the liquid waste treatment one 
should include the point of view that the sludges need to be managed for the same 
reasons as are applicable to the original liquid waste. 

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, by taking into account: 

— the specific activity of the final immobilized forms with respect to radiolysis 
and 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. 
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(b) The choice of matrix material and hence the conditioning process may also be 
affected by the national requirements for intermediate storage and/or disposal: 

— the physicochemical composition of the sludge and its limitations; 
— the long term stability; 
— the compatibility of the final waste form with its container material. 

The volume reduction factors achieved are, actually, highly dependent on the 
characteristics of the liquid radioactive wastes to be treated. The application of 
chemical precipitation produces wet sludges and generally needs the setting up of a 
dewatering system capable of concentrating the wet sludges before immobilization. 

The off-site shipment of conditioned (or non-conditioned) waste to its inter-
mediate storage (or disposal) offers the advantage that one can eliminate incom-
patible characteristics between the siting of the plant and the disposal of the wastes 
being generated. 

Disposal options are covered under the IAEA waste disposal programme. The 
programme is subdivided into shallow ground disposal, disposal in mines or rock 
cavities, and in deep geological disposal (special considerations must be examined 
for alpha wastes). 

5.5. OCCUPATIONAL AND PUBLIC RADIATION SAFETY 

The exposure to the general population from waste treatment operations is 
essentially established or limited directly or indirectly by regulations on gaseous and 
liquid 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 require-
ments for the 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 to be subsequently 
conditioned and disposed of. However, the handling of such high activity waste con-
centrates requires shielded and remote facilities, resulting in significant investment 
costs. 

It should be noted that, in using the ALARA approach, the balancing of worker 
and public radiation exposure will have an influence on plant costs. Consequently, 
workers' exposure is an important point to consider for process selection. 

In conclusion, a chemical treatment system cannot be assessed in isolation only 
for its ability to decontaminate the liquid waste stream. It must be remembered that 
treatment is normally part of an overall waste management scheme in which waste 
generation, conditioning and final disposal all play important parts. 
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Long term storage and/or disposal of the concentrate is probably the key step 
governing nearly all waste management schemes. It is obvious that, depending on 
the disposal route, the requirements for the waste conditioning step, and, hence, also 
the treatment, may be very different. For example, because of the expected high cost 
of geological storage, treatment and conditioning of 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 may impose a maximum con-
centration factor due to limited values for dose commitment during transport 
operations. 

6. PROCESS EQUIPMENT 

This section summarizes the equipment requirements for the various chemical 
treatment methods. 

Essentially, the chemical treatment plant has three main sections: 

(a) collection tanks; 
(b) process facilities; 
(c) treated effluent tanks. 

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

The construction materials of all tanks and equipment should be chosen care-
fully 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 that their surface linings must be corrosion resistant under a wide 
range of conditions. In general, the walls and floors should be constructed of material 
with a relatively smooth, non-porous surface and a minimum number of joints so that 
it does not become corroded nor retains any radioactivity, thus becoming a radiation 
hazard. Surfaces should be finished so as to be easily decontaminated should the need 
arise. Any stirring and ancillary equipment on the tank should be protected similarly. 
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Types of material used include stainless steel, rubber lined mild steel and reinforced 
concrete with ceramic type linings and special alloys. 

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

The final collection tank receives the treated effluent, possibly at a neutral pH 
value. In this case, highly protective surfaces may not be necessary, but considera-
tion should be given to guarding against off-specification batches. 

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. 

A separate part of the treatment building (or a different building) is necessary 
for the preparation of the solutions of the 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 is continuous, a metering device such as a rotameter or metering pump 
may be necessary. 

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. 

It should be noted that, depending on the levels of radioactivity in the initial 
waste and on the concentration factors achieved, the sludge produced by a chemical 
treatment may be highly radioactive. Therefore, this should be carefully considered 
during the design of the plant by making provisions for adequate shielding around 
sludge containing components. Consideration should also be given to the use of 
remote handling and cleaning equipment for sludge processing. In addition, whère 
fissionable nuclides can become concentrated in sludges, consideration should be 
given to the possibility of inadvertently reaching criticality, although this possibility 
is generally quite small. 

6.1. CHEMICAL HANDLING AND STORAGE 

It should be noted that many of the chemicals used in precipitation and floccu-
lation processes are chemically hazardous and may even be fatal if accidentally 
ingested or contacted with unprotected body parts. As a minimum standard, indus-
trial chemical handling and storage methods and precautions should be applied. In 
most jurisdictions, industrial occupational safety regulations and restrictions may be 
applicable in addition to the radiological regulations. 
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Chemical handling and storage is preferentially done in the non-radioactive por-
tion of a plant. This reduces the amount of potentially radioactive waste produced 
(e.g. packaging materials). Shielding is not required unless the reagents contain recy-
cled radioactive sludge products. 

6.1.1. Chemical storage 

The storage requirements for chemical reagents depend on the size of the 
precipitation and flocculation facilities. For large units with high flow rate, some 
liquid chemical products (concentrated nitric acid and sodium hydroxide used for pH 
adjustment) may be stored in tanks, which are supplied from tanker trucks. For these 
same large units, quicklime may also be supplied from trucks specially equipped for 
pneumatic transport of pulverized materials. This quicklime is usually stored in silos 
or hoppers. 

For other reagents, generally supplied in bags or drums, it is advantageous to 
provide packages having a maximum weight of 50 kg to ease handling in feeders. 
Delivery of these packages on pallets allows easy unloading and handling by eleva-
tors and manual or power trucks. These packages may be stored near the dissolving 
tanks or feeders in the case of small units. (For safety, care should be exercised to 
avoid moistening reagents with water.) For larger facilities, if the delivery schedule 
is controlled by a contract, a temperate storage place must be provided, if possible 
in the upper part of the process building to permit the discharge of reagents by 
gravity into hoppers supplying the feeders or dissolving tanks. These hoppers should 
be provided with screens for retention of possibly existing foreign matter. In all cases 
weighing scales should be provided to measure the reagents used. 

6.1.2. Dissolving tanks 

Dissolving tanks are often made of steel or of plastic material (PVC or rein-
forced polyester), which needs no maintenance and shows a total chemical inertia 
to reagents currently in use. They are normally provided with an agitating device. 
If the solid reagents are highly soluble and free from significant impurities (alum, 
for example) they can be placed in a strainer and immersed in the tank. The chemical 
will then dissolve with the impurities being retained inside the strainer. 

In most cases, a drain should be provided on the bottom of tanks for the 
removal of settled materials. After completion of reagent dissolution and/or when the 
mixture is homogenized to the required degree, the contents of this tank should be 
conveyed to a proportioning feed tank. The contents of the dissolving tank should 
be measured by a liquid level system such as a float controlling an indicator through 
an external level linkage or an ultrasonic or electrical conductance array type level 
probe. 
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When specifying reagent concentrations, care should be exercised to express 
them in a consistent manner, such as dissolved reagent weight per unit volume (or 
weight) of solvent at a given temperature. 

6.1.3. Feeders 

Clear reagent solutions are generally distributed by means of metering 
dosimeter pumps, especially in large facilities. Smaller facilities may use cheaper 
distributing devices such as a manually adjustable rotameter. Suspensions of low 
solubility reagents should be distributed from a feed tank that is constantly stirred 
by pumps or a mechanical agitator. The distribution may also be performed through 
dosimeter pumps; in this case the pumps should be of the peristaltic pulsating hose 
type (i.e. finger pumps). Rotameters and orifice type flow meters are not generally 
recommended for suspensions, because of possible sedimentation problems. 

Solid, pulverized reagents should be distributed by means of devices such as 
a hopper that is vibrated magnetically or mechanically to avoid blocking and either 
a vibrating strainer or a rotary sole plate. These distributors may be provided with 
continuous weighing equipment. Screw type feeders can also be used for dry solids 
and thick slurries. In designing a powder proportioner, hygroscopicity of some rea-
gents (e.g. sodium carbonate, alumina sulphate) and dust removal must be taken into 
account. 

Proportioning devices must be checked and calibrated at regular intervals and 
especially when changing the quality or type of reagents. Solution distributors must 
be cleaned and checked periodically. The orifice of the inlet piping must be located 
sufficiently high above the bottom of the feed tank to prevent suction of possible 
deposits. 

6.2. PRETREATMENT EQUIPMENT 

For many precipitation and flocculation reactions, a pretreatment to oxidize (or 
reduce, as applicable) certain constituents of the waste feed may be required. While 
in most cases (such as for the use of hydrogen peroxide, H202), this extra step 
requires no additional equipment, apart from storage and dosage equipment, some 
processes require special considerations and/or equipment. These are outlined 
below. In addition, some systems may require a rough prefiltering to remove general 
debris that may interfere with subsequent equipment or operations. Filtration equip-
ment is described later. 

45 



6.2.1. Chlorination 

(a) Cylindrical utilization of gaseous chlorine 

Liquid chlorine is normally supplied in steel containers (dry chlorine is inert 
to iron but it becomes extremely corrosive in the presence of even small amounts 
of moisture), the internal pressure of these being a few kilograms per square cen-
timetre. (Liquefaction pressure: at 0°C = 2.66 kg/cm2; at 100°C = 41 kg/cm2.) 
The cylinders are generally fitted with fUse plug type pressure relief devices that 
allow gaseous chlorine discharge above 65°C. Consequently, and also because of 
possible leakage, the storage room must always be ventilated, especially in the lower 
part, chlorine being a gas 2.5 times heavier than air. Chlorine is both toxic and a 
strong mucous membrane irritant. The tolerance in air for continuous exposure is 
1 ppm; it may be sensed at 3 ppm and causes throat irritation at about 15 ppm. Leaks 
may be detected by using standard industrial 'chlorine in air' monitoring equipment. 
In areas where chlorine is used, it is advisable to provide emergency air packs and/or 
gas masks and anti-chlorine potion as a first aid in case of severe poisoning. In this 
latter case the sufferer must be sent to the nearest emergency medical treatment 
centre, taking care that chilling is avoided. 

Two methods of using gaseous chlorine are generally employed: 'direct feed' 
and 'solution feed'. In direct feed apparatus, the gas is applied through a diffUser 
(usually a carborundum stone, glass frit or sintered metal filter) which divides the 
gas into very small bubbles making it easily absorbable by water. In the solution feed 
application, which is most widely used, the gas is dissolved in a small flow of water 
under slight pressure. The chlorine solution is then dosed into the liquid waste being 
treated. 

There are many types of chlorinators commercially available; some of them 
deliver as little as 0.05 kg chlorine per day. These are usually fitted with a chlorine 
flow recorder and, in several cases, with oxidation-reduction potential meters. When 
using gaseous chlorine, attention must be paid to the temperature of the container. 
The outside temperature must not drop below 10°C. For this reason, it is wise not 
to use more than one-third of the total load of a cylinder in 24 h in order to avoid 
too great a drop in temperature due to too fast evaporation. 

(b) Hypochlorites 

Hypochlorite solutions prepared from high chlorine content hypochlorites are 
now generally preferred over chlorine gas. The reagents used are normally calcium 
or sodium hypochlorites prepared by diluting high strength solutions (about 70% for 
calcium hypochlorite) to 0.5 to 1.0% (expressed as free available chlorine) with 
water. In some countries such as France, the solution is rated in chlorometric 
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degrees, each degree representing an oxidizing power equivalent to 3.17 g of chlo-
rine per kilogram of solution. 

Hypochlorite solutions are generally stored in concrete, rubber lined steel, 
unplasticized PVC, or UV stabilized polyethylene or polypropylene tanks. The 
hypochlorite solution should be protected from light, heat and contact with metals, 
as these will accelerate its decomposition into sodium chloride, sodium chlorate and 
oxygen. 

The hypochlorinator most used is a small motor driven diaphragm pump, capa-
ble of easy variation of the stroke length or stroking rate (or both), which is con-
nected to the liquid waste feed pump to start and stop in step with it. 

(c) Other chlorinating reagents 

Apart from chlorine and hypochlorites, chlorine dioxide is the only other rea-
gent which has received commercial attention, having been used for chlorination in 
water treatment. It is a very powerful oxidizing reagent and requires special safety 
consideration for handling and storage. 

6.2.2. Ozonization 

Ozone (03) is obtained by passing thoroughly dry air or oxygen between two 
electrodes, with a potential difference such that electrical discharge occurs through 
ionization of air. If oxygen is used, the efficiency and 0 3 concentration are 
increased. 

Ozonized air or oxygen may be diffused by a porous body as in the case of 
chlorine. With the exception of using it for highly foaming wastes, it may be 
introduced by means of a mechanical turbine injector assuring fast dispersion. For 
the best use of ozone, it is preferable to inject it into tray towers countercurrently 
to the liquid being treated or via deep level injection at low temperature. 

The maximum permissible ozone content in air is severely limited: 0.2 ppb. 
Even then, the premises where it is used must be ventilated, and leakage is to be 
avoided. Leaked ozone should be collected and either allowed to decompose or be 
recycled. It should not be vented directly from process equipment to the surrounding 
environment, because of its chemically hazardous nature. Residual ozone in the 
treated effluent eliminates itself in 30 min by decomposing into molecular oxygen 
[23], 

The use of ozone is thus very attractive. Only the high cost of the equipment 
limits its utilization and makes prechlorination, which is cheaper, often preferable. 
Power consumption rates for electrostatic ozone generators are of the order of 
20 to 25 W per gram of ozone produced [12]. 
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6.2.3. Hydrazine 

Hydrazine (N2H4) is an extremely reactive colourless liquid which readily 
burns in air giving off a great amount of heat. (Hydrazine and its derivatives are 
sometimes used for rocket fuel.) It is used as a reducing agent in some treatment 
processes. It is generally supplied as an aqueous solution of the hydrated form or 
as its sulphate or chloride salt. It should be noted that the azides of heavy metals such 
as lead, silver and mercury, which can be produced when treating solutions contain-
ing these metals, are very powerful contact explosives when allowed to dry. Thus, 
hydrazine is not generally recommended for such use, but where it is unavoidable, 
special care is required in the handling of sludges produced by this method of 
treatment. 

6.3. PRECIPITATION AND FLOCCULATION 

Precipitation (often called coagulation) and flocculation are two steps in the 
formation of floe (or precipitate). In the precipitation step, reagents are quickly 
mixed with the whole quantity of waste to be treated. The resultant floe is then slowly 
mixed by using an agitating device of variable speed with possible addition of floccu-
lation aids to provide it with good sedimentation properties. Such reactions may be 
performed successively and discontinuously in the same tank, but, more generally, 
the process is continuous and requires successive apparatus arranged in series. 

Coagulation or precipitation of a species generally occurs according to a 
chemical reaction that results in an insoluble product. The insoluble material is ini-
tially present as a finely divided particulate in suspension in the supernatant fluid. 
In waste treatment applications, precipitation is followed by flocculation which aids 
the sedimentation process (i.e. the separation of the particulate from the fluid) by 
creating larger, and thus more easily settled or filtered, particles. 

6.3.1. Equipment 

(a) Precipitation 

To ensure the best reagent distribution, agitation after chemical addition must 
be performed thoroughly at the point of reagent introduction during the shortest pos-
sible time (flash mixing) to avoid breakdown of the flocculous elements which appear 
when the floe formation is started. 

The precipitation may be performed through the use of static or mechanical 
systems. Among the static systems, some establishments use mixing basins fitted 
with baffles which impose a long and sinuous path on the water, alternatively down-
wards and upwards, thus creating eddies to ensure the mixing action. In-line static 
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mixers are becoming increasingly popular because of their compact design and effi-
cient mixing. The device consists of a pipe of certain length fitted with a helical coil 
that creates turbulence in the pipe. 

Mechanical devices are now more commonly used. They enable ingestion of 
reagents either directly into the stream of liquid upstream from the pumps, ensuring 
movement towards the flocculation vessels, or, more often, for the highest effi-
ciency, directly into agitated tanks. Agitators driven by electric motors may have 
variable speed shafts fitted with helices or turbines. In the case of helicoid agitators, 
the tanks are frequently fitted with baffles to avoid cavitation by creating swirling 
currents which improve homogenization. The same results may also be obtained by 
off-centring the agitator in the tank. 

(b) Flocculation 

This second step is intended to develop the flocculous elements, initiated 
during the previous step, by increasing the size of particles through slow stirring, 
to ensure their contact with all precipitable elements of the liquid. This step must be 
performed immediately after precipitation, at slower agitation, slowing progres-
sively if necessary, as a function of the floe development. The step must be of suffi-
cient duration to allow complete flocculation and avoid any secondary precipitation 
in the liquid carrying the precipitates. 

Flocculators may also be classified into two types, static and mechanical. 
Baffle basins appear among the static flocculation apparatus but, in practice, they are 
no longer used for treatment of radioactive wastes. Instead, mechanical flocculators 
are highly preferred; in most cases, these consist of variously shaped tanks fitted with 
hydraulic or mechanical agitating devices. In the latter case, the agitating shafts may 
be either vertical or horizontal. The main characteristic of this device is its slow and, 
if possible, adjustable agitation. The extreme displacement speed of blades or helices 
ranges between 0.2 and 0.6 m/s, the maximum displacement rate of the treated liquid 
being half this rate. 

Some plants now use 'tubular flocculators', which consist of a long coil of pipe 
offering sufficient residence time to allow the formation of the floe. 

Some flocculators use compressed air as the direct source of agitation energy, 
but in this case there is a risk of scum or foam formation. Furthermore, this tech-
nique does not ensure homogeneous suspension. 

A flocculator-settler, in the form of suspended solids contact units, is 
described in Section 6.5. 

6.3.2. Operation and controlling factors 

Important factors for precipitation, in addition to the admission point and the 
nature of reagents, are the duration and intensity of agitation. These factors are deter-
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mined by computer modelling and/or laboratory tests as a function of pH, reagent 
dosage, operating temperature, the shape of the tanks and the type of agitation. The 
time needed for mixing the reagents into the waste being treated varies from a few 
seconds to three or four minutes, but is usually about two minutes. 

The same parameters are taken into account for flocculation, but velocity, 
duration and type of agitation are of primary importance. The velocity and the dura-
tion of this agitation are somewhat related. If the velocity is relatively high, the dura-
tion is short. However, a sufficiently long flocculation period (15 to 30 min) is 
always preferred, especially if the wastes being treated are at a low temperature. This 
latter factor limits the diffusion rate and, consequently, the development of the floe. 
Of course, this duration increase involves an increase in the holdup capacity of the 
flocculators, and a compromise must be made between their size and the construction 
requirements of the unit. 

6.3.3. Correction and aids to control 

Difficulties that might be experienced when operating a flocculation facility 
may result from: 

— a wrong selection of reagents or their erroneous dosage; 
— changes in the waste during the process with respect to the representative 

sample submitted to laboratory tests; 
— the fact that the facility is not adapted to a particular treatment. 

In the first two cases, it is easy to resume the laboratory tests by modifying 
all the variables to obtain a correct procedure. On the other hand, in the third case, 
where reproducibility of laboratory test results is not observed, an attempt should 
be made to re-create the physical and mechanical conditions of the process unit in 
the laboratory; in particular, agitation velocities must be determined by measuring 
the velocity and the shape of currents (for example, by dispersing small objects or 
adding dye solutions). On the assumption that these conditions are satisfied, the 
effect of the various reagent doses must be studied again with variable flow rates, 
thus acting on the mixing duration and on the growth rate of seeds which may serve 
as incipient floes. 

6.4. SEDIMENTATION 

The purpose of sedimentation is to ensure the settling by gravity of suspended 
solids contained in the floe and so to clear the carrying liquid as effectively as possi-
ble. The efficiency of this separation is the controlling element of the whole 
precipitation-flocculation-sedimentation process, frequently called 'chemical treat-
ment'. In fact, since the radioactivity essentially concentrates within the sludge to 
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be settled, traces of sludge swept along will have a direct effect on the decontamina-
tion obtained in case of direct release, or on the sludge buildup rate in case of subse-
quent filtration. 

6.4.1. Equipment 

Sedimentation equipment applicable to treatment of radioactive wastes may be 
divided into two classes: static and dynamic settlers. Static settlers, generally with 
large surfaces, are frequently termed 'horizontal settlers'; while dynamic settlers in 
which streams move continuously in the vertical direction, are termed 'vertical set-
tlers', 'lamellar settlers' or 'accelerated settlers'. These latter ones, which rely on 
counter current movement of sludges and flocculated effluents, are described in 
Section 6.5. 

Static settlers, whatever their shape (rectangular or circular horizontal sec-
tion), have a low height-surface ratio. With circular settlers, discharges from floccu-
lation apparatus are admitted into the centre through a small section of perforated 
cylinder. In rectangular settlers, the discharges are admitted at the side through per-
forated baffles. Sludges, settled by gravity in counter flow with cleared liquids, 
accumulate on the bottom and are mechanically scraped by devices which may be 
coupled to scum removers. The sludges collected into pits are pumped out, while 
cleared liquids are removed by overflowing. As stated previously, the sludge 
handling and storage equipment may require shielding. 

The following elements should be taken into account in the design of a static 
settler: shape, surface (length and width), depth, flow velocity, retention time, per-
manent volume of sludge, design of flocculated waste stream inlet and of cleared 
liquid outlet overflow, and the characteristics peculiar to the individual flocculated 
waste streams. Typical mean data are as follows: ascension rate or 'overflow rate' 
of cleared effluents 0.5 to 1.0 m3-m"2-h_1; retention time in the range from 2 to 
4 h; and horizontal flow rate 0.5 m/min. 

Static settlers must be designed with sufficient allowance for operation during 
periods of poor flocculation, but gross oversizing should be avoided because, in 
addition to investment increase, the volume of retained sludges and waters would 
increase rapidly and may become excessive. 

6.4.2. Operation and controlling factors 

Preferably, static settlers should operate in a smooth and controlled manner. 
Flow rate variations cause eddies which are prejudicial to the stability of settled 
sludges. Even small temperature variations cause convection movements which may 
produce an upward motion of the sludge. The presence of tensioactive elements 
associated with gas release within the sludge (caused by fermentation, chemical 
decomposition of carbonates from pH lowering and by so-called 'air bubbling' level 
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measurement devices) may also produce convection motions and in addition may 
form stable scums mixed with sludge at the surface. 

The flocculated waste stream must be distributed in a uniform manner and at 
a slow rate in order to distribute the influent over the whole sedimentation surface 
and thus prevent irregularities in vertical and horizontal flows. The slow rate is 
required to avoid the breakdown of floes, and to prevent the formation of eddies 
which generate short circuits. However, the inlet velocity of the flocculated liquid 
must be sufficient to prevent any premature sedimentation in the inlet channel from 
the flocculator. In addition, the channel or pipe must be of sufficient size and free 
of major roughness, again to prevent premature deposition. 

In the case of lime-soda softening, special care should be paid to scaling, par-
ticularly at seal and joint locations. When entering the settler, the flocculated liquid 
flow velocity must be reduced through perforated baffles or rings. The area of these 
perforations must be such that the velocity through the holes ranges from about 
0.05 to 0.1 m/s. On the other hand, the installation of partitions in the settler is not 
recommended, owing to the increase in cleaning and maintenance they entail. 

Another important factor is the linear overflow rate of cleared effluents. It is 
normally expressed in terms of volumetric flow per linear metre of overflow. Some 
recommend flow rates of 20 m3-h"1 -m"1, but such a rate can cause a hydraulic suc-
tion of the sludges being settled. Values of 5 to 10 m3 -h"1 -m"1 are preferred. Even 
if the outfall is fitted with V-shaped weirs, care should also be paid to the correct 
horizontality of the overflow plane. 

When a static settler is used intermittently, the cleared effluents may be 
removed by pumping at low rate from a takeoff point immersed below the surface 
to avoid suction of scums. A photoelectric system (or a sight hole) installed on the 
suction pipe allows the pump to be stopped as soon as the first sludge traces appear. 
If the suction pipe is slanted towards the settler and the pump drains when shut off, 
the pipe is automatically rinsed. 

Several methods may be used to measure the level of sludge in the settler. A 
transparent, calibrated tube may be used as a pipette. Thermal or electrical conduct-
ing level probe arrays can be employed to measure liquid and sludge levels indepen-
dently. Underwater ultrasonic level measuring devices can also be used, although 
careful calibration to avoid tank wall reflections is required. 

6.5. SUSPENDED SOLIDS CONTACT BASINS 

6.5.1. Equipment 

This category includes all equipment for handling static or moving sludge 
layers. Empirically, it has been shown that a partial recycling of preformed sludges 
is beneficial both for accelerating flocculation and for improving separation. Like-
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wise, in a static settler, it may be easily imagined that counter motions of sludges 
in free fall and of interstitial liquids interfere and have an unfavourable effect. Thus, 
it becomes obvious that feeding a settler from the bottom through the sludge layer 
in falling stationary equilibrium offers a dual effect: completing the flocculation and, 
acting as a filter, ensuring a more homogeneous sedimentation with only the largest 
grains falling to the bottom of the settler. These observations gave rise to the design 
of various types of equipment which ensure both flocculation and sedimentation of 
waste streams previously admixed with the major coagulants. Applied to the treat-
ment of radioactive wastes included in this equipment, the following may be 
mentioned: 

Pulsators [74] consisting of a flat bottomed basin fitted with a bundle of perfo-
rated pipes in the base, which allow introduction of the fluids to be treated after 
homogenization with the reagents. They are also provided with an identical bundle 
of perforated pipes in the upper part which allow the removal of cleared effluents 
without disturbing the vertical stream. The sludges are removed by overflowing at 
the upper level of the settling sludge layer. The operation occurs in two steps. In the 
first step ( ~ 5 s), the liquid to be treated is sucked by the vacuum in a bell connected 
to the settler through the distributing systems located at the base of the pulsator. This 
is the settling phase. In the second step (15 to 20 s) the vacuum is broken, the bell 
is vented to the atmosphere, the fluid flows by gravity and crosses the sludge layer 
which filters it and the cleared liquids overflow into the upper drain. As the sludges 
accumulate they overflow, during the second step, into a pit, the edge of which is 
flush with (and controls) the level of the sludge. This pit is mechanically emptied 
by periodic pumping. 

The operation of pulsators, which act more as sludge settlers than as 
flocculator-settlers, is highly affected by sludge cohesion. 

Sludge blanket clarifiers [74, 75] receive the waste streams admixed with 
coagulants in a flocculator section which is agitated at slow velocity. The waste 
stream leaves this section and passes to a settler section in the same apparatus. In 
this section the water rises and clears through a sludge layer, the level of which is 
maintained by periodic evacuation. 

The Spaulding precipitator [23] has a special structure. The liquid to be 
treated, admixed with coagulants, first passes into a cone agitated by a paddle stirrer. 
The widening effect of the horizontal section of the cone from top to bottom is very 
favourable to the devlopment of well formed floes. The flocculated liquid then flows 
upwards, externally between the cone and a cylinder, passing through a sludge layer 
in equilibrium. By this action the liquid is filtered. 

Among the other types of equipment used are the clariflocculators used at 
Trombay, the accelerators used at Mol [76], and the circulators used at Marcoule 
[77]. 
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All these devices, the names of which are peculiar to manufacturing firms, 
differ in the means used to generate hydraulic motions, to introduce liquids and rea-
gents and to remove sludges and cleared effluents. Some equipment (circulators) may 
operate in a closed vessel under pressure; they are particularly suitable for soda lime 
softening. 

6.5.2. Operation and controlling factors 

All 'sludge circulation settlers' use an action, generally mechanical, which 
combines flocculation with sedimentation through a sludge layer. In the agitated sec-
tion, the stirring action must be smooth and regular in order to create conditions 
favourable to a fast and stable flocculation. If necessary, this is the section which 
receives the coagulation agent and the flocculation aids. In the settling section, the 
ascension rate of cleared liquids may reach 3 to 5 m3/h if sludges have sufficient 
cohesion. A sufficiently high margin (frequently from 1.5 to 1.8 m) of clear liquid 
must be held above the sludge. Sludge removal must be performed regularly and may 
be controlled automatically through a photoelectric device or another type of sludge 
level detector. The design of the flocculator section must enable fast intervention to 
correct the dosage of reagents'in case of poor flocculation. The residual turbidity of 
cleared liquids should remain below 10 ppm total suspended solids, with 5 ppm being 
a general average. 

The correct operation of suspended solids contact basins is also ensured by 
laboratory control. But, in addition to the tests defining the treatments ('jar tests'), 
it is advisable to provide for complementary measures, such as the measurement of 
turbidity reduction of cleared effluents (by subsequent settlement against time, e.g. 
during 5, 10 and 60 min). The efficiency of sedimentation is thus controlled. It is 
also advisable to measure the concentration factor of sludges, in relation to the initial 
fluid being treated, the compression rate, and the density and cohesion of sludge. 
This last factor is also important if the sludges are subsequently treated by filtration. 

6.6. SLUDGE REMOVAL 

The removal of sludge from the settlers must be performed regularly (or con-
tinuously, in some cases) in order to avoid prejudicial phenomena such as putre-
faction and excessive compression. The various types of settlers are fitted with 
mechanical devices for the removal of sludge. In static settlers the sludges are 
scraped from the slanted bottom by scrapers with adjustable tilt and depth. These 
mechanisms attack the sludge layer at a velocity of about 1 cm/s. 

Sludges may be discharged into a pit from which they are periodically removed 
by pumps, generally of the suction diaphragm type. The pumping operation should 
preferably be performed frequently and for short periods to avoid clogging the pipes. 
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Screw conveyors and progressive cavity type pumps are also used for sludge 
removal. 

Vertical dynamic settlers and suspended solids contact basins may use the same 
system, but the removal of sludge from these may frequently be achieved by gravity 
through direct flow automatic control valves. These valves are often controlled by 
the sludge level. 

In spite of all precautions taken to minimize sludge deposits on the vertical 
walls of settlers, these must be cleared periodically. Circular cross-section settlers 
with mechanical bottom scrapers may also have wall scrapers attached to the same 
drive mechanism. Generally, such deposits are not due to chemical sludge but to the 
growth of living matter such as algae and/or bacteria. Prechlorination and the inter-
nal coating of the settler with fungicide paints can partially remedy this difficulty. 

Finally, for the design of devices intended for removal of sludge it must be 
recognized that the sludge contains nearly all the radioactivity from the treated 
wastes, with concentration factors ranging from 25 to 200. Consequently, it is essen-
tial to ensure the biological protection of the personnel by taking the necessary radio-
logical protection measures on the apparatus as well as around receiving vessels. 

The sludge from sedimentation may have three destinations: long term storage 
in large underground tanks, subsequent conditioning treatment, or mixing with 
stabilizing elements for immediate disposal. These different processes are referred 
to in Section 7. 

6.7. FILTRATION EQUIPMENT 

Filtration equipment is often used to separate fine particulate that will not settle 
out in a 'reasonable' length of time from supernatant fluid. It can also be used to 
pretreat influent waste to remove miscellaneous debris and to polish the supernatant 
liquid as a final processing step. 

6.7.1. Sand filters 

This term includes all filters containing a deep bed of filtering material: 
quartzite sand, anthracite coal, activated coal, etc. They are divided into two types 
according to the filtering rate of the treated liquids: 

(a) Slow sand filters which have a low filtering rate of the treated waters (2 to 
5 m3-m"2-d_1). They are efficient, economical and easy to manufacture with 
locally available materials, but their overall dimensions are such that they are rarely 
used for applications involving high flow radioactive effluents. Unless the liquids are 
chlorinated, slow sand filters are subject to proliferation of algae and bacteria. 
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(b) Rapid sand filters which are sometimes designed as open tanks or vats but more 
often as enclosed, pressurized vessels. Use of the former, called gravity filters or 
mechanical filters (because of the presence of a mechanical scraper for cleaning), 
type of open filter is rare and limited to effluents with very low levels of radioactivity. 

The latter, more widely used, rapid filter consists of a closed vessel in which 
the filtering layer is deposited and through which the liquid to be filtered flows under 
pressure. This flow is generally downwards. However, a technique called 'reverse 
flux' is often used, in which the liquid to be cleared passes through layers consisting 
of grains of decreasing sizes. Some advantages are claimed by the manufacturers: 
more uniform filtration, decrease of washing volumes, increase of useful duration 
of filtration, etc. 

In rapid sand filters, the filtration velocity for wastes ranges between 3 and 
20 m3-m"2-h_1 with an average of about 5 m3-m"2-h"'. The pressure upstream 
from the filters is generally supplied by centrifugal pumps and varies from 3 to 
10 kg/cm2 (50 to 150 lb/in2). Apart from the chemical composition of the filtering 
material, two main factors govern the efficiency of the filtering medium: effective 
particle size and uniformity coefficient. The layers often consist of a bed of gravel 
in the drainage device surmounted by filtering layers of decreasing granule size 
(from 1 to 0.4 mm, according to the case). The present tendency is to obtain a filter 
medià layer of uniform grain size. The operation is governed by the pressure drop; 
when it becomes excessive, the filtration is stopped and the filter is regenerated. 
Thus, if continuous filtration is desired, at least two filters should be provided, one 
being regenerated or standing by while the other is in operation. Regeneration is per-
formed by washing countercurrently, either with or without simultaneous air injec-
tion or mechanical stirring. This action enables the collected products to be separated 
from the sand grains. If the regeneration is not correct, it will result either in short 
circuits which decrease the useful time of filtration, or in the formation of 'mud balls' 
which disturb subsequent filtration. Incorrect regeneration can also lead to the carry-
over and loss of filter media. 

Filtering layers must be inspected systematically to check their condition either 
for mud or for possible coalescence of chemicals such as calcium carbonate on the 
grains which will eventually cause mechanical jamming. In this latter case, after 
laboratory tests for determining doses, treatment by recirculation of acidified water 
(very dilute HN03 , HCl, 2% S02 solution) will generally restore the proper condi-
tion of the filtering layer. 

Multilayer filters, consisting of layers of several types and/or sizes of filtering 
materials, are also used for enhanced removal of some types of precipitate. 

Rapid sand filters (or charcoal anthracite coal filters) are widely used after 
combined coagulation-flocculation-sedimentation treatment, especially if the initial 
activity of the treated waste is high. In the case of very low activities (often the case 
for high flow rates), the wastes are sometimes released directly after sedimentation. 
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6.7.2. Cartridge filters 

Cartridge filters, consisting of banks or modules of pleated woven fabric or 
wound filament elements, are often used to filter radioactive waste streams. The 
filter elements can be manufactured for submicron particle removal. The collected 
particulate is easily contained within the disposable spent filter element. Such filters 
can often be changed remotely. High pressure drop and/or a radiation field can be 
used as signals for filter changeout. With careful selection of materials, the spent 
filter elements are often incinerable. 

The filter elements are usually housed within a reusable steel pressure vessel 
although, in some cases, the vessel may be disposed of with the spent filter elements. 
For most process treatment conditions, cartridge filters can be supplied in a wide 
range of standard 'off-the-shelf configurations, with or without integral shielding 
for radioactivity. 

6.7.3. Precoat pressure fitters 

These filters are generally used to separate more efficiently the wastes which 
are to be subsequently treated by ion exchange or adsorption processes. They have 
specific flow rates similar to those of sand filters (5 to 15 m3-m"2 'h - 1). They con-
sist of a closed vessel internally fitted with a porous medium (candle plates) used to 
receive a precoat filtering layer capable of being removed by reversing the direction 
of the fluid stream when its pressure drop becomes excessive. If necessary, continu-
ous addition of filtration aid during the operation enables the maintenance of an 
acceptable filtering rate in the case of gelatinous or colloidal precipitates. 

Precoat pressure filters offer the following advantages: they ensure finer filtra-
tion (down to less than 1 mm), have smaller dimensions, and, for the same filtering 
surface, the volume of regeneration effluents they require is less than for rapid sand 
filters. On the other hand, they require a precoat preparation circuit, their pressure 
drop is higher and their useful filtration duration is lower. In addition, the formation 
of the filtering precoat requires accurate setting conditions, and, if the pressure drops 
during filtration, the precoat can be lost. However, these filters are used in the great 
majority of facilities before ion exchange. 

6.7.4. Cross-flow filters 

Cross-flow filters are generally based on axial flow of liquids through tubular 
membranes containing pores with a controlled minimum diameter [80]. Alterna-
tively, bulk flow perpendicular to a membrane may be employed. A cross-flow of 
liquid is used to keep rejected particles in suspension, rather than forming a cake, 
and the particles can therefore be discharged from the filter as a fluid sludge. The 
filter medium in such devices is the membrane. Commonly, the membrane is an 
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asymmetric porous film of plastic capable of filtering particles down to the colloidal 
level (microfilters for particles down to less than 0.2 mm) or, even more impres-
sively, the macromolecular level (ultrafilters for particles down to less than 
0.002 mm). The plastic construction of these membranes restricts their usefulness 
to rather low activity streams, but inorganic ultrafiltration (UF) membranes are now 
available and are being tested extensively at a number of laboratories [78-81]. 

A UF system is capable of handling a wide range of feeds, with solids concen-
trations from less than 5 mg/L up to over 10 000 mg/L, and particle sizes from much 
less than 1 mm to over 50 mm. The ability to concentrate particles of down to colloi-
dal size allows the treatment of incipient precipitates too dilute to flocculate and settle 
properly, and hence the use of lower doses of coprecipitant to the feed than would 
otherwise be needed. A UF plant can be operated continuously with a steady bleed-
off of the concentrated liquid sludge. Very high particulate concentrations (over 30% 
solids) can be obtained, the exact limit depending on the rheology of the material 
being treated, in particular its limit of pumpability. alternatively, UF can be operated 
in conjunction with a secondary concentrator (e.g. settler or centrifuge) with the 
supernate being recycled to the UF stage. 

In the event of clogging, flux can be restored within a few hours by using 
chemical cleaning processes. Other membrane cleaning techniques such as the elec-
trochemically based DMC process for electrically conductive membranes (such as 
graphite) are in advanced stage [79]. Present test data indicate that inorganic 
membrane lifetimes should be several years. 

An inorganic UF plant is compact, occupying about the same space as a precoat 
candle filter. It is mechanically fairly simple, operating at pressures similar to that 
in a pressure filter (up to 5 bar). The items needing maintenance are the feed and 
circulation pumps, valves and the ultrafiltration modules themselves. Modular 
replacement techniques suitable for active environments are being developed at a 
number of laboratories (such as Harwell Laboratory) and appear to be 
straightforward. 

Ultrafiltration is still a fairly novel treatment process with new system develop-
ments continuing to appear on the market. There has been no large scale application 
of the process to radioactive waste treatment yet, although there has been some pilot 
plant work done in the United States, and a pilot plant utilizing the inorganic type 
of module has been constructed at Harwell, UK. The enhanced actinide removal 
plant under construction at Sellafield will use UF for its solid-liquid separation and 
sludge de watering stages. 

6.7.5. Magnetic separators 

These are special types of filter that can be used to remove particles with fer-
romagnetic or paramagnetic properties [76], The filter is formed by packing a cham-
ber with a magnetizable material such as wire wool, metal balls, or a grid of metal 
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bars. A high gradient magnetic field is applied, e.g. by an electromagnetic coil 
wrapped around the filter; particles in the waste are attracted to the matrix material 
and retained as the liquid percolates through the filter. Such magnetic separators are 
normally gravity fed and are cleared by periodic reverse liquid flow through the 
matrix with the field off. 

High gradient magnetic separation has been developed and used for the 
removal of ferromagnetic crud from water reactor circuits, and large installations 
have been used commercially. The application to radioactive waste treatment is 
effectively limited to those cases where the activity is trapped in suitably magnetiza-
ble particles; it has been successfully applied to the removal of precipitates such as 
magnetite, Fe304, for which good removal efficiency down to the micron level was 
observed. Mechanically, the equipment is very simple, resembling in operation a 
gravity sand filter, with the important advantage that the magnetic separator can 
operate at appreciably higher liquid superficial flow rates and is therefore much 
smaller. 

A disadvantage of the conventional magnetic separator is the generation of a 
dilute backwash sludge, which limits its applicability to the polishing of rather dilute 
streams. Recently, a disposable canister design has been proposed, as has the use of 
drum concentrators which operate on a relatively dense slurry, but without any 
matrix. (The latter could serve for second stage concentration.) If it were possible 
to achieve high solids loading in a disposable canister, magnetic separators would 
become more attractive for the treatment of streams with higher solids loading. At 
the moment this development is speculative, and satisfactory solids loading has not 
yet been achieved. 

6.7.6. Electro-osmotic dewatering 

This technique is being studied at a number of sites and is proving to be a very 
effective dewatering process for colloidal suspensions, floes or sludges [78, 82]. It 
uses an electrical potential to pump particle free fluid through a charged membrane, 
thus increasing the solids content of the suspension. Many floes used in the treatment 
of intermediate level liquid wastes tend to have low solids contents on settling, 
because of a conflict of requirements on the zeta potential of the particulates. For 
good DFs the potential should be high in order to encourage the adsorption of active 
species, while, to encourage coagulation and, hence, high solids content, zeta should 
be near zero. Electro-osmosis (EO) has a 99.99% solids retention, which can lead 
to high overall process DFs. An aged Harwell site low level active ferric hydroxide 
slurry from a clarifier has been dewatered to 11% solids at an efficiency of 
0.06-0.15 kW-h/L at a flow rate of 0.5 m/h. No Cs was detected in the extract — 
an improvement over conventional vacuum filtration . A higher solids content might 
have been obtained if the initial pH value of the slurry had not fallen from 10.5 to 
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9.2, as a result of ageing, which reduced the zeta potential and hence the pumping 
rate. 

Since the efficiency of EO dewatering is proportional to the zeta potential, it 
can be used to treat those floes that are most effective for decontamination. Elec-
troextraction from a Ti(OH)4 colloid containing 85Sr has given DFs of 300-900 for 
cell voltages of 25-50 V. This corresponds to flow rates of 1.5 m/h at a power con-
sumption of 0.025 kW-h/L. 

As the efficiency of the EO process is inversely proportional to the feed con-
ductivity, the optimum range is from 10"4 to 10~2 (fi-cm)"'. Suspensions of higher 
conductivity than this can either be treated as they are treated at lower efficiency or 
can be washed in order to reduce the salt content. Some floes may prove to be 
unsuitable for this extra step if they suffer from a redissolution of activity during 
washing. 

The combination of EO with other techniques may provide alternative ways of 
processing high conductivity feeds. Combined electrodialysis/electro-osmosis would 
probably suffer from a fouling of the ion exchange membranes (the microporous EO 
membrane is kept free by the electric field), but the combination of UF and EO has 
already shown some promise. In a plant, EO could either be used to treat the sludge 
(1-2% solids) resulting from UF, having rejected much of the salt content, or else 
could be used to inhibit fouling of the UF membrane in a combined cell. Preliminary 
experiments have indicated that fouling can be reduced 9-18 times by applying 
50-100 V across the non-conductive membrane. 

6.8. CENTRIFUGE EQUIPMENT 

Centrifugation and hydrocyclone devices use centrifugal forces, often thou-
sands of times greater than gravity. They are effective methods for separating liquid 
and solid streams and are more economical and much smaller than gravity operated 
settling devices. Information pertaining to the use of centrifuges in radioactive ser-
vice can be found in numerous references (see, e.g. Ref. [18]). 

6.8.1. Bulk centrifuges 

The term 'bulk centrifuge' covers a heterogeneous group of machines with the 
common feature of being designed to handle slurries or suspensions containing rela-
tively large amounts of bulk solids. They are equipped with some mechanical device 
for discharging the separated solid phase. 

Separation takes place in a solids ejecting type of bowl from which the sepa-
rated 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 
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body and hood held together by a lock ring. Mounted coaxially inside the bowl is 
a hollow distributor into which the liquid to be separated is fed. Outside the distribu-
tor there 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 the inner bowl 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 pulse is applied to the hydraulic system causing the 
inner bowl bottom to be pressed downwards and then — in a fraction of a second — 
to be pressed upwards again. By this technique, a large slit is opened between the 
inner bowl bottom and the bowl hood through which a constant volume of solids is 
ejected. 

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

6.8.2. High speed separators 

These machines, with separating compartments (bowls) running at speeds of 
4500-6500 rev./min and generating centrifugal forces of 5000 g and higher, 
instantly separate mixtures of two liquids or liquids and solids very efficiently. Three 
types of this separator are common, differing only by which means the solid phase 
is removed from the bowl. 

6.8.3. Hydrocyclones 

Hydrocyclones are used in connection with the treatment of liquid wastes, 
either for separation of a suspension of grain particles, or for segregation of fines 
from grains in suspension. The suspension enters tangentially at the periphery of the 
upper cylindrical part of the cyclone and follows a spirally descending path along 
the cone shaped walls. In the lower part of the unit, 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 bottom narrow part of the cone. The operation 
requires high velocities, and large pressure drops are developed so that particles of 
less than 1 mm diameter can be removed from the waste stream. The construction 
materials must be abrasion resistant. 
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Normally, the hydrocyclone is not suitable when: 

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

fractions. 

Experiments have indicated that hydrocyclones can be advantageously used to 
remove suspended solids from sand filter sludge wastes. Typically, 82-89 wt% 
removal efficiency has been achieved, the efficiency being independent of the flow 
rates through the hydrocyclone. The equipment is simple to operate and relatively 
inexpensive. Hydrocyclone systems are compact and, with no moving parts to wear 
out, maintenance requirements are minimal. 

6.9. AUXILIARY EQUIPMENT 

This section deals with auxiliary equipment most commonly used for 'chemical 
treatment' of radioactive wastes: piping and connections, valves, pumps, flow 
meters, level indicators, pH meters. It takes into account both the experience gained 
from various difficulties encountered during their use and the cost of this equipment. 

Storage tanks for use before and after treatment are not described. As with all 
radioactive handling systems it is better for these tanks to be of closed design (to pre-
vent volatile radioactive species — such as tritium — from escaping as well as to pre-
vent animals from entering, penetration of debris carried by the wind, and solar 
irradiation, which is the main cause of algae growth). 

6.9.1. Piping and connections 

Where pipelines are used to transfer liquid wastes, it is essential that there is 
no possibility for cross connections with any other pipeline system, particularly sys-
tems for potable water distribution. Therefore, firstly, all pipelines carrying wastes 
should be easily identifiable, and secondly, no possible fittings should be used, or 
practices allowed, which will permit backsiphoning. (Fixtures which have water 
inlets below their overflow levels may, if the water pressure is off and the fixture 
full of water, permit siphoning into the supply pipes.) This defect is frequently found 
in lavatories, baths and sinks and may also occur with priming connections to pumps 
handling wastes and connections to water cooling and condenser systems. It is not 
satisfactory to rely on gate or check valves, as these invariably leak sooner or later. 

Conventional drain piping made of cast iron, concrete or asbestos-concrete 
should not be used to carry chemically treated radioactive wastes. Even if the radio-
activity of these wastes is very low, their chemical aggressiveness and/or the porosity 
of the piping may lead to damage of such piping. Therefore, piping and fittings used 
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in chemical treatment of wastes must be designed according to the waste's chemical 
composition, as well as according to the decontamination possibilities and the ease 
and safety of maintenance. Materials most frequently used for waste system piping 
may be: 

(a) Glass (usually borosilicate) 

This offers numerous advantages: resistance to corrosion, transparency, light-
ness, easily decontaminable surface and resistance to thermal shock. Its disadvan-
tages are: breakage risks by mechanical shock and, in acidic medium, attack by 
fluoride ions (generally negligible at low concentrations and ambient temperature). 

Coupling between glass piping fitted with tapered and hardened end fittings is 
achieved by means of metal flanges and seals (Teflon, Teflon plus asbestos or rubber 
base, rubber, various elastomers, etc.). This piping is available in nominal diameters 
with all accessories: elbows, three way unions, three way reduction unions, 
glass/stainless steel connections, etc. Although relatively expensive, glass piping is 
easily maintained and replaced and is especially adaptable to small plants. 

Where there is significant risk of spillage of radioactive or chemically 
hazardous materials due to glass breakage, such piping should be enclosed within a 
secondary confinement pipe with a means of detecting the leakage caused by the 
breakage. 

(b) Plastics 

These are divided into two classes, thermoplastics and thermosetting plastics. 
It should be noted that the high coefficient of thermal expansion for most plastics 
must be considered when designing a plastic piping system that undergoes even 
moderate temperature cycling. Failure to include this may lead to premature material 
aging and/or failure. Most plastics should be avoided in the radioactive portion of 
the process plant because they are highly susceptible to radiolysis damage. This may 
lead to embrittlement and catastrophic failure of the component. Plastics are, 
however, suitable for the chemically non-active chemical side of the treatment plant. 

Thermoplastics 

It should be mentioned that, by definition, thermoplastics will soften and even-
tually melt when they are subjected to moderate temperatures. They are best suited 
for processes at normal ambient temperatures. 

Polyethylene, based on olefinic hydrocarbon, is one of the most frequently used 
materials. It is cheap, light, flexible, resistant to shock even at low temperatures and 
shows an excellent chemical inertness (except to some chlorinated solvents). 
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Coupling between elements is achieved by means of flanges and seals as well as by 
heat sealing. A similar plastic, polypropylene, shows the same qualities. It is slightly 
more expensive but shows better behaviour at higher temperatures and, especially, 
a better resistance to most common solvents. 

Polyvinyl chloride (PVC), unplasticized, is one of the most rigid thermoplastics. It 
also shows superior mechanical characteristics, dimensional stability and resistance 
to ageing. It features an excellent chemical inertness (except in the presence of 
plasticizing solvents such as tributylphosphate, traces of which in solution are suffi-
cient to damage PVC). Unfortunately, it shows a low resistance to shock, especially 
at low temperature, in whatever manufacturing process. Attempts have been made 
to replace it by polyvinyl dichloride (PVDC) which shows equivalent properties for 
the same low cost. 

Other thermoplastics may be used but few have been applied in the treatment 
of wastes: acrylonitrile butadiene sty rene (ABS), the chemical inertness of which is 
near that of rubber, cellulose acetate butyrate (CAB), which may be transparent, 
chlorinated polyether, polyvinylidene chloride (SARAN), fluorocarbons, etc. 

Thermosetting plastics 

These plastics are usually made of two ingredients: a monomer resin added 
with curing agents or hardeners to a filler or binder (asbestos, graphite, glass fibre, 
etc.). This class includes phenolic resins, which have low resistance to shock, and 
polyesters and epoxides, which are both highly resistant to shock and show good 
mechanical and chemical resistance as well as good behaviour with respect to ageing. 
However, they are not normally recommended for use in the presence of pure or 
highly concentrated acids. 

(c) Stainless steels 

Stainless steels feature excellent mechanical characteristics and are frequently 
used in installations with maximum variations in chemical composition of the wastes; 
hence their use in irradiated fuel reprocessing plants. Stainless steels are highly resis-
tant to corrosion unless the chloride ion concentration becomes excessive, and they 
are practically indifferent to solvents. For this latter reason, and in spite of some cor-
rosion risks, they are widely used for the various elements of coagulation-
flocculation processing plants. 

Coupling is very easily achieved by bolted flanges, welded joints, hammered 
collets, metal collapsing seals, quick disconnect connections, etc. 

Selection of an optimum pipe material is determined by the experience gained 
in the use of various materials and by several requirements: chemical resistance, 
working pressure, availability of accessories and coupling methods. These various 
factors are often greatly influenced by local design standards and codes. 
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(d) Speciality alloys 

In recent years, a number of speciality alloys have been developed which offer 
superior corrosion and chemical resistance to certain media. Although these alloys 
are generally much more costly than normal steels, their superior properties can 
justify the increased cost in certain circumstances. 

It should be noted that special attention must be paid when joining dissimilar 
metals at any point in a process system, in order to prevent galvanic corrosion at the 
junctions, especially where high ionic strength fluids are carried. 

6.9.2. Valves 

Valves are intended to allow or stop a flow as well as to control this flow by 
constriction of the fluid stream. As far as design material is concerned, valve selec-
tion is determined by the chemical nature of the fluid. The choice of valve type is 
made as a function of the physical nature of the fluid and of the operation required. 
It should be noted that the use of plastics for valve bodies is often limited to the 
precipitation reagent circuit. 

In the chemical treatment of radioactive wastes, valves are used for clear liquid 
circuits, either corrosive or not (water and reagents), liquids containing suspended 
solids, either active or not (wastes in the course of being processed), and sludges. 
For radioactive circuits, the valves should be remotely operated (e.g. electrosole-
noid, pneumatic, or motor driven) to minimize radiation exposure to the operating 
staff. 

The most commonly used valve types are: 

Ordinary plug valves and globe valves, used for clear water circuits or with 
compressed air; they allow rough adjustment. 

Lubricated plug valves, frequently used for chemical reagents in clear solu-
tions. Accurate flow rate adjustment is often performed by means of needle 
valves. 

Gate valves, the tightness of which is rarely complete, are on-off distribution 
valves. They are used on large cross-section piping carrying low solid content 
liquids. 

Ball valves, the balls of which usually move inside elastomer seats, are particu-
larly useful for the distribution of solids loaded liquids and sludges. Numerous 
models have been particularly designed for ease of maintenance and replace-
ment. This type of valve is frequently used on piping carrying radioactive 
sludges. It allows only rough control. 
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Diaphragm valves, which contain a movable disc about a pin inside a rubber 
(or elastomer) seat, appear among the simplest and require a low operating 
torque. They are economical in design and are adapted for liquid or sludge cir-
cuits. They may have a flow rate control function but only a rough one. 

Flush bottom tank valves are a special type of valve installed at the lowest point 
of the tank bottom to allow drainage and to break any scale or deposit. 

Other valves which may be used in a process system include: non-return valves 
(swing or lift check valves), safety valves, pressure reducing valves, etc. 

In the case of a sufficiently large treatment plant, automation and visualization 
of valve control is often achieved by grouping the control components of valves 
together with those of pumps and level indicators on a schematic or graphic panel 
in the plant control room. The use of process logic controlled equipment is increasing 
in popularity, together with the use of video display units in place of the conventional 
graphics panels. 

For the radioactive portions of the plant, positive leak tight seals from the fluid 
to the ambient side are often required. This can be achieved by a welded bellows 
seal or a double compression seal with a leakage collection mechanism between the 
seals. Organic seal and valve seat materials must be compatible with the expected 
radiation field. In addition, all valve materials must be compatible with the expected 
(often harsh) chemical characteristics of the fluids being handled. Care must be taken 
to ensure that no 'dead legs' or stagnant collection points exist in the valving and 
piping system designs. 

6.9.3. Pumps 

The types of pump most commonly in use may be divided into two classes: 

(a) Positive displacement pumps 

These pumps are used to move or displace a definite volume of liquid at each 
pumping stroke. They are distinguished from centrifugal pumps by two characteris-
tics: the quantity of liquid displaced per revolution of the shaft is practically constant 
and the pressure developed is a function of the imposed load. 

Among the pumps from this class used for the chemical treatment of radio-
active wastes are: 

Diaphragm pumps, which are variations of the piston pump. The valve 
arrangement is the same but the piston is replaced by a flexible diaphragm 
which creates a volume change inside the operating chamber. These pumps are 
easy to put into service, their maintenance is also easy, and they are specially 
used to displace suspensions and sludges. 
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Gear pumps and internal screw pumps are used to displace loaded liquids and 
suspensions. They differ in their sensitivity to abrasive products, which should 
only be moved by the internal screw pump. 

Vane pumps, in which the liquid is trapped between sliding vanes that project 
from a hub rotating to the pump casing; and helical pumps, with a metallic 
rotor of helical form rolling eccentrically in a fixed resilient stator, elliptical 
in section with double internal helix, are other types of pumps often used. 

Controlled volume pumps and metering pumps have axial piston pump bodies 
often fitted in pairs on the same shaft, electrically driven and provided with 
cams which regulate the stroke of each individual piston. They are often used 
for metering coagulation reagents and flocculation pôlyelectrolyte solutions. 

(b) Centrifugal pumps 

These pumps create a fixed pressure head of liquid for given rotational condi-
tions of the rotor. If the pump does not deliver, the mechanical energy is transmitted 
to the liquid stirred inside the pump body (which may overheat). 

The use of high speed centrifugal pumps for the floe containing liquids should 
be avoided as the action of the pump tends to destroy the floe. A slower speed pump 
with 'gentler' action such as a diaphragm pump or screw pump is most often used 
for this purpose. 

The most frequent form of these pumps is the volute type consisting of an 
impeller revolving in a casing. The liquid admitted through the centre along the rota-
tion centre line is thrown to the periphery by rotation of the vanes and is then deli-
vered through a discharge pipe. 

The characteristics of a centrifugal pump are expressed in terms of flow rate 
per unit time as a function of the corresponding static delivery head. The total head 
is the sum of positive lift (or negative suction head) plus delivery head plus all fric-
tion losses in the pump, pipes and valves. 

An important factor governing the choice of a centrifugal pump is its operating 
suction capacity. In case of leaks, it is often wise, for safety purposes, to avoid 
installing the pumps with positive head relating to the feed tank which creates a 
problem with priming this type of pump at startup. To meet this situation, self-
priming pumps are often used. 

A self-priming centrifugal pump consists of the pump proper, a trap on the 
suction side and a separator on the discharge side. The separator contains a liquid 
reserve which, when the priming starts, will create a liquid ring in the pump 
chamber, thus pumping air from the suction pipe as an emulsion. The air then 
escapes from the liquid in the separator and, as the suction pipe is gradually freed 
of air, the pump is primed when liquid coming from the feed tank reaches the inlet. 

67 



One potential disadvantage of centrifugal pumps with respect to their performance 
is stuffing box leakage. 

(c) Other devices to move liquids 

Liquids or light suspensions may be moved by air lift systems or by combined 
action using vacuum and compressed air (vessels must be vacuum and pressure 
proof). Another means, frequently used for high flow-rates, is the steam ejector. 
These types of system typically use an induced pressure differential rather than 
mechanical force to move the liquid. Where plant layout permits, draining by gravity 
and siphoning can also be used. 

For radioactive usage, 'canned pumps' and magnetically coupled units are 
often used. These have the advantage of eliminating a rotary shaft seal. Alterna-
tively, double seals with inter-seal leak-off directed back to the pump suction have 
also been employed. 

6.9.4. Flow meters 

Rotameters consist of slightly tapered glass tubes with the narrower end down; 
inside that tube, a float or bobbin is free to float, taking a position which depends 
upon the flow rate of the particular fluid flowing through the rotameter. A calibration 
chart is usually prepared for each special case. The bobbin must, of course, be made 
of a material not corroded by the fluid. Rotameters are only usable for clear liquids 
but are used over a wide range of flow rates and are easily inserted into a pipeline 
network. 

Orifice meters are made by placing a plate with a small calibrated central 
orifice into a pipeline through which a fluid flows, causing a differential pressure 
from the upstream to downstream sides of the orifice; the differential pressure is 
related to the rate of the fluid flow, and the pressure drop is usually measured by 
a manometer. A calibration chart is prepared for each special case. The position of 
these orifice meters must be studied on the pipeline to avoid abnormal turbulence. 
They are very useful, especially for main streams; nevertheless, they are not so con-
venient as rotameters and, like these, should only be applied to clear or nearly clear 
liquids. 

Venturi meters use a carefully streamlined orifice mounted in a special device. 
Their accuracy is higher than that of orifice meters and the loss of head is lower. 
They are not used as often as orifice meters which are of cheaper and simpler design. 
Automatic flow rate control of liquids is often achieved through motor operated 
valves that use the orifice principle. 
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Mechanical meters using several systems have been designed to measure flow 
rates in piping. We mention only one example: volume counters with oval wheels 
(a kind of gear pump body containing two splined, elliptical wheels). These systems 
are generally sensitive to deposits or adhesion of solid particles and require the instal-
lation of a protective filter upstream. 

Magnetic flow meters and ultrasonic Doppler flow meters are now in common 
use. Because of their non-intrusive designs (these types of meters typically operate 
without actually restricting the flow or in many cases without direct contact), mag-
netic and Doppler meters are particularly suited to radioactive liquids. Magnetic 
meters measure a charge induced in an electromagnetic sensor which surrounds a 
pipe containing an electrically conductive liquid. The charge is proportioned to the 
fluid velocity. Ultrasonic meters use a measurement of the Doppler shift of sound 
waves to determine the fluid velocity. 

6.9.5. Level indicators 

These may be classified into two groups according to the measurement method: 
direct or inferential. 

Direct methods: Sight glass tubing, cable and float devices, conductivity and 
heat transfer methods. 

The first method is only rarely used (because of shock risks). The cable and 
float system is the most frequently used system for reagent stocks. The two remain-
ing methods are especially used to detect a high level, indicating a single position 
through a sudden change of the electrical resistance in a circuit. 

Inferential methods: Hydrostatic pressure, float and hydraulic pressure, pneu-
matic pressure, float and pointer, differential pressure gauge, magnetic level gauge 
and capacitance gauge are the principal systems used for the detection of levels in 
tanks. 

Among these methods, one of the most common is that using a float and 
hydraulic pressure variation. It allows, should the case occur, the use of remote elec-
trical or electromagnetic transmitters. 

Non-intrusive ultrasonic level measurement is becoming increasingly popular 
as it can provide a continuous readout of a tank level and/or a fluid-sludge interface. 
However, a reasonably quiescent surface is generally required in order to prevent 
false indications. 

6.9.6. pH meters 

The pH value is determined on aqueous solutions or on precipitate suspensions 
(flocculated effluents). The measuring device normally used consists of the following 
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associated apparatus: an electrode couple of glass and a saturated calomel electrode 
connected to a DC amplifier with a very high input impedance. Control and regula-
tion as well as continuous recording of pH variations are frequently combined with 
pH measurement. Frequent calibration (e.g. weekly) of the electrode couple is neces-
sary. Usually, in an attempt to reduce the frequency of calibration needed, the detec-
tion assembly of industrial units consists of a dual junction electrode and includes 
a temperature compensator probe. 

In designing the pH measurement circuit, the following rules should be kept 
in mind: the sensing cell must be placed for easy inspection, and the electrodes must 
always remain immersed, even when not in service. 

Despite these precautions, pH determination is often disturbed. Because of 
electrical disturbances (magnetic fields, etc.), erroneous pH measurements may be 
taken; and further errors are often due to scale deposits over the electrode surface. 
To remove these latter, periodic rinsings are necessary and are carried out before 
recalibration. Certain manufacturers suggest electrode sets that include automatic 
cleaning. 

Degassing occurs frequently in the pH measuring pot (owing to a reduction in 
pressure following the movement through the centrifugal pumps); this accumulation 
of air may lead to the electrodes being isolated from the liquid; it is advisable to avoid 
this phenomenon by allowing air to escape from the top of the measuring pot. 

In practice, pH measurement is usually made at a tank overflow point or in the 
piping. One device frequently used consists of a bypass circuit that contains a small 
vessel in which the electrodes are installed; the liquid flows back to the tank (or to 
the overflow drain). Such a circuit may be timed; in other words, it may operate with 
'off and 'on' periods at automatically controlled intervals. In this case, the flocculus 
may settle and the measurement is then impaired. For pH control, a system with two, 
or better, three ranges allows regulation of the chemical reagent distribution (by con-
trol of metering pumps or mechanical feeders for pulverized products). 

By the possibilities they offer, and since coagulation-flocculation reactions 
must be performed with accurate pH measurement, pH meters are essential aids for 
chemical treatment of wastes and their purchase should not be guided by economic 
considerations only. Accurate pH measurement at high salt concentrations (particu-
larly, at high pH) can be difficult if the effects of the chemical activity coefficients 
are not properly considered. 

Similarly, ion specific electrodes can be used to measure other species in solu-
tion such as chloride and dissolved oxygen. The output from these various measure-
ment devices may be incorporated into automatic dosage circuits to provide control 
over the corresponding fluid properties. 
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6.10. FURTHER TREATMENT 

Before release or admission to another processing phase, the treated and 
filtered wastes are stored in holding or 'sentencing' tanks. After their characteristics 
have been determined by various analyses, they are, according to the case and 
national regulations: 

(a) directly released to the environment with or without dilution. In the case of no 
dilution they are normally brought back to a pH vaíue ranging between 6 and 
9 before release. They may also be submitted to a post-chlorination treatment; 

(b) recycled through a new type of coagulation-flocculation treatment if the previ-
ous one did not give expected results; or 

(c) sent to further finishing treatment: ion exchange on organic resins or mineral 
absorbers. 

Further details on other treatment processes can be found in numerous 
references, such as Ref. [1]. 

Treatment of the sludge component of the secondary waste stream is discussed 
in Section 7. 

7. SLUDGE CONDITIONING 

Sludges and concentrates produced by precipitation-flocculation processes are 
sometimes stored for a long term in the same conditions as when generated. More 
often, they are submitted to a treatment allowing a volume reduction through 
removal of all or part of the liquid phase they contain. This treatment is sometimes 
associated with solidification of the sludges, which confers on them important 
mechanical and chemical resistance to facilitate their disposal. 

It should be noted that the chemical and radiation stability of the sludge must 
be considered (along with its physical properties) in the selection of a sludge treat-
ment process and/or storage conditions. In particular, radiolysis and biological and 
chemical interactions may cause the resolubilization of some radioactive species 
and/or formation of unstable compounds. Long term storage of wet sludges with sig-
nificant radioactivity levels may also give rise to explosive mixtures of gases contain-
ing radiolytically, electrochemically or biologically produced hydrogen and/or 
methane gas. In addition, radiation shielding of sludge handling and storage equip-
ment may be required. 
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7.1. PRIMARY CONCENTRATION 

Chemical treatment sludges are concentrated through various techniques, such 
as phase separation, microwave drying, filtration, and centrifugation. The 1 to 10% 
initial solid concentration then can become 20 to 50% or more. 

(a) Phase separation generally uses a series of conical or sloping bottom tanks 
with an overflow line for decanted clear liquid and a bottom discharge for the thick-
ened sludge. Several are normally used in series with the discharge from one becom-
ing the feed to the next. Settling and concentration of the sludge occurs by gravity. 
The process is generally used in a semi-continuous operation with periodic shut-
downs to remove the accumulated sludge from the tank bottom. 

(b) Microwave drying is generally applied to small volumes of sludge only, 
because of the relatively high power consumption required by the process. Micro-
wave drying produces a dry cake product. The possible loss of volatile materials 
must be taken into account. 

(c) Filtration. Various filtration methods are used: 
(i) Natural filtration, using gravity alone in a horizontal sand filter, is 

applied at Harwell for low specific activity sludges. Dried sludge is 
removed manually. This method requires large filtration surfaces and 
well formed and low activity sludges. 

(ii) Pressure filtration. Three examples have been described: at Harwell, a 
horizontal tank, vertical leaf filter is used (Sweetland filter). Cakes are 
formed under 2 to 3 kg/cm2 pressure and dried by a compressed air 
flux. This flux, when reversed, allows easy removal of the cakes. At 
Karlsruhe and in Berlin (Hans Meitner Institute), vertical candle filters 
are used, including precoat and cake removal by compressed air. This 
technique allows handling of higher radioactivity sludges; the residual 
humidity of the cakes is among the lowest obtained. However, one dis-
advantage is the risk presented by the use of pressure, which may spread 
contamination in case of leakage. 

(iii) Vacuum filtration is the most frequently used technique. Generally, 
precoat type vacuum drum filters are used (Marcoule, Los Alamos, 
Trombay, etc.). The filter assembly is compact, hence easily protected 
and the use of vacuum improves safety. The residual moisture content 
of the cakes may reach 40 to 50%. 

(d) Centrifugation appears to be applicable only to precipitates which do not show 
any thixotropy, therefore excluding a certain number of colloidal suspensions. It has 
been used for the waste treatment station in Moscow and at the Beznau NPP in 
Switzerland. 
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Partial dewatering of sludges to concentrate them to about 25 wt% in a cen-
trifugal decanter can be applied when dry sludges are not required (e.g. for use in 
a 'wet' immobilization process such as cement). 

7.2. SLUDGE IMMOBILIZATION 

Immobilization of sludges in a variety of binders has been discussed elsewhere. 
Processes include the use of bitumen, cement, polymers and vitrification. It should 
be noted that the use of bitumen and polymeric binders is sometimes limited by the 
radionuclide loading of the sludge, which may affect the long term stability of the 
organic binder. 

The various physical and chemical properties of the sludge, such as viscosity 
and salt content, are important in selecting an immobilization process. 

8. CONCLUDING REMARKS 

In this report the chemical methods currently in use for the treatment of low 
and intermediate level aqueous radioactive wastes have been described and illus-
trated. Comparisons have been given of the advantages and limitations of the 
processes, and it has been noted that good decontamination and volume reduction are 
not the only criteria according to which a particular process should be selected. 

Emphasis has been placed on the need to carefully characterize each waste 
stream, to examine fully the effect of segregation and 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 possibili-
ties, discharge authorization, management of the concentrates, ICRP recommenda-
tions and economics. 

It appears that chemical precipitation processes and solid-liquid separation 
techniques will continue to be widely used in liquid radioactive waste treatment. Cur-
rent research and development is showing that combining different processes in one 
treatment plant can provide higher decontamination factors and smaller secondary 
waste arisings. Some of these processes are already being incorporated into new and 
existing plants and others can be expected to become routine operations over the next 
few years. 
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