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FOREWORD 

The generation of nuclear power and reprocessing of nuclear fuel results in 
the production of tritium and the possible need to control the release of 
tritium-contaminated effluents. In assessing the need for controls, it is necessary 
to know the production rates of tritium at different nuclear facilities, the 
technologies available for separating tritium from different gaseous and liquid 
streams, and the methods that are satisfactory for storage and disposal of 
tritiated wastes. The intention in applying such control technologies and 
methods is to avoid undesirable effects on the environment, and to reduce the 
radiation burden on operational personnel and the general population. 

This technical report is a result of the IAEA Technical Committee Meeting 
on Handling of Tritium-bearing Effluents and Wastes, which was held in 
Vienna, 4 — 8 December 1978. It summarizes the main topics discussed at the 
meeting and appends the more detailed reports on particular aspects that were 
prepared for the meeting by individual participants. The meeting was organized 
by the Radioactive Waste Management Section, and V. Morozov and 
Yu. Zabaluev were the responsible officers. 

The purpose of the Technical Committee Meeting was to exchange 
information on experience gained in different countries in handling tritiated 
wastes, and to make recommendations concerning the Agency's future 
programme in this field. 

The IAEA wishes to thank all the participants who contributed to the 
preparation of the report. In particular, gratitude is expressed to R.V. Osborne, 
of Canada, who served as Chairman of the Meeting and contributed considerably 
to the preparation of the material. 
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Chapter 1 

INTRODUCTION 

1.1. BACKGROUND 
In the frame of the waste management programme of the International 

Atomic Energy Agency, a Technical Committee on Removal, Storage and Disposal 
of Gaseous Radionuclides from Airborne Effluents has recommended [ 1 ] that 
further attention might be directed to tritium; specifically, to concentration and 
separation techniques for tritiated effluents. 

Similarly, tritium was one of the radionuclides in effluents identified in a 
report of the Nuclear Energy Agency [2] as likely to be of radiological significance. 
The behaviour of tritium in the environment was the subject of the symposium [3] 
organized jointly by the IAEA and the NEA. 

This report on handling tritium-bearing wastes and effluents is a continuation 
of the Agency's programme in waste management. 

1.2. AIMS 
The primary aim of this report is to prepare an outline of the state-of-the -art 

of tritium management technologies. 
Subsidiary aims are to facilitate an exchange of information between member 

states, and to identify where further data or studies are required. 

1.3. BASIC PRINCIPLES 
The principles in the recommended [4] system of radiation dose limitation 

that are pertinent to handling tritium are that 
(a) all radiation exposures shall be kept as low as reasonably achievable, 

economic and social factors being taken into account 
(b) the effective dose equivalent to individuals shall not exceed the limits 

recommended for the appropriate circumstances. 
Under the first principle, the optimum management scheme for a particular 

source is when the sum of the cost of achieving a certain level of protection and 
the monetary value of the detriment to society from radiation, or any other 
factor associated with the source or its management, is a minimum. Application 

1 



2 CHAPTER 4 

of the second principle ensures that sufficient protection is provided for 
individuals. The IAEA has developed procedures [5] from these principles for 
establishing limits for the release of radioactive materials to the environment. 
These formal procedures are being applied [6] by the NEA in an assessment of the 
radiological significance and of other factors required for deciding what manage-
ment practices may be appropriate for the gaseous radionuclides (including 
tritium) arising from the nuclear fuel cycle. 

The constraints on the management or handling of tritium will therefore be 
determined by the practical application of these principles and by making the 
value judgements that are required in assessing the optimum management 
strategy. 

Two types of application of management of handling practices for tritium 
that may be identified are those required to limit releases to the environment, and 
to limit occupational doses. This document does not attempt to assess whether 
either type of management should be applied to any particular installation or 
source of tritium. Dose rates and collective doses from tritium, which are essential 
inputs to any such assessments, are not considered in this report. Rather, it 
examines the status of technologies that might be applied in management practices. 
Whether such practices are appropriate will depend on the outcome of general 
analyses such as that of the NEA [6] and analyses by member states specific to 
particular facilities. 

1.4. OUTLINE OF THE REPORT 

The inter-relationships of the various sources of tritium and management 
practices are shown schematically in Fig. 1. As noted in the previous paragraph, 
application of management practices may be to two kinds of tritium sources: 
wastes or effluents and tritium-contaminated systems. Tritiated wastes or effluents 
may be simply emitted to the environment (paths 1 and 2 in Fig. 1) and de facto 
disposed as, for example, in emissions to air or to surface water. Alternatively, 
wastes or effluents may be stored (path 3) as occurs, for example, with tritium-
contaminated equipment that may be sent to a low-activity waste storage facility. 
More complicated practices are shown by path 4 to conditioned tritiated material 
(e.g. concreting of a total liquid waste stream) and path 5, collecting or recovering 
tritium (e.g. use of a catalytic exchange method on liquid effluents). Similarly, 
tritium may be collected from a contaminated tritiated system (path 6; e.g. 
recovery of tritium from tritiated heavy water by catalytic exchange). Recovered 
tritium may be conditioned (path 7; e.g. hydride formation with tritiated 
hydrogen), stored (path 8) or disposed of (path 9) without further treatment. 
An example of the latter is releasing to a water body tritium scrubbed from an air 
effluent as tritiated water. Conditioned tritiated material may be disposed of or 
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FIG.l. The inter-relationship of tritium (T) sources and management practices. 

used (path 10; e.g. disposal of solidified waste in the ocean and supply of high 
specific activity tritiated hydrogen for commercial application respectively) or it 
may be stored (path 11). Finally, tritium may be transferred from storage 
facilities to final disposal (path 12; e.g. leakage to the groundwater). 

This report complements and updates previous reviews [6, 7] of the sources 
of tritium associated with the nuclear fuel cycle (Chapter 2), and considers the 
methods for containing and collecting tritium from such sources (Chapter 3), for 
separating and enriching tritiated hydrogen and water (Chapter 4), for the con-
ditioning or immobilizing that may be required for subsequent storage (Chapter 5) 
and for disposal (Chapter 6). Transport of tritium in various forms is discussed 
where the need for it may place some constraint on handling. 

The monitoring techniques discussed in Chapter 7 are those where their 
application indicates the efficacy of a particular containment, removal or 
immobilization method. Effluent monitoring and groundwater monitoring, for 
example, are included, but measurements and practices for occupational radiation 
protection (e.g. protective clothing) are outside the scope of the study and are 
not discussed. 
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Emphasized in the discussions is the status of various management methods; 
whether the methods are in full effect at any facility, at a pilot plant stage, under-
going development or are speculative. Such emphasis is important for indicating 
the uncertainties in costs, handling capabilities and requirements. 

Finally, the possibilities for international co-operation are explored (Chapter 8) 
and, in the summary (Chapter 9), further work that is required is recommended. 



Chapter 2 

TRITIUM SOURCES, PRODUCTION AND RELEASE RATES 

2.1. TRITIUM SOURCES AND PRODUCTION RATES 

The formation of tritium as a result of nuclear power generation only is 
considered here. Tritium is produced in nuclear power reactors during the ternary 
fission of heavy nuclei and in the nuclear reactions of neutrons with the coolants, 
moderators and with some specific light elements, such as lithium, beryllium 
and boron. The main production rates and reactions are well known. Reference [7] 
is a recent summary of production rates. 

The ternary fission yields of tritium for various nuclei are given in Table I. 
A 'rule-of-thumb' for a ternary fission yield of tritium of 10~4 and an energy per 
fission of 200 MeV is that the production rate1 is approx. 16 kCi • (GW(e)-a)" 1. 

Various neutron reactions [(n,a), (n, 7), (n,na), (n,2a), (n,p)] on light 
elements 2H, 6Li, 9Be, n B present as impurities or components in fuel, coolant, 
moderator, cladding, etc., result in the formation of tritium. Table II summarizes 
the main sources of this type. 

In all types of reactors, the coolant and moderator accumulate tritium 
formed directly in them (as in the preceding paragraph), and the coolant also 
accumulates tritium that escapes from the fuel. Estimates of the fractions of 
such tritium that are released from fuels in the reactors are given in Table III. 

The typical rates of production (per unit electrical energy) of tritium in 
various reactors by fission, and the rate of appearance of tritium in coolants and 
moderators resulting from production in those systems and by release from the 
fuels are given in Table IV. 

In most reactors, the major source of tritium is ternary fission so that the 
total activity produced (per unit energy) varies only slightjy (a factor of 2) between 
reactor types. The exception is an HWR in which the 2 H(n,7) 3 H reaction in the 
heavy water produces up to two orders of magnitude greater activity of tritium 
than is produced by fission. Production of tritium as a result of neutron reactions 
with boron in control rods is significant only for BWRs for which it can reach 
15% of the production by other reactions. 

The major fraction of the total amount of tritium formed in nuclear facilities 
is that from nuclear power reactors. As shown in Fig.2 the total produced in this 
way, amounting to millions of curies annually in the near future, is approaching 
the activity maintained by cosmic reactions. This comparison, of course, does 
not imply that such activity is of any particular radiological significance. 

1 1 Ci= 3.70 X 1010 Bq. 

5 
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TABLE I. YIELD OF TRITIUM BY TERNARY FISSION 

Nucleus Neutron 
spectrum 

Tritium atom 
yield per 104 

fissions 

23SU Thermal 0.85 
239Pu Thermal 1.85 
241 Pu Thermal 2.6 

*>SU Fast 2.2 
238 U Fast 1.4 

TABLE II. SOURCES OF TRITIUM PRODUCTION BY 
NEUTRON REACTIONS 

Reactor type Elements and materials undergoing nuclear transformation 

PWR Soluble boron, natural deuterium, soluble lithium compounds 

BWR Natural deuterium 

HWR Deuterium, soluble neutron poisons 

AGR Lithium in graphite moderator 

FBR Boron and lithium impurities in core and blanket 

HTR Helium-3 in helium coolant and lithium in graphite 

TABLE III. FRACTIONS OF TRITIUM RELEASED FROM FUEL 
ELEMENTS 

Reactor (fuel cladding) 
Fraction (%) 

Reactor (fuel cladding) 
Typical Maximum 

PWR (Zircaloy) <0 .2 1 

BWR (Zircaloy) < 1 1 

HWR (Zircaloy) - < 1 

AGR (stainless steel) 25 > 3 0 

FBR (stainless steel) 95 ~ 1 0 0 

HTR (stainless steel) - ~ 3 0 
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TABLE IV. TRITIUM IN POWER REACTORS 

Reactor type 
kCi • (GW(e) • a)"1 

Reactor type 
Production by fission Accumulation in coolant 

and moderator3 

PWR 15-20 0 .55-1 .0 b 

BWR 15-20 0.1 —0.4C 

HWR 2 0 - 2 4 2400 

AGR 17 SB 5 

FBR 2 0 - 3 0 « 2 5 

HTR 18 3.7-8.5 

a Includes estimate of release of tritium from fuel. 
b Lower limits is for 0.1 % loss of tritium from fuel and for use of 7Li (>99.9% isotopic 

purity) for pH control. 
c Lower limit is for 0.1% loss of tritium from fuel. 

108 
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TABLE V. TRITIUM EMISSIONS AND TRANSFERS FROM VARIOUS 
POWER REACTORS 

Reactor Emitted to the environment Transferred to 
reprocessing plant 

kCi • (GW(e) • a)"1 Gaseous phase (%) Liquid phase (%) kCi • (GW(e) • a)"1 

PWR 0.55-1 1 99 15 -20 

BWR 0 .1 -0 .4 10 -50 9 0 - 5 0 15 -20 

HWR 24 90 10 2 0 - 2 4 

AGR 4.5 10 90 12-13 

FBR < 1 - - low 

HTR <8.5 ~100 a ~ 0 10-17 

From helium clean-up system. 

TABLE VI. TRITIUM DISTRIBUTION IN LWR FUEL REPROCESSING 

Operation Product Fraction of tritium in product (%) 

Fuel and cladding 100a 

Cutting Fuel and cladding 
Gaseous effluents 

>99.9 
0.002 

Dissolution Solution 
Cladding 

40—85b 

6 - 1 5 

Extraction Aqueous solution 
Organic solution 

~ 9 7 
2 - 3 

Re-extraction Pu solution 
U solution 
Organic solution 

1—2C 

0.1-0 .2 
0.1 

At a burn-up of 30 GW • d • t 1 uranium, the tritium content is «=600-700 Ci • t"1 uranium. 
Depends on reactor operating conditions. 
Taking the tritium content in the input to this operation as 100%. 
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2.2. RELEASES OF TRITIUM FROM REACTORS 

The tritium produced in the nuclear power reactors may be retained in the 
reactor materials, may be emitted to the environment from the reactor site or it 
may be transferred with fuel to a reprocessing plant. Table V summarizes 
estimates of the activities (per unit energy generated) emitted to the environment 
or transferred to a reprocessing plant. 

2.3. RELEASES OF TRITIUM FROM FUEL REPROCESSING PLANTS 

As has been shown in Table III, in most thermal reactors tritium is mainly 
retained in the fuel and its cladding when in the reactor and during storage. 
Reprocessing of the fuel therefore opens a pathway for release of the tritium to 
the environment. Most detailed studies of the distribution of tritium during 
reprocessing have been with LWR fuel ([8] and Appendix IV) since this type is 
predominant amongst current reactors. In FBRs nearly all the tritium diffuses 
out of the fuel during reactor operation [9—11 ], and in HTRs all the tritium 
remaining in the fuel might be expected to be released in gaseous form during 
combustion of the graphite matrix and carbide fuel. 

Quantitative data on the distribution of tritium during fuel reprocessing 
are given in Table VI ([8, 12] and Appendix IV). Such an outline indicates where 
tritium releases might be most likely to occur. The distributions shown are likely 
to be typical of most reprocessing methods currently used. 





Chapter 3 

TRITIUM CONTAINMENT AND COLLECTION 

3.1. TRITIUM CONTAINMENT 
The chemical forms of tritium usually encountered in nuclear power 

operations are elemental hydrogen and water although tritiated organic compounds 
may be minor components in tritiated systems. Tritium is therefore a very mobile 
radionuclide. Construction materials and the design of containment systems have 
to be chosen not only from the point of view of the radioactive properties of 
tritium but of the explosion hazards as well if tritiated hydrogen is involved. 

For low concentrations (< 1 Ci • l tr - 1 tritiated hydrogen gas or tritiated 
water) simple containers (glass, polyethylene, etc.) are usually adequate. For 
higher concentrations, one of the 300-series of stainless steel is normally chosen, 
316L and 304 being the predominant types. Table VII lists some of the materials 
that have been used [13, 14] for systems handling concentrations of tritium 
appreciably greater than 1 Ci • l tr - 1 . Table VIII lists the main materials used at 
the Grenoble Tritium Separation Plant (see Appendix V) in which tritium at 
concentrations up to that of the pure isotope are handled. 

3.2. TRITIUM COLLECTION 
Collection of any tritiated water that escapes from its primary containment 

is simple in principle and, for small systems, in practice by scrubbing or drying 
(with desiccants) the gaseous effluent from a glove-box laboratory or building 
[13, 14]. With large tritiated heavy-water systems, such as those of the heavy-
water reactors, there is an economic incentive to collect any leaking tritiated 
heavy water with as little mixing with light water as possible. More complicated, 
local collection systems may be used such as hoods over possible-leaking compo-
nents or double-sealed components with any leakage through one seal being 
collected. 

Collection of any tritiated hydrogen that escapes from its primary contain-
ment is more difficult than for the oxide since a catalytic oxidation is required. 
Such technology has been developed [13—16], however, but is expensive. 

Maintenance and repair of equipment containing tritium will involve 
procedures designed to remove tritium from the local parts of the systems, to 

11 
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TABLE VII. MATERIALS USED FOR LOW-
AND MEDIUM-LEVEL TRITIUM 
CONTAINMENT [13, 14] 

Material 

Metals 

304, 304L stainless steel 

316 stainless steel 

AM-350 stainless steel 

21-6-9 stainless steel 

301 stainless steel 

Copper (annealed) 

Be-copper 

Phosphor bronze 

Ni-span-C 

Inconel-X 

Brass 

Aluminium (soft) 

Palladium-silver 

Organics 

Teflon 

Viton-A 

Vespel polyimide 

Nylon 

Use 

Tubing 

High-pressure tube 

Welded bellows 

Pressure vessels 

Diaphragms 

Low-pressure tube 

Bourdon tube 

Valve bellows 

Pressure capsule 

Pressure capsule 

Low-pressure valves 

Gaskets 

Diffuser 

Valve packings 

Check valve poppets 

Gaskets, valve seats 

Valve seats 
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TABLE VIII. EXPERIENCE WITH VARIOUS MATERIALS IN THE 
GRENOBLE TRITIUM SEPARATION PLANT (1972-78) 

Tritium Chemical Conditions 

Material Experience concentrations3 form and 
phaseb Temperature 

range (°C) 
Absolute 
pressure 
range (bar)0 

Material Experience 

General containment 

Low V/W 20-200 1.5-4.0 316L No leakage 

Low G/V 20 1.5-6.0 C-steel 
( 1 0 m 3 tank) No leakage 

Low G/V 20-150 1.1-4.0 C-steel 
(Decompressor) No leakage 

Medium G/L -250-20 1.3-6.0 316L No leakage 

High G/L -250 -20 1.3-2.5 316L No leakage 

High G 20-200 1.3-2.5 316L (T2-leakage 
probably by 
diffusion) 

Gaskets for flanges 

Low V/W 20-200 1.5-4.0 Pure Al No leakage 

Low G/V 20 1.5-6.0 Pure Al No leakage 

Valve seats 

Low V/W 20-200 1.5-4.0 Kel-F 
316L 

No leakage 

High G 20-200 1.3-2.5 Kel-F Complete 
disintegration 

High G 20-200 1.3-2.5 316L No leakage 

a Low 1-5 Ci • ltr"1 

Medium 1-1000 Ci-ltr"1 

High 1000 Ci • ltr"1 to pure T. 
b V = D 2 0 , DTO-vapour 

W = D 2 0, DTO-liquid 
G = D2 , DT, T2-gas 
L = D2 , DT, T2-liquid. 

c 1 bar = 1.00 X 10s Pa. 
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collect any tritium that is released and to provide additional protection for the 
operators. Such procedures may include [13, 14]: 

(a) Cleaning the equipment 
(b) Flushing, purging or drying with tritium-free gas or liquid 
(c) Using local ventilation 
(d) Using local dryers 
(e) Bagging known local leaks 
(f) Using protective plastic suits with air ventilation. 
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TRITIUM SEPARATION AND ENRICHMENT 

4.1. GENERAL PRINCIPLES 
The objectives of the recovery procedures as described in this report are: 
(a) to separate tritium from an aqueous effluent or contained aqueous 

system (i.e. paths 5,6 in Fig.l) 
(b) to retain the separated tritium at a high concentration preparatory to 

treating for storage or disposal (i.e. for paths 7 - 9 in Fig.l). 
These objectives may be met by a single process (e.g. water distillation), 

by a repeated process (e.g. multiple electrolysis) or by a combination of processes 
(e.g. separation by catalytic conversion to tritiated hydrogen and subsequent 
enrichment by cryogenic distillation). 

Factors that will influence the choice of a particular process are: 
(a) the feed concentrations of tritium, deuterium and protium 
(b) the feed-flow rate, temperature and pressure 
(c) impurities in the feed 
(d) constraints on the enriched and depleted product streams 
(e) subsequent conditioning or storage intended for the enriched stream 
(f) safety considerations (e.g. risks of explosion, ventilation and rinsing 

system) 
(g) design code requirements 
(h) costs. 

As noted in Chapter 1, a decision to recover (and store or dispose of) tritium 
will be the result of an assessment that involves both radiological health costs 
and the costs of the recovery processes. 

4.2. REMOVAL PROCESSES AT REACTORS 
4.2.1. Processes available 

The separation and enrichment processes that currently are used or which 
appear promising are outlined below. The basic principles of such processes are 
in Ref. [17]. 

15 
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FIG.3. Water distillation. C - Condenser; D - Distillation column; V - Evaporator; 
Zp - Mole fraction of tritium in feed. 

4.2.1.1. Water distillation 

This process is one of the simplest and has been used to remove tritium from 
D 2 0 in heavy-water moderated nuclear power plants (Fig. 3). At feed-flow rates 
of about 1 ltr • h" 1, the enrichment factor is about 1000. Detailed information is 
given in Ref. [18]. 

4.2.1.2. Direct electrolysis 

The electrolysis of tritium-contaminated liquids allows tritium to be concen-
trated in the aqueous phase (Fig.4). Several stages (as illustrated) may be used to 
achieve the necessary enrichment. The process is described in Appendix I and in 
Refs [18, 19]. A drawback to direct electrolysis is that, like water distillation, 
the product is in the aqueous form. The process is more complex than distillation 
and some of the catalytic processes (see below) and, when applied to detritiating 
heavy water, a low-inventory cell is desirable. 

4.2.1.3. Electrolysis with cryogenic distillation 

Electrolysis may be used to convert the tritium from the aqueous phase to 
tritiated hydrogen for subsequent enrichment cryogenically (Fig. 5). The process 



TRITIUM SEPARATION 17 

FIG. 4. Direct electrolysis. E - Electrolysis cell; R - Recombiner; X-p - Mole fraction of 
HTO in the feed. 

is discussed in Appendix I. The addition of the cryogenic distillation process to 
the electrolysis (and to the other processes described later) offers the advantages 
of the possibility of a high enrichment and a product in the chemical form of 
hydrogen. 
4.2.1.4. Combined electrolysis catalytic exchange (CECE) and cryogenic 

distillation 

In this process, a proprietary hydrophobic catalyst, developed by Atomic 
Energy of Canada Limited (see Appendix I), promotes the exchange of tritium 
and deuterium between feed tritiated water and tritiated hydrogen from an 
electrolysis cell (Fig. 6). Final enrichment by cryogenic distillation is usually 

Text cont. on p. 21. 
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FIG. 5. Electrolysis and cryogenic distillation as applied to detritiating heavy water. 
E - Electrolysis cell; P - Purifier; R - Recombiner; CD - Cryogenic distilling column. 

FIG. 6. Combined electrolysis and catalytic exchange with cryogenic distillation as applied 
to detriating heavy water. R - Recombiner; CC - Catalytic column; E - Electrolyser; 
CD - Cryogenic distiller system. 
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FIG. 7. Vapour phase catalytic exchange and cryogenic distillation. V - Evaporator; 
C - Condenser; P - Purifier; CC - Catalytic columns; CD - Distillation column; 
R - Recombiner. 

HTO 
DTO D2,DT,HD 

HDO,D 2O 

FIG.8. Liquid phase catalytic exchange and cryogenic distillation. CC - Catalytic column; 
CD - Distillation column. 



TABLE IX. COMPARISON OF PRACTICAL APPLICATIONS FOR PRESENT TRITIUM SEPARATION PROCESSES 

Principal 
characteristics 

Catalytic exchange and 
cryogenic distillation Direct electrolysis 

multi-stage 

Direct electrolysis 
single-stage and 
cryogenic distillation 

Water distillation Principal 
characteristics 

VPCE LPCE CECE 

Direct electrolysis 
multi-stage 

Direct electrolysis 
single-stage and 
cryogenic distillation 

Water distillation 

Pr 
of 
D 

eferably for extraction 
tritium from H 2 0 or 

2 0 of 
high activity3 No No No No Yes Yes 

Pr 
of 
D 

low activityb Yes Yes Yes Yes Yes Yes 

Operating without 
special safety devices No No No No No Yes 

Suitable for highly 
enriched end products Yes Yes Yes No Yes No 

Si 
de 

itable for f highc No Yes No No Yes No Si 
de pletion l_low Yes Yes Yes Yes Yes Yes 

Pr oduct form: 
liquid (HT0,T 2 0,DT0) No No No Yes No Yes 

Pr 

gas (HT, T 2 ,DT) Yes Yes Yes No Yes No 

Industrial experience 
existing Yes No No Yes Yes Yes 

3 High activity: of the order of 1% isotopic concentration. 
b Low activity: up to 10 or 20 Ci/ltr (1 Ci = 3.70 X lO10 Bq). 
c High depletion: above 90%. 
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proposed (Appendix I and Refs [18-21 ]). A high enrichment from low concen-
trations of tritium in water is possible and the product is in the chemical form 
of hydrogen. However, drawbacks are the complexity of the CECE process and 
the concentration of tritium in the aqueous form being increased above that of 
the feed water. 
4.2.1.5. Vapour phase catalytic exchange (VPCE) and cryogenic distillation 

This process has been successfully demonstrated for detritiation of heavy 
water of the high flux reactor at the Grenoble Nuclear Centre in France (Fig.7). 
Characteristic features of the process are operation at 200° C and 120 kPa over 
a catalyst with several stages of evaporation, exchange and condensation. The 
achieved enrichment is close to 99% pure T 2 with a feed flow rate of about 
30 ltr' h _ 1 . Detailed information is given in Appendixes I and V. 

4.2.1.6. Liquid phase catalytic exchange (LPCE) and cryogenic distillation 

This process is similar to the VPCE process, but, since it uses the hydrophobic 
catalyst, the catalytic exchange may be in the liquid phase, and the process is much 
simpler (Fig. 8). Detailed information is given in Appendix I. Advantages of this 
process are that only low pressures and temperatures are required, so that contain-
ment is easy, and the concentration of tritium in the water is not increased above 
that of the feed. 
4.2.1.7. Other processes 

There are a number of other processes which can be applied to tritium 
separation from the liquid or gaseous streams: chemical exchange, isotopic 
enrichment by laser excitation, diffusion with metal membranes, thermo-diffusion, 
gas chromatography, and pyrochemical process. These processes, however, are 
still in the research and development stage [ 19, 21, 22]. 
4.2.2. Application of the separation and enrichment processes 

The combination of processes — conversion to tritiated hydrogen and 
subsequent cryogenic distillation — has the great advantage that the enrichment 
of tritium is in the less radiologically hazardous form. This is particularly advan-
tageous when the recovery is for purposes of reducing occupational hazards as 
discussed in Appendix I. 

The main operating characteristics of the processes outlined in Sections 4.2.1.1 
to 4.2.1.7 are summarized in Table IX. In all cases except catalytic exchange in the 
vapour phase combined with cryogenic distillation, industrial experience with the 
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processes applied to detritiation is very limited. However, some of the processes 
are well established in other applications; for example, electrolysis and distillation 
in upgrading or production processes with heavy water. Generally, processes are 
available, although not necessarily proven in industry, for tackling the various 
separation and enriching requirements that arise with tritiated effluents and 
systems. 

The LPCE may be favoured for detritiating heavy water because of its 
simplicity and its operation at low pressures and temperatures, although the 
exchange of tritium in the liquid phase with the gaseous component is liable to 
be limited by the low temperature and high separation factor that results. It is 
easier to make the LPCE equipment leak tight, and the process is safer because 
the tritium in water concentration is not increased beyond the feed concentration 
from the reactor system. The VPCE process is proven but has the disadvantage 
of operating at high temperature and is more complex because of the repeated 
evaporation and condensation cycles required. These two processes, capable 
of extracting low-concentration tritium moderately efficiently and of strongly 
enriching it into a small volume in the gaseous state (hydrogen), appear to be 
most useful at HWRs, offering relatively inexpensive methods of detritiating 
coolants and moderators. For example, current estimates are that the costs of 
heavy-water upgrading and detritiation are only 1% of the overall costs of an 
HWR station [23], 

The CECE process is more complex and requires the handling of tritiated 
water at a concentration substantially higher than the feed concentration from 
the reactor. However, in applications of tritium recovery from water containing 
very low tritium concentrations this enriching feature of the CECE system is 
considered very advantageous. As with the LPCE, schemes have only been 
evaluated on the laboratory scale. 

The direct electrolytic conversion of tritiated water to tritiated hydrogen 
is more complex than LPCE, and a low inventory cell that is desirable for appli-
cations of the process to detritiating reactor heavy water is not yet proven. With 
the addition of cryogenic distillation, however, the electrolysis process lends 
itself to processing effluents when large recovery efficiencies and low product 
volumes are desirable but a large capacity plant is not needed. 

Distillation of water is a technology that is well understood, and because 
of its simplicity may be preferred for continuous extraction of tritium from 
reactor water or heavy water when tritium concentrations are low and a highly 
concentrated product is not required. 

4.3. TRITIUM RECOVERY AT FUEL REPROCESSING PLANTS 

During the reprocessing of the LWR fuel, three principal options are 
currently considered for the recovery of tritium. These options, outlined below, . 
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are: voloxidation (spent fuel heat treatment process) and collection of tritium 
from the chopped fuel before dissolution, isotopic enrichment from aqueous 
effluents, and aqueous recycle with eventual removal and solidification of a 
small side stream. 
4.3.1. Voloxidation 

Voloxidation would be used to remove tritium from the U 0 2 fuel lattice 
before starting the reprocessing dissolution step, thereby concentrating tritium 
in a small volume. However, the process is not yet developed. The process 
depends on oxidation of U 0 2 to U 3 0 8 (requiring the addition of excess moist 
air or 0 2 ) in order to release gas from the crystal lattice ([18, 19, 24—27] and 
Appendix IV). Tritium release efficiencies of greater than 90% are expected 
from the fuel with this process by keeping the fuel at 450° to 500°C for several 
hours in a rotary kiln. (The process has the potential to release more than 99%.) 
The evolved gas is passed through a catalytic converter to ensure that all the 
tritium has been converted to HTO before it is removed as water in solid adsorbents. 
A fraction of the tritium left in LWR fuel elements is probably bonded in the 
Zircaloy cladding and will remain with the cladding during fuel dissolution. 

The drawbacks to voloxidation are: 
(a) The capital and maintenance costs are high. 
(b) Finely powdered fuel is produced which may increase handling hazards 

and dissolution control. 
(c) Zirconium fines may be rapidly oxidized leading to hull oxidation. 
(d) Temperature control is difficult because of the highly exothermic 

reaction, and there is a possibility of a runaway reaction. 
(e) Other fission products (such as ruthenium and caesium) may be 

deposited throughout the off-gas system. 
(f) Off-gases may leak through seals. 

4.3.2. Isotopic enrichment processes 

Several isotopic enrichment processes can be used for the removal of tritium 
from the liquid streams at FRPs. Water distillation (see Fig. 3) is the simplest and 
has been applied to tritium removal from liquids at a LWR fuel reprocessing plant. 
Enrichment factors of about 1000 have been attained at a feed flow rate of 
100 l t r ' h - 1 [18] and, potentially, waste-tritiated water volumes could be reduced 
to less than 1 ltr • t _ 1 of uranium. Currently, none of the other enrichment 
processes described in Section 4.2 have been applied at any reprocessing plant. 
Hence, as with voloxidation, there are technological and economic uncertainties 
in the application of the isotopic enrichment processes at FRPs. 
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Drawbacks to isotopic enrichment processes ([18] and Appendix II) when 
considered for application at FRPs are as follows: 

(a) An enrichment process would be unreasonably expensive for treatment 
of the large volume of low-level aqueous waste from the FRP without 
some form of concentration by recycle. 

(b) A high tritium depletion factor is desirable for discharge of the waste 
stream. However, a decontamination factor of about 10 2 may be 
higher than those attained with other separation schemes at reprocessing 
plants. 

(c) Safety considerations on the choice of process used may be particularly 
important if the isotope separation plant is on the same site as the 
reprocessing plant to avoid bulk transport of water. 

(d) Distillation of water is probably the most simple and safe process, 
but the low isotope separation factor requires a very large plant and 
high energy consumption for the volumes that have to be treated at 
an FRP. 

(e) Cryogenic distillation of hydrogen is probably the least costly process, 
but requires conversion of water to hydrogen. 

(f) Electrolysis provides a high isotope separation factor, but for multistage 
use, electrical energy consumption is large. Costs might be decreased 
by use of reversible electrolysis without production of hydrogen 
between stages using a hydrogen-permeable electrode. 

4.3.3. Recycle of the tritiated liquid streams 
The main feature of this process is the regeneration and repeated use of 

water and nitric acid at the first extraction stage to obtain a concentrated effluent 
stream for subsequent immobilization and storage or disposal or for further 
concentration by isotopic enrichment. Many recycle schemes have been proposed 
([9—11, 28] and Appendix IV), including total recycle of liquids and withdrawal 
of a small fraction of the volume, and segregation of liquids in the head-end 
section of the plant up to the first cycle of solvent extraction, followed by with-
drawal of a liquid stream from the recycle system. The latter scheme appears 
less complicated. The concentration factor obtained is controlled essentially by 
the volume of tritium-free water required to wash tritium from the organic phase 
in the first extraction cycle. A volume of 0.2—0.5 m 3 ' t - 1 of uranium at a 
concentration as low as 2 Ci" l tr - 1 appears feasible compared with a total volume 
of about 40 m 3 • t"1 for the low-level aqueous waste from a large-scale LWR fuel-
reprocessing plant. 

The recycle of water and nitric acid in order to concentrate tritium in the 
reprocessing plant makes use of known and relatively simple technology. Its 
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application would markedly reduce costs for removal of tritium from the aqueous 
wastes by an isotopic enrichment process. However, drawbacks to the process 
are [18]: 

(a) Concentration of tritium in plant streams would increase containment 
problems and hazards. 

(b) As the recycle factor increases, the fraction of water vapour from off-
gases and vessel ventilation streams that must be collected (and recycled) 
increases. 

(c) Recycle of liquors could introduce problems in the operation of the 
PUREX process by recycle of undesirable organic impurities. 

(d) The waste feed to an enrichment process would probably require 
clean-up from fission products and other impurities. 

(e) The complexity of a head-end recycle scheme would be increased by 
feedback of fission product concentrates from other cycles to the 
highly active waste treatment process. 

( f ) Make-up of acid by addition of N 0 2 would be required to obtain 
maximum recycle factors in a head-end recycle process. 
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CONDITIONING OF TRITIUM-CONTAINING COMPOUNDS 
FOR STORAGE OR DISPOSAL 

The technology described in this chapter is that which could be used to treat 
tritium-bearing compounds to reduce the likelihood of their release and to prepare 
them for some form of storage or disposal. It is assumed that where necessary the 
tritium concentration has been increased by some processes. 

There are many possible techniques that could be employed to fix or 
immobilize tritium (see Appendix VII). There is no attempt in this chapter to 
examine all the possibilities. Only methods which have been specifically studied 
for the fixation of tritium are included. 

5.1. IMMOBILIZATION OF TRITIATED HYDROGEN (HT) 
The technique most suitable for immobilizing HT is a chemical combination 

with various metals to form tritiated metal hydrides (MTX). This technique 
effectively converts the tritium from the gas phase to the solid phase. The basic 
chemical reaction can be written as: 

M + X i H 2 ^ M H x (1 ) 

The chemistry of metal hydrides is well known and reviews are available 
[29—32]. The main reasons that metal hydrides are most suitable for immobilizing 
HT for storage are their high capacity for hydrogen and their low equilibrium 
hydrogen pressure. The density of hydrogen in some metal hydrides is higher than 
for liquid hydrogen. 

It is a general feature of the hydriding reaction that it is reversible. As 
temperatures are increased the equilibrium is shifted in favour of the elements. 
The relationship between equilibrium dissociation pressure and temperature is 
given by the equation: 

where P = pressure, T = temperature and A, B = constants. Values of A and B 
for various metal hydride systems are given in literature references [32], 

27 
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Factors which must be considered when preparing hydrides include purity 
of the HT and the purity of the metal. It is known that impurities such as helium 
or oxygen in the hydrogen can slow or even stop the hydriding reaction. This is 
particularly important in tritium applications because of the decay of tritium to 
3He. Some metal hydrides are pyrophoric in air and react with water. It is there-
fore important to be aware of these properties either through consulting the 
literature, if available, or through experimentation. 

The choice of metal from which the hydride is made will depend on the 
individual circumstances. For instance, if it is desired to have the tritium easily 
recoverable, a metal with a higher equilibrium dissociation pressure at a lower 
temperature may be chosen. On the other hand, if it is desired to store or dispose 
of the tritium more or less permanently, a very stable hydride — one with a low 
equilibrium dissociation pressure even at elevated temperatures - could be chosen. 

There are some general limits on selection of the metal hydride system 
suitable for tritium storage. Metal hydride developed for energy storage systems 
is generally unsuitable because of high dissociation pressures. Some very stable 
hydrides require high temperatures (S=600°C) for formation at which permeation 
rates of tritiated hydrogen through steel containers are excessive. On the basis of 
those limitations Mayer and Dautovich [33] have suggested the following metals, 
Li, Na, Ti, Zr, Hf, Th and U, as suitable for storing tritiated hydrogen. Lithium 
and sodium hydrides would probably not be acceptable because of their reactivity 
with air and water. The pyrophoric nature of uranium hydride would also limit 
its use to very short-term applications. Stable rare earth metal hydrides may also 
be suitable. 

The major disadvantage of metal hydride immobilization is cost. This method 
is probably useful only for storage of tritium from an isotope separation facility 
where tritium concentrations are high. 

Other methods are available for immobilizing tritiated hydrogen. These 
include oxidation and use of the conditioning techniques described for HTO in 
Section 5.2. A third method that has been suggested [34] is catalytic hydro-
genation of polystyrene. Catalysts include nickel-on-Kieselgur, Raney nickel or 
rhodium-on-alumina. Measurements are reported on the leach rate and it is stated 
there was 'no measurable activity loss on rinsing or leaching for four to six weeks'. 
Thermal degradation and depolymerization occur at temperatures above 280°C. 
Radiolytic decomposition will also occur. From the summary in Ref. [34] it 
appears the process is at quite an early stage of development, but may have 
economic advantages. 

Containment of tritiated hydrogen simply as a gas in a steel cylinder is 
currently being used successfully. This technology is highly developed and is 
very simple and economical. The disadvantages are those associated with normal 
handling hazards of hydrogen, compounded with the hazards associated with 
tritium. It seems particularly suitable for short- rather than long-term storage. 
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TABLE X. PROPERTIES OF DRYING AGENTS 

Adsorbent Water capacity (wt%) Remarks 

CaS04 6.2 Low cost, low capacity but 
strongly held 

Silica gel 40 Water bound strongly only 
at low loadings 

Activated alumina ~20 Similar to silica gel 

Molecular sieve 10-20 Retains dessicant properties 
at higher temperatures than 
other adsorbents 
Chemically stable 

5.2. IMMOBILIZATION AND STORAGE OF AQUEOUS TRITIUM 

Tritiated water can be immobilized for storage by several techniques. These 
include adsorption on drying agents, formation of hydrate compounds such as 
cements, chemical incorporation into organic polymers and conversion to 
tritiated hydrogen followed by techniques discussed in Section 5.1. Each of 
these methods will be briefly reviewed. 

5.2.1. Adsorption by drying agents 

Drying agents that have been considered [34] are silica gel, molecular sieves, 
activated alumina and calcium sulphate. The technology of application of drying 
agents is well known. Properties of these drying agents are summarized in 
Table X. 

5.2.2. Cements 

Combination of HTO with various commercial cements has been examined 
and used as a method of immobilization ([34, 35] and Appendix VI). These 
cements have a high capacity for water from ~25% for Portland cement to 50% 
for high alumina cements. The major advantage seen for cements is their low 
cost. The major disadvantage appears to be a significantly high leach rate [1 ,35] 
by water from these cements. There is some conflict in the data available on the 
magnitude of leach rate; the data reported in Ref. [34] are about a factor of 
10 lower than those reported in Ref. [35]. 
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In an attempt to reduce the leach rate various coatings have been applied to 
the solidified cement containing the tritium. The coatings investigated have 
included asphalt, beeswax, greases, paraffin, enamels and various organic polymers. 
They reduce the leach rate by reducing the amount of surface area exposed to 
water. However, cracking of coatings does occur with time reducing their 
effectiveness. Impregnation of the concrete with a styrene monomer and a 
catalyst followed by heating to cause polymerization in attempts to reduce leach 
rate appear to have had only limited success [23]. 

5.2.3. Organic polymers 

Organic polymers in which tritium is bonded with carbon are considered 
for tritium immobilization because of their low volatility, chemical stability and 
hydrophobic properties. Those polymers considered [35] were polyacetylene, 
bakelite analogues and polyacrylonitrile. Reactions involved in these procedures 
are: 

CaC2 + H 2 0 C 2 H 2 + Ca(OH)2 (2) 

Ca(OH)2 ->• CaO + H 2 0 (recycle to (2)) (3) 

The (tritiated) C 2 H 2 is then polymerized either by thermal catalysts or by gamma 
irradiation. 

Bakelite polymers are formed by reaction of the tritiated acetylene with 
water in a sulphuric acid solution of mercuric sulphate to form tritiated acetal-
dehyde followed by polymerization with resorcin or phenol under basic conditions: 

C 2 H 2 + H 2 0 H g 2 * • CHg CHO (4 ) 

Very few tests on leach rates have been done. These compounds may be suscepti-
ble to radiation damage. 

Polyacrylonitrile can be formed by addition of HCN over a copper catalyst 
with a radical initiator. 

C 2 H 2 + HCN C u • CH2 = CH- C = C H (5) 
1 2 initiator C = N v ' 

These techniques are mentioned only as possibilities. Some work has been done 
but they cannot be considered as developed techniques. 
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5.2.4. Conversion of tritiated hydrogen 

It may be desirable to immobilize aqueous tritium using one of the techniques 
for tritiated hydrogen rather than one of the previously mentioned methods. 
In this case, a conversion step may be employed. This can be simple electrolysis 
of the water, which is a well-established technology, or isotopic exchange reactions 
between hydrogen and water employing appropriate catalysts. Those exchange 
reactions have been discussed in the previous chapter on tritium separation 
processes. Other well-known chemical reactions could be used for the conversion 
of water to hydrogen, but they would need to be examined in some detail to 
determine their suitability for this application. 

5.3. IMMOBILIZATION OF MISCELLANEOUS TRITIUM COMPOUNDS 

The main tritium-bearing compounds from nuclear facilities are water and 
hydrogen. However, there will always be some other tritium-bearing compounds 
that must be conditioned in some way before storage or disposal. 

Fixation of miscellaneous tritiated waste such as pump oil and impure 
aqueous solutions has been described by Mershad and co-workers [36]. Waste 
tritiated oils and organic liquids are adsorbed on vermiculite, and aqueous wastes 
are mixed with cement or plaster and packed for disposal in a multiple-walled 
container. They found less than 0.5% by weight of oil had separated from the 
adsorbant after one year. 

Incineration of liquid scintillators that have been used for tritium detection 
is a method described in Appendix VI. The tritium (as tritiated water) is scrubbed 
from the incinerator stack for disposal as aqueous tritium waste. 

5.4. CONSIDERATIONS FOR PRACTICAL APPLICATIONS 

Most of the methods described are generally at the laboratory stage of 
development. Within the framework of laboratory development the method of 
metal hydride storage for tritiated hydrogen is the most advanced, and for this 
reason seems the best method of tritium fixation at high concentration before 
storage. Because of its relatively high cost it is probably only practical for fixing 
small amounts of highly concentrated tritium. 

The most developed method for aqueous tritium fixation is formation of a 
cement either with or without additives. The tritium seems less firmly fixed in 
this form than in metal hydrides. The water in cement is fixed strongly with a 
chemical bound and weakly as a hydrate or when adsorbed. The weakly bound 
water is easily released therefore it is unsatisfactory for tritium fixation. The 
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TABLE XI. RELATIVE COSTS OF IMMOBILIZING 
METHODS [28] 

Media Relative cost 

Zirconium hydride 100 

Polystyrene 2 - 4 

Phenolic resin » 2 

Polyacrylonitrile 2 

Polyacetylene 0.8 

Polystyrene-impregnated Portland cement 0.8 

Portland cement 0.1 - 0 . 2 

chemically bound water is tightly held and is not easily removed. Both forms 
of water in cements are susceptible to tritium leaching due to chemical exchange: 

HTO (bound) + H 2 0 (free) S H 2 0 (bound) + HTO (free) (6) 

Therefore, for cements to be a practical fixation method, disposal or storage 
methods that prevent contact with water must be employed. 

The remaining techniques for incorporating tritium into organic polymers 
are in the very early stages of development and require a great deal of further 
development before they could be applied successfully. 

It is important to recognize that, regardless of the form in which the tritium 
is fixed, the material containing the tritium must be packaged in a suitable container 
before storage or disposal. For example, storage of tritiated hydrogen gas must 
be in a cylinder capable of containing the 3 He produced from tritium decay. 
The container in which metal hydride or cement or polymer is stored must either 
be designed to contain the 3 He or provide a venting mechanism that will not 
permit tritium escape. 

An estimate of the costs of materials for immobilizing was given by Burger 
and Trevorrow [28] in 1976. Their data are summarized in Table XI in the form 
of relative costs taking ZrH as equal to 100. 

A merit order based on criteria developed by McKay (Appendix VII) placed 
the main options as follows (in decreasing merit): drying agents, metal hydrides, 
organic polymers and, finally, cements. 
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DISPOSAL OF TRITIUM-BEARING WASTES 

Disposal is taken to mean a final treatment of wastes such that long-term 
surveillance will not be required. The basic aims are: 

Achievement of isolation for a sufficiently long period so that the activity 
never returns to the biosphere or man, or 
If the activity returns or is discharged to the biosphere it will be such that 
the radiological impact will be considered as low as reasonably achievable 
(ALARA). 

The major options for such disposal are: (a) sea disposal, (b) disposal to geological 
formations, and (c) disposal to the atmosphere and surface waters. 

A recent review of options for disposal appears in Ref.[6] and the supporting 
document [37]. The major options noted here are discussed below. 

6.1. SEA DISPOSAL OF TRITIUM 

6.1.1. Direct discharge of aqueous wastes from reprocessing plants 

Tritium in aqueous effluents from reprocessing plants is currently discharged 
directly to the sea from some coastal sites via pipe lines which extend several 
kilometres into the sea ([38] and Appendix II). Activities of tritium discharged 
annually are regulated by the appropriate authorities, and monitoring of the sea 
and effluents is carried out to demonstrate compliance with existing regulations. 

Dispersal of large volumes of low-level waste by direct discharge is the least 
expensive option from the point of view of engineering costs, but has the obvious 
drawback that it can only be considered at coastal sites. Application of this 
option (or any other as noted in Chapter 1) will depend on the pertinent regulations 
and on the results of radiological optimizing assessments. 
6.1.2. Deep sea disposal of solidified tritium waste 

Packaged low-level radioactive waste in solid form has been dumped in the 
North Atlantic ocean under NEA surveillance since 1967 by several European 
countries. International co-operation was achieved in 1972 within the legal 
framework of the London Convention on the Prevention of Marine Pollution by 
Dumping Wastes and Other Matters (London Dumping Convention) [39]. 

3 3 
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The IAEA has, within its responsibility under the London Dumping 
Convention, issued Definitions and Recommendations concerning the dumping 
of radioactive wastes, which became operative in 1978 [40], In addition, 
OECD/NEA prepared guidelines for deep sea dumping of low specific activity 
solid or low-level solid waste [41 ], taking into account the provisions of the 
London Convention, the IAEA's Definitions and Recommendations and the 
IAEA regulations for safe transport of radioactive materials [42, 43]. 

If deep sea disposal is to be considered for dilute tritiated aqueous wastes 
from reprocessing plants at inland sites, solidification and overland transport to 
the coast of the large volume of tritiated low-active waste could be prohibitively 
expensive. Reduction of the volume of tritiated aqueous waste as discussed in 
Chapter 3 is desirable. As noted in Appendix I, there is considerable experience 
in transporting tritiated water. If the wastes are solidified (in a cement, for 
example, as described in Chapter 5) some form of sealing may still be necessary 
to reduce the release of tritium during temporary storage and transport. 

Above a defined level of activity, radioactive wastes are considered 
unsuitable for dumping at sea. The IAEA has set out in detail this definition of 
radioactive wastes unsuitable for sea dumping [40]. For tritium, the upper 
concentration limit is 10 6 Ci per tonne 1 averaged over a gross mass not exceeding 
1000 tonnes. This is derived from an upper limit to the mass dumping rate of 
10 s tonnes per year at a single dumping site and a calculated upper limit to the 
activity release rate from all sources (other than natural sources) of 10 1 1 Ci per 
year at a single dumping site for tritium. The document also recommends 
that the release rate for tritium should not exceed 10 1 2 Ci per year into an ocean 
basin of not less than 10 1 7 m 3 . 

6.1.3. Package design for sea dumping [41 ] 

Two basic designs of packages for containing radioactive waste are used, 
a monolithic design and a design with several stages of containment. Current ideas 
are that immobilization in one of the cements discussed in Chapter 5 would be the 
preferred method with additional barriers as needed to reduce the release rate of 
tritium by leaching from the cement. Smaller waste volumes that might arise from 
a voloxidation or enrichment process at an FRP might be economically and 
satisfactorily left in metal containers. 

In the monolithic design the waste is incorporated into a solid matrix such 
as cement, concrete or bitumen to form a single cast block with a high enough 
relative density ( > 1.2) to sink to the sea bed. The matrix, in a container, should 
be of sufficient rigidity to ensure that the overall structure remains intact until 
arrival at the sea bed. 

1 1 Ci = 3.70 X 1010 Bq. 
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In the multiple containment design the waste is packaged separately and is 
assembled in a concrete vessel or metal drum with a system of concrete liners and 
caps. Since this system usually includes voids, a route is incorporated in the 
design to allow ingress of sea water into the void or into compressible material, 
and thus give pressure equalization while sinking to the sea bed. Drum sizes range 
from 200 - 700 litres. Designs have to be approved by the appropriate 
authorities. 

6.2. DISPOSAL OF TRITIATED WATER IN GEOLOGICAL FORMATIONS 

6.2.1. Deep-well injection 

Large volumes of low-level tritiated water can be disposed of in deep 
porous water-bearing formations (aquifers) in confining strata (aquicludes) 
located at depths of a few kilometres [1, 28, 45 - 4 7 ] . The water-impermeable 
confining strata are usually of clay or shale and the'porous formation of sand-
stone or limestone. Two types of aquifers may be distinguished: totally enclosed 
aquifers with limited capacity, and open-ended aquifers which are fully open in 
their horizontal extension. 

The capacity of the latter type of aquifer is practically unlimited, but there 
is no control on where the injected waste water may migrate in the horizontal 
direction. 

The requirements for deep-well injection which may necessitate pre-injection 
treatment of the aqueous waste are as follows: 

The waste should be compatible with the natural fluids in the formation in 
order to avoid undesirable chemical reactions which may result in pre-
cipitants that reduce the permeability of the aquifer. 
The content of suspended particles should be minimal to prevent clogging of 
the rock porosity near the well bore. 
A prerequisite to the use of any site is a geological survey of the aquifer to 

establish the absence of faults near the receiving station which could convey liquid 
to freshwater systems, and to determine the volume and extent of the aquifer. 
Injection tests are also required to establish adequate porosity and permeability 
of the receiving stratum at the desired injection rate. This method of disposal for 
tritiated waste water offers an inexpensive method of isolation from the biosphere. 

Deep-well injection for disposal of industrial wastes and brines has been 
practised in the United States of America for many years with flow rates ranging 
from 200 — 300 litres • min"1. The method offers inexpensive isolation but a 
drawback is that an injection site close to the source of the aqueous waste is 
needed to avoid expensive transport. Credible accident conditions include: 
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failure of the injection pipe or casing leading to migration of waste to shallow 
strata; build-up of excess pressure leading to fracturing of the overlying stratum 
and uncontrolled transport of waste liquid; and a sudden release of injection 
pressure by a failure leading to a geysering effect. 

Inactive injection tests have been carried out successfully to a depth of 
about 1000 m at a site in the Federal Republic of Germany (Appendix III). In the 
Union of Soviet Socialist Republics [48] safe disposal of liquid radioactive wastes 
into a deep water-bearing open-ended aquifer has been carried out as part of a 
development programme for ultimate disposal of radioactive wastes. The results 
of monitoring after injection of large volumes of low-level active waste have shown 
that the waste is confined near the injection point. 

6.2.2. Disposal of tritiated water in salt formations 

Geological salt formations demonstrate by their existence that they are 
isolated from groundwater. Therefore, deposited radioactive wastes, including 
tritiated water, in these salt formations should be completely isolated for long 
periods. The plasticity of the salt ensures that openings and fractures will be 
effectively sealed. 

The disposal of tritiated water into leached-out cavities in the salt formation 
would be carried out by injection of a cement-water slurry via a borehole from 
the surface. The cavity would be sealed off when full. The capacity of this type 
of disposal route for tritiated water is limited, but may be suitable for the low 
volumes of low-level liquid recycle waste expected from a reprocessing plant. 

The use of salt mines and domes for disposal of radioactive waste has been 
studied for many years, and large numbers of low-level waste containers and 
medium-level waste drums have been so stored in the Federal Republic of 
Germany [49]. A project in the Netherlands [50] is studying the disposal of 
low-level and medium-level wastes in a leached-out cavity of 30 000 — 40 000 m 3 

capacity. 

6.2.3. Solidified wastes 

Concentrated tritium wastes may be disposed of in drums into a geological 
formation. Examples are wastes from laboratories where tritium is used to 
prepare labelled compounds, luminous paints or light sources or from fuel 
reprocessing plants (i.e. fuel cladding materials), fixed if necessary by one of the 
methods discussed in Chapter 5. At such a disposal site, tritium would presumably 
be only one of many radionuclides handled. The economics of such disposal 
of tritium may therefore be attractive and the method would eliminate the 
problems of long-term storage. 
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6.2.4. Packaging for land disposal 

A package design recommended [36] for land burial, and containing up to a 
maximum of 70 kCi of tritium with a maximum release during storage of 84 years 
estimated as < 0.002% illustrates the type of sealing possible. The packaging is 
as follows: 

Primary containment. A 100-litre rigid polythene (or equivalent) corrosion-
resistant and impact-resistant container with a leak-tight closure is designed to fit 
inside a 115-litre drum. A void is left in the primary container to minimize 
pressure build-up by formation of helium during decay ( lg 3 H releases about 
7.5 litres of 3 He on total decay and about 0.4 litres in the first year). 

Secondary containment. The primary container is packed inside an asphalt-
coated, 115-litre steel drum with asphalt and vermiculite filling the intermediate 
voids. 

Tertiary containment. The secondary container is sealed in a 210-litre steel 
drum with asphalt at the top and bottom of the drum and vermiculite in the 
annular void. 

Other packaging has been used in conjunction with some of the immobilizing 
methods described in Chapter 5. For example, molecular sieve cartridges contain-
ing up to 100 Ci of tritium on 100 g of molecular sieve have been sealed and 
enclosed in an outer sealed aluminium tube packed with gypsum or resin [51]. 
Molecular sieve beds containing adsorbed tritiated water have been sealed in all-
welded steel containers for temporary storage in a dry concrete-lined burial hole 
(Appendix I). Tritiated wastes from the production and use of luminous com-
pounds are canned and filled in welded gas-tight cylinders which are then 
embedded in concrete inside a drum for disposal [52], A process for incorporation 
of tritiated water (50 Ci • ltr"1) in cement for long-term storage in a thick-walled 
steel drum (50-ltr capacity) is described in Appendix IV. Based on results for gas 
release from water, the pressure in the container after 10 years storage is cal-
culated to attain 4 - 5 atm. 

6.3. DISPERSAL OF TRITIUM 

Discharges of tritium from nuclear power plants or fuel reprocessing plants 
can take place either by gaseous emissions to the atmosphere, or as liquid 
emissions to the surface waters. Whether or not such dispersion is considered to 
be an acceptable method of disposal will depend upon radiological assessments 
as discussed in Chapter 1. 
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6.4. DISPOSAL OF MISCELLANEOUS TRITIATED WASTES 

Shallow land disposal sites with engineered storage structures have been used 
for tritium-bearing wastes for many years. Most sites do not allow storage of 
liquids so that immobilization, as described in Chapter 5, is required. In facilities 
in which large volumes of low-level tritium-contaminated wastes are produced 
(e.g. filters, ion-exchange resins, clothing at HWRs) volume reduction by 
incineration or compaction is practised. A recently commissioned facility is 
described in Ref.[53]. 

As noted in Appendix I, experience at some shallow disposal sites that have 
not been engineered specifically for tritium has demonstrated the mobility of 
tritiated water through concreted structures. 

6.5. RE-USE OF CONCENTRATED TRITIATED WASTES 
Isotope enrichment of tritiated aqueous wastes to an isotopic purity that is 

suitable for commercial use may be considered as an alternative to long-term 
storage or disposal. For example, the world demand for tritium for use in light' 
sources used with digital watches is increasing; the annual demand is estimated 
to be currently 4 MCi in the United States of America [54], The extent and 
radiological consequences of such dispersal are kept under review [52,54,55 ]. 

6.6. TRANSPORT OF TRITIATED WASTES 
Low-specific activity material and low-level solid material are defined in 

Paragraphs (120) and (121) of the IAEA Transport Regulations [42], These 
materials may be transported in strong industrial packages conforming to United 
Nations performance tests and design requirements so as to retain the contents 
during normal conditions of transport. 

The limit for tritiated water to be classed as low specific activity is 
10 Ci • ltr"1. Up to this concentration of activity water would be transported in 
bulk. However, costs would be high for long-distance transport of the large 
volumes of aqueous waste from a reprocessing plant. Tritiated waste water from 
a reprocessing plant after a head-end recycle separation process would require 
fixation (in cement, for example) for temporary storage and transport preparatory 
to sea dumping. 

Of major concern with regard to tritium wastes is the possible leakage of 
gaseous tritium from packages stored in a confined space such as the hold of a 
sea-going vessel. This would also be of some concern for storage of large 
concentrations of tritiated waste in drums while awaiting a sea disposal operation. 
Improving sealing methods might then be required. 



Chapter 9 
EFFLUENT AND SYSTEM MONITORING 

7.1. GENERAL CONSIDERATIONS 

The purposes of monitoring for tritium are to determine how effective a 
management practice has been and to provide data required in a radiation protec-
tion programme. Only the former type of monitoring is within the scope of this 
study, i.e. methods that may be associated with the control of a particular practice 
or with an assessment of its efficacy are included, and general health physics 
methods are not included. 

The intent of this chapter is to review the monitoring methods currently 
employed, to outline the types of measurement that may be required, and to 
determine how well such measurements can be accomplished. 

Since tritium emits only beta particles with very short maximum range 
0.5 mg-cm - 2 ) , the types of detector that can be generally used for its measure-

ment are those that allow the tritium to be inside the detector or in intimate 
contact with it. Examples of the former are gas-flow ionization chambers or 
proportional counters; of the latter, plastic or liquid scintillators. Those detection 
methods and their applications to the types of monitoring required in a tritium 
management programme have been widely studied and detailed reviews are 
available [13, 56-60] . 

The main considerations in the methods and measurements are: 
The medium measured, i.e. an emitted material or a part of a processing 
system 
The phase measured, i.e. gaseous or liquid or solid 
The chemical form of the tritium, i.e. tritiated hydrogen, tritiated water or another tritiated compound 
Whether the measurement is 'on-line', producing a result automatically, or 
whether manual intervention is required. 

7.2. MONITORING METHODS FOR TRITIUM IN LIQUID EFFLUENTS 

Organic solid and plastic scintillators have been used for measuring tritium 
in aqueous streams, the latter being easier to use in operational facilities. Concen-
trations of tritium in water down to about 1 Ci-ltr - 1 may be measured [61—63]. 

3 9 
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Methods that use liquid scintillators have been developed for on-line applications 
and provide at least an order of magnitude improvement in sensitivity, but 
neither scintillation method has been widely adopted. The deterioration of the 
plastic scintillator performance because of the accumulation of dirt and organic 
material and difficulty in handling liquid scintillators are the main problems. 

For discrete aqueous samples, liquid scintillation counting is the method of 
choice [56] in most cases, allowing measurements down to 1 nCi-ltr - 1. When the 
concentrations of tritium that have to be measured are the order of the current 
ambient values ( « 300 pCi-ltr - 1), a liquid scintillation counter specially designed 
for a low background may be preferred [64] or proportional counting with the 
aqueous sample as vapour in the counting gas may be used [56]. 

For samples of organic liquids, chemical treatment may be required before 
mixing with the liquid scintillator for counting. Scintillator manufacturers 
usually indicate the extent of the compatibility of a particular scintillator and 
class, of compound. 

Monitoring for tritium in liquid effluents is therefore generally by means of 
manual sampling and liquid scintillation counting. 

7.3. MONITORING METHODS FOR TRITIUM IN GASEOUS EFFLUENTS 
A gas-flow ionization chamber used in the direct current mode is the simplest, 

most economical and widely used method for on-line, direct measurement of 
tritium in gaseous forms, even though it is not specific for tritium. Methods have 
been established for reducing the interferences from other radiations [65, 66], 
from gas-borne ions and from charged particles [56]. 

Gas-flow proportional counters offer more specificity to tritium, and methods 
have been devised for further reducing interferences from other radiations [56] 
and from chemical contaminants [67]. For tritiated hydrogen or a tritiated 
hydrocarbon gas, the proportional counter is slightly more sensitive than an 
ionization chamber. For tritiated water vapour, the two methods in practice 
have similar detection limits in on-line applications ( « 0 . 0 5 /iCi-m3). 

Scintillators (organic, solid or plastic) may be used for measuring tritium in 
gaseous forms, but for tritiated water vapour such methods have not been very 
satisfactory because of sorption of water on scintillator surfaces. However, 
scintillators have been used successfully for tritiated water-vapour measurement 
by collecting the water-vapour in the liquid phase (by condensing (Appendix VI), 
or by capture in water [68]) which then flows over the scintillator surface. 
Condensing methods allow measurements down to concentrations in air of 
0.01 fiCi-nT 3; capture methods to 1 fiCi-m - 3 . 

When various chemical forms of tritium may be present in a gaseous effluent 
(e.g. tritiated hydrogen, tritiated water, tritiated methane, tritiated ammonia), 
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measurement of total tritium or of the individual forms may be required. Certainly 
for radiation protection purposes, the amount present as water is of greatest 
concern. However, from a control point of view, the other forms may be of equal 
importance. The value of the total tritium present may be delivered on-line with 
an ionization chamber or proportional counter as discussed in the first paragraphs 
in this section. If only HT and HTO are present then the additional determination 
of the activity of one of the forms is sufficient. Condensing, freeze-out or 
bubbling (capture in water, see the third paragraph in this section) and subsequent 
scintillation counting ofTntium in the aqueous phase is a method insensitive to 
HT ([56] and Appendix VI). Measurement of the HT in the gas stream after 
removal of HTO (or tritiated ammonia) by one of the above methods or with a 
desiccant [69] provides a direct estimate of the HT present. 

A simple manual method for measuring HTO in a gaseous effluent is to 
collect the HTO from a measured volume of air by bubbling through water (or 
ethylene glycol), a sample of which is then counted with~BT5liquid scintillator. 
If both HT and HTO are present, then collection of HTO, catalytic oxidation of 
the HT with palladium [70] or heated CuO, and collection of the oxide so formed 
is a way of obtaining aqueous samples for subsequent measurement [71]. Concen-
trations down to 1 nCi-m"3 can be measured by this technique. If the vapour is 
condensed or collected on a desiccant the measurement may be extended down to 
10 pCi-m - 3 . 

On-line methods are therefore well-established for total tritium, but the actual 
methods for separate indication of HT and HTO are currently specific to various 
facilities although they share the same general principles. Manual methods for HT 
and HTO, using a catalyst or a desiccant to convert the former or collect the 
latter, are more readily applicable. 

A frequently encountered problem in monitoring gaseous streams with 
ionization chambers or proportional counters is the 'memory' resulting from 
sorption of tritium on detector surfaces. Various remedies — gold-plating [13] or 
the use of meshes [71] — have been employed. Such effects are greatest when 
the detector is small, i.e. is applied to the measurement of high concentrations. 
Frequent cleaning may be required. 

7.4. MONITORING METHODS FOR TRITIUM IN SOLIDS 
The activity of tritium contained within a solid (or liquid not suitable for 

liquid scintillation counting) cannot be measured directly except for that activity 
within a few mg-cm"2 of the surfaces. Detection of bremsstrahlung (with a thin 
inorganic scintillator) has been applied [72] but the method is restricted to 
materials with tritium concentrations greater than « 1 Ci-m - 3 . Thin-window or 
windowless proportional counters and plastic scintillators are alternatives [56, 73] 



4 2 CHAPTER 4 

detecting, however, only the tritium betas emitted from within 0.1 mg-crn"2 of 
the monitored surface. 

A more useful measurement with solid waste materials contaminated with 
tritium is of the activity that is being released from the material or that may be 
easily removed [13]. The former may be accomplished by enclosing the material 
and monitoring the gas space in the enclosure for tritium. Activity that may be 
easily removed may be estimated by wiping the surface with filter paper (possibly 
loaded with glycerol or ethylene glycol [13, 73, 74]) and subsequently counting 
the activity in the paper in the liquid scintillator, by proportional counter or 
surface monitoring device. Such measurements are not usually very reproducible 
and would provide only a rough guide to the immobility of tritium in a solid. 

7.5. MONITORING METHODS FOR TRITIUM IN ENCLOSED SYSTEMS 
The methods discussed in Sections 7.2 and 7.3 may be applied provided that 

the gaseous or liquid medium is compatible with the detector, e.g. with the 
ionization chamber materials (for measurements in gases) or with the scintillator 
and its translucent enclosure (for measurements in liquids). 

If the system is such that only a small (few cm 3 ) ionization chamber can be 
used, then surface contamination effects may be a serious limit on the dynamic 
range and response time of the device. Similarly, continued exposure of scintilla-
tors to high concentrations of tritium in liquids may be sufficient to prohibit the 
use of such detection at appreciably lower concentrations. 

7.6. MONITORING METHODS FOR TRITIUM LEAKAGE 
Where tritium is stored as discussed in Chapter 6, assessment of the integrity 

of the storage may require monitoring of a different kind to that discussed in the 
previous section since well-defined effluents may not be accessible. The measure-
ments required are of tritium in soils and in ground and surface waters. The 
escape to air from such facilities may be measured by one of the methods discussed 
in Section 7.3. 

All the measurements require specific sampling and sample preparation 
techniques such as described in Ref.[56] and in Appendixes I and II. On-line 
methods are not generally feasible, but are not required anyway. 
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INTERNATIONAL PROGRAMMES AND CO-ORDINATION 

A continuing interest in the safe handling of tritium-bearing effluents and 
wastes is connected with the operation of an increasing number of light and 
heavy water reactors, development of nuclear fuel reprocessing plants and future 
development of fusion reactors. 

At the present time, several international research programmes are in 
progress on the handling of tritiated effluents and wastes. Two of these 
programmes are outlined here, that of the IAEA and that of the CEC. 

8.1. IAEA PROGRAMME 

The environmental and technological interests in tritium are reflected in past 
and present programmes of the International Atomic Energy Agency. In 1972, 
a co-ordinated research programme was initiated on cycling of tritium and other 
widely dispersed radionuclides in different types of ecosystems. Because of the 
complexity of the behaviour of these nuclides the programme finally examined 
only tritium.1 This was followed by a symposium on the behaviour of tritium 
in the environment held in San Francisco in November 1978 [3]. 

Removal of tritium from gaseous and liquid streams needs realistic estimates 
of the appropriateness of different removal methods for different nuclear facilities. 
Conditioning and containment of tritium-bearing wastes also requires special 
attention to ensure the safe storage and the disposal of these wastes. 

The IAEA has therefore initiated a co-ordinated research programme on 
handling tritium-contaminated effluents and wastes, following the recommenda-
tions of a group of experts at an advisory group meeting, held in 1977, on 
radioactive waste management at nuclear power plants. A technical committee 
meeting on the handling of tritium-bearing wastes was convened by the IAEA 
in December 1978 to exchange information on experience gained in different 
countries in tritiated wastes treatment and the technologies available for tritium 
handling at nuclear facilities. The present report is the result of this activity. 

1 The results will be published in Tritium in Some Typical Ecosystems in the IAEA 
Technical Reports Series. 
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8.2. CEC PROGRAMME 

In the five-year R&D programme of the Commission of the European 
Communities on radioactive waste management and storage (1975—79), actions 
are in progress, or planned, on handling tritiated effluents and wastes and on 
tritium production and diffusion. This programme, which takes into account 
work in its Joint Research Centre (direct action), is conducted by means of 
contracts with public or private institutions in the Member States (indirect action). 

The financial contribution of the community to the indirect action will be 
of about 50% of the costs estimated for the execution of the research projects 
described below. 
8.2.1. Tritium separation by catalytic water-hydrogen isotope exchange 

Two processes are to be investigated for recovering tritium from the water 
off-stream of a reprocessing plant. These processes, both based on a combination 
of water electrolysis and water-hydrogen exchange, differ mainly in the type 
and form of the catalyst. As noted in Chapter 4, these techniques seem promising 
for this application in comparison with the rather well-known water distillation. 

8.2.2. Immobilization of tritium in a solid material 

A screening study has recently been carried out by UKAEA, Harwell, 
surveying and assessing candidate materials for immobilizing tritium from the 
possible waste management schemes. Required experimental work has also been 
recommended (see Appendix VII). 
8.2.3. Tritium production and its diffusion in fuel 

UKAEA, Harwell, is determining the tritium total content in Zircaloy and 
stainless-steel hull samples from spent fuel elements. The determination of the 
axial distribution of tritium in irradiated fuel rods with Zircaloy cladding is 
planned. In another CEC programme on plutonium recycling in LWRs, CEN (Mol), 
and Belgo-Nucleaire are studying experimentally the tritium inventory of uranium-
and plutonium-bearing fuel irradiated in a PWR. 

8.3. OTHER PROGRAMMES 
The Council for Mutual Economic Assistance (CMEA) and the Nuclear 

Energy Agency of the Organization for Economic Co-operation and Development 
(NEA/OECD) have also organized ongoing programmes on various aspects of 
tritiated wastes handling. 
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SUMMARY AND RECOMMENDATIONS 

9.1. PRODUCTION RATE 
Information is available for assessing the activity of tritium that may be 

released from nuclear power reactors and fuel reprocessing plants in the near 
future. 

9.2. CONTAINMENT 
Specific information is required on the behaviour and properties of tritium 

at high concentrations in materials. 
There seems to be a need for better materials for seals in equipment 

designed to contain medium- or high-level tritium. The requirements are for 
greater resistance to radiation and the concomitant longer useful lifetime. 

9.3. RECOVERY 
Several techniques for tritium recovery have been identified and are at 

various stages of development. Continuation of these developments is desirable. 

9.4. IMMOBILIZATION 
Because present technology for immobilizing aqueous tritium wastes appears 

to be not as good as for tritiated hydrogen, it is recommended that further 
development work be undertaken to see if other inexpensive methods for 
immobilizing tritiated water are an improvement. The Committee recognizes that 
such refinement may not be justified if the costs are appreciably higher than those 
of the current methods, and that it may be that none of the methods may be 
selected on the basis of a radiological optimizing. 

An alternative to fixing in the water form is to convert tritiated water to 
hydrogen. Development and demonstration of a low-cost conversion method is 
recommended. 

Although laboratory, and perhaps pilot plant, scale studies, have shown that 
metal hydrides effectively immobilize tritiated hydrogen, there does not appear 
to have been a long-term demonstration of storage of a package containing a high 
specific activity tritiated metal hydride. Such a demonstration that would include 
monitoring the release rate of tritium from the package is recommended. 

4 5 
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9.5. DISPOSAL 

Consideration must be given to developing criteria for assessing the suitability 
of the deep-well injection method for the disposal of tritium to geological 
formations. 

It was clear to the Committee that the disposal strategy selected for different 
sites will be governed by costs and by the availability of a disposal route as well 
as by the appropriate national and international regulations concerning transport 
and disposal. 

Criteria and designs for packaging tritium as low-level solid waste, suitable 
for particular disposal options, are required. 

9.6. COSTS 
Many of the practices and technologies discussed in the report are not well 

developed. Inclusion of them does not imply that they should be or are likely 
to be applied. Such application should only be made after a detailed analysis of 
costs — radiological and material — as outlined in Chapter 1. 

A general conclusion is that the more effective a technique — for immobili-
zation, for example — the greater the cost. Such a relationship emphasizes a 
requirement for careful costing. 

In determining the costs of any method of recovery, immobilization, storage 
or disposal, it is essential to include all the peripheral costs such as those involved 
in transport or temporary storage. 

Detailed estimates of the costs of some technologies for enrichment and 
immobilization are available and, within the framework of the assumptions made, 
are thought to be accurate. For some methods at pilot plant stages of develop-
ment, costs can be extrapolated with reasonable confidence. However, for newer 
technologies costs are poorly known and further assessments are desirable. 

9.7. MONITORING 

The techniques of tritium monitoring that may be required in the control 
of management practices have been extensively documented and reviewed during 
the last decade. For many applications, instruments are available commercially. 

Where on-line instruments have not yet been extensively applied, simple 
manual sampling methods are available and may be preferred in commercially 
operating facilities. In general, methods are available for detecting tritium at 
concentrations well below those that may be of interest for tritium management 
of wastes. 
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The types of measurement for which on-line instrumentation may be desirable 
but for which no entirely satisfactory instruments appear to be widely available 
are monitoring of water effluents, and measuring tritium in fluids at concentrations 
greater than a few per cent that of the pure nuclide. 

9.8. INTERNATIONAL CO-OPERATION 

Continuation of the development of the principles and guidelines for 
establishing limits for release of tritium as exemplified by Refs [5] and [6] is 
recommended. 

It is also recommended that acceptable guidelines and criteria should be 
developed internationally for the safe disposal of tritium in deep geological 
formations. 

Standardization of methods for measuring tritium should be encouraged 
at the international level. 

The Committee recommends the widest possible exchange of information by 
periodic discussions for the evaluation of results from national and international 
programmes in tritium handling. As some major research projects are still at an 
early stage, it seems reasonable to review tritium handling in a few years. 
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GLOSSARY 

Tritium (T) 
T 2 

HT 
T 2 0 
HTO 
Deuterium (D) 
D 2 

DT, HD 

D 2 0 DTO, HDO 
Protium (H) 
H 
H 2 

H2O 

Reactor types 

LWR — Light-water-cooled reactor (all types) 
PWR - Pressurized-water reactor (in Russian papers WWER) 
BWR - Boiling-water reactor 
HWR - Heavy-water reactor 
AGR — Advanced gas-cooled reactor 
FBR — Fast breeder reactor 
HTR - Helium-cooled, high-temperature reactor 
FRP — Fuel reprocessing plant (in German papers WAK) 

— Isotope of hydrogen, fH 
— Pure tritium gas 
— Tritiated hydrogen, no defined percentage of tritium 
— Pure tritium water 
— Tritiated water, no defined percentage of tritium 
— Isotope of hydrogen, 2 H 
— Pure deuterium gas 
— Mixture of hydrogen gas, no defined percentages of 

tritium, deuterium and protium 
— Pure deuterated water 
— Tritiated and deuterated water, no defined percentages 

of tritium, deuterium and protium 
— Isotope of hydrogen, }H 
— Hydrogen as name for the isotope in any chemical form 
— Pure hydrogen gas 
— Normal water 
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Appendix I 

RECOVERY OF TRITIUM FROM 
CANDU REACTORS, ITS STORAGE, 
AND MONITORING OF ITS MIGRATION 
IN THE ENVIRONMENT 

W.J. HOLTSLANDER 
Atomic Energy of Canada Limited, 
Chalk River Nuclear Laboratories, 
Chalk River, Ontario 
T.S. DROLET 
Nuclear Materials Management Department, 
Ontario Hydro, 
Toronto, Ontario 
R.V. OSBORNE 
Atomic Energy of Canada Limited, 
Chalk River Nuclear Laboratories, 
Chalk River, Ontario, 
Canada 

1. INTRODUCTION 

This study is an amalgamation of three documents prepared by the authors 
as background information for an IAEA Technical Committee meeting on the 
Handling of Tritium-Bearing Effluents and Wastes, held in Vienna from 
4 to 8 December 1978. 

Ontario Hydro has direct experience with tritium management in operating 
CANDU 1 heavy water nuclear reactors whereas AECL's2 expertise is in tritium 
handling and monitoring in research reactors and in related research projects. 
A co-operative study by these two organizations [ 1 ] on the topic of tritium 
management has provided much of the information in this report. 

1 CANada Deuterium Uranium. 
2 AECL = Atomic Energy of Canada Limited. 
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2. PRODUCTION OF TRITIUM IN CANDU REACTORS 

Tritium is produced in CANDU heavy water reactors (HWR) by neutron 
reactions with deuterium, boron, lithium and by ternary fission. Activation of 
deuterium is by far the most important mechanism and is responsible for the 
production of about 2.4 kCi (89 TBq) of tritium/(MW(e) • a) compared with only 
20 Ci/(MW(e) • a) (0.7 TBq/MW(e) • a) by ternary fission. Most of the tritium 
present in CANDU reactors is in the form of tritiated heavy water (DTO). 

The concentration of tritium (C) increases towards an equilibrium value 
(CJ as 

C = C O Q ( l - e - X t ) 
where C^ depends on the neutron flux and the fraction of a heavy water system 
that is in the reactor core. The tritium concentration in the moderator of a 
CANDU reactor is higher than that in the coolant. If the heavy water does not 
leak or is not replaced, the concentration ratio in the two systems is about 26. 

The average tritium concentrations in October 1978 in the moderator and 
coolant at Pickering GS 'A' (PGS) were approximately 16 Ci/kg (0.6 TBq/kg) 
and 0.5 Ci/kg (0.02 TBq/kg) respectively. The theoretical equilibrium tritium 
concentrations are 65 Ci/kg (2.4 TBq/kg) in the moderator and 2.5 Ci/kg 
(0.09 TBq/kg) in the coolant. When the effects of heavy water mixing between 
the coolant and the moderator, losses and replenishment are considered, the 
equilibrium concentrations could be about 40 Ci/kg (1.5 TBq/kg) (moderator) 
and 2 Ci/kg (0.07 TBq/kg) (coolant system). 

3. TRITIUM EMISSIONS FROM REACTORS 
Tritium in the reactor may escape into the ventilated areas and subsequently 

be emitted in air effluents or it may be released as tritiated heavy water and 
emitted in liquid effluents. The limits on emission (the 'Derived Emission Limit', 
DEL) are set so that doses to members of the general public will not exceed 
0.5 rem/a. Ontario Hydro is committed to design arid operate reactor stations 
so that emissions do not exceed 1% of the DEL. 

Both airborne and waterborne emissions from PGS are below 1% DEL 
(Fig. 1), and the latter have been below 0.1% DEL. The relatively higher emissions 
between 1972 and 1973 were due to events associated with commissioning the 
station. 

Moderator heavy water has become the major source of tritium emission in 
recent years. For example, analysis of the 1977 emission data suggests that 
almost 90% of the airborne tritium originated from the moderators. The sources 
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FIG.l. Total tritium emissions from Pickering GS 'A'. 

and their estimated contributions to PGS 1977 airborne emissions are identified 
in Table I. 

The airborne emissions of tritium from PGS between 1975 and 1977 
(in percentage DEL) can be correlated with the average moderator tritium 
concentration ( T m ) by the following empirical equation 

% DEL = 0.05 ( T m ) - 0 . 3 
This correlation is shown in Fig. 2. 

4. RECOVERY OF TRITIUM FROM HEAVY WATER REACTORS 
Many tritium recovery processes have been considered, but only catalytic 

exchange of DTO with D 2 to produce DT and D 2 0 , or electrolysis of D 2 0 / D T 0 



6 0 APPENDIX II 

TABLE I. PGS AIRBORNE TRITIUM EMISSION IN 1977 

Systems Causes Percentage total 
airborne tritium 
emission 

Moderator 
(86% of 
total D 2 0 ) 

Cross-contamination 
from moderator rooms 

75 - 48 Moderator 
(86% of 
total D 2 0 ) 

Heavy water escape 
from moderator 
auxiliary systems 

1 1 - 3 8 

Heat 
transport 
(14% of 
total D 2 0 ) 

Cross-contamination 
from heat transport rooms 

1 1 - 7 Heat 
transport 
(14% of 
total D 2 0 ) Heavy water escape from 

heat transport auxiliary 
systems 

3 - 7 

MONTHLY A V E R A G E OF 4 UNITS MODERATOR TRIT IUM CONCENTRATIONS IN Ci/kg 
IN P ICKERING GS 'A' BETWEEN 1975 AND 1977 

FIG.2. Historical relationship between average (4 unitsj moderator tritium concentrations 
and airborne tritium emissions at Pickering GS 'A' (1 Ci= 3.7 X 1010 Bqj. 
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to D 2 /DT and 0 2 followed by cryogenic distillation of the hydrogen isotopes to 
separate tritium in a concentrated form appear promising or feasible for a tritium 
recovery plant. 

Tritium recovery for heavy water reactors generally would consist of two 
separate processes, a transfer process that transfers tritium from tritiated heavy 
water to tritiated hydrogen, and a concentration process that separates and 
enriches the tritium to high specific activity tritiated hydrogen (T 2 ) . 

Since it is most economical to produce a small and highly concentrated 
tritium stream for storage, cryogenic distillation of D 2 /DT/T 2 is the most practical 
process available for the final enrichment of tritium. The options of the transfer 
process are: 

(a) Vapour-Phase Catalytic Exchange (VPCE) of tritiated D 2 0 vapour 
with D 2 , producing a D 2 /DT mixture [2]. 

(b) Direct Electrolysis (DE) of tritiated D 2 0 , producing a D 2 /DT mixture. 
(c) Combined Electrolysis-Catalytic Exchange (CECE) [3] of the tritiated 

D 2 0 in the liquid phase with D 2 /DT producing a D 2 /DT stream 
enriched in tritium concentration. 

(d) Liquid-Phase Catalytic Exchange (LPCE) [4] of tritiated D 2 0 with D 2 

producing a D 2 /DT mixture. 
Each of these transfer processes may be coupled with cryogenic distillation 

of hydrogen isotopes to provide a process for tritium recovery from heavy water. 
These processes are described briefly. 

4.1. Vapour-phase catalytic exchange (VPCE) and cryogenic distillation [2] 

This process (Fig. 3) was developed by the French Commissariat a L'Energie 
Atomique (CEA). Sulzer Brothers Limited of Switzerland is licensed to market 
the process commercially and has built a small plant at Grenoble in France. 

In this process, the D 2 0/DT0 feed is vapourized and brought into direct 
contact with a recirculating D2 gas stream (from the cryogenic distillation 
system) over a catalyst bed to promote the following exchange: 

catalyst „ 
DTO + D2 • D 2 0 + DT 

The detritiated heavy water vapour is condensed and returned to the reactors. 
Several evaporation/catalytic exchange/condensation stages are required to 
achieve adequate detritiation. 

The tritiated deuterium stream is purified by removing oxygen, nitrogen 
and other gaseous impurities, then fed to the cryogenic distillation system. The 
detritiated deuterium gas coming off the top of the first cryogenic distillation 
tower is recirculated to the VPCE front end. Concentrated tritium in the form 



K> 

FIGS. Vapour phase catalytic exchange + cryogenic distillation: EVAP = evaporator plus superheaterCA T= catalytic exchanger; 
CNDR = condenser. 
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of liquid elemental tritium is bled off periodically from the bottom of the last 
distillation tower and packaged for storage or disposal. 

In this process concentrated tritium is handled in its elemental state and the 
maximum tritiated water concentration handled is that of the heavy water feed. 

4.2. Direct electrolysis (DE) + cryogenic distillation 

Tritiated heavy water from the reactor units is fed to the electrolytic cells 
where it is decomposed into an oxygen gas stream and a D 2 /DT gas stream: 

electrolysis „ „ 2 DTO —*2 DT + 0 2 

„ „ electrolysis „ 2 D 2 0 2 D 2 + 0 2 

The D 2 /DT stream is purified and fed to the cryogenic distillation system, 
as in the first process. The deuterium gas is recombined with the oxygen 
generated in the electrolytic cells to form detritiated heavy water which is then 
returned to the reactor units. This scheme is shown in Fig. 4. 

4.3. Combined electrolysis-catalytic exchange (CECE and cryogenic distillation) 

The CECE process has been developed by Atomic Energy of Canada Ltd 
(AECL) at Chalk River Nuclear Laboratories (CRNL) [3]. The flow sheet is shown 
in Fig. 5. It uses a proprietary hydrophobic catalyst [5] to promote exchange of 
deuterium and tritium. Tritiated heavy water from the reactor units is fed to the 
catalytic column and allowed to flow downward counter-currently to a rising 
stream of D 2 /DT gas generated in electrolytic cells. Tritium moves from the 
gaseous D 2 /DT stream to the liquid D 2 0 / D T 0 stream: 

DT + D 2 0 • DTO + D 2 

The liquid stream enriched in tritium is collected in the electrolytic cells at the 
bottom of the catalytic column. A portion of the concentrated DT/D 2 gas from 
the electrolytic cells is directed to the cryogenic distillation systems for tritium 
extraction. Since deuterium gas evolves preferentially to tritium in the electrolytic 
cell, the cell solution becomes enriched with tritium. 

The deuterium gas stream depleted in tritium from the cryogenic distillation 
column is oxidized by the oxygen stream from the electrolytic cells in a recombiner 
or burner to form detritiated heavy water which is returned to the reactor units. 
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FIG.4. Direct electrolysis + cryogenic distillation. 
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4.4. Liquid-phase catalytic exchange (LPCE) and cryogenic distillation [4] 

The detritiation mechanism of the LPCE front end is similar to that of the 
VPCE front end process except that the tritiated heavy water feed remains in the 
liquid phase. The hydrophobic catalyst developed by AECL [5] is used to 
promote transfer of tritium from water to deuterium instead of the French CEA 
catalyst. 

4.5. Evaluation of processes 

There are advantages and disadvantages in each of the four transfer processes. 
The LPCE is the favoured scheme because of its simplicity and its operation at low 
pressures and temperatures. It is easier to make the equipment leak tight, and is 
safer because the tritium in water concentration is not increased beyond the feed 
concentration from the reactor system. The CECE process is more complex and 
requires handling of tritiated water at a concentration substantially higher than 
the feed concentration from the reactor. In applications of tritium recovery 
from water containing very low tritium concentrations this enriching feature of 
the CECE system is considered very advantageous. Both the LPCE and CECE 
schemes have been evaluated only on the laboratory scale. Development work 
is underway at AECL to demonstrate these on a pilot plant scale. The direct 
electrolytic conversion of tritiated D 2 0 to tritiated D 2 is somewhat more complex 
than LPCE, and a low inventory cell for the D 2 0 application is not yet proven. 
The VPCE is proven but has the disadvantage of operating at high temperature 
and is more complex because of the repeated evaporation and condensation cycles 
required. 

5. TRANSPORT 
Canada has had extensive experience in transporting tritiated heavy water as 

low specific activity (LSA) material ( < 10 Ci/ltr) (0.4 TBq/ltr) in stainless-steel 
drums or in carbon-steel drums with an epoxy liner. For example in the period 
1972-74, the activity-vehicle distance product was 4 GCikm (1.5 X 10 8 TBqkm) 
[6]. For shipping water at specific activities above the LSA limit, drums with 
corrugated fibreboard packs, encapsulated in steel shells, have been used. Such 
packages meet Type B(M) specifications [7] but not Type B(U) because of the 
flammable nature of the packing material [8], Nevertheless, the packages are 
conservatively designed at the specific-activity limit (25 Ci/ltr) (0.93 TBq/ltr) 
currently imposed by the Atomic Energy Control Board, and a simple change of 
packaging material could ensure that Type B(U) specifications are met [8]. 
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FIG.S. Combined electrolysis-catalytic exchange + cryogenic distillation. 
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So far, only three incidents have occurred during transport; only a few 
curies3 of tritium were lost and no individual doses that were considered 
significant were involved. 

This experience, together with various theoretical and experimental studies 
[9—11], encourages the belief that transport of tritium wastes or tritium 
recovered from effluents is not a particularly difficult problem, and that methods 
currently used will be satisfactory. 

6. PACKAGING OF CONCENTRATED TRITIUM FROM A RECOVERY 
PLANT 

6.1. Packaging of elemental tritium in gaseous form 

Tritium can be stored as tritium gas in gas containers. This method is 
suitable for short-term recoverable storage and is at present used in the United 
States of America and France. The containers are made of metal such as the 
300 series austenitic stainless steels, nickel-chrome alloys, tin and tin-coated steel. 
Multiple-containment with high pressure design and pressure relief systems are 
used. 
6.2. Immobilization and packaging of elemental tritium as metal hydrides 

Tritium can also be stored in the form of tritiated metal hydrides [12, 13]. 
A wealth of information is available on metal hydride technology, and it is 
known that a large number of metals will react with tritium to form tritide. 
Zirconium hydride is very stable and not as pyrophoric as other more active 
metal hydrides. Uranium tritide is used for short-term storage of elemental 
tritium. 

6.3. Immobilizing and packaging tritiated water in cement [14] 

When tritiated water is added to Portland cement, it is taken into the 
crystalline structure of the calcium silicates present forming stable calcium 
hydroxide and a calcium silicate hydrate. Experiments at Ontario Hydro Research 
have shown that the bound water cannot be removed by calcining below 500°C. 
Leaching of tritium from cements by chemical exchange occurs if the cement is 
exposed to water. 

3 1 Ci= 3.7 X I010 Bq. 
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This storage is best suited for recovery processes producing concentrated 
tritium oxide as the waste stream. It requires a large storage space and involves 
handling tritiated water so that this storage method is less attractive compared 
with metal tritide storage. It may be suitable for long-term irrecoverable storage. 

7. MONITORING OF TRITIUM MIGRATION IN THE ENVIRONMENT 

The behaviour of tritium near the waste management site at Chalk River 
Nuclear Laboratories has been studied for more than two decades [15]. The site 
is not specifically for tritium but has been designed to handle a variety of nuclear 
wastes. However, the emission of tritium from the site has provided a stimulus 
for various investigations of the movement of tritium near the site [16], and has 
allowed detailed hydrogeological [17] and micro-meteorological [18, 19] studies 
that have included the use of tritium as a tracer. Some of the studies formed a 
contribution to the International Hydrological Decade (1965-74) and were 
summarized in Ref. [20] which includes a description of physical features of the 
site [21 ]. 

The deposition and hydrology of tritium have been measured and studied 
[22, 23] since the first large releases of tritium from thermonuclear tests providing 
information on the water cycle in Canada and, in particular, on the turnover 
characteristics of individual river basins. The precipitation data from these studies 
are contained with those from other countries in the IAEA compendium of 
environmental isotope data [24]. 

More recently studies have begun on the behaviour of tritium emitted from 
wastes in concrete-lined trenches at the Bruce Nuclear Power Development site 
of Ontario Hydro. These continuing studies and similar ones at CRNL are aimed 
at improving the understanding of the behaviour of tritiated water in hydrologic 
systems. The'key features of some of the techniques evolved in these studies that 
are applicable to monitoring for tritium are described in this section. 

7.1. Groundwater monitoring 

Determinations of the profiles of tritium concentrations at various depths 
have been facilitated by the development of a multilevel sampling system [25], 
A steel tube (10-cm i.d.) is inserted into the ground for a depth to 15 m by 
wash boring. A multi-ported PVC pipe (5-cm i.d.) is lowered into the steel shell. 
Finally the shell is withdrawn and the annular space around the pipe is repacked. 
Each port on the PVC pipe consists of a mesh-covered tube held in a rubber 
stopper inserted through the wall of the pipe. Flexible, 3-mm polyethylene tubing 
connects the inner end of each of the tubes through the bore of the PVC pipe to 
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a pump above the ground. Vertical separation of the ports may be as small as 
20 cm. 

It is believed that reasonably stable conditions are re-established in the 
groundwater flows adjacent to the samples after a few weeks. A necessary 
precaution in this method is that the water used for wash boring does not differ 
appreciably in tritium concentration from those expected in the groundwater to 
be sampled. A similar precaution applies, of course, to any method that involves 
wash boring before sampling. 

7.2. Soil monitoring 

The Merritt-Parsons method [26] for obtaining samples of soil in 60-cm 
tubes has been adapted by Jackson and co-workers [27] to obtain samples of 
1.5-m length. In the original method a soil sample was obtained in a steel tube 
that had been driven into the soil at the bottom of a drill hole. Closure of a 
diaphragm valve at the top of the tube (by air pressure) enabled the soil to be 
retained during withdrawal of the tube. Groundwater was prevented from mixing 
with the soil at the bottom of the sample tube (thereby prompting loss of the 
sample) by enclosing the sample tube in a larger bore tube (bell) from which the 
water could be displaced by air. Currently, for sampling from the greater depths, 
a thin wall aluminium tube is used without any air-bell, the cohesion of the 
greater length apparently being sufficient, even with wet sands, to keep the 
sample in the sample tube during withdrawal. Sections from various depths in 
the sample may be obtained by cutting the tube into the appropriate lengths. 

The interstitial water may be extracted from the soil samples by squeezing, 
by distillation or by centrifuging. Two methods of squeezing have been developed: 
mechanical and immiscible-fluid displacement [28]. In the former, which is 
suitable for compressible fine-grained or organic-rich sediments, the water is 
simply squeezed out of the sample through a filter paper in the base of a plunger-
barrel squeezer arrangement. Maximum water yields are obtained when the 
applied pressure is just sufficient to move the water through the filter. 

In the immiscible-fluid method, which is suitable for sandy, saturated or 
partially saturated, incompressible sediments, the sample of sediment is covered 
in the squeezer with a layer of epoxy plasticizer which is then forced down 
through the sediment, displacing the interstitial water through the filter paper. 
Water from sediments with as little as 3% water may be recovered by this method. 

Distillation — azeotropic with toluene — is a practical alternative for 
extracting water from soil when only hydrogen isotope measurements are 
involved [29], Large samples may be processed quickly in this way. 
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7.3. Vegetation 

Brown [30] has demonstrated that long-term retrospective sampling of the 
concentration of tritium in the environment may be accomplished by analysing 
the tritium organically bound in the rings of trees. Vegetation also provides a 
vehicle for obtaining an estimate of the specific activity of air moisture integrated 
over a period of several days since the tritium activity of leaf moisture generally 
follows that of the ambient air. The analytical methods required for these studies 
for measuring tritium in samples of soil, in the free water of vegetation and bound 
to cellulose have been developed and described by Brown [30], 

To extract water from samples, azeotropic distillation has been preferred 
since freeze drying sometimes results in volatile organics contaminating the 
aqueous distillate. 

For determining the activity of tritium that has been bound in cellulose at 
its time of synthesis — a requirement for the dating application of interest here -
the cellulose has to be separated from low molecular weight carbohydrates 
deposited in the cellulose after its formation and labile hydroxyl groups that may 
have exchanged with water permeating the system. Boiling with monoethanolamine 
is the method preferred for removal of non-cellulosic materials. Coniferous woods 
require an additional treatment with hypochlorous acid and sodium sulphite for 
complete removal. 

Exchange of all hydroxyl hydrogen with tritium-free water may be achieved 
by boiling the cellulose in tritium-free 0.4N HC1, rinsing with tritium-free water 
and finally drying at 170°C in vacuo. The cellulose may then be burned completely 
in a flow of dried oxygen and nitrogen and the tritium (as the oxide) collected in 
cooled traps. 
7.4. Rain monitoring 

For specific activity and gross activity determinations, re-evaporation of any 
collected precipitation has to be avoided. This may be accomplished [29] by 
adding to a collection bottle, before collection starts, sufficient oil to cover any 
moisture. 

7.5. Air moisture monitoring 

A molecular sieve (type 4A) has been used to collect moisture from 
measured volumes of air [ 18]. Stainless-steel vessels containing 100 g of sieve 
and able to trap up to 10 g of water are equipped with vacuum-tight valves on 
both inlet and outlet tubes. The air sampling rate is adjusted so that about 
5 g of water is collected during the sampling period. The water is distilled for 
five hours at 540°C, under high vacuum, into a weighed glass trap cooled in 
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liquid N 2 . The trap is weighed and the amount of water collected obtained by 
difference. 

7.6. Tritium measurement 

Surface waters currently have concentrations of tritium (from weapons 
testing) of approximately 100 TU ( « 320 pCi/ltr) (12 Bq/ltr); groundwater may 
have less than a tenth of this. Hence, for monitoring around tritium storage 
facilities, of interest will be concentrations that are appreciably above 100 TU. 
Isotopic enrichment before measurement either by gas proportional or liquid 
scintillation counting therefore will not be necessary since both techniques have 
the capability of measuring to 10 TU [29], 
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PRODUCTION AND TREATMENT OF 
TRITIATED WASTES IN FRANCE 

L. DOLLE 
CEA, Centre d'etudes nucleaires CEN 

de Saclay, 
Gif-sur-Yvette, 
France 

1. PRODUCTION OF TRITIATED EFFLUENTS 
1.1. Civilian research centres 

In the civilian research centres of the Commissariat a l'Energie Atomique (CEA)1 

the main sources of production are at present operation of heavy water research 
reactors, and the use of tritium, mainly for the production of labelled molecules. 

The only centres which need to be mentioned here are those at Saclay and, 
to a lesser extent, Grenoble, since the other civilian research centres produce 
negligible quantities of tritium. 

At Saclay, in the EL.3 reactor of 18 MW(th) heavy water serves as both 
moderator and coolant. With saturation, the activity of the tritium would be of 
the order of 40 Ci/ltr, but in fact it remains below this level because of the annual 
replacement of part of the tritiated heavy water by detritiated water.2 The steady-
state concentration therefore does not exceed 4—5 Ci/ltr. Even at this level of 
activity, however, the quantity of tritium released annually can be as high as 
2000 Ci. The reasons for this are mainly the manipulations that have to be 
performed on the heavy water circuits and fuels (releases in the form of water 
vapour) and leakage of the helium atmosphere of the reactor vessel (releases of 
trace amounts of water vapour and hydrogen). 

In addition, various laboratories at Saclay use tritium for isotope labelling 
and produce some effluents either in liquid (water or organic fluids) or in gaseous 
form. Gas production does not exceed 80 Ci/a. In liquid form, it can, at present, 
reach 7000 Ci/a. These are relatively concentrated effluents which are not released 
on site. 

1 The production of effluents at military centres is not considered here. 
2 1 Ci = 3.7 X 1010 Bq. 

7 3 



7 4 APPENDIX II 

Among the other centres, that at Grenoble has a heavy water reactor (high 
flux reactor of the Laue-Langevin Institute). The heavy water of this reactor 
is continuously detritiated. Releases of tritium are of the same order as from 
the EL.3 reactoror lower. 

1.2. Reprocessing plants for irradiated fuels 

Reprocessing plants for irradiated fuels produce larger quantities of tritiated 
effluents. At Marcoule, where low-irradiated fuel from graphite-gas reactors has 
been processed, the quantities of tritiated effluents produced have been insignifi-
cant. At La Hague, however, where the oxide fuels of light water reactors (LWR) 
are processed, large quantities are produced (fission of 2 3 S U and Pu); with a burn-
up of 35 000 MWd/t about 700 Ci of tritium are produced per ton of fuel. This 
effluent is almost entirely in the form of very dilute HTO. 

1.3. Nuclear power stations 

The only heavy water nuclear power station in France is that at Brennilis 
(EL.4) with a power of 250 MW(th) or 70 MW(e). This power station has no 
detritiation plant and the heavy water is not renewed. With saturation, the 
activity could reach a level of about 20 Ci/ltr. At present, it is only about 10 Ci/ltr. 

Relga§es_of_tritium from heavy water are low, about 200 Ci/a, and are more 
or less equally distributed between water and gas; they are caused mainly by 
leakage of the helium atmosphere of the moderator. 

However, the Brennilis power station has a special feature which produces 
much larger releases of tritium; it has a 3 He gas control rod which, by reaction 
with neutrons, generates a quantity of tritium reaching 100 000 Ci/a. This 
tritium is transformed into water in the circuit of the gas rod itself and is taken 
up on adsorbents. 

However, the interventions that have to be made in the gas rod circuits cause 
additional releases varying between 100 and 1000 Ci/a in the form of water vapour. 

Most nuclear power stations in France are of the pressurised water reactor 
(PWR) type; the installed power of these is, at present, more than 6000 MW(e). 
The quantity of tritium produced in the water is estimated at about 600 Ci/a 
for a reactor of 1000 MW(e). It is caused to a limited extent by diffusion from 
the fuel, but mainly by neutron reactions undergone by additives to the water 
(boron and lithium). This latter fraction is reduced by using lithium enriched 
in lithium-7. 
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2. PRESENT SITUATION RELATING TO TRITIUM WASTES 
The present situation is a provisional one, and it is recognized that the solu-

tions adopted will have to be reviewed when the future development of nuclear 
power production brings with it much larger tritium releases. 

The solutions adopted for the present vary according to the nature of the 
tritiated wastes and their concentration and depend also on the possibilities 
available for disposal. 

(a) Gaseous effluents (in the form of hydrogen or water) are simply released, 
after appropriate dilution with air, through a stack whose height is generally more 
than 50 m. Conditions are maintained such that the maximum permissible 
concentration Q4PC) of 2 X 1 0 - 1 Ci/m 3 is not reached at any point in the neigh-
bourhood. This is the case, for example, at Marcoule and at military centres. 

(b) When natural vectors permit it (by virtue of proximity to the sea, or 
to a river with a large flow rate), liquid effluents are also released. Thus, at the 
La Hague reprocessing plant, the activity of effluents is maintained below 
0.4 Ci/m 3 and they are released at sea at a distance of about 5 km into a strong 
sea current (the Blanchard current) which dilutes them. Strict controls are 
carried out frequently; the activity is always well below the values laid down by 
the authorities (MPC for water is 3 X 10"3 Ci/m 3). So far, tritiated effluents from 
PWR reactors have also been released into neighbouring water courses. The con-
ditions are, however, much stricter and storage space is generally provided so that 
releases can be programmed. 

(c) When there is no natural vector nearby with a large enough flow rate, 
intermediate-level liquid effluents (above a few tens of Ci/ltr) are stored and sent 
to centres where they can be disposed of. This is the case with certain types of 
effluents produced at Saclay, for example, which are sent to La Hague. The very 
small quantities of high-level liquid effluents produced at Saclay are fixed on 
various adsorbents and treated as solid wastes. 

(d) Attempts are already being made to limit tritium releases by installing 
units for detritiation by isotope fractionation. The only unit installed so far is 
that of the high-flux reactor at Grenoble (see below). 

Other facilities also based on isotope separation are being planned for 
other heavy water reactors (ORPHEE), and they are likewise being studied for 
certain PWR light water reactors. 
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3. FUTURE POSSIBILITIES FOR TRITIUM WASTES 
Before developing solutions for the permanent storage of tritiated wastes, 

attempts are being made to reduce and even eliminate the production of these 
wastes. This aim can be attained in three ways: 

(a) Better confinement of tritium in all parts of installations in which it 
is found or produced; 

(b) Recovery of losses in the most concentrated form possible, especially 
avoiding isotopic dilution; 

(c) Isotopic enrichment with a view to collecting either pure tritium for 
recycling or tritium in a sufficiently concentrated form to make storage 
more economical. 

Improvement of tritium confinement is the aim in all CEA centres. Studies 
are in progress, especially in centres handling large quantities of gaseous tritium. 
Work is being done concurrently on the materials and on the design of containments. 

Strict limitations on the dilution of tritiated effluents will have the advantage 
of considerably reducing the cost of tritium retention facilities and, in particular, 
the cost of isotopic enrichment plants. Some of the steps being considered for 
this purpose at installations'in which tritium is handled are: (a) reduction of the 
volume of tritium handling enclosures; (b) use of double-walled containments with 
intermediate scavenging; and (c) use of a dried scavenging gas ancTrecycling of this 
gas in appropriate facilities (catalytic recombination, retention of tritiated water on 
high-energy adsorbents, etc.). 

In fuel reprocessing plants the tritium generated in fission is found in solution 
or in the cladding hulls. An aim for the future, towards which a certain amount 
of work has been done already at the CEA in association with KFG, is to keep -
the addition of water in the reprocessing cycle to a minimum by using a tritium 
dam and appropriate recycling. In this way a smaller amount of tritiated aqueous 
effluent would be produced, and this would lend itself to more economic enrich-
ment by one of the processes described below. One might also expect to recuperate 
for re-use, or for storage in small volumes, almost all the fission tritium at present 
being released. 

The choice of the isotopic fractionation process presents two different 
problems, depending on whether small quantities of fluid with a high tritium 
concentration or large quantities with a low concentration are involved. 

(a) Small quantities of high isotonic content are generally recovered in 
water. For isotopic enrichment it is possible to use a simple process of water 
distillation oh a high-efficiency packing column. However, it is more convenient to 
transform these small quantities into hydrogen and to use more efficient enrich-
ment techniques such as cryogenic distillation, gas chromatography or thermal 
diffusion. Final recovery in element form is also more convenient for both recycling 
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and long-term storage, because the storage of tritiated water is complicated by 
problems of self-radiolysis. When the fluids recovered are considered too diluted 
to be processed directly by one of the above techniques, they can be subjected to 
preliminary fractionated distillation. 

(b) Large dilutions are the rule in reprocessing plants (in fact, even with 
confinement by recycling of water, plant safety considerations forbid excessively 
high steady-state concentrations) and in reactors, mainly heavy water reactors, 
but also light water reactors, when the potential for on-site tritium releases is 
limited. 

The procedures available are those which have already been used for industrial 
production of heavy water, in particular water distillation, exchange between H 2 S 
and H 2 0 , and cryogenic distillation of hydrogen coupled with hydrogen water 
exchange. The criteria, however, for choosing the process are different from those 
used in heavy water production. 

First, one has to distinguish those cases in which the species to be separated 
are H und T (light water reactors and reprocessing plants) from those in which D 
and T are to be separated (heavy water reactors). In the first case (H and T separa-
tion) the species are different enough so that even a process with a low separation 
factor such as water distillation (<* = 1.06) has adequate efficiency. Since economic 
comparisons made by the CEA between the three processes mentioned indicate that 
the difference is quite small for a 1000 MW(e) reactor, water distillation appears in 
fact to be the most attractive because of its great simplicity and because of the 
experience already accumulated with it. In the second case (separation of D and T), 
economic estimates indicate that water distillation is unfavourable because the 
separation factor is particularly low (« = 1.008 to 1.01). The least expensive pro-
cess would then be a combination of hydrogen-water exchange with cryogenic 
distillation. This is the method at present used for continuous detritiation at the 
high-flux reactor of the Laue-Langevin Institute at Grenoble. This facility, which 
can be used at the same time for enriching heavy water from 99.6% to 99.8%, was 
constructed by CCM-Sulzer. In this 57 MW(th) reactor the tritium activity at 
saturation would normally be 80 Ci/ltr, but the facility, with a capacity of 16.7 ltr/h, 
maintains a steady-state concentration not exceeding 2 Ci/ltr. The capacity of 
the facility is excessive for the needs of the high-flux reactor, so it can be used for 
detritiating heavy water from other reactors. Thus, the heavy water from EL.3 is 
detritiated in two operationsj^y a factor of 10—12 before being sent back to Saclay. 
Enrichment is continued until pure tritium is obtained. In this way 60 litres of 
tritium (160 000 Ci) are produced and marketed for various purposes. 

But the water distillation process might nevertheless be used for the detritiation 
of heavy water, because its higher cost is counterbalanced by the advantage oT 
great simplicity. For example, if the process were used for the ORPHEE heavy 
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TABLE I. COMPARISON OF MEASURING TECHNIQUES 
Typea Water needed Yield Counting Blank Detection Relative error 

time unit (10) for high 

(cm2) 
(counts/ concentrations 

(cm2) (%) (min) min) (%) 

LS 3.0 30 600 4.8 12 1.5 
GC 2.2 37 1200 0.3 5 3.5 

3 LS = Liquid scintillation, 
GC = Gas proportional counters. 

water reactor at Saclay it would be possible, with a capacity of 1.25 ltr/h, to 
recover 18 000 Ci of tritium each year in the form of water, at 5000 Ci/ltr. Sub-
sequent reconcentration by another process (Sub-section (a) above) would make 
it possible to produce pure tritium. 

4. MONITORING OF THE MIGRATION OF TRITIUM IN THE 
ENVIRONMENT 
The methods used at CEA-Saclay make it possible to follow the transfers of 

tritium in water bodies, whether rivers or seas, and in the atmosphere with great 
precision. Two measuring techniques are used: liquid scintillation (LS), and 
measurement in gas proportional counters (GC) after generation of tritiated ethane 
from ethylene (without tritium) and of hydrogen obtained by reduction of water 
(magnesium oven). 

The performance of these two techniques (Table I) can be characterized by 
their detection limit (error at the level 0 TU- la) and, for high concentrations, 
by a constant relative error (concentrations above about 1000 TU). 

The two techniques are used either directly or after electrolytic enrichment, 
depending on the desired sensitivity limit (initial volume of water is generally 
250 cm 3 ). The enrichment coefficient B, which is between 10 and 20, is found 
from the relation LnB = 1.26 Lna, where a is the deuterium enrichment coefficient 
calculated from analysis of initial and final deuterium. 

The final volumes are 5.5 cm 3 (LS) and 2.5 cm 3 (GC) and the enrichments 
obtained are about 25 (LS) and 55 (GC), which give theoretical detection limits 
equal to 0.5 TU (LC) and 0.08 TU (GC). 
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In fact, these theoretical limits are not achieved because of the dispersal of 
electrolysis blanks (0.2 TU); certain blanks become contaminated, probably 
because of the high tritium concentration in water vapour in the laboratory. 

In practice, the detection limits are 0.25 TU for the gas proportional counter 
and 0.55 TU for liquid scintillation. Beyond about 300 TU, enrichment no longer 
has any advantage over direct measurement. 
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HANDLING OF TRITIUM-BEARING 
EFFLUENTS AND WASTES IN THE 
FEDERAL REPUBLIC OF GERMANY 

G. LUTHARDT, G. WAGNER 
NUKEM GmbH, 
Hanau, 
Federal Republic of Germany 

1. SOURCES AND PRODUCTION RATES OF TRITIUM-BEARING 
EFFLUENTS 1 

Currently the following aqueous tritium-containing wastes can be expected 
in the Federal Republic of Germany: 

WAK 4000 Ci/a 
BWR 150 Ci/1000 MW(e)-a 
PWR 900 Ci/1000 MW(e) • a 

The nuclear power at present installed is: 
2900 MW(e) for BWRs 
5700 MW(e) for PWRs 
Other liquid effluents are of negligible amount. In addition solid tritium-

containing wastes with high specific activity are produced: 
Regulating rods 
Fuel element cladding hulls 
Targets from 14 MeV neutron generators 
Molecular sieves 

1 1 Ci= 3.7 X 1010 Bq. 

8 1 
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The total amount of the tritium activities is 20 0 0 0 - 3 0 000 Ci/a for these solids. 
In the future advanced reactor types are expected to produce: 

HTR 1200: 900 Ci/a 
SNR 300: 200 Ci/a 

and from the reprocessing plant 

3000 m 3 /a with 100 Ci/m 3 

of liquid effluents. 
In addition the reprocessing plant is expected to produce 

500 000 Ci/a in fuel element cladding 
280 000 Ci/a in the off-gas 
With regard to off-gas treatment, some R&D activities are being investigated 

to lower the tritium emission. As the success of these efforts is at present unknown, 
it is not taken into consideration in the value given above. 

Tritium waste from future fusion experiments cannot be assessed at 
present. However, figures of several kCi/annually are to be expected. 

2. METHODS FOR REMOVAL OF TRITIUM FROM GASEOUS AND 
LIQUID STREAMS 

The well-known method of adsorption, preferably on silica gel or molecular 
sieves, is in practical use for gas streams of high specific activity of the order 
of kCi T/m 3 . Such gases occuFesSentially by the operating of neutron generators 
using the D-T reaction for medical or physical purposes. In most cases the 
catchers are combined with catalysts such as copper oxide to convert elemental 
tritium to oxide. ~ ' ~ 
' Gas streams from nuclear power or fuel cycle plants are not treated 
similarly because the actual emission falls below the release dose permitted 
(some 100 Ci/a). In principle this is also valid for the liquid effluents at 
present occurring in the FRG. 

There are, however, R&D activities to concentrate tritium from the effluents 
on the basis of the following technologies: 

Electrolysis of water 
Distillation of water 
Chemical exchange with phase reversal 
Chemical exchange in hot/cold-technique 
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The experimental and theoretical work on this problem is being done 
mainly by Prof. Schindewolf in Karlsruhe and leads to the conclusion that the 
most economical way to separate tritium in a reprocessing plant should be 
solid bed catalysis with hydrogen/water-exchange and electrolysis for phase 
reversal. The long-term behaviour of this system will be investigated thoroughly. 

3. CONDITIONING AND CONTAINMENT OF TRITIUM-BEARING 
WASTES 
Solid tritium-bearing wastes, especially with high specific activity, from 

which tritium cannot be released under normal conditions, are directly 
encapsulated in cement. Steel or stainless steel is used as containment for 
the storage. 

In terms of volume, most tritium-bearing waste exists in aqueous form. 
An inexpensive concept for fixing this water is solidification in cement. The 
experimental results concerning the product, properties of which were obtained 
at the Nuclear Research Center in Karlsruhe, have not been altogether satisfactory. 
The products obtained by cementation show high leaclyiigj-ates, starting with 
about 1 0 - 1 g/cm 2 daily on the first day and falling below 10"2 after about 
50 days of leaching. The vapour pressure of H 2 0 / H T 0 over the cemented 
sample is about the same as for the liquid itself for the first 15 days. It was not 
possible to gain significantly better results with various additives. A polymeric 
coating can be applied to lower the leaching rates and the gas release. For long-
time storage a metal containment, e.g. steel, could also be used as a sealed cover. 
These considerations must be settled by a cost/benefit analysis. 

A possibility for tight binding, especially of gaseous, unoxidized tritium, 
is the use of hydride-forming metals such as zirconium, titanium and yttrium. 

Leaching tests with cladding hulls from spent fuels, carried out at the 
Nuclear Research Center at Karlsruhe, gave very small release rates of about 
10 _ 7 /day. The application will, however, be restricted for gases with tritium in 
high concentration and dry form. Otherwise, large portions of the hydride 
former will be de-activated by oxygen or water. This also is the reason why the 
leaching rates of cement products cannot be lowered by adding hydride formers 
such as zirconium. 

4. DISPOSAL OF TRITIUM-BEARING WASTES 

In addition to the unsatisfactory properties of cement-fixed tritium liquids, 
especially the gas release by radiation, the disposal of tritium waste in salt 
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mines is not regarded as the best means of disposal in the Federal Republic 
of Germany. 

Present efforts are concentrated on injection in displaced petrol deposits, 
the suitability of which have been proved by geological investigations. There 
have been successful inactive experiments to inject water to a depth of about 
1000 m. The licensing procedure for active experiments is still in progress. 
This work is carried out as a part of the R&D activities in the reprocessing 
project by the Nuclear Research Centre in Karlsruhe. 

The FRG joined the London convention on sea dumping in February 1977. 
Up to the present, the FRG has not participated in dumping actions because 
national authorities regulations are still under discussion. It is hoped that in the 
FRG a legal basis for participation in dumping actions will be available in the 
near future and that then it will be possible to use this improved method. 

5. ECONOMIC ASPECTS 

There are various technologies available to prevent any environmental load 
from the release of tritium. For the FRG, however, complete comparative 
data on costs are not yet available. The German Federal Ministry of the 
Interior has ordered an investigation including a cost-benefit analysis. This 
study is made by NUKEM GmbH. Data gained from practical experience 
in other countries will be valuable in this connection. 
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PART 1 

Possible methods of immobilization of tritium-bearing waste formed during 
the reprocessing of spent fuel elements from nuclear power plants 

During reprocessing of oxide fuel from spent fuel elements by dissolution in 
acid, with extraction of the valuable fuel components by means of organic solvents, 
it has been established that the tritium formed during fission is in the form of 
oxide and quantitatively passes into the aqueous solution. A part of the tritium 
oxide (HT0-H 2 0) is dissolved in the extractant. When the aqueous solution 
comes in contact with organic solvents, protium molecules are seen to be 
replaced by tritium molecules. 

The activity concentration of tritium in aqueous fuel solutions amounts 
to 0.05-0.1 Ci/litre, and in the fuel, depending on burn-up, to 8 0 - 2 0 0 Ci/t. 1 

At present, several methods of immobilizing tritium-bearing wastes are 
being considered with a view to ensuring safe disposal or burial. The present 
study reports on the experimental and theoretical development of these methods. 

1. RELEASE OF TRITIUM OXIDE (HT0-H 2 0) DURING GAS-THERMAL 
TREATMENT OF FUEL ELEMENTS 

1.1. Tritium content of fuel element gases 

As is known, gaseous fission products, including tritium, can be released 
during irradiation from the fuel into the free volume of the fuel element. The 
quantity of tritium released depends on fuel composition, temperature during 
irradiation, the irradiation regime, burn-up, and so on. Tritium concentrations 
were determined in the fuel elements of two assemblies taken from the second 
unit of the Novo-Voronezh Nuclear Power Station [ 1 ]. Average burn-up in the 
two assemblies was 7500 and 19 100 MW - d/t. Before starting the analysis the 
integrity of the cladding of each element was checked and the burn-up from 
the 1 3 7 C s content was determined. The measured burn-up did not differ from 
the calculated value by more than 20%. 

Two methods were used to separate the gaseous phase from the elements. 
In one method a hole was made in the cladding at a distance of 80 mm from the 
lower end with the help of a punching apparatus. The inner volume of this 
apparatus was connected with a gas collection stand located in the operator 
area. A tritium vapour analyser was installed in the communication line next 
to the apparatus. The apparatus and the communication line were pre-heated 

1 1 C i= 3.70 X 1010 Bq. 
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to 100°-120° C to prevent sorption losses of tritium vapour. In the second 
method the fuel elements were sheared into 40-mm lengths with special hydraulic 
shears in a sealed cell. The latter was connected through the moisture analyser 
with the gas collection stand. 

Before shearing or punching the inner volumes of the apparatus, communication 
lines and the gas ampoule were evacuated to 0.1 torr. 2 The procedure of gas 
collection called for measurement of the tritium present in the gas in the form of 
a mixture of hydrogen (TH) and moisture (THO). The protium content of the 
gas was also determined. For fuller extraction of the tritium moisture adsorbed 
on the surface of the cladding and fuel, the inner space of the fuel elements was 
washed with protium at ambient and high temperatures. The gas collected in 
these different operations was analysed in a gas chromatograph with a 
proportional counter. The sensitivity of the apparatus was 10~ 1 0 Ci ± 15% for 
tritium, and 0.002 cm 3 per sample for helium and hydrogen (protium) and 
0.03 cm 3 for krypton and xenon. The apparatus was calibrated with a reference 
gas mixture. 

The gas released from the fuel elements contains tritium both in the gaseous 
state (TH) and in the form of moisture (THO). The quantity of gaseous tritium 
is small and varies from 1 X 10"7 to 6.2 X 10~7 Ci per fuel element. At a 
temperature of 40°—50°C almost no tritium moisture is released — practically 
the entire amount remains in the fuel element. When the inner space of the 
fuel element is washed with hydrogen without heating, only about 1% of the 
moisture is released. Heating the fuel element to 200°C results in the release of 
a considerable amount of tritium moisture (70% in the first three cycles); 
moisture continues to be released subsequently, but at a much slower rate. 
A higher temperature is needed for total removal of the tritium moisture. 

Analysis of the gas collected from the fuel elements by punching a hole in 
the cladding and by shearing the fuel elements showed no difference in the 
amounts of tritium found. For the range 200°—700°C, the temperature 
dependence of tritium release (N, Ci/t) is expressed by the empirical formula 

lg N = 0.27 0.65 (1) 

There is an inflection between the experimental points for 50°C and 200°C 
(Fig. 1). The deviation in the logarithmic dependence in this range is due to the 
process of desorption of the tritium moisture from the cladding and fuel surface. 

2 1 torr = 1.333 X 102 Pa. 
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FIG.l. Temperature dependence of tritium release from fuel elements of the first (lj and 
the second (2) assembly. 

1.2. Determination of the tritium content of the fuel and zirconium cladding 
In order to determine the tritium contained in the fuel the fuel was leached 

from parts of fuel elements with nitric acid. The tritium was determined in 
the solution and in the gaseous phase. In the gaseous phase, tritium gas (TH) 
was not detected at a sensitivity of 1 X 1 0 - 1 0 Ci per sample (i.e. 0.15 Ci 
referred to 1 tonne of uranium). In determining the tritium which had passed 
into the nitric acid solution, the a- and /3-active nuclides dissolved in the nitric 
acid were removed by double distillation, after which the tritium content of 
the distillate was measured by scintillation counting [2]. The data are given 
in Table I [3]. 

The results indicate the presence of an appreciable quantity of tritium in 
the cladding material. The migration of tritium to the cladding evidently 
results from a number of processes, especially radiolysis and thermal disassociation 
of tritium moisture under the effects of radiation and high fuel temperature, 
and absorption of gaseous hydrogen by the zirconium. 

The measured total content of tritium in WWER fuel elements, including 
fuel, cladding and gaseous phase, proved to be lower than the calculated value. 
This may be due to inaccuracies in calculation and analysis, and also the fact 
that during irradiation of the fuel elements some of the tritium escapes from 
the cladding into the coolant. 
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TABLE I. CONTENT OF TRITIUM IN WWER FUEL ELEMENTS 
8 9 

Burn-up (MW-d/t) 
Operations Phase 9000 20 000 Operations Phase 

Ci/t % Ci/t % 

Chopping (T = 50°C) Gas 1.5 X 10~3 0.002 2 X 10""3 0.002 

Dissolving Gas 0.1 0.15 0.1 0.1 
of fuel solution 57 ± 8 85 ± 12 157 + 15 83 + 8 

Content in Gas 10 ± 5 15 ± 7 33 ± 10 17 + 5 
zirconium cladding 

Total quantity, percentage of 67 ± 1 5 100 190 + 20 100 
calculated accumulation 67 ± 15 79 ± 10 

1.3. Behaviour of tritium during oxidative recrystallization of irradiated fuel 
In order that the tritium content of the aqueous effluents obtained during 

fuel element reprocessing should not exceed the limit specified for the waters 
of open reservoirs (3.2 X 10~ 6 Ci/litre) it is necessary to remove not less than 
99.99% of the tritium from the spent fuel before extractive treatment, and 
this is a highly complicated technical problem. It is sufficient to remove 99% 
of the tritium from the fuel to ensure safe handling of the aqueous solutions at 
a reprocessing plant. Studies have shown that this degree of extraction of 
tritium is quite feasible if before dissolution the fuel is subjected to oxidative 
recrystallization. 

In this work an investigation was undertaken on the behaviour of tritium 
during the oxidizing treatment of WWER fuel elements with a burn-up of 
5600 -22 000 MW-d/t. The removal of tritium as a result of treatment of the 
fuel with oxygen at 420°-620° amounted to 90% [4], 

Use of moist air as the oxidizing medium was conducive to fuller removal 
of tritium. At a temperature of 600°C for 8 h the removal of tritium from the 
fuel amounted to 99.8% and at 650°C for 12 h to 99.96%. 

Thus, by oxidizing treatment of the fuel more than 99% of the tritium 
can be separated and concentrated in the form of a condensate not exceeding 
5—10 litres per tonne of uranium with a tritium concentration of 20—50 Ci/litre. 
This condensate can be incorporated in cement. In future, with the development 
of nuclear power and the formation of large quantities of tritium, it may be 
economically feasible to carry out isotopic enrichment and to make practical 
use of the tritium formed as an impurity in power plant fuel elements. 
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2. STUDY OF THE KINETICS OF OXIDATIVE RECRYSTALLIZATION 
OF NUCLEAR FUEL AND THE INFLUENCE OF PROCESS 
PARAMETERS ON THE PARTICLE SIZE DISTRIBUTION OF THE 
OXIDATION PRODUCTS 

Oxidative recrystallization makes it possible to separate from spent 
nuclear fuel practically the entire amount of tritium and the bulk of the 8 s Kr, 
1 4 0 Xe, 1 4 C and 1 2 9 I present. These nuclides can then be safely disposed of -
an important advantage for the protection of the environment [5, 6], In this 
process the gaseous and volatile products are released from small volumes of 
gas under relatively favourable conditions, since the gas streams do not contain 
other process components such as nitrogen oxides and the like. However, the 
optimum conditions have not yet been found for total separation of radioactive 
noble gases and iodine from the fuel during oxidation, and the data in the 
literature on the behaviour of these fission products are therefore 
contradictory [7— 12]. 

Further study of oxidation and its mechanism would probably enable 
the conditions required for more complete separation to be found. 

The oxidation of uranium dioxide fuel compacts takes place in accordance 
with the reaction 

3 U 0 2 + 0 2 U 3 O g + 25 kcal/mol (2) 

passing through the stages of intermediate oxide formation, and ends, as a rule 
at a temperature above 300°C, with the formation of a mixed oxide of uranium 
characterized by a rhombic structure [13]. An attempt has been made to 
describe this oxidation process by a system of differential equations which would 
provide it with a theoretical explanation [14]. 

The efficiency of the oxidation process and the equipment used for it are 
influenced by a number of factors. Thus in the boiling-bed system high linear 
oxidizing agent velocities are used. Oxidation has been proposed of uranium 
dioxide in a vibro-boiling bed which makes it possible to operate at lower linear 
air feed velocity and places considerably less severe demands on the dust 
collection and gas purification systems [15]. 

The rate of oxidation of pelletized fuel is considerably influenced by the 
temperature, method of preparation, quality of sintering and specific surface 
of the initial powder used for the preparation of the pellets, by the presence of 
fission products, by axial melting of the fuel element core and so on [16]. 

In the work in the USSR unirradiated pelletized nuclear fuel has been used 
composed of a solid solution of uranium and plutonium dioxides and uranium 
dioxide - the fuel used for WWER, BOR-6Q andBR-10 fuel elements [17], 
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FIG. 2. Completeness of oxidation (a, mass %) of uranium dioxide pellets as a function of 
time at different temperatures under static ( ) and dynamic ( j conditions. 
o = starting uranium dioxide; A = uranium dioxide after thermal decladding of fuel elements. 

The phase composition of the powder obtained at the different stages of 
oxidation of pelletized fuel and reduction of the oxidation products was checked 
by the X-ray diffraction method. The particle size distribution of the oxidation 
products was determined by particle size analysis and by microscopic studies 
using an MBI-11 microscope with a maximum magnification of XI000. 

The compacts were oxidized at temperatures from 350° to 550°C with 
continuous air or commercial oxygen feed at a linear velocity of 0.2—0.3 cm/s 
or under static conditions in air. The uranium mixed oxide powders were 
reduced by dried and purified hydrogen at a temperature of 600°C for 7 h. 
The kinetics of ceramic fuel oxidation and the reduction of the uranium mixed 
oxide powders were studied on a continuous-weighing balance. Analysis of the 
oxidation of the uranium dioxide pellets indicates that for some time they 
remain 'inactive'. The duration of this period depends on temperature and 
other factors. 

Figure 2 presents curves showing the completeness of the oxidation reaction 
for uranium dioxide pellets as a function of time, for different temperatures 
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TABLE II. PARTICLE SIZE DISTRIBUTION OF URANIUM MIXED OXIDE POWDER AFTER OXIDATION OF 
URANIUM DIOXIDE PELLETS BY AIR AND OXYGEN 

Fraction (mass %) 
Temperature >0.2 mm 0.2 - 0.1 mm 0.1 - 0.063 mm 0.063 - 0.05 mm <0.05 mm 
(°C) Oxygen Air Oxygen Air Oxygen Air Oxygen Air Oxygen Air 

500 49.42 17.82 11.82 4.25 18.70 35.15 2.24 60.6 

450 46.73 18.42 6.95 2.16 11.63 19.14 16.27 78.7 

400 36.43 22.59 14.58 1.80 15.86 18.20 10.54 80.0 

350 - - - - - - - - 100.0 
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FIG.3. Completeness of oxidation (a, mass %) of pellets of the solid solution (U, Pu)02 as a 
function of time at different temperatures under dynamic conditions: (1) 55°C; (2) 500° C; 
(3) 450° C. 

and under static and dynamic conditions. The term 'completeness of oxidation' (a) 
is taken from Ref. [16] and means the fraction of the material that has undergone 
reaction, in mass percentage of the initial amount. From the curves in Fig. 2 
it follows that with increasing temperature the time required for uranium dioxide 
oxidation diminishes (curves 1, 2, 3 and 5, 6, 7). The oxidation is completed 
faster under dynamic conditions than under static conditions (curves 2, 4 and 
6, 8). The curves showing reaction completeness have three segments characterizing 
the different stages of oxidation. In the initial stage the oxidation rate increases 
noticeably. There follows a rectilinear segment, after which the oxidation 
products form a protective layer and the reaction rate decreases. The oxidation 
of uranium dioxide compacts after thermal decladding of the fuel elements 
(curves 1, 2, 3) is completed faster than that of the initial compacts (curves 5,6,7) 
at the same temperature. This is due to the fact that after thermal decladding 
of fuel elements the compacts have a greater specific surface owing to micro-
and macro-cracks. 

The size of the uranium mixed-oxide particles determines the degree of 
release of fission products and their chemical compounds, and also the 
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TABLE III. PARTICLE SIZE DISTRIBUTION OF OXIDATION PRODUCTS 
OF THE SOLID SOLUTION (U, Pu)02 AT DIFFERENT TEMPERATURES 

Process 
temperature 
(°C) 

Fraction (mass %) Process 
temperature 
(°C) >0.2 mm 0.2 - 0.1 mm 0.1 - 0.05 mm <0.05 mm 

450 3.68 - 0.27 96.05 

500 - - - 100.00 
550 — 0.16 12.84 87.00 

completeness of removal of the gaseous and volatile fission products from the 
fuel. It can be regulated by selecting the optimum oxidation temperature and 
gaseous medium, by the feed velocity of the oxidizing agent and by cyclic 
oxidation-reduction operations. The optimum size of the uranium mixed-oxide 
particles has not been established. In this connection the conditions in which 
uranium mixed-oxide powders with particular particle-size distributions can be 
produced have been analysed; the data obtained are given in Table II, which 
shows that as the oxidation temperature is decreased the proportion of fine 
fractions in the powder increases. At a temperature of 350°C in an atmosphere 
of air the whole of the mixed-oxide powder consisted of particles smaller 
than 50 jum. Replacement of air by oxygen increases the oxidation reaction 
rate and the quantity of heat released, and this also results in an increase in 
particle size. 

X-ray diffraction analysis of the oxidation products has shown that, under 
the above conditions of oxidation, uranium mixed-oxide constitutes the main 
phase regardless of the particle size of the powder. 

Microscopic studies of particle fractions with sizes of 100 fim and less 
obtained by the oxidation of uranium dioxide pellets indicated an average 
particle size in the uranium mixed-oxide, at a temperature of 350°C, of 18 fim 
(min = 5 jum and max = 42 /im), and at 450°C 53 /im (min = 6.6 ;um and 
max = 98 fim). It was also established that at different temperatures the fractional 
distribution of the particles was different. 

2.1. Solid solutions of (U, Pu) 0 2 

The rate of oxidation of the solid solution is influenced by its plutonium 
dioxide content [5, 16]. The studies were carried out with a solid solution 
containing 15 mass percentage plutonium dioxide (Fig.3). The oxidation rate 
increases with temperature. The reaction completion curves have three segments 



REPROCESSING IN THE SOVIET UNION 9 5 

characterizing the different stages of the oxidation process. They are flatter for 
a solid solution than the similar curves for uranium dioxide, indicating a longer 
process of conversion of uranium dioxide into the mixed oxide in the solid 
solution. Particle size distribution data for the oxidation products of the solid 
solution are given in Table III. 

Microscopic analyses of the powder fractions smaller than 50 Mm demonstrated 
an average particle size of 29.2 nm (min = 6.4 jum and max = 48 jum). X-ray 
diffraction analysis of the oxidation products obtained from the solid solution 
showed that they consisted essentially of uranium mixed oxide, in the rhombic 
lattice of which plutonium was dissolved. 

The solid solution oxidation products were reduced and then re-oxidized. 
By reduction in a current of hydrogen a solid solution was obtained with the 
ratio O/U+Pu = 2.29 (a = 5.427 A). This product was oxidized at a lower 
temperature (350°C) in order to avoid sintering the fine particles of the powder. 
This operation increases the proportion of particles of smaller size so that the 
average particle size is reduced to 15.3 jiim. 

The studies described above on process kinetics and on the influence 
which process parameters exert on the particle size distribution of the oxidation 
products enabled the optimum regime to be chosen for pulverizing nuclear fuel 
and for separating gaseous and highly volatile fission products from it. 

3. IMMOBILIZATION OF TRITIUM BY RECYCLING 

At present recycling at spent fuel reprocessing plants is regarded [17—19] 
as one of the most promising methods of immobilization of tritium. Recycling 
essentially consists in recovering and re-using the water and nitric acid contained 
in the raffinate of the first extraction cycle. Repeated use of the water and 
acid increases the concentration of tritium in the liquid streams and thus makes 
it possible to immobilize and eliminate the tritium in a much smaller volume 
than the volume of the raffinate. 

A recycling flow diagram is shown in Fig.4. Under steady-state conditions 
the tritium balance in the recycling system is written as 

Z x = r T r + ( D + L + Q)T r (3) 

where Zj is the quantity of tritium received with the fuel for dissolution, 
r is the volume of tritium concentrate eliminated from the recycling system, 
D, L, Q are the volumes of water (and acid) leaving the recycling system with 
the air streams, the extractant and the bottoms, respectively, and Tr is the 
steady-state concentration of tritium in the liquid streams of the recycling system. 
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FIG.4. Recycling flowsheet (for explanation see text). 

Recycling is characterized by the degree of concentration, 

Tr R 
n = — as (4) 

T R r + (D + L + Q) 

the degree of tritium immobilization, 

A = L l i _ . 1 0 0 . _ - L ! 0 0 
ZT r + (D + L + Q) 

and the recycling frequency, 

R 
K = — (6) 

r 

where R is the volume of the raffinate and TR the concentration of tritium in 
the raffinate without recycling. 

The process engineer's problem is to obtain maximum values of n and K 
and to raise A to 100%. For this purpose it is necessary to eliminate a minimum 
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volume of concentrate (r) and to minimize the main losses of water and tritium 
(D + L + Q). The minimum volume of concentrate to be eliminated will be 
determined by the amounts of fresh water and acid which have to be added to 
the recycling system, since these streams have to be compensated. One of the 
main process problems of recycling is therefore to prevent the addition of fresh 
streams to the recycling system. The following methods are being considered: 
(i) the use of anhydrous nitric acid to replace the acid at present used in the 
dissolving process; and (ii) exclusion of returns to the recycling system from 
other process stages. 

However, the present-day technology used in dissolving oxide fuel (in nitric 
acid) yields water as a by-product of the reaction. Therefore, the minimum 
concentrate volume ( r m jn ) for A = 100% will equal the volume of water which 
is evolved in the dissolution reaction. This value can be lowered only at the 
expense of the degree of immobilization. 

Evaluations show that D ^ rmjn. Consequently, even when we eliminate 
losses with the extractant and the bottoms, the degree of immobilization can 
be only >50%. 

In this connection, the following methods are being studied for the prevention 
of losses with air discharges: 

Use of pumps instead of compressed air and vacuum systems for the 
transport and mixing of solutions; 
Drying of air by cooling or by sorption on zeolites and silica gel, tritium 
moisture being returned to the recycling system; 
Trapping of tritium by washing the air streams with fresh streams of water 
and a£id; and 
Recycling of air streams. 

Losses with the extractant are governed by the solubility of water and acid 
in the extractant, mechanical trapping of the solution by the extractant and 
isotopic exchange between the aqueous and organic phases. Generally, the 
solubility of water (grams per litre) will be the decisive factor. This means that 
L ~ rmin that tritium losses with the extractant3 can amount to ~50%. 
The following measures are being considered to reduce these losses: 

Use of a more dilute extractant or another extractant to reduce the 
solubility of water; 
Use of a diluent containing no hydrogen to reduce the influence of isotope 
exchange; and 
Washing the extractant with fresh water or acid and transfer of the wash 
solution to the recycling system. 

3 Ultimately the tritium in the extractant will pass into the re-extracts and the 
wash solutions. 
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In practice, the degree of concentration of the raffinate by evaporation is 
approximately 30. Therefore, ~3% of the water and 3n% of the tritium may 
be eliminated from the recycling system with the bottoms. Such losses are 
large, and the following procedures are being studied to lower them: 

Inclusion of a bottoms vitrification unit in the recycling system; 
Drying of the bottoms; and 
Driving off the tritium from the bottoms by means of fresh water or 
live steam. 

After carrying out some of the above measures for one of the variants, 
K = 9 and A = 90% were obtained, but there was still room for improvement 
in the recycling characteristics. 

Analysis of the recycling system shows that it can be used for immobilization 
and elimination of tritium not only as concentrate (part of the condensate) 
which is sent for storage or further concentration; tritium can also be immobilized 
in the bottoms, a point of interest if one wishes to store it in liquid form; and 
when the extractant washing efficiency is high enough it will be advantageous 
to eliminate tritium with the wash water. Lastly, under certain conditions it 
may be practicable to discharge tritium into the atmosphere. 

4. STORAGE OF TRITIUM-BEARING WATER 

4.1. Radiolysis of tritiated water 

During prolonged storage of water or aqueous solutions containing tritium, 
special precautions are necessary owing to the radiolytic effects of the beta-
radiation emitted by tritium, which leads to the formation and accumulation of 
gaseous radiolytic products. 

A study was made of radiochemical release of gas from tritiated water [20]. 
The initial H2 yields and the effect of different additives on them were determined. 
Moreover, the kinetics of release of H2, 0 2 and He were studied as a function of 
storage time. The experiments were conducted with tritiated water having an 
activity of 550—750 Ci/litre. The absorbed energy was calculated from the 
expression 

E = 7.58 10I4-a-t eV/ml (7) 

where a is activity in mCi/ml and t is time in hours. 
Figure 5 shows the accumulation of the gaseous products of radiolysis. 
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FIG.5. Radiolytic gas release as a function of storage time of tritiated water: (Ij H2 + Oj + He; 
(2) H2 (a = 600 Ci/ltr). 

[ N O 3 ] , [Cu2+], M 

FIG. 6. Hydrogen yield as a function of concentration. (l)NOl; (2) Cu2+. 
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FIG.7. Schematic diagram of storage of tritium-bearing water: (1,2) Tanks for radioactive 
water; (3) Tank for compressed inert gas; (B-1) Collector of gaseous waste (radiolytic 
products); (4) (TIK) Terminal ionization chamber - KRG-4, volume 4 mltr; (5) Container for 
cementing radioactive water; (6) Tank for helium collection; (7) Column with palladium 
black; (8) 'Incineration'furnace with palladium catalyst; (T) Trap for collection of water 
vapour, cooled with dry ice; (PIK) Flow-through ionization chamber - KRG-6, volume 
60 mltr; (NVG) Sealed vacuum pump. 

It will be seen from this figure that the accumulation occurs at a practically 
constant rate, which for total gas release is 0.1 ml/h from one litre of water; 
~75% of the composition of the gas mixture is accounted for by hydrogen. 

The influence of additions of various soluble substances to reduce the yield 
of hydrogen is shown in Fig.6. It is here demonstrated that in the presence 
of the NOJ, NOJ, and Cu2+ ions the concentration of H2 diminishes. 

4.2. Storage of tritiated water 

Given the intensive accumulation of gaseous products of radiolysis, a 
special facility was designed to ensure safe storage of tritiated water, a 
schematic diagram of which is shown in Fig.7. The process scheme of the 
facility provides for 'incineration' of the detonating mixture or absorption of 
the hydrogen released during radiolysis on special absorbers. Tritium-bearing 
water is stored in special tanks (1) and (2) (Fig.7) with constant observation 
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and checking of gas release. The gaseous phase can periodically be transferred 
to the waste collector (B-l) and, after analysis for T2, H2, and 0 2 and N2 

concentrations, released to the atmosphere if the tritium concentration is low 
enough. During storage either column (7) with palladium black or the 
'incineration' furnace (8) with a palladium catalyst is in operation; when oxygen 
or air is present in these units the hydrogen isotopes are oxidized and the 
tritium passes from the gaseous into the liquid phase. The gaseous phase then 
arrives at the flow-through ionization chamber labelled (PIK). After incineration 
of tritium with the gaseous phase, helium-3 is collected in tank (6). This can 
then be further purified. 

4.3. Incorporation of tritiated water in cement 

For the purpose of immobilization of tritiated water and for more prolonged 
safe storage, the method of incorporation in cement was tested. Water with a 
tritium concentration not exceeding 50 Ci/litre was transferred by compressed 
gas (contained in tank (3)) from tanks (1) and (2) (Fig.7) to container (5) until 
the required volume was filled. The container was a mixer drum with 3.5-mm-
thick walls of ST-3 and a capacity of 50 litres. The upper part of the container 
had a threaded conical opening which could be closed with a plug. It was 
charged with cement before the water entered it. The cement used was 
pozzuolanic (Portland cement with diatomite, etc., as additives). In this case, 
the water/ cement ratio was 1, and 20% of the container volume remained free. 
The water entering the container had a total tritium content of 2000 Ci at a 
concentration of 50 Ci/litre. The plug was carefully welded in place by argon 
arc welding. The slurry was mixed by revolving the container for 20 -30 h. 
The container surface was carefully checked for leakage of radioactive water or 
gas with a probe in the form of a latticed diffusion dosimetric chamber. The 
cement was pre-tested for setting. The containers were designed for a pressure 
of >20 atm(g).4 The experiment was conducted in September 1973. After 
10 years of storage (by 1984), with the accumulation of radiolytic products 
(H2, HT, 0 2 ) and 3He, the pressure in the containers may attain 4 - 5 atm(g). 
This estimate is based on the rate of radiolysis actually observed during the 
storage of tritiated water. The radiolysis of the water incorporated in the 
cement was not experimentally verified; however, the radiolytic effect during 
storage of such water will be lower than in the case of pure water, as has been 
shown in an evaluation carried out at the Brookhaven National Laboratory [21 ]. 

4 1 atm= 1.01325 X 10s Pa. 
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5. CONCLUSIONS 

Accumulation of tritium in fuel elements was determined quantitatively as 
a function of the burn-up of the fuel, and its distribution between the cladding, 
the gaseous phase and the actual fuel material was ascertained. The feasibility 
of oxidative recrystallization of tritium contained in irradiated fuel was 
demonstrated under laboratory conditions, and the effect of this process on 
the particle size distribution of uranium mixed oxide and solid solutions of 
uranium and plutonium oxides was shown. The equipment for this method 
needs to be studied thoroughly and incorporated in the reprocessing scheme of 
WWER spent fuel. 

The process problems of using recycling for immobilization of tritium at 
fuel reprocessing plants can be solved completely today. Recycling will make 
it possible to immobilize up to 95% of the tritium in solutions with volumes 
of 100-500 litres/t of uranium. 

Incorporation of tritium-bearing water in cement at the source of formation 
is an acceptable method of waste solidification from the point of view of safety 
and cost. 
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PART 2 

The problem of tritium accumulation in WWER fuel and its distribution 
in the reprocessing scheme 

The problem of tritium has several aspects, such as the sources of its 
formation, its behaviour when released into the environment, trapping of tritium, 
and storage of tritium-containing waste. 

Power plants and fuel reprocessing facilities account for a substantial part 
of the total quantity of tritium formed in many nuclear reactions, and with 
the development of nuclear power increasing attention is bound to be given 
to this source of tritium. The amount of tritium formed in fusion reactions is 
several orders of magnitude greater than that produced during the generation 
of an equivalent amount of energy from fission; however, this source is still 
rather remote and is therefore not considered here. 

Accumulation of tritium in nuclear fuel can depend on the form of the 
fuel itself, the type of reactor and its operating conditions. Since thermal 
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reactors form the basis of nuclear power generation at present and will continue 
to do so in the near future, it is principally these installations that command 
an interest. 

There are several paths of tritium formation in power reactor fuel. There 
is not enough experimental data yet for a claim to be made that all the paths 
by which tritium finds its way into fuel elements are known; it is, however, 
possible to identify the main paths with reasonable confidence. 

They include, first of all, ternary fission of nuclei, reactions of the 
type (n, t) in structural materials (especially on impurities of light elements 
such as Li and B), formation of tritium from the lighter isotopes of hydrogen, 
and the macroscopic effects of tritium penetration into fuel from the coolant 
through the cladding — for example, if boron is added to the coolant. For 
the first three cases we can evaluate the quantity of tritium formed. In ternary 
fission tritium is formed with a probability of (1.5-2.5) X 10~4 (tritium atoms 
per fission event) for different nuclei. Taking the average value as 2 X 10 - 4 

in evaluating tritium accumulation, we can determine the number of fissions 
required to yield 1 Ci of tritium (without considering radioactive decay in the 
process of accumulation and storage of fuel, since these corrections should be 
made for each particular batch of spent fuel elements): 

3.7 XIO10 3.7 XIO10 

Ng = = ; = 7 X 1022 fissions 
W T X \ T 2 X 10"4 X 1.8 X 10"9 

where Wj is the probability of tritium formation and the decay constant. 
From the practical point of view, a very important parameter is the content 

of tritium per unit weight of fuel. This can be determined from experimentally 
obtained values, for example the number of fissions per 1 cm3 of fuel measured 
by gamma-scanning. The latter quantity is the sum of 235 U and 239Pu fissions 
and amounts to 6.5 X 1020 fissions/cm3 for the fuel of water-moderated and 
water-cooled power reactors (WWER) at a burn-up of 28 kg/t of U [1 ]. 

In this case, 1 Ci of tritium is accumulated in 

7 X 1022 

= 100 cm3 of fuel 
6.5 X 1020 

If the density of fuel pellets is taken as p = 10 g/cm3, it is easy to calculate 
that 1 Ci of tritium is formed in 1 kg of WWER fuel at a burn-up of 30 kg/t of U. 
This value is fairly close to the experimentally determined values, although it 
is to a certain extent illustrative in nature since for a more accurate calculation 
it is necessary to take into account a whole series of factors — the dependence 
of W T on neutron energy, the dependence of Wj on the type of fissioning 
nucleus, the spatial non-uniformity of burn-up over the length and cross-section 
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of the fuel assembly, the correction for radioactive decay, and leakage of tritium 
through the cladding. Data on the dependence of Wj on En and Z2/A are 
given by Gorbachev and co-workers [2], and a number of other characteristics 
can be determined experimentally, for example by gamma scanning. The most 
complicated operation is to determine the leakage of tritium through the 
cladding and its accumulation in the cladding. 

Evaluations of the accumulation of tritium from other reactions (n, t; n, a) 
give a value which is an order of magnitude lower than that from fission. 

In the Soviet Union, work on the experimental determination of tritium 
in WWERfuel has been performed for a number of years under various conditions 
and by various methods. As a rule, fuel from the Novo-Voronezh Nuclear 
Power Station at different burn-ups has been used for these studies. 

A set of such measurements was also performed at the V.G. Khlopin Radium 
Institute on the SU-2 experimental facility, designed for research on the technology 
of reprocessing power plant fuel [3, 4]. The facility includes process equipment 
made of stainless steel and titanium covering all operations from the chopping 
and dissolving of fuel assemblies to the retreatment of waste solutions. The 
measurement system of the facility includes special stands for studying the 
composition of gaseous wastes and testing gas purification processes. 

The dimensions of the hot cells housing the facility do not allow work 
with entire fuel elements, so the experiments were performed with spent 
Novo-Voronezh fuel chopped at the station into 250-mm lengths. As a result 
it was not possible to obtain a true volatile fission product (krypton-85, 
iodine-129 and tritium) balance in the fuel since some part of these elements 
had been released during chopping at the station. However, the fraction of 
volatile fission products released during chopping had earlier been estimated 
by other researchers [5], who showed that it did not exceed a few tenths of 
one per cent of the total quantity of tritium contained in the unchopped 
fuel elements. 

The distribution of tritium in the fuel reprocessing scheme was studied 
very carefully. In special experiments on the dissolution of chopped fuel 
elements the content of tritium in WWER fuel with a burn-up of 25 600 MW-d/t 
of U was determined. The tritium content was measured in the solution and 
in the gas stream. For this purpose, in the path of the gases coming out of the 
dissolver reactor a system of traps was installed — alkali absorber traps, 
U-shaped freezers, a furnace with granulated copper oxide in which gaseous 
tritium and other tritium-containing products were burned (at T = 450°C), 
and again freezer traps for the oxidation products. 

The preparation of samples for determining the tritium content consisted 
in repeated distillation of the solutions in glass distillation apparatus. Potassium 
permanganate and activated charcoal were added to the samples from the alkali 
traps before removal of the distillate (in the case of the samples from the end 
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TABLE I. DETERMINATIONS OF TRITIUM CONTENT 

Quantity of Tritium found in equipment (percentage of total quantity) 
fuel in 
solution (g) 

In solution Trap I Trap II Low-temperature 
trap 

Total 
Ci 

(in terms of U) Ci % Ci % Ci % Ci % 

1000 0.500 95-97 10~3 0.2 10~3 0.2 10"* 0.02 0.5 < 

Chemical form HTO HTO HTO HT HTO 
HT 
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traps, only charcoal was added) in order to bind the volatile caesium aerosols 
to manganese dioxide and to ensure sorption of iodine and ruthenium. Before 
distillation the solutions were neutralized to pH = 7. The tritium content was 
determined on a scintillation counter with a sensitivity of 5 X 10~7 Ci/litre 
(a single-channel counter was used for samples with activities greater than 
10"5 Ci/litre and a coincidence counter for activities less than 10~s Ci/litre; 
the error was 10% at a confidence level of 0.95 for samples with an activity of 
10"6 Ci/litre). 

Table I gives the determinations of tritium content in the solution obtained 
by dissolving the fuel and in the gas stream emerging from the dissolver reactor. 

Thus the total quantity of tritium per kilogram of WWER fuel (in terms 
of uranium), neglecting the tritium in the cladding, was 0.50 + 0.05 Ci, which 
indicates that tritium persists in the fuel even after long storage in the form 
of chopped sections. 

Further observations of the distribution of tritium in the process scheme 
covered extraction operations and concentration by evaporation of raffinates 
from the first cycle. 

The aqueous and organic streams (30% TBP in CCL4) were analysed during 
the entire extraction experiment, which was usually continued for a week. The 
results of the analysis show that much the largest part of the tritium — more 
than 96% - goes out with the raffinates of the first cycle; in the re-extract 
of plutonium and uranium the tritium content varies from 1 to 2% and 
0.1 to 0.2% respectively, and in the circulating extractant (after 10 cycles) 
remains at the level of 0.1% of the total quantity in the initial aqueous solution. 

The highly active first cycle raffinates were concentrated by evaporation 
to factors of 8 -10 , during which process the bulk of the tritium was driven off 
with steam and the tritium-containing condensates after preliminary 
neutralization were sent for solidification by incorporation in cement. 
Polyethylene bottles with a capacity of 5 litres, already containing the cement 
mixture (Portland cement), were filled with a calculated quantity of the 
tritium-containing condensates to obtain a volume ratio of 1:1 to the cement. 
After being left for 12 hours for the cement to set, the bottles were closed 
with threaded plugs and the waste, with a tritium content of 0.04-0.05 Ci/litre, 
was sent for burial. 

It was extremely instructive and important to determine the residual 
content of tritium and the possibility of its long-term retention in the zirconium 
claddings of the fuel elements after completion of the fuel-dissolving operation. 

In special experiments, weighed portions of zirconium cladding (pieces 
40—50 mm in length), following dissolving and acid washing, were decomposed 
in gaseous hydrogen fluoride at 550°C. The gas stream was channelled to a 
measurement stand, where it was carefully analysed. It was found that during 
the decomposition of zirconium cladding tritium was released into the gas stream 
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TABLE II. DISTRIBUTION OF TRITIUM 

Distribution (%) 
Operation Place of sampling Chemical state Concentration In Total 

of tritium (Ci/kg) operations 

Oxidation Alkali trap 1 HTO 0.446 88.7 88.2 

Alkali trap 2 HTO 0.0568 11.3 11.2 

Low-temperature HT 0.11 X 10^ 0.002 0.002 

traps 1 and 2 HT 0.11 X 10"4 0.002 0.002 

Total for operation HTO + HT 0.503 100 99.4 

Dissolution Alkali trap 1 HTO 0.13 X 10"2 43.6 0.26 

Alkali trap 2 HTO 0.07 X 10~2 22.6 0.13 

Low-temperature 0.097 X 10"2 32.6 0.19 

traps 1 and 2 HT 0.35 X 10""4 1.2 0.007 

Total for operation HT + HTO 0.297 100 0.6 

Total 0.506 100 

in amounts of 70 -100 mCi (per kg of fuel), which represents 10—15% of the 
total quantity accumulated during a campaign. Thus, the activity of this tritium, 
for a burn-up of 25 600 MW - d/t of U, was 0.600 ± 0.050 Ci/kg. 

Moreover, the scraps of zirconium cladding remaining after dissolution of 
the fuel were collected in polyethylene bottles and kept under observation for 
a long time (several years) to determine whether there was any spontaneous 
release of tritium during storage. However, under these conditions the amount 
of tritium released into the gaseous phase was below the level of detection, so 
no quantitative characterization of gas release was possible. The cladding 
remnants were subsequently cemented and dispatched for burial. 

From the foregoing it will be seen that, although most of the tritium is 
removed with the raffinate, enough remains to contaminate certain products 
in the extraction process line; hence efforts to find ways of securing more 
complete tritium removal are still important. Also, the storage of tritium-
containing wastes in cement blocks is a fairly expensive method owing to the 
large volumes of the waste solutions and the complexity of the concentration process. 

An effective method of removing tritium from spent oxide fuel is the process 
known as voloxidation. This treatment consists essentially in recrystallizing 
the U0 2 fuel material into U 3 0 8 under the action of the oxidizing phase (0 2 ) 
at temperatures of 450°-750°C. Although the oxidation of powders and 
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ceramics of uranium dioxide has already been dealt with in the literature, the 
characteristics of oxidation of a ceramic dioxide with a surface partially blocked 
by the fuel cladding are known only in general outline, and the oxidation process 
itself requires still further study. For studies in this direction the Radium 
Institute has installed in the hot cells of the radio chemistry building a special 
facility consisting of an oxidizer reactor, a dissolver reactor (vol. = 3 litres), 
a unit for proportioning gaseous reagents and a measurement system. Spent 
power plant fuel was oxidized with a view to studying the behaviour of the 
gaseous and highly volatile fission products during the oxidizing treatment. 
The studies consisted of two parts: analysis of the gases released during 
oxidation of the sections of spent fuel elements and investigation of the oxidized 
product by dissolving it in nitric acid and analysing the resulting liquid and 
gaseous products. Before the start of the experiments the fuel was cut with 
pneumatic shears into 40— 55-mm lengths, during which process the cladding 
was deformed at the points of cutting and the ends became oval in shape. The 
portions of the fuel used, together with claddings, weighed 300-400 g. Oxygen 
from cylinders served as the oxidizing agent. Argon was used to generate the 
inert atmosphere for heating to the specified temperature. 

Up to 99.5% of the tritium was released as gas during oxidation of the fuel 
in an oxygen atmosphere at 420°—460°C (Table II). Most of it goes off in the 
form of HTO and is collected by the alkali traps; a very insignificant part is 
eliminated as HT; and the quantity of tritium remaining in the solid phase (fuel) 
after the heat treatment is less than 1 %. 

When the oxidized fuel is dissolved in nitric acid, almost all the tritium 
goes to the gaseous phase, the quantity remaining in the solution not exceeding 
0.1%. The aggregate activity of tritium per kg of metallic uranium for the fuel 
studied was 500 ± 50 mCi, without considering the amount in the cladding. 

It was thus possible by preliminary thermochemical treatment of the fuel 
to remove more than 99% of the tritium and thereby to reduce by two to three 
orders of magnitude its concentration in the initial aqueous solution before 
extraction. This method substantially reduces the volume of tritium-containing 
waste and, to a considerable extent, prevents its distribution among the individual 
products of the process scheme. 
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OPERATING EXPERIENCE WITH THE 
TRITIUM AND HYDROGEN EXTRACTION 
PLANT AT THE LAUE-LANGEVIN 
INSTITUTE IN GRENOBLE 

M. DAMIANI 
Sulzer Brothers Ltd, 
Winterthur, 
Switzerland 

INTRODUCTION 

The Institute Max von Laue-Paul Langevin in Grenoble is an institute founded 
in 1967 by a government agreement between France and the Federal Republic of 
Germany. In 1974 the United Kingdom also joined the Institute. 

The Institute operates a high flux reactor in a large programme of nuclear 
physics research using the neutrons produced by the reactor. 

This high flux reactor has a thermal performance of 57 MW with a single 
heavy-water cooled and moderated circuit. Heavy-water hold-up is about 40 m3 . 
The mean flux of thermal neutrons in the heavy water is equal to 1.8 X 1014 n-cm"2-s"1, 
which leads to formation of tritium with a saturation activity of more than 80 Ci/ltr 
(after 10 years about 30 C i / l t r ) T h i s is similar to the value expected in the 
moderator circuit of the CANDU-type reactor. 

For safety reasons, tritium concentration in heavy water should not exceed 
3 Ci/ltr, and in order to maintain moderator efficiency of heavy water, its fractional 
concentration should not be lower than 99.6 mol%. The installation fulfilling these 
requirements was built by CCM-Sulzer2 in close co-operation with the CEA (Com-
missariat a l'energie_ atomique). Sulzer already had experience in the low-temperature 
distillation of hydrogen from a small heavy-water plant in Ems, Switzerland. 

The installation at the Laue-Langevin Institute on the Grenoble Nuclear 
Centre site is the first known plant in operation for the simultaneous extraction 
of hydrogen and tritium from heavy water [ 1 — 3 ]. 

1 1 Ci = 3.70 X 1010 Bq. 
2 CCM - Sulzer is licensee of a patent owned by the CEA for this process. 

I l l 
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DESIGN DATA 

The tritium concentration of heavy water has to be stabilized at 1.7 Ci/ltr 
by an annual extraction of 160 000 Ci, equivalent to about 60 X 10"9 ltr of pure 
tritium. 

The content of heavy water has to be maintained at 99.6 mol%_by an annual 
extraction of 160 litres of light water, equivalent to about 200 m3 (NTP) of 
hydrogen. 

PRINCIPLE OF OPERATION 

Figure 1 shows the mass flows with the corresponding contents at normal 
operation conditions in 1976, and, furthermore, that the plant is made up of 
two main parts: 

1. Catalytic exchange between heavy water vapour and deuterium gas at 
200°C and about 1.2 bar, which allows the mass transfer of hydrogen and 
tritium from heavy water to deuterium to reach"equilibrium according to 
the following reactions3: "' ~ 

DTO + D2±? D 2 0 + DT 

H D O + D 2 ^ D 2 6 + HD 

2. Low temperature rectification of the hydrogen isotopes HD/D2 /DT/T2 

at about 1.5 bar in two columns with extraction of HD at the_top_ofJhe 
first column and pure tritium at the bottom of the second column. 

The flow sheet in Fig. 2 shows that the heavy water coming from the reactor 
is evaporated, superheated, and mixed with the deuterium to pass through the 
catalytic_reap!or where the isotopic exchange reactions occur; it is then 
recondensed to be separated from the deuterium and transferred to the second 
and then to the third stageofjthe catalytic exchange. 

The deuterium coming out of the catalytic exchange is dried and purified 
before being sent into a distillation column containing S U J Z C T packings. The 
partially tritium-and-hydrogen-stripped deuterium comihg-out-of-the column 
returns to the catalytic exchangeTHrough an expansion vessel. The deuterium 

3 1 bar = 1.00 X 10s Pa. 
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hydride drawn off with a content of about 80 mol% at the head is sent to a 
bomer?~The tritiated deuterium at the foot of the column is sent to a second 
column with dixon ringjgacking. In the middle of this column, DT is withdrawn 
in a tank to obtain tritium according to equilibrium reaction 2 D T ? T2 + D 2 . 
At the bottom of this column, pure tritium of about 98 mol% is drawn off 
periodically. 

Refrigeration power required to liquify deuterium is obtained by an 
auxiliary helium circuit. Helium is compressed to 15 bar and then expanded 
to 4 bar through a gas expansion turbine with oil bearings. 

PLANT SAFETY PRECAUTIONS 

The risks of explosion and radioactive contamination formed the basic 
criteria for the design, construction and operation of the installation. Very 
strict measures were adopted: 

1. Location of the installation outside the reactor, but not in the open air. 
The external walls of the building would be blown out to an open area 
to limit explosion damage. 

2. Construction of the plant according to 'hydrogen standards'. 

3. Constant ventilation of the premises. 

4. Constant tritium and deuterium control of the atmospheric air of the 
premises. 

5. Oxygen content in the deuterium circuit is permanently registered at the 
inlet to the distillation column in order to give an indication about the 
quantity of ozone which could be formed by beta radiation of oxygen. 
Ozone in the liquid or solid phase may decompose in an explosive manner. 

6. In case of alarm from deuterium or tritium leakage, the plant is stopped 
and isolated in five parts. Each of these can be evacuated and rinsed auto-
matically by nitrogen before repair works begins. ' 

7. A two-stage membrane compressor can draw off the deuterium hold-up 
and fill into bottles under 200 bar. 

8. Some main alarms and a main switch are repeated in the main control 
panel of the reactor. • 
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START-UP OF THE PLANT AND OPERATING EXPERIENCE 

The first tests with hydrogen began in August 1971. Start-up with deuterium 
and non-tritiated heavy water followed rapidly and separation performances 
between hydrogen and deuterium were controlled. It was only in August 1972 
that the first introduction of tritiated heavy water from the high flux reactor 
was treated. By July 1973 the accumulation of tritium had reached only 5000 Ci. 
By the end of 1976 there was a tritium hold-up of 220 000 Ci in the plant and 
230 000 litres of heavy water had been treated. About 85 000 Ci of pure tritium 
with an average jnolar-content of 98% had been extracted in the gaseous phase. 

Since tritium production of the reactor is about 35% lower and the admissible 
tritium concentration is now about 10% higher compared with the design data, 
and furthermore plant performance could be increased by about 25% by variation 
of the ratio between heavy water and deuterium streams in the catalytic exchange, 
the plant is able to fulfil reactor requirements in five months yearly. This means 
that plant overcapacity allows the treatment of tritiated water from other reactors 
(design feed flow rate 16.7 ltr/h, actual feed flow rate 30 ltr/h). 

The Institute has already treated about 16 000 ltr of heavy water with a 
concentration of about 6 Ci per litre for a French client. 

At present, plant performance reaches an extraction of 240 000 Ci yearly, 
starting from a feed concentration of 2 Ci per litre. Tritium analysis made on the 
rectification columns showed that about 400 theoretical stages are installed. 

Since leakage of light water into the heavy-water circuit is smaller than 
presumed, the heavy-water molar content has not so far reached 99.6%, and 
consequently light-water extraction has been less than 160 ltr yearly. 

DIFFICULTIES ENCOUNTERED DURING OPERATION 

As regards the principal running of this process - catalytic exchange with 
deuterium rectification — no particular difficulties have been encountered. 

The main problems that have occurred during operation are: 

1. Two technological incidents on the helium circuit, the most important being 
an accidental displacement of the molecular sieve, with subsequent distri-
bution of its constituents through the whole helium circuit. This required 

. complete cleaning of the helium circuit, particularly of the heat exchangers, 
and caused a plant shutdown of several months. 

2. The other incident was the presence of mud and organic algae in the river 
water, which clogged the helium water cooler. Chlorination of the cooling 
water killed off the algae, but resulted in corrosion of the welds on the carbon 
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steel helium coolers, so that leakages of helium and ingress of water prevented 
the required refrigeration power being reached. Finally, new stainless-steel 
coolers and a closed cooling water circuit were installed to obtain satisfactory 
conditions. 

3. The presence of alumina particles in the heavy water arriving from the reactor 
served as support for activation products — mainly cobalt and chrome — 
and resulted in high activity in the entrance of the catalytic exchange. The 
alumina particles have a size of 0.01 to 0.1 /im and pass through the present 
0.22 jum filter. To prevent the presence of these activated alumina particles 
in the tritium extraction plant, a supplementary separation plant has been 
installed in the reactor. This plant was put into operation satisfactorily 
some months ago. 

4. Fissure phenomena have appeared in the piping work containing heavy water 
vapour at the entrance to the first stage of catalytic exchange. The origin 
of these corrosions is not exactly known. Experts believe that these 
corrosions are due to the action of mechanical forces, caused by vibration 
and thermal expansion, acting in conjunction with a corrosive agent present 
in the heavy water. This agent may be chlorine. However, this fact is not 
yet proved. 

5. At the beginning nitrogen was used as cover gas in the reactor. Nitrogen 
dissolved in heavy water passed through an activated charcoal adsorber 
and was concentrated in the column evaporator reducing deuterium vapour 
load because of deterioration in heat transfer. Furthermore, a pH value 
of about 1 was noted in the heavy water leaving the burner, caused by 
nitric acid formed from the presence of nitrogen coming from the nitrogen 
adsorber during its regeneration cycle. These inconveniences were resolved 
by replacing nitrogen by helium as the reactor cover gas. 

6. During commissioning, different regulation systems could be improved but 
none of these improvements resulted from major problems. 

7. After about 30 000 hours of operation of the plant, the efficiency of 
catalysts has still not decreased. 

8. Kel-F valve seats in the high tritium concentration part of the installation 
completely disintegrated. 
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OPERATING CONDITIONS 

Some operating conditions are outlined below. 
Plant operation is semi-automatic. Personnel are required to carry out 

various adjustments and maintainance concerned with the movement of heavy 
water and regeneration of the adsorbers and to carry out various analyses. 
During working hours, operation is ensured by four persons, outside working 
hours the required supervision is transferred to the reactor main control room. 
When stopped, the plant goes automatically into a safety position. 

Operation of the plant is continuous, start-up lasts about 12 hours and 
another three to four days are required to reach the steady-state conditions 
before treating tritiated heavy water. 

The main consumptions are: 

Electricity 

Cooling water 

Deuterium 

Compressed air 

Holdups: 

1000 litres of heavy water 

85 m3 (NTP) of deuterium 

200 000 Ci of tritium 

35 m3 (NTP) of helium 
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SOME ASPECTS OF THE HANDLING 
OF TRITIUM-BEARING EFFLUENTS 
AND WASTES IN JAPAN 

Y. YOSHIDA 
Division of Health Physics, 
Tokai Research Establishment, 
Japan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki-ken, 
Japan 

1. REMOVAL OF TRITIUM FROM GASEOUS WASTES IN JAERI 

For the detritiation of tritium in gaseous effluents, two devices are planned 
to be installed. One device will be provided for the preliminary detritiation 
experiment in a miniature apparatus for tritium production (TREX — Tritium 
Extraction System) constructed in the radioisotope production laboratory of 
JAERI. A schematic diagram is shown in Fig. 1. Tritium gas leak from the 
TREX is removed by catalytic oxidation and following molecular sieve adsorption. 
The second device is a vacuum effluent removal system for the detritiation of the 
neutron generator (FNS). It consists of a storage tank unit, and oxidation and 
adsorption, as shown in Fig. 2. 

The tritium handling facility capable of 10 000 Ci per one batch operation 
is in the course of system design study.1 Release rate from the gaseous effluents 
from this facility to the environment will be decreased to less than 1 Ci daily by 
the use of the detritiation system as shown in Fig. 3. 

2. INCINERATION OF LIQUID SCINTILLATION COUNTING WASTES 

Liquid scintillation counters have been widely used for detecting 3H-labelled 
compounds. However, liquid scintillation counting organic wastes have to be 
treated as radioactive wastes as well as general detrimental wastes according to 
the Japanese regulations. Incineration [1, 2] as well as the distillation process [3] 

1 1 C i=3 .70X 1010Bq. 

1 1 9 
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FIG.l. Cell tritium removal system for TREX (Tritium Extraction SystemJ. 

FIG.2. Tritium removal system for the neutron source (FNS). 
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Lob. Room 
(Tertiary Containment) 

Emergency Clean-up System 

FIG.3. Diagram of detritiation system: GGPS - Glove box gas purification system; 
EGTS - Effluent gas treatment system; ATRS - Atmosphere tritium removal system; 
EASS — Effluent air scrubbing system; CAPS - Cell air purification system. 

can be used for the treatment of these wastes. The aim of the former is to convert 
organic tritium into tritiated water and to facilitate the discharge, and the latter 
is to reduce the volume of radioactive wastes. 

As an example of the former, the incineration process studied at Kitasato 
University [2] and its results are here described. 

The flow sheet of the incinerator is shown in Fig. 4. The furnace 
(4 X 1.6 X 2.6 m) is connected with a liquid-waste tank and the liquid is introduced 
by air pressure into the furnace. The burned gases (600°~ 900°C) are scrubbed and 
the capacity of combustion is about 2 litres per hour. The tritiated waTCTis— 
collected through cooling of the water vapour from about 700°C to about 60°C 
by the water spray and condenser (the 14C carbon dioxide in the exhaust is also 
scrubbed by alkaline solution). For safe operation, all handlings are performed 
automatically. 

Experimental results show that about 50% of tritium in the liquid waste 
was collected in the A tank and about 30% in the B tank; the maximum recovery 
was 95%. For example, when tritiated toluene of 4.78 /LtCi/ltr was burned, tritium 
concentration of the collected water was 58.7 pCi/ltr in the A tank and 25 pCi/ltr 
in the B tank. 
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FIGS. Cement solidified tritiated water. 

FIG.6. Leaching from the specimen coated with bitumen: • Portland cement; o slag cement. 

3. CEMENTATION OF TRITIATED AQUEOUS WASTE AND LEACH RATE 
CONTROL OF THE SOLIDIFIED PRODUCTS 

Cementation will still be the most practical option to solidify a large amount 
of tritium-rich water from the aqueous waste recycling system in the nuclear 
facilities, because 

(a) the process is simple and practically available in all kinds of nuclear 
facilities, and 

(b) the process gives rise to the products suitable for such disposal as deep-
sea dumping. 
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TABLE I. MONITORING TECHNIQUES FOR GASEOUS EFFLUENTS AND 
THEIR MINIMUM DETECTION LIMITS 

Sampler Measuring Detection 
equipment limit 

(AiCi/cm3) 

1. Ionization chamber 

2. Sampling" of 3H water vapour 

(a) Water vapour collector 
(b) Water vapour collector 

+ Catalyst 
+ Water vapour collector 

Vibrating reed electrometer 
Pico-ammeter 

Liquid scintillation counter 

1 0 " 

1 0 " 

For sampling of tritiated water vapour, one of following is usually used: (a) Cold trap; 
(b) Liquid bubbler; (c) Adsorbent (silica gel, molecular sieve). 

TABLE II. EXAMPLE OF APPLICATION OF MONITORING TECHNIQUES 
SHOWN IN TABLE I TO FACILITIES 

Facility Monitoring technique3 

Laboratories 1 

Large facilities 

Heavy water cooled reactor 2(a) 
Fuel reprocessing plant 2(a) or 2(b) 

Tritium gas handling facilities 1 + 2(a) or 1 + 2(b) 

a Refer to the numbers shown for the techniques in Table I. 

The present preliminary study in JAERI [4] aims to assess the factors 
concerning tritium leaching from the cementation of solidified products 
and the effectiveness of the covering materials to suppress the leach rate. 

Figures 5 and 6 show the leaching characteristics of a bare cement solidified 
sample and a bitumen-coated cement solidified sample respectively. Some 
experimental conditions are as follows: 

specimen size: IAEA standard (4.5 <j> X 4.4 cm) 
radioactivity: about 250 /xCi/specimen 
coated bitumen film thickness: 2 ~ 3 mm. 
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4. MONITORING OF EFFLUENTS 

Monitoring methods to be applied depend on the amounts and nature of 
the tritium handled, and operational conditions at the facilities. 

4.1. Monitoring method for gaseous effluents 

The most widely used monitoring methods and their application are shown 
in Tables I and II respectively. Figure 7 is a diagram of effluent monitoring 
in the facilities handling a large amount of gaseous tritium. 

4.2. Monitoring method for liquid effluents 

One or both of the following methods are used: 
(a) Manual sampling and subsequent liquid scintillation counting (chemical 

treatment such as distillation is required for samples including other 
materials such as fission products). 

(b) Continuous monitoring using a plastic scintillation counter. 

5. MANUAL OF TRITIUM MEASUREMENT 

The contents and. the specific procedure in sample preparation for liquid 
scintillation counting of the manual for measuring tritium discharged into the 
environment from nuclear facilities [7] are given below: 

5.1. Contents of manual of tritium measurement 

Chapter 1. Introduction 

Chapter 2. Sampling 

2.1. Scope of environment and sample 
2.2. Sampling 

2.2.1. Sampling point 
2.2.2. Surface water (river, pond, lake) 
2.2.3. Drinking water 
2.2.4. Coastal water 
2.2.5. Precipitation 
2.2.6. Atmosphere 
2.2.7. Food 

2.3. 
2.4. 

Frequency 
Storage 



Flow rate 
Filter meter 

* One of the following: 

(a) Cold trap 

(b) Desiccants (Silica gel. Molecular sieve) 

(c) Liquid bubbler 

* * Vibrating reed electrometer or pico-ammeter 

FIG. 7. Diagram of tritium monitoring for gaseous effluents. 
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Chapter 3. Analysis 

3.1. Distillation 

3.1.1. S cope of distillation 
3.1.2. Reagents and apparatus 
3.1.3. Method of distillation 

(a) seawater 
(b) fresh water 

3.2. Recovery of water from silica gel 
3.3. Sample preparation 

3.3.1. Preparation of liquid scintillator 
(a) Emulsion scintillator 
(b) Hydrophilic scintillator 

3.3.2. Preparation of measurement sample 
3.3.3. Preparation of quenching standards 

3.4. Procedure of measurement and its correction 

3.4.1. Procedure of measurement 

3.4.2. Correction by external standard ratio method 

3.5. Data treatment and its unit 

3.5.1. Data treatment 3.5.2. Unit (pCi/ltr) 
3.5.3. Form of record 

5.2. Procedure of tritium measurement for sample preparation 

1. Add Na202 0.1g,KMn04 O.lgto 100 mltr of the sample water in a 
distillation flask. 

2. Distil almost to dryness. 

3. Transfer 50—120 mltr of the distilled sample to a Teflon vessel and mix 
with 50 mltr of emulsion scintillator.2 

2 Emulsion scintillator is prepared by mixing two parts of 0.4% PPO and 0.01% POPOP-
toluene or p-xylene with one part of non-ionic surfactant such as Triton XI00 or Nl 01; 
commercial emulsion scintillators, Insta Gel (Packard), Aquasol II (NEN),etc., are also available 
for this purpose. 
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4. Heat the vessel to about 50°C by dipping in a water bath. 

5. Shake the vessel vigorously until a transparent solution is obtained. 

6. Keep overnight on the sample changer of a liquid scintillation counter under 
dark and cool (10°C) conditions. 

7. Count the sample itself, 10 X 20 min. 

8. Determine the counting efficiency of the sample by the external standard 
channel ratio method. 

9. Count the background sample (as in procedure 7). 

10. Calculate the tritium concentration of the sample (unit: pCi/ltrH20). 
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TRITIUM IMMOBILIZATION* 

H.A.C. McKAY 
Atomic Energy Research Establishment, 
Harwell, Didcot, Oxon., 
United Kingdom 

INTRODUCTION 

The principal aim of this study is to survey and assess candidate solid 
materials for immobilization of the tritium in the wastes from reprocessing plants. 
Attention is, however, drawn to other tritium arisings which may be of comparable 
or greater importance, either now or in the future, e.g. those in reactor effluents, 
in reactors on decommissioning and in fusion devices. 

GENERAL OPTIONS 

It is recognized that immobilization in solid form may not always be the 
method of choice for dealing with tritium, At coastal sites, the balance of risk 
almost certainly favours direct discharge to sea in liquid form. At some inland 
locations, disposal by deep well injection on site may be possible. At most inland 
plants, however, either decay storage on site, or transport to a repository will be 
required, and in either case the tritium must be immobilized. This might, in 
general, be achieved either by means of physical barriers (e.g. sealed cans containing 
tritiated water or cement) or by incorporation in a suitable solid. The present 
report is concerned with the latter possibility. The aim is to identify solids which 
give a sufficient degree of immobilization even if any physical barriers, provided, 
for instance, for handling purposes, fail before the tritium has decayed sufficiently. 

FEATURES OF AN IMMOBILIZATION SCHEME 

The study shows that a complete immobilization scheme for a reprocessing 
plant must in most cases include: 

* Executive Summary of a study performed by the UKAEA under the European 
Community's R and D Programme on Radioactive Waste Management and Storage. The study 
will be published by the Commission of the European Communities as Rep. EUR 6270 EN. 
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(1) Segregation and recycling of the tritiated plant streams, so that the 
tritium is confined to effluents of relatively small volume. Otherwise even the 
cheapest immobilization forms are prohibitively expensive. Realistic volume 
reduction factors (concentration factors) obtainable by segregation/recycling 
schemes probably lie in the range 20-100. Voloxidation might achieve factors 
of, say, 104, but has serious engineering and other difficulties. 

(2) Isotopic enrichment, giving a further degree of concentration. Enrichment 
is nearly always economically beneficial, because it reduces the scale and costs of 
the subsequent immobilization and storage or disposal to relatively trivial levels. 

Enrichment costs roughly £500/m3 tritiated water, and very little need be 
added to this for immobilization, etc., whatever the solid form chosen. The 
cheapest alternative without enrichment (immobilization and disposal to sea as 
cement) costs upwards of £350/m3 tritiated water, and other alternatives are 
considerably more expensive. 

The degree of enrichment is generally limited by radiolysis in the final 
immobilization product. For the two concentration steps of segregation/recycling 
and enrichment, a combined concentration factor of 5 X 10s appears safe in all 
cases. Cost is not a limiting factor, because enrichment costs depend on the 
residual tritium level in the depleted stream discharged to the environment, rather 
than on the degree of enrichment, which can be increased to any desired level at 
little extra cost. 

(3) Immobilization in a solid form, from which tritium does not leak or leach 
out. As noted above, the aim is to achieve sufficient immobilization in the solid 
itself without reliance on physical barriers; this is interpreted to mean <0.001% 
day loss of tritium. 

For a 5-t U/day reprocessing plant, the scale of immobilization after (1) and 
(2) above is very small. Only about 1 ltr tritiated water/day has to be handled. 
The immobilization form can therefore be chosen on technical rather than cost 
grounds, and need not contain a high proportion of tritium. 

(4) Storage or disposal A store to hold the immobilized tritium should be 
on or near the surface, ventilated, dust-free, and perhaps slightly warmed. It 
should have air monitors, an emergency clean-up system, and means of locating 
and dealing with defective packages. It should be reserved exclusively for tritium. 
A storage time of about a century would be required. 

Alternatively the immobilized material could be disposed of to the environment, 
e.g. to the sea bed. 

IMMOBILIZATION FORMS 

The principal desiderata of an immobilization form are stability, a low rate 
of loss of tritium in store, etc., and the existence of a good route for incorporating 
the tritium efficiently. The chief candidate materials are: 



TRITIUM IMMOBILIZATION 131 

(1) Inorganic hydrates and desiccants 
(2) Cement 
(3) Metal hydrides 
(4) Organic polymers 

Groups (1) and (2), and certain copolymers in group (4), have the advantage of 
utilizing tritium in the form of a water feed. In other cases a hydrogen or an 
acetylene feed is required (the latter from the calcium carbide/water reaction), 
raising a safety issue affecting the reprocessing plant site. 

A provisional merit order has been established for the most likely candidate 
materials, based on the following considerations, amongst others: 

(1) Insoluble hydrates of very low water vapour pressure are known, and 
molecular sieves can also take up appreciable quantities of water while retaining 
a very low vapour pressure. Tritiated water can be incorporated in these materials 
by a simple heating/dehydration—cooling/rehydration cycle. There are no obvious 
disadvantages, but it remains to be demonstrated that the tritium is in fact 
sufficiently immobilized. A low water vapour pressure is not a sufficient criterion, 
since isotopic exchange processes can still be envisaged that would render the 
tritium mobile. 

(2) Cement can be regarded as a particular example in the category of 
inorganic hydrates. As usually prepared it immobilizes only part of its water 
content. The proportion immobilized slowly increases on standing ('curing'), 
and the mobile part can be removed by heating at 105°C, but the resultant process 
is cumbersome, and doubts about exchange reactions still remain. Polymer-
impregnation of the cement reduces the tritium leach-rates in water, but the 
evidence on the degree of reduction is conflicting; the long-term stability of 
polymer-impregnated cement, subject to some radiolysis, is also in doubt. 

(3) Zirconium hydride has been shown to fix tritium just sufficiently well in 
leaching experiments, and the best conditions for its preparation for tritium 
immobilization have been extensively studied in the laboratory. Titanium hydride 
appears to be a good alternative, and may even be superior, but far less work has 
been done on it. The main drawback to these metal hydrides is the necessity to 
use tritiated hydrogen at, say, 600°C in their preparation. 

(4) Organic compounds are subject to various types of instability, and 
tritium incorporation at high yield is often difficult owing to side-reactions. 
In virtually all cases there would be a necessity to recover, burn and recycle by-
products. Hydrogenated polystyrene may be the best choice among organic 
polymers, since it has good mechanical properties, leach resistances and radiation 
stability, and the tritium is incorporated in a single reaction stage. The other 
polymers mentioned below may also be worthy of further investigation. However, 
all have the disadvantage of requiring a hydrogen or acetylene feed; polymers 
using a water feed would generally be expected to give poor immobilization. 
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The merit order derived in this study is as follows: 

Groups of materials Merit order of 
in merit order materials within groups 

(A) Inorganic hydrates, etc. (1) Calcium phosphate and 
hydroxylaptite hydrates 

(2) Molecular sieves 
(3) Calcium aluminate hydrate 

(B) Metal hydrides (1) Zirconium hydride 
(2) Titanium hydride 

(C) Organic polymers (1) Hydrogenated polystyrene 
(2) Polyethylene 
(3) Polyvinylacetate 
(4) Silicone/acetylene addition compounds 

(D) Cement -

The order is subject to revision as additional information becomes available; 
this is needed particularly in the areas of tritium release rates and of the 
development of tritium incorporation processes. Moreover there may be 
additional candidate materials beyond those so far considered, especially among 
inorganic hydrates and organic polymers. 

RECOMMENDATIONS 

It is recommended that priorities for the investigation of candidate solid 
materials for tritium immobilization should be generally in accordance with the 
merit order given in the list above. For materials in Group A, it is first necessary 
to check whether satisfactory immobilization is actually achieved. If not, first 
priority must be given to group B. Next in order of priority after Groups A and B 
are probably hydrogenated polystyrene and polymer-impregnated cement. 

In all cases there are two main areas requiring study: 
(1) A flowsheet must be developed for incorporation of tritium in the 

proposed solid form in high yield. Side streams may have to be recycled to avoid 
tritium losses. 

(2) The rate of tritium loss from the proposed solid form must be assessed 
under the most severe conditions that may be encountered during storage/disposal. 
To ensure that all mechanisms of tritium loss are taken into account, e.g. chemical 
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decomposition, radiolysis, isotopic exchange, experiments should be made with 
the tritiated solid; they should extend over a long period. 

Other topics requiring study include segregation/recycling schemes in 
reprocessing plants, isotopic enrichment, preparation of tritiated feeds for the 
various processes, and design of tritium stores if required. Further relevant topics 
are the use of physical barriers to contain tritium, and disposal to the sea or deep 
wells. 
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