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FOREWORD 

This final repor t summarizes the results and conclusions of technical 
studies pe r fo rmed in connec t ion with a four-year IAEA Co-ordinated Research 
Programme, begun in 1978, on the handling of t r i t ium-contaminated e f f luen t s 
and wastes. Al though many related studies are cont inuing, e.g. on t r i t ium 
removal f rom aqueous ef f luents , immobil izat ion of t r i t ium and tr i t ium-bearing 
waste, some firm conclusions on the overall concep t were drawn by the 
programme par t ic ipants and are ref lected in this repor t . 

Co-ordinated research programmes are initiated by the IAEA to investigate 
specific technical areas that are believed to meri t in ternat ional a t t en t ion , such 
as the management of t r i t ium-bearing wastes. In these p rogrammes the IAEA 
seeks to co-ordinate research among principal investigators at various inst i tutes 
to develop appropr ia te answers t o technical concerns. The technical work is 
per formed at the par t ic ipat ing inst i tut ions, technical repor ts are in terchanged, 
and the results are repor ted and discussed among the par t ic ipants at IAEA-
sponsored meet ings held at one- to two-year intervals. Related in ternat ional 
meetings provide oppor tun i t i e s fo r addit ional discussions. Specifically, the 
fol lowing five meet ings included par t ic ipants of the IAEA Co-ordinated 
Research Programme: 

( 1 ) In ternat ional Sympos ium on Management of Gaseous Wastes f r o m Nuclear 
Facilities, organized jo in t ly by the Internat ional A t o m i c Energy Agency 
and the Nuclear Energy Agency of the OECD, and held in Vienna, 
Austr ia, 1 8 - 2 2 February 1980 

(2) American Nuclear Society (ANS) Topical Meeting on Tri t ium Technology 
in Fission and Isotopic Applicat ions, held in Day ton , Ohio , 28 April— 
1 May 1980 

(3) In ternat ional Sympos ium on Metal Hydrogen Systems, held in Miami, 
Florida, 1 3 - 1 5 April 1981 

(4) In ternat ional Conference on Radioactive Waste Management , Canadian 
Nuclear Society, held in Winnipeg, Mani toba, 1 3 - 1 5 Sep tember 1982 

(5) In ternat ional Conference on Radioactive Waste Management , In terna t ional 
Atomic Energy Agency, Seatt le , Washington, 1 6 - 2 0 May 1983 

V. Morozov of the IAEA's Division of Nuclear Safety and Envi ronmenta l 
Protec t ion began this p rogramme and organized the first meet ing. His successor, 
V. Tsyplenkov of the Division of Nuclear Fuel Cycle, assumed his responsibili ty 



as the Project Off icer , organizing and co-ordinating the work , including the 
prepara t ion of the Final Repor t . The tex t of the Final Repor t was compiled 
by W.J. Holts lander of the Atomic Energy of Canada Ltd , Chalk River Nuclear 
Laboratories . Assistance in draf t ing the Final Repor t was provided especially 
by H. Brücher , N.S. Sunder Rajan and A. Bruggeman. 

It is hoped that this repor t will be of value in helping Member States t o 
consider their f u tu re research activities and policy with regard to management 
of t r i t ium at nuclear facilities. 
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1. INTRODUCTION 

1.1. BACKGROUND 

There are several aspects to the topic of tr i t ium in the nuclear fuel cycle: 
e.g. its source, its behaviour when released to the environment, its management 
(such as trapping instead of release), conditioning, storage and disposal. Nuclear 
power plants and fuel reprocessing facilities are the major sources of tri t ium 
release to the environment , and with the continuing development of nuclear 
power, increasing a t tent ion will be given to improved t rea tment methods for 
tr i t ium. The amount of tr i t ium that will be produced and handled in fu tu re 
fusion reactors is several orders of magnitude greater than tha t produced during 
the generation of an equivalent amoun t of energy f rom fission reactors. Much 
of the technology now being developed for handling tri t ium produced by fission 
reactions will be applicable to fusion installations. 

1.2. OBJECTIVES O F CO-ORDINATED RESEARCH PROGRAMME 

The environmental aspects of tr i t ium behaviour and technological interests 
in handling tri t iated eff luents and wastes are reflected in past and present programmes 
of the Internat ional Atomic Energy Agency. These aspects have been discussed 
at various IAEA meetings on management of radioactive wastes. The Technical 
Commit tee meeting held in December, 1978, in Vienna dealt particularly with 
topics on handling of trit ium-bearing eff luents and wastes. That meet ing resulted 
in the publication of the IAEA Technical Repor ts Series No.203 [ 1 ], which 
outlines the state of the art of tri t ium management technologies and identifies 
areas where fu r ther data or studies are required. 

In response to the recommendat ions made to the IAEA, a co-ordinated 
research programme (CRP), Handling Tritium-Bearing Eff luents and Wastes, 
was initiated by the IAEA in 1978. The scientific background of this programme 
and directions of its development were discussed at the first research co-ordination 
meeting at Chalk River Nuclear Laboratories in May, 1979. The primary objectives 
of the programme were to co-ordinate ongoing studies in Member States and to 
disseminate and exchange informat ion concerning the t rea tment , concentrat ion, 
removal, storage, and disposal of tr i t ium f rom eff luents and wastes. Additional 
meetings were held in Jülich, Federal Republic of Germany, in 1980 and in 
Trombay, India, in 1982. The list of participants at the three meetings appears 
at the end of the report . 
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The studies carried out by the CRP participants revealed a variety of national 
approaches to resolve the problems of handling t r i t ium-contaminated eff luents 
and wastes. The management of trit ium-bearing wastes arising f rom operations 
of heavy water reactors and reprocessing of LWR fuel was given the highest priority. 

1.3. SCOPE O F REPORT 

This report presents extended summaries of the work the part icipants have 
done over the three years in the f ramework of the CRP. Because the scope of 
the investigations extended over more than one topic, the results have been put 
together in sections which contain more detailed informat ion. The subjects 
covered include product ion of t r i t ium in nuclear power plants (mainly heavy 
water and light water reactors), as well as at reprocessing plants (Section 2); 
removal and enrichment of tri t ium at nuclear facilities (Section 3); conditioning 
methods and characteristics of immobilized tri t ium of low and high concentrat ion 
(Section 4) ; and some potent ia l me thods for storage and disposal of tr i t ium 
(Section 5). In these sections some work done by investigators who did not 
participate in the CRP earlier is also reviewed to give more depth to this report . 

Finally, the conclusions f rom the three-year programme are presented and 
possible activities in the field are recommended (Section 6). 

1.4. RELATIONSHIP WITH OTHER DOCUMENTS 

This report is not comprehensive because of the limited number of participa-
ting Member States. Addit ional informat ion on behaviour and management of 
tri t ium is available in various earlier publications. The behaviour of tri t ium in 
the environment was the subject of a symposium [2] organized joint ly by the 
IAEA and t h e N E A / O E C D in 1978. There are two reviews [3, 4] of the sources of 
tri t ium associated with the nuclear fuel cycle and environmental aspects of 
tr i t ium. Within the f ramework of the Commission of European Communit ies 
(CEC) programme in the field of radioactive waste management , candidate materials 
for the immobil izat ion of tr i t ium were identif ied; considerations as to how they 
would be used in an immobil izat ion scheme were given in a survey by H.A.C. McKay 
[5]. In addi t ion, studies were under taken on the isotopic enrichment and separation 
of t r i t ium f rom aqueous ef f luents [6,7] at the Belgian Nuclear Research Centre, 
SCK/CEN. 
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2. HANDLING OF TRITIUM 

In nuclear power p lan ts t r i t ium is p roduced by ternary fission in the fue l and 
by nuclear reac t ions be tween neu t rons and c o m p o n e n t s of the nuclear p o w e r p lant . 
Some of the t r i t ium-producing reac t ions are 2 H ( n , 7 ) 3 H , 1 0 B(n , 2ce) 3H, 7 L i (n , n a ) 3 H , 
6 L i (n , a ) 3 H , and 3 H e ( n , p) 3 H. Heavy wa te r m o d e r a t e d reactors are the ma jo r 
p roducers of t r i t i um t h r o u g h neu t ron abso rp t ion by deu te r ium where the p roduc t ion 
ra te is app rox ima te ly 2 4 0 0 k C i ' G W ( e ) " a " 1 [ 1 ]. In compar i son , the p ro j ec t ion f r o m 
te rnary fission ranges f r o m 15 t o 3 0 k C r G W ( e ) ' a - 1 [ l ] , f r o m o the r nuclear 
reac t ions is less than 10 k C i - G W ( e ) ' a _ 1 , depending on the reac tor type . 1 

2 .1. N U C L E A R POWER P L A N T S 

2.1.1. Heavy water reac tors 

In Candu PHWRs heavy wa te r is conta ined in t w o separate systems, t he 
m o d e r a t o r and the coolant . Practically all of t he t r i t ium is p roduced and resides 
in the m o d e r a t o r sys tem, which opera tes near a tmospher ic pressure and approxi -
ma te ly 70°C. T h e coolan t circuit opera tes at 300°C and 9 .6 MPa. Leakage of 
t r i t ia ted heavy w a t e r f r o m these sys tems is t he source of t r i t ium ef f luents . 
T r i t i um-con tamina ted e f f luen t s consist of a i rborne and aqueous e f f luen t s ; thus , 
con t ro l and recovery of heavy wa te r leakages are essential c o m p o n e n t s of design 
and opera t ion of heavy wa te r reactors , f o r reasons of b o t h safe ty and economics . 
Table I i l lustrates the results of heavy w a t e r leak measu remen t s in a Candu 
nuclear p o w e r s ta t ion [8]. 

Chronic low-level escape of t r i t ia ted heavy wa te r gives rise t o a i rborne 
t r i t ium con t amina t i on . Dis t r ibu t ion be tween water- and a i rborne t r i t ium release 
values varies, depend ing on m a n y factors . In add i t ion t o careful design t o 
minimize leakage, t he pr incipal c o m p o n e n t of a i rborne con tamina t ion con t ro l 
is t h e p lacement of t he ma jo r i ty of heavy water sys tems wi th in the reac tor 
c o n t a i n m e n t envelope. T h e design, ope ra t ion and ma in tenance of this envelope 
ensure t ha t these con ta ined sys tems are a minimal source of b o t h env i ronmenta l 
emissions and occupa t iona l exposures . Heavy water systems which mus t be 
accessible at p o w e r are located ei ther in shielded r o o m s wi th in c o n t a i n m e n t or 
ou ts ide co n t a in men t , mos t ly in c o n f i n e m e n t rooms . 

Reac to r c o n t a i n m e n t is f i t t ed wi th a closed-cycle heavy wa te r recovery 
sys tem t o recover heavy wa te r as well as t o keep t r i t ium levels t o acceptable 
occupa t iona l levels. C o n f i n e m e n t r o o m s may be ei ther purged wi th air or f i t t ed 

1 1 Ci = 3.70 X 10'°Bq. 
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T A B L E I. H W R D 2 0 .LEAKAGE P A T T E R N - B R U C E G E N E R A T I N G 
S T A T I O N A 

Component 
Total station chronic 
D 2 0 leakage 
(%) 

Leaks (%) 

<0 .1 g/d >0.1 g/d 

Tube and pipe fittings 5.4 100 0 

Instrumentation and 1.4 78 22 
control components 

Flanges 28.1 56 44 

Valves 59.8 78 22 

Sight glasses 0.8 57 43 

Other 4.5 - -

wi th air dryer systems. S ta t ion air qual i ty is main ta ined via purge vent i la t ion 
designed t o move air f r o m the least con tamina ted to the mos t con tamina ted 
areas [9]. 

T h e leakages f r o m b o t h modera to r and coolant sys tems are collected in 
tanks. Water f r o m the m o d e r a t o r systems is ei ther fed direct ly back t o t h e 
m o d e r a t o r pumping sys tem (if isotopic pur i ty of heavy water is high enough) 
or sent t o a c leanup sys tem befo re upgrading by water disti l lation. The t o p 
p r o d u c t f r o m t h e dis t i l la t ion un i t conta ins less t h a n 0 .5% D 2 0 and is a source of 
t r i t ia ted waste. T h e t r i t ium concen t ra t ion in this s t ream depends on the t r i t ium 
concen t ra t ion in the recovered wa te r ; fo r recovered water at 5 Ci /L the t r i t ium 
concen t ra t ion in the t o p p roduc t would be less t h a n 25 mCi /L. 

T h e average daily a i rborne t r i t ium emission fo r t he Pickering A s ta t ion was 
43 Ci in 1981 and 51 Ci in 1980. F o r the Bruce A s ta t ions the corresponding 
n u m b e r s were 2 5 0 and 120 Ci/d. The aqueous emissions were 21 Ci/d in 1981, 
35 Ci/d in 1980 fo r Pickering A and 55 Ci/d (1981 ) and 66 Ci/d (1980) fo r 
Bruce A. 

C o n t a m i n a t i o n of r eac to r c o m p o n e n t s and housekeeping materials such as 
rags and m o p s by spilled heavy water is a source of solid wastes. Othe r t r i t ium-
con tamina t ed wastes inc lude sample bot t les f r o m laborator ies , plastic personnel 
suits and vermiculi te in air respirators . These low-level wastes are s tored in 
mo n i to r ed in-ground concre te t renches which are su r rounded by compac t ed 
granular backfi l l and provided wi th a system of subsurface drainage pipes. 
Di f fus ion th rough concre te and leakage th rough small cracks in the concre te 
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and the sealants in construct ion joints are considered to be principal escape 
mechanisms for t r i t ium. In the event of a leak, the escaped tr i t ium will largely 
be intercepted and collected by the subsurface drainage system, with a much 
smaller propor t ion seeping into the highly impervious subsoil and the ground-
water system. 

In India, emission of tr i t ium to the environment is mainly f r o m the PHWRs 
at the Rajasthan Atomic Power Station (RAPS). The low-level tri t iated liquid 
ef f luents are discharged to the Solar Evaporat ion Facility along with o ther low-
level waste streams generated at the station. The facility is based on non-boiling-
type , ambient- temperature evaporation. The specific activities are of the order 
of 2 to 6 Ci/L of wastes, including those received f rom heavy water upgrading 
plants. The evaporation rate is dependent on temperature , humidi ty and wind 
velocity profiles over t ime. These parameters are favourable at this site all year 
round. It has been observed that in addit ion to evaporation, exchange of 
tr i t iated water with the atmospheric water vapour is a predominant mechanism 
for disposal of t r i t ium to the a tmosphere [10]. 

The concentrated tr i t ium f r o m tr i t ium recovery plants is a special p roduc t 
and is unlikely to be considered as waste because of its commercial value. 
Tri t ium recovery plants have been commit ted in Canada by Ontario Hydro and 
by Atomic Energy of Canada Ltd at the Chalk River Nuclear Laboratories. One 
plant is operating in France at the Inst i tute Laue-Langevin, Grenoble. Details of 
the processes used in these plants are presented in Section 3. 

2.1.2. Light water reactors 

In bo th boiling water and pressurized water reactors t r i t ium is produced 
mainly by ternary fission (15—20 k C r G W ( e ) - a _ 1 ) and by neut ron react ions 
with natural deuter ium, lithium and impurities present in water < 1 kCi-GW(e) • a - 1 . 
The tr i t ium concentrat ions in water are in the low-level range of 0.3 mCi/kg. In 
BWRs the propor t ion of the activity released with the off-gases is 10 to 50% and 
that released in liquid phase is 50 to 90%. In PWRs 99% of the modera tor and 
coolant activity is present in liquid phase, and 1% is in gaseous phase. Because of 
their low concentrat ion, bo th gaseous and liquid tri t iated ef f luents are released 
to the air af ter proper dilution, so the releases are much below the release levels 
permit ted . 

2.1.3. Other types of reactors 

In other reactors, such as AGRs, HTRs and FBRs, t r i t ium is produced only 
as a fission produc t and is in the range of about 17 to 25 kCi-GW(e) - a - 1 . 
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2.2. REPROCESSING PLANTS 

2.2.1. General 

The amount of t r i t ium passing to the fuel reprocessing plant (FRP) depends 
on the type of fue l as well as on the cladding materials used in different reactor 
types. During operat ion of the reactor some of the tr i t ium diffuses out of the 
oxide fuel , permeates the cladding, and subsequently enters the coolant. F rom 
there it is finally discharged to the environment wi th normal aqueous or gaseous 
waste streams. The remaining tr i t ium is expected to reach the reprocessing plant 
with the spent fuel. 

LWR fuel ( f rom PWRs and BWRs) with stainless steel cladding may contain 
only half of the tr i t ium produced in the fuel , whereas Zircaloy-clad fuel is 
expected t o carry almost all the tr i t ium to reprocessing; this is because the 
t r i t ium which diffuses ou t of the fuel will be retained almost entirely in the 
Zircaloy as zirconium tritide. 

On the o ther hand, f rom AGRs and FBRs with stainless steel cladding, only 
minor amounts are expected to pass to reprocessing. 

The distr ibution of tr i t ium in HTRs, and hence the amounts passing to the 
FRP, is somewhat uncertain, depending on lithium impurities in the graphite and 
3He impurities in the helium coolant . 

Based on worldwide nuclear power generation and current reprocessing 
technology, reprocessing of LWR fuel is expected to be dominant in nuclear fue l 
reprocessing for the next several decades. The throughput of a commercial-size 
LWR fuel reprocessing plant serving an installed electrical power of 50 GW(e) 
(corresponding to 1400 t of heavy metal per year) is estimated to be 0.5 t o 1 MCi 
t r i t ium per year. 

2.2.2. Tri t ium in conventional Purex flowsheet 

Plants for reprocessing LWR fuel presently use a Purex flowsheet to remove 
fission products and recover fissile and ferti le material. During head-end operat ion, 
the fuel elements are chopped in to small pieces tha t are fed into a dissolver, where 
the fuel is dissolved out by means of concentrated nitric acid. 

The dissolver liquor, which contains uranium, p lu tonium, and fission 
products (FP), is fed in to a solvent extract ion system. In a first contactor the 
uranium and p lu ton ium are extracted into the organic phase (tr ibutyl phosphate 
in kerosene), scrubbed, and subsequently fed into a second contactor . The bulk 
of the fission products remains in the aqueous phase which is routed to high active 
waste t rea tment for concentra t ion and solidification. In the second and third 
contactors , the product materials uranium and plutonium are separated and 
re-extracted, respectively. 
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T A B L E II. S IMPLIFIED D I S T R I B U T I O N O F T R I T I U M IN C O N V E N T I O N A L 
F U E L R E P R O C E S S I N G 

Operation Process stream 
Fraction of T 
in process stream 
(% of inventory) 

Chemical form 

Fuel element 100a 

Chopper Fuel element pieces 
Off-gas 

>99.99 
<10"3 HTO, HT 

Dissolver Aqueous phase 
Cladding 
Off-gas 

~40 
~ 6 0 b 

<0.5 

HTO, TNO3 
ZrT 
HT 

Extraction Aqueous phase 
Organic phase 

>35 
< 5 

Re-extraction Aqueous phase 
Organic phase 
Pu product 
U product 

<4.9 
~0.01 
~0.1 
~0.01 

a Corresponds to 350 to 700 Ci/t at 30 GW-d/t. 
b Depends mainly on local fuel rod temperature. 

Fol lowing the r o u t e of t r i t ium in reprocessing, a certain f r ac t ion is b o u n d in 
Zircaloy cladding. According t o recent s tudies [11] , a b o u t 60% of t h e t o t a l 
inven tory m a y be expec ted in the cladding, the actual f igure being d e p e n d e n t o n 
fue l rod t e m p e r a t u r e r a the r than local b u r n u p . The t r i t ia ted cladding was te can 
be f ixed in d rums w i t h cemen t and disposed of . 

T h e bulk of residual t r i t ium leaves t h e f i rs t c o n t a c t o r toge ther wi th fission 
p r o d u c t s in t h e aqueous phase as t r i t ia ted wa te r ( H T O ) and t r i t ia ted nitr ic acid 
(TNO3). A small percentage of the to ta l i nven to ry appears as t r i t ia ted molecular 
hydrogen (HT) , and as H T O in various off-gases. A n o t h e r small percentage 
fol lows t h e organic r o u t e in the dissolved and ent ra ined aqueous phase . 

C o m m o n acid and water recovery sys tems fo r the d i f fe ren t ex t rac t ion cycles, 
c ross-contaminat ion due t o recycling, and o t h e r e f fec t s result in t r i t ium con tamin-
a t ion of pract ical ly all t he process s t reams in the s tandard Purex flowsheet. 
Table II shows a s implif ied d is t r ibut ion of t r i t ium during LWR reprocessing 
based on a s tandard Purex f lowshee t . 
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2.2.3. Process modif icat ions to confine tri t ium 

From the dissolver onwards, the tri t ium in the fuel is repeately diluted 
isotopically as fresh water and nitric acid are introduced. As a result, the present 
mode of operating reprocessing plants produces very large volumes of aqueous 
tr i t iated eff luents , which are of the order of 100 m 3 / t of heavy metal. 

In locations where tri t iated water can be discharged to the a tmosphere 
(e.g. sun evaporat ion in India) and for coastal sites where it can be discharged 
directly to the sea using the enormous dilution effect (United Kingdom, France), 
this process is feasible. However, for densely populated inland sites, recovery of 
tr i t ium might be required in the fu ture . 

Concepts for concentrat ing the tri t ium into smaller volumes of waste water 
have been reported and reviewed [ 5 , 1 1 , 1 2 ] . This can be achieved as follows. 

(1) Segregation of tr i t ium in the first aqueous cycle in the head-end. The 
procedure includes a separate tritiated acid- and water-recovery system 
and scrubbing of the organic phase of the first contac tor with non-tri t iated 
scrub acid to remove the dissolved and entrained trit iated aqueous phase. 

(2) Concentra t ion of t r i t ium in a small volume of water. This is done by partial 
recycling of the water and nitric acid. This has an adverse operating effect 
of raising the tr i t ium level in the first aqueous cycle. 

By these means a volume of ef f luent can be reduced to the order of 1 m 3 / t 
heavy metal , which can be disposed of. Figure 1 shows schematically the 
distr ibution of t r i t ium in the first aqueous cycle of a modif ied Purex flowsheet 
with recycling, scrubbing and separate acid recovery. 

Voloxidat ion is an alternative head-end process t o p romote the release of 
gaseous fission products f rom oxide fuels by fu r the r oxidat ion at an elevated 
temperature . The process was intended as a method of removal of tr i t ium, 
iodine, k ryp ton , and xenon f rom irradiated fuel, but has so far only been partially 
successful with respect to iodine and noble gas removal [13]. 

However, voloxidation can be used to remove the tr i t ium f rom the fuel 
before dissolution, thus avoiding isotopic dilution during reprocessing. Figure 2 
shows the conceptual f lowsheet . The process consists essentially of oxidat ion of 
U 0 2 to U 3 0 8 in a stream of air or oxygen to break down the lattice and release 
the t rapped gases. This can be obtained by heating the chopped fuel at abou t 
550°C for several hours in a rotat ing furnace. Between 2 and 20 L HTO/t of 
heavy metal may be expected with a tr i t ium concentrat ion in the range of 
100 to 10 Ci/L; the release of gaseous tr i t ium should be less than 0.1% [14]. 
The enriched trit iated water (about 30 m 3 /a for the 1400 t /a reprocessing plant) 
can be converted in to the less toxic HT form by electrolysis and discharged to 
the atmosphere. 
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FIG. 1. Distribution of tritium in the first aqueous cycle of a modified Purex flowsheet (T content given in percentage of total throughput). 



FIG.2. Release of gaseous tritium to the atmosphere (voloxidationj. 



The voloxidation process has no t yet been fully developed. The main 
drawbacks may be (1) engineering problems (e.g. tempera ture control , size of 
equipment , abrasion and corrosion, criticality control) ; (2) behaviour of the 
voloxidized fuel in the dissolver; and (3) behaviour of the remaining volatile 
radionuclides (carbon, ru thenium, krypton , iodine). 

3. TRITIUM SEPARATION AND ENRICHMENT 

3.1. G E N E R A L PRINCIPLES 

This section deals with processes for isotopic separation and enrichment of 
tri t ium before fur ther condit ioning for storage or disposal. In most tr i t ium-
containing streams and ef f luents the concentrat ion of tri t ium is very low. For 
example, D T 0 : D 2 0 ratios are of the order of 10"5 in heavy water reactor (PHWR) 
moderators and H T 0 : H 2 0 ratios are of the order of 10~7 in the aqueous ef f luents 
of a reprocessing plant in which segregation and recycling of tri t ium have already 
been practised. 

The general objective of the technique is to produce a p roduc t stream tha t 
is sufficiently enriched in tr i t ium (volume reduct ion factor , V R F ) to be economical 
for storage or disposal and a waste stream that is sufficiently depleted in tr i t ium 
(decontaminat ion factor , DF) to be recycled in the system or to be discharged to 
the biosphere. This objective may be met by a variety of processes and process 
combinat ions referenced elsewhere [5, 15]. As indicated in Re f . [ l ] , the choice 
of a particular process depends on many factors that are application- and even 
case-specific. The most likely me thods are, with one exception, based on 
technologies already developed for separation of deuter ium f rom prot ium: water 
distillation, hydrogen distillation, electrolysis, isotope exchange between hydrogen 
and water vapour, and isotope exchange between hydrogen and liquid water. 

In water distillation, the tri t ium-containing molecule becomes enriched in 
the liquid phase and depleted in the gaseous phase. The separation factor is very 
small and large columns with high energy consumption are needed. The separation 
factor decreases with increasing temperature and distillation is carried out at 
temperatures slightly above ambient and subatmospheric pressure. It is a simple 
and well-known technology and does not require the handling of hydrogen gas, 
with its fire and explosive hazards. However, it has the disadvantage of concentrat ing 
tr i t ium in the more radiotoxic aqueous form. 
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Trit ium separation by hydrogen distillation is also a well-known method , 
based on the same principle as water distillation but with a much higher separation 
factor . Because of the low boiling point of hydrogen, operation at cryogenic 
temperatures is necessary and the costs of refrigeration become very impor tant . 
Nevertheless it is considered the least expensive alternative among the developed 
me thods and it is possible to obtain pure tri t ium a s T 2 . Tri t ium must , however, 
be fed in the molecular hydrogen form. 

In electrolysis of tri t ium-containing water, t r i t ium is concentrated in the 
aqueous phase and the cathodically formed hydrogen is depleted in tri t ium. Of 
all the well-known techniques this process has the highest separation factors; 
variations are possible, depending primarily on temperature and to a lesser extent 
on cell design and feed impurities. To achieve the necessary DF and V R F , several 
stages are required, and energy and investment costs are high. Inherent leakage 
limits the tr i t ium concentrat ion in cells to an acceptably safe level. 

In isotope exchange between hydrogen and water vapour, tri t ium concen-
trat ion in the water is favoured. The separation factor is high and is given by 
the equilibrium constant of the exchange reaction and decreases with increasing 
temperature . A catalyst is needed to attain a sufficiently high exchange rate. 
For effective separation and enrichment of tri t ium either a monothermal process 
with phase conversion or a bi thermal process based on the difference in the 
equilibrium constant at d i f ferent temperatures can be used. One monothermal 
technique is well known, but it suffers f rom bo th a low separation fac tor (since 
it operates at the higher temperature) and difficulties in obtaining a counter-
current flow with several stages of evaporation exchange and condensation. 

The development in Canada [16], Belgium [7], the Federal Republic of 
Germany [17], and Japan [18] of sufficiently active hydrophobic catalysts has 
allowed the exchange of tri t ium to be carried out between hydrogen and liquid 
water. This process is very similar to the preceding one but wi thout the dis-
advantages cited. Monothermal or bithermal versions may become competit ive 
with hydrogen distillation, but fu r ther development and demonstra t ion are 
required. 

Combinat ions of the previous techniques are possible and could even be 
advantageous. Eventually o ther methods, especially those based on new techniques 
such as the selective mult iple pho ton dissociation of C F 3 T or other suitable 
molecules studied in the United States, Japan, Canada and Belgium, could also 
become useful [19—21], 

The decision on whether or no t to separate and enrich tri t ium, and, if so, 
the choice of the V R F and DF, must be based on a number of factors, including 
cost of the process less the marke t value of the enriched product (where 
applicable); decrease in cost for immobilization, transport and storage or dis-
posal of the tritiated waste; and radioecological benefi t f rom a decrease in 
occupational , local and global exposure. On these grounds separation and enrich-
ment of tr i t ium in the modera tor and coolant systems of heavy water reactors 
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appears wor thwhi le . T r e a t m e n t of the e f f luen t s f r o m those reprocessing p lan ts 
where al ternative m a n a g e m e n t schemes such as direct disposal in to the ocean or 
on-site, deep-well in jec t ion are n o t possible m a y also be wor thwhi le . 

3 .2. T R I T I U M R E M O V A L F R O M H E A V Y WATER R E A C T O R S 

T h e u l t imate m e t h o d of decreasing t r i t ium releases and occupa t iona l 
exposure in heavy water reactors is the removal of t r i t ium f r o m the m o d e r a t o r 
and coolan t systems. Taking in to accoun t the large a m o u n t s of t r i t ium in heavy 
wa te r reactors , it is wor thwhi l e to p r o d u c e a small a m o u n t of a highly concen-
t ra ted t r i t ium stream tha t will e i ther be s tored fo r later use or disposed of. 
Cryogenic disti l lation of D 2 / D T / T 2 is the on ly developed large-scale process 
available for the en r i chmen t of t r i t ium. The p r o d u c t is in the chemical f o rm of 
t r i t ia ted wa te r and does n o t su f fe r f r o m radiolysis. O the r possible enr ichment 
processes are gas c h r o m a t o g r a p h y and the rmal d i f fus ion , bu t these have only 
been demons t r a t ed on a scale m u c h smaller than required and scale-up m a y be 
impract ical . 

Tr i t ium recovery f r o m heavy wa te r reac tors consists of t w o separate processes: 
one which t ransfers t r i t ium f r o m the t r i t ia ted heavy water to t r i t ia ted deu te r ium, 
fo l lowed by a cryogenic disti l lat ion process fo r separat ion of deu te r ium and 
t r i t ium. The t ransfer processes tha t are being or will be used are vapour-phase 
cata lyt ic exchange (VPCE) and l iquid-phase ca ta ly t ic exchange (LPCE); o the rs 
include direct electrolysis (DE) and combined electrolysis cata lyt ic exchange 
(CECE) and are described br ief ly . 

3.2.1. Vapour-phase catalytic exchange (VPCE) and cryogenic distillation 

This process was developed by the F rench Commissar ia t à l 'énergie a tomique . 
Sulzer Bro thers L td , Win te r thur , Switzer land, is licensed t o marke t the process 
commercia l ly and has built a small p lan t in Grenoble , F rance , tha t has opera ted 
since 1972 [22], This process will also be used in the t r i t ium removal system of 
On ta r io H y d r o in Canada . 

In this process, the D 2 0 / D T 0 feed is vaporized, superhea ted and b rough t 
in to direct con tac t wi th a recirculat ing, low t r i t ium concen t ra t ion D 2 gas s t ream 
( f r o m the cryogenic disti l lat ion sys tem) over a catalyst bed to p r o m o t e the 
fol lowing exchange: 

Catalyst 
D T O + D 2 — D 2 0 + DT 

The wa te r is then condensed and f lows to the evapora t ion of the next stage. 
Several evapora t ion /ca ta ly t ic exchange /condensa t ion stages are used to achieve 
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the desired de t r i t i a t ion . A f t e r f inal condensa t ion the de t r i t i a ted heavy water is 
r e tu rned t o the reactors . 

The t r i t ia ted deu te r ium s t ream is purif ied by the removal of oxygen, n i t rogen 
and o t h e r gaseous impur i t ies and is then fed t o the cryogenic disti l lat ion system. 
T h e de t r i t i a ted deu te r ium gas f r o m the first cryogenic dist i l lat ion tower is 
recirculated t o the V P C E f r o n t - e n d . Concen t r a t ed t r i t ium is bled off periodically 
f rom the b o t t o m of the last dist i l lat ion tower and packaged fo r storage or disposal. 

In this process concen t r a t ed t r i t ium is handled in its e lemental s ta te and the 
m a x i m u m tr i i ia ted water concen t ra t ion handled is tha t of the heavy water feed . 

3.2.2. Liquid-phase catalytic exchange (LPCE) and cryogenic distillation 

In the l iquid-phase cata lyt ic exchange t r i t ium t ransfer process [23] the 
isotopic exchange reac t ion is carried out be tween liquid water and deu te r ium gas 
ra ther t h a n wa te r vapour , as in the VPCE process. T h e use of a h y d r o p h o b i c 
catalyst developed by A t o m i c Energy of Canada L td (AECL) [16, 24 , 25 ] or 
o ther similar cata lys ts subsequen t ly developed [7, 17, 18] enables the reac t ion 
to be carried o u t using liquid wate r , thus providing a counter -cur ren t process 
and avoiding the necessity of evapora t ion , superheat ing and condensa t ion of the 
feed. T h e LPCE process is coupled to cryogenic disti l lat ion in the same m a n n e r 
as in the VPCE process. The first industrial appl icat ion of the LPCE process 
will be in the t r i t ium ex t rac t ion p lan t being built by AECL at the Chalk River 
Nuclear Labora tor ies (CRNL) . 

3 .2 .3 . Direct electrolysis (DE) and cryogenic distillation 

Tri t ia ted heavy wa te r f r o m the reactor un i t s is fed to e lect rolyt ic cells, where 
it is decomposed in to an oxygen gas stream and a D 2 / D T gas s t ream. 

Electrolysis _ 
2DTO — - 2 D T + 0 2 

Electrolysis 
2 D 2 0 — 2 D 2 + 0 2 

The D 2 / D T stream is pur i f ied and fed t o the cryogenic disti l lat ion system 
as before . The deu te r ium gas re turn ing f r o m cryogenic disti l lation is recombined 
wi th the oxygen genera ted in the electrolyt ic cells to f o rm det r i t ia ted heavy 
water , which is t hen r e tu rned to the reactor uni ts . 

3.2.4. Combined electrolysis catalytic exchange (CECE) and cryogenic distillation 

T h e C E C E process was developed at Chalk River Nuclear Labora tor ies [26] 
and it uses a p ropr ie ta ry h y d r o p h o b i c catalyst t o p r o m o t e exchange of deu te r ium 
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and tr i t ium. Trit iated heavy water f rom the reactor uni ts is fed to the catalytic 
column and allowed to flow downwards counter-currently to a rising stream of 
D 2 / D T gas generated in electrolytic cells. Tri t ium moves f rom 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 tri t ium is collected in the electrolytic cells 
at the bo t tom of the catalytic column. A por t ion of the concentrated DT/D 2 

gas f rom the electrolytic cell is directed to the cryogenic distillation systems for 
tr i t ium extract ion. Since deuter ium gas evolves preferentially to tri t ium in the 
electrolytic cell, the cell solution becomes enriched with tr i t ium. 

The deuterium gas stream (depleted in t r i t ium) f rom the cryogenic distillation 
column is fed back to the bo t tom of the catalytic column. Gas leaving the top 
of the catalytic column is depleted in tri t ium and is oxidized by the oxygen 
stream f rom the electrolytic cells in a recombiner or burner to form detrit iated 
heavy water, which is re turned to the reactor units. Detri t iat ion factors of many 
orders of magnitude are possible. This process is also being developed in the USA, 
Belgium and Japan [7, 18, 27], 

3.2.5. Applications of transfer processes 

There are advantages and disadvantages to each of the four transfer processes. 
The LPCE is favoured because of its simplicity and its operat ion at low pressures 
and temperatures. It is easier to make the equipment leak-tight and is safer 
because the tritium-in-water concentra t ion is no t increased beyond the feed 
concentrat ion f rom the reactor system. The CECE process is more complex and 
requires handling of tritiated water at a concentrat ion substantially higher than 
the feed concentrat ion f rom the reactor. In applications of tri t ium recovery 
f rom water containing very low trit ium concentrat ions, this enriching feature 
of the CECE system is considered most economical. Both the LPCE and CECE 
schemes have been evaluated on laboratory and pilot plant scales. The direct 
electrolytic conversion of tri t iated D 2 0 to tri t iated D 2 is somewhat more complex 
than LPCE and a low-inventory cell fo r the D 2 0 application is no t 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. The size of the cryogenic distillation uni t for a given decontami-
nation fac tor depends on the transfer process and increases in the sequence CECE, 
DE, VPCE, LPCE. 

There is only one operating plant fo r extract ion of tritium from a heavy 
water reactor. This installation, at the Inst i tute Laue-Langevin in Grenoble, France, 
began operat ion with tri t iated heavy water in August 1972. It was designed to 
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main ta in the t r i t ium concen t r a t i on of heavy water a t 1.7 C i /L by an annual 
ex t rac t ion of 0 .16 MCi using vapour-phase ca ta ly t ic exchange fo l lowed by hydrogen 
dist i l lat ion. T h e instal lat ion has been described in detail by Damiani and 
P a u t r o t [22]. 

In Canada t w o t r i t ium removal systems (TRSs) to serve heavy water reac tors 
have been c o m m i t t e d , one by On ta r io H y d r o and the o the r by A t o m i c Energy 
of Canada L t d . 

In August 1980, On ta r io H y d r o commi t t ed a T R S for cons t ruc t ion at 
Pickering Genera t ing S ta t ion t o m e e t a commiss ioning da te of 1985. 

The On ta r io H y d r o t r i t ium removal sys tem processes heavy water at the 
ra te of 3 6 0 kg /h . A b o u t 8 MCi/a of t r i t ium will be ex t rac ted at a s teady-state 
condi t ion . 

T h e capital and annual opera t ing cost of t he T R S will be o f f se t by the 
fo l lowing advantages [9]. 

(1) T h e capaci ty f ac to r at t he s ta t ion would be expec ted t o be lower if a T R S 
were n o t installed. 

(2) L o w e r t r i t ium levels will also mean savings in ma in tenance costs — radio-
activity levels wi th in reac tor buildings will be lower, allowing technic ians 
to work longer and m o r e ef f ic ient ly . As a result of the instal lat ion of the 
T R S , the s ta t ion ' s internal annual dose will be lower. 

(3) The t r i t ium and its decay p r o d u c t 3 H e are i tems of commerc ia l value. 

In Oc tobe r 1981, A E C L c o m m i t t e d a t r i t ium ex t rac t ion p lant fo r cons t ruc t ion 
at the Chalk River Nuclear Labora tor ies . This p lant is expec ted to be in opera t ion 
in 1986 and t o be capable of ex t rac t ing approx imate ly 0 .5 MCi/a of t r i t ium f rom 
the A E C L research reactors . It will be the first industrial demons t r a t ion of the 
LPCE process fo r the f ron t -end t r i t ium t ransfer step. A prel iminary design of 
the process was described by Harr ison [28]. 

T h e concen t r a t ed t r i t ium p roduced f r o m b o t h of the Canadian p lan ts will 
be immobi l ized as t i t an ium tr i t ide and packaged fo r storage as described in 
Re f . [ 29 ] and Sect ion 4. 

3.2.6. Description of the Ontario Hydro tritium removal system [30] 

T h e feed water , t aken downs t ream f r o m the m o d e r a t o r pur i f ica t ion system, 
is degassed and pur i f ied be fo re it enters the vapour-phase cata lyt ic exchange 
(VPCE) process. In the VPCE process a t r i t ium t ransfer , f r o m heavy water to 
deu t e r ium gas, t akes place over a catalyst . T h e heavy wa te r p roduc t , deple ted 
in t r i t ium, f lows in to a t ank f r o m which it is r e tu rned t o the reac tor systems. 

T h e t r i t ium-enr iched deu te r ium passes th rough a dryer uni t ( to remove 
traces of heavy wate r ) and an adsorber un i t ( t o remove traces of oxygen and 
ni t rogen) . T h e D 2 / D T gas s t ream enters the disti l lation uni t , where the hydrogen 
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isotopes are separated by distillation at liquid hydrogen temperature . Tri t ium-
lean deuter ium gas is recirculated to the VPCE columns. 

For the heavy water f rom Pickering reactors, the product ion of nearly pure 
tr i t ium requires a concentra t ion fac tor of over seven orders of magnitude. This 
is accomplished by using a series of cryogenic distillation columns. 

The distillation unit is divided into two sections: one low-tritium column 
(LTC), and three high-tritium columns (HTC-1, HTC-2, HTC-3). 

To maintain separation between low- and high-tritium content systems, the 
two distillation sections are located in separate cold boxes. 

The cryogenic uni t is provided with several safety features which protec t it 
against over-pressure and reduce the potential for tri t ium release. Expansion 
tanks are provided so that , in the event of loss of insulation or refrigeration, 
pressure increase f rom the evaporation of liquid deuter ium/tr i t ium would be 
limited. In addit ion, loss of power or refrigeration activates isolation of the low-
and high-tritium sections to prevent migration of tri t ium from the high- to the 
low-concentrat ion columns. 

The tri t ium gas f rom the cryogenic unit will be immobilized as a solid metal 
tritide of t i tanium, packaged and stored on the station site. Storage as an 
immobilized solid tritide was selected as being the safest, most volume-efficient, 
long-term technique. 

An air cleanup system (ACS) is designed to detri t iate the a tmosphere in 
the building enclosing the tri t ium removal system in case of acute leakage of 
tr i t ium. The system is actuated by moni tors sensing tri t ium in any particular 
area of the building. Dampers in the ventilation system isolate the affected area 
and the air is directed to the ACS. In a catalyst bed, hydrogen isotopes are con-
verted to water. The ventilation air is then cooled and dried in molecular sieve 
dryers to recover the tri t iated water . The decontaminated air f rom the ACS is 
normally discharged to the environment by the stack. However, if residual 
activity is present, this entire air stream is recycled for decontaminat ion. 

3.3. TRITIUM SEPARATION FROM AQUEOUS REPROCESSING PLANT 
E F F L U E N T S 

Because of their importance, LWR fuel reprocessing eff luents are the basis 
of this section. At present there has been no a t t empt to trap or retain tr i t ium 
at reprocessing plants. Al though high-temperature t rea tments such as the 
voloxidation process discussed in the previous section allow the removal of 
tri t ium f rom the spent fuel before dissolution, a normal chop-and-leach process 
is still preferred. Start ing with dissolution, the tri t ium in the fuel is repeatedly 
diluted isotopically as aqueous reagents are introduced. As explained in Section 2, 
several schemes have been presented to confine the tri t ium to as small a volume 
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as possible and it can be expected that at fu tu re reprocessing plants the volume 
of tritiated aqueous eff luents may be reduced to 5 - 0 . 5 m 3 / t LWR fuel 
processed [5], with a tri t ium level of about 50— 100 Ci • m - 3 . In many cases, 
however, fu r ther reduct ion of the waste volume will be required and isotopic 
enr ichment and separation of tri t ium by one of the me thods described in 
Section 3.1 will have to be carried out . 

A recent study [5] has shown that a complete immobilization scheme for 
tri t ium in a reprocessing plant must , in most cases, include: (1) segregation/ 
recycling in the reprocessing plant ; (2) isotopic separation; (3) immobilization; 
and (4) storage/disposal. 

Segregation/recycling is necessary to reduce volume because the cost of 
subsequent stages would otherwise be prohibitive. Fur ther volume reduct ion 
by isotopic enr ichment is nearly always economically beneficial because it reduces 
the cost of immobil izat ion and storage or disposal. Possible exceptions are. 
schemes in which segregation is by voloxidation and those that are based on 
immobilization as tri t iated cement . 

Before enrichment , pre- treatment of the tritiated water may be required 
to remove the remaining nitric acid, possible organic impurities and traces of 
fission products , and actinides. Neutralization followed by distillation or ion 
exchange and activated carbon beds could be applied. 

As noted in Section 3.1, the opt imum degree of enrichment depends on 
many parameters . In many isotope separation processes costs are determined 
chiefly by throughput and decontaminat ion factor . 

If tr i t ium is enriched as tr i t iated water, radiolysis will generally set an upper 
limit, at about 0.03% enrichment , corresponding to 1 0 6 C i - m ~ 3 [5]. In many 
cases there will be no need to use such a high degree of enrichment , and processes 
that yield a volume reduct ion factor of 100 could be sufficient. 

The decontaminat ion factor when detritiating aqueous reprocessing eff luents 
in the fu tu re will probably be in the range of 10—103. For some detri t iat ion 
processes the costs rise drastically with the D F required, and DFs as low as 
2 or 3 have been proposed together with a recycling of the decontaminated stream 
to the reprocessing plant . 

Unless the depleted stream is recycled, the requirement for a high DF tends 
to favour processes with high T/H separation factors to minimize the number of 
stripping (decontaminat ion) stages; consequently, water distillation is at a 
considerable economic disadvantage. The costs for electrolysis also rise severely 
if a stripping cascade must be used. The cost of hydrogen distillation or of 
monothermal H 2 / H 2 0 exchange is less dependent on DF. 

In comparison with the other tritium separation and enrichment processes, 
the exchange of tr i t ium between hydrogen and liquid water is no t fully developed. 
Studies in several countries have, however, advanced far enough to consider the 
application of a mono the rmal exchange process. In this case the catalytic require-
ments are much smaller and the larger part of the operating costs are in fact due 
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FIG. 3. ELEX process for de tritia tion of wa ter. 

to the electrolysis process used for phase conversion. Nevertheless, although 
appropriate hydrophobic catalysts are developed, they are not yet commercially 
available and the required gas/liquid/solid contact ing at low specific liquid flow 
rate could still benefi t f rom fur ther chemical engineering development. 

Since 1978, within the f ramework of the Commission of the European 
Communi t ies ' indirect action programme on management and storage of radio-
active wastes, the Belgian Nuclear Research Centre, SCK/CEN, has been developing 
the ELEX process for tr i t ium separation f rom aqueous reprocessing eff luents . 
This process, as is the CECE process described in Section 3.2, is a combinat ion of 
water electrolysis and tri t ium exchange between hydrogen and water, the exchange 
being p romoted by a hydrophobic catalyst [7]. Analogous processes are being 
studied in Canada, the USA, Japan and the Federal Republic of Germany [17, 
18, 26, 27], 
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Figure 3 gives a schematic illustration of the ELEX process. It comprises 
an electrolyser for product ion of hydrogen and a packed-bed reactor for tri t ium 
exchange between counter-current flows of hydrogen gas and liquid water. As 
the liquid water trickles down the column it becomes more and more enriched 
in tr i t ium. The hydrogen gas is depleted in tr i t ium as it f lows f rom the bo t tom 
to the top of the column. The tr i t ium-contaminated water is fed into the 
exchange column at the point where its tri t ium content corresponds to the tritium 
conten t of the water that has been added at the top of the column. The tri t ium-
depleted hydrogen stream at the top of the column can be vented and a small 
tr i t ium-enriched water f ract ion is removed as condensate f rom the electrolyser 
for immobil izat ion and storage. 

Initially the R&D work at SCK/CEN concentrated on the separate const i tuent 
steps of the ELEX process. Electrolytic separation factors were experimentally 
determined and af ter the development of an appropriate hydrophobic catalyst, 
studies in counter-current , packed-bed reactors to optimize the overall tr i t ium 
exchange rate were carried out . 

A 10 mol • h - 1 integrated bench-scale detri t iat ion uni t was built with a 
1.5 kW electrolyser, two 2 cm dia. exchange columns containing the Belgian 
hydrophobic catalyst, and a recombiner. In this installation the ELEX process 
was successfully demonstra ted by detritiating more than 1 m 3 of water containing 
up to 100 C i / m 3 of tr i t ium, which is the feed concentrat ion expected for 
application of the process in a reprocessing plant . The process decontaminat ion 
factor was always larger than 100. The volume reduction factor was between 
10 and 15, bu t this factor will become much higher when the present electrolyser 
is replaced by the low-volume one now under construct ion at SCK/CEN. 

A pilot detr i t iat ion installation has been designed, is being constructed 
and may be considered the last step before industrial application. This pilot 
consists of an 80 kW electrolyser and a 10 cm dia. exchange column with enriching 
and stripping sections, installed in a ventilated enclosure. Later it will be supple-
mented with a pre- treatment unit for the removal of H N 0 3 and fission products . 
This unit will have a maximum total tri t ium inventory of 1000 Ci and will be used 
in 1983 to demonstra te the ELEX process at the following design conditions: 
(1) throughput , 0.15 m 3 H 2 0 (HTO)/d; (2) feed concentrat ion, 100 C i /m 3 of 
t r i t ium; (3) volume reduct ion factor , 100; and (4) process decontaminat ion 
factor , 100. The first experiments will be carried out using a modified commercial 
electrolyser. In fu tu re work a new electrolyser of Belgian design will be put into 
operat ion. 
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4. CONDITIONING 

4.1. C O N D I T I O N I N G R E Q U I R E M E N T S 

When condi t ion ing of t r i t ium-bear ing e f f luen t s is required , the re are t w o 
m a j o r r equ i remen t s to be me t . The first is tha t the t r i t ium m u s t be in a f o r m or 
package such tha t t he leakage ra te will n o t cause an unaccep tab le radia t ion dose 
e i ther t o the workers at a storage faci l i ty or t o the general popu la t i on fo r the 
per iod of t ime it is s tored or unt i l it has decayed to a negligible level. The second 
requ i remen t is tha t of an acceptab le cost . 

4 .2 . C O N D I T I O N I N G M E T H O D S 

4.2.1. Conditioning of low-level, tritium-bearing aqueous wastes 

Several sol idifying med ia can be used f o r incorpora t ing t r i t ium-bear ing 
wastes. T h e candida tes are inorganic hydra tes , me ta l hydr ides , organic po lymers 
and cemen t [ 5 , 3 1 ] . However , t he m o s t widely investigated mater ia l for 
immobi l i za t ion of low-level t r i t ia ted wastes in m a n y count r ies is cement , and 
several investigators are current ly engaged in more detai led evaluation of this 
m e t h o d [32—35]. T h e main reason tha t makes cemen t a t t ract ive fo r immobi l iza t ion 
of these wastes is t ha t it is an accepted mater ia l f o r the f ixa t ion of wastes con-
taining o t h e r radionucl ides [36, 37] , and t r i t ium-bear ing wastes are somet imes 
mixed wi th o ther act ivat ion and fission p roduc t s . 

Tr i t ium-conta in ing water is held in a ha rdened cemen t pas te as: ( 1 ) water 
of hyd ra t i on of cemen t c o m p o u n d s ; (2) wa te r adsorbed in the gel fo rmed by 
the c o m p o u n d s ; and (3) wa te r present in capillary voids in the cement s t ruc ture . 

Por t l and cement f ixes chemical ly abou t 0 .25 g wate r /g cemen t if the 
hyd ra t i on reac t ion p roceeds comple te ly [38] . T h e favourable fac tors fo r choosing 
cemen t are the hyd ra t i on p r o p e r t y of the cemen t and the deve lopment of coat ings 
which f o r m a barrier t o pe rmea t ion in the set cemen t b lock. C e m e n t in the fo rm 
of concre te is also a good radia t ion shield if o t h e r radionucl ides are present . I t 
has favourable mechanical proper t ies fo r packaging, handl ing, t r anspor ta t ion and 
storage and it is also inexpensive. 

Fac to r s tha t are i m p o r t a n t in the c e m e n t a t i o n of aqueous tr i t iated wastes 
are wa t e r : cemen t ra t io and additives. T h e appl ica t ion of coat ing mater ia ls on the 
t r i t ia ted cement b locks assists in re ta ining t r i t ium. 

4.2.1.1. Water:cement ratio. T h e p o r e s t ruc tu re of the ha rdened cemen t pas te 
in general depends on the weight ra t io of water to cemen t [39], T h e pene t r a t ion 
of water th rough the pore s t ruc ture ex tend ing th rough the body of the ma t r ix 
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plays an impor tan t role in the leaching of tr i t ium. When incorporating tritiated 
water into the cement , the water :cement rat io must be kept sufficiently low to 
ensure that all the water is fixed. A typical water :cement ratio is 0.33. Untreated 
concrete exposed to moisture loses its tritium initially very rapidly: 2—25% in 
the first week, 30—45% in the first month , followed by a slower release. In a year 
the release will be 50—70% [32], The inclusion of additives in the cement blocks 
requires a higher water :cement ratio, approximately 0 .40 [33]. 

4.2.1.2. Additives. Gypsum [32], sand, silica, vermiculite, and P o r t l a n d 

cement aggregate have been used as additives to cement [33]. Gypsum ( C a S 0 4 - 2 H 2 0 ) 
loses part of its water of crystallization at 128°C and is capable of taking back that 
water when hydra ted . Vermiculite (expanded mica) is a sodium aluminosilicate 
with calcium and magnesium as exchangeable ions whose addit ion might help in 
the uptake of o ther radionuclides. Silica gel, an amorphous gel of dehydrated silicic 
acids, will bind water to metastable forms of S i 0 2 - H 2 0 , 2 S i 0 2 - H 2 0 , etc. The silica 
gel particles and cement aggregate particles could trap the tri t iated water escaping 
as evaporable water f rom the newly formed trit iated cement blocks. Sand particles, 
o ther than contr ibut ing to mechanical strength, may not provide any additional 
benefi ts . 

The effect of adding sand, silica, Portland cement aggregate, and vermiculite 
with 10%, 20% and 30% loadings with respect to por t land cement was investigated 
by subjecting t hem to leaching in distilled water and synthetic sea water . The 
blocks were made wi th 100 g of port land cement, 40 m L of tri t iated water , and 
10, 20 or 30 g of the additives. The cast was broken on the third day, the block 
was cured in a humid chamber for 28 d, and the upper and lower sides were 
polished and used for leaching. F o r a total activity loading of 0 .53 juCi of tritium 
and a total leaching period of 34 d, the additives could be classified as two series 
in increasing order of tri t ium leachability for distilled water and synthetic sea water. 

Sea water: 

Si10 < v20 < cAg30 <cAg20 < cAgl0 < S30 < Si20 < v10 

V j 0 < Si30 < V 3 0 < Sjo < S 2 0 

Distilled water: 

Si10 < C A g 3 0 < C A g l 0 < S 1 0 < V 2 0 < S30 < Vjo < S20 < V 3 0 < Si20 < Si30 

Portland cement aggregate 
silica 
sand 
vermiculite 

where C A g = 
Si 
S 
V 
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T A B L E III. P E R C E N T A G E L E A C H I N G O F T R I T I U M F R O M T R I T I A T E D 
C E M E N T BLOCKS 

Coating 1 day 10 days 1 month 1 year 

Uncoated cement 4 - 9 20 -30 30-40 50 -70 

Painted 
epoxy resin 

0.015-0.03 g/cm2 
0 .1-1 1.5-8 5 - 2 0 35 -50 

epoxy resin with primer 0.02-0.03 0.2-0.3 0.6-0.9 7 - 1 1 

Paraffin - 1.5 2 -

Bitumen - 7.5 10 -

T A B L E IV. C O A T I N G M A T E R I A L S U S E D 

1. Four coats of epoxy paint with overnight drying interval in between. 

2. One coat of epoxy paint; one coat of epoxy putty-cum-trowelling compound; three 
coats of epoxy paint. 

3. One coat of epoxy paint; one coat of epoxy putty; three coats of chlorinated rubber 
paint. 

4. Four coats of chlorinated rubber paint. 

5. Three coats of epoxy putty. 

6. Four coats of polysulphide primer. 

7. One coat of primer; three coats of polysulphide. 

8. One coat of red oxide, zinc Chromate primer; one coat of epoxy coal-tar pitch paint. 

9. One coat of Tarstil-Tar special grade and one coat of Shalimastic HD. 

10. Three coats of coal-tar-based paint. 
11. Coal-tar epoxy (one coat of epoxy and three coats of coal-tar epoxy). 

12. Pipcothane (one coat of primer (30% vinyl acetate resin) and three coats of paint, 
pipco thane). 

4.2.1.3. Cement coating. T h e use of coat ing mater ia ls to reduce the leaching 
of t r i t ium f r o m the t r i t ia ted cemen t b locks has been s tudied by m a n y investi-
gators [40, 41 ]. T h e integri ty test [42] fo r solidified cemen t matr ices u n d e r deep-
sea cond i t ions shows tha t t he appl ica t ion of wa te rp roof pa in t to the exposed 
surface of t he solidified waste , to f o r m cured f i lm, can prevent t he f o r m a t i o n 
of cracks. 
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T A B L E V. D E T A I L S O F BLOCKS USED F O R L E A C H I N G 

Distilled water leaching Sea water leaching 

Block Coating Thickness Surface Thickness Surface 
no. material of coating area of coating area 

material material 
(mg/cm2) (cm2) (mg/cm2) (cm2) 

1 Nil (control) - 101.8 - 110.2 

2 Epoxy 144.7 110.02 136.99 113.87 

3 Shalimastic HD 186.09 116.23 249.07 116.23 

4 Anticor 276.88 122.18 228.30 126.19 

Table III gives a s u m m a r y of the results ob ta ined wi th d i f fe ren t coat ings [32] ; 
pa ra f f in and b i tumen coat ings were made by dipping the cemen t blocks in to the 
coat ing, whereas o t h e r mater ia ls were brushed on the surface. 

Work done in India, using a d i f fus ion cell fo r pre l iminary screening of 
commercia l ly available coat ing mater ia l (listed in Table IV), shows low d i f fus ion 
rates fo r three coat ing materials . These were An t i co r (CNSL epoxy coal-tar p i tch 
pain t , m a n u f a c t u r e d unde r l icence as per IP 127126 , pa t en t ed by the Research 
Designs and S tandard Organisat ions, Ministry of Rai lways, India) ; Shal imast ic H D 
( c o n f o r m i n g to Amer ican Bureau of Rec lamat ion Speci f ica t ion "Cold-Applied 
Coal-tar Paint CA50" ) ; and e p o x y paint ( A p c o d u r C F 6 9 3 , a two-pack air-drying 
e p o x y pa in t in which a po lyamide is used as the hardener ) . These three coat ing 
materials were used fo r extensive leach studies. Tr i t ia ted cement b locks wi th 
100 g cement , 4 0 m L tr i t ia ted wa te r and 20 g vermiculi te were made and then 
cured in a h u m i d chamber f o r 2 8 d. A f t e r an appl icat ion of the coat ing mater ia l , 
the cemen t blocks were ready fo r leaching on the 45 th day f r o m casting. The 
coa ted b locks were subjected t o leaching in distilled water and synthe t ic sea water . 
The results are expressed by a p lo t of the incrementa l leach ra tes ( R n ) as a f u n c t i o n 
of t ime, in days [ t„ - ( t n - t n - i ) / 2 ] [43], 

_ a n / A 0 

n ( F / V ) t n 

leach ra te , cm-d" 1 

radioact ivi ty leached during per iod ( t n ~ t n _ j ) 
initial radioact ivi ty loaded in to specimen 
surface area of specimen, cm2 

vo lume of specimen, c m 3 

t ime, d 

where R n = 
a n = 
A 0 = 
F = 
V = 
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FIG.4. (a) Leach rates for coated blocks in distilled water; 
(b) leach rates for coated blocks in sea water. 

Details of the blocks and the thickness of the coating material are given in 
Table V. 

Figure 4 depicts the leach rates fo r the uncoated and coated blocks in 
distilled water and sea water. 

Tables VI and VII give the cumulative leaching data for the coated and 
uncoated blocks ( total activity loaded 254.64 pCi) in distilled water and sea water, 
respectively. 

A Shalimastic HD-coated block was left in water for two years, and it was 
seen that the coating retained its original form. 
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T A B L E VI. C U M U L A T I V E LEACHING O F T R I T I U M FROM C O A T E D A N D U N C O A T E D C E M E N T IN D I S T I L L E D 

WATER (%) (Total activity loaded: 255 ¡id) 

Time (days) 
Details ot 
coatings 1 11 31 67 97 129 157 187 217 247 278 

Uncoated 1.5 7.4 14.0 18.0 — 20.0 — 20.0 20.0 20.0 20.0 
block 

Epoxy 0.1 1.0 3.0 6.0 8.0 11.0 13.0 15.0 16.0 18.0 -

Shalimastic HD 0.02 0.2 0.5 0.8 1.0 1.0 1.0 2.0 2.0 2.0 -

Anticor 0.02 0.2 0.7 1.0 2.0 2.0 3.0 3.0 4.0 4.0 4.0 

TABLE VII . C U M U L A T I V E LEACHING O F TRITIUM FROM C O A T E D A N D U N C O A T E D C E M E N T BLOCKS IN 

SEA WATER (%) (Total activity loaded: 255 ßCi) 

Time (days) 

coating 1 11 31 67 97 129 157 187 217 247 

Uncoated block 1.4 7.0 12.0 15.0 17.0 18.0 19.0 19.0 19.0 20.0 

Epoxy 0.1 1.0 4.0 4.0 5.0 7.0 8.0 9.0 10.0 -

Shalimastic HD 0.02 0.2 0.4 0.6 0.8 1.0 1.0 2.0 1.0 1.0 

Anticor 0.03 0.3 0.8 1.0 2.0 2.0 3.0 3.0 3.0 4.0 



The leaching data on the three coated cement blocks for a per iod of eight 
m o n t h s and a visual observation of the Shalimastic HD-coated block in distilled 
water for two years make Shalimastic H D a promising candidate for such studies. 
The details of the coat ing procedure for Shalimastic HD were as follows. Three 
coats of pr imer were applied on the cement block. T h e pr imer , Tarstil special, 
is a coal-tar pitch-based, anticorrosive pa in t conforming t o I S : 2 9 0 / 1 9 6 1 , type B. 
Over this, three coats of Shalimastic H D were applied with a min imum 24 h 
drying t ime be tween each coat , in a dry air a tmosphere . 

4.2.1.4. Immobilization in polymer-impregnated cement. An evaluation of 
the possible use of a polymer- impregnated cement for immobi l izat ion of low-level, 
t r i t ium-bearing aqueous wastes concluded they would be unsui table in t r i t ium 
recovery plants [44] because a substantial por t ion of t r i t ia ted water incorporated 
in the cement remains mobi le and the eff iciency of po lymer impregnat ion of the 
composi te as a barrier to t r i t ium was n o t f o u n d sat isfactory. However , work 
carried ou t in Finland [32] shows a leaching of only 0.07 to 0.1% activity f rom 
a polymer- impregnated cement block for 10 d. 

4.2.2. Conditioning of concentrated tritium 

The produc t f rom the tr i t ium enr ichment and recovery processes discussed 
in Section 3 requires immobi l izat ion and packaging before storage or disposal. 
The p roduc t f r o m tr i t ium recovery plants associated wi th heavy water reactors 
will be ei ther T 2 or a mix tu re of D 2 , DT and possibly T 2 . Tri t ium recovered 
f rom a CECE un i t or a reprocessing plant may be ei ther light water containing 
~ 1 0 Ci/kg or t r i t ia ted hydrogen containing ~ 10 C i / m 3 , depending on whether 
the p roduc t was taken in the aqueous fo rm f rom the electrolysis cell or the 
gaseous phase a f te r electrolysis. If the p roduc t is t aken as tr i t iated water , the 
me thods described in Sect ion 4.2.1 could be used. If t r i t ia ted hydrogen is taken, 
then the condi t ioning m e t h o d s described in this section could be used. Economics 
will inf luence the decision. Tr i t ium in the fuel cladding hulls is a second source 
of t r i t ium f rom reprocessing plants . Because t r i t ium in this fo rm is immobil ized 
as a solid it may be cemented and stored wi th o ther wastes in, for example, a salt 
dome (Sect ion 5) or it could be recovered [45] and condi t ioned using the m e t h o d s 
discussed in this repor t . 

There are uses of t r i t ium such as fus ion reactor fuel or self-powered lights 
that may dictate storage fo r only a short term. In o ther circumstances disposal 
(until negligible activity remains, 100—200 years) may be appropr ia te . In 
condi t ioning the t r i t ium these two possibilities mus t be considered. 

4.2.2.1. Potential storage methods 

Packaging as a gas. T h e simplest packaging technique is a meta l cylinder 
with t r i t ium gas either compressed or at suba tmospher ic pressure. This is a simple, 
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well-established technology and there are a number of designs of tritium gas con-
tainers in use. These packages are normally fabricated f rom stainless steel with 
primary and secondary containers, both designed to contain the tritium safely. 
Various designs are for differing quantities of tri t ium, up to approximately 
1.5 MCi. These containers have usually been designed for t ransportat ion, rather 
than storage, and are equipped with overpacks. 

In a gas container filled initially with T 2 the pressure increases with time 
f rom radioactive decay to 3 He, with the pressure ultimately reaching twice the 
filling pressure. For storage, permeation of tri t ium through the wall of the vessel 
and the effect of helium on the strength of the steel must be considered. For 
austenitic stainless steel at 75°C, it has been shown that there is no significant 
permeation of t r i t ium through the wall. For an initial T 2 pressure of 100 atm 
and a temperature of 200°C, helium embrit t lement has been shown to be no 
problem [ 4 6 - 4 8 ] , 

The disadvantage of gas storage is the potential for leackage through valves. 
The advantage is that the tritium is easily recoverable for use at any time. 

Packaging as metal hydrides. Tritium in the T 2 form can be immobilized 
as a solid by the reaction with a suitable metal to form a solid metal hydride: 

M + ^ T 2 ^ = M T x 

The reaction is reversible by heating, so the tritium may be recovered. For storage, 
the metal tritide would have to be packaged in a suitable container. The advantages 
of metal tritides are that they are solids with a high capacity for tritium and, with 
the proper choice of metal, have a low equilibrium pressure of trit ium. The dis-
advantages are that they require a processing step and the cost of the metal. This 
cost may not be significant in comparison with the value of the tritium or the costs 
of separation and concentration of the tritium. The characterization of metal 
tritides for transport , storage and disposal of tritium has been reported by 
Bowman, Carlson and De Sando [49]. 

Packaging as tritiated organic compound. Organic compounds are composed 
primarily of carbon and hydrogen atoms. Replacement of hydrogen atoms with 
tritium is a possible means of immobilizing trit ium. Organic compounds with 
strong covalent bonds between the carbon and hydrogen, such as in paraffin-like 
oils, have extremely low hydrogen-isotopic exchange rates with water, very low 
solubility in water, and are generally unreactive chemically. Their major draw-
backs are their flammability and radiation-induced decomposition. Only organic 
compounds that are of a higher molecular weight and are non-volatile are con-
sidered for tritium storage. The following polymers have been suggested [13]: 
poly acetylene, phenol-formaldehyde resins, polyacrylonitrile, and polystyrene. 
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The technology for the product ion of non-tri t iated forms of these materials 
is established for commercial applications; however, in the case of making their 
tr i t iated versions, several complicat ions arise. The route for product ion usually 
involves several steps with many stages of reactions. Each of these steps requires 
catalysts and/or special condit ions to p romote the desired reactions. The 
reactions, in general, do no t go to complet ion and various side reactions occur. 
In the tri t ium application all of these extraneous products which contain tr i t ium 
must be retained and recycled. While the end produc t po lymer has desirable 
properties as a tri t ium storage compound , its preparat ion is complex and may 
be impractical. An outl ine of possible steps required in the preparat ion of these 
polymers is described by Burger and Trevorrow [15] and by McKay [5]. 

Other packaging methods. Ion implantat ion of tri t ium into receptor materials 
such as alumina, carbon, silicon carbide, and boron nitride has been pro-
posed by Nelson and Whitmell [50], who suggested that a moving foil belt be 
used with the receptor material , deposited on bo th sides of the foil, being fed 
tr i t ium by two ion guns. They estimated that a storage rate of 500 Ci/d using 
10% tri t ium could be achieved with the foil moving at approximately 30 cm/min 
and with ion beam currents of 100 mA in bo th ion guns. 

4.2.2.2. Immobilization of tritium as metal tritides 

Many metals react with hydrogen to form solid hydrides but only transit ion 
metals have the required propert ies for a tri t ium storage applications. The 
properties of these metal hydrides that make them suitable are very low dis-
sociation pressures at normal temperatures , high capacity for t r i t ium, ease of 
preparat ion, and stability in air and water at storage temperatures . The hydrides 
of zirconium, t i tanium, hafn ium, and y t t r ium [15], as well as erbium, have been 
suggested as useful fo r tri t ium storage. Uranium hydride has been used for many 
years for short-term trit ium storage. The dissociation pressures of t i tanium and 
zirconium hydrides are less than 10"15 Pa at 25°C and less than 5 kPa at 500°C, 
but at 1000°C these hydrides are completely dissociated, whereas hydrides of 
y t t r ium and erbium are extremely stable with dissociation pressures less than 
100 Pa even at 1000°C. Ti tanium and zirconium hydrides would be suitable for 
recoverable storage, whereas the hydrides of erbium and y t t r ium would be more 
suited for non-recovery of the tr i t ium. Because uranium hydride is pyrophor ic 
in air, it is less suitable for long-term tri t ium storage. 

For all practical purposes there is no tr i t ium partial pressure above these 
compounds at temperatures expected for storage, < 1 0 0 ° C . This means that 
rupture of the storage container would no t result in tr i t ium release. Another 
advantage of metal tritides is their large capacity for tr i t ium. The density of 
hydrogen in some metal hydrides is similar to or greater than that of liquid 
hydrogen [51]. 
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FIG. 5. (a) Formation of titanium hydride from titanium sponge; 
(b) formation of titanium hydride from titanium chips (vacuum-annealed at 1000°Cj; 
(c) formation of titanium hydride from titanium plate (vacuum-annealed at 1000 C). 

The recovery of tr i t ium f rom tritides by heating (450° to 600°C for Ti and Zr) 
is no t as convenient as simply opening a valve on a gas cylinder, but it does provide 
a simple m e t h o d for separating the decay produc t ( 3 He) f rom the tr i t ium. Helium-3 
has a significant commercial value. 

The development of immobilization and packaging technology for con-
centrated tri t ium was studied by Atomic Energy of Canada Ltd as a contr ibut ion 
to the IAEA Co-Ordinated Research Programme on Handling Tritium-Bearing 
Eff luents and Wastes. Some of this work has been published [52, 53] and a 
summary of it is repor ted here. Some work in this area has also been reported by 
Ontar io Hydro [54], 
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For the direct hydriding reaction to proceed quickly the metal surface must 
be clean and the hydrogen must be pure. The work has been done with t i tanium 
and zirconium in the form of metal sponge, turnings and rod or plate. The metal 
surface is cleaned by being heated in vacuum (vacuum-annealing) for a period 
of t ime to dissolve the surface oxide, then cooled to the desired reaction 
temperature . The hydrogen is purified either by being passed through a ho t 
palladium-silver alloy membrane or by absorpt ion/desorpt ion on a uranium metal 
bed. 

Zirconium and t i tanium have been hydrided to different hydrogen:metal 
ratios under various reaction conditions. The rate of format ion of t i tanium 
hydride f rom ti tanium sponge, chips and plate is illustrated in Fig.5. For each 
of the metal forms, the metal was vacuum-annealed at 1000°C for a period of 
one-half to two hours. The choice of 1000°C was arbitrary in these initial 
experiments . Figure 5 shows the effect of the initial reaction temperature on the 
format ion of t i tanium hydride f rom 1—2 g samples of t i tanium sponge. The 
reaction rate is fast with the reactions complete in less than 5 min, even with an 
initial reaction temperature as low as 25°C. The reaction temperatures quo ted 
are initial ones because the reaction is exothermic and the temperature increases 
as the reaction proceeds. The reaction at 600°C is limited to a hydrogen:meta l 
ratio of 0.9 because of the pressure/ temperature/composi t ion relationship for the 
t i tanium-hydrogen system. All reactions were done using initial hydrogen pressures 
of ~ 100 kPa for two reasons: the first was that the apparatus was glass, and the 
second was that this pressure was adequate t o process the expected quant i ty of 
tr i t ium f rom a recovery plant . 

The reaction rate of t i tanium chips or plate is slow compared with that of the 
sponge. At an initial reaction temperature of 25°C the chips did not react, bu t 
on heating, the reaction started at ~ 1 0 0 ° C and proceeded quickly above 130°C, 
as shown in Fig.5. When a sample was initially heated to 100°C before the 
hydrogen was admit ted, a 5 min induct ion period was noted before any reaction 
was observed. A previously hydrided sample reacts much faster on the second 
hydriding because of the increased surface area resulting f rom the hydriding-
dehydriding procedure. F o r a fast reaction of t i tanium chips or turnings an initial 
reaction temperature of ~ 3 0 0 ° C is required for the first hydriding. Temperatures 
of 500—600°C are required for t i tanium plate or bars. An increase in the initial 
reaction temperature of the blocks results in shorter induction periods and a 
faster initial reaction, bu t the higher temperatures limit the reaction to a hydrogen: 
metal rat io less than 2 because of the pressure/ temperature/composi t ion relation-
ship for the system. 

The rate of the hydride format ion reaction at various reaction temperatures 
depends on the surface area of the sample, as might be expected. Sponge samples 
with a high surface-area-to-volume rat io react more quickly at a lower tempera-
ture than the turnings and bars. Because of the bulk form of the turnings and 
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FIG. 6. Formation of zirconium hydrides (vacuum-annealed at ~1000°C). 

FIG. 7. (a) Effect of helium on formation of titanium hydride from titanium sponge; 
(b) effect of recirculation of gas. 



bars, d i f fusion of the hydrogen into the metal is believed to be the rate-controlling 
step [55] in the reaction and hence higher temperatures are required. The distance 
that the hydrogen must diffuse in the sponge is much smaller than that for the 
bulk samples because of the large surface area and porous nature of the sponge. 
The amoun t of hydrogen diffusing into a metal cylinder depends inversely on 
the square of the distance [56] and hence a more complete penetra t ion of 
hydrogen at a particular t ime and temperature (i.e. a faster hydriding rate) is noted 
for sponge compared with that for the bulk samples. Similar results were observed 
with various zirconium samples, as shown in Fig.6. 

The minimum annealing temperature required for rapid hydriding of t i tanium 
sponge was determined to be ~ 4 0 0 ° C . Annealing at 300°C resulted in a negligible 
hydriding rate at 25°C, whereas annealing at temperatures of 400— 1000°C 
resulted in fast reactions at 25°C. Temperatures between 400 and 500°C are 
sufficient to dissolve the surface oxides into the bulk metal [57], 

Hydriding reactions using deuter ium with and wi thout trace quanti t ies of 
tri t ium showed equal rates of reaction, within experimental scatter, to those 
observed with hydrogen, thus implying that there is no t a large kinetic isotopic 
effect . 

The major difference in the chemistry with tr i t ium compared with hydrogen 
or deuter ium is the effect of 3He f rom tri t ium decay. This helium is known to 
inhibit the hydriding reaction [58], To simulate this ef fect , samples of t i tanium 
sponge were hydrided with hydrogen-containing helium, using the standard 
hydriding procedure. The results are shown in Fig.7. In the presence of helium 
there is an initial rapid absorpt ion of hydrogen followed by a very much slower 
rate of reaction. With as little as 0.5% He, only half of the hydrogen is reacted 
quickly; the remainder reacts at a very slow rate. This effect is thought to be 
the result of a blanketing effect of the metal surface by the helium, preventing 
access to the surface by the hydrogen. To reduce this blanketing effect the 
procedure and apparatus were modif ied to allow circulation of the gas over the 
metal surface. This greatly improved the rate of reaction so that complete reaction 
of the hydrogen in a mixture containing initially 6% He occurred in about 
10 minutes. 

The possibility that the observed effect was due to oxygen as an impuri ty 
in the helium had been suggested [59]. The ef fec t of oxygen and helium 
impurities in the hydrogen was studied in bo th static and dynamic (circulation of 
the gas over the metal) exper iments and the results are summarized in Fig. 8. 
These results clearly show that the reduct ion in the hydriding rate observed in 
static reactions is due to helium and that oxygen concentrat ions up to 910 pL/L 
have little ef fect . 

The hydride proper ty of most interest fo r tr i t ium storage is stability at 
expected storage and accident conditions. The compounds should be unreactive 
in air and resistant t o leaching of the tri t ium out of the sample in water. 
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FIG. 8. Hydriding reactions of titanium sponge effect of oxygen and helium. 

None of the hydrides prepared are pyrophor ic in air at room temperature . . 

The reactivity of these hydrides at elevated temperatures has been investigated 

qualitatively by heating them on a ho t stainless steel plate in air and observing 

the temperature at which they start to spark and/or burn. These observations 

showed that the samples do not burn in air, even at elevated temperatures, unless 

they are very finely divided. Of the various zirconium hydride samples, the lowest 

ignition tempera ture noted was 450°C for a fine powder of ZrH 2 . Sponge samples 

of zirconium metal and hydride did not react until dropped on a hot surface of 

560°C; when heated f rom 25°C to 800°C this material did no t burn but rather 

showed a gradual colour change as it oxidized. Samples of t i tanium hydride 

prepared f rom sponge did not burn at any temperature up to 800°C. Slow changes 

in colour indicated a t ransformat ion of the hydride to the various oxides of t i tanium. 

These observations are consistent with those summarized in the literature by 

Blackledge [60], which include an ignition temperature of 430°C for a finely 

divided powder of ZrH 2 suspended in air. The conclusion f rom these qualitative 

tests is that metal tritides prepared as described previously f rom sponge metals 

will no t burn in air at expected storage conditions. 

The leaching of tr i t ium f rom samples of zirconium and t i tanium deuterides 

containing trace quanti t ies of tri t ium has been observed in de-ionized water and 
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FIG.9. Incremental leach rate versus time for titanium sponge samples. 
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FIG. 10. Separation of H2, HD, Di on alumina column coated with ferric hydroxide 
(80-100 mesh, 3 m X 1 mm), 77 K, helium flow 98 mL/min. 



various salt solutions for approximately 600 days [61 ]. In the leach test procedure, 
the IAEA standard leach test me thod [43] was followed as closely as possible. 

The initial incremental leach rate ( R n ) , calculated using geometric surface 
area, ranged f rom 10"6 to 10~9 cm/d for the various zirconium and t i tanium sponge 
samples. These rates stabilized to 10" 8 to 1 0 - 1 0 cm/d over the durat ion of 
the test period. The leach rate (cm/d) for the static testing of t i tanium sponge 
samples is shown in Fig.9. Al though the hydrogen:metal ratio varied f rom 0.5 to 
1.9, the leach rates are very similar. The cyclic behaviour shown is typical of 
that observed in all the data. 

Samples of hydrided metal rods (approximately 0.6 cm dia.) had a leach rate 
which ranged f rom 10~10 to 1 0 ~ n cm/d at the end of the test period. 

Cumulative fract ional releases have also been calculated for the various 
tri t iated samples. The fract ional release ( total amount of activity leached/total 
initial amoun t of activity) is less than 0.05% over 600 d. 

The leach test data obtained f rom trit iated zirconium- and t i tanium-hydride 
sponge samples indicate that these metal hydrides are stable compounds and 
suitable for the immobilization of recovered tri t ium. 

4.2.2.3. Isotopic analysis of hydrogen 

When packaging tr i t ium it is necessary to know the amount of tr i t ium put 
in each container. To do this, the quant i ty of gas is measured by conventional 
pressure-volume-temperature measurements and the gas analysed for the fract ion 
of t r i t ium present . Three me thods are being considered: gas chromatography, 
mass spectrometry and ion chambers. Preliminary evaluation of gas chromatography 
using the method of Genty and Schot t [62] has shown that this method is feasible 
and the separation of hydrogen and deuterium isotopes on a 3 m ferric hydroxide 
treated alumina column at 77 K was achieved. This is shown in Fig. 10. However, 
there has been a problem with stability of the column and deteriorat ion of the 
resolution with time. A small quadrupole residual gas analyser has been installed 
and shown to provide adequate resolution for H 2 , HD and D 2 , and on the basis 
of work reported in the l i terature [63] is expected to be adequate for DT and T 2 . 
An ion chamber similar to the one that has been used successfully elsewhere [64] 
has been built but no t yet evaluated. 

4.2.2.4. Packaging metal tritides 

A conceptual design of a primary container and a shipping package has been 
made to contain 0.5 MCi (19 PBq) of tri t ium as the metal tri t ide [65]. Schematic 
diagrams of the primary vessel and the t ransportat ion package are shown in Fig. 11. 

The primary vessel is a 6 L stainless steel container designed to contain the 
helium generated by the complete decay of the t r i t ium. This vessel has been 
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FIG.11. (a) Conceptual design for metal tritide container; 
(b) conceptual design of a tritide transportation package. 

designed to double as the reactor vessel in which the metal tritide is prepared 
and for this reason it is equipped with two valves to permit circulation of the gas 
during the hydriding procedure. To prevent escape of fine particles of the metal 
tri t ide that may be produced during the hydriding or subsequent decay of the 
tr i t ium, the inlet and exit of the vessel are protected by sintered steel filters. 
Tests with a p ro to type primary vessel of this design have shown that the hydriding 
reaction can conveniently be carried out in this vessel. 

For t ransportat ion it is expected that the primary container will be placed 
in a second stainless steel container wi th a flange closure and this two-container 
assembly will then be placed in a suitably sized drum packed with insulation to 
provide protect ion f rom heat in the event of a fire [65]. A similar package, bu t 
wi thout the secondary container, has been designed by Ontario Hydro . Proto-
type t ransporta t ion packages have been fabricated and are undergoing testing 
to provide the data necessary for licensing as type B packages. 
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Extensive evaluation of applicability of austenitic stainless steel for the con-
ta inment of tr i t ium has been carried out by Ells et al. [ 4 6 - 4 8 ] , They have shown 
for type 316L stainless steel at ambient storage condit ions that the permeat ion 
of tr i t ium into the vessel wall and subsequent decay of the helium will no t 
jeopardize the integrity of the vessel. It was concluded that there would be 
negligible permeat ion of tr i t ium (whether stored as a gas or a metal tr i t ide) 
through the walls of a 6 mm, 316L stainless steel wall at < 3 4 8 K. Even in the 
case of tri t ium gas at 1 MPa and 573 K for 12 h, the release of <10~ 1 2 Ci was 
predicted. 

Metal hydrides, while stable solids, must be packaged to provide multiple 
barriers to release and to provide convenience in handling. NUKEM, in the 
Federal Republic of Germany, uses a high-grade steel container for t ransporta t ion 
of up to 1000 Ci of tr i t ium as uranium tritide [66], The steel vessel is equipped 
with an all-metal valve and is placed in a second container with the interspace 
filled with argon. The inner container is equipped with a heater to recover the 
tr i t ium. In the USA, similar double-walled containers are used for shipping 
tri t ium as uranium tritide. 

5. STORAGE AND DISPOSAL 

5.1. G E N E R A L OPTIONS 

Many alternatives for storage and discharge/disposal of tritium-bearing 
wastes have been repor ted . Any decision in favour of one or the o ther must 
take into account site-specific data. These data must include all parameters 
affect ing possible pa thways of the radionuclide to man, e.g. demography, 
meteorology, geology and hydrology, as well as the physical and chemical f o r m 
in which tr i t ium may be released. Tritium is normally released to the environ-
ment in liquid or gaseous fo rm. The fate of the chemical fo rm of the released 
t r i t ium depends on environmental conditions. 

Most of the tri t iated water released will be stable and will reach man in 
this chemical f o r m af ter isotopic dilution with environmental water. The 
radiological effects of HTO on man are relatively well known. According to the 
data of the ICRP [67, 68], tritiated water is assumed to be uniformly distributed 
among all sof t tissue of the human body. 

With the assumption that there is no relevant oxidation of HT to HTO in 
body tissue, the dose ra te f r o m gaseous tr i t ium, HT, is expected to be about four 
orders of magnitude lower when compared with the dose rate f r o m aqueous 
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tr i t ium, HTO. However, recent results indicate that if t r i t ium released as 
hydrogen is trapped in the soil there may be a rapid oxidat ion by bacteria in 
soil [69, 70], thus leading to an increased uptake of HTO by plants, which would 
again result in an increased dose rate to man in the vicinity of the point of 
emission. However, this effect must be investigated fur ther . 

Depending on environmental conditions, some of the released tr i t ium might 
be used by hydrogen-utilizing bacteria [71 ] and converted to organic compounds . 
Decomposit ion of organically bound tr i t ium might also produce a variety of 
organic t r i t ium compounds which behave in the environment according to their 
chemical nature. 

The ICRP has pointed out that the organic compounds of t r i t ium might 
differ considerably in their behaviour f rom that of tritiated water, a l though 
this has not yet been adequately studied. Specific values of the annual limit on 
intake (ALI) for various chemical fo rms have not been given in Ref. [67], but 
the value for tritiated thymidine might be as much as 50 times smaller than 
that fo r tri t iated water. The ICRP is keeping this mat ter under review. 

5.2. ALTERNATIVES 

Methods of storing and disposing of t r i t ium have been discussed in the 
literature [1, 5 , 15 , 72]. Recovery and concentrat ion plants at HWRs and FRPs 
generally produce t r i t ium in hydrogen form (e.g. T 2 ) , so this is the likely starting 
material for storage or disposal. Concentrated tr i t ium in water form also 
arises, particularly f r o m waste recovery operat ions in tri t ium-handling facilities. 
Other tr i t ium-containing materials may also be produced but are more likely as 
by-products of t r i t ium handling, and they would be expected to be substantially 
smaller in quant i ty . 

Reprocessing plants produce two main tritium-bearing waste streams 
(see Section 2.2): the cladding waste where tr i t ium can be found in the fo rm 
of hydride Z r T x , and an aqueous waste stream with low tri t ium concentrat ion 
( ^ 1 0 0 Ci/m3) . Methods for disposal of bo th waste streams are required. 

5.2.1. Wastes f r o m heavy water reactors 

According to the discussion in preceding chapters, intermediate storage may 
be required for concentrated tr i t ium f rom HWRs, either for disposal or fo r fu r ther 
use. For disposal purposes, the radionuclide is to be stored until radioactive 
decay has reduced the activity to a reasonable level. Each century gives a 
reduct ion by a factor of about 275. F rom a complete tritium-handling scheme 
a storage period of about one century was deemed sufficient [5]. 

39 



FIG.12. Schematic view of concrete trench. 

In principle, concentrated tritium can be stored as a liquid or a gas or in 
immobilized form, with each technique having its own advantages and disad-
vantages. The derived air concentration value for tritiated hydrogen is 2 X 104 

times higher than for aqueous tritium [68], implying that the radiotoxicity of 
the water form is several orders of magnitude larger than that of tritiated 
hydrogen. It is therefore preferable to store concentrated tritium in the non-
aqueous form if possible. 

An adequate scheme for the fixation of enriched tritium gas prior to 
storage/disposal has been designed in Canada (Section 4) [29, 52,53,54,73]. 
The concept includes preparation of tritides of a suitable metal (e.g. titanium 
or zirconium), a primary stainless steel container, and a transportation package 
meeting the IAEA regulations for type B packages. 

Ontario Hydro presently operates a radioactive waste storage site [74] with 
four types of storage structures in use and under construction. These four types 
are concrete trenches (shallow, in-ground, reinforced structures), concrete tile 
holes (vertical tile facilities), quadricells (above-ground facilities), and a low-level 
storage building (above-ground, pre-stressed, concrete superstructure). 
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FIG.I3. Schematic view of tile hole. 
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FIG. 14. Perspective view of low-level storage building. 

Figures 12—14 show schematic views of these structures. Preliminary evaluation 
of these existing facilities indicates that they would be suitable for storage of 
concentrated, immobilized tritium [73]. A facility designed specifically for the 
storage of concentrated and immobilized tritium will be used by Ontario Hydro. 

5.2.2. Fuel reprocessing plant wastes 

As stated in Section 2.2 in more detail, reprocessing plants produce two 
main tritium-bearing waste streams: namely, the cladding wastes and tritiated 
water. 

Tritiated Zircaloy cladding can either be compressed for volume reduction 
or packaged as is in 200 L drums and fixed with cement. Both sheath activation 
products and associated fuel particles contribute a hazard that must be taken into 
account in handling the cladding. About 15 m3 cladding wastes per 1 GW(e)a 
are produced. In the classification scheme being developed in the Federal Republic 
of Germany [75] these are heat-producing, medium-level wastes which can be 
disposed of in geological repositories using a container meeting type B requirements. 

Various alternatives for storage and discharge/disposal of tritiated waste 
water have been developed. For the following discussion, data from Table VIII 
will be assumed to be in agreement with Ref. [12]. Minor, but not negligible, 
contamination of the tritiated waste water with fission products, as well as with 
actinides, cannot be excluded; the actual figures depend on the specific waste 
water treatment system in the reprocessing plant. 
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TABLE VIII. ASSUMED DATA FOR DESCRIPTION OF TRITIATED 
WASTE WATER MANAGEMENT ALTERNATIVES 

Reprocessing capacity3 (tHM/a) 1400 

T-inventory of spent fuel elements (MCi/a) 1 

T-inventory of cladding (MCi/a) 0.6 

T-inventory of tritiated water (MCi/a) 0.35 

Volume of tritiated waterb (m3/a) 3000 

T-activity of tritiated water (Ci/m3) « 1 2 0 

ß/T-activity of tritiated water (Ci/m3) <0.1 

a-activity of tritiated water (mCi/m3) <0.3 

a Corresponding to 50 GW(e) capacity installed. 
b Recycling, T-scrubbing and separate acid recovery assumed. 

Figure 15 summarizes various alternatives for the management of tritiated 
aqueous wastes. Using a conventional Purex flowsheet without recycling to 
minimize its volume, direct discharge into the sea and deep-well injection are 
suitable procedures. 

Direct discharge to the sea uses the enormous isotopic dilution effect, thus 
avoiding potential hazards to operators and potential danger of concentrated 
tritium release to the environment. Discharge to the sea is being used in the 
United Kingdom (e.g. Windscale [76]), in France (La Hague [77]), and in 
Japan (Tokai-mura [78]) to dispose of the bulk of tritium in the fuel. However, 
in several countries there are strong pressures against this practice. 

Discharge to the atmosphere in aqueous form may be another disposal 
alternative for tritiated effluents, if site-specific data allow for it. At present 
several tens of thousands of curies of tritium per year are being discharged to 
the atmosphere, e.g. at Windscale [79], and at the Savannah River Plant [80]. 
India uses the sun-evaporation technique to discharge tritiated water to the 
atmosphere. 

At inland sites in densely populated areas, and with the growth of the 
nuclear industry, it may become unacceptable to discharge tritiated aqueous 
effluents directly to the atmosphere or to surface waters because of both 
radiological aspects and shrinking public acceptance. This is supported by 
studies such as that of UNSCEAR [71 ], indicating that 50% of the collective 
dose of the world's population results from global distribution of volatile 
radionuclides such as tritium, even though in absolute terms these doses are 
small compared with natural background radiation. 
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FIG.15. Tritium — waste management alternatives. 



Using the dosimetry model of ICRP Publication No. 30 and site-specific 
data from a plant in the Federal Republic of Germany, the annual release of 
0.4 MCi of tritium (which is all the tritium not bound in the Zircaloy cladding) 
would result in an effective dose equivalent rate of about 1 mrem/a to the 
most highly exposed individuals in the vicinity of the plant [81 ]. 

To estimate the maximum dose rate from a global distribution of a 
representative mixture of reprocessing plants, it has been assumed that 20 of 
these commercial-size reprocessing plants release 8 MCi/a tritium into the 
environment over 10 000 years. The resulting dose rate to an individual of 
the world's population after global distribution of the tritium would be less 
than 1 /irem/a. 

These results show that the maximum radiation dose is very much below the 
dose limit recommended by the ICRP (which is 500 mrem/a) and that the globally 
distributed exposure of future generations from a well established nuclear industry 
will remain very low indeed, even without taking measures of retaining tritium. 
However, according to the ALARA principle [82], doses should be kept as far 
below this dose limit as is reasonably achievable, taking into account social and 
economic considerations. 

For a modified Purex flowsheet with reduced volume of tritiated waste water, 
this water can be injected into deep wells, solidified with cement in situ in a 
cavern which is not man-operated, or fixed with cement and dumped into the sea. 

A totally different treatment route foresees conversion of the tritiated water 
to HT (by electrolysis), which can be fixed in a metal matrix, packaged and 
disposed of in a geological formation, or directly discharged to the atmosphere. 
Before electrolysis, an aqueous stream enriched in tritium can be produced by 
introducing a new head-end procedure in reprocessing: namely, voloxidation or 
pyrochemical treatment of the fuel before dissolution. 

These alternatives are described in more detail in the following subsections. 

5.2.2.1. Deep-well injection [12, 83] 

Figure 16 shows a typical disposal well design. Liquid waste is injected 
through a deep borehole into a receiving stratum which may be located at a 
depth of 1000 m or more. Certain properties of the receiving stratum such as 
porosity, absence of faults (especially faults with a vertical orientation), and a 
capacity in excess of the expected volume of waste to be injected are required. 
Sandstone and limestone are typical types of rock suitable as the receiving 
stratum. 

The presence of confining strata bounding the receiving stratum on top and 
bottom is an essential part of the required geology. They must possess integrity 
and thickness and be impermeable to water. Layers of clay and shale fulfil these 
requirements. 
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Injection pipe 

FIG. 16. Typical disposal well design. 



The liquid wastes (which should be compatible with the receiving rock 
matrices) are injected into the receiving stratum through a pipe, which is 
surrounded by one or more pipes of larger diameter. The annular gaps are filled 
with liquid (pressure compensation and/or leak detection) and with cement. 
Near the surface, adjacent fresh-water-bearing strata are protected additionally 
by another cement-sheathed pipe. 

The disposal of liquid wastes by injection into deep wells was first practised 
with oil field brines from crude oil production. Injection of industrial wastes and 
municipal sewage followed. 

Deep-well injection of liquid radioactive waste has been used in the USSR 
to dispose of low- and medium-level wastes. Between 1963 and 1970 about 
106 m3 of liquid waste was injected with a flow rate of about 400 m3 per day [84]. 
For comparison, typical industrial flow rates range between 250 and 4000 m3 

per day. 
In the Federal Republic of Germany, an experimental demonstration of the 

injection of tritiated liquids was scheduled for the late 1970s at the Karlsruhe 
Nuclear Research Centre using a depleted oil field. However, because the field is 
again being used for oil production the experiment was cancelled. Investigation 
for another suitable site has begun. 

In conclusion, there is an abundance of industrial experience and technology 
available which is applicable to the injection of tritiated liquid waste. The process 
is expected to have low specific costs, a relatively low radiation exposure to 
operating personnel, and a low release to the environment even in the case of 
accidents. It will be necessary to provide evidence that the escape of radionuclides 
from the storage horizon can be ruled out with reasonable certainty. 

5.2.2.2. In situ solidification 

The concept of in situ solidification has been investigated at the Karlsruhe 
Nuclear Research Centre in the Federal Republic of Germany [85]; Fig. 17 is 
a schematic drawing. The main feature of the concept is an in situ solidification 
of preconditioned low- and medium-level waste granules, together with tritiated 
water in non-man-operated salt caverns, thus avoiding shielding and container 
material. The steps in the process are: 

(1 ) Préfabrication of granules at the waste producer's site from medium- and 
low-level waste arisings and cement; 

(2) Transportation of the cured granules in shielded containers to the final 
repository; 

(3) Mixing of granules (60 vol. %) at the repository site with cement grout 
(40 vol. %) using tritiated waste water; 

(4) Transport by gravity of the mixture into a 75 000 m3 salt cavern at a depth 
of about 1000 m through a relatively thin pipe; 
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T - W A S T E WATER 

FIG.17. Concept of in situ solidification of radioactive wastes. 

(5) In situ solidification of the concrete in layers, each of which represents one 
filling campaign, and then finally backfilling of the open cavern space with 
inactive material. 

Figure 18 illustrates the underground cavern system [12]; three different 
stages are shown: (a) under construction, (b) in operation, and (c) backfilled 
and sealed. A 75 000 m3 cavern would serve the MLW/LLW and tritiated waste 
arisings of a five-year operation of a 1400 t/a reprocessing plant. Caverns would 
be constructed either by solution mining or by drilling and blasting. 

To demonstrate the technique, three small-scale caverns with a volume of 
10 m3 each have been mined and filled with inactive simulated waste in the Asse 
salt dome in the Federal Republic of Germany. A large-scale experiment with 
inactive material is scheduled to start in 1984. 

The conclusion is that the in situ concept offers the possibility of disposing 
of medium- and low-level waste together with tritiated liquor in a very simple 
configuration. Compared with the technique of drum disposal in a man-operated 
mine, as it is currently demonstrated in the Asse salt dome, the in situ technique 
promises low cost and a considerable reduction in doses to personnel. 
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FIG.18. In situ cavern system. 

However, the technique is relatively complicated and not all of its components 
are yet developed. Further R&D work is required. 

5.2.2.3. Deep-sea disposal 

A concept has been developed at the Jülich Nuclear Research Centre, Federal 
Republic of Germany, to dispose of solidified tritiated waste water in the deep sea. 
The scheme is illustrated in Fig. 19. Work has been carried out within the scope 
of a study entitled "Management of Tritiated Aqueous Waste — Technology and 
Safety" [12], which deals especially with alternatives 4, 5 and 6 from Fig. 15. 
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FIG.19. Deep-sea disposal of solidified tritiated water. 

The cement and the aggregates are fed from dosing tanks into each of five 
200 L drums in batches of 244 kg. Five drums with cement are transported to 
their respective positions in the hot cell on a special rail carriage where 122 L of 
tritiated water are proportioned into each drum and subsequently mixed with 
the cement using a planetary stirrer to form homogeneous cement grouts. 

The drums are sealed, checked for contamination, decontaminated if 
necessary, and transported to the curing zone. After curing, 13 drums are loaded 
into a railway freight container and stored at an intermediate storage zone for 
not more than 12 months. The storage facility has a capacity of 1900 containers, 
thus providing the annual production of 24 700 drums from a 1400 t/a reprocessing 
plant. Railway transport to the harbour and sea transport (without containers) 
to the dumping site would take place once a year. 

According to the data from Table VIII, the activity content of one 200 L 
drum would be about 13 Ci of tritium, less than 13 mCi ß/7-activity and less 
than 36 pCi ce-activity. The dose rate on the surface of a drum would be of the 
order of 10~2 to 10- 3 mSv/h. The drum itself meets the requirements for the 
type A package. 

Transportation and dumping would take place in conformance with the 
international provisions applicable, i.e. the IAEA Transport Regulations [86,87] 
and the London Convention [88], together with the NEA Guidelines [89] and 
IAEA Definitions [90]. 
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The special advantages of the concept are its simplicity and the fact that all 
the components are state of the art. In addition, the deep sea ensures a safe 
isolation of tritium from the biosphere for the limited time period required. A 
disadvantage is the relatively high expenditure for packaging and transport of 
the large number of packages, resulting in relatively high specific costs. 

However, according to the London Convention, the dumping of matter in 
the deep sea is only permitted if such matter cannot be disposed of on land 
without impairing the welfare of the general public or if such disposal would 
involve a disproportionately high expenditure. This means that dumping of 
solidified tritiated water in the deep sea cannot be applied unless proof has 
been furnished to the effect that land-based alternatives are not practicable, 
from a technical, economic, ecological or radiological point of view. 

5.2.2.4. Fixation in metal hydrides and disposal 

A high degree of immobilization would be required if the waste were highly 
enriched in tritium. Enrichment processes considered to be best suited for 
commercial operation are described in Section 3 of this report. 

The gaseous hydrogen product may be fixed by a reaction with a suitable 
metal (e.g. titanium, zirconium) to form a metal hydride. Section 4 outlines 
this topic. About 15 t of Zr metal, or 2.4 m3, are required to completely bind 
the entire hydrogen gas as ZrH2, which is contained in the waste water volume 
reduced to 3 m3 HTO/a. This method of incorporating the tritium in a metal 
lattice is presently regarded as being the safest procedure. The leaching rates 
are several orders of magnitude below those measured for cement. 

Because of the high specific T-activity of about 200 Ci/L Zr, a type B 
package is prescribed for any transportation of tritium-bearing metal hydride 
pieces on public traffic ways. 

The highly enriched metal tritide can be stored in an intermediate storage 
facility or disposed of in a final repository if further use of the tritium is not 
envisaged. In the literature [91 ], subsurface shafts, concrete-lined pits, sea-bed 
disposal, and geological repository are assumed to be feasible. 

5.2.2.5. Discharge of gaseous tritium to the atmosphere 

Because tritiated hydrogen has an estimated four orders of magnitude lower 
radiotoxicity than tritiated water, the Jülich Nuclear Research Centre has started 
a study to determine if a controlled release of tritiated hydrogen could lead to a 
reduction of global radiation exposure from reprocessing plants [92]. Electrolyzers 
would be used to generate tritiated hydrogen from aqueous wastes. 

The capacity required for complete conversion of tritiated water from 
reprocessing into its gaseous state would be less than 1000 m3 H2/h. Adaption 
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of conventional electrolysis techniques to the decomposition of tritiated water 
requires additional development. 

The results of the radiological assessment which addresses the question of 
whether or not the release of gaseous rather than aqueous tritium can reduce 
the dose rate are listed in Refs [70,92], Based on a modified model proposed by 
Murphy [93], which assumes a rather rapid re-oxidation of HT to HTO by 
bacteria at the surface of the soil, it was concluded that the local individual dose 
rate due to HT release may be only one order of magnitude lower when compared 
with HTO release. However, this was very preliminary work and further 
experimental investigation is required to obtain definitive conclusions. 

6. CONCLUSIONS AND RECOMMENDATIONS 

This programme was useful in bringing together two different areas of 
tritium technology in the nuclear establishments: i.e. the handling and disposal of 
very dilute tritium streams in light water reactors and fuel reprocessing plants and 
the recovery, concentration, conditioning, and packaging of pure tritium from 
heavy water reactor systems. It has been demonstrated that current management 
practices limit tritium effluent releases to the environment to well below the 
regulated values. Current research and development programmes are investigating 
areas of new tritium management practices, such as effluent volume reduction in 
reprocessing plants, tritium recovery and packaging technology and investigations 
of alternative technologies to be applied where current practices cannot be used. 

The radiotoxicity of tritium contained in the form of hydrogen is of the 
order of 10 000 times smaller than that of aqueous tritium. This means that any 
system that converts tritiated hydrogen to tritiated water to trap tritium and 
prevent its release to the environment must have retention efficiency of greater 
than 99.99% for there to be a net benefit over releasing the tritiated hydrogen. 
However, there is considerable uncertainty regarding the fate of the tritiated 
hydrogen in the environment; it is unstable and will convert to water at some rate 
that is dependent on many factors that have not been clearly identified or defined. 
It is recommended that studies be undertaken in this area to define the factors 
which contribute to the oxidation of tritiated hydrogen in the environment so that 
reasonable estimates of the potential radiation dose can be calculated from releases 
of tritium in the form of hydrogen. 

Processes for recovery of tritium from aqueous systems have been demonstrated 
and their use is being expanded, which is an effective way to limit tritium releases. 
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The development of new isotopic exchange catalyst technology is providing 
improved processes. Research, development and demonstration in this area 
should continue. 

Conditioning of concentrated tritium as metal tritides appears to be a 
satisfactory method with a low probability of escape of tritium to the environ-
ment. Careful monitoring is recommended of the performance of metal tritide-
containing packages that will be used at new tritium recovery plants to provide 
reliable data. 

Conditioning of dilute aqueous tritium in cement is an effective practice, 
provided the cement is packaged in such a way as to prevent isotopic exchange 
of tritium with free moisture. It would be useful to have available a conditioning 
method for low-concentration aqueous tritium that was as simple and inexpensive 
as is cement but with better retention of tritium without dependence on additional 
barriers. It is recommended that further work in this area be done. 

When tritium is recovered from nuclear systems such as heavy water modera-
tors and reprocessing plants and concentrated to high levels, e.g. pure tritium, 
then it would be desirable to have the tritium packaged in containers of a 
standardized design and to have some standard criteria for storage facilities. 

The quantities of tritium in fission-based nuclear power are small in comparison 
with those expected in nuclear fusion. It is recommended that a symposium be 
convened on tritium technology in nuclear facilities with the object of giving 
the current state of the technology and identifying what developments will be 
required to meet the needs of fusion. 
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