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Enlèvement du tritium des réacteurs CANDU:

son stockage, sa surveillance et sa migration dans l'environnement

par

W.J. Holtslander*, T.S. Drolett et R.V. Osborne*

Résumé

Du tritium est produit dans les réacteurs à eau lourde CANDU**
principalement à cause de 1'activation neutronique du deuterium. Le
taux de production typique est 2.4 kCi-(MW(e)-a)"1 , (89 TBq-(MW(e)-a)"1)
et dans la centrale Pickering la concentration moyenne du tritium a
atteint, dans les modérateurs 16 Ci^kg-1 (g.6 TBq-kg-1) et dans les
caloporteurs 0.5 Ci.kg-1 (0.02 TBq.kg-1). Les concentrations vont conti-
nuer d'augmenter vers une concentration d'équilibre déterminée par le
taux de décroissance du tritium et par la fréquence du remplacement de
l'eau lourde. Les méthodes d'enlèvement du tritium actuellement envi-
sagées pour un projet d'installation pilote sont un échange catalytique
de DTO avec D2 et l'êlectrolyse de D2O/DTO afin d'obtenir l'alimentation
voulue pour procéder â la distillation cryogénique de D2/DT/T2- Par .
ailleurs, on élabore des méthodes permettant de stocker le tritium enlevé:
gaz élémentaire, hydrures métalliques et enfouissement dans le béton. Le
transport des déchets tritiés ne devrait pas constituer un problème
particulièrement difficile à résoudre étant donnée la grande expérience
acquise dans le transport de l'eau lourde tritiée. Pour déterminer la
présence du tritium dans l'environnement des installations où il s'en
trouve, on dispose de méthodes bien établies qui permettent de mesurer
les concentrations de cet isotope jusqu'aux valeurs ambiantes courantes.
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SUMMARY

Tritium is produced in CANDU** heavy water reactors mainly by neutron
activation of deuterium. The typical production rate is 2.4 kCi*(NW(e)"a)-l,
(89 TBq*(MW(e)-a)"I) and in Pickering Generating Station the average concentration
of tritium in the moderators has reached 16 Ci-kg"1 (0.6 TBq*kg~') and in
coolants, 0.5 Ci«kg-1 (0.02 TBq'kg"1). The concentrations will continue to
increase towards an equilibrium concentration determined by the production
rate, the tritium decay rate and heavy water replacement. Tritium rénovai
methods that are being considered for a pilot plant design are catalytic
exchange of DTO with D2 and electrolysis of D2Q/DTO to provide feed for
cryogenic distillation of D2/DT/T2. Storage methods for the removed tritium -
as elemental gas, as metal hydrides and in cements - are also being investi-
gated. Transport of tritiated wastes should not be a particularly difficult
problem in light of extensive experience in transporting tritiated heavy
water. Methods for determining the presence of tritium in the environment of
any tritium handling facility are well established and have the capability of
measuring concentrations of tritium down to current ambient values.
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1. INTRODUCTION

This paper is an amalgamation of three documents prepared
by the authors as background information for an IAEA Technical
Committee meeting on the Handling of Tritium-Bearing Effluents
and Wastes, held in Vienna on 19 78 December 4-8.

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

2. PRODUCTION OF TRITIUM IN CANDU REACTORS

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

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

C = Cœ (l-e"At)

where Coo depends on the neutron flux and the fraction of a heavy
water system that is in the reactor core. The tritium concentra-
tion in the moderator of a CANDU reactor is higher than that in
the coolant. If the heavy water does not leak or is not replaced
the concentration ratio in the two systems is about 26.



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

3. TRITIUM EMISSIONS FROM REACTORS

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

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

Moderator heavy water has become the major source of
tritium emission in recent years. For example analysis of the
1977 emission data suggests that almost 90% of the airborne
tritium originated from the moderators. The sources and their
estimated contributions to PGS 1977 airborne emissions are
identified in Table 1.

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

% DEL = 0.05{Tm) - 0.3.

This correlation is shown in Figure 2.

4. RECOVERY OF TRITIUM FROM HEAVY WATER REACTORS

Many tritium recovery processes have been considered, but
only catalytic exchange of DTO with D2 to produce DT and D2O, or
electrolysis of D2O/DTO to D2/DT and O2 followed by cryogenic
distillation of the hydrogen isotopes to separate tritium in a
concentrated form appear promising or feasible for a tritium
recovery plant.
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Table 1 - PGS Airborne Tritium Emission in 1977

Systems Causes % Total Air-
borne Tritium

Emission

Moderator
(86% of
total D20)

Heat
Transport
(14% of
total D20)

Cross-contamination
from Moderator
Rooms

Heavy water escape
from Moderator
Auxiliary Systems

Cross-contamination
from Heat Transport
Rooms

Heavy water escape
from Heat Trans-
port Auxiliary
Systems

75% - 48%

11% - 38%

11% - 7%

3% - 7%

Tritium recovery for heavy water reactors generally would
consist of two separate processes, a transfer process that
transfers tritium from tritiated heavy water to tritiated hydro-
gen and a concentration process that separates and enriches the
tritium to high specific activity tritiated hydrogen (T2).

Since it is most economical to produce a small and highly
concentrated tritium stream for storage, cryogenic distillation
of D2/DT/T2 is the most practical process available for the
final enrichment of tritium. The options of the transfer process
are:

Vapour-Phase Catalytic Exchange (VPCE) of tritiated D20
vapour with D2, producing a D2/DT mixture[2];

Direct Electrolysis (DE) of tritiated D20, producing a
D2/DT mixture;

Combined Electrolysis-Catalytic Exchange (CECE)[3] of the
tritiated D20 in the liquid phase with D2/DT producing a
D2/DT stream enriched in tritium concentration;



- Liquid-Phase Catalytic Exchange (LPCE)f4^ of tritiated
D2O with D2 producing a D2/DT mixture.

Each of these transfer processes may be coupled with
cryogenic distillation of hydrogen isotopes to provide a process
for tritium recovery from heavy water. These processes are
described briefly.

Vapour Phase Catalytic Exchange (VPCE) s Cryogenic Distillation£21

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

In this process, the D2O/DTO feed is vapourized and brought
into direct contact with a recirculating D2 gas stream (from
the cryogenic distillation system) over a catalyst bed to promote
the following exchange,

D T 0 + D2
 C a t a l y s y D20 + DT.

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

The tritiated deuterium stream is purified by removing
oxygen, nitrogen and other gaseous impurities, then fed to the
cryogenic distillation system. The detritiated deuterium gas
coming off the top of the first cryogenic distillation tower, is
recirculated to the VPCE front-end. Concentrated tritium in the
form of liquid elemental tritium is bled off periodically from
the bottom of the last distillation tower and packaged for
storage or disposal.

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

Direct Electrolysis (DE) + Cryogenic Distillation

Tritiated heavy water from the reactor units is fed to
the electrolytic cells where it is decomposed into an oxygen gas
stream and a D2/DT gas stream.

2 DTO Electrolysis > 2 D T + O z

2 D*° Electrolysis ^ 2 D z + O z
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The D2/DT stream is purified and fed to the cryogenic
distillation system, as in the first process. The deuterium
gas is recombined with the oxygen generated in the electrolytic
cells to form detritiated heavy water which is then returned to
the reactor units. This scheme is shown in Figure 4.

Combined Electrolysis Catalytic Exchange (CECE & Cryogenic
Distillation

The CECE process has been developed by Atomic Energy of
Canada Ltd. (AECL) at Chalk River Nuclear Laboratories (CRNL)[3].
The flow sheet is shown in Figure 5. It uses a proprietary
hydrophobic catalyst[5] to promote exchange of deuterium and
tritium. Tritiated heavy water from the reactor units is fed to
the catalytic column and allowed to flow downward counter-
currently to a rising stream of D2/DT gas generated in electro-
lytic cells. Tritium moves from the gaseous D2/DT stream to the
liquid D2O/DTO stream.

DT + D20 » DTO + D2

The liquid stream enriched in tritium is collected in the elect-
rolytic cells at the bottom of the catalytic column. A portion
of the concentrated DT/D2 gas from the electrolytic cells is
directed to the cryogenic distillation systems for tritium
extraction. Since deuterium gas evolves preferentially to tritium
in the electrolytic cell, the cell solution becomes enriched with
tritium.

The deuterium gas stream depleted in tritium from the
cryogenic distillation column is oxidized by the oxygen stream
from the electrolytic cells in a recombiner or burner to form
detritiated heavy water which is returned to the reactor units.

Liquid Phase Catalytic Exchange (LPCE) & Cryogenic Distillationf^1

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

There are advantages and disadvantages to each of the four
transfer processes. The LPCE is the favoured scheme because of its
simplicity and its operation at low pressures and temperatures. It
is easier to make the equipment leak tight, and is safer because
the tritium in water concentration is not increased beyond the feed
concentration from the reactor system. The CECE process is more
complex and requires handling of tritiated water at a concentration
substantially higher than the feed concentration from the reactor.
In applications of tritium recovery from water containing very
low tritium concentrations this enriching feature of the CECE
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system is considered very advantageous. Both the LPCE and CECE
schemes have only been evaluated on the laboratory scale. Develop-
ment work is underway at AECL ta demonstrate these on a pilot
plant scale. The direct electrolytic conversion of tritiated D20
to tritiated D2 is somewhat more complex than LPCE and a low
inventory cell for the D2O application is not yet proven. The
VPCE is proven but has the disadvantage of operating at high
temperature and is more complex because of the repeated evapora-
tion and condensation cycles required.

5. TRANS PORTATION

Canada has had extensive experience in transporting
tritiated heavy water as low specific activity (LSA) material
(<10 Ci/L)(0.4 TBq/L) in stainless steel drums or in carbon steel
drums with an epoxy liner. For example in the period 1972-74, the
activity-vehicle distance product was 4 GCi»km (1.5xlO8TBq«km)[6].
For shipping water at specific activities above the LSA limit,
drums with corrugated fibreboard packs, encapsulated in steel
shells have been used. Such packages meet Type B(M) specifica-
tions [7] but not Type B(U) because of the flammable nature of the
packing material[8J. Nevertheless the packages are conservatively
designed at the specific-activity limit (25 Ci/L)(0.93 TBq/L)
currently imposed by the Atomic Energy Control Board and a simple
change of packaging material could ensure that Type B(U) specifi-
cations are met[8].

So far, only three incidents have occurred during transpor-
tation; only a few curies*of tritium were lost and no individual
doses that were considered significant were involved.

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

6. PACKAGING OF CONCENTRATED TRITIUM FROM A RECOVERY PLANT

6.1 Packaging of Elemental Tritium in Gaseous Form

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

6.2 Immobilization and Packaging of Elemental Tritium as
Metal Hydrides

Tritium can also be stored in the form of tritiated metal
hydrides[12,13]. A wealth of information is available on metal
hydride technology and it is known that a large number of metals

1 curie = 3.7 x 1010 becquerel
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will react with tritium to form tritide. Zirconium hydride is
very stable and not as pyrophoric as other more active metal
hydrides. Uranium tritide is used for short-term storage of
elemental tritium.

6.3 Immobilising and Packaging Tritiated Water in Cement[14]

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

This storage is best suited for recovery processes pro-
ducing concentrated tritium oxide as the waste stream. It requires
a large storage space and involves handling tritiated water so that
this storage method is less attractive compared to metal tritide
storage. It may be suitable for long-term irrecoverable storage.

7. MONITORING OF TRITIUM MIGRATION IN THE ENVIRONMENT

The behaviour of tritium near the waste management site
at Chalk River Nuclear Laboratories has been studied for more
than two decades[15]. The site is not specifically for tritium
but has been designed to handle a variety of nuclear wastes.
However the emission of tritium from the site has provided a
stimulus for various investigations of the movement of tritium
near the site[16] and has allowed detailed hydrogeological[17] and
micro-meteorological[18,19] studies that have included the use of
tritium as a tracer. Some of the studies formed a contribution
to the International Hydrological Decade (1965-1974) and were
summarized in reference [20] which includes a description of
physical features of the site[21].

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

More recently studies of the behaviour of tritium emitted
from wastes in concrete-lined trenches at the Bruce Nuclear Power
Development site of Ontario Hydro have started. These continuing
studies and similar ones at CRNL are aimed at improving the under-
standing of the behaviour of tritiated water in hydrologie systems.
The key features of some of the techniques evolved in these
studies, that are applicable to monitoring for tritium, are
described in this section.
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7.1 Ground Water Monitoring

Determinations of the profiles of tritium concentrations
at various depths have been facilitated by the development of a
multilevel sampling systemf25]. A steel tube (10 cm ID) is
inserted into the ground for a depth to 15 m by wash boring. A
multi-ported PVC pipe (5 cm ID) is lowered into the steel shell.
Finally the shell is withdrawn and the annular space around the
pipe is repacked. Each port on the PVC pipe consists of a mesh-
covered tube held in a rubber stopper inserted through the wall
of the pipe. Flexible, 3 mm polyethylene tubing connects the
inner end of each of the tubes through the bore of the PVC pipe
to a pump above the ground. Vertical separation of the ports
may be as small as 20 cm.

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

7.2 Soil Monitoring

The Merritt-Parsons method[26] for obtaining samples of
soil in 60 cm tubes has been adapted by Jackson et al 127] to
obtain samples of 1.5 m length. In the original method a soil
sample was obtained in a steel tube that had been driven into the
soil at the bottom of a drill hole. Closure of a diaphragm valve
at the top of the tube (by air pressure) enabled the soil to be
retained during withdrawal of the tube. Ground water was prevented
from mixing with the soil at the bottom of the sample tube
(thereby prompting loss of the sample) by enclosing the sample
tube in a larger bore tube (bell) from which the water could be
displaced by air. Currently, for sampling from the greater depths,
a thin wall aluminum tube is used without any air-bell, the
cohesion of the greater length apparently being sufficient, even
with wet sands, to keep the sample in the sample tube during
withdrawal. Sections from various depths in the sample may be
obtained by cutting the tube into the appropriate lengths.

The interstitial water may be extracted from the soil samples
by squeezing, by distillation or be centrifuging. Two methods of
squeezing have been developed: mechanical and immiscible-fluid
displacement[28]. in the former, which is suitable for compressible
fine-grained or organic rich sediments, the water is simply
squeezed out of the sample through a filter paper in the base of
a plunger-barrel squeezer arrangement. Maximum water yields are
obtained when the applied pressure is just sufficient to move
the water through the filter.
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In the immiscible-fluid method, which is suitable for
sandy, saturated or partially saturated, incompressible sediments,
the sample of sediment is covered in the squeezer with a layer of
epoxy plasticizer which is then forced down through the sediment,
displacing the interstitial water through the filter paper. Water
from sediments with as little as 3% water may be recovered by this
method.

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

7.3 Vegetation

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

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

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

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

7.4 Rain Monitoring

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

Molecular sieve (type 4A) has been used to collect moisture
from measured volumes of air[18]. Stainless steel vessels con-
taining 100 g of sieve and able to trap up to 10 g of water are
equipped with vacuum-tight valves on both inlet and outlet tubes.
The air sampling rate is adjusted so that about 5 g of water is
collected during the sampling period. The water is distilled for
five hours at 540°C, under high vacuum, into a weighed glass trap
cooled in liquid N2. The trap is weighed and the amount of water
collected obtained by difference.

7.5 Tritium Measurement

Surface waters currently have concentrations of tritium
(from weapons testing) of approximately 100 TU (% 320 pCi/L)
(12 Bq/L); ground water may be less chan a tenth of this. Hence,
for monitoring around tritium storage facilities, of interest will
be concentrations that are appreciably above 100 TU. Isotopic
enrichment prior to measurement either by gas proportional or
liquid scintillation counting, therefore will not be necessary
since both techniques have the capability of measuring to 10 TU[29]
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