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RESUME

Dans le présent rapport, on étudie la documentation sur les méthodes de
séparation et d'immobilisation du tritium et du carbone 14 libérés par le
combustible d'UO2 d'une installation de retraitement du combustible nu-
cléaire. On l'a rédigé dans le cadre d'une étude plus générale des mé-
thodes de gestion des déchets de retraitement du combustible qu'on pourrait
appliquer dans l'avenir au Canada.

La charge calculée de tritium et carbone 14 du combustible usé est faible;
pour l'instant, on n'a pas encore établi de mesures spéciales permettant de
limiter la libération de ces radionucléides d'installations de retraitement
et il se peut que ces mesures ne soient pas nécessaires dans l'avenir.
Néanmoins, s'il le faut, il existe plusieurs méthodes possibles de concen-
tration et d'immobilisation des deux radionucléides qu'on peut mettre au
point. La technique de limitation de ces radionucléides de fluides servant
à l'exploitation de réacteurs est, en général, beaucoup plus mise au point
que celle pour les effluents d'installations de retraitement et on peut
peut-être adapter certaines techniques de limitation aux applications du
retraitement.
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by
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ABSTRACT

This report reviews the literature on methods to separate and immobilize
tritium (3H) and carbon-14 (14C) released from U02 fuel in a nuclear fuel
reprocessing plant. It was prepared as part of a broader review of fuel
reprocessing waste management methods that might find future application in
Canada.

The calculated inventories of both 3H and 14C in used fuel are low; special
measures to limit releases of these radionuclides from reprocessing plants
are not currently in place, and may not be necessary in future. If re-
quired, however, several possible approaches to the concentration and immo-
bilization of both radionuclides are available for development. Technology
to control these radionuclides in reactor process streams is in general
more highly developed than for reprocessing plant effluent, and some con-
trol methods may be adaptable to reprocessing applications.
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1. INTRODUCTION

Any future commercial reprocessing of used CANDU1 nuclear fuel is likely to

involve a Purex-type process, in which the fuel is dissolved in acid and

fissile elements are recovered by solvent extraction. Many of the waste

radionuclides and process chemicals can then be concentrated and converted

to a single glass or refractory solid waste form (Lut2e and Ewing 1988;

Tait, in preparation). Some volatile radionuclides, however, require sepa-

rate attention. Of these, the most important are 3H (tritium, T), 14C,
8 5Kr and " S I . So-called "semivolatile" radionuclides, e.g., 1U6Ru, may

present operational difficulties, but they can be incorporated in high-

level waste forms under appropriate process control (Christian 1976, IAEA

1982, Klein et al. 1980).

The four important volatile radionuclides are often reviewed together

(e.g., Evans et al. 1980; Bryant 1981; Prout et al. 1981; Brown et al.

1983a, 1983b, 1985; Hebel et al. 1987; Plumb 1984; Bruecher 1982, 1986;

OECD 1980; WHO 1983; McKay 1980), but their chemistry is diverse and each

requires a different management strategy. This report surveys methods to

capture and immobilize 3H and 14C; two companion reports deal with 129I and
85Kr management (Taylor 1990a, 1990b). McKay (1979) and IAEA (1984) have

previously reviewed 3H management. Bush et al. (1984) reviewed 14C manage-

ment in detail, and several authors have reviewed aspects of process devel-

opment and/or waste-form selection (Croff 1976, Scheele and Burger 1982,

Taylor 1987). Management of both 3H and 14C was also discussed by Brown

(1976), and the significance of 14C emission is discussed by Bonka et al.

(1977).

2. GENERAL CONSIDERATIONS

Tritium has a short half-life (12.3 years), but its low decay energy

(18.6 keV) makes it a relatively mild radiological hazard. No measures are

currently in place to immobilize the relatively small quantities of 3H,

arising at fuel reprocessing plants (see Section 3). It is commonly as-

sumed that discharge to the ocean, with subsequent massive isotopic dilu-

tion, is an adequate management mode at coastal sites (Brown 1976).

1CAT1DU (CANada Deuterium Uranium) is a registered trademark of AECL.
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However, some immobilization methods have been devised for possible appli-

cation at inland sites in the event that deep well injection of tritiated

water is not acceptable (McKay 1979, 1980). Various environmental aspects

of 3H management are discussed in IAEA (1981), Wittenberg (1980) and CNS

(1988). Of the four principal volatile radionuclidss arising in fuel repro-

cessing plants, the need to concentrate and immobilize 3H appears to be the

weakest (Plumb 1984, Thomas and Brown 1985, tfuschke 1985). Note, however,

that the fuel contains only a small fraction of the 3H and 14C generated in

a CANDU reactor, as discussed in Section 3.3.

Carbon-14 is also only weakly radioactive (half-life, 5730 years; beta-

decay energy, 156 keV) and is not abundant in fuel reprocessing plants (see

Section 3). Like 3H, it is not currently subject to control measures at

fuel reprocessing plants, and the requirement for separation and immobili-

zation is marginal (Wuschke 1985). Thomas and Brown (1985) judged that the

only factor justifying control of 14C was the relatively low cost of recov-

ery. However, Bruecher (1986) pointed out that, if CO2 must be separated

as part of the off-gas pretreatment necessary for 85Kr recovery, then immo-

bilization would be prudent if it can be achieved cheaply.

The management of volatile radionuclides in a fuel reprocessing plant may

be simplified if they can be concentrated in a single off-gas stream near

the head end of the plant. This is feasible with 3H only if a gas-solid

pretreatment stage, such as "voloxidation" (Goode 1973), is included in the

process; otherwise, the 3H is isotopically diluted in the aqueous nitric

acid dissolver solution. The purpose of voloxidation is to employ air-

oxidation of fuel to facilitate the release of volatile radionuclides held

in the fuel matrix. Variations on this process include cycles of succes-

sive oxidation and reduction, and high-temperature outgassing under either

vacuum or an inert atmosphere. Stone and Johnson (1979) confirmed that

voloxidation can efficiently remove 3H from UO2 fuel. Oxidation in air for

4 h at 490"C is sufficient to remove over 99.8% of the 3H from the fuel,

almost entirely as tritiated water (<0.1% as hydrogen gas). However, re-

leases of other radionuclides were low: 17-22% of 14C, 7-172 of 85Kr, <8%

of 1 2 9I. Unless the process can be improved to achieve quantitative remov-

al of all four volatile radionuclides, voloxidation is unlikely to find

commercial application. Therefore, in this report, a conventional Purex-

type process is assumed to be the most likely technology for any future

commercial fuel reprocessing in Canada.
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3. INVENTORIES IN USED CAMDU FUEL

Tait et al. (1989) calculated inventories of radionuclides generated in

both U02 and Zircaloy for a reference CANDU fuel bundle (Bruce "A" type,

685 GJ/kg U burnup).2 The following discussion is based on their

calculations for ten-year-cooled fuel. Note that the cooling time before

reprocessing is a significant factor in the inventory of 3H, l.ut not for

the much longer-lived 14C. A fresh Bruce "A" fuel bundle nominally

contains 18.927 kg of uranium and 2.286 kg of Zircaloy-4; inventories are

based on these initial quantities.

3.1 TRITIUM

Tritium in used CANDU fuel arises mainly from ternary fission

(2.96 GBq/kg U in ten-year-cooled reference fuel). In addition, neutron

activation of impurities in the fuel and the cladding produces up to

0.16 MBq/kg U and 0.29 MBq/kg Zircaloy respectively (Tait et al. 1989). A

1200-t(U)/a CANDU fuel reprocessing plant would thus handle about 3550 TBq

(3.3 mol, about 10 g) of 3H annually. Note that, as discussed in Section

3.3, this is a small fraction of the total quantity of 3H generated in a

CANDU reactor, the principle source of which is neutron activation of D20

(~240 g 3H/(GW(e)»a)). For comparison, cosmic-ray bombardment of the upper

atmosphere produces about 78 000 TBq of 3H annually (Plumb 1984), s o

nuclear power generation is a major contributor to the global 3H inventory.

In Zircaloy-clad light-water reactor fuels, up to 60? of the 3B produced in

the U02 migrates into the cladding as hydride (Bleier et al. 1984,

Broothaerts et al. 1982, Henrich et al. 1980). Similar behaviour is ex-

pected for 3H in CANDU fuel. Potential release of this 3H imposes limita-

tions on high-temperature processes for compaction or chemical treatment of

the hulls, as discussed elsewhere (Taylor 1990c). Since little of the 3H

in the fuel cladding is released during fuel dissolution, only about half

of its inventory in the fuel is likely to enter the dissolver solution and

possibly require treatment. Leudet (1982) has shown that over 99.5£ of 3H

released during dissolution is retained by the acid solution, with only

0.2-0.4% entering the gas phase as tritiated hydrogen (HT).

2Actual burnup of individual CANDU fuel elements typically ranges from 500
to 1000 GJ/kg U.



Significant quantities of stable hydrogen isotopes are also present in the

fuel (especially the cladding). Calculations by Tait et al. (1989) indi-

cate that 3H represents about one sixth of the hydrogen produced in UO2 by

irradiation, on a molar basis. Used CANDU fuel cladding commonly contains

up to 200 mg/kg of deuterium, compared with roughly 70 ^g/kg of 3H, derived

from estimates by Taylor (1990c).

3.2 CARBON-14

Three principal neutron reactions contribute to the production of 14C in a

nuclear reactor: 14N(n,p)14C; 13C(n,7)14C; 170(n,a)14C. Calculated

concentrations of 1 4C in reference Bruce "A" fuel are 42.6 MBq/kg U and

62.9 MBq/kg Zircaloy, basod on maximum permissible levels of C, N and 0

(Tait et al. 1989). This corresponds to an upper limit of about 60 TBq

(26 mol, 360 g) of 14C per year potentially released from a reprocessing

plant handling 1200 t U/a assuming that most of the 1 4C in the Zircaloy is

retained in the fuel hulls, which are discussed elsewhere (Taylor 1990c).

For comparison, the natural rate of production of 1 4C, by cosmic irradia-

tion of the upper atmosphere, is about 1400 TBq pet year (iiae Brown et al.

1983a, Plumb 1984). The global inventory of natural 1JC is about

107 TBq, of which about 98% resides in the oceans (Scheele and Burger 1982,

Stasko and Vivian 1982, Brown et al. 1983a, Lassey et al. 1988). Other

sources of 1 4C in CANDU reactors are discussed in Section 3.3.

The stable isotopes 12C and 1 3C are also present as both impurities and

activation products in UO2 and Zircaloy (Tait et al. 1989). The resulting

isotopic dilution factor at source is about 500 to 1000. Further isotopic

dilution in off-gas streams can be expected, unless either an unreactive

gas purge is used or CO2 is eliminated at the process air intake. The mas:

of carbon to be isolated at one reprocessing plant, assuming that immobili-

zation is necessary and isotopic separation is not viable, could therefore

be as much as several hundred kilograms per year.

Leudet (1982) found that 1 4C is released almost entirely as C02 when used

UO2 fuel is dissolved. Carbon monoxide accounted for \~2% of the i 4C, and

no active hydrocarbons were detected. Tlie average 14C inventory for five

fuel pins, adjusted to a burnup of 33 GW»d/t U C?850 GJ/kg U) was

9.0 GBq/t U. This represents only about 0.1% of the total carbon oxides

released, which amounted to about 80 L (STP)3 per tonne of U. This is

3Gas volume reduced to standard temperature (0°C) and pressure (101.3 kPa).
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consistent with the isotopic dilution estimated above, and the inventory,

adjusted for burnup,4 is about one sixth of the calculated upper limit for

reference CANDL fuel, discussed above.

3.3 OTHER SOURCES OF 3H AND 1 4C IN CANDU REACTORS

The fuel inventory represents a small fraction of the total reactor inven-

tory for both 3H and 14C in CANDU reactors (Holtslander et al. 1979; Maan

et al. 1980; Rabat 1979; Stasko and Vivian 1982). Holtslander et al.

(1979) estimated steady-state 3H concentrations of 1.5 TBq/kg in the moder-

ator and 0.07 TBq/kg in the primary coolant of a Pickering-type reactor,

allowing for operating losses and replenishment of heavy water. Some 3H

presumably enters the cladding from the coolant, but this is probably

< U of the fuel inventory (Taylor 1990c).

The most important source of 1 4C in CANDU reactors is 1 70 in the moderator

(Rabat 1979, Stasko and Vivian 1982). Formerly, N2 annulus gas in

Pickering "A" reactors was a comparable source to the jr.oderatcr, but all

Canadian reactors now use C02 annulus gas. The distribution of 1 4C, ari-

sing from N ?, on the outer surfaces of Pickering "A" pressure tubes is

discussed by Greening (1989). Fuel accounts for about one thirtieth of the

total 14C produced in current CANDU reactors.

Clearly, effective overall control of 3H and 1 4C involves reactor systems

as well as fuel reprocessing plants. Much of the current technology for

controlling these isotopes has been developed for reactor applications.

The main purpose of present efforts to extract 3H from D20 in CANDU reactor

systems is the reduction of both occupational exposure and emission to the

environment; the commercial value of H is also important. Some of the

methods developed for management of 3H and 1 4C in reactors may be adaptable

to fuel reprocessing plant applications, as discussed in the following

sections. Detailed assessment of overall management strategies for H and

14 C is beyond the scope of this report.

4 Assuming that burnup is proportional to integrated neutron flux for the
different reactor types
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4. SEPARATION AND IMMOBILIZATION METHODS

4.1 SEPARATION OF TRITIUM

Abatement technology for 3H-contaminated air has been used for many • rs

at facilities handling large quantities of 3H (Lamberger and Gibbs 1979,

Gildea et al. 1979). This technology uses catalytic oxidation to convert

tritiated hydrogen and organics to water, which is then trapped on molecu-

lar sieves (Sherwood 1976). This method could probably be adapted for fuel

reprocessing off-gas cleaning if the 3H is first mobilized by voloxidation

(Bruggeman et al. 1980). Indeed, similar processes have been developed for

oxygen and water removal as part of the pretreatment of off-gases before
85Kr recovery (Taylor 1990b and references therein). Bruggeman et al.

(1980) report a decontamination factor (DF) of 1000 for once-through oxida-

tion and adsorption of HT. Wetproofed catalysts developed at Chalk River

Laboratories seem well suited for the oxidation stage (Chuang et al. 1985,

Seddon et al. 1984).

In the absence of voloxidation or a similar preliminary stage in a fuel

reprocessing plant, 3H must be recovered mainly from aqueous solutions,

principally the dissolver acid. McKay (1979) discusses methods to avoid

unnecessary dilution and dispersion of 3H in reprocessing plants, and to

enrich it in aqueous process streams before immobilization. By segregating

and reprocessing dissolver solutions and scrubbing 3H from the organic

phase with a separate aqueous wash, McKay (1979) estimated that tritiated

waste solution volumes as low as 0.2 m3/t U could be achieved. Henrich et

al. (1980, 1981) were somewhat less optimistic; they estimated that over

99% of the 3H could be concentrated in 0.5 or 1.0-1.5 m3 cf waste solution

per tonne of U, depending on the specific process adopted. Herrich and

Ebert (1985) suggested more recently that 2 m3/t U was realistic. They em-

phasized that, whereas individual process steps for 3H confinement and

reprocessing have been investigated, the practical limits for the overall

process are unknown and difficult to evaluate for existing plants. In

present fuel reprocessing plants, with no efforts to segregate 3H, aqueous

tritiated effluents amount to about 100 m3 per tonne of heavy metal (IAEA

1984).

Once concentrated in a reasonably small volume, 3H can be enriched in a

variety of ways, e.g., water distillation, hydrogen distillation, electro-

lysis and H2/H2O exchange, or some combination of these processes (IAEA
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1984). Before enrichment, chemical purification of the water, to remove

nitric acid and various contaminants, will presumably be necessary.

Bruggeman et al. (1980, 1985) have described a 3H enrichment process for

fuel reprocessing waste solutions, based on a combination of electrolysis

of water and hydrogen/water exchange on a hydrophobic catalyst. They re-

ported 6000 h of trouble-free bench-scale operation, with a total of 1 m3

of water treated, decontamination factors greater than 100 and volume re-

duction factors (VRF) of 10 to 15. They expected that much higher VRFs

were achievable with a modified design and reported construction of a pilot

plant with a capacity of 0.12 m3/d (Bruggeman et al. 1985).

Sienkiewicz and Lentz (1988) have described a pilot plant, based on similar

principles and employing a catalyst developed at AECL, which has been built

at the U.S. Mound facility to treat tritiated aqueous wastes. Principles

of this process have been discussed by Spagnolo et al. (1988). A plant to

recover 3H from CANDU moderator has been built at Chalk River (Harrison

1980, Holtslander et al. 1988). This plant is based on a combination of

liquid-phase exchange using a wetproofed catalyst and distillation of hy-

drogen. This process was originally developed for deuterium enrichment

from natural water (Enright and Chuang 1978, Butler et al. 1978, Hammerli

et al. 1978, Seddon et al. 1984). Other related processes are described by

Rogers et al. (1978) and references cited by Holtslander and Tsyplenkov

(1984). A plant employing vapour phase catalytic exchange, followed by

cryogenic distillation of hydrogen, is operated by Ontario Hydro at

Darlington, ON. This plant produces high-grade 3H (99.8% purity) from

heavy water used in CANDU reactors. Initial operating exerience with this

plant has beer, described by Davidson et al. (1988). A smaller plant, based

on similar principles, has operated satisfactorily since 1972 at the Insti-

tute Laue-Laugevin in Grenoble, France (Pautrot and Damiani 1978, Pautrot

1988). It is used to extract 3H from the moderator of a high-flux, heavy-

water research reactor. Several other articles dealing with H extraction,

mainly for fusion applications, are given in CNS (1988).

McKay (1979) indicated that the final volumes of 3H-enriched water, arising

from a fuel reprocessing plant and requiring immobilization, could be as

low as 1 L/d. Further enrichment may not be desirable, since radiolytic

evolution of hydrogen can become problematic at high H concentrations.

McKay (1979) judged that such radiolysis is unimportant below 0.01% enrich-

ment (i.e., 3H/(1H + 2H) < 10"4), whereas he expected that only a few waste

forms (e.g., hydrogenated polystyrene and hydroxylapatite, see Section 4.2)

could tolerate enrichment as high as IX. Techniques for handling and moni-

toring concentrated 3H have been reviewed by Holtslander (1985).
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In conclusion, there is limited experience with 3H extraction processes

designed specifically for fuel reprocessing waste treatment (Bruggeman et

al. 1980, 1985). However, there is a large and growing body of experience

in recovery of 3H from moderator and other aqueous systems. Technology

developed for this purpose should be adaptable to fuel reprocessing re-

quirements, based on the experience of Bruggeman et al. (1980, 1985), al-

though the initial 3H concentrations will be extremely low, probably a few

parts per billion by weight.

4.2 IMMOBILIZATION OF TRITIUM

If a need to control releases of 3H to the environment from a fuel repro-

cessing plant is demonstrated, then waste forms would probably be required

immobilize 3H for about 100-200 years. Muc

may be required for the much longer-lived 14C.

to immobilize 3H for about 100-200 years. Much longer immobilization times

Possible waste forms for 3H were reviewed by McKay (1979), who identified

four main classes of candidate waste forms, namely inorganic hydrates and

desiccants, metal hydrides, organic polymers, and cement. This section

summarizes McKay's findings and more recent developments.

4 2.1 Inorganic. Hydrates and Desiccants

A hydrate waste form for 3H should have a low equilibrium water-vapour

pressure [p(H2O)] and a low rate of
 3H exchange with water, as well as low

solubility, and it should be non-hygroscopic (McKay 1979). High water

content is desirable, but usually conflicts with at least one of these

requirements. High thermal and radiolytic stability are also important,

and low cost is desirable. McKay (1979) identified hydroxylapatite

[3Ca3(P04)2
#Ca(OH)2, more commonly called hydroxyapatite] and hydrated

calcium phosphate [3Ca3(PO<i )2#2H2O] as strong candidates, mainly because of

their high decomposition temperatures (900°C and 800cC respectively).

McKay (1979) suggested they might be formed by a vapour/solid reaction; he

did not favour wet processes, because they would require extensive repro-

cessing of process solutions to achieve quantitative H immobilization. He

noted the need for a more comprehensive survey of candidate inorganic hy-

drates, and especially the need for process development and product

testing.

Following McKay's 1979 report, Bridger and De Freitas (1981) investigated

the preparation and properties of calcium phosphates. They eliminated
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CaHPO, as a possible 3H waste form because of its poor thermal stability

and high 3H exchange rate vnth water. Synthetic hydroxyapatite was some-

what more resistant to 3H exchange, although exchange was measurable at

50°C. Also, the thermal stability of hydroxyapatite was poorer than ex-

pected, with decomposition commencing at 400°C. Most important, hydroxy-

apatite was not amenable to a simple engineering-scale process for 3H in-

corporation. Problems arose from handling finely divided powders, as well

as the '. :>w H capacity of the product and the general complexity of the

calcium phosphate system, which is summarized well by McConnell (1973). It

was also difficult to assure that the product was pure- and free of loosely

bound water. In conclusion, Bridger and De Freitas (1981) strongly fa-

voured zirconium hydrides over calcium phosphates as candidate waste forms

(see Section 4.2.2). It should be noted, however, that hydroxyapatite

ceramics are currently of interest for biomedical applications (Honda et

al. 1990), and it is conceivable that such materials might be adaptable in

the future for 3H immobilization.

McKay (1979) considered several desiccants and ruled out both silica gel

and alumina because of their high p(H20) at moderate loadings. Zeolites

are more promising, because they have much flatter, lower-lying water ab-

sorption isotherms. For example, p(H2<5) = 50 Fa for Zeolite A containing

17 vt.% of water at 25°C (McKay 1979). Again, McKay (1979) recommended a

more comprehensive survey of candidate zeolites, both natural and synthet-

ic. He dismissed clays as candidate waste forms, but recognized their

possible use as barrier materials to help isolate the waste form, much like

the buffer envisaged for high-level waste in the Canadian Nuclear Fuel

Waste Management Program (Oscarson and Cheung 1983).

4.2.2 Metal Hydrides

Metal hydrides vary widely in their thermal, oxidative and hydrolytic sta-

bility, but some are sufficiently stable to be promising candidate waste

forms for 3H. These include titanium and zirconium hydrides, and possibly

also yttrium and rare-earth hydrides (Bowman et al. 1976; McKay 1979;

Ebeling 1985; Holtslander and Yaraskavitch 1981a, 1981b; Holtslander and

Miller 1982; Miller and Bokwa 1985; Bridger and De Freitas 1981). Various

titanium and zirconium hydride compositions (up to MH2) have been investi-

gated as possible 3H waste forms. Vanadium hydride has attracted attention

as a possible reagent for hydrogen isotope exchange, but is too unstable to

be used as a 3H waste form (Hill et al. 1979).
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Phase relationships, including decomposition pressures, for the Zr-H system

are summarized by Bridger and De Freitas (1981), after Beck and Mueller

(1968). A corresponding Ti-H phase diagram compiled by San-Martin and

Manchester (1987) shows that decomposition pressures are typically two to

three orders of magnitude higher for titanium hydrides than 2irconium hy-

drides at given composition and temperature, but are still very low near

ambient temperature. Expressed another way, equilibrium thermal decomposi-

tion temperatures are typically about 200°C lower for titanium hvdrides

than corresponding zirconium hydrides.

Production of a metal hydride waste form would probably involve a gaseous

hydrogen feed reacting with the metal at elevated temperature (ca.

600°C for Zr rod) and atmospheric pressure or lower. Holtslander and

Yaraskavitch (1981a, 1981b) emphasized the need to clean the metal surface,

e.g., by vacuum annealing at about 1000°C, to achieve fast reaction with

hydrogen. It is also important that the hydrogen gas be pure. Erratic

hydriding kinetics reported for zirconium rod by Bridger and De Freitas

(1981) may be related to these factors or to microstructural differences

between different rod specimens. Mechanical integrity, as well as chemical

stability, is an important consideration, because of the radiological haz-

ard presented by tritiated dusts. Bridger and De Freitas (1981) found that

hydriding at 800°C gave products with better integrity than at 400 or

600°C.

Titanium and zirconium hydrides have been investigated as materials for

immobilization of 3H recovered from CANDU moderator and coolant

(Holtslander et al. 1979; Holtslander and Yaraskavitch 1981a, 1981b;

Holtslander and Miller 1982; Miller 1982; Miller and Bokwa 1985). Titanium

hydride vas selected because of its ease of preparation, thermal stability

and good leaching properties (see below), although there appears to be

little difference in performance between titanium and zirconium hydrides

(McKay 1979 and references therein, Miller 1982). The somewhat lower ther-

mal stability of titanium than zirconium hydrides should facilitate recov-

ery of 3H for commercial applications. However, this is probably not a

consideration for the small quantities of low-grade 3H likely to be recov-

ered from a fuel reprocessing plant.

McKay (1979) summarized leaching data for small specimens of tritiated

titanium and zirconium hydrides, obtained by P. Colombo and M. Steinberg at

Battelle Pacific Northwest Laboratory in 1974-77. Fractional release rates

from 10'6 to 10"4 d"1 were reported, with rod performing better than high-
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surface-area sponge material, as expected. Miller (1982) presented both

static and dynamic leaching data for a variety of zirconium and titanium

hydride compositions in both rod and sponge form. Leaching solutions were

deionized water, "salt brine", and 0.03 mol*!/1 solutions of NaCl, CaCl2

and NaHC03. Leaching times extended to 778 d. Cumulative fractional re-

leases over this period ranged from 6.5 x 10"7 to 5.1 x 10"", the lowest

releases being obtained with static leaching of rod specimens. Variation

of the solution composition had minimal effect on leaching behaviour.

Release appeared to be diffusion-controlled, although this was not es-

tablished with certainty. Miller (1982) concluded that both zirconium and

titanium hydrides immobilize 3H more effectively than zeolites and cements.

Bridger and De Freitas (1981) also found that zirconium hydrides are resis-

tant to air oxidation. In thermogravimetric experiments, measurable oxida-

tion of both Zr and ZrH2 commenced at about 400°C. On the basis of quali-

tative comparisons of oxidation behaviour up to 800°C, Holtslander and

Yaraskavitch (1981) concluded that titanium hydride is less reactive than

zirconium hydride with air.

In a later study of titanium tritides with high specific activity, Miller

and Bokwa (1985) reported cumulative fractional releases of 3H in water of

1.7 x 10"5 over 100 d at 25°C. Release occurred almost exclusively as

water, with hydrogen gas usually amounting to 0.1-1.0% of the total.

Again, the authors concluded that titanium hydride is an effective long-

term storage medium for 3H.

As noted in Section 3.1, roughly half of the 3H in used CANDU fuel is ex-

pected to reside in the Zircaloy components. This raises the possibility

of developing a process to immobilize the remainder of the 3H in the hulls

as well. McKay (1979), however, did not favour this approach, because the

hulls are contaminated with several other radionuclides (Taylor 1990c), and

their irregular shape and the presence of fines may cause processing dif-

ficulties.

4.2.3 Organic Polymers

McKay (1979) reviewed preliminary reports on a variety of polymers that had

been investigated as candidate 3H waste forms. Most showed very low leach-

ing losses after a rapid initial release of 2 to 5% of the 3H inventory,

but most tests were limited to a few weeks. Overall, McKay (1979) did not

favour polymer waste forms, because of their limited thermal and radiolytic

stability and because he envisaged technical difficulties in achieving
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high-yield immobilization processes. Such problems appear to be least

severe with hydrogenated polystyrene. There has been little recent inter-

est in organic polymers as 3H waste forms, and they seem unlikely to be

preferable to metal hydrides, on grounds of either stability or process

simplicity. Recently, Penzhorn et al. (1986) investigated a modified poly-

styrene (DOU binder 101) as a matrix for incorporating tritiated water. In

this case, the 3H is physically bound as water within the polymer and is

not a pan of the molecular structure of the polymer itself.

4.2.U Cement

McKay (1979) reviewed several investigations of 3H immobilization in ce-

ment. He concluded that it is an unattractive waste form so far as long-

term leaching properties are concerned, although it may be an appropriate

medium to immobilize 3H temporarily for transportation to a disposal loca-

tion.

Much of the 3H bound in cements can be leached in a matter of weeks to

months (McKay 1979, IAEA 1984). McKay (1979) emphasized the need to dis-

tinguish between evaporable and non-evaporable (chemically bound) fractions

of water in any assessment of cement waste forms; a method to reprocess the

former fraction is desirable. It has not been established whether the more

strongly bound portion of water is resistant to leaching via isotopic

exchange.

According to McKay (1979), significant improvements in cement performance

were only achieved by encasing the cement in impermeable materials such as

polyethylene or asphalt, or multiple physical barriers of different materi-

als. In such cases, the cement itself contributed little to the overall

waste-package performance. The effectiveness of polymer impregnation in

limiting 3H leaching from cements is apparently not established, with dif-

ferent reports giving conflicting results (McKay 1979). Mannone (1987)

recently reviewed the use of cements to immobilize 3H and reiterated the

need for impervious physical barriers (e.g., high-density polyethylene drum

liners) to compensate for the leachability of cements.

Because 3H has a relatively short half-life, immobilization of tritiated

wastes is only likely to be required for a few hundred years at most. It

may theref&re be acceptable to rely on the performance of the container,

rather than the waste form, to achieve isolation from the environment.

Much of the recent work (since 1980) on 3H immobilization appears to be
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based on this approach. For example, since 1983, Ontario Hydro has been

conducting research into the management of tritiated waste expected to

arise at the tritium recovery facility at Darlington. The findings support

the conclusion that the container is the primary barrier and immobilization

in a waste form such as cement serves mostly to prevent dispersion of the

waste (Krochmalnek et al. 1988). The assessment of candidate container

materials for this purpose is outside the scope of this report. So far as

waste-form performance per ££ is concerned, cements appear to be markedly

inferior to titanium and zirconium hydrides.

4.2.5 Other 3H Waste Forms

Nelson and Whitmell (1980) have proposed an ion-implantation process for

storing 3H in a thin layer of AI2O3 on a Fe-Cr-Al alloy substrate. The

experimental product showed good thermal stability, with half of the im-

planted hydrogen being released at 550°C when heated at 80°C/min, and the

remainder at still higher temperatures. No further development of this

process appears to have been reported.

4.3 SEPARATION OF CARBON-14

As noted in Section 3.2, 1 4C is present mainly as C0 2, with some CO, in

fuel reprocessing dissolver off-gases (Leudet 1982, Schiittelkopf 1977).

Sparging of dissolver solutions to remove 1 2 9I (Holladay 1979, Taylor

1990a) will presumably also transfer carbon oxides quantitatively to the

off-gas stream if they are not previously recovered by voloxidation or a

similar dry process. Therefore, no special measures are likely to be

needed to ensure transfer of 1 4C to the off-gas stream(s).

Being weakly acidic, CO2 can be removed from gas streams by strongly basic

media. Hebel et al. (1987), citing Bush et al. (1984), identified three

processes based on this principle. The double-alkali process uses NaOH

solution to absorb C0 2, then Ca(0H)2 to precipitate it as CaC03 (Braun et

al. 1980, 1983). In the direct process, C02 is converted directly to CaC03

or BaC03 by reaction with a slurry of Ca(0H)2 or Ba(0H)2»8H2O (Holladay and

Haag 1979, Notz et al. 1980, Bush et al. 1984 and references therein). The

third process, developed at the U.S. Oak Ridge National Laboratory, uses

solid Ba(OH)2»8H2O to trap C02 (Haag 1981, 1983. Haag et al. 1983, 1986).

A fourth process, developed by Ontario Hydro to remove 1 4C0 2 from gas

streams in CANDU reactors, uses solid Ca(0H)2 at ambient temperature. The

key to this process is the maintenance of high relative humidity



Cheh et al. 1982, Chew et al. 1983, Cheh 1985) because at lower humidities

Ca(OH)> is ineffective for low-temperature CO2 removal (Bush et al. 1984).

The Ba(OH)2*8H2O process also requires careful control of humidity to avoid

dehydration of the reagent. Humidity control has been achieved on a pilot-

plant scale by controlled injection of steam into the process air (Haag er

al. 1986).

Other than possible difficulties with humidity control in the latter two

processes, these four approaches all appear to be effective for 14C02

abatement, with the most efficient decontamination being reported for the

processes using barium hydroxide (Notz et al. 1980). Haag et al. (1986)

reported that the Ba(OH)2*8H2O process could reduce CO2 concentrations from

ambient levels (330 fiL/L) to levels below 100 nL/L (DF > 3000); they docu-

mented 2100 h of pilot-plant operating experience with this process.

If necessary, traces of carbon monoxide and volatile hydrocarbons can be

catalytically oxidized to C02 prior to absorption of the CO2. Both cupric

oxide and alumina-supported palladium catalysts have been demonstrated to

be effective (Rabat 1979, Cheh 1985). Note that, although initial off-gas

concentrations of CO and CH4 are expected to be low, these gases could

occur as by-products in other off-gas treatment stages (such as oxygen

removal by hydrogen reduction) that may be performed before cryogenic sepa-

ration of krypton (Bush et al. 1984, Hutter et al. 1987, IAEA 1980, Taylor

1990b).

Caustic scrubbers in place to remove 1 2 9I and nitrogen oxides from off-gas

streams would also remove C02. Such scrubbers are currently in use at fuel

reprocessing plants in several countries. This may introduce further sepa-

ration problems, e.g., coprecipitation of iodate with carbonate in CaC03 or

BaC03 (Bush et al. 1984). Clearly, much care is needed in the design and

operation of an integrated facility to recover all four principal volatile

radionuclides from fuel reprocessing waste-streams.

Physical methods, such as fluorocarbon absorption or retention on molecular

sieves, have also been investigated for possible use in recovery of 14C02

from fuel reprocessing off-gases (SLephenson anil Kby 1977, Kanak 1980,

Hirsch et al. 1983, Bush et al. 1984, Evans et al. 1980). Bush et al.

(1984) estimated that preconcentration on a molecular sieve would be three

times as expensive as the double-alkali process. Unless special difficul-

ties (such as coprecipitation of iodine) arise with one of the alkaline

processes, physical preconcentration of 14C02 does not appear to be justi-

fied. Nonetheless, this approach was adopted by Braun et al. (1980, 1983).
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4.4 IMMOBILIZATION OF CARBON-14

Bush et al. (1984) have reviewed all aspects of 1 4C waste management, in-

cluding waste-form selection. Scheele and Burger (1982) surveyed solubili-

ty and stability data for various inorganic carbonates, and presented

leaching data for several carbonate/cement'waste forms. They also briefly

reviewed 14C capture technology, transportation considerations and disposal

options. Taylor (1987) reviewed in more detail some of the stability and

solubility considerations in 14C waste-form selection.

Scheele and Burger (1982) did not evaluate in detail any waste forms other

than carbonates. They stated that polymers, graphite and amorphous carbon

are costly and difficult to prepare quantitatively from CO2, and they are

also combustible. Polymers are also susceptible to radiation damage.

Diamonds and metal carbides are likewise difficult to prepare. Bush et al.

(1984) tentatively concluded that elemental carbon as a 1 4C waste form

shonld have low priority unless metal carbonates are proved unsatisfactory.

However, they did briefly review some suggested methods to immobilize liC

in reduced form.

Scheele and Burger (1982) concluded that the alkaline-earth carbonates,

MCO3 (M = Ca, Sr, Ba) are promising waste forms for 1 4C, based on consid-

erations of solubility, stability and rost. This is convenient, since

these compounds are also the products of the most promising separation

processes (Section 4.3). Of the three, BaC03 has the disadvantage of being

especially susceptible to displacement of carbonate by sulfate (Scheele and

Burger 1982, Taylor 1987).

It is likely that an MCO3 waste form would be contained in a cement, bitu-

men or plastic matrix (Rebel et al. 1987, Scheele and Burger 1982, Kalinin

et al. 1990). The long-term stability of an organic matrix is question-

able, and most development work has involved cement. Scheele and Burger

(1982) reported leaching data for cement composites of CaC03, SrCOs,

BaC03, PbCXh, and K2CO3. Lead carbonate was included because of its low

solubility, but it is susceptible to hydrolysis (see below); it also formed

soft, crumbly concretes. Potassium carbonate was included to provide com-

parison between soluble and Insoluble carbonates.

Differences in leaching behaviour between these cemented waste forms were

relatively small, but CaC03 appeared to perform best. Kalinin et al.

(1990) reached similar conclusions from their leaching studies of
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MCO3/cement waste forms (M = Ca, Sr, Ba). In all cases, high initial leach

rates were observed; these might be averted in an actual waste form by

enclosing it in an outer layer of inactive concrete. Scheele and Burger

(1982) conducted their leaching tests in open beakers, apparently with no

measures to avoid solution/atmosphere exchange of CO2, so their measured

leach rates may err on the low side. It is not clear whether or not

Kalinin et al. (1990) took precautions in this regard.

Dayal and Klein (1988) and Dayal et al. (1989) have recently reported in-

vestigations of interactions between C02 and cement grout, and leaching

behaviour of the resulting CaC03/cement material. The main purpose of this

work v"<? to evaluate the ability of cement bakfill to retard 14C migration

from a reactor-waste vault. The results demonstrate that the high pH and

Ca activity imposed by the cement (portlandite) suppress 14C release under

static and low-flow conditions.

One possible disadvantage of the MCO3 compounds as waste forms is their

high solubility in low-pH media (Taylor 1987). At a given calcium activi-

ty, the equilibrium total carbonate concentration (CO3" + HCO3

+ "H2CO3") is about 1000 times higher at pH 7 than at pH 10. The alkalini-

ty and high Ca content of Portland cement help to minimize this problem and

make cement an appropriate medium for immobilizing these carbonates (Dayal

et al. 1989). Nonetheless, a case can be made for seeking carbonates that

are less soluble than MCO3 in near-neutral media; this was the purpose of

the review by Taylor (1987), who identified four additional candidate

phases for 14C immobilization: bismutite, (Bi0)2C03; rhodochrosite, MnC03;

hydrocerussite, Pb3(OH)2(CO3)2; and bastnaesite, (Ce,La)(C03)F.

Bismutite appears to have the lowest solubility in neutral waters of all

the candidate waste forms. However, data for aqueous bismuth carbonate

complexes, which may increase the solubility, are lacking; bismuth is also

relatively scarce (Taylor 1990a). Rhodochrosite and hydrocerussite appear

to be marginally less soluble than CaCXh, but the former phase is sensitive

to both oxidation and hydrolysis (Taylor 1990a). Bastnaesite is a common

mineral, suggesting it may be a suitable waste form for 14C, but solubility

data are lacking. Toxicity of the metal is another consideration in the

selection of these somewhat exotic waste forms; this concern is probably

greatest for lead and least for bismuth.

Further experiments are clearly required to compare these phases directly

with CaC03 and, if justified, to develop methods for their production from



- 17 -

either C02 or MCO3. Radiation stability and the possible loss of 14C by

isotopic exchange with natural aqueous carbonate also need to bt investi-

gated. Isotopic exchange with carbonate minerals, however, may be an im-

portant mechanism to retard migration of dissolved C in groundwaters.

5. CONCLUSIONS

The need to recover and immobilize 3H and/or 14C arising from a possible

future CANDU fuel reprocessing plant appears to be marginal. Other reactor

systems, particularly the moderator, are more significant sources than the

fuel for both these isotopes and must therefore be included in any overall

management strategy. It is likely that technologies developed for recovery

of 3H and 14C from reactor process streams could be adapted, if required,

for abatement of these radionuclides in reprocessing plant effluents, al-

though concentrations in the latter case are very low. Neither radionu-

clide is recovered in any reprocessing plants operating at present; if and

vhen needed, the following methods for immobilization are available.

Once 3H is concentrated and recovered, there are two possible approaches to

its immobilization. It may be incorporated in a readily made but leachable

material such as cement, then retained in an impervious, durable container

whose integrity is guaranteed for the 100+ years required for Isolation

from the environment. Alternatively, it may be incorporated in a more

leach-resistant material that is itself the primary barrier to release.

The most promising materials of this kind so far identified are titanium

and zirconium hydrides.

Several processes exist for the recovery of liC as CaC03 or BaC03, which

may then be combined with portland cement to give a waste form suitable for

disposal. Unlike cement waste forms for 3H the cement plays an active role

in limiting the solubility of the 14C waste form. Here, the alkalinity and

Ca content of the cement serve to suppress the solubility of CaCCh. If

such a waste form proves inadequate, several other candidate waste forms

have been identified for possible development. These include several

stable, insoluble inorganic carbonates and possibly also reduced forms of

carbon. However, adoption of any of these materials would be contingent on

successful process development and product characterization.
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