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RESUME

Dans le present rapport, on etudie la bibliographic sur les methodes de separation et d'immobilisation du
krypton 85 provenant de la dissolution ou du traitement anterieur du combustible nudeaire d'une installation
de relraitement. On l'a redige dans le cadre d'un examen plus general des methodes de gestion des dechets de
retraitement du combustible dont on pourrait tirer des applications futures au Canada. La distillation cryoge-
nique est la methode la plus completement demontree de separation du krypton des effluents gazeux mais est
complexe. Elle demande, en particulier, le traitement prealable de l'ecoulemenl gazeux pour elirumer plusieurs
autres elements avant la distillation finale. L'autre procede possible le plus mis au point est l'ubsorption du
fluocarbone, bien qu'on ait etudie plusieurs autres procedes a l'echelle du bane d'essais.

La methode la plus simple de stockage du krypton radioactif est le stockage en bouteilles de gaz comprime mais,
avec celle-ct, les risques de liberation accidentelle sont plus grands en raison de la nature corrosive du produit
de filiation (descendant radioactif), le rubidium. L'enrobage par matrice metallique ou par zeolite vitrihe
hydrothermiquement semble permeilre ]'immobilisation la plus sure du krypton. On a demontre passivement, a
une echelle voisine de celle du traitement des effluents gazeux d'une installaiion de retraitement du combustible
a 1 'echelle industrielle, des procedes pour les deux types de matiere. Les faibles temperatures et pressions de
travail du procede d'enrobage par metal sont un avantage certain par rapport a celles du procede d'enrobage par
zeolites mais I'alimentalion electrique necessaire avec le premier procede est relativement elevee.

II semble qu'i' ?jciste uni' technique convenable de separation et d'immobilisation du krypton radioactif si le
besoin s'en fait sentir dans I'avenir au Canada.
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A SURVEY OF METHODS FOR SEPARATING AND IMMOBILIZING

KRYPTON-85 ARISING FROM A NUCLEAR FUEL REPROCESSING PLANT

by

Peter Taylor

ABSTRACT

This report reviews the literature on methods to separate and immobilize
k.rypton-85 arising from dissolution or prior treatment of nuclear fuel in a
reprocessing plant. It was prepared as part of a broader review of fuel
reprocessing waste management methods that might find future applications
in Canada. Cryogenic distillation is the most fully demonstrated method of
separation of krypton from off-gases, but it is complex. In particular, it
requires pretreatment of the gas stream to eliminate several other compo-
nents before the final distillation. The most highly developed alternative
process is fluorocarbon absorption, while several other processes have been
investigated on a bench scale.

The simplest method of storing radioactive krypton is in compressed-gas
cylinders, but the risks of accidental release are increased by the corro-
sive nature of the decay product, rubidium. Encapsulation in either a
metal matrix or a hydrothermally vitrified zeolite appears to offer the
most secure immobilization of krypton. Processes for both types of mate-
rial have been demonstrated inactively on a scale approaching that required
for treatment of off-gases from a commercial-scale fuel reprocessing plant.
Low-operating temperatures and pressures of the metal encapsulation pro-
cess, compared with encapsulation in zeolites, represent a definite advan-
tage, but electrical power requirements for the former process are
relatively high.

It appears that suitable technology is available for separation and
immobilization of radioactive krypton, should the need arise in Canada in
the future.
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1. INTRODUCTION

If used CANDlf* nuclear fuel is ever reprocessed on a commercial scale in
Canada, the reprocessing would most likely involve a derivative of the
Purex process, in which the fuel is dissolved in acid and fissile elements
are recovered by solvent extraction. Many of the wastes from such a
process — fission or transmutation products and process chemicals — can
be concentrated in a liquid waste stream and incorporated into a single
glass or other refractory waste form (Lutze and Ewing 1988; Tait, in
preparation). Some volatile radionuclides, however, tend to concentrate in
off-gas streams and are not readily incorporated into the principal high-
level waste form; their immobilization therefore requires separate
attention.

The most important radionuclides in fuel reprocessing off-gases are
tritium, carbon-14, krypton-85 and iodine-129. A number of "semivolatile"
radionuclides, notably ruthenium-106, can also present difficulties in the
evaporation and solidification of high-level waste streams. Management of
these radionuclides, however, calls for stringent process control rather
than a separate immobilization strategy (Christian 1976, IAEA 1982, Klein
et al. 1980).

The management of volatile radionuclides in a fuel reprocessing plant is
simplified if they can be separated and concentrated in a single off-gas
stream near the head end of the reprocessing plant, e.g., in the dissolver
off-gas or in a stream from a pre-dissolution process such as voloxidation
(Goode 1973, Stone and Johnson 1979, Taylor 1990). The purpose of
voloxidation and related processes is to remove volatile radionuclides from
the fuel before dissolution, either by air oxidation (to U3O8), successive
oxidation and reduction, or some other outgassing procedure. In principle,
this would concentrate these troublesome radionuclides in a single gas
stream. In practice, however, only tritium is removed quantitatively, and
the disruption of the fuel by oxidation, etc., is only sufficient to remove
a fraction of the other volatile radionuclides (Goode 1973, Stone and
Johnson 1979).

It is common for the four main volatile radionuclides to be reviewed
collectively (e.g., Bryant 1981; Evans et al. 1980; Prout et al. 1981;
Brown et al. 1983; Plumb 1984; Bruecher 1982, 1986; OECD 1980; McKay 1980).
However, tritium, carbon, krypton and iodine have diverse chemistry, so
each requires a different immobilization strategy. Options for handling
iodine-129 arising from possible future nuclear fuel reprocessing
activities in Canada have been reviewed elsewhere (Taylor 1990), and a
separate review of management options for tritium and carbon-14 is in
preparation (Taylor, in preparation). This report briefly surveys the
literature on methods for the collection and immobilization of krypton-85.
Previous detailed reviews of this topic include IAEA (1980), Leudet et al.
(1983) and tfhitmell et al. (1987). A recent review by Koehling and Langer
(1986) focuses on disposal options.

CANDU (CANada Deuterium Uranium) is a registered trademark of AECL.
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2. BACKGROUND INFORMATION

2.1 NOBLE-GAS INVENTORIES IN USED FUEL

Freshly discharged CANDU UO2 fuel contains among its fission products seven
isotopes each of krypton and xenon, plus some metastable radionuclides
(Tait et al. 1989). Nearly all of these isotopes are either stable or
short-lived. The active xenon isotopes all decay to negligible levels
within five years of discharge. There are only two longer-lived krypton
radioisotopes. Krypton-81 has a long half-life, 210 000 years, but its
abundance as a fission product is very low, 4.26 Bq/kg U in reference Bruce
"A" fuel with a burnup of 685 GJ/kg U (Tait et al. 1989). Krypton-85 has a
shorter half-life, 10.7 years, and is much more abundant in used fuel; ten-
year-cooled reference Bruce "A" fuel contains 45.5 GBq or 3.13 mg/kg U
(Tait et al. 1989).

Other noble gases in used fuel include small quantities of helium from
alpha decay and traces of neon and argon isotopes from activation of impu-
rities. The calculated inventory of argon-39 (269-year half-life) is
104 Bq/kg U, less than one-millionth of the 85Kr level (Tait et al. 1989).
The remaining noble-gas isotopes are either stable or present in trivial
quantities. Therefore, the only noble-gas isotope of concern from a waste
management viewpoint is 85Kr.

Based on the calculations by Tait et al. (1989), ten-year-cooled reference
used CANDU fuel contains a total krypton and xenon inventory of
10.7 mmol/kg U. This corresponds to a gas volume of 262 mL/kg U at 25°C
and standard atmospheric pressure (101.3 kPa). Total krypton accounts for
8.72 and 85Kr, 0.34% of this volume. Separation of krypton from the xenon
is technically feasible, as discussed below. However, isotopic fraction-
ation of the krypton is extremely unlikely to be economically achievable;
the possibility of enriching 85Kr by a thermal diffusion process has been
examined by Lin (1969) and Zieger and Mueller (1982). A large-scale fuel
reprocessing plant, handling 1200 Mg U/a, would thus generate about 27 m3

of krypton gas per year, or 25 m3 measured at standard temperature and
pressure (STP), i.e., 0°C and 101.3 kPa. This would include about
5.5 x 104 TBq (1.5 MCi) of 85Kr, the balance being mainly inactive isotopes
of atomic mass numbers 83, 84 and 86.

2.2 CONSEQUENCE OF RELEASE

Once released, 85Kr is dispersed quite rapidly and uniformly in the atmo-
sphere (Schroder et al. 1971, Farges et al. 1974); Jacob et al. (1987) and
Sanak et al. (1987) discuss details of its global distribution. There are
no significant natural mechanisms (biological, physical or chemical) to
concentrate krypton in the environment. Analytical methods for determining
atmospheric 85Kr levels are reviewed by Budnitz (1973), Jaquish and
Moghissi (1973) and Csongor et al. (1988).

Global release rates and inventories of 85Kr have been reviewed by Rozanski
(1979), Cimbak and Povinec (1985) and Jacob et al. (1987). In 1983, the
mean global atmospheric concentration reached 0.68 Bq/m3 in air at STP,
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corresponding to an inventory of about 2.7 x 106 TBq. Also in 1983, the
global release rate, including estimates for the Soviet Union, reached
2.5 x 105 TBq/a (Jacob et al. 1987). Both the inventory and the release
rate were then increasing at about 3% annually. The natural production
rate, from cosmic-ray bombardment of the atmosphere, is only about 40 GBq/a
(Brown et al. 1983).

Leudet et al. (1983) estimated an effective world population dose of
8 x 10'5 man»Sv/a per TBq of annual release, at equilibrium conditions
(based on a population of 5 x 10 9). A similar estimate, 2 x 10'4 man»Sv/a
per TBq for a world population of 1010 individuals, is cited by Plumb
(1984). Sustained release of 85Kr at the 1983 level would thus result in a
world population dose of about 20 man»Sv/a. The corresponding average
individual dose, 4 nSv/'a, is extremely low compared with typical background
radiation doses of about 2 mSv/a. Unpublished calculations on personnel
working in the krypton-separation industry, cited by Leudet et al. (1983),
indicate that occupational exposure to 85Kr also results in a very low
annual dose, in the nanosievert range at present Kr levels.

Opinions differ as to the need to isolate 85Kr. Thus, Geary (1988) states
that dispersal is almost certainly preferable to disposal, based en the
relatively low inventories and hazards involved. Thomas and Brown (1985)
questioned the need for 8 Kr control, based on the low population dose
commitment and relatively high cost of control. Mellinger (1985) suggested
that the population risks arising from routine release of 8 Kr would not
exceed the occupational risk associated with recovery, immobilization and
storage, and that both risks are very low. In contradiction, Croff (1987)
states that "It is apparently accepted" that krypton will have to be re-
covered, treated to yield an acceptable waste form, and isolated using an
appropriate technology.

An assessment of the need for krypton isolation is beyond the scope of this
report; for present purposes, it is assumed that such a need exists. Re-
cent publications dealing with the health risks of krypton-85 include
Oscarson et al. (1975), De Santis and Longo (1985), Mellinger et al.
(1985), OECD (1980) and WHO (1983).

Because no significant natural mechanisms exist for concentration of
krypton after atmospheric release, effective control of atmospheric levels
of 5Kr requires international agreement on release criteria and adoption
of abatement technologies (IAEA 1980, Leudet et al. 1983). The need for
control is also strongly dependent on the worldwide level of fuel repro-
cessing activity (IAEA 1980, Leudet et al. 1983, Oscarson et al. 1975).
The calculations by Oscarson et al. (1975) indicate a definite need for
krypton emission controls in the event of a major worldwide expansion of
nuclear power production (they assumed an exceedingly ambitious global
growth to 10 000 GW(e) by the year 2020). However, discharge limits spe-
cific to 85Kr have been legislated already in the United States and the
Federal Republic of Germany (Leudet et al. 1983).
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The U.S. discharge limit, applied in 1^83, is 1.85 x 103 TBq/Gtf(e)»a; the
somewhat more stringent German limit corresponds to about 814 TBq/(GW»a)
(Leudet et al. 1983). The 85Kr content of 10-year-cooled reference Bruce
"A" fuel is about 2 x 103 TBq/(GV«a). If Canada enacted a similar limit to
that imposed in Germany, this vould call for quite low overall decontami-
nation factors (<10). However, decontamination factors approaching 10
would be required to follow normal industry practice of limiting emissions
to <1% of regulatory levels.

3. CONCENTRATION AND RECOVERY OF KRYPTON

Any technology for the recovery of krypton from off-gas streams must depend
on physical methods of separation, because of the very limited chemistry of
krypton. The only chemical compounds formed by krypton are the difluoride
and its derivatives, all of which are unstable and highly reactive (Frlec
and Holloway 1976, Holloway 1986, Sakurai and Takahashi 1981, Gillespie and
Schrobilgen 1976).

3.1 CRYOGENIC METHODS

In the air-products industry, cryogenic distillation is a well-proven
technology for the commercial extraction of krypton, xenon and other gases
from the atmosphere. Cryogenic methods have therefore received much
attention in programs to develop technology for recovery of 85Kr from fuel
reprocessing plant off-gases. A variety of actual and conceptual plant
designs are described in IAEA (1980) and Leudet et al. (1983); these sys-
tems typically operate at somewhat elevated pressures (0.3 to 1.4 MPa).

Special requirements and plant conditions need attention in adapting cryo-
genic distillation technology for 8 Kr management. One important consider-
ation is that the process should be optimized for high decontamination
within certain economic limits, rather than economical extraction alone.
In addition, there are specific technical problems associated with 85Kr
abatement. These arise mainly from other components of the off-gas mix-
ture. Therefore, most plant designs include pretreatment stages, discussed
below, to remove troublesome components from the gas stream, and simplify
the gas composition to three principal components (Kr, Xe and N2) prior to
noble-gas separation. Separation can then be effected because of the
marked differences in volatility of these three gases, as reflected in
their boiling points (N2, -196°C; Kr, -153°C; Xe, -108°C).

The following specific problems with recovery of 85Kr from fuel reprocess-
ing off-gases by cryogenic distillation have been identified (IAEA 1980,
Leudet et al. 1983):

(a) Other volatile radionuclides should be removed from the off-gas stream
before the krypton recovery stage. Thus, processes for recovery of 3H and
14C (Taylor, in preparation) and 1 2 9I (Holladay 1979, Taylor 1990) should
precede the krypton isolation process, which vould be the final stage of
off-gas treatment.



(b) The formation of ozone by radiolysis of oxygen by 85Kr, and its subse-
quent accumulation in the liquid phase in rectification columns, is a
safety concern in cryogenic 5Kr-recovery plants (Leudet et al. 1983; Geens
et al. 1985, 1987; and references therein). The accumulation of ozone,
either alone or in combination with traces of hydrocarbons (see (d) below),
represents an explosion hazard, which has been investigated by Weh et al.
(1986) and Ueh (1988). Most Kr recovery plants therefore include oxygen
removal in the pretreatment stage.

The most commonly proposed method for removal of oxygen is by controlled
catalytic reduction with hydrogen (von Ammon et al. 1980). This is per-
formed at the Idaho plant (see Section 3.2) with an alumina-supported
rhodium catalyst (Offutt and Bendixsen 1969). Care is needed to keep hy-
drogen concentrations below combustion limits; this may necessitate recycl-
ing of gas through the oxygen removal process. Excess hydrogen may be
removed, if necessary, by reaction with heated cuprous oxide (Leudet et al.
1983). To avoid the complexity of oxygen removal, it may be desirable to
operate a fuel dissolver under nitrogen or some other unreactive carrier
gas. The possible use of helium in a closed dissolver vessel for this
purpose has been considered by Bohnenstingl et al. (1977), as summarized by
Leudet et al. (1983).

It should be noted that Geens et al. (1985, 1987) have demonstrated the
feasibility of recovering krypton without prior removal of oxygen (see also
Whitmell et al. 1987). Geens et al. (1987) also showed that accumulation
of ozone can be prevented by using radiolysis of the liquid phase to accel-
erate its decay to normal oxygen. The radioactive source they selected for
experimental investigation of ozone removal was thulium-170.

(c) Nitrogen oxides, present eit' er as radiolysis products or as components
of dissolver off-gas, may also react violently with hydrocarbons (see (d),
below) or they may accumulate at certain stages in a krypton separation
plant. For example, Offut and Bendixsen (1969) reported problems with N20
condensation in one operating campaign in which catalyst damage prevented
complete removal of this oxide. Processes for removal of nitrogen oxides
include an alkaline wash (for NO2 only) and catalytic decomposition or
reduction (for all nitrogen oxides). Alternatively, nitrogen oxides may be
removed by hydrogen in the same stage as oxygen removal, as discussed above
(Offut and Bendixsen 1969, von Ammon et al. 1980). However, generation and
subsequent condensation of ammonia is a potential problem with this process
(Leudet et al. 1983). Conversely, the use of ammonia rather than hydrogen
to reduce nitrogen oxides has been investigated by Bruggeman et al. (1979)
and Geens et al. (J985). The role of ammonia in the reduction process
evidently depends strongly on the choice and condition of the catalyst, as
well as the reduction temperature.

(d) Condensable components, especially water, must be removed to avoid
plugging of process lines. Major quantities of water, such as would be
produced by oxygen removal, can be collected by condensation. Removal of
remaining water vapour can be achieved using silica gel or molecular
sieves. The acH-resistance of silica gel makes it a preferred material to
some aluminosilicate molecular sieves for use in the presence of nitrogen
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oxides or entrained nitric acid (Offut and Bendixsen 1969, Leudet et al.
1983), although Hutter et al. (198?) reported accelerated aging of silica
gel in the presence of nitrogen oxides.

Other condensable components of dissolver off-gases, which might cause
plugging of procesr lines, include carbon dioxide and hydrocarbons; the
latter also reprei.. t an explosion hazafd in the presence of ozon? and
nitrogen oxides. Hydrocarbons may originate either as natural trace compo-
nents of process air, or from degradation of organic solutions in the sol-
vent extraction and subsequent stages.

Carbon dioxide can be removed by using an alkaline wash and/or appropriate
molecular sieves. Effective removal of hydrocarbons (including methane)
during the REDUKTION process for oxygen removal has been reported by von
Ammon et al. (1985). Care is needed to minimize levels of methane, because
it tends to concentrate in the cryogenic distillation columns (von Ammon et
al. 1981). However, Offut and Bendixsen (1969) reported extremely low
hydrocarbon levels in process streams at the Idaho plant.

(e) The high ratio of xenon to krypton (about 10:1) is almost the reverse
of the ratio in air. This introduces process problems associated with
xenon crystallization (melting point, -112°C) from nitrogen-rich liquid
mixtures, in which its solubility is low. However, these problems appear
to be surmountable in a variety of ways by appropriate plant design and
operating procedures (Leudet et al. 1983, Hutter et al. 1987).

3.2 PLANT EXPERIENCE

The most advanced development programs for cryogenic methods of krypton
abatement appear to be those in the Federal Republic of Germany (Hutter et
al. 1987) and Belgium (Geens et al. 1987). Pilot plant design and
operation has also been reported in France and Japan (IAEA 1980, Leudet et
al. 1983, Plumb 1984). In addition, a plant for recovery of noble gases
from dissolver off-gases has operated since 1958 at the Chemical Processing
Plant of the Idaho National Engineering Laboratory, Idaho Falls, U.S.A.
(Law and Lamb 1988). However, the purpose of this plant is commercial
production of noble-gas isotopes, rather than environmental protection, so
plant design and operation have not been optimized for krypton abatement.
Experience with this plant has been described by Offutt and Bendixsen
(1969) and in annual operational reports.

Hutter et al. (1987) summarized experience in a 10-year development program
at the inactive three-stage REDUKTION/ADAMO/KRETA facility, located at
Karlsruhe, Germany. This work culminated in a successful three-month con-
tinuous campaign. Particular attention was paid to several of the problems
noted in the preceding section. Oxygen and nitrogen oxides were removed by
catalytic reduction, followed by condensation of the water ("REDUKTION").
Carbon dioxide and remaining traces of water were removed using molecular
sieves and silica gel ("ADAMO"). Krypton was then recovered by cryogenic
distillation ("KRETA"). No problems were encountered either with plugging
or with dangerous accumulations of ozone (introduced to simulate radiolytic
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production) or methane. Krypton decontamination factors in excess of 10
have been reported in inactive operation of this system (von Ammon et al.
1981) .

Geens et al. (1987) reported on pilot-plant experience at SCK/CEN, Mol,
Belgium, including a 900-h active campaign involving 4.44 TBq of 5Kr. As
noted in Section 3.1, this plant operated without oxygen removal. Geens et
al. (1987) indicated that no special problems were encountered with active
operation, but did not report decontamination factors. However, factors
greater than 500 were cited previously by Leudet et al. (1983) for the
SCK/CEN plant.

Based on this summary of operating experience, it appears that cryogenic
technology for krypton recovery is well advanced. Although the process is
quite complex, the major operating problems have been identified and either
solved or circumvented at the pilot-plant scale. Nonetheless, the tech-
nology remains to be proven as part of an integrated off-gas treatment
system on a full-scale commercial reprocessing plant. At present, no pro-
vision is made for krypton recovery at any such operating plant.

Although cryogenic distillation is thus the most fully developed technology
for recovery of 85Kr, a number of other approaches have been investigated.
In a technical and economic assessment of krypton recovery technology,
Waggoner (1982) described cryogenic distillation as a "well defined but
complex... demonstrated technology... with little opportunity for improve-
ment in cost or operation." A particular disadvantage of cryogenic distil-
lation is the large process inventory of 85Kr, and the corresponding risk
associated with accidental releases. There has therefore been a substan-
tial incentive to develop alternative processes that combine operational
simplicity with low process inventories.

3.3 OTHER METHODS

The most fully developed alternative to cryogenic distillation appears to
be fluorocarbon absorption, which is based on the relatively high solu-
bility of krypton and xenon, compared with oxygen, nitrogen and argon,
in liquid Freon 12 (difluorodichloromethane, CF 2C1 2). Kanak (1980) and
Merriman et al. (1980) summarized earlier development work on this process
at the Oak Ridge Gaseous Diffusion Plant, citing krypton recovery effi-
ciencies in excess of 99.9%, with a product purity of 97Z. Typical absor-
ber conditions are 248 K and 0.8 MFa (Merriman et al. 1980). Following
absorption, coabsorbed carrier gas is removed in a fractionator after which
a rare-gas concentrate is recovered in a stripper column and the Freon is
then reprocessed. Advantages of the process included a high tolerance for
other off-gas components, obviating the need for complex pre-treatment
stages. Waggoner (1982) concluded that this process may offer economic and
technical advantages over cryogenic distillation, if fully developed and
demonstrated. A disadvantage is that Kr and Xe are not separated in a
single-stage absorption process. Also, environmental concerns about CF2CI2
releases and their effect on the ozone layer may constrain the use of this
compound in a large-scale extraction process.



Recently, Henrich and Weirich (1989) reported on 5000 hours of operating
experience with a related pilot-scale process, operating at lower tempera-
tures (<-100°C) and pressure slightly below atmospheric. This process
includes separate columns for the removal of Xe + CO2 (at -125°C) and Kr
(at -150°C). They indicated that the process had been selected for active
demonstration at the Wackersdorf fuel reprocessing facility in Germany
(which has since been cancelled). Henrich et al. (1983, 1985b) reviewed
earlier work on this process. They cited noble gas decontamination factors
>103, Kr separation from Xe >105, and a product gas purity exceeding 99£.

Stephenson and Eby (1977) have described the FASTER process, a variant of
fluorocarbon sorption in which 14C (as CO2), as well as krypton, is re-
covered. The authors indicate that I2, CH3I and other contaminants may
also be removed in this process. The removal of several contaminants in a
single stage, however, may complicate further treatment of the wastes.
Glass et al. (1977) investigated liquid CO2 as a sorbent for krypton, and
reported decontamination factors in excess of 1000. However, this process
was devised specifically for C02-rich off-gases arising from graphite
combustion in the reprocessing of high-temperature gas-cooled reactor
(HTGR) fuels and is therefore not directly applicable to Purex-type off-
gases.

Of the other two processes assessed by Waggoner (1932), mordenite adsorp-
tion had only been demonstrated on a bench scale (Pence and Paplawsky 1981,
Monson 1981, Ruthven et al. 1981). Further work by Ruthven et al. (1984)
has confirmed that a dealuminated (i.e., aluminum-depleted) hydrogei.
mordenite had the best selectivity for krypton of several molecular-sieve
materials they investigated. Excellent separation of krypton, initially
present at 0.2Z in N2, was reported in a pilot plant operating at an aver-
age flow rate of 2.5 L/min (Tezel et al. 1986). The effects of composi-
tional modification of mordenite on the sorption of Kr, CO2 and H2O have
been examined in detail by Barrer and Murphy (1970).

Waggoner (1982) judged krypton separation by permeation through a silicone
rubber membrane to be insufficiently selective, although appealingly simple
in principle. Stern and Leone (1980) and Stern and Wang (1980) describe
experimental work on noble-gas separation by selective permeation and
multistage plant design respectively. These authors also cite much of the
earlier literature on this process. Nikonov et al. (1984) and Bekman et
al. (1984) have reported some underlying research on radiation stability,
diffusion properties and permeability of candidate membrane materials for a
selective permeation process. Jonas (1986) discusses at length the
membrane-permeation method for separation of xenon and krypton, and reports
90£ recovery of 85Kr in an experimental facility.

Recent German development work, reported by Ringel and Printz (1987), indi-
cates that low-temperature (below -130°C) adsorption on activated charcoal,
followed by chromatographic separation, may provide a viable process for
krypton recovery. Messier (1985) gives a more detailed account of this
process. On a smaller scale, cryogenic charcoal adsorption has been used
for almost 30 years to prepare high-purity noble gas samples for research
purposes (Little et al. 1983). Charcoal adsorption is also employed to
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delay short-lived noble-gas isotopes in reactor off-gases for sufficient
time to allow them to decay (Keilholtz 1966-1967, Leudet 1983, Underhill
and Moeller 1981). Charcoal filters tend to be avoided in fuel
reprocessing applications, however, mainly because of concerns about
ignition being caused by adsorption of N0 2, which is a strong oxidant.

Clearly, although cryogenic distillation is the most fully developed pro-
cess for krypton recovery, development i.c well advanced on a number of
competitive processes. All such candidate processes should receive a thor-
ough and up-to-date review if and when the need arises to recover and immo-
bilize 85Kr from any future fuel reprocessing facility in Canada. For
present purposes, it is sufficient to say that technology is well enough
developed that recovery of 85Kr from fuel reprocessing off-gases is feasi-
ble, and therefore the following discussion of immobilization methods it a
meaningful exercise.

4. IMMOBILIZATION OF KRYPTON

Once recovered, 85Kr should be immobilized for a period of at least a
hundred, and perhaps several hundred years (depending on regulatory
criteria); the time required for radioactive decay to reduce the inventory
by a factor of 103 is 107 years. As noted at the beginning of Section 3,
the solid-state chemistry of krypton is limited to a few highly reactive,
unstable compounds. Therefore, the immobilization of krypton, like Its
recovery, must rely on physical methods, although it is conceivable that
krypton fluoride could be involved as an intermediate in some processes
(Sakurai et al. 1982a, 1982b). A variety of methods for encapsulation of
recovered 65Kr have been investigated (Knecht 1977, IAEA 1980, Lang et al.
1989, Leudet et al. 1983, Thijs and /ansant 1987). These fall into three
main categories: (a) simple storage as a gas, (b) implantation in metals,
and (c) incorporation in zeolites and other silicate materials.

It should be noted that heat evolution by 85Kr decay is significant
(52 W/mol, McKay 1980). This corresponds to 2.3 kW for one year's output
from a 1200 Mg/a reprocessing plant, and must be taken into account in the
evaluation of any method for management of Kr in a concentrated form.
This applies to both the evaluation of waste forms and the design of
storage or disposal facilities.

A.I STORAGE AS A GAS

The simplest approach to krypton immobilization is storage of the gas in
sealed impermeable containers. However, the relatively large volumes in-
volved (23 m3 Kr per 1000 Mg U) make ambient-pressure storage inconvenient
for a full-scale commercial reprocessing plant. The simplest method of
volume reduction is pressurization, but this increases the likelihood of
significant accidental releases from failed vessels. A conceptual storage
facility for pressurized cylinders containing 85Kr has been described by
Uarnecke and Ahner (1980).
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Concern about pressurized containment is compounded by the chemical reac-
tivity of the decay product, rubidium-85 (Niephaus et al. 1982, Nagata
1981, Borgstedt et al. 1984). Rubidium promotes the corrosion of many
metals, especially in the presence of moisture and oxygen. Nagata and
Pinchback (1981) eliminated several alloys, including Type 304 stainless
steel, as candidate high-pressure cylinder materials, because of their
susceptibility to corrosion, especially stress-corrosion cracking in the
presence of concentrated RbOH solutions near anticipated storage tempera-
tures of about 130°C. Alloys they recommended for further testing were
Type 316 stainless steel and Nitronic 50 (a manganese-containing stainless-
steel-like alloy). However, Borgstedt et al. (1984) did not consider cor-
rosion to be a problem with the five steels they investigated, based on
corrosion tests up to 30 000-h duration at 150 and 200°C.

A possible method of reducing both volume and pressure of stored krypton is
to pack the storage cylinder with a solid sorbent (Thijs and Vansant 1987).
There is a large body of fundamental scientific literature on the sorption
of noble gases on solid sorbents, especially zeolites and activated carbon
(e.g., Barrer 1978, Jenkins and Cook 1961, Ruthven 1984, Underhill and
Moeller 1981).

Yamamoto et al. (1984) have shown that a variety of porous solids (molec-
ular sieves and activated charcoals) absorb substantial quantities of kryp-
ton at ambient temperature and pressure. Most of the molecular sieves they
investigated absorbed between 3 and 7 cm3 of Kr (STP) per cubic centimetre
of sorbent at 25°C and atmospheric pressure. The most effective molecular
sieve was AW-500, for which this sorption ratio was almost 12. Most char-
coals yielded ratios between 9 and 14 cm3 Kr per cubic centimetre of
sorbent. The sorption behaviour of both molecular sieves and charcoals was
relatively insensitive to either the introduction of rubidium or high doses
of gamma or electron-beam irradiation. Thus, with a sorbent packing effi-
ciency of 70%, volume reduction factors approaching 10 might be achieved in
an atmospheric-pressure system. A major drawback of this approach, how-
ever, is the sensitivity of the sorption capacity to increased temperature.
Curzio et al. (1988) concluded that decay heat would be sufficient to re-
duce the adsorption capacity of charcoal below useful levels.

4.2 ENCAPSULATION IN SOLIDS

The immobilization of krypton in a corrosion-resistant solid matrix, either
as interstitial atoms or minute encapsulated bubbles, has obvious appeal.
Although slow leakage from the matrix may not be entirely eliminated, the
likelihood of major releases, such as could occur with failure of a pres-
surized cylinder, is greatly reduced. Also, the matrix serves to isolate
most of the rubidium decay product from air, moisture and vessel walls,
thus minimizing its influence on container corrosion. One possible disad-
vantage of immobilization in a solid is that, should the solid be pulver-
ised and released as an aerosol, this could represent a greater radiologic-
al hazard than dispersed krypton gas (Henrich et al. 1985a). Mechanical
integrity of the solid is therefore desirable, although such a release
mechanism seems improbable.
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Knecht (1977) evaluated a variety of possible methods for encapsulation of
krypton in solid materials. He concluded, "Based on existing knowledge...
sorption by zeolites and ion implantation/sputtering by crystalline or
amorphous metals appear to be the most promising methods of immobilizing
krypton-85 prior to long-term storage." These two approaches have received
the most attention in subsequent research and development work on krypton
immobilization. Whitmell et al. (1987) concluded that "These processes
offer excellent gas retention and either could be adopted for a repro-
cessing plant."

4.2.1 Implantation in Metals

Whitmell (1982) and Leudet et al. (1983) have reviewed processes to encap-
sulate 85Kr in metallic matrices. Processes have been developed both in
the U.K. at the Atomic Energy Research Establishment (AERE, now AEA
Technologies), Harwell (Vhitmell 1987; Whitmell et al. 1980, 1981), and in
the U.S. at Battelle Pacific Northwest Laboratories (PNL), Hanford, WA
(Tingey et al. 1980, 1983). These two processes differ substantially in
detail, but they are based on the same principles, i.e., the gas is im-
planted into a metal deposit by ion bombardment while the metal layer is
simultaneously built up by sputtering.

In the AERE process (Whitmell et al. 1981; Whitmell 1982, 1987) the pro-
cessing unit consists of a central copper electrode concentric with a cy-
lindrical stainless-steel outer electrode. A glow discharge is established
between the two electrodes in a Kr atmosphere (P - 10 Pa), by applying a
negative potential of 3 to 5 kV, switched between the two electrodes sever-
al times per second. When the voltage is applied to the central copper
electrode, copper is sputtered from its surface, and when it is applied to
the outer electrode, krypton ions are implanted in a growing copper deposit
(a number of other metals have also been investigated, see below).

The Battelle process (Tingey et al. 1980, 1983; McClanahan et al. 1987)
operates at lower pressure (~0.5 Pa) and is somewhat more complex, but has
better electrical efficiency. In this process, the gas-phase discharge is
supported by electrons from a hot filament. As in the Harwell process,
material is sputtered from a central target electrode and deposited along
with the krypton on an outer substrate electrode; a relatively small nega-
tive voltage (-150 to -270 V) is continuously applied to the substrate.
This configuration provides high levels of gas incorporation in amorphous
transition-metal/rare-earth alloys (but not with pure metals), as first
demonstrated by Cuomo and Gambino (1977). In both the AERE and Battelle
processes, it is expected that the outer vessel would be welded shut to
provide primary containment for the waste form for storage or disposal.

Preliminary work on the AERE process showed that krypton could be incorpo-
rated in a variety of metals (copper, iron, nickel, aluminum, molybdenum,
tantalum and Monel alloy), at concentrations up to 5 at.Z, which
corresponds to a krypton concentration factor of about 170 relative to the
free gas at STP. The only metal that presented problems was a glassy Ni-
102 La alloy, which caused instability in the electric discharge.
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Detailed physical characterization of a copper-krypton product has been
documented by Williamson (1985). Electron microscopy showed the krypton to
be present in a copper product as minute bubbles, less than 1 nm in diam-
eter; the copper grain size was 0.1 to 0.4 pm (Evans et al. 1985, Uhitmell
et al. 1981, Vhitmell 1985, Williamson 1985). The bubbles grew to 2 to
8 nm upon annealing at 500°C for one hour, and bubbles of similar size were
also observed in a material deposited at 220°C (Whitmell et al. 1981).
Evans et al. (1985) describe the annealing behaviour in more detail. Mate-
rials of this type are of fundamental scientific interest, since the non-
annealed noble-gas bubbles have been shown by electron-diffraction studies
to possess a solid structure (Evans and Mazey 1985, Yagi et al. 1989 and
references therein). This structure persists to remarkably high tempera-
tures - about 600°C in nickel and 300°C in copper (Evans and Mazey 1985).

The threshold temperature below which a krypton-implanted product is stable
with respect to rapid release of krypton varies among different metals, and
is highest for refractory metals. Representative threshold temperatures
are about 300cC for Al, 520°C for Fe, 600°C for Cu, 950°C for Mo and 1200°C
for Ta (Leudet et al. 1983). Some slow leakage occurs at lower tempera-
tures. For the copper product, Whitmell (1985) estimated less than 0.05%
of the krypton inventory would be released in 100 years at 150°C, and less
than 1% at 300°C; the release was only marginally sensitive to 7-radiation
(up to 107 Gy). Materials of this type thus appear to be fully capable of
accommodating the moderate self-heating by 85Kr decay. Peak temperatures
will depend on details of the storage or disposal facility design, but they
are unlikely to exceed 150°C, and could well be much lower.

Preliminary measurements on release of krypton from nickel indicated that
comparable amounts would be released at temperatures about 100°C higher
than for copper. Whitmell et al. (1981) also indicated that the copper
product was slightly more corrosion-resistant in oxygenated brine than
normal copper. However, corrosion behaviour of the waste form is not im-
portant if the container is adequately corrosion-resistant for the storage
or disposal environment.

Whitmell et al. (1981) envisaged a full-scale process with 50-L vessels,
1 m in length and 25 cm in diameter, each with a power consumption of
100 kW and immobilizing krypton at a rate of 1 L/h. Several such units,
operating in parallel, would be required to handle krypton arising from a
large reprocessing plant. For example, the krypton output estimated for a
1200 Mg U/a CANDU fuel reprocessing plant in Section 2 corresponds to about
3 L/h.

Whitmell et al. (1981, 1987) have described the construction and inactive
operation of a half-scale unit, and active testing of a smaller scale unit.
In the half-scale unit, they produced a 23-kg copper specimen incorporating
300 L of inactive krypton, thus demonstrating the concept on a scale ap-
proaching that of industrial operation. Whitmell (1985) also reported that
nickel gave-«*he highest gas incorporation efficiency of the metals they
tested, about 1.75 x 10 L/(kW«h) for up to 5 at.% krypton incorporated.
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Attention at PNL has focused on maximizing krypton concentration in the
metal matrix, and the metals receiving most attention have be«:n a variety
of transition-metal/rare-earth alloys (Tingey et al. 1980, 1983; McClanahan
et al. 1987; Knoll et al. 1986). The material most favoured was a Cu-Y
alloy containing 17 to 20 at.Z Y and 6 to 8 at.2 Kr (Knoll et al. 1986).
This material adheres well to the substrate and gives good deposition
rates. Copper was preferred to nickel, because its higher vapour pressure
helps to avoid metal build-up on the hot anode, and the krypton retention
characteristics of the Cu-Y-Kr product compared favourably with
NieoLaioKrio, with rapid release occurring only above 650°C (Knoll et
al. 1986).

McClanahan et al. (1987) described pilot-scale tests, including some active
vork, at PNL. They successfully prepared copper-yttrium alloy products in
three pilot-scale test modules with krypton immobilization capacities of
0.7 to 1.5 L/h. McClanahan and Bradley (1989) have also reported on the
thermal stability of a copper-yttrium-krypton product of composition
Cuo.67Y0.

A third process, developed at Karlsruhe, has been described as a hybrid of
the AERE and PNL processes (Henrich et al. 1982, Whitmell 1982, Fritsch et
al. 1987, Lang et al. 1989). Materials investigated at Karlsruhe include
copper, titanium, and amorphous nickel-zirconium, iron-zirconium and
copper-zirconium alloys (Romer et al. 1987). Experience with this process
and the resulting products appears to be comparable to that at AERE and PNL
(Lang et al. 1989). One advantage of the Karlsruhe process appears to be
reduced power consumption, reported by Romer et al. (1987) to be as low as
13 kw«h/L Kr for a small-scale, 1-kW unit.

Promising results have thus been reported from advanced development pro-
grams in three different laboratories on the use of combined metal sputter-
ing and krypton ion implantation to produce stable solid products contain-
ing high concentrations of krypton. Related processes have been described
in a series of Japanese patents (Iimura and Kobayashi 1987, Iimura 1988,
Kobayashi 1988, Sano 1988, Imura and Terasava 1988).

4.2.2 Incorporation in Zeolites and Other Silicate Materials

The process of encapsulation of gases in certain zeolites was discovered by
Shaffer and Sesny in 1956 (unpublished work cited by Jenkins and Cook
1961). The process consists of forcing gas molecules into the pores of the
zeolite at elevated temperature and pressure, then cooling the material
while maintaining the gas pressure. After cooling, the pressure can be
released, and the encapsulated molecules remain trapped. For a given gas,
an appropriate zeolite contains pores somewhat smaller than the gas mole-
cules, such that internal adsorption (or desorption) does not occur readily
at ambient temperature, whereas elevated temperatures enable the gas mole-
cules to overcome the potential energy barrier presented by the openings.
Barrer and Vaughan (1971) found that the zeolites sodalite and cancrinite,
in particular, have a substantial capacity for encapsulating krypton.
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At ambient temperature and pressure, the: encapsulated gas is not in
equilibrium with the surrounding atmosphere; the situation thus differs
from that in the sorbent-packed vessels discussed in Section 4.1. In
general, zeolites can encapsulate much more gas than they adsorb at
equilibrium at ambient temperature and pressure. As early as 1961, Jenkins
and Cook suggested that 85Kr might be encapsulated in a zeolite; they
emphasized the need for research to identify the most appropriate zeolite
and to optimize the encapsulation conditions. Although this suggestion
pertained to a convenient source of the radioisotope, rather than a waste
form, it is clearly applicable to waste management purposes. This was
first addressed explicitly by Brown et al. (1977), and the concept was
evaluated in some detail by Benedict (1979). Findings were summarized by
Benedict et al. (I960). They reported concentration factors of about 16 to
32 L Kr (STP)/L zeolite for krypton encapsulation in sodalite at 400 to
575°C and 120 to 200 MPa. Loadings and leakage rates were sensitive to the
history of the sodalite (e.g., prior leaching, sorbed water content) as
well as the Xe/Kr ratio of the feed gas. They estimated, however, that
leakage rates as low as 0.1% over ten years at 150°C were achievable.
Leakage rates were insensitive to high doses of 7-irradiation
(~2 x 107 Gy). For a commercial-scale fuel reprocessing plant, Benedict et
al. (1979, 1980) proposed a batch process operating at T > 575°C and
P > 66 MPa, with one batch run per day in a 58-L pressure vessel.

Penzhorn et al. (1980) screened a variety of zeolites and discovered that
Type 5A zeolites are singularly well suited to krypton encapsulation.
Encapsulated concentrations were comparable to those obtained with soda-
lite, but the product displayed remarkable thermal stability. This was
initially attributed to the dual cage structure of this type of zeolite.
It contains so-called a-cages, with relatively large apertures (0.42 nm),
which allow small molecules easy ingress to the solid, and these are con-
nected through smaller apertures (0.24 nm) to the /?-cages. At 520°C, the
optimum loading temperature, high concentrations of krypton were thought to
be trapped mainly in the /7-cages. On subsequent heating, substantial leak-
age did not commence until the temperature reached 850°C. Loading at
475°C, however, apparently resulted in a much higher concentration of kryp-
ton in the a-cages, and leakage from these more open cages commenced around
490°C.

At 520°C and P < 30 MPa, krypton concentrations of 20 cm3 (STP)/g in the
Type 5A zeolite were obtained, increasing to about 50 cm3 (STP)/g at
100 MPa. Only a few percent krypton loss occurred with samples containing
between 19 and 57 cm3 (STP)/g when heated for 2500 h at 200°C or 3500 h at
400°C; in comparison, sodalite products lost about 50% of their krypton in
1080 h at 200°C and over 90% in 15 h at 400°C. The zeolite-5A products
were also reported to be resistant to both liquid water and 7-irradiation.
Penzhorn et al. (1980) noted the importance of pretreatment of the zeolite.
Mild pretreatment (150°C in argon) resulted in relatively low loadings but
high thermal stability; the converse was true with harsher pretreatment,
such as vacuum outgassing at 600°C.
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Further investigations of this process (Penzhorn et al. 1982, 1984; Dorea
et al. 1988) and detailed characterization of the product (Klinowski et al.
1985, Penzhorn and Mertin 1984) have shown that the key step in the
immobilization of krypton in zeolite 5A is hydrothermal vitrification,
i.e., a structural collapse of the zeolite crystals promoted by adsorbed
water within the zeolite. The resulting higher-density amorphous product
retains the adsorbed krypton. The temperature at which this vitrification
occurs varies with the water content, from about 400"C with 9.5 vt.% ad-
sorbed water to 645°C with 0.7 vt.% water. Subsequent bulk loss of krypton
if a specimen is further heated to about 850°C is associated with recrys-
tallization of the product as a mixture of nepheline, anorthite and hexa-
gonal CaAljSijOg. A more general study of the hydrothermal encapsulation
of noble gas (Ne, Ar, Kr, Xe) in various zeolites has been described by
Dorea (1987) and Dorea et al. (1988).

Development work described by Penzhorn et al. (1983, 1984; see also
Vhitmell et al. 1987) included micro-scale radioactive work with 85Kr
(1 cm3 samples of product) and preliminary inactive commissioning of a
simple, larger scale (5 L) demonstration facility. It was proposed that
the "one-way autoclave", in which the encapsulation process takes place,
would be used only once, then sealed to become the final storage or dis-
posal container. Maximum process temperature and pressure are 520°C and
30 MPa respectively. Fourteen successful runs were reported with the
inactive demonstration facility (Whitmell et al. 1987).

A few other variations of zeolite encapsulation have been reported.
Sakurai et al. (1982a, 1982b) have investigated the use of KrF2; this of-
fers the possibility of encapsulation at low temperature and pressure, and
pore closure may be achieved by reaction of the fluoride with the zeolite.
However, because of the high reactivity and low stability of KrF2, it is
unlikely that a large-scale process of this type would be viable. Thijs et
al. (1983) have described a process for chemical closure of zeolite pores
involving reaction with silane (SiH^) or diborane (B2H6), followed by oxi-
dation of the resulting chemisorbed SiH or BH groups. This led to a modest
improvement in thermal stability of mordenite products, but fell far short
of the performance of zeolite-5A products described by Penzhorn et al.
(1980, 1982, 1984). A process similar to that developed by Penzhorn et al.
is described by Ishiyama and Tsuda (1988) and Takusagawa and Ishiyaraa
(1989).

Tingey et al. (1982) have described the encapsulation of krypton in a high-
silica (96Z Si02) porous glass by sintering at temperatures near 900°C and
pressures up to 140 MPa. Krypton was retained up to very high tempera-
tures, with rapid release occurring only above 1000°C, although visible
damage occurred above 600°C, and only 0.7£ loss was predicted in 10.7 years
(one half-life) at 420°C.

Christensen et al. (1982) compared the encapsulation of krypton in dried
zeolite 5A at 700°C (up to 100 MPa) and porous glass at 900°C (up to
200 MPa), and confirmed the high thermal stability of both products. They
favoured the zeolite product on the basis of lower expected total cost,
higher encapsulation capacity, and lower encapsulation temperature and
pressure.
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4.3 COMPARISON OF WASTE VOLUMES

The metal encapsulation processes developed at Harwell and Battelle offer
the largest volume reduction factors, when expressed as a ratio of gas
(STP) and waste-form volumes. A 5 at.Z loading of Kr in metal corresponds
to a 170-fold volume reduction (Whitmell 1982), and still higher loadings
have been reported in the PNL studies (see Section 4.2.1). However, if the
process vessel also serves as a disposal container, then the overall volume
reduction is considerably less, because of space occupied by the source
electrode and gas annulus. Whitmell (1982) stated that a 50-L vessel had a
total gas capacity of 2100 L (STP), for a ratio of 42 based on internal
volume. Fritsch et al. (1987) indicated that the overall volume of a metal
encapsulate would be comparable to that of pressurized gas cylinders at
2 MPa (20 times atmospheric pressure).

With zeolite encapsulation, the scmewhat lower achievable krypton concen-
trations, up to about 100 L (STP) per L (zeolite), are likely to be offset
by the smaller proportion of dead space and void volume, and a similar
overall volume reduction to the metal product can be expected. With an
annual reprocessing-plant output of about 25 m3 (STP), this appears to
represent a satisfactory volume reduction prior to geological disposal,
monitored surface storage, or other management modes. Greater volume re-
duction is achievable only with compressed gas at pressures above about
2 MPa. This would entail high thermal loading (>2 kW/m 3), as well as in-
creased risk of accidental gas release.

5. CONCLUSIONS

Several different approaches have been investigated for the separation and
immobilization of krypton-85 from fuel reprocessing plant off-gases. For
separation, cryogenic distillation is the most fully developed process, and
has been used cor many years for commercial recovery of krypton-85 (Law and
Lamb 1988, Offut and Bendixsen 1969). Development work on adaptations for
krypton abatement has shown good results (Hutter et al. 1987, Geens et al.
1987). Nonetheless, the process is complex, and several other separation
technologies have been developed to varying degrees. Of these technol-
ogies, fluorocarbon sorption appears to show the greatest promise (Waggoner
1982, Henrich and Weirich 1989).

The simplest management mode for krypton-85, once recovered, is probably
storage of the compressed gas, perhaps with a solid sorbent added to the
cylinders to reduce the overpressure (Warnecke and Ahner 1980, Yamamoto et
al. 1984). However, several more sophisticated approaches, involving solid
encapsulation of krypton, have been investigated (Whitmell et al. 1987).
Processes for encapsulation in both metals (Whitmell et al. 1981,
McClanahan et al. 1987, Romer et al. 1987) and zeolites (Penzhorn et al.
1980, 1982, 1983, 1984) have been developed and demonstrated inactively on
a scale approaching that required for commercial-scale operation. Products
from both types of process show excellent thermal stability and krypton-
retention properties. The low-operating temperature and pressure of the
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metal encapsulation process may make it preferable to the high-temperature,
high-pressure zeolite encapsulation, although its electrical energy re-
quirements are large. In both types of process, the process vessel is
sealed to provide primary containment for the waste form. Given the rela-
tively short duration of required containment (a few hundred years at
most), a variety of storage or disposal options (including geological dis-
posal in granite) should be available for immobilized krypton (Koehling and
Langer 1986, IAEA 1980, Leudet et al. 1983).

The technical case for krypton-85 separation and immobilization remains
debatable, and is dependent on the worldwide level of fuel reprocessing
activity. Krypton recovery is probably not needed at present levels of
worldwide release. Should a need for krypton immobilization arise in a
future Canadian fuel reprocessing program, a variety of well-developed
processes appear to be available for adaptation to meet this need.
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