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RESUME

On étudie les techniques possibles de séparation et d'immobilisation de
l'iode (principalement l'iode 129) d'une usine de recyclage du combustible,
une importance particulière étant accordée à l'évaluation des formes de
déchets- On fait une distinction entre les formes de déchets choisies en
fonction des facteurs thermodynamiques (solubilité) ou cinétiques (vitesse
de dissolution).

Les formes de déchets limitées par la solubilité et les plus prometteuses
semblent être l'Agi (ou l'Agi + l'AgCl) et une combinaison du Bi2O3 et du
Bi5O7I. Ces matériaux comportent des métaux relativement rares, l'Ag et le
Bi. En outre, ils ont de grandes limites chimiques telles que la sensibi-
lité à la dissolution par réduction et aux réactions de déplacement des
anions; ceci demande qu'on apporte un soin particulier lors du choix d'un
site de stockage permanent. Tous les autres iodures et iodates qu'on exa-
mine ici et ailleurs semblent être encore plus limités à cet égard.

La forme de déchet candidate limitée cinétiquement et la plus prometteuse
semble être le mélange iodure-sodalite mais on a besoin de davantage de
renseignements sur la fabrication et le comportement sous lixiviation de ce
matériau. La possibilité de stockage permanent sous une forme de déchet
plus soluble mais diluée du point de vue isotopique et à l'aide de matières
premières (brutes) abondantes, justifie qu'on l'examine davantage.
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ABSTRACT

Possible methods for the separation and immobilization of iodine (mainly
iodine-129) in a fuel recycle plant are reviewed, with special emphasis
placed on the evaluation of waste forms. A distinction is drawn between
waste forms selected by thermodynamic (solubility) or kinetic (dissolution
rate) considerations.

The most promising solubility-limited waste forms appear to be Agl (or Agl
+ AgCl) and a combination of Bi2O3 and Bi5O7I. These materials use rela-
tively scarce metals, Ag and Bi. They also have substantial chemical
limitations, such as susceptibility to reductive dissolution and anion-
displacement reactions; this calls for special care in the choice of a
disposal site. All other inorganic iodides and iodates considered here and
elsewhere appear to be still more limited in this respect.

The most promising kinetically limited candidate waste form appears to be
iodide-sodalite, but further Information is needed on both the fabrication
and leaching behaviour of this material. The possibility of disposal in a
more soluble but isotopically dilute waste form, employing abundant raw
materials, also warrants further consideration.
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1. INTRODDCTIOH

In a nuclear fuel recycle plant, used fuel is dissolved in acid, and
fissile or fertile elements (U, Pu, Th) are recovered by solvent extraction
for incorporation in new fuel. Fission products and other radioactive
components of the used fuel are separated for waste disposal. This report
deals with the special requirements for separating and immobilizing one of
the fission products, iodine-129.

Both technical and radiological aspects of the management of iodine-129
have been reviewed by McKay et al. (1981) and IAEA (1987). Methods for
removing iodine from process streams were reviewed exhaustively by Holladay
(1979). Possible waste forms have been discussed by Vance et al. (1981)
and Burger et al. (1981). More recent research on the evaluation of iodine
waste forms was reported by Taylor et al. (1989). The present report is
largely an adaptation of the latter review, with additional information on
the methods available to concentrate iodine prior to immobilizing it. The
report is part of a broader review of management methods for fuel recycle
wastes being done for the Canadian Nuclear Fuel Waste Management Program
(CNFWMP).

Iodine-129 has an extremely long half-life (16 million years) and a corre-
spondingly low specific activity (6 MBq/g). Furthermore, it has a low
decay energy (0.19 MeV total fi + y + X rays). This contrasts with the
highly radioactive 131I isotope (8-day half-life), which is of major con-
cern in reactor accidents. Nonetheless, 129I is an abundant fission pro-
duct, amounting to 0.045 g/kg U in reference once-through CANDU1® fuel with
a burnup of 685 GJ/kg U (Tait et al. 1989). Stable 127I is about four
times less abundant than 129I as a fission product, so there is minimal
isotopic dilution in used fuel and derived process streams. The iodide ion
(I') is stable and soluble over a wide range of geochemical conditions,
does not sorb significantly on most mineral surfaces, and is incompatible
with the glass or ceramic waste forms that have been developed for high-
level waste immobilization. Furthermore, the radiological effects of io-
dine in humans are magnified by concentration in the thyroid. Typical
dietary intake of iodine is about 50 mg/a, and the capacity of the thyroid
is about 10 mg, with a biological half-life of 120 d (ICRP 1978, Johnson et
al. 1982, Wuschke et al. 1985). Johnson (1981) provides a detailed discus-
sion of radioiodine dosimetry. NCRP (1983) reviews iodine-129 in general,
with an emphasis on health effects.

CANDU is a registered trademark of Atomic Energy of Canada Limited.
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The general consensus is that iodine-129 arising from fuel recycling repre-

sents a marginal health hazard (IAEA 1987, Johnson et al. 1982, Morgan et

al. 1979, Wuschke et al. 1984). As long as a major atmospheric release can

be avoided, it has been suggested that ocean dispersal would constitute an

adequate management strategy; this is current practice at some fuel recycle

plants, including Sellafield, U.K. Certainly, the oceans represent an

immense reservoir of iodine-127 for isotopic dilution (9.5 x 1016 g : IAEA

1987), given adequate mixing. Nonetheless, recovery and concentration for

storage and disposal offers advantages in reducing doses for up to about

104 years (IAEA 1987).

This report is based on the assumptions that (i) there is indeed a need for

a waste form to immobilize iodine-129 from a future Canadian recycle plant,

and (ii) disposal will take place in granite at a high-level waste disposal

site as envisaged in the CNFWMP, The discussion is based on the following

criteria, modified from IAEA (1987):

The ideal form for immobilization of 129I would be highly insol-

uble in aqueous solutions over the range of pH and groundwater

compositions likely to occur ir, a disposal vault environment,

resistant to oxidation or reduction, thermally stable to fairly

high temperatures, unaffected by radiation, compact and readily

made. It should also not be prohibitively expensive.

Although land-based geologic disposal is assumed for now, the possibility

that marine disposal of iodine-129 is ultimately less hazardous is not

discounted. A major advantage of marine disposal is the presence of

iodine-127 as an isotopic diluent in both seawater and sediments. More

exotic disposal concepts, such as nuclear transmutation and extraterres-

trial disposal, were discussed briefly in IAEA (1987). The low neutron

capture cross-section of 1 2 9I, coupled with materials problems associated

with gaseous 130Xe release, make tranmutation unattractive. Extraterres-

trial disposal is expensive, and the present launching reliability may not

be adequate. McKay et al. (1981) estimated a minimum cost of $85 000 (1976

U.S. dollars) per GV(e)-a for disposal of 129I to solar orbit. Therefore,

these approaches are not considered further here.

2. IODINE COLLECTION

It is clearly desirable to separate and concentrate iodine as close as

possible to the head end of a recycle plant, e.g., in the dissolver off-gas

(DOG) stream (McKay et al. 1981). It may be possible to recover iodine and
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other volatile radionuclides (a5Kr, 3H, 14C) in a gaseous oxidation step

before fuel dissolution, e.g., voloxidation (Goode 1973). To date, how-

ever, efficient iodine recovery has apparently not been achieved in such

processes. In any case, the objective is to minimize the amount of iodine

reaching the solvent extraction section because the iodine then becomes

dispersed among several process streams, and control becomes much more

difficult.

The simplest method to separate iodine from dissolver acid appears to be

volatilization of I2, either by boiling the acid or by sparging with steam,

air, or some other carrier gas. This may need chemical control (e.g.,

nitrite addition) to avoid or reverse iodate formation. Most organic io-

dides would be expected to accompany the I2 into the vapour phase, although

small quantities of involatile organic iodides can be formed from impurit-

ies in the acid (Lieser et al. 1989). Henrich et al. ()980) discuss pro-

cedures to improve mass transfer of iodine to the gas phase by sparging or

boiling; Birdwell and Weber (1987) have described a detailed computer simu-

lation of sparging and steam-stripping processes. Other separation methods

mentioned in the review by McKay et al. (1981) include Pdl2 precipitation

(using fission-product palladium), solvent extraction into a nonpolar sol-

vent (e.g., CCI4), and absorption in macroreticular resins (Amberlite XAD

type).

Having diverted iodine to the DOG, or a separate stream, it is necessary to

concentrate it in a condensed phase, preferably in a form suitable for

final disposal. It is likely, however, that concentration and final immo-

bilization will be separate steps. The most demanding requirements for an

iodine-scrubbing process are the needs to operate at high humidity and N0x

concentration, and to remove organic iodides as well as I2.

Holladay (1979) surveyed nine methods for removing iodine from off-gas and

liquid waste streams. Since the DOG stream appears to be the most appro-

priate route for iodine in a reprocessing plant, only the off-gas treatment

methods are discussed here; it is recognized that iodine abatement may also

be necessary in liquid wastes. The following discussion summarizes Holla-

day's assessment, with some additional information from McKay et al.

(1981).

Holladay (1979) did not include simple alkaline scrubbing (i.e., with NaOH

or KOH solution) in his review, presumably because of the shortcomings

outlined by McKay et al. (1981). Co-sorption of large quantities of C02

and N0x in an alkaline wash makes subsequent immobilization more difficult.

Also, alkaline solutions are ineffective for removing organic iodides, and

may even promote their formation from organic contaminants (McKay et al.

1981). Nonetheless, alkaline scrubbing is employed to remove iodine from
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DOG streams at several fuel-recycle plants including La Hague, France,

Tokai, Japan and Sellafield, U.K. (IAEA 1987, NCRP 1983).

The most promising aqueous processes for gas-phase scrubDing are all based

on the oxidation of all iodine species to iodate in concentrated nitric

acid media (Holladay 1979, Mailen 1976, McKay et al. 1981). The Iodox

process uses extremely concentrated, "hyperazeotropic" nitric acid (20 to

22 mol-dm"3). This process can achieve excellent removal of I2, but is

somewhat less effective with CH3I, and much less so with aromatic iodides.

It works well at high feed-gas concentrations of H20 and N0x. The iodine

is recovered as HI3O8. This partly dehydrated form of iodic acid is a

fairly stable, water-soluble compound, and thus may be a suitable interme-

diate form for handling 1 2 9I, but is not a candidate waste form. The main

drawbacks of the Iodox process are its physical complexity, and the need

for highly corrosion-resistant construction materials to handle the high

concentration of nitric acid.

Somewhat less demanding on structural materials is the Mercurex process,

which uses less concentrated acid (up to 15 mol-dnr3) together with mer-

curic nitrate (0.2 to 0.4 mol-dnr3). This process is apparently compatible

with stainless-steel construction. The initial product, Hgl2, is converted

to the iodate on evaporation. Like the Iodox process, the Mercurex process

appears to be effective for I2 and CH3I removal, but not aromatic iodides.

Care is also needed to optimize the Hg:I ratio in solution. The toxicity

of mercury raises concerns about disposal of the solid product, over and

above chemical considerations of its suitability as a waste form.

A third variant of HNO3 scrubbing is an electrolytic process devised by

Mailen and Horner (1976). In this process a strong oxidant, Co3+, is gen-

erated electrochemically in a solution of Co(N03)2 (0.1 mol>dm~
3) in HNO3

(- 8 mol-dnr3). The Co3+, in turn, oxidizes both inorganic and organic

iodine, apparently to periodate. This process appears to be relatively

ineffective for CH3I removal, espacially at high N02 concentrations.

A novel photochemical method for removing radioactive iodine from various

off-gas streams has been developed and demonstrated at the bench scale

(Vikis 1984, Vikis and MacFarlane 1985). The method uses ultraviolet light

to convert organic iodides to elemental iodine, which can be removed more

easily by the processes discussed later in this section. Alternatively,

the I2 can be removed by reaction with ozone, which can also be generated

photochemically in situ, to form solid iodine oxides. Similar products

have been identified in a corona-discharge device also developed for remov-

al of both inorganic and organic iodine compounds from the gas phase (Tor-

gerson and Smith 1978,1979, Wikjord et al. 1980). Pilot-scale experiments

with a corona scrubber have been described by Buckley and Woods (1985).
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Iodine oxide compounds formed either photochemically or in a corona dis-

charge can be converted quite easily to either iodic acid or iodates, and

subsequent treatment could follow the same procedures as for the Iodox and

related processes.

In summary, treating DOG by one of these processes (or a further variant)

would convert most of the iodine to iodic acid or a metal iodate. With the

iodine thus isolated in a relatively simple chemical form, it would be

available for subsequent conversion to an appropriate waste form for

disposal.

Fluorocarbon absorption has been proposed as a method for simultaneous

removal of krypton and iodine from off gases (McKay et al. 1981, Stephenson

and Eby 1977). This is a purely physical sorption process. Unlike the

nitric acid processes, it would not convert organic iodides to an inorganic

form, so more complex subsequent treatment would likely be needed. A simi-

lar process involving sorption of I2 in liquid polymethylsiloxane sorbent

has also been reported (Nakhutin et al. 1980, IAEA 1987). This type of

liquid apparently has good selectivity for sorption of I2, but not for

organic iodides.

Solid sorbents are an attractive alternative to aqueous processes for DOG

treatment because they offer greater process simplicity and are potentially

more reliable. Charcoal is commonly used as a sorbent for iodine-131 in

reactor off-gas systems, but it is considered hazardous in reprocessing

plant applications, mainly because of the increased flammability of char-

coal in the presence of nitrogen oxides (Holladay 1979, IAEA 1987). Alter-

native sorbents that have been considered are various silver-treated sili-

cate materials (faujasites, mordenites, silicic acid), and also macroretic-

ular resins. Collectively, both the faujasites and mordenites are types of

zeolite.

Silver zeolites have received a lot of attention, along with an AgN03-im-

pregnated silica product (AC 6120™, formerly Ag-KTB).2 Their performance

is reviewed concisely in IAEA (1987); recent publications on the subject

include Hattori et al. (1985), Mizuno et al. (1986), Maurel and Vigla

(1987), Hermann et al. (1989) and Scheele et al. (1989). The literature on

these materials is extensive and occasionally confusing. For example,

whereas AC 6120 has been used satisfactorily since 1975 for iodine abate-

ment from DOG at the WAK plant, Karlsruhe, tests conducted in the U.S.

indicated that zeolites were consistently superior to a material of the AC

2 AC 6120 is a registered trademark of Siid Chemie A.G., Munich, Germany.
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6120 type (Hermann et al. 1989, Scheele et al. 1989 (including
discussion)).

Based on the IAEA (1987) review, these various materials appear to differ
little in their ability to absorb and retain iodine, but they do vary in
their sensitivity to N0x and humidity, their effectiveness in absorbing
organic iodides, and their amenability to regeneration. All are compara-
tively ineffective at removing organic iodides at high relative humidities.
With the zeolites, this limitation can be overcome at elevated operating
temperatures (100 to 200°C), but AC 6120 may have insufficient thermal
stability for such treatment. Nonetheless, AC 6120 appears to show the
best overall performance and economy (Holladay 1979, McKay et al. 1981),
but unlike the zeolites it cannot be regenerated. This may not be a
disadvantage, however, since zeolite regeneration needs a high-temperature
(400 to 500°C) hydrogen atmosphere, and thus presents hazards and
complexities of its own. Furthermore, Hattori et al. (1985) showed that
most silver-based sorbents lose their capacity to react with methyl iodide
after regeneration. This was attributed to reduction of the silver from
Ag+ to the metal; the crystal structure of the zeolite also collapsed
during regeneration in hydrogen at 500°C (Hattori et al. 1985).

Various silver-based sorbents have been used or proposed for use at several
fuel recycle plants (McKay et al. 1981, NCRP 1983). It has been suggested
that the silver silicate sorbents would be adequate waste forms in their
own right once they were loaded with iodine. This will be discussed in
Section 3.2.

Other metal zeolites, other adsorbents (e.g., macroreticular resins), and
other processes (e.g., isotopic exchange with solid Agl, or cold trapping)
have received brief consideration, but appear at present to be fringe can-
didates for full-scale application. Recently, Takeshita et al. (1989)
described a novel silver-impregnated polymer sorbent to remove iodine from
DOG streams.

This summary shows that a variety of routes and technologies are available
to concentrate and purify iodine within a reprocessing plant, and produce
either a waste form or an appropriate feedstock for an immobilization pro-
cess. The following discussion of waste forms is thus based on a reason-
able assumption that the iodine can be separated from the recycle process
streams in the first place.
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3. IODINE IMMOBILIZATION: UNDERLYING CHEMICAL CONSIDERATIONS

Three classes of solid have been considered to immobilize iodine-129 for

final disposal: metal iodides (including basic iodides), metal iodates,

and silicates (usually zeolites or related materials). The selection of

a waste form depends both on its expected performance in a given disposal

environment and on its compatibility with the iodine collection

process(es). The behaviour of iodide and iodate salts is likely to be

solubility controlled, whereas release from silicate-based waste forms will

be kinetically controlled. These two groups are therefore discussed

separately.

3.1 IODIDES AND IODATES

Most simple iodides and iodates are either soluble in water

(> 10"3 mol-dnr3), or susceptible to hydrolysis in near-neutral solutions.

Consequently, very few minerals contain iodine as a principal component;

Table 1 lists known minerals based on the tabulation by Brehler and Fuge

(1974). The minerals include iodides of copper (I), silver (I) and mercury

(II), iodates of calcium and copper (II), and a few more complex salts.

Thus, heavy-metal iodides and divalent metal iodates are the most likely

classes of compound to yield an appropriate waste form for iodine-129. It

should be noted that the iodate minerals occur only in oxidizing environ-

ments, such as the nitrate deposits of Chile.

Burger et al. (1981) surveyed the general chemistry of binary inorganic

iodides and iodates. They identified eight iodides as sufficiently insolu-

ble to show some promise: Agl, Bil3, Cul, Hg2I2, Hgl,, Pbl2, Pdl2, and Til.

Consideration of other factors, e.g., metal toxicity and hydrolytic

stability, limited their selection for leaching studies to Cul, Pbl2, and

Agl. They also investigated several divalent metal iodates and some zeo-

litic materials (see Section 3.2). They concluded that Agl and M(IO3)2

(M = Ca, Sr, Ba, or Hg), incorporated in cement in each case, were the most

promising waste forms. They also favoured iodide sodalite, as discussed in

Section 3.2.

Recently, the choice has been expanded somewhat by considering hydrolysis

products themselves (e.g., Bi5O7I) as candidate waste forms (Taylor and

Lopata 1986,1988, Taylor et al. 1988,1989). This work evolved from an

earlier survey of interactions between iodide and various inorganic

materials by Bird and Lopata (1980). Basic lead iodides were also briefly

considered by Vance et al. (1981). Taylor et al. (1989) introduced the
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concept of a two-phase waste form in which the function of the second phase
is to suppress the solubility of the waste-containing phase, in essence by
a common-ion effect. Specific examples investigated in detail were Bi5O7I
+ Bi203 and Agl + AgCl.

3.1.1 Thermodynamic Limitations of Inorganic Iodides

Taylor et al. (1989) developed a general approach to assess the thermodyna-
mic stability of iodine waste forms. This takes into account the solubil-
ity, hydrolytic and thermal stability, redox chemistry of both iodine and
the cationic component, anion displacement reactions, and metal complexa-
tion reactions. The approach was applied to both bismuth oxyiodide and
silver iodide waste forms. The assessment of bismuth oxyiodide used
thermodynamic data obtained in the authors' experiments; that of silver
iodide was based on literature data alone (Robie et al. 1979, Wagman et al.
1982; see Table 2). The assessment of copper, mercury, and palladium
iodides was limited to calculations of redox and hydrolysis equilibria.
Preliminary experiments were also run on the hydrolysis sequence of Pbl2
(Taylor et al. 1990). Thallium (I) iodide was not considered because it is
only moderately insoluble (~1(H mol-dnr3) and because thallium is toxic.
This is unfortunate because thallium is fairly abundant and has little
commercial value. This section will focus on comparing (Bi5O7I + Bi203)
with Agl and other insoluble iodides.

Of the four known polymorphs of Bi203, the monoclinic a form is stable at
all temperatures up to about 700°C, and the cubic phase, 6-Bi203, is stable
from there to the melting point, 825±5°C (Levin and Roth 1964, Medernach
and Snyder 1978, Schaefer 1984, Taylor and Lopata 1988). Two other phases
designated p- and 7-Bi2O3, appear to be metastable at all temperatures.
Two polymorphs of Bi5O7I are known, but their stability relationships have
not been determined (Ketterer and Kramer 1984, Ketterer et al. 1985). Only
the a form has been obtained in aqueous reactions (Taylor and Lopata 1986,
1988, Taylor et al. 1988).

3.1.1.1 Solubility and Hydrolysis Reactions

The bismuth oxyiodide phase assemblage attracted attention because Bi5O7I
is resistant to hydrolysis (Taylor and Lopata 1986), and the equilibrium
iodide concentration in solution is buffered by the hydrolysis product,
Bi203. Also, the solubility of Bi2O3 is low and insensitive to pH changes
over a wide range (ca. 10-5-4 mol*dnr3 at pH 7-13 and 25°C: Baes and Mesmer
1976, Bidleman 1971, Taylor 1987).

The hydrolysis of Bi5O7I is expressed by equation (1):
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Bi5O7I(s) + OH(aq) *=&
 5/2 Bi2Oj(s) + k B2O(1) + I(aq). (1)

In dilute aqueous solutions, the equilibrium constant is equal to the ratio
of the thermodynamic activities 3 of iodide and hydroxide:

Ki = {I}/{OH-} . (2)

For most practical purposes, this can be equated to a concentration ratio,
[I"J/[OH-J. Thus, at a given OH" concentration, the two solids (Bi5O7I and
Bi2O3) buffer the iodide concentration at a given level, determined by I^.

4

Taylor and Lopata (1986,1988) determined Kx betveen 10 and 60°C:

-3.39 ± 0.20 at 25°C (3)

= 5.24 - 2 | ^ ± 0.24, 283 K < T < 333 K . (4)

These relationships were determined experimentally over the pH range from
9 to 12, and were used to calculate thermodynamic quantities for Bi5O7I
(Taylor and Lopata 1986,1988). In pure water, a suspension of
Bi5O7I + Bi203 normally establishes a pH between 8 and 9 at 25°C. The
corresponding calculated equilibrium iodide concentration,5 near 10"9

mol-dnr3, is comparable to the solubility of Agl (10~8 mol-dnr3, almost
independent of pH within the Agl stability field). Thus, these two candi-
date waste forms are comparable in terms of simple solubility in pure
water.

3.1.1.2 Temperature Sensitivity

The equilibrium constant, Klt is almost two orders of magnitude higher at
100°C than 25°C (based on extrapolation of expression (4)). The solubility

Hereafter, activities of aqueous species, {X}, are expressed with
respect to a hypothetical standard state of 1 mol-kg"1 at zero ionic
strength. For dilute solutions, these are numerically almost identical
to concentrations on either a molal (mol-kg'1) or molar (mol-dnr3)
scale. The activity of vater is expressed as an activity coefficient,
y, relative to the pure liquid. This coefficient is very close to 1
for most of the conditions discussed in this report.

Ki here corresponds to K4 in Taylor et al. (1989), Kjo in Taylor and
Lopata (1986), and Kx in Taylor and Lopata (1988).

The equilibrium iodide concentration in solutions of low ionic strength
is approximately 10" 1 7- 4 +P H at 25°C.



- 10 -

of Agl has a similar sensitivity to temperature (Appendix A). The two
waste forms are thus comparable in this regard, and low disposal
temperatures are obviously desirable in each case. Silver iodide has sub-
stantially higher thermal stability in air than bismuth oxyiodide, when
expressed in terms of iodine released by reactions (5) and (6):

2 Agl(s) — . 2 Ag(s) + I2(g) (5)

2Bi507I (s) + h 02 —• 5Bi203(s) + Ia (g) . (6)

Note that reaction (6) involves oxygen (Taylor and Lopata 1988), whereas
reaction (5) is a simple dissociation. In the absence of oxygen, Bi5O7I is
reported to disproportionate to Bi203(s) and BiI3(g) above about 480°C
(Schulte-Kellinghaus and Kramer 1979). Iodine partial pressures calculated
for reactions (5) and (6) are shown in Figure 1. Silver iodide melts with-
out substantial decomposition at 558°C, whereas Bis07I decomposes in air at
about 500°C. The high-temperature behaviour of (Bi5O7I + Bi2O3) is also
complicated by the a-p phase transition of Bi2O3 near 700°C (Taylor and
Lopata 1988). Silver iodide should therefore be more amenable than bis-
muth oxyiodide to sintering to minimize the surface area of a waste form.

3.1.1.3 Redox Reactions

The most serious limitations of these candidate waste forms are imposed by
reduction to elemental Ag or Bi with a concomitant iodide release
(especially with Agl), and anion displacement reactions involving major
groundwater constituents (especially with Bi5O7I + Bi2O3).

The stability limits of Agl and (Bi5O7I + Bi2O3) are illustrated in Figures
2 and 3, respectively, with respect to pH and redox conditions at 25*C.
These figures are derived from thermodynamic data compiled in Table 2. The
reactions that limit stability of Agl and Bi5O7I under reducing conditions
are:

Agl(s) + OH-(aq) + V 2 H2(g) ^ Ag(s) + H20(l) + I" (aq) (7)

K7 = {I-}/{0H-} [p<Ha>]*

(again assuming unit activity of water)

logioK7 = 9.0 ± 0.5 (p(H2) in Pa) at 25°C

Bi5O7I(s) + OH-(aq) +
 15/2 H2(g) ^* 5Bi(s) + 8H20 (1) + I(aq) (8)
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K8 = {

logioK» = 5 4 . 6 ± 1.4 (p(H2) i n Pa) at 25°C .

Here, the hydrogen partial pressure is used as a measure of reducing po-
tential, and not necessarily In a literal sense.

Figures 2 and 3 demonstrate that neither Agl nor Bi5O7I is stable under
redox conditions controlled by magnetite (Fe304> - hematite (Fe203> or most
other Fe(II) - Fe(III) buffers, which are believed to determine redox chem-
istry of deep granitic groundvaters.6 Bismuth oxyiodide is stable, how-
ever, over a wider range of redox conditions than Agl.

Similar calculations on palladium, mercury and copper iodides show that
their stability fields are still smaller, in terms of both hydrolysis and
redox reactions, as illustrated in Figure 4. This figure is also derived
from data included in Table 2- The stability diagram for palladium com-
pounds (Figure 4c) is only approximate because the thermochemistry of pall-
adium is not very accurately defined. The diagram is based on data for
Pdl2 from Wagman et al. (1982), and for Pd(OH)2 from Goldberg and Hepler
(1968). The latter authors give a less negative Gibbs energy of formation
for Pdl2 (-59 kJ-mol"

1) than Vagman et al. (1982), and also indicate that
PdO is substantially more stable than Pd(OH)2 (see pp. 264-266 of Baes and
Mesmer (1976)). Thus, the stability field of Pdl2 relative to PdO could be
much smaller than indicated. There is little question that Pdl2 is stable
only under moderately oxidizing conditions, as indicated in Figure 4c.

Both Ag(II) and Bi(V) are extremely powerful oxidants, and are not thermo-
dynamically stable in water. Oxidation of the silver in Agl, or the bis-
muth in Bi5O7I, is therefore highly unlikely, except perhaps by radio-
chemical processes. Iodide can be converted to iodate in strongly oxidiz-
ing solutions, as indicated in Figures 2 and 3, and this could increase the
solubility of an iodide waste form in oxygenated waters. Iodide/iodate
interconversion also has an important bearing on iodate waste forms, as
discussed in Section 3.1.2.

Information on basic iodides of lead is limited. A preliminary survey by
Taylor et al. (1990) showed that the most stable basic lead iodide is less
resistant to hydrolysis than Bi5O7I. Also, PbO is much more soluble than
Bi203 (Baes and Mesmer 1976, pp. 358-365 and 375-383). The possible use of

It should be noted here that metastable redox couples between Fe304 and
amorphous or poorly crystalline Fe(III) oxides are substantially less
reducing than the magnetite/hematite value. This topic is presently
under review (P. Taylor, manuscript in preparation).
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basic lead iodides as candidate waste forms was therefore not pursued fur-
ther. Vance et al. (1981) also concluded that basic lead iodides have
inadequate thermal stability. Some thermochemical data for lead iodides
are included in Table 2.

3.1.1.4 Anion Displacement Reactions

Reactions involving the displacement of I" by other anions, Y"~, impose
limitations on the stability of Agl and especially Bi5O7I. In general,
reactions involving Agl can be represented by the simple equation:

Agl(s) + V . y»- (aq) ^=* V , Ag,Y(s) + I" (aq) . (9)

The equilibrium constant is directly related to the solubility products
(Ksp):

{I-} {Ag+} {I"} Ksp (Agl)
K

{Y»-}i/» {Ag+} {Y--}1/" [Ksp (Ag.Y)]1/"

Since Agl is one of the least soluble silver salts, only a few common
anions can displace iodide in this vay. These include chloride (at ac-
tivities above lO"1-7), bromide (> 104-2) and sulfide (> 10" 3 3 0), based on
Gibbs energy data in Table 2. The extremely low threshold for sulfide7 is
offset by its instability with respect to sulfate in nonreducing waters, so
sulfide displacement does not encroach on the stability field of Agl
outlined in Figure 2. Chloride and bromide concentrations in deep granitic
groundwaters reach values as high as 6 mol.dnr3 and 0.02 mol-dnr3,
respectively. Halide displacement reactions could therefore raise equili-
brium iodide concentrations in contact with Agl to 10"6 or even 10'5

mol-dnr3 at 25°C. In a more dilute groundwater, however, a mixed silver
halide waste form, (AgCl + Agl), could suppress the iodide release by a
silver common-ion effect, as shown in Figure 5. The equilibrium iodide
concentration for this combination of AgCl and Agl is given by reaction 9,
with Y = Cl, m = 1, and K9 = {I}/{C1-} = 10'

6-3 = K23 of Taylor et al.
(1989). Note, however, the contribution to total dissolved iodine from
Agl° in Figure 5; mixed halide complexes, e.g., AgClI", could also be im-
portant. The reaction with carbonate is not a concern for silver iodide
waste forms because silver carbonate is relatively soluble.

This value is somewhat misleading, since HS~ is the dominant sulfide
species in neutral to moderately alkaline solutions. The total-sulfide
threshold is therefore higher than for S2" (and pH-dependent), but is
still exceedingly low, and the conclusion of this sentence is still
valid.
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An ion displacement reactions with Bi5O7I are more complex, because bismuth

forms a host of basic salts with inorganic anions (the hydrolysis reaction

may be regarded as a special case of anion competition). Reactions In-

volving chloride and carbonate/bicarbonate are especially important, be-

cause these anions are major groundvater constituents, and their basic

bismuth salts (particularly the carbonates) are comparatively stable and

insoluble. Phase relationships among basic bismuth chlorides and carbon-

ates near 25°C have been determined (Taylor and Lopata 1987, Taylor et al.

1984). Resulting Gibbs energy estimates have been used to calculate the

effect of dissolved chloride and carbonate on the stability of Bi5O7I (Tay-

lor et al. 1989), and the conclusions drawn from the calculations have been

broadly confirmed by experiment. This work is summarized here, and a more

detailed report is planned.

The calculations and experiments show that BisC^I is susceptible to dis-

placement reactions such as (11) and (12):

2Bi5O7I(s) + 5C0?"(aq) + 4H2O(1) =*=* 5(B10)2C03(s) + 2I(aq) + 80H(aq) (11)

2Bi5O7I(s) + 5Cl(aq) + 4H20(l) ===* 5(BiO)2(OH)Cl(s) + 2I(aq) + 30H"(aq). (12)

Note that, because of the variety of complex stoichiometries of these basic

bismuth salts, the reactions are not simple anion exchanges, and the stabi-

lity constants and phase relationships are correspondingly complex:

Ku = {I"}2 {0H-}V{C0H5

K12 - {I-)J {OH}V{C1} 5

(once more assuming unit activity of water)

This calls for care in interpreting the relative stabilities of different

salts. Calculated stability limits for Bi5O7I with respect to reactions

(11) and (12) are shown in Figures 6 and 7, respectively.

Although (BiO)2(OH)Cl is much more easily hydrolyzed than Bi5O7I, chloride

can displace iodide from (Bi5O7I + Bi2O3) when present at the high concen-

trations encountered in deep granitic groundwaters. Figure 7 shows that

BisO7I is most resistant to chloride in a moderately alkaline solution.

Carbonate will displace iodide almost quantitatively from Bi5O7I (i.e., AI
m

released per 5C0§), but its impact can be mitigated by back-reaction of

the iodide with Bi2O3 (eq. 1, right-to-left). Thus, a 10° mol-diir3 solu-

tion of carbonate (or bicarbonate) can displace iodide to a concentration

of 8 x 10'4 mol-dnr3, with a concomitant pH increase to about 11. The
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back-reaction will raise the pH further, to about 11.3, and the iodide

concentration will equilibrate near 10 6 mol-dnr3 (at 25°C). This type of

behaviour has been confirmed experimentally, although this estimated iodide

concentration appears to be somewhat low. There is also concern that the

Bi2O3 may be deactivated by the formation of a passive layer of basic bis-

muth carbonate. Formation of (BiO),(OH)2CO3 rather than (BiO)2CO3 does not

markedly alter this account, since it is only marginally stable with re-

spect to Bi2O3 + (BiO)2CO3 + H2O(1) (Taylor et al. 1984).

Incorporation of a bismuth oxyiodide waste form in portland cement may be

desirable, since the high pH (-11) inherent in saturated cement should

reduce the waste form's sensitivity to anion displacement reactions. How-

ever, it would still probably be necessary to avoid carbonate-rich or high-

ly saline environments. We conclude from our calculations that although

iodide solubilities in pure water may be as low as 10'9 moi«dnr3, the low-

est iodide concentration that could be reasonably expected of a bismuth

oxyiodide waste form in a cool, dilute, nonreducing groundwater would be

around 10 5 mol-dnr3.

3.1.1.5 Metal Complexation Reactions

Complexation appears to be a less important factor in determining iodide

release from Agl or (Bi5O7I + B12O3) than either redox chemistry or anion

displacement, respectively (Taylor et al. 1989). In concentrated brines,

the formation of AgCl2 can increase the solubility of Agl up to about

10 5 mol-dnr3:

Agl(s) + 2Cl(aq) ,=* AgCl2(aq) + I(aq) (13)

K13 = {AgCl2}{I}/{Cl}
2 = 10-"-« .

Theoretically, iodide release from (Bi5O7I + Bi203) should be unaffected by

bismuth speciation since equilibrium (1) is Independent of aqueous bismuth

species, except inasmuch as it assumes that the solution is saturated with

respect to both solids. The bismuth oxyiodide waste form is thus insensi-

tive to bismuth complexation, except for the secondary effects from the pH

change, and the possibly accelerated depletion of the Bi203 component.

Common groundwater ions appear not to form strong complexes with bismuth in

a neutral-to-alkaline solution, although data are limited, especially on

carbonate. Iodide complexes appear to be stable only in acidic, concen-

trated iodide solutions (Eve and Hume 1964,1967).
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3.1.1.6 Conclusions on Thermodynamic Limitations of Iodides

We can conclude from the foregoing that Agl and (Bi5O7I + Bi2O3) are prob-
ably the most promising inorganic iodides (as opposed to iodide-containing
silicate materials (see Section 3.2) available for consideration as waste
forms. Silver iodide shows greater resistance than bismuth oxyiodide to
anion displacement reactions with common groundwater anions. This is
effectively demonstrated by the coexistence of Agl and BiOCl in some
natural mineral assemblages (Palache et al. 1951). However, silver iodide
has a more limited stability than bismuth oxyiodide under reducing
conditions. The best groundwater environment for disposal of either waste
form would be cool, nonreducing, and low in dissolved salts. The
possibility that some other iodide or basic iodide will be found with
superior thermodynamic properties to either Agl or (BisC^I + Bi2O3) is
remote, but cannot be eliminated.

3.1.1.7 Practical Considerations Concerning Silver and Bismuth Iodides

Important practical aspects concerning silver and bismuth iodides, such as
availability of bismuth and silver, and the relative ease of preparation of
proposed waste forms, were addressed by Taylor et al. (1989); a detailed
account of the bench-scale preparation of Bi5O7I from Bi203 is given by
Taylor et al. (1988). While there is clearly a need for further develop-
ment work before either waste form could be adopted, there appear to be no
major technical barriers to the large-scale preparation of either Agl or
Bi5O-7l + Bi2O3. Preparation of the latter material does require careful
pretreatment of the Bi2C>3 precursor, and further work would be needed to
devise a method of consolidation. Considerations of cost and availability
of raw materials are addressed briefly in Section 3.4.

3.1.2 Thermodvnamic Limitations of Inorganic Iodates

Inorganic iodates were surveyed for candidate waste forms by Burger et al.
(1981). They concluded that the iodates of mercury and the heavier
alkaline-earth elements (Ca, Sr, Ba) showed the most promise because of
their resistance to hydrolysis and their moderately low solubility. How-
ever, it is clear from their work, and also from the assessment of McKay et
al. (1981), that even barium iodate (the most promising of this group) is
far inferior to silver iodide, mainly because of its higher solubility,
~10° mol'dnr3. If incorporated in cement, with assurance of rapid
dilution after leaching, it may yet prove to be acceptable. It is
unlikely, however, to be an appropriate waste form for inclusion in a vault
in a granitic environment, where groundwater flow and dispersion are slow
and reducing conditions prevail. All iodates are stable only in oxidizing
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environments. In a reducing environment, reductive dissolution as iodide
may therefore increase the release from an iodate waste form. It is like-
ly, however, that the ordinary solubility of a waste form such as Ba(IO3)2
would be sufficiently high that it would exceed the reducing capacity of
the groundwater, and thus dominate the redox chemistry of the solution.

Burger et al. (1981) did not find any data for the bismuth iodate system.
More recently, Taylor et al. (1990) completed a preliminary survey of stab-
ility relationships of solids in this system. Although quantitative phase
relationships were not determined because of the complexity of the system,
it was shown that basic bismuth iodates are less resistant to hydrolysis
(and hence to other anion-displacement reactions) than Bi5O7I. This is
consistent with the general comments on heavy-metal iodides and iodates
made by Burger et al. (1981). Basic bismuth iodates were therefore dis-
missed as candidate waste forms. An estimate of A£G° for
(BiO)2(OH)(IO3).xH2O, which appears to be the most stable bismuth iodate
with respect to hydrolysis, is included in Table 2.

Although iodates in general do not appear to be promising waste forms,
several points in their favour should be noted. First, they would be com-
patible with some of the iodine-collection methods (Section 2), especially
the Iodox process and its variants, which convert iodine to iodic acid or
other iodates. Second, iodate (unlike iodide) is significantly sorbed on
some mineral surfaces, notably iron oxides, and this may mitigate releases
from an iodate waste form (Couture and Seitz 1983; Machesky et al. 1989;
Ticknor and Cho, in preparation). Finally, the lower cost of calcium or
barium raw materials, compared with silver or bismuth, may permit an iodate
waste form to be made with a significant level of isotopic dilution using
natural iodine-127. Such a material may well prove to be acceptable, in
spite of the relatively high solubilities of the iodates, because isotopic
dilution at the source directly reduces the maximum possible individual
dose consequences; effects on the overall population dose may be less pro-
nounced .

3.2 SILICATE-BASED WASTE FORMS

A discussion of silicate-based waste forms can be divided into two main
areas: direct disposal of solid sorbents, and the manufacture of a waste
form distinct from the product of initial immobilization. The principal
candidate material in the latter category is sodalite.
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3.2.1 Direct Disposal of Solid Sorbents

It has been suggested that solid sorbents such as silver zeolites or AC
6120, which have been developed for removal of iodine from reprocessing-
plant process streams (Section 2), may be appropriate waste forms for final
disposal of iodine-129, either alone or in combination with cement (Burger
et al. 1981, McKay et al. 1981, and references therein). A suggested mod-
ification of this approach is to recover iodine from the silver-containing
matrix and re-trap it on a lead zeolite, thereby minimizing the consumption
of silver.

Most experimental work on solid sorbents has, understandably, dealt with
their thermal stability and their performance under process conditions
(McKay et al. 1981). Some research has also addressed the speciation of
iodine within these rather complex materials (Vance and Agrawal 1982).
Little information is available, however, on their aqueous leaching behav-
iour. The most useful data were provided by Burger et al. (1981), who
compared the performance of iodine-loaded silver mordenite ("AgZI",
15 vt.X I) and lead zeolite ("PbXI", 37 vt.Z I) with several inorganic
iodides and iodates, all combined with portland cement.

Burger et al. (1981) found that the PbXI in cement showed very poor leach
resistance. The AgZI material, however, was intermediate in performance
between cements loaded with Ba(I03)2 and Agl, The latter cement was the
most leach-resistant material they studied, along with an iodide-sodalite
product (see Section 3.2.2). Burger et al. (1981) mentioned socs tests on
iodine sorption by AC 6120, but did not include it in their leaching stud-
ies. McKay et al. (1981) comment that a preliminary leach test with
AC 6120 at Karlsruhe showed some promise; there appears to be no
information on the long-term leaching behaviour of this material.

In conclusion, silver-impregnated silicate sorbents cannot be ruled out as
candidate waste forms without further leach testing under conditions rele-
vant to the Canadian waste disposal environment. They appear, however, to
be inferior to iodide-sodalite, as discussed in Section 3.2.2.

3.2.2 Iodide-Sodallte

Sodalite is a mineral capable of incorporating a variety of anions (in
nature, mainly chloride) within a cage-like aluminosilicate network
structure (Barrer and Cole 1970). Although natural sodalites contain only
trace quantities of iodide (Brehler and Fuge 1974), synthetic materials
have been prepared that approach the theoretical stoichiometry,
Na4Al3Si3012l> which would contain 22 vt.X of iodine.
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First synthesized by Tomisaka and Euegster (1968), iodide-sodalite was
proposed as an iodine-129 waste form by Strachan and Babad (1979), with
further work reported by Burger et al. (1981), Dunn et al. (1985), Vance et
al. (1981) and Winters (1980). Iodide-sodalite has been prepared from a
variety of precursors (kaolinite, nepheline, aluminosilicate gel, and Nal
or NaI03, plus NaOH as required), using a variety of high-temperature syn-
thetic techniques (hydrothermal synthesis, cold pressing and firing, or hot
pressing). The ideal reaction stoichioraetries (using the nepheline precur-
sor) are given by equations (14) and (15):

3NaAlSiO4 + Nal *=* Na4Al3Si3012I (14)

3NaAlSiO4 + NaI03 «=* Na4Al3SijOi2l + 3/202 . (15)

When NalO. is used, the iodate decomposes to iodide on firing, and the
product is indistinguishable from that obtained using Nal (Strachan and
Babad 1979, Vance et al. 1981). This may be advantageous since it provides
some process flexibility. A combination of iodide and iodate feed should
be avoided, however, since it could promote formation of elemental iodine
during processing. For precursors other than nepheline, NaOH may be needed
to maintain the overall molar proportions 4Na:3Al:3Si:lI.

There appears to be some difficulty in achieving complete incorporation of
Nal into the sodalite structure. At low temperatures (̂  600°C), some un-
reacted Nal persists (Dunn et al. 1985, Vance et al. 1981), whereas at
higher temperatures (600 to 1200°C) there is some volatilization of iodine
and formation of a glassy secondary phase (Vance et al. 1981). In either
case, recycling of unincorporated iodine would have to be included in a
waste immobilization process. Volatilization of iodine involves oxidation
of I" to I2 (equation (16)), so it should be minimized by firing in a non-
oxidizing atmosphere.

2NaI + l/202 + XA1 20 3 + yS102 —• I2 + Na2O.xAl2O3.Y.Si02 (16)

Reported bulk densities of iodide-sodalite products vary; most lie between
70 and 90% of the theoretical value, derived from X-ray diffraction data,
of 2.613 g-cnr3 (Dunn 1985, Strachan and Babad 1979, Vance et al. 1981),
although Winters (1980) reported near-theoretical densities in some speci-
mens. Dunn et al. (1985) determined optimum process conditions of 600°C
and 50 MPa for 2 to 3 d, followed by crushing, rinsing to remove unreacted
Nal, and reconsolidation at 700°C for a further 3 d. Higher firing temper-
atures require lower processing times: about 1 h near 1000°C (Burger et al.
1981, Strachan and Babad 1979, Vance et al. 1981).
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Preliminary measurements of the leaching behaviour of iodide-sodalite in-
dicate that it is a promising candidate waste form. Burger et al. (1981)
found it comparable to Agl when each material was incorporated in Portland
cement, and markedly superior to either Ba(I03)2 or silver zeolite pro-
ducts. Leaching d^ca obtained by Strachan and Babad (1979), Vance et al.
(1981) and Winters (1980) are more difficult to evaluate; they show major
releases of iodine under the aggressive conditions; of Soxhlet extraction of
powdered samples. Winters (1980) noted that the product performance im-
proved greatly with the better densification achieved at higher hot-press-
ing temperatures (near 1000°C). This product was also hard and physically
durable. Dunn et al. (1985) performed leach tests on wafer samples of hot-
pressed material in deionized water at 50°C. They observed a significant
initial rapid release, which they attributed to either residual Nal or
surface depletion; this amounted to about 0.1% of the iodine in the speci-
mens. This was followed by a much slower release, 5 x 10"14 mol-cnr^s'1,
attributed to sodalite dissolution. This value is similar to the upper
limit they obtained for iodine release in Standard Canadian Shield Saline
Solution.

More leaching data, for longer times and in different representative
groundwaters, are required before iodide-sodalite can be thoroughly assess-
ed as a waste form. lodide-sodalite does appear, however, to be the most
promising silicate-based waste form, and hence the most appropriate choice
for detailed leaching experiments in future. Unlike the iodides and lo-
dates discussed in Section 3.1, it cannot be prepared by low-temperature
chemical methods, but the conditions for its synthesis do not appear unduly
demanding. A process temperature of 1000°C is lower than is needed to
manufacture glasses and ceramics envisaged for high-level recycle wastes
(although the likely need for hot pressing does introduce an added degree
of process complexity).

Thermodynamic data are not available for iodide-sodalite, but it is likely
unstable with respect to exchange of groundwater chloride for the iodide.
This will be hindered kinetically, however, by the low mobility of large
anions such as iodide between "cage" sites in the sodalite network struc-
ture (Barrer and Cole 1970). Vance et al. (1981) also point out that soda-
lite is unstable at high silica activities and in acidic solutions. Its
efficacy as a waste form will most likely be limited by the kinetics of
alteration reactions involving dissolution or rearrangement of the alumino-
silicate network structure.

Sharp et al. (1989) recently determined the stability of chloride-sodalite
in the system NaAlSiO4-NaCl at high temperatures. From these studies, they
estimated A£G° (Na8Al6Si6024Cl2, 298 K) = -12 697 kJ-mol'

1 (note the doubled
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stoichiometry). Using this estimate, we can calculate other stability re-
lationships for chloride-sodalite, e.g.,

Na8Al6Si6024Cl2(s) + 9H20(l) »=*

3Al2Si205(0H)4(s) + 8Na+(aq) + 60H(aq) + 2Cl(aq) (17)
(kaol in i te )

Kn = {Na+}8{Cl-}2{0H-}6/7(H20)
9 .

By applying Gibbs energies of formation from Robie et al. (1979) to
equation (17), we obtain the Gibbs energy of reaction, ArG° (298 K) =
+ 131.1 kJ-mol"1, and log10K17 = -23.0. Thus, at unit activities of Na

+, Cl"
and H20, chloride-sodalite is stable with respect to kaolinite at 25°C only
if {OH-} 2 -23.0/6, i.e., pH ;> 10.2. The limiting pH will be still higher
in more dilute chloride solutions. It is unlikely that iodide-sodalite is
much more stable in these terms than its chloride analogue.

In conclusion, since an iodide-sodalite waste form would most likely depend
on kinetic rather than thermodynamic stability, it is difficult to compare
it directly with materials discussed in Section 3.1. Data reported by
Burger et al. (1981), however, indicate that it is competitive with Agl as
a candidate waste form. A major advantage of sodalite, if its leaching
properties prove adequate, is that the raw materials for its manufacture
are abundant and inexpensive. Major concerns about iodide-sodalite are the
process complexity and the possible presence of some of the iodine in a
soluble form. It is possible that use of hot-pressing techniques of the
type developed for the SYNROC high-level waste form (Ringwood et al. 1988)
may overcome these difficulties.

3.3 OTHER CANDIDATE MATERIALS

Vance et al. (1981) investigated the possibility of preparing a waste form
analogous to the mineral boracite, Mg3B7013Cl. Like sodalite, boracite
contains chloride anions within a cage-like network crystal structure, but
constructed from B-0 rather than (Al,Si)-0 bonds. The iron iodoboracite,
Fe3B70i3I, proved inferior to iodide-sodalite, however, and attempts to
prepare other analogues were unsuccessful.

A few other materials have received some attention as candidate waste forms
for iodine-129. McKay et al. (1981) refer to investigations of fluoride,
halophosphate, borohalide, molybdate and tungstate glasses. Although a
number of these low-melting glasses can accommodate substantial quantities
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of iodide, there is as yet no indication that any such product is both

readily prepared and resistant to aqueous dissolution. Finally, McKay et

al. (1981) also suggest an unspecified Dow Chemical Company polymer as a

"long shot" candidate material. It seems unlikely, however, that any such

material would be sufficiently stable for long-term retention of radio-

active iodine.

3.4 AVAILABILITY OF RAW MATERIALS

An important aspect of waste form selection is the evaluation of possible

limitations by cost and availability of raw materials. In thrs case of

iodine-12C\ the mass of material involved is rather small - about 60 kg

of iodine, including iodine-127, per 1000 t of U in reference once-through

CANDU fuel (Tait et al. 1989). A commercial recycle plant would thus be

required to immobilize much less than 1 t of iodine per year, and it is

hard to conceive of future Canadian requirements exceeding a few tonnes per

year. Thus, the use of somewhat exotic materials is not automatically

ruled out.

Table 3 summarizes the raw material requirements to immobilize 1 t of io-

dine- 129, excluding containers and concrete or other possible encasement

materials. Because of fluctuations in metal prices and production, the

availability of raw materials is discussed only in broad terms. The most

expensive raw materials listed are Bi2O3 (US $33/kg in 1986 Dec.) and Ag

(US $172/kg in 1986 Dec, Taylor et al. 1989). These costs are minor in

terms of the energy value of the nuclear fuel, from which the 129I origin-

ates, but hi and Ag resources are limited, as discussed below.

Calcium, sodium, aluminum and silicon are all sufficiently abundant that

there are no concerns about resource limitation, even for a waste form with

a substantial degree of isotopic dilution. Barium is a scarcer element

than calcium, but with world production in the tens of thousands of tonnes,

it too can be considered for use in an isotopically diluted waste form.

Iodine itself becomes the limiting resource for a dilute waste form, but

with world production around 10 000 t/a this is only likely to become a

problem at very high dilution and/or high world fuel-recycle capacity.

Bismuth is scarce both in terms of natural abundance and commercial pro-

duction. World production of a few thousand tonnes per year may well be

strained by world-wide adoption of a bismuth oxyiodide waste form. At

present, the main uses of bismuth are pharmaceutical and metallurgical. It

is, however, a component of some high-temperature superconductor materials.

If such a material reaches commercial use, it could obviously have a drama-

tic effect on the strategic value of bismuth.
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World silver production exceeds that of bismuth: around 8000 t/a of primary
production. This, combined with the more modest needs of the Agl waste
forms than the bismuth oxyiodide, indicates that resource limitations may
be less serious. The intrinsic value of silver is high, however, and since
1951 demand has exceeded primary production, necessitating the recycling of
silver chemicals and scrap.

In conclusion, adoption of either silver iodide or any other silver-based
material, or bismuth oxyiodide, as a waste form for iodine-129, should not
be undertaken on a large scale without careful attention to long-term
availability of Ag or Bi. Isotopic dilution is probably ruled out by re-
source limitations in these cases. Other waste form options discussed in
this section appear not to be limited in this way. The overall cost of an
isotopically dilute waste form would, of course, reflect the necessary
increase in production capacity as well as in material requirements.

3.5 RADIATION STABILITY

Stability towards radiation damage, and the ability to accommodate trans-
mutation products, are important considerations in the selection of any
radioactive waste form. The comparatively feeble radioactivity of
iodine-129 suggests that these are minor concerns in this case. If we
assume that the purpose of an iodine waste form is to control release of
iodine-129 over times much less than 106 years, rather than to immobilize
it for many half-lives, then the effects of the transmutation product
(stable xenon-129) can probably be ignored; it would amount to only 0.4% of
the original iodine-129 after 105 years. Radiation damage, however, could
be significant (Burger et al. 1981), but few data are available.

Preliminary tests indicate that iodide-sodalite and bismuth oxyiodide are
rather insensitive to irradiation (Vance et al. 1981, Taylor et al. 1989).
Barium iodate is somewhat sensitive to radiolytic reduction; conversion of
0.21% of 129I from lodate to iodide has been estimated to occur in 103

years in a barium iodate/concrete waste form (Clark and Howerton 1980).
Since silver halides are photosensitive, radiolytic reduction of Agl-based
waste forms to metallic Ag, with concomitant release of iodine, could be a
significant process, as noted by Taylor et al. (1989). Clearly, more de-
tailed studies of radiation effects would be a desirable step in the later
stages of selecting an iodine waste form. Direct radiation effects and the
influence of radiolysis products could be more important if disposal of an
iodine waste form took place alongside high-level fuel wastes.
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4. CONCLUSIONS

A variety of approaches to the isolation and immobilization of iodine-129
released from nuclear fuel in a recycle plant have been developed to vary-
ing levels of scientific understanding and technological demonstration.

The efficient isolation of iodine is greatly facilitated if it is diverted
quantitatively to the dissolver off-gas stream, or an off-gas stream from
some prior process. Several methods for the subsequent removal and concen-
tration of this iodine appear to be veil developed. The choice of an ap-
propriate form for final disposal, however, remains unresolved.

The search for a thermodynamically stable, insoluble iodide waste form has
been narrowed to two main candidate materials, Agl (perhaps mixed with
AgCl) and a combination of a-Bi2O3 and a-Bis07I. Both are constrained by
chemical limitations, primarily the sensitivity of silver salts to reduc-
tion and of bismuth oxyiodide to anion displacement reactions. Resource
limitations may also become important if either waste form is adopted in-
ternationally. The higher solubilities of some waste forms employing more
abundant raw materials might be offset by isctopic dilution with natural
iodine-127.

The radiation stability of candidate waste forms has received only brief
attention (Taylor et al. 1989); it is unlikely to be a more important con-
cern than the limitation of chemical stability. Radiation may catalyse
reductive dissolution or decomposition, since silver halides and, to a
lesser degree, bismuth iodides are known to be photosensitive.

Under ideal disposal conditions (cool, non-reducing groundwaters with low
dissolved solids concentrations), near-field concentrations would be limit-
ed to about 1 0 s to 10^8 mol-dnr3 for silver iodide, and probably 10"4 to
10-5 mol.dm.j for bismuth oxyiodide. Under inappropriate conditions, much
higher releases could occur.

Release from a silicate-based waste form such as iodide-sodalite would
almost certainly be kinetically rather than thermodynamically limited, and
further leaching data are needed to assess it fully. Such data, or the
solubility limitations discussed above, should permit direct comparison of
the consequences of iodine release from either used fuel or a recycle waste
form in a waste vault.

The most appropriate disposal environment for a recycle waste form differs
from that for used fuel. As noted above, cool, non-reducing waters with
low dissolved-solid concentrations would be more benign towards a silver or
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bismuth iodide waste form than the reducing, saline groundvaters likely to
be present in a used-fuel disposal vault. Disposal at or near a high-level
waste vault site, but at shallower depth, may therefore be appropriate for
such materials, although a persuasive case might be made for a completely
separate disposal strategy.
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TABLE 1

IODINE MINERALS'

NAHE FORHULA

Harshite Cul
Miersite (Ag,Cu)I, Ag > Cu
Cuproiodargyrite (Ag,Cu)I, Ag < Cu
Iodargyrite Agi
Iodembolite Ag(Cl,Br,I)
Coccinite Hgl2
Hopingite Hgl2 (cubic)

• f r * * * * * * * * * * * * * * * * * * * * * * * * * * :

Bellingerite Cu(IO3)2
Salesite CuIO3(OH)
Lautarite Ca(IO3)2
Brueggenite Ca(IO3)2-H2O
Dietzeite Ca2(IO3)2CrO4
Schvartzembergite Pb5(I03)Cl303
Hectorfloresite Na9(I03)(S04)4

Information from Brehler and Fuge (1974), except for brueggenite
(Ericksen et al. 1974), and hectorfloresite (Ericksen et al. 1989).
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TABLE 2

GIBBS ENERGIES OP FORMATION. AfG°

(298.15 K. 100 kPa) FOR SPECIES DISCUSSED IN THIS REPORT

Species AfG°.

CO2(g)
H2O(1)
OH-(aq)
I-(aq)

IOS(aq)
Br-(aq)
Cl(aq)
S2(aq)
HS(aq)

SOi-(aq)
COj-(aq)
HCO3(aq)
"H2CO3"(aq)
Ag+(aq)

Aglo(aq)
AgClj(aq)
Agl(s)
AgBr(s)
AgCl(s)

a-Ag2S(s)
a-Bi2O3(s)
BiI3(s)
BiOI(s)
a-Bi5O7I(s)

+19.33 ± 0.08
-394.36 ± 0.17
-237.13 ± 0.08
-157.24 ± 0.09
-51.57 (-51.92 ±

-128.Obc

-103.96 ± 0.17
-131.23 ± 0.11
+85.80 ± 0.85
+12.08 ± 0.85

-744.53 ± 0.12
-527.81 ± 0.12
-586.77 ± 0.12
-623.08 ± 0.12
+77.11 t 0.10

-12.ld

-215.4d

-66.19 ± 1.76
-96.90 (-97.12 ±
-109.79 ± 0.09

-40.67 (-40.08 ±
-493.7 ± 1.5
-160 ± 16
-247.8 ± 2.8
-1266.5 ± 5.7«

Reference*

0.86)

0.18)

0.84)

(BiO)2(OH)(IO3)-xH2O(s) (-701 ± 7) - 237x
BiOCl(s) -322.lcf

(BiO)2(OH)Cl(s) -696 ± 4«
Bi12O17Cl2(s) -3141 ± 6«
(BiO)2CO3(s) -945 ± 7«

(BiO)4(OH)2CO3(s)
Cu0(s)
Cu2O(s)
Cul(s)
a-Fe2O3(s)
(hematite)

-1679 ± 9»
-129.7 ± 1.3
-146.0 ± 6.3
-69.5C

-742.2 (-742.7 ± 1.3)

Taylor and Lopata (1986)
Taylor and Lopata (1986)
Taylor and Lopata (1988)

Taylor et al. (1990)

Taylor and Lopata (1987)
Taylor and Lopata (1987)
Taylor et al. (1984)

Taylor et al. (1984)

continued ...
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TABLE 2 (concluded)

Species . kJ-mol'1 Reference*

Fe3O4(s)
(magnetite)

HgO(s) (red)
HgI2(s) (red)
Hg2I2(s) (red)
PbI2(s)

Pb(OH)I(s)
5PbO.2PbI2.2H2O
6PbO.2PbI2-2H2O
Pd(OH)2(s)
PdI2(s)

-1015.4 (-101

-58.54 ± 0.06
-101.7 ± 2.6
-111.0c

-173.64

-321 ± 3
-1877 ± 8
-1852 ± 8
-3019
-71.5C*

Taylor et al. (1990)
Taylor et al. (1990)
Taylor et al. (1990)
Goldberg and Hepler (1968)

• Unless otherwise stated, data are from Wagman et al. (1982) and Robie et
al. (1979). Where these sources differ by > 0.5a (as given by Robie et al.
(1979)), or by > 0.1 kJ»mol-1, the Gibbs energy from Wagman et al. is
combined with the uncertainty limit (2a) of Robie et al. Where the discre-
pancies exceed these limits, Robie data follow Wagman data in parentheses.
Note that uncertainty limits are not given for data available from Wagman
but not Robie. Some data have been rounded as appropriate.

b Lemire et al. (1981) recommend A£G° = -126.3 ± 4.0 kJ-mol"
1 for IO^aq).

c Not listed by Robie et al. (1979).

d Wagman et al. (1982) include data for many other aqueous silver halide
complexes.

• Calculated for consistency with Wagman et al. (1982), hence the minor dis-
crepancy with Taylor et al. (1984), which gives -1678 kJ.mol"1 for
(Bi0)4(0H)2C03.

f Taylor and Lopata (1987) obtained A£G° = -321.5 ± 1.3 kJ.mol-
1 for

BiOCl(s).

9 See discussion of palladium thermochemistry in Section 3.1.1.3.
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TABLE 3

RAW MATERIAL REQUIREMENTS FOR IMMOBILIZATION OF IODINE-129

WASTE FORM REQUIREMENTS TO IMMOBILIZE 1 t of IODINE-129'

Ca(IO3)2 0.28 t CaO

Ca(IO3)3, 90% 1-127 2.18 t CaO
8.6 t I2

Ba(I03)2 0.98 t BaCO3

Ba(IO3)2, 9QZ 1-127 7.66 t BaC03
+ 8.6 t I2

Bi5O7I + Bi203 23.1 t Bi2O3

(50:50 based on moles of Bi)

Agl 1.07 t Ag

Agl + AgCl 2.14 t Ag
(50:50, molar basis)
Iodide-Sodalite 4.23 t NaAlSiO4

b

+0.4 t NaOH
Iodide-Sodalite, 33.1 t NaAlSiO4

b

90* 1-127 +3.1 t NaOH
+ 8.6 t I2

Based on reference CANDU fuel containing 0.0448 g of iodine-129 and
0.0123 g of iodine-127 per kg U (Tait et al. 1989). This corresponds to
9.92 x 103 moles total iodine per tonne 1-129. Dilution to 10? 1-129 in
1-127 corresponds to 7.76 x 10* moles I per t 1-129.

Either as nepheline or an appropriate combination of other Na/Al/Si/0 raw
materials.



0

o
a.
_i -10

o

-20

2 Bi507l 5 Bi203 +

2

200 400 600
T(°C)

FIGURE 1: Calculated aquilibriuin iodine partial pressures over Agl + Ag (equation 5, data from Robie et
al. (1979)) and ct-Bi5O7I •*• Bi/0- ir .ii (equation 6, data ftorn Taylor and Lopata (1988), based
on direct measuronen L at 35-..- • oi.... •'•. anu ^ULived from solution equilibria a. 10-60°C; boundaries
of hatched area represent 95% confidence limits).



o
CL

X
Q.

-40

-30 -

-20-

-10-

0 :

10
-12

-

1

X
Q.

Fe203

Fe304

1

0)
II

X
Q.

a

i 1 " "o 2 -
IO3 H20 -

r

Q.

H20

, H 2

0

--20 a
Q.

-10 -8 -6 -4
log {r}

-2

-40 2
CL

--60

--80

0

FIGURE 2: Calculated stability limits for «-Bi5O7I, relative to a-BijOj and elemental Bi, in contact
with aqueous solution at 25°C, as a function of pH, iodide activity and redox conditions.
Dashed lines represent stability limits of water; dotted lines represent I/IOi and
a-Fe203/Fe304 redox couples. Vertical lines represent control of iodide activity by
equilibrium (1). Sloping, near-horizontal lines represent control by equilibrium (8).



-40

(VJ

X

o

-20

-101-

ol--

J0

1

:JAg+| = I 0 " 8 J

Fe203

" Fe304

i

IO3-
r

\ ^

)

1 1

• oz -
H20 .

-

H20

H2 "
1 1

-12 -10 -8 -6 -4 -2

0

1-20

o
-40 ^

-60

4-80

0

CD

FIGURE 3: Calculated stability limits for Agl relative to elemental Ag and dissolved Ag+ (activity
10"8), in an aqueous system at 25°C. Vertical and diagonal lines correspond to Agl solubility
(virtually independent of pH) and equilibrium (7), respectively. Other lines have the same
meaning as in Figure 2.



- 39 -

-40

-20
CuO

Cu2O

0

-40

0 Cu Cul

o
Q.

: -20 -
CM

X

o

-12

-80

-12 -8 -4 0
-40 1 1

. HgO

Hg

i i

J ' '1
Hg

i

Hgl2

i

- 0

0 -

-12 -8 -4

-20

0

i i

Pd

-

•
(0H)2

i

Pd

i

i

Pd!

^

z

-8 -4

log

-40

--80
0

- 0

--40

- -80

0

o
0.

O

FIGURE 4: Calculated stability limits of copper, mercury and palladium
iodides, expressed in the same terms as Figures 2 and 3.
Please note the discussion of palladium thermochemistry in
Section 3.1.1.3.



- 40 -

-6

-7

-8

-9

•10

-II

•12

i i

-

-

Agl only
—

-

i i

i

/Agl

1

1 1

J

+ AgCI

-

i i

-6 -5 -4 -3 -2
iog{cr}i

-I 0

init

FIGURE 5: Calculated iodide activities in equilibrium with Agl and
Agl + AgCI, as a function of chloride activity. The dashed
line represents total dissolved iodine, including Agl°(aq).
Horizontal portions represent simple solubility control;
sloping portions represent control by equilibrium (13).
(See Appendix A).



-6-

13

FIGURE 6: Calculated stability limits of BisChl in contact with aqueous solutions at 25°C, with respect
to (BiO)2CO3 and o-Bi203, as a function of pH, dissolved iodide activity, and total dissolved
carbonate activity. The second bismuth carbonate phase, <BiO)4<OH)2CO3t has been omitted tor
simplicity. Its stability field would occupy a narrow strip straddling the bold diagonal
line, and would thus encroach somewhat further into the Bi5O7I stability field than (BiO)2CO3.
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FIGURE 7: Calculated stability limits of Bi5Q7* in contact, with aqueous solution at 25"C, with respect
to (BiO)2(OH)Cl and a-Bi203, as a function of pH*and dissolved iodide and chloride activity.
The stability field of Bi12Oi7Cl2, omitted for simplicity, would encroach deeper into the
Bi5O7I stability field than that of (BiO)2(OH)Cl; the latter phase, however, is favoured in
the early stages of alteration of BisCbl by chloride solutions (P. Taylor and D.D. Wood,
nnnnhH ehoH Haf«»\
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APPENDIX A
TEMPERATURE DEPENDENCE OF THE SOLPBILITY OF SILVER IODIDE. AND

EFFECTS OF SILVER HALIDE COMPLEXES

(R.J. Lemire and P. Taylor)

The aqueous solution activity products, (Ag+}{X~}» of both Agl and AgCl at
25, 60 and 100°C were calculated using thermodynamic data (AfG°, S°, Cp)
from current NBS tables (Vagman et al. 1982) and standard relationships
between thermodynamic quantities and equilibrium constants (Lemire and
Tremaine 1980). Beat capacities were assumed to be independent of tempera-
ture between 25 and 100°C. The activity product is numerically equal to
the solubility product in molal units at low ionic strength:

AgX(s) ,=* Ag+(aq) + X(aq) (A-l)

KB-i =

For Agl, the calculated activity product increased from 10" 1 6 1 at 25°C to
10" 1 4 1 at 60°C and 10"12-3 at 100°C. These values correspond to congruent
solubilities of 10"8-0, 10" 7 0 and 1 0 6 2 mol-kg1, respectively. The
neutral complex, Agl°(aq), is not significant when Agl is the only saturat-
ing solid phase:

Agl(s) ==* Agl°(aq) (A-2)

KB-2 = {Agl
0}

= 10"9-8 at 25°C (based on data from Uagman et al. 1982) .

This species, however, sets a lower limit on solubility of iodine contained
in an (AgCl + Agl) waste form (see Section 3.1.1.4). The temperature de-
pendence of KB.2 was not calculated since experimental entropy and heat
capacity data were not available.

For AgCl, the calculated activity product increased from 10"9-8 at 25°C to
lQ-8.6 at 6o°C and 10"7-6 at 100°C. These values correspond to congruent
solubilities of 10'4-9, 10"4-3 and 10"3-8 mol-kg"1, respectively. For a
composite waste form, (AgCl + Agl), aqueous free iodide activity is limited
by equilibrium B-3, as discussed by Taylor et al. (1989).
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Agl(s) + Cl-(aq) *=s AgCl(s) + I(aq) (A-3)

KB-3 = {I

= [KB.1(AgI)]/[KB.1(AgCl)]

= 10-6-3 at 25-C, lO"5-5 at 6O°C, 10 4- 7 at 1OO°C.

Total dissolved silver concentrations in saline solutions, however, vill
include a significant contribution from silver halide complexes, e.g.,
AgClj, as in reactions (A-4) and (A-5).

AgCl(s) + Cl(aq) ^=* AgCl^aq) (A-4)

KB., = {AgCl2)/{Cl-}

= 10-4-5 at 25'C .

Agl(s) + 2Cl-(aq) **=* AgCli(aq) + I(aq) (A-5)

KB.5 = {AgCli}{I}/{Cl}
2

= 10-10-4 at 25°C .

It is possible that mixed iodochlorosilver complexes, e.g., AglCl", vill
contribute to the solubility of Agl in saline solutions. No data are
available on such species.
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