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SOLIDIFICATION DE L'lODURE AQUEUX DISSOUT PAR REACTION AVEC UNE POUDRE

DE a-Bi2O3 POUR FORMER DU a-Bi5O7I

par

Peter Taylor, Donald D. Vood et Vincent J. Lopata

RESUME

Le melange de a-Bi2O3 et de a-Bi5O7I est un materiau candidat
pour immobiliser l'iodure radioactif. Dans le present rapport, on examine
les facteurs qui influent sur la reaction du <x-Bi2O3 avec l'iodure aqueux
pour former le ct-Bi5O7I. Pour obtenir des facteurs de decontamination
eleves en des temps de reaction courts, il faut nucleer le Bi5O7I sur la
surface du Bi2O3 par traitement prealable avec une solution de Nal ou de KI
a 10~2 mol'dnr3. Apres ce traitement prealable, il est possible d'enlever
90-99% de l'iodure des solutions neutres a une concentration initiale
voisine de 10"5 mol'dm"3 a l'aide d'une boue diluee de Bi2O3 (5 g pour
100 cm3) en des temps de contact de l'ordre d'une minute a 20-25°C.
Plusieurs autres ions ordinaires, par exemple carbonate/bicarbonate,
chlorure, borate et sulfate, peuvent gener cette reaction. On examine
egalement les effets de la variation du pH (9-11), de la temperature
(20-50°C), de la concentration d'iodure et de la quantite de Bi2O3. En
outre, il y a quelque variation de la vitesse et du degre de reaction avec
des echantillons de Bi203 de differentes sources. A une forte
concentration d'iodure (> 5 x 10"2 mol-dnr3), d'autres produits que le
Bi5O7I, peut-etre le Bi4O5I2 et le Bi7O9I3, se forment. Les resultats de
1'analyse par enregistrement de la diffraction des rayons x, pour ces
composes, sont incorpores.
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SOLIDIFICATION OP DISSOLVED AQUEOUS IODIDE BY
REACTION WITH O-Bi203 POWDER TO FORM a-Bi6OyI

by

Peter Taylor, Donald D. Wood, and Vincent J. Lopata

ABSTRACT

A mixture of a-Bi2O3 and a-Big07I is a candidate material for
immobilization of radioactive iodine. This report discusses factors that
affect the reaction of a-Bi2O3 with aqueous iodide to form a-BiE07I. In
order to achieve high decontamination factors in short reaction times, it
is necessary to nucleate BiE0?I on the Bi203 surface by pretreatment with a
10" mol*dm~ solution of Nal or K.I. After such pretreatment, it is
possible to remove 90-992 of iodide from neutral solutions with initial
concentrations near 10" mol*dm" , using a dilute slurry of Bi2O3 (5 g in
100 cm ), in contact times of the order of a minute at 20-25°C. Several
other common ions, e.g., carbonate/bicarbonate, chloride, borate and
sulfate, can interfere with this reaction. Effects of varying pH (9-11),
temperature (20-50°C), iodide concentration, and quantity of Bi203 are
discussed. There is also some variation in the rate and extent of reaction
with BioO. samples from different sources. At high iodide concentrations
(£ 5 x 10 2 mol»dm ), products other than Bis0?I, possibly Bi4O6I2 and
Bi7OgI3, are formed. X-ray diffraction data for these compounds are
included.
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1. INTRODUCTION

One of the oxyiodides of bismuth, o-BiB07I, in combination with
a-Bi2O3, can buffer dissolved iodide activities at very low levels in
aqueous solutions [1] . The equilibrium iodide activity varies with pH in
accordance with equilibrium (1):

Bie07I(s) + OH'(aq) ^ = ^ 5/2 Bi2O3(s) + 1/2 H2O(1) + I"(aq) (1)

Kx = {I"}/(OH"} = 10"
339 * °"2° at 25°C [1]

whence
log {I"} = pH - 17.39 ± 0.20 . (2)

Low equilibrium iodide activities, combined with the low solubility of
Bi203 (~ 5 x 10 mol"dm in the pH range 7-13 [2J), have led us to
consider this combination of solids as a candidate waste form for iodine-
129, a radioactive fission product with a very long half-life of 17 million
years [3]. The most serious limitation of such a waste form is its
susceptibility to displacement of iodide by other anions, especially
carbonate and chloride [3-5]. These displacement reactions are almost
certain to control release of iodide, on contact with groundwater in a waste
vault, carbonate being dominant in shallow and chloride in deep waters [3].
Both Bi203 and Bifi07I are also unstable with respect to elemental bismuth
under strongly reducing conditions [3).

Several methods of preparing Bi6O7I have been reported:
hydrolysis of Bil3 or BiOI by KOH solutions [1,6-8]; partial thermal
decomposition (either by oxidation or disproportionation) of BiOI [1,7,9];
and direct combination of Bi203 and BiI3 at 460°C [10] or 600°C [8]. These
preparations are represented by the following equations:

Bis07I + 141" + 7H20 (3)

Bi6O7I + 41" + 2H20 (4)

(5)

(6)

(7)

Ve have found that Bis07I can also be prepared by reaction of
aqueous iodide solutions with Bi203 powder [1,3]:

5Bi2O3 + 21" + H20 • 2BiB07I + 20H" (8)

5BiI3 +

5B10I +

SBiOI +

7B1OI

7Bi2O3 +

14 OH

4 OH"

°2

Bil3

BiBO7I +

BiBO7I H

3BiB07I

2I2

• 2BiI3

Hereafter, the formulae Bi203 and BiB07I refer to the a forms unless
otherwise stated. The terms (I~) and [I~] represent iodide activity and
concentration, respectively; the two are numerically almost identical in
dilute solutions (ionic strengths below 0.01 mol*dn~ ).
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This reaction is identical to the back-reaction of equilibrium (1). It is a
single-step reaction, starting with iodine in a readily available form. It is
also the only preparation that does not involve an iodide-rich precursor
solid. For these reasons, it is by far the most appropriate of these
reactions for adaptation to immobilization of radioactive iodine from aqueous
solutions. The purpose of this work was to identify some of the factors
affecting the rate of this reaction.

2. EXPERIMENTAL

Reagent-grade chemicals and deionized, distilled water were used
throughout. Aqueous iodide concentrations and pH were determined using
specific-ion electrodes and appropriate standard solutions. Solids were
identified by X-ray powder diffraction (XRD), using a Rigaku Rotaflex system
equipped with a 12-kW rotating-anode CuKa source. Unless otherwise stated,
phases were identified from reference data in the JCPDS file (11] and our own,
previously reported data [1,4,5]. Scanning electron micrographs were obtained
using an ISI DS-130 microscope.

In some experiments, only the final products and solution
compositions were determined. In these cases, dilute suspensions of Bi203 in
Nal solution (0.5-5.0 g in 20-100 cm ) were continuously agitated in tightly
stoppered plastic bottles. When iodide activity and pH were monitored
continuously, the reaction vessel was loosely capped, with the sensing and
reference electrodes in the solution, and the solution was purged with
nitrogen to minimize ingress of air. This was necessary, because oxygen can
interfere with iodide analyses below about 10" mol'kg"1 (12], and C02 can
interfere with Reaction (8) by reacting with both Bi2O3 and Big07I to form
basic bismuth carbonates [3,4].

Bismuth oxide was obtained from four sources. Reagent-grade powder
was supplied by Fisher, BDH, and Johnson-Mat they, and we also prepared Bi2O3
by hydrolysing Bi(N03)3»5H20 in NaOH solution (~ 1 mol'dm ). Some Bi203

samples contained traces of basic bismuth carbonates ((BiO)2CO3 or
(Bi0)4(0H)2C03, or both [4]), presumably because of exposure to air. Since
this may affect the reactivity of the oxide towards aqueous iodide, some
samples were pretreated by contacting with NaOH or KOH solution (10 mol#dm~ ),
or heating to various temperatures between 400 and 700°C, to decompose any
carbonate impurities.

3. RESULTS AND DISCUSSION

3.1 MORPHOLOGY OF STARTING MATERIALS

Most experiments were run with either the BDH or Johnson-Mat they
reagent. Representative scanning electron micrographs of these materials and
the Bi203 we prepared are shown in Figure 1. The BDH reagent (Figure l(a))
consisted of jagged, irregular particles, mostly in the 2-20 /HI size range.
Submicron (1/4=1 fim) fines were scattered on the particle surfaces. The
Johnson-Mat they reagent (Figure l(b)) consisted mainly of particles in the
~~ "~ -••-- ir|>««o nartioloa anneared to he sintered acrarrefrates of
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smaller grains (2-5 fim). Grain boundaries and sintering pores are clearly
visible. The grain surfaces are much smoother than in the BDH powder and are
almost free of fines. The two reagents were clearly made by different
processes. The solution-precipitated Bi203 that we prepared has a different
morphology again (Figure l(c)). It consists of clusters of lath-shaped
crystals, most of them 5-10 /im long and less than 1 /*m in width and depth.
All three oxide samples were free-flowing powders, without any macroscopic
lumps.

3.2 FIRST CONTACT BETWEEN BISMUTH OXIDE AND IODIDE

The course of reaction between Bi203 powder and iodide solutions
varies greatly with the initial iodide concentration, [I~J-. This, coupled
with variability between samples of Bi203 from different sources, caused much
confusion in the early stages of this investigation.

3.2.1 Reactions with Iodide Concentrations below 2 x 10"3 mol*dm~3

- -3 -3
At {I ]• values below about 2 x 10 mol*dm , reaction was erratic

and usually slow. There was often no more than a few percent removal of
iodide from solution after 16 hours, although near-quantitative removal
sometimes occurred. Pretreatment of the oxide with NaOH appeared to increase
its reactivity in some cases, but the improvement was marginal.

In one experiment, four types of Bi»03 (BDH and Johnson-Hatthey,
untreated or pretreated with NaOH, 0.5-g samples) were contacted with neutral
Nal solutions of three concentrations (10" , 3 x 10" , and 10" mol*dm~ ) for
11 days at 24 ± 2°C. Subsequent analysis showed that in all but one case (the
untreated BDH sample with (I"]. = 10" mol'dm" ), between 95 and 99.9% of the
iodide was removed; final concentrations were all between 10" and
5 x 10" mol'dm" , and pH increases to 10-11 were in accordance with Reaction
(8). In the solids recovered from reactions with [I]j = 10" and
3 x 10 mol'dm , Bi-Ojl was identified by XRD, together with unreacted Bi203.
For [I]-, = 10"4 mol'dm , there was insufficient product to identify by XRD;
the calculated extent of conversion of Bi203 to BiG07I (based on the
stoichiometry of Reaction (8)) was 2.3%, which is near the detection limit for
normal XRD analysis.

3.2.2. Reaction Products at Iodide Concentrations above 2 x 10" mol*dm"3

Somewhat faster reactions, and generally more consistent behaviour
among different Bi203 samples, occurred with [I]; 2 3 x 10" mol*dm~ , but the
products changed with increasing concentration. At [I]-, i»p to 0.01 mol«dm" ,
BiB07I was the sole product. Between 0.02 and 0.2 mol»dm" , a different solid
was frequently observed either in addition to or in place of BiB0?I. This
material was a brighter yellow than the original Bi203, whereas BiE0?I is
creamy white. The XRD pattern differed from reported data for BiOI [13],
Bi?0sI3 [10], or p-Bis07l [14], and does not resemble any other bisMuth
oxyhalide pattern in reference 11 or 15. The same pattern was obtained when
KI was used in place of Nal, indicating that the unknown phase does not
contain alkali cations as an essential component. Unfortunately, this product
was never obtained in more than about 40% yield, and it could not be separated
from unreacted Bi203 and properly characterized. It may possibly be Bi4OEI2,
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which has been reported by Schulte-Kellinghaus et al.(9), but for which XRD
data have not been published- X-ray diffraction data are given in Table 1;
this pattern may be incomplete because of possible overlap with Bi2O3 peaks.

At [I~]; between 0.2 and 1.0 mol«dm" , a further solid product was
obtained and tentatively identified as Bi7O9I3, based on the limited XRD .
information in reference 11. The two major diffraction peaks near 3.097 A
(I/Io = 100) and 2.842 A (I/Io = 70) correspond to the two principal lines in
the schematic XRD "stick diagram" in reference 11. The remaining XRD features
could not be identified with certainty. This material was also obtained in
limited yield (i 25%) and so could not be fully characterized. Both Bi?09I3

and the unknown solid occurred in similar quantities in reactions with Bi2O3
from BDH and Johnson-Mat they.

Figure 2 shows micrographs of BDH Bi203 powder, following reactions
with various concentrations of Nal at 24°C for 16 hours (0.5 g of solid in
20 cm of solution).

After contact with a 5 x 10~4 mol»dm~ Nal solution (Figure 2a),
there is no visible change in morphology of the solid, consistent with our
observation of minimal reaction at such a low concentration.

After reaction with a 0.01 mol'dm"3 solution (Figure 2b), the Bi203

particles are covered with loosely adherent, acicular crystals of Bi6O?I, and
there is some sign of aggregation of these coated particles into lumps up to
50 pm across. A thicker layer of similar crystals is seen after reaction with
a 0.05 mol»dm~ solution (Figure 2c), but we can not easily distinguish the
second oxyiodide phase that was also indicated in this sample by X-ray
diffraction.

The acicular crystals are no longer seen in the sample from the
0.2 mol'dm" solution (Figure 2d); rather, the oxide particles are coated with
a dense layer of fine-grained (< 1 pm) material, with a few larger crystals
scattered on the surface. According to XRD, the principal product here was
the unknown oxyiodide (Table 1). The greater density of this layer, compared
with the BiE07I in Figure 2b and 2c, explains why this reaction did not
proceed beyond about 40% conversion.

_3
Finally, the sample contacted with 0.5 mol*dm Nal (Figure 2e) also

revealed a rather dense product layer, the crystals this time having a
distinctive platy habit. According to XRD, the product in this case was the
phase we tentatively identified as Bi?09I3.

Because of these complexities and our primary interest in the
efficient formation of Bi~07I, further investigation focused on the [I~]5
range between 10" and 10 mol*dm .

3.2.3 Reaction Rates at Iodide Concentrations near 10"2 mol»dm~3

At initial iodide concentrations near 3 x 10" mol'dm" , we
typically observed an induction period of 3-10 hours, during which iodide

1 A = 0.1 nm
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uptake and concomitant release of hydroxide were slow. Reaction then
accelerated and approached completion in a further 1-2 hours. An example of
this behaviour is illustrated by Figures 3 to 5, which present data from a run
with 2.0 g of untreated BDH Bi203 and 100 cm of 3 x 10 mol«dm aqueous Nal
at 28.2 ± 0.3°C.

Figure 3 plots both pH and log [I~] as functions of time. These
provide complementary information, since the pH measurement is most sensitive
to the early stages of reaction (when the initial pH is below 10.5), whereas
log [I ], and hence the potential of the iodide-specific electrode, changes
most markedly in the later stages. The correspondence between these two
measures of the extent of reaction is shown more clearly in Figure 4, which
compares the measured pH with that calculated from [I"j measurements, assuming
equal concentrations of iodide consumed and hydroxide released, as in Equation
(8), and including activity corrections. In the early stages of reaction, the
ratio of iodide consumed to hydroxide released may deviate from 1:1, as
discussed below.

In Figure 5, the extent of reaction is shown as a function of time.
This shows a substantial acceleration of the reaction after an induction
period of about four hours. The occurrence of this prolonged induction period
indicates that the earlier stages of reaction are dominated by nucleation and
the later stages by growth of Bi5O7I crystals. Unfortunately, the nucleation
and growth phases are not sufficiently well separated for a convenient
mathematical treatment of the data; about \0% of the iodide was consumed
before the acceleration occurred. Scanning electron microscopy of reaction
products has confirmed that the Big07I is precipitated from solution as a
fluffy mass of acicular crystals, loosely adhering to the oxide particle
surfaces, as discussed above.

Figure 6 shows logarithmic plots of iodide concentration, obtained
when 5-g samples of untreated BDH Bi2O3 were contacted with 100-cm portions
of stirred Nal solutions, with initial concentrations, [l"]5, ranging from
2.5 x 10 to 1.5 x 10 mol»dm , at ambient temperature (24 ± 2°C). The
iodine concentration trace from Figure 3 is included for comparison, although
the experimental conditions were somewhat different (2 g Bi203, 28.2°C).
Figure 7 shows linear-scale plots of iodide consumption and hydroxide release,
derived from pi and pH measurements, respectively, for the four runs in which
reaction proceeded essentially to completion. These plots suggest a limiting
reaction rate, independent of [I], at the higher concentrations. This is
confirmed and discussed further in the following sections.

- -3 -3 -
For [I ]• = 2.5 x 10 mol*dm , only a marginal change in log [I ]

was observed after 12 hours, while the pH rose to 10.6. This pH change
corresponds to a 16% reduction in iodide concentration, or a 4-mV increase in
the iodide-sensing electrode potential; the observed increase was
2.5 ±1.0 mV. An iodide concentration of 3 x 10 mol»dm~ thus appears to be
a threshold value for this particular oxide sample, below which the induction
period for BiB07I formation is very prolonged (i.e., > 12 hours). In' other
words, this appears to be a critical level of supersaturation for
heterogeneous nucleation of Big07I.

At higher values of [I];, the induction period became shorter,
although there was not a very smooth progression with concentration, perhaps
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because of minor inconsistencies of temperature, stirring rate, or other
conditions. The induction period fell to about 3 hours at [!"]•, = 5 x 10"
and 7.5 x 10~ mol#dm~ , and about an hour at 1.0 x 10" and
1.5 x 10" mol'dnf . It is possible that, at this stage, each I~ is displacing
more than one OH", with charge compensation in the double layer. The rate and
extent of this initial reaction is definitely dependent on iodide
concentration. After the acceleration in rate, the iodide consumption reached
a limiting rate of about 1.8 pmol per gram Bi203 per minute, for each of the
three highest concentrations (Figure 7).

3.3 YIELD OF Bic07I

The type of behaviour just described, with variations in detail, was
consistently observed with different Bi203 samples. We were usually unable,
however, to achieve complete conversion'of Bi203 to Bi6O,I, even when an
excess of iodide was present in solution. We determined the yield of BigO7I
by contacting 1,00-g samples of BijOg with 100 cm of iodide solutions of
closely spaced concentrations (1, 2, 3...9 x 10 mol*dm~ ) for 16 hours, then
analyzing the solution for iodide. Figure 8 shows the extent of reaction in
each case. Reaction (8) proceeded up to about 76Z and 68% yield with BDH and
Johnson-Mat they oxide, respectively. Even when the solid was crushed in a
pestle and mortar, or ultrasonically agitated, and contacted again with fresh
iodide solution, a substantial amount of unreacted Bi203 still persisted.

Thus, although the Bi5O?I layer on the Bi203 particles is low-
density and loosely adherent (see above), it appears that the particle
surfaces are eventually passivated before reaction is complete. Pretreatment
of the oxide with concentrated KOH had no significant effect on the reaction
yield, indicating that carbonate impurity is not significant in this regard
(Figure 7(c)).

We did achieve 100% conversion of Bi20, to Bi60?I with the oxide
prepared by hydrolysis of bismuth nitrate, and also in some earlier
experiments with a commercial Bi203 sample of unrecorded origin. On the other
hand, the Fisher Bi203 was unreactive even at [I]; = 10" mol»dm~ , with no
measurable reduction in iodide concentration after 16 hours of contact.
Further experiments, discussed below, were all run with BDH oxide.

Pretreatment of the BDH and Johnson-Mat they oxides, either by
heating or contacting with 10 mol»dm" hydroxide solutions, did not
substantially affect the rate or extent of subsequent reaction with iodide,
except that powders heated near 700°C became less reactive because of
sintering. The preparation of Bi203 ceramics by sintering powders near 700°C
has been reported by Keski [16].

3.4. PRETREATMENT OF Bi2O3 TO NUCLEATE Bic07I

We have shown in the preceding section that the conversion of Bi2O3
to BigOyI in solutions with [I~] £ 10" mol#dm" is slow and erratic, requiring
reaction times of 1-10 days or more. On the other hand, other products are
formed at concentrations much above 10 mol'dnf . Even within these limits,
there is commonly an induction period of several hours before relatively rapid
uptake of iodide occurs.
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Clearly, these limits pose unacceptable constraints on any process
for immobilization of iodide. Nonetheless, according to equilibrium (1), it
should be possible to reduce iodide concentrations to levels in the micromolar
to nanomolar range- The relationship between pH and equilibrium iodide
activity (Equation (2)) was demonstrated experimentally at pH = 9-13, and is
probably valid down to pH = 7. At still lower pH, the solubility of Bi2O3
increases very rapidly, as shown in Figure 9, and equilibrium (1) can no
longer be sustained. When contacted with pure water, an intimate mixture of
BigO- and Bi6O7I usually establishes the pH between 8 and 9. This would
likely be the operating pH in a process for iodide immobilization, and would
determine the achievable degree of decontamination.

We have found previously that a sample of Bi2O3, partly converted to
Bie07I, equilibrates with solutions much more rapidly than a simple mixture of
the two pure solids, presumably because of the close proximity of bismuth
dissolution and precipitation sites [1,17]. This indicates that such partly
converted Bi2O3 should be a more effective reagent for iodide immobilization.
This was borne out by the results shown in Figure 10.

In the experiment illustrated in Figure 10, solids from the reaction
of BDH Bi203 with 10" mol»dm" Nal £see above) were separated by filtration
and added to 100 cm of 10" mol'dnf Nal. Over 90% of the iodide was consumed
within a minute, and almost 99% in 15 minutes. This contrasts dramatically
with untreated Bi203, which did not react completely with a similar solution
in 11 days.

Similar rapid reaction was observed when the solution was further
spiked with 10 mol'dm Nal (90% removal in 10 minutes) or 10 mol»dm (99%
removal in 10 minutes, 99.9% in 20 minutes). Even with 10 mol«dm Nal, the
reaction was more rapid than in the initial treatment, although only about 50%
was removed in 30 minutes.

This behaviour was qualitatively reproducible, although there was
some variation between nominally identical runs, presumably because of minor
differences between the Bi203 batches, and in the precise conditions of
pretreatment. In some cases the reaction was even faster than just described,
with reaction times of the order of tens of seconds for 90-99% consumption of
10 to 10~5 nol*dm~8 of iodide.

3.5 OTHER FACTORS AFFECTING THE REACTION

We have not determined the reaction mechanism in detail, but ve have
identified several dependencies that are likely to be important in any process
development based on this reaction. These are illustrated in Figures 11 to
15. The following results were obtained with one batch of Bi203 + Bi507I (20%
conversion, 5 g total solid in 40 cm stirred solution, unless otherwise
specified). This particular batch was somewhat more reactive than the one
described in the preceding section. In some of these experiments, pH was held
constant by dispensing dilute HN03 with an automatic titrator.

3.5.1 Temperature and pH

The effects of changes in these two parameters are interrelated.
Figure 11 shows the course of reaction of iodide-pretreated Bi203 with
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10" mol'dm" Nal solution for four permutations of temperature
(20 and 50°C) and pH (9 and 11).

At a given temperature and pH, the equilibrium iodide activity,
{I~} , can be determined from Kx; we have shown elsewhere [17] that Kj
increases with increasing temperature, the relationship approximated by
Equation (9):

| ^ 0.24 (9)

The stated uncertainty limits are valid between 10 and 60°C (283-333 K).
Thus, l o g j ^ increases from -3.54 at 20°C to -2.72 at 50°C. Taking into
account the corresponding increase in log Kw from 14.17 to 13.26, tl"}^ is
about fifty times higher at 50°C than 20°C, at a given pH. Thus, the
increase in reaction rate that can be expected with increasing temperature
will be offset by a decrease in the theoretically achievable
decontamination factor (DF) for a given initial iodide concentration. This
is illustrated by Figure 11.

At pH 9, the initial rate of uptake of iodide is faster at 50°C
than 20°C, but the concentration approaches the equilibrium value of about
10 mol'dm (DF = 1000) within a minute. At 20°C, this concentration was
achieved in about 100 s, but reaction continued because the equilibrium
iodide concentration is about 2 x 10" mol»dm~ (this is well below the
detection limit of the electrode, which is normally near 10" mol*dm~ ).
At pH 11, the equilibrium concentrations are about 2 x 10" mol*dm~ and
10" mol»dm" at 20°C and 50°C, respectively. Corresponding theoretical
maximum DFs for an initial concentration of 10" mol*dm~ are 500 and 10,
respectively. In this case, because the initial conditions are quite close
to equilibrium at 50°C, the reaction at 20°C is as fast or faster
throughout, and DF approaches 100 after four minutes.

3.5.2 Iodide Concentration

Figure 12 illustrates the variation in reaction rate with iodide
concentration (10~ to 10" mol*dm~ ) under two sets of conditions:

(a) 50°C, pH held constant at 9; and
(b) 20°C, pH allowed to float from an initial value of 9. In

this case, the final [0H~] is equal to the initial [I~].

In all cases, fairly close approach to equilibrium was observed,
within 600 s at 20°C and 100 s at 50°C.

The traces in Figure 12 show evidence of a very fast initial
reaction, in which up to 10" mol*dm~ of iodide is removed in a few
seconds (0.8 (imol per gram of solid), followed by an asymptotic approach to
equilibrium. This fast initial reaction may simply reflect more efficient
dispersal of the reagent when it is first added to the solution. Being
very dense (9.37 g»cm~ ), Bi203 sediments quickly, so a uniform suspension
is difficult to sustain. At the higher iodide concentrations
(>2 x 10" mol*dm~ ), the rate of uptake is independent of concentration,
as shown in Figure 13, indicating that a surface process is rate-
controlling. This may be either bismuth oxide dissolution or Big07I
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crystallization. The limiting rate is about 1.5 fimol I" per g Bi203 per
minute at 20°C, and about six times higher at 50°C. The 20°C value derived
here is similar to the limiting rate of 1.8 fimol I" per g Bi203 per minute
derived above (Figure 7 and accompanying text).

3.5.3 Quantity of Bi;03

Variation of reaction rate with the quantity of solid reagent is
illustrated in Figure 14. With 0.1 g of solid, the extent of reaction was
negligible after 500 seconds. This is because the solid adhered to the
walls of the reaction vessel, reducing both the exposed surface area and the
efficiency of contacting. With increasing quantities of solid, the
proportion of material freely suspended and available for reaction
increased. The traces in Figure 14 clearly show that the rate increases
with the quantity of solid, as expected for a reaction that is localized on
the solid surface.

3.5.4 Extent of Conversion of Bi,.O3 to BiE07I

This parameter was examined briefly, and we observed little
variation in reaction rates with solids ranging from 5 to 50% conversion of
Bi2O3 to Bie07I. Outside these limits, rates were substantially lower. We
have already described behaviour of untreated Bi,03 (i.e., 0 %) in detail
and noted that reaction often ceases at about 70% conversion. The lack, of
variation between 5 and 50% conversion indicates little change in the
surface area of oxide available for reaction.

3.5.5 Effects of Competing Anions

As mentioned above, displacement of iodide by other anions,
especially carbonate and chloride, is known to limit the effectiveness of
bismuth oxyiodide as a waste form for iodine-129 [1,3-5].

We have briefly examined the effect of competing anions on the
uptake of iodide by Bi203, by contacting 0.5 g of untreated BDH Bi2O$ with
20 cm of aqueous solutions containing 10" mol*dm~ of Nal plus various
concentrations of sodium chloride, bicarbonate, sulfate or nitrate. After
16 hours, the pH and iodide activities of the solutions were measured.
Results are presented in Figure 15. These show major interference on the
uptake of iodide by Bi203 when [C1~] > 10 mol»dm , [SO*~J >
3 x 10 mol«dm , and {HC0~] > 4 x 10 mol'dm . Nitrate did not interfere
substantially even at a concentration of 1.0 mol«dm~ . In a separate
experiment, when using borate solution to buffer pH, we also found that 10"
mol»dm~ Na»B4O7 strongly inhibits the reaction of Bi203 with iodide. The
cutoff is sharper with bicarbonate and sulfate than with chloride. With
both bicarbonate and chloride, competing reactions to form basic bismuth
carbonates and chlorides occurred. The chemistry of these compounds has
been described in detail elsewhere [3-5]. With sulfate, no distinct product
was detected, and reaction may have been limited to a strongly bound layer
of sorbed S04~ on the Bi203 surface.
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4. CONCLUSIONS

The reaction of aqueous solutions with Bi2O3 powder can reduce
iodide concentrations to low levels in short contact times, provided the
Bi203 is given appropriate pretreatment to form at least a few percent of
BiB07I on the Bi203 particle surfaces. At least 90 to 99% of iodide can be
removed from solutions with initial concentrations near 10" mol»dm" , using
a dilute slurry of Bi203/BiB07I (5 g in 100 cm ), in contact times of the
order of a minute. Several other common anions, e.g., carbonate/
bicarbonate, chloride, borate, and sulfate, can interfere with this
reaction.

In any immobilization process for radioactive iodine based on this
reaction, careful control of both the solid reagent and feed solution would
be necessary. The following factors are particularly important:

(i) The reagent should have as high a specific surface area as
practicable and should be pretreated with ~ 10" mol«dm~ of I"
solution to form Bi60?I on the surface, up to about 5%
conversion. Unless a suitable support material can be found for
a packed or fluldized bed continuous process, then the use of a
high surface-area powder probably dictates a stirred-tank, batch
process.

(ii) The iodine should be present exclusively as iodide ion and should
be pre-concentrated to at least 10" mol'dnf to achieve high
decontamination factors. Spiking with iodine-127, either in the
primary or subsequent stages, should enhance the degree of
decontamination if required, but would also increase the
necessary quantity of Bi203.

(iii) Concentrations of other anions, especially carbonate/bicarbonate,
should be minimized.

(iv) If possible, the pH should be maintained around 8-9.

(v) In selecting the process temperature, there is a trade-off
between the achievable decontamination factor and the reaction
rate.
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TABLE 1

DIFFRACTION PATTERN OF UNKNOWN

BISMUTH OmOPIDE COMPOUND

d(A) l/i0 d(A)

8.55

5.01

4.43

h.ll

4.03

3.857

3.713

3.534

100

3

5

6

5

7

5

18

3.154

3.103

2.872

2.845

2.651

2.336

2.111

44

28

35

35

18

1

5

* Some additional features may have been obscured by cc-Bi2O3
peaks.
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FIGURE l(a): Scanning Electron Micrographs of Bi203 Sample from BDH
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FIGURE l(b): Scanning Electron Micrographs of Bi2O3 Sample from Johnson-
Mat they
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FIGURE l(c): Scanning Electron Micrographs of Bi2O3 Sample Obtained by
Precipitation from Solutions of Bi(N03)a + NaOH
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FIGURE 2(a): Scanning Electron Micrographs of BDH Bi2O3 Sample After 16
Hours of Contact at 25°C with 5 x 10" mol'dm Nal
Solution; 0.5 g of Solid in 20 cm of Solution
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FIGURE 2(b): Scanning Electron Micrographs of BDH Bi,Oa Sample After 16
Hours of Contact at 25°C with 0.01 mol»dm Nal Solution;
0.5 g of Solid in 20 cm of Solution
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FIGURE 2(c): Scanning Electron Micrographs of BDH Bi,Oa Sample After 16
Hours of Contact at 25°C with 0.05 mol'drn Nal Solution;
0.5 g of Solid in 20 cm of Solution
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FIGURE 2(d): Scanning Electron Micrographs of BDH Bi2Oa Sample After 16
Hours of Contact at 25°C with 0.2 mol'dm Nal Solution;
0.5 g of Solid in 20 cm of Solution
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FIGURE 2(e): Scanning Electron Micrographs of BDH Bi2O- Sample After 16
Hours of Contact at 25°C with 0.5 mol«dm Nal Solution;
0.5 g of Solid in 20 cm of Solution
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FIGURE 6: Plots of log [I"] for Solutions of Nal (100 cm3) in Contact
with BDH Bi2O3 (5 g, Except (e) 2 g) at 24 + 2°C (Except
(e), 28.2°C). Initial iodide concentrations (from the top
on the left):
(a) 1.5 x 10-2 mol«dnr3;
(b) 10-2 mol-dm-3;

7.5 x 10-3 mol«dm-35
5 x 10"3 mol«dnr3;
3 x 10"3 mol'dm"3 (cf

(c)
(d)
(e)
(f) 2.5 x 10"3 mol«dm-3.
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Calculated from pH (Open Circles), for Solutions of Nal
(100 cm3) in Contact vith BDH Bi2O3 (5 g) at 24 ± 2°C
Initial iodide concentrations:
(a) 5 x 10"3 mol«dm-3;
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(c) 10"2 raol»dm-3;
(d) 1.5 x 10-2 mol'dm"3.
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FIGURE 11: Plot of log[l"l for Solutions in Contact with Iodide-
Pretreated Bi-O, (See Text) at Constant pH (9 or 11) and
Temperature (20 or 50°C). Arrows and dashed lines show
expected equilibrium concentrations.
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FIGURE 12: Plot of log [I"] for Solutions in Contact with Iodide-
Pretreated Bi2O3 (Same Batch as for Figure 11, See Text),
(a) 50°C, pH 9, initial iodide concentrations 10" to
5 x 10"4 mol'dm ; (b) 20°C, pH floating from initial value
of 9, initial iodide concentrations 10 to 10 aol^dm* .
Arrows indicate expected equilibrium concentrations.
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FIGURE 13: Plot of Iodide Concentration for Nal Solutions Contacted
vith Iodide-Pretreated Bi2O3 at pH 9. Left to right:
(i) initial Nal concentration 5 x 10 mol»d» . 50°Cj
(ii) 5 x 10 raol'dm , 20°C; (iii) 10 aol*dm , 20*C.
Data points are manual measurements from strip-chart traces
of iodide-electrode potential; same runs as in Figure 12.



-7

I

- 8 -

0 100 200 300 400 500
t, seconds
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Bi2Oa (0.1-4.0 g; Same Batch as for Figures 11 and 12, See
Text). Initial iodide concentration 10" mol'dm" , pH 9, 20°C.
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