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EXAMEN DE LA CHIMIE DE L'IODE DANS DES SITUATIONS ACCIDENTELLES GRAVES

par

D.J. Wren, J. Paquette, J.C. Wren,
P.N. Clough* et H.C. Starkie*

RESUME

Dans ce rapport, on examine les progrès réalisés dans
l'établissement d'une connaissance de base des facteurs qui détermineront le
comportement de l'iode lors d'accidents hypothétiques de réacteurs refroidis
à l'eau. Les sujets considérés sont les réactions thermiques, les réactions
radiolytiques, les effets de l'impureté, la formation de l'iodure organique,
les modèles et essais intégrais et le réglage de la volatilité. On a acquis
de grandes connaissances dans un certain nombre de secteurs, plus
particulièrement en bases de données cinétiques et thermodynamiques pour les
réactions thermiques et radiolytiques de l'iode inorganique en solution.
Toutefois, il subsite une compréhension limitée des mécanismes réglant la
formation des iodures organiques ainsi qu'un besoin d'essais intégrais de
comportement de l'iode dans des systèmes complexes 'sales' pour obtenir des
données permettant la validation des modèles chimiques subissant une mise au
point.
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by
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ABSTRACT

This report reviews the progress that has been made in
establishing a basic understanding of the factors which will determine the
behaviour of iodine during postulated accidents in water-cooled reactors.
The topics considered are thermal reactions, radiolytic reactions, impurity
effects, organic iodide formation, integral models and tests and volatility
control. There have been substantial gains in a number of areas, most
notably in the kinetics and thermodynamics databases for thermal and
radiolytic reactions of inorganic iodine in solution. However, there
remains a limited understanding of the mechanisms controlling the formation
of organic iodides and a need for integral tests of iodine behaviour in
complex, 'dirty' systems to provide data for the validation of chemical
models which are undergoing development.
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1. INTRODUCTION

Radioisotopes of iodine have long been recognized as major
contributors to the hazard if an accident at a water-cooled nuclear reactor
results in an escape of activity from the core. The chemistry of iodine is
complex and, although much research effort has been devoted over many years
to defining the behaviour or radioiodine (notably 131I) in reactor
accidents, many uncertainties are still outstanding.

The most important question is the extent to which iodine will
remain airborne in the reactor containment building following its release
from the reactor coolant system, and thus be available for an immediate
release to the atmosphere via containment leakage or failure. Iodine can
exist in a variety of chemical forms, some of which are volatile and others
essentially involatile. The volatile species include elemental iodine
(I2), hydrogen iodide (HI), organic iodides (CH3I, etc.), and possibly
hypoiodous acid (HIO). Involatile forms are anions, for example, the
iodide (I") and iodate (I03~) ions, which will be completely dissolved in
water in a post-accident situation. The volatile species are also soluble
in water to varying degrees, and will be partitioned between the gaseous
and aqueous phases. In assessing the potential for iodine release, it is
necessary to know how this element is distributed amongst the following
three physical states:

(1) The gaseous phase. Certain fractions of the volatile forms will
exist as true gases in the containment atmosphere, and so they will be
available for immediate release.

(2) Aerosols. In many post-accident conditions, significant amounts of
aqueous aerosols will be airborne in the containment atmosphere for long
periods. These aerosols may contain both involatile and volatile iodine
species. The fractions of volatile species present in the aerosols will
depend on their partitioning behaviour with respect to the gaseous.
Aerosol-borne iodine will also be available for immediate release.

(3) The bulk condensed phase. Some iodine will become adsorbed onto
containment surfaces, but, by far, the most important sink will be the
pools of water that will collect in containment sumps following any
accident involving loss of coolant. Such pools will contain the involatile
iodine species plus fractions of the volatile species, as determined by
their partitioning behaviour. Iodine in these pools can be regarded as
much less mobile than in the airborne fraction. However, resuspension
during the depressurization that may accompany containment failure or, in
the long term, following failure, is an important issue.

This review is concerned with the distribution of iodine between
the gaseous and aqueous phases following a reactor accident, an understand-
ing of which is essential to assess its overall behaviour and release. Two
main aspects are addressed, namely, what determines the speciation of
iodine between involatile and volatile forms, and how do the volatile forms
partition between the gaseous and aqueous phases. For a particular
application, both aspects are incorporated in the overall distribution
coefficient for iodine, defined as
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Distribution coefficient H =

Total iodine concentration in aqueous phase Z(volatile + involatiles)
Total iodine concentration in gaseous phase (E volatiles)

H will depend on many parameters, such as temperature, iodine concentra-
tion, and water chemistry, and will be time dependent in an accident
situation. Important in determining H are the equilibrium partition
coefficients P(X) of individual species X, defined as

P(X) =
Volume concentration of X in aqueous phase

Volume concentration of X in gaseous phase

at equilibrium at temperature T.

Some idea of the significance of H can be gained by considering
the situation in a large pressurized-water reactor (PWR) containment
following a loss-of-coolant accident (LOCA). If we assume that, after
several hours, the aerosol fraction is small, the gas-borne fraction of
iodine will be governed by the distribution between the atmosphere and the
water pools. If both states are assumed to be well mixed, this fraction is
given by

F = Vg/(Vw-H + Vg)

where Vg = volume of the gas space

Vw = volume of the water pools

By taking representative values for a modern PWR,

Vg = 8-104 m3

Vw = 300 m3 (total RCS + accumulator water)
a value H = 10 000 leads to a gaseous iodine fraction F = 2.6Z. This
example also illustrates the accident context for which this review is most
relevant. During the early stages in many accident situations, the
airborne iodine in the containment will be mainly in aerosol forms, and the
gaseous forms will be of minor importance if the containment fails at this
stage. However, if the containment survives for an extended period, the
aerosols will largely settle out, and their iodine contents will be
redistributed between the gaseous phase and the water pools. In this case,
the distribution of iodine between the pools and the containment atmosphere
is a key question vith respect both to leakage from the containment and to
immediate release if the containment fails. In the changed environment of
a breached containment, the distribution coefficient will be important in
determining the rate at which iodine will be released from residual pools.

Recently, the state of knowledge of inorganic iodine behaviour
relevant to severe accidents at PVRs and boiling-water reactors (BWRs) was
extensively reviewed by two of the authors {1]. Likely conditions of water
chemistry and radiation fields in the containments were defined. This
review was based on the assumption that iodine would be initially released
to the containment almost entirely in the form of involatile iodide, which
would quickly become associated with water. The following topics were



- 3 -

identified as particularly important with respect to the outstanding
uncertainties in predicting the partitioning behaviour of iodine in such
accidents:

(1) Kinetics of oxidation of iodide ions in solution. This controls
the rate at which involatile iodide is converted to potentially volatile
forms of iodine. For severe accidents, it was concluded that the
radiolytic oxidation rate dominated, and investigations were recommended in
the temperature range of 100 to 200°C, at dose rates up to 0.1 MGy-h"1,
with and without oxygen. Further investigations of the thermal oxidation
kinetics of iodide were also recommended, especially on the effects of
catalysts.

(2) Definition of the effective oxidation potential in water pools in
containment. The long-term partitioning behaviour of iodine is controlled
by this oxidation potential, which in turn is determined by radiolysis, and
by the presence of a wide spectrum of adventitious impurities, both
dissolved and colloidal.

(3) Kinetics of iodate formation. If the volatile products of iodide
oxidation are further oxidized to involatile iodate, the volatile fraction
will be decreased. The rates of the processes, both radiolytic and
thermal, bringing about this conversion, were viewed as important. Again,
the effects of impurities were emphasized.

(4) Partitioning of HIO and HI03. In addition to I2, which is well
characterized, these species may contribute to inorganic-iodine volatility.
It was concluded that much of the data on HIO is unreliable, and most
credence was attached to recent observations suggesting a very low
volatility for this species from solution. Further investigation was
recommended, especially for temperatures from 100 to 150°C. Studies to
confirm that HI03 is involatile in this temperature range were also
recommended.

(5) Equilibrium constants for aqueous reactions. Although
improvements in the definition of the thermal equilibrium constant for the
reaction governing iodine disproportionation to iodide and iodate were
deemed desirable, especially for temperatures from 100 to 150°C, the
influence of radiolysis on this equilibrium was viewed as more important.

(6) Organic iodide formation. This was viewed as a pervasive problem
in all accident situations, for which there is a poor database. Emphasis
on investigation of radiolytic processes converting inorganic to organic
iodide forms was recommended.

In the two years since the review by Clough and Sharkie (1] was
completed, extensive research programs in a number of countries have
substantially advanced our understanding of the relevant iodine chemistry.
These advances were the subject of a two-day Workshop on Iodine Chemistry
in Reactor Accidents sponsored by the Committee on the Safety of Nuclear
Installations (CSNI) and held at Harwell during 198S September. The
present review is intended as an update to Reference 1, based largely on
the CSNI Workshop, and much of the background on iodine chemistry given in
Reference 1 is not repeated here.

It is now clear that iodine behaviour in containment in severe
core-damage accidents at water reactors will be dominated by the effects of
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radiation, and the presence of large quantities of additional materials,
such as boric acid, core debris constituents (especially silver from
control rods in PVRs), and organic materials of the containment
construction (cable coverings, paints, etc). For this reason, the main
emphasis here is on developments relating to these effects. In particular,
attention is given to the role of organic iodides, which were outside the
scope of the previous review. The purely thermal reactions of iodine in
well-controlled water chemistry regimes are particularly relevant to
design-basis accidents, and are only reviewed briefly. The following
topics are considered in turn:

Thermal reactions,
Radiolytic reactions,
Impurity effects,
Organic iodide formation,
Integral models and tests, and
Volatility control.

The final section summarizes the conclusions and gives
r commendations for further work.

2. EQUILIBRIA AND KINETICS OF THE REACTIONS OF
IODINE SPECIES IN AQUEOUS SOLUTION

This subject was reviewed by two of the authors in a recent report
[1]. The iodine reactions considered in that report are listed in
Table 2.1 and the same reaction-labelling convention is used in the present

TABLE 2.1

REACTIONS OF IODINE SPECIES IN AQUEOUS

21- +
I2 + 1
3I2 +
i2 + :
HIO
H2IO

+

io- +
io- +
io- +
2IO3-
HI
HIO3
H4IO6"
H5IO6
H4I06-

IO4-
6H

2H+ + %02

*2
3H2

I" + H20
I-
o2
+ 02

! —
> H2IO6

3"

^ X •> +• H T U

% HIO + H+ + I-
* 10," + 51- + 6H+

* V
^ H+ + 10"
* H+ + HIO
^ HI2O" + OH-
^ I,02"
* io3-
% 2IO4"
% H+ + I-
% H+ + I03-
% 2H2O + I04"
% H4IO6" + H

+

^ H3IO6
2" + H+

^ H2IO6
3~ + H+

* H2I2O10<-

SOLUTION

Rl
R2
R3
R4
R5
R6
R7
R8
R9
RIO
Rll
R12
R13
R14
R15
R16
R17
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work. From these 17 reactions, the first seven are considered to be the
most important under the water chemistry conditions likely in the
containment sump pool or in an airborne, aqueous, aerosol droplet following
a severe accident. Under these water chemistry conditions, reactions Rll
and R12 are expected to be over to the right-hand side, with HI and HIO3
being completely ionized. The other reactions are expected to be important
only under the most extremely oxidizing conditions. Such highly oxidizing
conditions are considered unlikely in the systems of interest here. A
detailed discussion of reactions Rl to R7 is presented below.

2.1 THERMAL OXIDATION OF IODIDE

21" + 2H+ + W2 «- I2 + H20 Rl

Estimates of the equilibrium constants for Rl, in the temperature
range of interest when considering severe accidents in a water-cooled
reactor (100 to 150°C), were made by Bell et al. at the Oak Ridge National
Laboratory (ORNL) [2], Bawden [3] and Lemire et al. [4]. The estimates
made by these groups were in a good agreement.

Our ability to define the kinetics of Rl has been helped greatly
by the recent work of Burns and Marsh [5]. They reported the results of
experiments where KI in aqueous solution (10"1 to 10"2 mol-dn"3) was
oxidized by dissolved oxygen in the temperature range 100 to 300°C. At
100°C, the rate of oxidation of iodide to iodine was found to conform to
the following rate law:

7.14xl04 [I-]2 [02] [H
+] [B(OH3)]

Rate (nol-dm-'-s-*) = 347[T"J2 [H+] [02J + (1 + 1.47 x 10* [H+]) '

The second term in this expression refers to the contribution of
the boric acid buffer. At 300°C, the reaction rate is given by

Rate 0 12 FH*1 fT-l + 27.7 [B(0H),1 [H+l 11~ 1Rate = 0.12 [H ] [I ] + (i ; 2.05 x 107IH+J)*

Again, the second term refers to the contribution of the boric
acid to the reaction rate. An activation energy of 32.7 kJmol"1 was
assigned to this reaction in the absence of boric acid and 24.3 kJmol"1 in
its presence.

To account for the difference in the reaction rate laws with
temperature, the following speculative mechanism was suggested for
oxidation to iodine in the absence of boric acid:

I" + H20 * H2OI"

H2OI" + 02 * H2O3I"

H2O3I" + H* * H3O3I

H,O3I + I" * H2O + I

HOI + I" * I2 + H2O

H,03I + I" * H20 + HI0 + 10"
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with a similar reaction scheme for the reactions of boric acid. Changes in
the relative rates of these reactions with temperature were invoked to
explain the variation in the rate lav. Previous analyses of the rate of
iodide oxidation by Sigalla and Herbo [6] refer to a very acid regime
(pH = l). The experimental results of Burns and Harsh were obtained in
much less acid regimes (pH= 4.8 to 6.5). Application of the Sigalla and
Herbo rate lav to these experiments gave calculated oxidation rates that
were much lover than the observed ones. It would appear that, in the less-
acid conditions of interest in severe reactor accidents, the reaction
mechanism suggested by Sigalla and Herbo does not apply.

Clearly, our ability to predict the rate of thermal oxidation of
iodide in aqueous solution following a severe reactor accident has
improved; hovever, it should be remembered that other species likely to be
present in the containment sump pool, such as metal ions (Cu+f Fe 3 +), are
known to affect the thermal oxidation rate of I~. Sellers [7] documented
some of these reactions and their rate constants. Also, Burns and Marsh
noted that, when these thermal oxidation experiments were performed in gold
or platinum vessels, the rate of iodide oxidation was reduced. Vhen
attempting to calculate the rate of aqueous iodide oxidation, it is,
therefore, necessary to have some knowledge of the likely composition of
the sump pool following the accident. The rate of iodide oxidation will be
affected by the presence of ionic and colloidal materials in the sump pool
as well as the constructional materials of the sump pool. These materials
and their likely effects still need to be characterized. Also it should be
remembered that Burns and March performed their measurements in iodide
solutions of 10"l to 10~3 moldm"3 concentration. After a severe accident
concentrations in the solution of a sump pool are expected to be lower.
Sellers [7] has already shown that the reaction kinetics of some iodine
species are subject to change on extrapolation to lower concentrations.

2.2 IODINE HYDROLYSIS

I2
I2 + H20 -» HIO + H

+ + I" R2

Although estimates [2,4] based on experimental measurements [8] of
the equilibrium constant for R2 give satisfactory agreement at 25°C, their
agreement at higher temperatures is rather poor. The principal reason for
this is the uncertainty in the value of the entropy of HIO (aq) (79 ± 40
J.K~1.mol~1). However, a thermodynamic data sensitivity study [1]
identified uncertainties in the value of the equilibrium constant for R2 as
being only minor contributors to the overall uncertainties in the
partitioning of iodine between the gaseous and aqueous phases.

Measurements of the kinetics of this reaction by Eigen and Kustin
[9] and, more recently, by Palmer and von Eldik [10] established R2 as
being very rapid, with equilibrium being attained in < 1 s. An essentially
instantaneous reaction can be assumed at all temperatures of interest.

2.3 DISPROPORTIONATE OF HYPOIODOUS ACID

For the purpose of determining equilibrium constants, this is
usually considered the composite reaction:
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3 I2 + 3 H20 <- IO3 + 6 H
+ + 5 I". R3

Unfortunately, the equilibrium constant for reaction R3 is not known as
accurately as those for many other iodine reactions at 25°C. This is due
to the relatively large uncertainty in the standard Gibbs energy of
formation of the iodate ion. The variation of the equilibrium constant
with temperature was poorly known until recently. Studies by Ashton et al.
[11] Palmer et al. [12] and Saluja et al. [13] have helped to remedy this
situation.

Ashton et al. [11] measured K3 at temperatures up to 200°C, using
a combination of potentiometric and spectrophotometric techniques. Palmer
et al. [12] also measured K3 at temperatures up to 200°C, using
spectrophotometry. The most accurate of these studies has been performed
by Saluja et al. [13], who measured the standard heat capacity of the
iodide and iodate ions as a function of temperature. These values,
combined with the known standard heat capacities for aqueous I2, allow the
variation of K3 with temperature to be calculated accurately. It should be
stressed that all of the above measurements are relative to the value of Kl
at 25°C. Thus, although the variation of K3 with temperature is now known
accurately, the value of K3 at 25°C still has a large uncertainty.

Recent attempts to analyze the kinetics of the HIO
disproportionation reaction:

3 HIO -» IO3 + 2 I" + 3 H+

presented a contradictory and confusing picture. Kinetic studies made by
Thomas et al. [14], Toth et al. at ORNL [IS] and Paquette et al. at the
Vhiteshell Nuclear Research Establishment (VNRE) [16] are reviewed in
Reference 1. All of these workers found the reaction to be second order
with respect to HIO but were unable to agree on the value of the rate
constant for this reaction and, in particular, its variation with the ionic
strength and pH of the aqueous solution in which the reaction occurs.
Recently, further investigations of this reaction have been made by the
group at VNRE as well as by Buxton et al. [17], Deane [18] and Burns and
Marsh [5] in the UK, but serious differences in results and interpretations
persist.

Paquette et al. [19] found the reaction to be second order in HIO
in the pH range from 2 to 12. They also found the reaction to be catalyzed
by borate and phosphate ions. At higher OH" concentrations, the reaction
was found to be first order in I" and second order in 10". They invoked a
number of different reaction paths to explain their findings, such as

2 HOI s lS w I02 + I" + 2 H
+

HOI + IOj" s l3 W IO3 + I" + H+

10- + HOI s l5 W I02" + H
+ + I"
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io- +

H0I2 H

io- +

I" +

v 0 1 -

io2-

B20
slo*

fast

rio2-

I03

H0I2 +

+ 2 1-

+ I"

vith the relative importance of each path being determined by the solution
pH. A Raman spectroscopic band at 685 cm"1 vas assigned to the
intermediate I02~ and a band at 560 CM"

1 to the weak coaples H0I2~.

Buxton et al. [17] investigated the thermal stability of HIO
generated by making dilute solutions of I2 slightly alkaline. The HIO vas
found to undergo disproportionation according to second-order kinetics,
with a rate constant of 5.5 ± 1.0 dm'-mol-^s"1. This value vas far lover
than that reported by Thomas et al. [14] of (2.5±1.6) x 102 dm'-mol"1^"1

in buffered solutions. In an attempt to explain these findings, Buxton et
al. conducted a systematic investigation of the effects of OH" and boric
acid concentrations on the rate of this reaction. They found that both of
these species accelerated the reaction rate according to

K - (5.6 ± 1.2) + 10* [0H-] dm'-mol"1^"1

K = (7.1 ± 3.3) + 2.2 x 103 [borate] dm'-mol"1^"1

where the first term represents the rate constant for the reaction in
unbuffered solution and the second term its enhancement due to the presence
of 0H~ or borate ions.

Deane [18] reported the results of an investigation into the rates
of iodine hydrolysis. The grovth and decay of iodine species in a solution
containing 2 x 106 mol*dm~3 iodine were monitored by ultraviolet
spectrophotometry. The experiments were performed in either pure water or
vater containing Ag+ ions. The Ag+ ions were added to precipitate the I"
formed by I2 hydrolysis, thereby reducing the I2 concentration and
increasing the HIO concentration. Deane attempted to interpret his results
by setting up a kinetic model of his system, invoking the following iodine
species reactions:

I2 + H20 * HIO + I" + H
+

HIO + I" + HI20"

HIO + HIO t + I- + H4

HI02 + HIO 2 HI03 + I" + H
+

HIO + H+ 2 H2I0
+

I 2 + I" <? I,"



- 9 -

The rate constants for the reactions of HIO with itself and with
HIO2 were varied in a computer simulation to obtain a 'best fit' between
the calculated predictions and the experimental observations for this
system. The result obtained suggested that the HIO + HIO2 reaction was the
rate-determining step rather than the HIO + HIO reaction, in complete
contrast to the observations of the other workers. This may be a
consequence of the lower iodine concentrations used by Deane in his
experiments and is a matter requiring further investigation.

Burns and Marsh [5] also reported the results of a systematic
investigation of the effects of pH, buffers and temperature on the HIO
disproportionation reaction. Like Deane, they used a kinetic model to help
interpret the results of their experiments. They found no dependence of
the rate on the initial I2 concentration but found that boric acid
increased the reaction rate, especially for solution with pH > 8. When
KH2PO4 was used as a buffer, the rate was enhanced by a factor of 10. They
found that they could reconcile their results with those reported by Thomas
et al. [14] and by Buxton et al. [17] if a synergistic effect of both
borate ions and OH" upon the rate of the reaction was assumed. At a pH of
8, this dependence of the activation energy on pH, as observed by the ORNL
workers [15], was explained by considering the relative importance of the
reactions of HIO with itself and with 10" at different pH values. The
latter reaction was assumed to have a lower activation energy.

Although considerable progress has been made in our ability to
predict the rate of this reaction during a severe accident in a LVR, there
are still a number of problems to be solved. In particular, a more
complete understanding of the effects of buffers, pH, temperature and
iodine concentration is needed. Also we need a kinetic model for this
reaction that is consistent with the observed kinetics of the reverse
process, the Dushman reaction.

2.4 TRI-IODINE FORMATION

i2 + I- «• V <R4)

Ashton et al. [11] recently reported measurements of the
equilibrium constant of R4 for temperatures up to 200°C, using a variety of
experimental techniques. These measurements gave consistent values for K4.
Previous estimates, in the temperature range of interest to severe reactor
accidents, were based upon the extrapolation of experimental measurements
made below 60°C. Measured values reported by Ashton et al. are in
satisfactory agreement with these previous estimates. Palmer et al. [12]
also recently measured the equilibrium constant for R4 for temperatures up
to 200°C using a spectrophotometric technique. His data are in agreement
with those of Ashton et al.

Measurements on the kinetics of this reaction have been made by
Turner et al. [20]. They demonstrated, by means of a special laser, Raman,
temperature-jump method, that equilibrium is established very rapidly.
Like reaction R2, therefore, an instantaneous attainment of equilibrium can
be assumed.
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2.5 IONIZATION OF HYPOIODOUS ACID

HIO +• H+ + 10- R5

Bell et al. [2] recommended using the dissociation constant of
HOBr to represent the equilibrium constant for R5. This approach gives
estimates of the equilibrium constant used by Lemire et al. (4] to
calculate thermodynamics. These still represent the best available
estimates for K5 [1]. Being an ionization process, R5 will reach
equilibrium so rapidly that instantaneous equilibration can be assumed.

2.6 PROTONATION OF BYPOIODOUS ACID

H2I0
+ ? H+ + HIO R6

Experimental measurements [8] of the equilibrium constant for R6
at 25°C have been reported. At higher temperatures, only estimated values
[2,4] are available. Consequently, the range of uncertainty in the values
of K6 are likely to be quite substantial for temperatures in excess of
100°C. These uncertainties have received little attention since
publication of Reference 1, but they are expected to be important only for
solutions vith a pH value below 6.

2.7 IODINATION OF HYPOIODITE

V
10- + I" + H20 <- HI20" + OH" R7

At 25°C, a value of 0.13 was assigned to the equilibrium constant
for R7 by Chia [21] and a much smaller value by Sigalla and Herbo [6].
Wren et al. [22] reported a value of 0.26 for R7 at 25°C. Only estimates
are available for higher temperatures, vith Bell et al. suggesting a value
of 0.31 at 100°C and Bavden a value of 0.039. It has not been possible to
recommend any improved values for K7 since the publication of Reference 1.

2.8 PARTITIONING OF IODINE SPECIES

The partitioning of the potentially volatile iodine species, I2,
HIO and HI03, between aqueous solution and the gaseous phase was discussed
in Reference 1. The partition coefficient data for I2, in the temperature
range of interest to severe reactor accidents, were considered to be
satisfactory in this review. Although there was no partition coefficient
data available for HI03, this species was not considered to be a
significant contributor to iodine volatility, since this species would be
expected to be completely ionized in aqueous solutions with pH values in
the range of interest to severe reactor accidents. Although Reference 1
discussed a number of attempts to determine the partition coefficient of
HIO, no satisfactory values could be obtained, because of the large
uncertainties and problems vith interpretation associated vith the
experimental methods used. Instead, a value of > 104 was recommended for
the partition coefficient of HIO at 25°C, based on the results of some mass



- 11 -

spectrometric measurements [23]. To extrapolate this value to higher
temperatures, Lin's thermodynamic data [24] were used to give a value > 450
at 100°C.

It is still not possible to recommend partition coefficient values
for HIO within satisfactory ranges of uncertainty. However, Furrer et al.
[25] used a radiochemical tracer technique capable of measuring iodine
partition coefficients of up to 2 x 106 for iodine solutions of
10"4 mol-dnr3. Measurements to date have been confined to a range of
conditions where HIO would not be expected to exist in solution in
appreciable concentrations. Furrer et al. are considering making
measurements under conditions where HIO may contribute to iodine
volatility. Some iodine partition coefficient measurements by Kelly et al.
at the University of Virginia were recently published [26]. This work is
mainly concerned with the change in the iodine partition coefficient of an
aqueous solution as a function of time, as the iodine in solution undergoes
thermal and radiolytic reactions. However, since there was a difficulty in
obtaining reproducible separations of the aqueous and vapour phase iodine
species, this work is of little value in determining the partition
coefficients of individual iodine species, although it may be useful for
testing computer codes, such as IOKIN [1] or the WNRE model discussed in
Section 6.

In an attempt to identify HIO in the gas phase, Clemitshaw et al.
[27] tried to obtain the infrared spectrum of HIO, prepared by the reaction
of I2 with OH radicals in the gaseous phase during the photolysis of
CH30N0-02-I2 and H0N0-I2 mixtures. Unfortunately, no infrared spectrum of
HIO could be obtained in the region where HIO bands were expected to lie,
1075 to 1103 cm"1, because of interference from vibrational bands from
CH30N0 and its photolysis products, CH3ON and HCO. However, indirect
evidence for HIO formation was provided by monitoring the decay of I2

during photolysis and its reformation when photolysis ceased. The kinetics
of these processes were consistent with a reaction between OH and I2 to
form HIO, which subsequently reacted with IN0x intermediates to reform I2.

3. RADIOLYSIS

High radiation fields will be present in the containment building
in the early stage of a severe reactor accident. Dose rates as high as
0.1 mGyh"1 can be estimated for some accident scenarios. Radiolytically
induced reactions can play a significant role in the interconversion of
aqueous iodine species.

In a dilute aqueous system, radiation primarily affects water, the
major component of the system, decomposing liquid water to a mixture of
reactive radicals and stable molecules. For y-irradiation, the
decomposition process can be represented by

4.4 H20 -* 2.7 e" + 0.6 H- + 2.7 0H> + 0.4 H2 + 0.7 H202 + 2.7 H
+.

The numbers in the above reaction are the G values, the average number of
molecules formed (or the number of initial molecules destroyed) by the
absorption of 100 eV (1 eV = 1.602 x 10"19 J) of energy from the radiation.
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The products are a mixture of highly reactive oxidizing and reducing
species capable of reacting with themselves, with water, and vith solute
species to form more radicals and stable species.

The rate of all the reactions involved is well known for water.
The steady-state concentrations resulting from continuous y-irradiation at
low and moderate dose rates can be reliably calculated for pure water and
for solutions containing various added amounts of H2 or 02.

As expected, the interactions between the water-radiolysis
products and dissolved iodine species are complex. A large number of
short-lived intermediate species have been observed or, mostly, postulated
to exist. For the iodine/water system, e~ is always reducing and OH- is
oxidizing. The other important water-radiolysis products are H202 and H-,
which can be either reducing or oxidizing, depending on the pH.
Kinetically, molecular hydrogen, H2, is not an effective reducing agent in
water.

If iodine is initially present as the iodide ion following
dissolution of Csl or HI, oxidation will proceed until back reactions
reducing the produced I2/HI0/I03~ balance the oxidation rate. Vhether this
radiation-induced steady state will lean towards I" or towards oxidized
iodine species will depend on a variety of factors. The pH is expected to
be important, since the mix of reactive oxidizing and reducing species
resulting from water radiolysis is pH dependent as is the aqueous chemistry
of iodine. Impurities that can specifically scavenge either the reducing or
the oxidizing reactive species can play an important role, too.

To fully describe the chemistry of dilute iodine solutions during
radiolysis, a large set of chemical reactions is required. Several
attempts have been made to assemble such reaction sets and these have been
incorporated into the chemical kinetics models described in Section 6. For
reference, one set of reactions is included in this review in Table 3.1;
the reaction rates are largely taken from Sellers [7]. This reaction set
is not necessarily complete and many of the rate constants are subject to
large uncertainties. In the remainder of this section, some of the more
important processes involved in the radiolysis chemistry are discussed in
some detail .

The interconversion between I~ and I2 in neutral and basic
deaerated solutions is relatively well understood. The OH- radical is the
main oxidizing agent, whereas the solvated electron and the hydrogen atom
are the major reducing agents. Since (G.".q + GH) > G0H-, the overall
effect of radiation is reducing at neutral and basic pH. In aerated
solutions, the solvated electron is scavenged by dissolved oxygen to form
the 02"/H02 radical. The superoxide radical is a strong reducing agent
and, thus compensates for loss of the solvated electron.

Good progress has been made over the last two years on the study
of the effect of y-radiation on iodine species in higher oxidation states,
i.e., HIO and I03~. Recently, Buxton et al. [17] presented experimental
evidence that HIO is oxidized to 10- under r-irradiation, by reaction with
I2 at higher I" concentrations, and by reaction with OH- at low iodide ion
concentrations. Iodate is then produced by a series of intermediate
reactions involving I(II) and I(III). Their proposed Mechanisms can be
summarized as follows:
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OH-

V
210-
10-
io2-
2HI0

+ HIO
* HIO
* io-
+ H20

+ io2-
+ H20

•• 10- +

-» 10- +
•* 10- +

-> HIO +
-» 10" +
•> HIO,"

3- -»io3- + io

H,0
21- +
21"
I02"
io2-
+ H+

2' + "

H+

The same authors studied the radiation chemistry of I03" using
pulse radiolysis. The studies showed that e~ and OH- react with the iodate
ion. They proposed the following reaction scheme for the reaction e-aq:

I03- + e~aq •• I03
2" + H+ * HI03"

followed by the reactions described above the radiation-induced oxidation
of HIO. The ultimate product is the iodide ion at neutral and alkaline pH
and molecular iodine in acidic solution. The oxidation of iodate by OH-
yields periodates. These products are unstable in water and are not
important from a reactor safety viewpoint.

Iodine solutions can react in a complex way with hydrogen
peroxide, which is produced by the radiolysis of water. Under certain
conditions, oscillating reactions can be observed. These reactions are
generally slower than reactions involving radical species; however, they
can become important for long irradiation times. The mechanism for these
reactions is complicated and not completely unraveled. Edelson and Noyes
[28] proposed a mechanism that describes the Bray-Liebhafsky oscillating
reaction. Burns and Harsh [5] studied an oxidizing reaction of H2O2

H2O2 + I- •* 10" + H20

in borate solutions and noted that the boric acid had a slight catalytic
effect. Ishigura et al. [29] studied the reducing reactions of H202:

H2O
2 + HI0/I0- -» I" + H20 + 02 + H

+

They also observed a catalytic effect, especially when a phosphate pH
buffer was used. Similar conclusions were reached by Fletcher and Miller
[30].

Radiolysis can also lead to the production and destruction of
organic iodines in solution. Production is enhanced by the formation of
organic free radicals, some of which can react with I2 or HIO. Organic
radicals are formed preferentially by hydrogen abstraction by OH- radicals
or I- atoms and react rapidly with I2 and less so with other iodine
species. The destruction of organic iodides is primarily carried out by
reaction with the solvated electron:

e" + organic-I •* organic + I".

Radiation effects in the gaseous phase also have to be considered
to describe the system completely. The radiation stopping power of a
gaseous phase is much less than that of an aqueous phase because of the
large difference in density. Nevertheless, irradiation of the gaseous
phase can significantly affect the chemistry of iodine. In a strong



- 14 -

radiation field, N2 in air is partially ionized to N2
+ and N+ ions, which

can react with H20 vapour and 02, eventually yielding nitric acid, HN03
[31]. This can lower the pH of the aqueous phase and increase the
volatility of iodine. Irradiation of air also produces significant
quantities of ozone, 03. Ozone reacts rapidly with some organic iodides to
produce iodine oxides, which have a low volatility [32]. More studies are
needed in this area.

Good progress has been made over the last few years in the study
of the effects of radiation on iodine chemistry. Enough data are available
to be able to reliable estimate the iodide ion oxidation rates in pure
water and in solutions containing well-characterized additives. However,
the containment sump pool water following a severe nuclear reactor accident
will not be a well-characterized solution. It will likely contain
substantial amounts of dissolved ions and colloidal material, as well as
various debris and organic contaminants. These can have a major impact on
the radiation chemistry of water and iodine. These effects can occur
mostly through specific scavenging of the reducing or oxidizing radicals
that result from water radiolysis, thus upsetting the redox balance of the
aqueous phase. These are difficult to predict and will depend on the
impurities in a solution.
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REACTIONS

Reaction

e- + HIO2

e- + HI03

e-aq + HIO
e- + HI2O"

aq i
e «<J + I
e- + 10 + H20
e- + IOB-

e-.« + I0a- + H20
e-aq + IO3- + H20
e" + I2

aq i
e"«q + I2
e".q Y I3
H + HIO
H + HI02

H + HI20"
H + HIO3-
H + I
H + I-
H + 10
H + IOH-
H + I02-
H + IO3-
H + I2

H + I2"
H + I3

H+ + HI-
H+ + H02I2-
H+ + IOH-
HI- + H2O
HI" +B(OH)3 + H2O
HIO2 + H02

HIO2 + I
HI02 + 10 + H20
HI02 + I2-
HIO2 + OH
HI02 + O2"
HI20" + H02

HI20" + I
HI20" + I2-
HI20" + OH
HI20" + 02"
HIO3- + HIO3-
HIO3- + OH
HIO + H02

HIO + I
HIO + I2"
HIO + OH
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109)/[H20] M-^"1

109 M-^"1

1010 M-^"1
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continued...
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TABLE 3.1 (concluded)
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** M-^s-1 -
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4. IMPURITY EFFECTS

Impurities, derived from the fuel or reactor containment
materials, may affect the volatility of iodine in aqueous solution
following a severe accident in an LVR. The effects of borate and phosphate
buffers and metallic impurities, such as iron and copper, on the thermal
and radiolytic reactions of iodine species in aqueous solution have been
discussed in the previous sections and will not be discussed any further.
Reactions between iodine species and organic impurities, leading to the
formation of volatile organic iodides, will be discussed in the next
section.

Burns and Harsh [33] demonstrated that extraneous substances could
have a dramatic impact on the yield of I2 produced by the radiolytic
oxidation of I" in solution. When a small specimen of Teflon was placed
either in the gas space above the iodide solution or in contact with the
solution, the I2 yield increased substantially. They suggested that
fluorine compounds released from the Teflon during irradiation reacted with
the I" in solution to yield I2.

The effects of colloidal materials on the volatility of iodine in
aqueous solution have been investigated by Beahm et al. at ORNL [34] and
Furrer and Gloor [35]. In a series of experiments at ORNL, silver
particles of 100 mesh size, were suspended in aqueous solutions containing
10"4 mol-dm"3 of I" and 10~6 mol-dm"3 of I2. The solutions were buffered
with boric acid to pH values of either 6 or 9 and subjected to y-
irradiation from a 60Co source at a rate of 8 kGyh"1. The silver not only
reduced the volatility of the iodine in solution but also retained a
significant proportion of the iodine following irradiation by formation of
Agl.

In one series of tests, the silver to iodine gram-atom ratio was
varied and the solutions were given a total y dose of 10 kGy. For silver
particles with a specific surface area of 0.008 m2gm~1, a silver to iodine
ratio of 300:1 was needed to convert all of the iodine to Agl. At a ratio
of 46:1, a dose of 10 kGy converted only 20% of the iodine to Agl, but
increasing the dose to 160 kGy increased the conversion to 83Z. Since the
direct reaction of aqueous I~ with silver metal does not occur in the
absence of radiation, the ORNL workers proposed that water radiolysis
intermediates, such as OH or H202, must be involved in reactions such as

H202 + 2Ag + 21- + 2H
+ -> 2AgI + 2H2O.

This assumption was tested by adding silver powder to a solution containing
10"4 mol-dm"3 and 10"3 mol-dnr3 H202 at a pH of 7 and a temperature of
298 K. After one hour, 982 of the iodine was converted to Agl. In another
series of experiments, the total iodine concentration in solution was
reduced from 10~4 mol-dm-3 to 106 mol-dnr3 before addition of the silver
powder and irradiation. At these lower concentrations, the silver was less
effective in trapping the iodine. This possibility reflects the greater
significance of the radiolytic oxidation of I" to I03" at these low
concentrations.
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Iodine retention by aerosols derived from materials vaporized from
fuel simulants, (heated to 2400°C) vas tested at ORNL. In the first tests,
aerosol material containing silver, tin, iron and chromium vas added to a
solution containing 10~4 mol-dnr3 I~ and 10~6 mol-dnr3 I2. Even with an
effective silver to iodine gram-atom ratio of 12:1, 98X of the iodine was
converted to Agl after a radiation dose of 10 kGy. In a second test, in
which aerosol material containing tin, uranium, tungsten and traces of
zirconium and iron was added to the solution, less than 1% of the iodine
was converted-. Hence, of the materials likely to be released from the
reactor core during a severe accident, silver seems to be the most
effective at retaining the iodine present in the containment sump pool,
following the accident. The effectiveness of the silver-containing aerosol
in these tests probably reflects the high specific surface area of the
aerosol material.

Furrer and Gloor [35] examined the effects of 2-ym silver
particles on the radiation chemistry of Csl solutions. The silver was in
100-fold stoichiometric excess over the iodine. Even in the absence of
radiation, more than half of the iodine present was converted to Agl within
10 hours at 30°C. The conversion was accelerated in a radiation field.
They found Agl is not a perfect sink for iodine. Irradiation of a
suspension of Agl at a pH of 7 resulted in conversion of about 0.2% of the
iodine to I2>

The effect of dissolved gases on the radiolytic oxidation of
aqueous I" to I2 vas investigated by Lucas [36]. In these experiments,
I0~3 mol.dnr3 aqueous solutions of Csl were saturated with a mixture of
air, C02 and H2 in the same proportions as might be expected in a
containment building atmosphere following a severe accident. The presence
of C02 exerted a buffering influence that increased the yield of I2.
Addition of CsHC03, the form fission product cesium is expected to take in
C02" saturated aqueous solutions, exerted a similar buffering effect.

Thus, experimental evidence shows that, whilst some impurities
that could be present in the containment following a severe accident may
lead to increased radiolytic yields of volatile I2 in the containment sump
pool, other materials, such as colloidal silver, may act as fairly
effective traps for iodine. The nature of the interaction of silver metal
with iodine species is still poorly understood and merits further
experimental investigation.

5. ORGANIC IODIDES

The formation of organic iodides is recognized as having a crucial
impact on the volatility of iodine under nuclear-reactor accidents.
Measurements at Three Mile Island 2 after the 1979 March accident shoved
that organic iodides were the principal iodine species in the reactor-
building atmosphere, although the amounts of radioiodine detected as
airborne species were very small (less than 0.03% of the original core
inventory) [37]. The origin of these organic iodides has not yet been
established. The organic iodide forms have not been definitely determined
either, although it is widely believed that CH3I is the predominant organic
iodide species. This belief is based on a study by Eggleton and Atkins
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[38] in which ~ 85% of airborne organic iodides was identified as CH3I. In
their experiment, elemental iodine was vaporized inside the PLUTO reactor
shell under conditions atypical of reactor accidents, in terms of ambient
temperature and low humidity, very low iodine concentration, low radiation
level, and relatively clean environment [38]. However, this preoccupation
with CH3I is misleading. Numerous other volatile organic iodides are more
readily formed, and the actual distribution of organic iodides will depend
on the organics present, which will vary from plant to plant, time to time,
and accident to accident. Thus, one should not underestimate the possible
importance of other organic iodides.

Organic iodides can be formed in a containment building by various
mechanisms, including homogeneous and surface reactions in the presence or
absence of radiation. Organic iodides are highly unlikely to be formed
within the fuel or in the primary heat-transport system. Thermodynamic and
kinetic calculations have shown that the high temperatures and radiation
field will prevent the formation, or buildup, of any significant quantities
of methyl iodide [39 to 42]. Subsequent to release from the fuel and the
primary heat transport system, iodine will be found on various surfaces and
in gaseous and aqueous phases. Therefore, reactions of iodine with organic
impurities or other carbon sources in these media are conceivable.

5.1 SURFACE REACTIONS

Reactions of iodine with various reactor surfaces have been
extensively studied, mainly from the viewpoint of iodine retention [43 to
49]. These investigations indicated that the formation, or destruction, of
organic iodides can be catalyzed by surfaces, although the source of carbon
and the mechanism of organic iodide formation could not be identified. For
example, in a recent study of surface effects on the transport of airborne
radioiodine, Hemphill and Pelletier [48] reported that, as a result of
interactions with various surfaces, up to 50% of the resuspended iodine was
in the form of an organic iodide under high humidity and ambient
temperature conditions. Lin [49] also studies airborne iodine removed by
moist air at room temperature from steel wool, which was originally loaded
with elemental iodine [48]. Of the desorbed iodine, 20 to 402 was in the
form of organic iodides, but the total iodine removal rate was small
(~ 0.1% per hour).

The mechanism of these surface reactions is far from understood,
and the source of carbon has not been identified. There has been much
speculation on the mechanism. It has been suggested that the mechanism may
include hydrogen-carbide interactions to form traces of acetylene, which
then react with the deposited iodine to form organic iodides in a steam
environment [50]. The organic source may simply be organic impurities on
surfaces of gaseous phase organic molecules in contact with the surfaces.

In a study of the reaction of I2 vapour with organic paint
coatings, Bennett et al. [46] conducted a test with a coating that was
heated to 100°C in flowing nitrogen for one week. Production of methyl
iodide was not significantly reduced, but the production of ethyl iodide
decreased to their limit of detection. Based on this result Bennet et al.
suggested that most of the ethyl iodide came from reaction with organic
vapour while the methyl iodide resulted from reaction with coating
surfaces.



- 20 -

Corrosion may also have an effect. It may reduce the adsorption
sites for iodine, or create more chemically reactive surface sites. Ourant
et al. [51J considered the formation of methyl iodide on surfaces from a
theoretical viewpoint. The proposed mechanism is

I,

r

CH3

surface
? 21-

+ CH4

' + I,

surface
«- CH3* +

surface
«- CH3I

HI

+ I'

with the overall reaction being

f*U 1 T dS fll T ± UTUH^ + J-2 WljA + nl •

Although their analysis of large-scale tests using this simple surface
mechanism is not acceptable, this work recognizes the importance of
evaluating the rate of methyl iodide formation. Obviously, surface
reactions for organic iodide formation are more complicated than the
proposed mechanism.

Radiation may enhance, or reduce, organic iodide formation on
surfaces. Salki and Tachikawa [52] studied organic iodide formation on a
copper surface, using 132Te as the iodine source. A constant yield
(~ 0.15X) of organic iodides under various atmospheric conditions suggested
that the reaction occurred on the surface, and that P-radiolysis of organic
impurities on the surface provided organic radicals, which reactioned with
the decay product 132I. Thus this work indicates the possibility that
other 0-decay species deposited on surfaces can generate organic free
radicals that could react with nearby elemental iodine.

There are many studies on the effects of /-irradiation on surfaces
and their reactions. However, its effect on organic iodide formation is
not well characterized. A study by Denschlag [53] showed that CH3I
formation is considerably enhanced by y-irradiation, while the reaction of
methane with deposited iodine is still slow. Possibly, other organic
molecules may be more effective organic sources for the y-irradiation-
induced surface reaction. Decomposition of organic iodides on surfaces may
also be affected by y-radiation. A study by LeGoff and LeTort [54] on CH3I
decomposition on a tungsten surface at temperatures above 1200 K indicated
that the primary decomposition reaction on the surface was

CH3I -» CH3' + I*.

It has also been reported that methyl iodide decomposed by free radical
formation on silica gel [55] and charcoal [56] surfaces.

Gamma radiation affects organic iodide formation on surfaces by
releasing organic impurities from the surfaces, by enhancing the organic
free radical formation, and by oxidizing or increasing the oxidation state
of surfaces. Oxidation may reduce the iodine adsorption sites available
[57], but may create chemically more reactive, surface sites [45].
Radiation also affects paint coatings by breaking up the highly polymeric
binders [58], causing changes in structure, oxidation, embrittlenient,



- 21 -

blistering and evolution of gases. The extent of damage depends on
pigments, additives, the type of paint, and the surface on which the
coating is applied. Irradiation produces CH4 from C02 and H2, and this is
catalyzed on steel surfaces [59].

Surface reactions can not be adequately predicted on a theoretical
basis alone, so one must rely on experimental measurements. Huch
experimental data already exist, as discussed above. Additional studies,
such as carbon-14 tracer experiments to determine the source of carbon, and
surface analysis to examine the corrosion characteristics, combined with
presently available data would give a foundation for application to reactor
accident conditions.

5.2 GASEOUS-PHASE REACTIONS

Thermal reactions of iodine with methane or other hydrocarbon
impurities in the gas phase are very slow at the temperatures expected in
containment after a nuclear reactor accident [40,42,51]. Thus, radiation
is considered the main driving force for organic iodide formation in the
gaseous phase.

Organic iodides are commonly observed products in radiation
chemistry experiments when iodine is used as a free radical scavenger
during radiolysis of gases [60]. Vast amounts of data are available on
organic iodide formation in radiation fields. In particular, the reaction
of iodine and methane has been studied extensively. However, the quantity
of products generated (or decomposed) during irradiation and the G value,
defined as a number of molecules produced (or decomposed) per 100-eV energy
absorbed bear no simple relationship with system parameters, such as
concentration of reacting species, dose rate, or temperature. Thus, it has
been difficult to generalize, or adequately address, the contribution of
gas phase organic iodide production in a reactor accident. Postma and
Zavadoski [61] collected data on the radiolysis of methane and iodine and
have obtained a G(CH3I) value as a function of iodine concentration. Based
on their G value, they calculated a conversion of 2.22 of I2 to CH3I for
postulated accidents where the absorbed dose was 32 kGy. However, the
G(CH3I) value, decreased upon addition of water vapour and/or oxygen, and
increased with an increase in the ratio of methane to iodine.

Detailed reaction mechanisms have been studied extensively.
Organic iodide formation is considered to proceed through a scavenging
reaction of elemental iodine with an organic free radical formed by
radiation:

R' + I2 -» HI + I*

RH + I* -> R# + HI

where R' is an organic radical. The extent of these reactions depends on
competitive reactions of the free radicals with various species as well as
on the amount of organic material and iodine present. Some of the
important reactions are (1) removal of organic free radicals by 02 or NO:

R* + 02 •• R02*

R' + NO -> RNO
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vhere NO is a radiolysis product of air [62], (2) free-radical
recombinations, such as

I* + I* + M -> I2 + M

where M designates an air molecule, either N2 or 02, and (3) reaction of
iodine with ozone [32]. Hany of the rate constants of these elementary
reactions have been studied by photochemical methods as well as by
radiolysis.

There are also many ways to generate the methyl radical:

M X M*

R + M* -> CH3' + R'

RI + e~ -» CH3' + I" (or I + e")

R X CH3 • + H-

where M* is an executed or ionized molecule. The major contributor would
depend on the concentrations of M and CH3I. In a nuclear reactor accident
where high steam concentrations are expected, water vapour radiolysis nay
play an important role.

Irradiation also leads to decomposition of organic iodides and
conversion to other products (see Reference 44 for review). Although this
process is generally recognized, it has not been adequately considered. A
detailed mechanism for CH3I decomposition by radiation has been proposed by
Tang and Castleman [63], with the initial reactions being

M * M*

M* + CH3I -» Chy + I* + M

where M designates an air molecule (either N2 or 0 2). The free radicals
thus formed undergo various reactions, as discussed above.

Organic molecules other than methane, such as acetone [64],
alkanes and alkenes [65 to 67], are known to produce the methyl radical and
other organic radicals upon photolysis. Radiolysis of these molecules may
form organic iodides at even greater rates than methane. These reactions
have not been considered in reactor accident analysis, and require
attention. It would be helpful if one could generalize the various organic
iodides reactions in terms relative to methyl iodide formation or
destruction.

5.3 AQUEOUS-PHASE REACTIONS

Although in a loss-of-coolant accident, most of the iodine is
expected to be initially released into water in the form of I", the
formation of organic iodides in solution has not been properly studied nor
recognized as being important until very recently. This occurred because
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volatile alkanes (especially methane) have very low solubility in water.
Therefore, their thermal or radiolysis reactions with iodine to form CH3I
in the aqueous phase were expected to be limited compared with reactions in
the gaseous phase. However, as mentioned earlier, preoccupation with CH3I
is misleading, and many other volatile organic iodides can be formed in
solution.

Paquette et al. [68] have recently shown the possibility of
forming various volatile organic iodides in solution. They examined the
reaction between 'iodized I"' and organic impurities in sump water from a
nuclear reactor and identified two airborne organic iodides as CH2CHI and
CHjCKCHI. Fundamental studies by Wren et al. [69] also showed that the
iodination of phenol and isopropanol occurs easily in aqueous solution,
with the phenol reaction being nearly diffusion controlled. The proposed
mechanism is complex due to the complexity of the aqueous iodine system;
however, the key iodinating agent was found to be HIO in the reactions
studied. Since model calculations predict that organic iodides formed in
solution may control the iodine partition coefficient [70], a database of
the results of a series of experiments is required to assess the rate of
volatile organic iodide formation.

Substantial conversion of aqueous iodine to organic iodides may
occur in radiation fields. Radiation can either oxidize I" to a mixture of
I2 and HIO and to 10,, or reduce 10, or I2 to I" [33,71,72]. The rates of
the radiolysis-driven reactions depend on pH, dissolved oxygen and the
presence of various impurities. Changes in the concentration of HIO and I2

by radiation will influence the kinetics of organic iodide formation.
Radiation also generates organic free radicals, which in turn react with
I2. There are many studies on radiolysis of aqueous solutions containing
organic molecules [73,74], but few reactions have been studied in the
presence of iodine. This has probably been due to the complexity of the
reactions of iodine and organic molecules without radiation, as well as the
complexity of aqueous iodine systems in a radiation field.

Organic iodides decompose in aqueous solution by various
processes. They hydrolyze and react with additives, such as hydrazine of
thiosulfate, and with metallic impurities. These reactions have been
extensively studied for CH3I and have been reviewed by Parsley [44].
Hydrazine and some metallic impurities not only react with organic iodides
directly but also decrease the organic iodide yield by reducing HIO and I2

to I" [75]. Radiation also decomposes organic iodides [76]. Methyl iodide
and other alkyl halides react efficiently with e ~ and H* to form hydrogen
peroxide, iodide, iodine, methyl hydroperoxide and some formaldehydes. The
proposed mechanism is quite complex. The following reactions are believed
to be important:

CH3I + e;,, •* CH3* + I-

CH3I + H -• CH3* + HI

CHj + 02 •• CHjO2

CH3O2 + I2" •* CH302~ + I2
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It seems that enough work has been done on the reaction of methyl iodide in
solution with and without radiation. Although additional work on other
organic iodides is required to have a better database, the methyl iodide
data give an adequate foundation for extrapolation to other iodide
reactions.

6. INTEGRAL MODELS AND TESTS

6.1 THE IMPAIR CODE

The Iodine Matter Partition and Iodine Release (IMPAIR) Code vas
written by Kernforschungszentrum Karlsruhe (KfK) and Kraft Verk Union (KVU)
in Vest Germany [77]. Recently ORNL acquired access to the code and is
involved in its development [34]. IMPAIR is essentially an empirically
based code that represents the rates of iodine transport, deposition and
resuspension in a containment system by a series of coupled ordinary
differential equations. These are solved to give the quantity of iodine
released to the environment as a function of time. The essential features
of the code are discussed below.

6.1.1 In-Vessel Release and Transport of Iodine

In its present state of development, many of the calculation
procedures in IMPAIR have been greatly simplified. For example, iodine is
considered to be released from the fuel as Csl and I2, and the relative
proportions must be specified. Values of 99% and IX, respectively, have
been typically applied. This distribution of iodine species is based upon
observations at ORNL where traces of I2 were released from sections of LWR
fuel heated in a steam atmosphere [78,79]. No reasons for these
observations, such as the presence of oxidizing impurities in the carrier
gas, appear to have been considered by KVU. All iodine released from the
fuel, wither as Csl or I2, is considered to be transported directly to the
containment without retention in the primary heat transport system.

6.1.2 Iodine Behaviour in the Containment

Upon reaching the containment, the Csl is assumed to behave as an
aerosol, and its subsequent removal from the containment atmosphere and
deposition in sump pools are treated with an aerosol code. The I2 is
assumed to move from the containment atmosphere into the sump water until
an equilibrium is established. Once this equilibrium has been established,
the partition coefficient between I2 in the sump pool and in the atmosphere
is assumed to remain constant. Thus, any I2 lost from the containment
atmosphere by leakage or conversion into organic iodides is immediately
replenished by resuspension of I2 from the sump pool to maintain the
equilibrium.

The KVU group chose a value of 200 for the partition coefficient
of I2 in the IMPAIR model. This value takes account of the hydrolysis of
I2 in aqueous solution to form HIO and I" according to reaction R2 (Table
2.1). Since this reaction is known to be rapid, equilibrium R2 is assumed
to be attained instantaneously. The I~ ions in the sump pool, derived from
the Csl aerosols released from the fuel, are assumed to act as inert
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ballast and not affect equilibrium R2. The IMPAIR model does not consider
the effect of I03~ formation in the sump pool, from reaction R3, the
partition coefficient of I2. It also ignores any contribution to the
iodine volatility of HIO in the sump pool, since HIO has never been
observed in the vapour phase.

At KWU, the equilibrium between I2 vapour in the containment and
iodine in the sump pool is assumed to take 3 hours, giving a first-order
rate constant of 1.7 x 10~4 s"1 for iodine deposition in the sump pool. At
ORNL, a first-order rate constant of 3.19 x 10"4 s"1 was selected for this
process, based upon the observation in the Containment Systems Experiment
[80], 99% of the I2 was removed from the containment atmosphere in 4 hours.
ORNL is investigating the rates of I2 deposition onto the resuspension from
surfaces composed of containment structural materials.

Organic iodide formation in the KWU version of IMPAIR is based on
the arbitrary assumption that 10% of the I2 vapour will be converted to
organic iodides over 5 hours and thereafter will remain at a constant
fraction (10%) of the I2 present in the containment atmosphere. ORNL
models organic iodide formation and depletion according to

d{organic I(g)] 0.74
a([I2(g)J - [organic Kg)}] - bforganic I(g)J

dt

where a is a factor derived from the work of Postma and Zavodoski [61] and
b is derived from observations of organic iodide removal in the Containment
Systems Experiment [80]. The ORNL model gives a more rapid buildup of
organic iodides than the KWU model and a more rapid decrease in the organic
iodide concentration. This results in a maximum organic iodide
concentration of 30% of that given by the KWU model.

The effects of thermal and radiolytic oxidation of I" and
reduction of I2 in the sump pool on the partition coefficient of I2 are not
considered in the IMPAIR model. The only iodine reaction in the sump pool
treated by IMPAIR is that between I2 and colloidal silver particles
released from the control rods in the core. This reaction is assumed to
take place according to first-order kinetics so that 10% of the I2 in the
sump pool reacts to form Agl over 3.5 hours. It is further assumed that
the reaction does not start until 5% of the silver in the control rod in
the core has been deposited in the sump pool. An experimental program is
in progress at ORNL to provide better information on the kinetics of this
reaction.

6.1.3 Iodine Behaviour Following Containment Failure

Events following the failure of the steel containment shell in a
German LVR are modelled in IMPAIR. In the 'best estimate' option, the
inner steel containment is assumed to fail in a leaking mode due to
overpressure, giving a release into the annulus. Leakage to the outside
environment is assumed to occur via filters, which remove the Csl, I2 and
organic iodide with decontamination factors of 103, 104 and 102,
respectively. In accident situations, these filters are considered to be
reduced to 99%, 99.9% and 95% of their design efficiencies because of the
high moisture content of the containment atmosphere. In the 'worst case'
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option, the containment fails as soon as its internal pressure reaches a
failure point and the containment filters are completely by-passed. All
containment leakage and the evaporation and condensation of sump water
during accidents are modelled and the output used by IMPAIR.

The deposition of I2 carried into the containment annulus is
assumed to occur in direct proportion to the quantity of steam that
condenses. Thus, condensation of 50% of the steam in the annulus will
result in 50% of the airborne I2 in the annulus being plated out. In the
present models in IMPAIR, any I2 deposited in the annulus sump pool is
assumed to remain fixed owing to the expected high pH of this sump water.

As the containment sump water evaporates, the evolution of HI from
the interaction of Csl with boric acid is, surprisingly, assumed not to
occur in the IMPAIR model, although this may be modified as a result of
experimental studies. IMPAIR does attempt to allow for the entrainment of
I~ in airborne water droplets as the containment sump water evaporates. It
assumes that the steam evaporating from the sump contains moisture as
entrained droplets, carrying I" at the same concentration as the sump water
from which they were released. Carry-over of I" in entrained water
droplets is being studied as part of an experimental program at KWU.

6.2 EXPERIMENTAL PROGRAM AT KWU

This experimental program is designed to test the models and
assumptions used in the IMPAIR code [81]. The experiments involve heating
10~4 moldnr3 aqueous solutions of I" and I2, buffered with boric acid to a
room-temperature pH of 5.3, to temperatures of up to 170°C and measuring
the iodine partition coefficient. Measurements below 110°C are performed
in a glass apparatus. Between 110°C and 170°C, a 2-m3 steel pressure
vessel, illustrated in Figure 6.1, is used. The vessel is heated
isothermally to prevent steam condensation on the walls, and has a surface
area to volume ratio compatible with that of a full-scale PVR plant.
Samples can be extracted during operation from the liquid phase and the
steam-air phase, and the quantities of 131I tracer in each can be
determined radiochemically to determine partition coefficients.

Containment overpressurization can be simulated by opening the
steam-line valve; exchangeable apertures are used to simulate different
leakage sizes. The escaping steam enters a condenser where it is
completely condensed. The remaining air is directed to an iodine species
filter. The iodine content of each filter section (aerosol, I2, organic
iodide) is determined radiochemically.

Results obtained so far show that the partition coefficients
measured after a short time (2 hours) at 110°C are in good agreement with
expectations for an I~/I2 solution, where reaction R3 (Table 2.1) is
suppressed and HIO does not contribute to the volatility. After 6 hours,
the partition coefficients increased substantially, reflecting the
formation of I03~ in solution. The variation of the partition coefficient
with the relative concentrations of I" and I2 is consistent with the
influence of excess I~ on the iodine hydrolysis equilibrium reaction, R2.
However, at I2 fractions of less than 2% of total iodine, the partition
coefficient did not increase with decreasing I2 content. This may be a
consequence of organic iodide formation in the test solutions. This
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increase in partition coefficient with time at 110°C has been studied in a
glass apparatus. It was observed that, with austenitic steel surfaces
present in the glass apparatus, the partition coefficient increased with
time more steeply. Under such conditions, I0,~ formation must be
accompanied by the reduction of I2 on metallic surfaces, reducing the I2
concentration in solution. At 170°C, the measured partition coefficients
shoved considerable scatter, but vere markedly higher (10s to 106) than
those measured at 110°C, reflecting the faster I0,~ formation rate at this
temperature as veil as the reduction of I2 by steel surfaces.

Depressurization experiments have been performed in the 2-m3 steel
vessel. To distinguish betveen the iodine carried over to the condenser in
entrained droplets and that carried as a vapour, a lithium tracer vas added
to the sump vater. The results generally show that droplet carry-over is
of minor importance compared vith iodine volatility. The apparent
partition coefficients for iodine measured during depressurization have the
same order of magnitude as those measured in a closed static system. This
implies that the release of I2 from the liquid to the steam is very rapid
under boiling-vater conditions.

So far as the IMPAIR models are concerned, this experimental
program has shown that the assumed I2 partition coefficient of 200 (total
iodine partition coefficient of 2 x 104 for iodine composed of IX and 99X
Csl) is appropriate for its behaviour in the containment at short times
vhere early containment failure is involved. Higher values (10s to 106)
vould perhaps be more appropriate for accidents vhere containment failure
is delayed, because of I03~ formation in the sump vater and iodine-steel
reactions. Annulus and auxiliary building areas are effective traps for I2
escaping from the containment together vith steam, although the question of
I2 resuspension from vater pools in the annulus requires further
investigation.

6.3 THE VHITESHELL MODEL

A chemical kinetics model vas developed at the Vhiteshell Nuclear
Research Establishment of Atomic Energy of Canada Limited (AECL) to model
the release of iodine from aqueous solutions, such as those postulated for
various accidents in vater-cooled reactors [70]. Like the IMPAIR code, the
model is a system of differential equations that represent the rates of
various iodine reactions; hovever, unlike IMPAIR, the Vhiteshell model
provides a detailed kinetic treatment of these reactions.

Iodine thermal reactions included in the Vhiteshell model consist
of reactions Rl to R5 and R12 from Table 2.1, together vith the vater
ionization equilibrium. These reactions are modelled mechanistically in
terms of a series of elementary chemical reactions, vhere kinetic data from
the literature enable this to be done. The I" oxidation reaction is
modelled according to the kinetic scheme of Sigalla and Herbo [6),
although, as discussed in Section 2, the scheme devised by Burns and Marsh
[5] may be more appropriate. Organic iodide is assumed to form in aqueous
solution as a result of reactions betveen organic radicals, produced by the
radiolysis of organic impurities in the sump vater, and I3, HI0 or 10", and
to be removed by hydrolysis or reaction vith the e,q~ product of vater
radiolysis. Organic iodide reactions elsevhere in the containment, such as
on building surfaces, are not considered in the model. The radiolytic
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reactions of aqueous iodine species are also modelled very comprehensively,
starting with the formation of the water radiolysis intermediates, H, eaq~,
OH, H2O2, and their subsequent interactions with iodine species, as
discussed in Section 3. The kinetics of hydrazine reactions with aqueous
iodine species, such as I2, HIO and organic iodides, are also included in
the model. Hydrazine is used for corrosion control in CANDU™ reactors and
other LWRs.

Release of volatile iodine species, such as I2, HIO and organic
iodides, from the containment sump water to the containment atmosphere is
modelled as a mass-transfer process. The rate-limiting step is assumed to
be the diffusion of the volatile iodine species across the solution-side
boundary layer at the surface of the sump pool. The reverse rate constants
for these processes are then chosen so they are consistent with the
equilibrium partition coefficient data for these species. The rate
constants for organic iodide release were based upon data for CH3I. The
rates of leakage of airborne volatile iodine species to the outside
environment are based on a containment leak rate of 0.1 vol.% per day.

The development of the Vhiteshell model has been supported by a
comprehensive program of bench-scale laboratory experiments. Recently,
construction has begun on a semi-scale integrated test facility to
complement the bench-scale studies. The essential features of this
facility are illustrated in Figure 6.2. It is designed so that iodine
partitioning and speciation can be measured under conditions simulating
various reactor accidents. Iodine'131 will be used as a tracer for
monitoring the iodine distribution between the aqueous and gaseous phases.
The effects of the following variables will be studied: temperature, pH,
redox potential, iodine concentration, radiation field, inorganic and
organic impurities, surface and venting. Design and construction of this
facility is being spread over a two-year period.

The facility will provide early integral data that can be
immediately applied in radiological evaluations, and will identify specific
parameters that need further investigation at the bench-scale or
fundamental levels. Vithin five years, the semi-scale tests will provide
data for the verification of models and computer codes to confirm that the
objective, a sufficient understanding of iodine chemistry to predict and
control aqueous/gaseous phase partitioning, has been met.

7. VOLATILITY CONTROL

The key to restriction of radioiodine release in the long term
following a reactor accident is control of the volatility of radioiodine
species. Laboratory experiments have demonstrated that substantial
quantities of volatile iodides (primarily organic iodides) can be generated
in a high radiation field; however, it is not yet clear whether similar
production will occur in a real containment environment. Detailed chemical
models capable of accurately predicting iodine behaviour are not likely to
be available in the near future. Hence, there is a need to ensure that the
volatility of iodine species will be controlled during an accident.
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At least three techniques can be used to reduce the production and
release of volatile iodides:

(1) control of solution chemistry to reduce the rate of I" oxidation,

(2) control of solution chemistry to reduce the stability of organic
iodides, and

(3) engineered systems to restrict the release of volatile iodides
from solution.

This list assumes that the dominant source of volatile iodides is the water
in the containment and that a steady state develops between the gaseous and
aqueous phases.

The most attractive form of volatility control is the first
technique. The dominant volatile iodides are expected to be organic
iodides, and these can only form readily in solution via reactions of I2
and/or HIO. If the solution chemistry is adjusted to limit the formation
of these species by preventing the oxidation of I", then organic iodide
production will be slow. There are several means of reducing the rate of
I" oxidation, such as

(1) elimination of oxidizing agents from solution,

(2) elimination of catalytic agents from solution that accelerate
oxidation of I" dissolved 02, and

(3) addition of chemical agents that promote the back reaction of I2
to I".

Unfortunately, options 1 and 2 are not realistically available during a
reactor accident, since it will be difficult, if not impossible, to prevent
the access of 02 or catalysts to the containment solution. Also, the
dominant cause of I" oxidation in severe accidents will be direct
radiolysis of the containment water.

The stability of I2/RIO can be reduced by adding reducing agents
and/or bases to the containment water. Figure 7.1 shows the dominant
aqueous iodine species as a function of pH and oxidation potential for one
set of containment conditions. In general, I~ is the dominant aqueous
species for basic and reducing conditions. Currently, hydrazine (N2H4), a
strong reducing agent, is used in some reactor systems for corrosion
control. Adding hydrazine to the containment water during an accident is
one means of ensuring continued reducing conditions in the water and, in
fact, this was done during the THI-2 accident. Other reducing agents are
available, but all have the disadvantage of being consumed by radiolysis-
driven oxidation. Thus, to maintain reducing conditions, continuous
addition of chemicals will be required during an accident. A high pH can
be ensured by the addition of a sufficient quantity of a strong base to the
containment water. Control of pH is perhaps preferable to control of the
oxidation potential, since the pH is less sensitive to change by radiolysis
and, hence, required less active intervention will be required during an
accident. In fact, radiolysis of I" solutions tends to increase the
solution pH.
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FIGURE 7.1: Potential-pH Diagram Showing the Domains of the Dominant Iodine Species in Solution.
Basic pHs strongly favour the thermodynamic stability of I" in solution
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The quantities of reducing agents and/or bases required to
decrease iodine volatility during an accident will depend on the chemistry
of the reactor water during normal operation and the buffering chemicals
that may be released during an accident (e.g., boric acid). The quantities
also depend on a compromise between reduced iodine volatility and
practicality. For example, a safety system that guarantees a sump water pH
of 13 during an accident will prevent significant iodine release from
solution but will pose a considerable hazard to the reactor equipment in
the event of accidental operation. It should also be noted here that any
engineered safety system that affects the chemistry in the containment sump
water will not necessarily also affect water not in the sump (e.g., water
in films on surfaces or local pools). Time will be required to transfer
iodine from these locations via airborne species to the sump water.

The second technique for control of iodine volatility is to adjust
the solution chemistry to reduce the stability of organic iodides. This
may be accomplished by chemical agents, such as nucleophiles, that
substitute for iodine in organic iodides. The potential of such reagents
for CH3I reaction has been reviewed by Parsley [44]. Such reagents include
bases (OH") and reducing agents (N2H4) so that control of I" oxidation can
also reduce organic iodide stability.

The third technique is an engineered safety system that prevents
the release of volatile iodides from solution. This is the least desirable
alternative since it will not be a passive system that is guaranteed to
operate during an accident. The potential of such systems for accident
mitigation has not been widely explored. However, one technique has been
identified that has the potential to control organic iodide release. This
involves the introduction of an oil or other organic solvent that is
immiscible with water and will float on the surface of the containment sump
water. Paquette et al. [68] have shown that a surface oil film is
effective in preventing release of organic iodides from water because of
the preferential solubilities of the organic iodides in the organic
solvent. This technique may be most useful when the major source of
airborne iodine is a contained water volume. It may also be useful for
reducing releases from secondary water spills in auxiliary buildings where
there is limited containment of airborne iodine.

The single most effective and efficient means of volatile iodine
control is maintenance of a basic pH in the containment water. The best
method of achieving this goad is not clear. This technique would likely be
plant specific and the chemical requirements would vary for different
reactor types and normal operating water chemistry.

8. DISCUSSION AND CONCLUSIONS

In the two years since the review by Clough and Starkie [1] was
completed, there have been substantial advances both in the acquisition of
data and in our understanding of the behaviour of fission product-iodine in
accident situations in water-cooled reactors. Particular advances have
been made in the kinetic and mechanistic understanding of thermal reactions
of inorganic species in water, and in the radiolytic chemistry of
controlled water systems. We are beginning to understand the effects of
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certain additional materials and impurities specific to different reactor
types; however, progress in establishing the mechanisms of organic iodide
formation has been more limited.

The main conclusions from each of the foregoing sections are
reviewed below.

8.1 THERMAL REACTIONS

It is clear that the thermal oxidation/reduction and
disproportionation reactions of inorganic iodine will not control the
behaviour of iodine in containment in severe accidents, but that the
behaviour will be dominated by the effects of radiolysis and the presence
of impurities. Thus, the study of thermal reactions is, most relevant to
conditions of low radiation fields in the containment, namely, design basis
accidents (DBA). In this respect, a problem arises over much of the work
that has been done in controlled water chemistry conditions representative
of DBA, because the iodine concentrations have been too high, more typical
of severe accidents. Thus, while there have been great improvements in the
kinetic data on key thermal reactions, such as the oxidation of iodide by
02 and the disproportionation of hypoiodous acid to iodide and iodate, the
extrapolations to concentrations < 10~e moldm"3 in iodine are still
uncertain. At such low concentrations, accuracy of impurity effects are
likely to be important, or dominant, even in 'pure' water regimes.
Moreover, in DBA situations, water conditions in the containment will
typically be far from pure. In these circumstances, the combination of
experimental difficulties at very low concentrations and uncertainties in
water chemistry in real accidents pose serious challenges.

On the important question of partitioning of individual species
between the gaseous and aqueous phases, there has been little new
information. The partitioning of elemental iodine is well established.
Uncertainties remain over the volatility of hypoiodous acid from solution,
but the limited new data are consistent with the conclusion in Reference 1
that hypoiodous acid will not, in general, be a significant contributor to
total iodine volatility. This is due in part to a recognition that, for
the very low concentrations associated with DBA, organic impurities are
likely to yield sufficient volatile organic iodides to dominate the
partitioning. For higher iodine concentrations, elemental iodine and
organic iodides will greatly outweigh any contribution by hypoiodous acid.
The greatest data need is for improved information on the partitioning of a
range of organic iodides of higher molecular weight than methyl iodide.

8.2 RADIOLYTIC REACTIONS

This has been the area of most rapid progress, and new results
have clearly shown that radiolytic chemistry will dominate the scene in
severe accidents where high radiation fields prevail in the containment.
Data are now available on the radiolytic oxidation of iodide at
temperatures and concentrations appropriate to severe accidents, and there
is a good understanding of the effects of dose rate and controlled
additives, such as boric acid. Detailed models have been developed of the
mechanisms and kinetics of the full radiolytic oxidative system coupling
the (-1) to the (+5) oxidation. It can reasonably be claimed that a
sufficient basis exists to predict the tine-dependent partitioning of
iodine following release to the containment for a range of controlled water
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chemistry regimes. However, extraneous materials from core debris, paint,
concrete, etc. are likely to play important roles in a real accident.

8.3 IMPURITY EFFECTS

Accumulated evidence during the past two years has shown that
extraneous materials can have a major influence on the partitioning of
iodine in both thermal and radiolytic systems. Particularly significant is
elemental silver, which will be released from PVR control rods in a core-
melt accident. This has been shown to be effective in fixing iodine under
a wide range of conditions. There was earlier evidence that PTFE (Teflon)
has a marked effect in promoting the radiolytic oxidation of iodide. In
view of the great diversity of potential extraneous materials dissolved or
suspended in water pools in the post-accident containment, it is difficult
to extrapolate from the separate-effects experiments performed to date to
the real situation. The interactions, or competition, of different
materials may not be evident from separate-effects experiments. Thus, more
experiments are needed on a large scale that more nearly reproduces the
actual conditions and the diversity of extraneous materials present
following accidents in different types of reactors. The appropriate
radiation fields must be included to simulate severe accident conditions.

8.4 ORGANIC IODIDE FORMATION

This is still an area of considerable uncertainty. Some progress
has been made in demonstrating that radiolytic reactions in solution can
convert significant amounts of inorganic iodine to organic iodide, and that
HIO is a key intermediate. However, the basic mechanisms are still very
uncertain, and it is not even clear which formation routes will dominate in
particular situations. In severe accidents with high radiation fields, all
of the following reaction types may be involved: homogeneous gas phase,
gas-surface, homogeneous solution phase, and solution-surface. For DBA,
where thermal processes are more important, only one or two of these
reaction types may be important.

The preoccupation in the past with methyl iodide as the
significant form of organic iodine may have been misleading. Many organic
materials are present in the reactor containment, such as paints, plastics
and oils, and many of these may react to generate a wide spectrum of
organic iodides with varying degrees of volatility. The nature of the
organic iodides will vary from plant to plant, and even from time to time
in the same plant. The mixture of organic iodides in the containment
atmosphere following an accident at a given plant may be highly specific.
Thus, generic answers to the question of organic-iodide formation should
not be expected. Some organic sources, such as paints and plastics, are
used widely, and useful information may be obtained from separate-effects
experiments involving these materials. Others, such as spilled lubricating
oils, are less amenable to this approach. Must useful information might be
forthcoming from a more sophisticated characterization of the organic
iodides in the atmospheres of operating plants. In view of the complexity
of this topic, we feel that if real progress is to be made, a major effort
is required along the following line:

(1) A comprehensive review of the large amount of earlier data on the
topic, examined critically in the light of new insights available
on iodine chemistry in general.
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(2) Separate-effects experiments to examine the roles of particular
materials and processes aimed at establishing the main mechanisms
of organic-iodide formation. These are unlikely to generate data
directly applicable to accident analysis, but vill provide a basis
for understanding the trends to be expected in different
situations. They may also be useful for planning countermeasures,
if required.

(3) Integral simulation experiments in which wide ranges of likely
organic precursors are present. These must involve the
appropriate radiation fields if the results are to be applicable
to severe accidents. Water sources should be as realistic as
possible, for example, actual samples of sump water from reactor
containments. Such experiments will provide two types of
essential information, namely, the rate at which organics are
generated, and realistic limits to the steady-state fractions or
organic iodides that might arise in actual accidents.

8.5 MODELS AND INTEGRAL TESTS

There has been excellent progress in developing kinetic models of
the basic thermal and radiolytic chemistry of inorganic iodine in solution
under controlled water chemistry conditions, which has complemented the
experimental progress in this area. These models are of limited value in
application because they do not account for the effects of extraneous
materials, nor do they, in general, model the mass-transport limitations on
transfer of species between the aqueous and gaseous phases in the reactor
containment.

A new development is the construction of integral models that aim
to track the overall distribution of iodine in the containment throughout
the course of an accident. Such models do not attempt to treat the
detailed chemistry of the aqueous phase, but rely on algorithmic treatments
that are empirically based. They attempt to account for the main effects
of radiolysis and extraneous materials, and take specific account of mass
transport. This approach is attractive in application, provided the
algorithms are soundly based on wide-ranging data and do not rely on single
observations. Confidence in these integral models will be substantially
increased if they can be validated against integral simulation experiments
of the type advocated above. Integral experiments have been neglected in
the recent resurgence of activity on iodine chemistry, but it is clear that
they are essential to place the wide-ranging separate-effects experiments
that have been performed in context.

8.6 VOLATILITY CONTROL

A general conclusion to emerge from all of the recent experimental
and modelling work is that, if the pH in solution can be maintained at a
high value (> 8), inorganic and organic iodine volatility will be minimized
under all conditions. Thus, alkaline buffers offer the best means of
volatility control. Reductants, such as hydrazine, can also reduce
volatility, but their stability in high radiation fields during severe
accidents is not established.

The effectiveness of buffers in the diverse mixture represented by
a containment sump pool following a severe accident may not be the same as
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in tests under controlled conditions. Once more, integral tests offer the
best approach to confirming that performance is unimpaired.

9. SUMMARY AND CONCLUSIONS

There has been valuable progress in the past two years in
establishing a basic understanding of the vide range of factors that will
determine the behaviour of iodine in accidents extending from design basis
to severe at water-cooled reactors. We believe that the database on the
kinetics and thermodynamics of thermal and radiolytic reactions of
inorganic iodine in solution under controlled water chemistry conditions is
close to a satisfactory state. However, basic understanding of the
mechanisms of organic-iodide formation is still lacking, and much more work
is needed on this important topic.

An outstanding problem in applications is that of integrating the
results of separate-effects experiments on 'clean' water systems and
translating them to the very 'dirty' situation of a post-accident reactor
containment. The importance of extraneous materials was highlighted in
Reference 1, and subsequent experimental evidence has confirmed this.
Integral, large-scale, simulation experiments, and integral models
developed from them, appear to offer the best prospect for progress in
applications.

Historically, severe accident analysis has extended only over the
period from accident initiation up to containment building failure if this
occurs, or up to at most a few days if it does not. For iodine release, in
particular for a delayed containment failure where the immediate airborne
release is small, the question of resuspension over a prolonged period is
very important. The decay of 131I is not rapid enough that this nuclide
can be ignored even after a month. On these tine scales, sump pools can be
expected to dry out. Consideration of iodine behaviour in concentrating
pools under oxidizing conditions has been largely neglected, and more
emphasis on this long-term aspect of iodine behaviour is needed.

REFERENCES

1. P.N. Clough and H.C. Starkie, "A Review of Aqueous Chemistry and
Partitioning of Inorganic Iodine under LWR Severe Accident
Conditions," CEC Report EUR 9408 (1984).

2. J.T. Bell, D.O. Campbell, L.M. Toth, H.H. Lietzke and D.A. Palmer,
"Aqueous Iodine Chemistry in LWR Accidents: Review and
Assessment," Oak Ridge Natl. Lab. Report, NUREG/CR-2493 (1982).

3. R.J. Bawden, "Consideration of Iodine Chemistry in PWR
Environments," In Water Chemistry of Nuclear Reactor Systems
Volume 3, Proceedings of BNES Conference, Bournemouth, 1983
October



- 38 -

4. R.J. Leraire, J. Paquette, D.F. Torgerson, D.J. Wren and
J.V. Fletcher, "Assessment of Iodine Behaviour in Reactor
Containment Buildings from a Chemical Perspective," Atomic Energy
of Canada Limited Report, AECL-6812 (1981).

5. W.G. Burns and W.R. Marsh, "The Thermal and Radiolytic Oxidation
of Aqueous I~ and the Hydrolysis and Disproportionization of
Aqueous I2," OECD Workshop, Harwell, 1985. U.K. At. Energy Res.
Establ. Report, AERE R 11974 (1986).

6. J. Sigalla and C. Herbo, "Cinetique et Mecanisme de l'Oxidation de
l'lodure par l'Oxygene Dissous." J. Chim. Phys. 54, 733 (1957).

7. R.M. Sellers, A Database for the Reaction Kinetics of iodine, in
Aqueous Solution," OECO Workshop, Harwell, 1985. U.K. At. Energy
Res. Establ. Report, AERE R 11974 (1986).

8. J.D. Burger and H.A. Liebhafsky, "Thermodynamic Data for Aqueous
Iodine Solutions at Various Temperatures," Anal. Chem. 45, 600
(1973).

9. M. Eigen and K. Kustin, "Kinetics of Halogen Hydrolysis," J. Am.
Chem. Soc. 84, 1355 (1962).

10. D.A. Palmer and R. von Eldik, "Spectral Characterization and
Kinetics of Formation of Hypoiodous Acid in Aqueous Solutions,"
Inorg. Chem. 25, 228 (1986).

11. L. Ashton, H. Corti and Q.J. Turner, "Some Studies on Aqueous
Iodine Chemistry at Elevated Temperatures," OECD Workshop,
Harwell, 1985. U.K. At. Energy Res. Establ. Report, AERE R 11974
(1986).

12. D.A. Palmer, R.W. Ramette and R.E. Mesmer, "Potentiometric Studies
of the Thermodynamics of iodine Disproportionation from 4 to
209°C," J. Solution Chem. 13, 685 (1984).

13. P.P.S. Saluja, K.S. Pitzer and R.C. Phutela, "High-Temperature
Thermodynamic Properties of Several 1:1 Electrolytes," Can. J.
Chem. 64, 1328 (1986).

14. T.R. Thomas, D.T. Pence and R.A. Hasty, "The Disproportionation of
Hypoiodous Acid," J. Inorg. Nucl. Chem. 42, 183 (1980).

15. L.M. Toth, K.D. Pannel and O.L. Kirkland, "The Aqueous Chemistry
of Iodine," In Fission Product Behaviour and Source Term Research,
Proceedings of ANS Conference, Snowbird, Utah, 1984 July.

16. J. Paquette, S. Sunder, D.F. Torgerson, J.C. Wren and D.J. Wren,
"The Chemistry of iodine and Cesium Under Reactor Accident
Conditions," In Water Chemistry of Nuclear Reactor Systems Volume
3, Proceedings of BNES Conference, Bournemouth, 1983 October.



- 39 -

17. G.V. Buxton, C. Kilner and R.M. Sellers, "Formation and Stability
of Hypoiodous Acid in Irradiated Iodide Solution," OECD Workshop,
Harwell, 1985. U.K. At. Energy Res. Establ. Report, AERE R 11974
(1986).

18. A.M. Deane, "Iodine Hydrolysis Reactions: Preliminary Species
Identification and Rate Measurements,11 OECD Workshop, Harwell,
1985. U.K. At. Energy Res. Establ. Report, AERE R 11974 (1986).

19. J. Paquette, J.C. Wren and B.L. Ford, "The Disproportionation of
Iodine (I)," OECD Workshop, Harwell, 1985. U.K. At. Energy Res.
Establ. Report, AERE R 11974 (1986).

20. D.H. Turner, G.W. Flynn, N. Sutin and J.V. Beitz, "Laser Raman
Temperature-Jump Study of the Kinetics of the Triiodide
Equilibrium. Relaxation times in the 10~8 - 10~7 s Range," J.
Amer. Chem. Soc. 94, 1554 (1972).

21. Y.T. Chia, "Chemistry of +1 Iodine in Alkaline Solution." PhD
Thesis, University of California, Berkeley UCRL-8311, (1958).

22. J.C. Wren, J. Paquette, S. Sunder and B.L. Ford, "Iodine Chemistry
in the +1 Oxidation State. II. A Raman and UV-Visible
Spectroscopic Study of the Disproportionation of Hypoiodite in
Basic Solution," Can. J. Chem. 61, 2284 (1986).

23. D.J. Wren and G. Sanipelli, "The Volatility of HOI," In Fission
Product Behaviour and Source Term Research, Proceedings of ANS
conference, Snowbird, Utah, 1984 July.

24. C.C. Lin, "Volatility of Iodine in Dilute Aqueous Solutions," J.
Inorg. Nucl. Chem. 43, 3229 (1981).

25. M. Furrer, R.C. Cripps and R. Gubler, "Measurement of Iodine
Partition Coefficient," Nucl. Technol. 70, 290 (1985).

26. J.L. Kelly, P.W. Marshall and J. Lutz, "Measurement of Iodine
Partition Coefficient," ORNL/Sub 7905-X02/1 (1984).

27. J.C. Clemitshaw, M.E. Jenkin and R.A. Cox, "Attempted Infrared
Spectroscopic Identification of Photochemically Generated HOI."
School of Chemical Sciences, University of East Anglia, (1984)
April.

28. P. Edelson and R.M. Noyes, "Detailed Calculations Modeling the
Oscillatory Bray-Liebhafsky Reaction," J. Phys. Chem. 83, 212
(1979).

29. K. Ishigure, H. Shiraishi, H. Okuda, Y. Uchida and Y. Yoshitani,
"The Effects of Radiolysis on the Chemical Fora of iodine
Species," OECD Workshop, Harwell, 1985. U.K. At. Energy Res.
Establ. Report, AERE R 11974 (1986).

30. J.V. Fletcher and O.A. Miller, "Radiolytic Formation and
Reactivity of Aqueous Hypoiodous Acid," OECD Workshop, Harwell,
1985. U.K. At. Energy Res. Establ. Report, AERE R 11974 (1986).



- 40 -

31. J.K. Linacre and V.R. Marsh, "The Radiation Chemistry of
Heterogeneous and Homogeneous Nitrogen and Water Systems," OECD
Workshop, Harwell, 1985. U.K. At. Energy Res. Establ. Report,
AERE R 10027 (1981).

32. A.C. Vikis, "The Photochemical Method for Radioiodine Abatement,"
Atomic Energy of Canada Limited Report, AECL-7819 (1984).

33. W.G. Burns and W.R. Marsh, "The Decomposition of Aqueous Iodide
Solution Induced by r-Radiolysis and Exposure to Temperatures up
to 300°C," in Water Chemistry of Nuclear Reactor Systems, Volume
3. Proceedings of BNES Conference, Bournemouth, 1983 October

34. E.C. Beahm, W.R. Shockley and C.F. Weber, "Chemistry and Transport
of Iodine in Containment," In Term Evaluation for Accident
Conditions, proceedings of Symposium. Columbus, Ohio, 1985.
International Atomic Energy Agency, Vienna, IAEA-SM-281/41, p. 479
(1986).

35. M. Furrer and T. Floor, "Effect of 0, y-Radiolysis on Caesium
Iodide Solutions in Contact with Simulated Silver Metal Aerosol,"
OECD Workshop, Harwell, 1985. U.K. At. Energy Res. Establ.
Report, AERE R 11974 (1986).

36. M. Lucas, "Radiolysis of Caesium Iodide Solutions in Conditions
Related to Those Prevailing in a PWR after Severe Core Damage,"
OECD Workshop, Harwell, 1985. U.K. At. Energy Res. Establ.
Report, AERE R 11974 (1986).

37. C.A. Pelletier, P.G. Voilleque, C D . Thomas, J.A. Daniel,
E.A. Schlomer and J.R. Noyce, "Preliminary Radioiodine Source-Term
and Inventory Assessment for TMI," Sci. Appl. Inc. Report, GEND-
028 (1983).

38. A.E.J. Eggleton and D.H.F. Atkins, "Identification of Trace
Quantities of Radioactive iodine Compounds by Gas Chromatographic
and Effusion Methods," Radiochim, Acta 3, 151 (1964).

39. F. Garisto, "Thermodynamics of Iodine, Cesium and Tellurium in the
Primary Heat-Transport System under Accident Conditions," Atomic
Energy of Canada Limited Report, AECL-7782 (1982).

40. R.H. Barnes, J.F. Kircher and C.W. Townley, "Chemical-Equilibrium
Studies of Organic-Iodide Formation under Nuclear-Reactor-Accident
Conditions," Battelle Mem. Inst., Columbus, Ohio, BM1-1781 (1966).

41. D.J. Wren, "Kinetics of Iodine and Cesium Reactions in the CANDU
Reactor Primary Heat Transport System Under Accident Conditions,"
Atomic Energy of Canada Limited Report, AECL-7781 (1983).

42. R.H. Barnes, J.L. McFarling, J.F. Kircher and C.W. Townley,
"Analytical Studies of Methyl Iodide Formation under Nuclear-
Reactor-Accident Conditions," Battelle Mem. Inst. Columbus, Ohio,
BMI-1816 (1967).



- 41 -

43. G.W. Parker, G.E. Creek and V.J. Martin, "Fission Product
Transport and Behavior in the Stainless Steel Lined Containment
Research Installation," Oak Ridge National Laboratory Report,
ORNL-4502 (1971).

44. L.F. Parsley, "Chemical and Physical Properties of Methyl Iodide
and Its Occurrence under Reactor Accident Conditions," Oak Ridge
Natl. Lab. Report, ORNL-NSIC-82 (1971).

45. J.B. Morris and B. Nicholls, "Deposition of Iodine Vapour on
Surfaces," U.K. At. Energy Res. Establ. Report, AERE-r 4502
(1965).

46. R.L. Bennett, R. Slusher and R.E. Adams, "Reaction of Iodine Vapor
with Organic Paint Coatings," Oak Ridge Natl. Lab. Report, ORNL-
TM-2760 (1970).

47. M.F. Osborne, E.L. Compere, H.J. De Nordwall, "Studies of Iodine
Adsorption and Desorption on HTGR Coolant Circuit Materials," Oak
Ridge Natl. Lab. Report, ORNL-TM-5094 (1976).

48. R.T. Hemphill and C.A. Pelletier, "Surface Effects in the
Transport of Airborne Radioiodine at Light Water Nuclear Power
Plants," Electric Power Research Institute Report, EPRI-NP-876
(1978).

49. C.C. Lin, "Behaviour of Carrier-Free Iodine: The Formation of
Volatile Organic iodine," General Electric Co. NEDM-12452 (1976).

50. E.C. Potter and G.M.V. Mann, "The Fast Linear Growth of Magnetite
on Mild Steel in High Temperature Aqueous Conditions," Brit.
Corrosion. J. 1, 26 (1965).

51. V.S. Ourant, R.C. Milham, D.R. Muhlbaier, A.M. Peters, "Activity
Confinement System of the Savannah River Plant Reactors." E.I. du
Pont de Nemours and Co., Aiken, S.C., DP-1071 (1966).

52. M. Saeki and E. Tachikawa, Radiochem. Radioanal. Lett. 40, 17
(1979).

53. J.0. Denschlag, "Reactions of Fission Recoil Atoms, Particularly
of Iodine, with Methane and other Gases," Doctoral Dissertation,
Univ. Mainz Germany (1965).

54. P. LeGoff and M. Letort, "Mass Spectrometric Study of the
Mechanism of Production and Disappearance of Methyl Radicals at
Metal Surfaces," J. Chin. Phys. 53, 480 (1956).

55. N.H. Sagert, J.A. Reid and R.V. Robinson, "Radiolysis in the
Adsorbed State.III. Methyl Iodide Adsorbed on Silica Gel," Can.
J. Chem. 48, 17 (1970).

56. L.R. Jones, "Effect of Gamma Radiation on Adsorption of Iodine and
Methyl Iodide on Activated Carbon," In Proceedings of Tenth USAEC
Air Cleaning Conf. New York, 1968 August, p. 204.



- 42 -

57. M.F. Osborne and R.B. Briggs, "Iodine Adsorption on Steel in
Helium," Trans. Am. Nucl. Soc. 35, 294 (1979).

58. H. Schoenbacher, M. Van de Voorde, G. Kruska and K.M. Oesterle,
"Performance of Paint Coatings in the Radiation Fields of Nuclear
Reactors and of High Energy Particle Accelerators, and after
Contamination by Radionuclides," Kerntechnik 19, 209 (1977).

59. A. Dyer and G.E. Moores, "The Radiolysis of Simple Gas Mixtures.
The Production of Trace Organics, Radiat. Phys. Chem. 26, 267
(1985).

60. A.J. Swallow, in Radiation Chemistry of Organic Compounds,
Pergamon Press, Oxford (1960).

61. A.K. Postma and R.V. Zavadoski, "Review of Organic Iodide
Formation under Accident Conditions in Water-Cooled Reactors,"
Battelle Pac. Northwest labs. Report, WASH-1233 (1972).

62. P. Harteck and S. Dondes, "The Kinetic Radiation Equilibrium of
Air," J. Phys. Chem. 63, 956 (1959).

63. I.N. Tang and A.V. Castleman, Jr., "Kinetics of y-Induced
Decomposition of Methyl Iodide in Air," J. Phys. Chem. 74, 3933
(1970).

64. A.J.C. Nicholson, "The Stationary-State Approximation in the
Photolysis of Acetone," Can. J. Chem. 61, 1831 (1983).

65. V.I. Lang and R.D. Doepker, "The Gas-Phase Photolysis of 2-Methyl-
1, 3-Butadiene at 123.6 nm," Can. J. Chem. 62, 1731 (1984).

66. D. Houde, H. Deslauriers and G.J. Collin, "Photolyse du Methyl-3-
Butene-1 et du Methyl-2-Butene-l a 185 nm," Can. J. Chem. 61, 962
(1983).

67. G.J. Collin and H. Deslauriers, "La Photolyse du Cyclohexene
Gazeux a 184.9 nm," Can. J. Chem. 61, 1970 (1983).

68. J. Paquette, D.F. Torgerson, J.C. Wren and D.J. Wren, "Volatility
of Fission Products During Reactor Accidents," J. Nucl. Mater.
130, 129 (1985).

69. J.C. Wren, J. Paquette, D.J. Wren and G. Sanipelli, "The Formation
and Volatility of Organic Iodides," OECD Workshop, Harwell, 1985,
U.K. At. Energy Res. Establ. Report, AERE R 11974 (1986).

70. D.J. Wren and J.C. Paquette, "The Kinetics of Iodine Release from
Aqueous Solutions," OECD Workshop, Harwell, 1985, U.K. At. Energy
Res. Establ. Report, AERE R 11974 (1986).

71. C.C. Lin, "Chemical Effects of Gamma Radiation on Iodine in
Aqueous Solutions," J. Inorg. Nucl. Chen. 42, 1101 (1980).

72. A. Habersbergova and B. Bartonicek, "Radiolysis of Iodine Compound
in Model Systems of PVR," Radiat. Phys. Chen. 21, 289 (1983).



- 43 -

73. S. Castillo-Rojas, A. Negron-Mendoza, Z.D. Draganic and
I.G. Draganic, "The Radiolysis of Aqueous Solutions of Malic
Acid," Radiat. Phys. Chera. 26, 437 (1985).

74. A.J. Elliot and F.C. Sopchyshyn, "The Radiolysis at Room
Temperature and 118°C of Aqueous Solutions containing Sodium
Nitrate and either Sodium Formate or 2-Propanol," Can. J. Chem.
61, 1578 (1983).

75. J. Shankar, K.V.S. Rama Rao and L.V. Shastri, "Peroxide Formation
in the y-Radiolysis of Aerated Aqueous Solutions of Methyl
Iodide," J. Phys. Chem. 73, 52 (1969).

76. J.K. Thomas, "Pulsed Radiolysis of Aqueous Solutions of Methyl
Iodide and Methyl Bromide. The Reactions of Iodine Atoms and
Methyl Radicals in Water," J. Phys. Chem. 71, 1919 (1967).

77. J. Vilhelm, K.H. Neeb and J.P. Hosemann, "New Assessment of the
Release and Transport of Iodine in Case of Serious Reactor
Accident," Annual Meeting on Nuclear Technology "83-Specialist" at
the conference on Reactor Safety, Berlin, 1983 June.

78. R.A. Lorenz, J.L. Collins, A.P. Malinauskas, O.L. Kirkland and
R.L. Town, "Fission Product Release from Highly Irradiated LWR
Fuel," Oak Ridge Nat. Lab. Report NUREG/CR-0722 (1980).

79. R.A. Lorenz, J.L. Collins, A.P. Malinauskas, M.F. Osborne and R.L.
Towns, "Fission Product Release from Highly Irradiated LWR Fuel
Heated to 1300-1600°C in Steam," Oak Ridge Natl. Lab. Report
NUREG/CR-1386 (1980).

80. R.K. Hilliard and L.R. Coleman, "Natural Transport Effects on
Fission Product Behavior in the Containment Systems Experiment,"
Pac. Northvest Lab., Battelle-Northvest, BNVL-1457 (1970).

81. F. Richter and K.H. Neeb, "Laboratory Scale and Technical Scale
Investigations Concerning Iodine Water-Vapour Phase Partitioning
Under Severe Accident Conditions," OECD Workshop, Harwell, 1985,
U.K. At. Energy Res. Establ. Report, AERE R 11974 (1986).



ISSN 0067-0367

To identify individual documents in the series

we have assigned an AECL— number to each.

Please refer to the AECL- number when

requesting additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ 1J0

Price: B

ISSN 0067-0367

Pour identifier les rapports individuels

faisant partie de cette serie, nous avons

affecte un numero AECL— a chacun d'eux.

Veuillez indiquer le numero AECL— lorsque

vous demandez d'autres exemplaires de ce rapport

au

Service de Distribution des Documents Officiels

L'Energie Atomique du Canada Limitee

Chalk River, Ontario, Canada

KOJ 1J0

Prix: B


