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MEASUREMENTS OF THE RADIOLYTIC OXIDATION
OF AQUEOUS CSI USING A SPARGING APPARATUS.

CB Ashmore1, D Brown1 JR Gwyther2 and HE Sims1

Radiolytic oxidation is considered to be the main mechanism for the formation of I2 from

aqueous Csl in containment of a water cooled reactor after a LOCA. Despite the amount
of study over the last 60 years on the radiation chemistry of iodine there has been no
consistent set of experiments spanning a wide enough range of conditions to verify models
with confidence.

This paper describes results from a set of experiments carried out in order to remedy this
deficiency. In this work the rate of evolution of I2 from sparged irradiated Csl solution

labeled with 131I was measured on-line over a range of conditions. This work involved the
measurement of the effects of, pH, temperature, O2 concentration, I- concentration,
phosphate concentration, dose-rate and impurities on the rate of evolution of I2. The range
of conditions was chosen in order to span as closely as possible conditions expected in a
LOCA but also to help to elucidate some of the mechanisms especially at high pH.

pH was found to be a very important factor influencing iodine volatility, over the
temperature range studied the extent of oxidation reduced with temperature but this was
compensated for by the decrease in partition coefficient Oxygen concentration was more
important in solutions not containing phosphate. The fractional oxidation was not
particularly dependent on iodide concentration but GE was very dependent on [I"]. There
was no effect of added impurities, Fe, Mn, Mo or organics although in separate work
silver was found to have a very important effect

During attempts to interpret the data it was found that it was necessary to include the
iodine atom as a volatile species with a partition coefficient of 1.9 taken from
thermodynamic data. The modelling work is described in a separate paper.

1. AEA Technology Harwell Laboratory Didcot Oxfordshire UK
2. NE pic Berkeley Technology Centre, Berkeley Gloucestershire.
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1. INTRODUCTION

Radiolytic oxidation is considered to be the main mechanism for the formation of I2 from
aqueous Csl in containment of a water cooled reactor after a LOCA. In order to be able to
predict iodine behaviour a computer model is required, but such complex models require a
comprehensive experimental data-base for verification. Despite the amount of study over
the last 60 years on the radiation chemistry of iodine there has been no consistent set of
experiments spanning a wide enough range of conditions to verify models with confidence.
One potential problem with much of the work so far has been the effects of post-
irradiation reactions which can change the concentration of h from that which was present
during irradiation and which is important for safety studies. These effects could be
particularly important at neutral and alkaline pH.

The radiation chemistry of iodine as I", I2, HOI and IO3" has been the subject of study by
many investigators since 1930[l] using steady state and pulse radiolysis methods. Some of
the early work has been reviewed by Sellers [2].

Although the radiation chemistry of iodide appears relatively straightforward, and Table 1
shows some of the main reactions, the various equilibria involving h and the ability of
H2O2 to oxidise I" and reduce I2 or its hydrolysis products leads to a very complex
behaviour. One of the main reactions influencing the radiation chemistry of iodine is
reaction 15 which is very pH dependent and the rate law for the reaction is traditionally
given by[3]:

d[O2] = k15KE10KE12[H2O2J[I2]

dt [H+]2[I"]

There is now evidence that neither the rate law nor mechanism shown in Table 1 is
correct. The importance of this reaction arises because it can cause post-irradiation
reactions to occur in alkaline solution which means that the h measured after irradiation
may not be the same as that which was present during irradiation. The experimental results
may therefore over- or underestimate the h concentration during irradiation and this is
important for the verification of computer models.

This paper describes results from an experimental programme carried out to avoid the
problem of post-irradiation reactions, which is intended to provide a comprehensive and
consistent data-base for iodine radiation chemistry. The chemical model is described in a
separate paper [4].
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2. EXPERIMENTAL

The apparatus used for this work is shown schematically in Figure. 1. It consisted of a
Gamma Irradiation Facility, within which the sample solutions were irradiated at a dose
rate of 1.95 or 0.26 kGy hr1, measured by the Fricke[5] method. Sample solutions were
prepared by dilution of appropriate quantities of caesium iodide in boric acid solution (pH
4.6) or from caesium iodide, boric acid, sodium di-hydrogen phosphate, di-sodium
hydrogen phosphate or tri-sodium phosphate solution (pH > 4.6) using high purity water
(Millipore milli-RO/milli-Q). The concentrations used were caesium iodide (10"6 - 10"4 mol
dm"3), boric acid (0.2 mol dnr3) and phosphate (lO^-lO1 mol dm"3). After measurement
of pH, about 30 cm3 of the solution was spiked with about 0.1 cm3 of reducing agent free
131I, as sodium iodide dissolved in sodium hydroxide (10"4 mol dm"3), to give a solution
activity of about 1-2 kBq cm"3. About 10 cm3 of this labeled solution was weighed into a
vial for counting and about 20 cm3 weighed into the irradiation vessel.

The sample solution was normally sparged with air which was drawn through the
irradiation circuit by pumping, to ensure reduced pressure at all times so that any leakage
would be inwards in the circuit containing 131I. The air initially passed through a
flowmeter, an activated charcoal trap, an alkaline trap for CO2 and a water trap to
humidify the gas. The air was then drawn through the irradiation vessel, into an iodine trap
which consisted of 50 cm3 sodium hydroxide (2.5 x 10'2 mol dm"3) and iodide (2 x 10"3

mol dm"3) solution. This trap was found to give more reliable counting results than
charcoal, presumably because of the source geometry. On exiting the NaOH/T trap the gas
passed through a backup (activated charcoal) trap and a silica gel trap to dry it before
measurement of the outlet flow rate.

At the end of each experiment the activities remaining in the sample solution, collected in
the NaOH/T trap, and washed from the delivery lines (with 10% HC1) were measured to
allow the activity balance to be calculated. When gases other than air were used the gas
was drawn from a flow of the gas of interest which was passed through a bubbler to
provide a visual indication that no air had been admitted.

The temperature of the irradiation vessel and the ambient temperature of the room were
recorded during each run. At the higher dose-rate used for this part of the work the 7-
heating and the proximity to the self-heated ^Co source led to an increase in temperature
of the irradiated solution to > 30°C. Thus solutions irradiated at high dose-rate required
some cooling and it was found that with an air flow of ca. 15 dm3 min'1 the temperature
rose to 23-24°C. Another effect observed on longer runs was that of temperature on
detector efficiency which tended to fall with decreasing temperature overnight and led to
an apparent change in the rate of iodine transfer.

For work at elevated temperature, heating wire was wound round the glass vessel
containing the solution and a heated pre-humidifier was placed in the gas line just before
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the irradiation vessel to minimise loss of water; even so the duration of runs was kept to a
minimum and, even with short irradiation's, large amounts of water were lost at 90°C.

In order to measure the efficiency of removal of aqueous iodine by the sparge gas, 20 cm3

of 131I2 (1(H mol dm"3) was placed in the irradiation vessel and the rate of iodine transfer
was measured for a range of sparge gas flow rates. The removal and trapping efficiency
was close to 100% for the conditions of these experiments.

3. RESULTS AND DISCUSSION

All the work described in this paper was carried out in aerated solutions containing 0.2
mol dm"3 boric acid. At pH > 4.6 phosphate was added to adjust the pH because of the use
of tri-sodium phosphate as a pH control measure in reactor containment. In experiments
at pH >4.6 in the absence of phosphate, the pH was adjusted by addition of sodium
hydroxide to the boric acid.

3.1 Effects of pH

At all values of pH I" was oxidised to a volatile form assumed mainly to be I2, no analysis
was made for IO3" in the irradiated solutions at the end of the irradiation. The effect of pH
at two different dose-rates is shown in Figs. 2 and 3. It is clear that at both dose-rates
there is, as expected, a considerable pH dependence of the rate of evolution of I2 with a
reduction of the rate of production of I2 with increasing pH, and there is a small but not
insignificant production of I2 at the highest pH. The rate of production of I2 shows the
biggest fall between pH 4.6 and pH 6; increasing the pH by another two units only brings
a relatively small decrease in rate of iodine evolution.

At pH 4.6-5.5 the shape of the graph of evolution of I2 with dose shows a characteristic
"S" shaped curve with a slow initial rate of production followed by a period of faster rate,
but then falling again at longer times. The initial low production of I2 occurs because the
yields of the primary water radiolysis products G(e'»q + H) > G(OH) and so initially little
net oxidation occurs. However H2O2 is also produced and, although its rate of reaction
with F to form I2 by reaction 16 is slow (ki6= 0.015 dm3 mol s*1), once a sufficient
concentration has built up the reaction of e'aq with H2O2 to form OH' can compete to a
significant extent with the reactions of e'aq + O2 and e"aq + H*, so in acid solution the
system becomes more oxidising and the rate of evolution of I2 increases. At higher doses
the rate of evolution of I2 falls again for two reasons. Firstly, in boric acid solution the pH
increases from 4.6 to ca. 5.2 as a result of conversion of I" to I2 and the increased pH leads
to a reduced rate of oxidation. Secondly the residual iodide concentration decreases which
also leads to a reduced rate of transfer, the concentration dependence will be discussed
later. At higher pH the rate of iodine evolution is linear with time/dose and the second
steep component in the rate is not observed.

There are several factors which could be important in this pH dependence. The first is the
acid/base equilibrium between HO2" and O2', however since both HO2' and O2' are
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reductants for fctle] it is unlikely the pH would affect their reactions with I2 although
disproportionation of HO2' and O2 to form H2O2 is faster at lower pH. At the low dose-
rate assuming a linear rate of production of I2 for 10 hours the equilibrium solution
concentration of I2 would have been about 3X10"6 mol. dm"3 and so most of the reaction
would be with I2. However at increased pH HOI becomes an important species because it
is formed by hydrolysis of I2 via reaction 10 and O2* has been shown to be unreactive
towards HOI[le]. The effect of trace metal impurities is potentially an important one in
these reactions. Trace metals can catalyse the disproportionation of O2" to H2O2[6,7,8]
which can have three effects: the increase in H2O2 will lead to more reduction of I2, but the
overall effect is be the same as if there had been no disproportionation; the catalysed
disproportionation reaction competes with the reduction of I2 by reaction 7; and the

increased H2O2 concentration favours the reaction of e'a, to form OH'.

The dominant factor in the pH dependence is the reaction of I2 or its hydrolysis products
with H2O2 leading to reduction of I2 to I". As mentioned above the rate of reaction is
generally taken to be proportional to 1/tH4]2. However, an initial computer simulation of
the experimental data using the original version of INSPECT showed that the fall in the
rate of I2 production with increased pH predicted from this mechanism is considerably
greater than observed experimentally (see Fig. 4). The INSPECT model and its
development is described separately [4].Further experimental work at AECL Whiteshell[9]
and elsewhere[10] casts some doubt on the mechanism for the reaction of H2O2 with I2 in
alkaline solution. A complete discussion of this reaction is described separately [11] but
the observation that all the O2 produced in this reaction was found to originate from the
H2O2[12], and arguments on mechanistic grounds by Baxendale[13], suggest that other

mechanisms need to be considered. We suggest the following reaction scheme, the first
two reactions are as proposed by Symons[14]:

H02- +
OH- +

HO2" +

OH" +

I2 <->
HOOI ->

HOI ->

H2O2 -»

HOOI
H2O
HOOI

HO2-

This set of reactions simulate the AECL data
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of H2O2 with I2 is proportional to 1/fH*]. At higher pH still when k17 < ™ m o the rate
[H+][I"]

again becomes proportional to 1/tH*]2. These reactions are also catalysed by
phosphate[lf], borate[15], and probably also by acetate[16] (because the rate constant
measured by Iiebhafsky in acetate is the same as phosphate) but not by citrate [If]. The
mechanism of catalysis is not known. However, because the rate of evolution of iodine
falls by rather less than a factor of 100 between pH 6 and 8, alternative factors must be
important as well as the H2O2 reaction. A possible explanation is that another volatile
species in addition to I2 may be important at high pH, this is discussed further in the next
section.

One other factor to be taken into account in the explanation of the pH profile arises
because of the presence of phosphate. At intermediate pH the reaction of e"»q with H2PO4'
leads to formation of H[17],

e^" + H2PO4- -> HPO42- + H (21)

H' is less reactive towards H2O2 than e"*, which would lead to less oxidation. The pKA of
H2PO4" is about 6.8 in these conditions.

3.3 Effect of dose-rate

The effect of dose-rate is shown in Figs 5, 6 and 7. At pH 4.6 the rate of evolution of I2
increases proportionally with the dose-rate whereas at pH 6 and pH 7 this is not the case.
Increasing the dose-rate by a factor of 9 leads to an increase in iodine evolution by a factor
of 5 at pH 6 falling to 3.8 at pH 7. The explanation for this is uncertain but is probably
partially due to the volatility of I. So far we have only considered I2 as a volatile species
but T is formed by oxidation of I" through the reaction 1 in Table 1. The solubility of the
iodine atom may be expected to be similar to that of Xe; they are of a similar size, the only
significant difference being that I- does not have the inert gas electron configuration and
the unpaired electron may lead to greater interaction with the water molecules, and thus
lead to greater solubility than Xe. However Xe is far more volatile than I2 (the volume
partition coefficient for Xe at 25°C is 0.14). Again there are data in the tables [18] for
AfG°Ir (70.25 kJ mol'1), but not for A^ 'L^- . However Schwarz and Bielski[le]
measured the rate constants and equilibrium constant for the reaction

HO2 + I2 <-> H+ + I2- + O2 (22)
and used these data along with the equilibrium constant for the reaction

I2- <r* I" + I
to derive a value for A/G°Iaq = 76.49 kJ mol1, so A/G°Ig.aq= 6.32 Umol"1. In a review
by Stanbury this value was shown to be consistent with other work[19]. The concentration
of Iaq in equilibrium with 1 atmosphere of Ig = 0.078 mol dm"3. This leads to a volume
partition coefficient of 1.9, a factor of 40 lower than that for I2 at 20°C which implies that
the volatility of I- could be relatively important when the solution concentration of I2



98

becomes low. At the higher dose-rate recombination of I" to form I2, and reaction with T
followed by disproportionation of I~2 (reactions 5 and 6), become more favorable and may
compete with volatilisation. The volatility of I could also explain partially the pH effect
whereby at pH >7 atomic iodine becomes a significant species and thereafter increasing
pH has little effect because it does not affect the production or decomposition of I". This
effect would be observed in these experiments but would not be observed in sealed tube
experiments where I would react to form I2 in the gas phase and redissolve. Another
possible reason for the dose-rate dependence is the presence of impurities in solution
catalysing the disproportionation of 62' to H2O2. This reaction is favoured at low dose-
rate and low I2 concentration but at higher dose-rate reaction of O2" with I2 or with HO2
becomes more important

3.4 Effect of temperature

The effect of temperature on the rate of evolution of iodine at pH 4.6 (Fig. 8) is not great,
at pH 7 (Fig. 9) because of the short irradiation it is more difficult to quantify the effect
At pH 4.6 there are several competing factors, the partition coefficient falls with
increasing temperature and also oxidation of I" by H2O2 increases with temperature both of
which should favour increased rate of production of I2 but hydrolysis of I2 and reduction
by H2O2 should lead to less volatility and this is clearly reasonably finely balanced at pH
4.6. At pH 7 similar arguments apply. Here the volatility of I" may be important because
the equilibrium with I2", reaction 5, shifts towards I at elevated temperature. The increased
rate of reaction of H2O2 should lead to a lower concentration of H2O2 and less reaction
with e'«,. Because the partition coefficient falls with increasing temperature the solution
concentration must be lower at elevated temperature in these solutions in order to give the
same fractional rate of transfer.

3.5 Effect of iodide concentration

The effect of iodide concentration on the fractional rate of transfer of I2 was fairly small at
both pH 4.6 (Fig. 10) and pH 7 (Fig. 11) however in effect G c falls by a factor of 10 on
reducing the I" concentration by a factor of 10 and so there is a very strong concentration
dependence over the range studied. This is perhaps to be expected since at the low
concentrations of T radical-radical reactions and radical reactions with H2O2 become more
important. For example the reaction

OH + H2O2 -» H2O + HO2' (25)

can compete with the reaction of OH" +1".

At the lower F concentration HOI becomes a more important species which is less volatile
than I2. At the lowest concentration used we observed a significant amount of iodine
trapped on the glass tube between the reaction vessel and the NaOH/T trap.
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3.6 Effect of sparge gas flow rate

There was very little effect of gas flow rate on the rate of evolution of iodine which
suggests that the rate of production is the rate limiting process. At pH 4.6 this is expected
because all the important processes are radical reactions which are very fast compared
with volatilisation. At pH 7 this is surprising because volatilisation would be expected to
compete with the thermal reaction of h with H2O2. Again this suggests another factor such
as volatility of I is dominant which is limited by the rate of production.

3.7 Effect of impurities

The effects of Mn2+, Fe2+, Mo, ethanol were measured in the presence and absence of
phosphate with results shown in Fig 12. It can be seen that overall the only discernible
effect is that due to phosphate. This lack of effect of impurity is probably either due to the
formation of insoluble hydroxides or phosphate complexes making the species unreactive.
The effect of added silver as powder was to reduce the amount of iodine volatilised (Fig.
13) however when the rate of reaction of I2 with silver was compared with the rate of
volatilisation it was clear that the effect of silver was not only to compete for I2 but some
other mechanism is important, because the rate of reaction is relatively slow compared
with volatilisation and more I2 would have been expected to have been evolved.

3.8 Effects of phosphate

The effect of phosphate shown in Fig. 12 was for less oxidation to occur because of
competition between phosphate and H2O2 for e"*,. Reaction of e"*, with H2PO4" leads to
formation of H a reductant which reacts only slowly with H2O2 however e'aq reacts with
H2O2 to form the oxidant OH. Thus the effect of the phosphate is to reduce the amount
of oxidation by the suppression of the formation of OH' from e^'. There was no
discernible effect of phosphate concentration, although a concentration dependence would
have been expected from work by Ishigure et al. [If].

3.9 Effects of O2 concentration

The effects of lowering the concentration of O2 at pH 4.6 were generally not very
reproducible and no explanation is available for this. However, changing from air to
nitrogen at pH 7 during the irradiation, see Fig. 14, led to increased oxidation, because in
air e'aq reacts with O2 to form the reductant 02' whereas in the absence of air e"«, reacts
with H2O2 to form the oxidant OH. The effect of adding up to 5% H2 in gas mixtures was
for lower rate of oxidation as expected (Fig. 15) because of the reaction of OH' with H2 to
form the reductant H however the extent of the effect was greater than expected from the
rate constants of the reactions.
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4. CONCLUSIONS

Experiments carried out to measure the effects of pH, dose-rate, F concentration,
temperature, sparge-gas flow-rate impurities, phosphate and oxygen concentration on the
rate of production of volatile iodine from sparged irradiated aqueous Csl have been
described and a qualitative explanation of the results has been given. These results have
shown a significant dependence on pH but this is not as great as expected from the normal
mechanism for reaction of H2O2 with h in alkaline solution.

There was an effect of dose-rate at pH >6. The effect of increased temperature was to
reduce the rate of production of I2. Phosphate lowers the rate of oxidation and removal of
oxygen increases it. Of the impurities tested only Ag had an effect whereby the amount of
volatile iodine was reduced. Reducing the I" concentration by a factor of 10 led to only
slightly reduced fractional rate of production of h at pH 4.6 and 7. There was no
significant effect of the sparge gas flow-rate.

The chemical system is a very complicated one and requires a computer model in order
fully to elucidate the important mechanisms. From the results presented here it appears
that the mechanism for reaction of H2O2 with I2 is rather different to that proposed by
liebhafsky and furthermore in this work the volatility of the iodine atom is important. In
this work it is shown that H2O2 in its reactions with iodine and with other radiolysis
products is an important species in contrast to most other work where its reactions are
neglected. The results from the use of a computer model to simulate these data are
presented separately [4].
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Water Radiolysis reactions
H" +
e'aq +

02 -»

o 2 ->
HO2 <->

Iodine radiolysis reactions

r +
I- +

V +

i2 +

eaq- +

H- +

OH- ->
T" ^—i.

I2- ^

O 2 " —>

I 2 - >

I2 - •

Thermal reactions (simplified)

h +

h +

HOI +

HOI +

IO" +

r +

H 2 O <^

T" LA

HOI <->

HOI ^

IO 2 - <r>

H2O2 - •

H 2 O 2 ->

HO2

O2-
O2- +

I- +

V
r +

V +

V

h~ +

HOI +

I3"

10" +

IO2" +

IO3- +

r +
HOI +

H+

OH"

O2

H+

I" +

H+

2 H + +

H + +

O2 +

OH"

H+

I-

I-

H20

(1)
(2)
(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Table 1 Basic reaction set for radiolytic oxidation of I"
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Figure 2 Effect of pH on rate of I, production from
(Dose rate = 0.26 kGy hr')
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[X axes scaled to 1.95/0.26]
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Figure 7 Effect of dose rate at pH6 (BO3/PO4)
[X axes scaled to 1.95/0.26]
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Figure 9 Effect of temperature on rate of production of l2 fromiO"4 M Csl
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Figure 10 Effect of iodide concencentration on rate of l2 production from irradiated Csl
pH4.6 (BO3 only)
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Figure 12 Effect of addition of impurities; pH7, lO^M Csl
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