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SOME EFFECTS OF pH ON IODINE VOLATILITY IN CONTAINMENT.

CB ASHMORE1 JR GWYTHER2 and HE SIMS1

ABSTRACT

The behaviour of iodine in containment in the event of an accident involving fission product
release would be strongly dependent on pH. High pH leads to a lower rate of radiolytic oxidation
and in alkaline conditions the thermally stable form is 103". Much of the work on effects of pH on
radiolytic oxidation reported in the literature may be erroneous or misleading because of post-
irradiation reaction and in this report some new experiments are described which were designed
to overcome these problems involving sparged irradiated solutions of Csl spiked with 131I. The
rate of radiolytic oxidation has been measured as a function of pH between pH 4.6 and pH 9 and
iodide concentrations between 10"4 and 10~6 mol dm3. Also discussed in the paper are factors
which can affect the pH of the sump water and the effects of high pH in sprays. It is concluded
that high pH is beneficial and it is important not only to achieve high pH but to maintain it.
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1. INTRODUCTION

In the event of fission product release from irradiated fuel, iodine can enter the containment in a
number of forms including Csl and I2. It is likely that in most water reactor faults considerable
quantities of water would also be present, and the released fission products would be rapidly
associated with either dispersed water droplets or with bulk water in the sump. Because
molecular iodine, I2, and some organic iodides are volatile and could be released from
containment it is these species and the mechanisms and rates for their formation and destruction
which are important in the prediction of iodine behaviour for the assessment of the safety of a
reactor system. The key information in a safety analysis is the gas phase concentration and
speciation as a function of time along with an understanding of the factors which affect this.

If iodine is released from fuel as involatile Csl in reducing conditions then factors which lead to
conversion to I2 are significant. If released from fuel as I2 in oxidising conditions then reactions
with structural surfaces and water surfaces are important, but these reactions are not considered
here.

It is generally accepted that radiolytic oxidation is likely to be one of the principal processes
leading to formation of I2 from P. It is well known now that radiolytic oxidation of P is strongly
dependent on the pH of the solution* 1>2> although as discussed below this behaviour is difficult to
quantify.

High pH can have an significant effect on iodine behaviour for two reasons. First it leads to the
hydrolysis of I2 eventually leading to the formation of the less volatile species HOI, in a reaction
which may be written as:

H2O + I2 <-> I" + HOI + H+ (1)

Reaction (1) is thought to be more complex than as written above*3), and eventually HOI reacts
to form IO3" which is involatile and again is shown by the simplified reaction:

3H2O+ 3I2 <-> 51- + IO3- +6H + (2)

It can be seen from these reactions that at high pH P and IO3" are favoured. This sequence of
reactions including hydrolysis and disproportionation has been shown to be catalysed by
phosphate and borate*4).

A second reason for the importance of high pH arises from the radiolytic oxidation of Csl which
has been shown by several workers to be pH dependent*1'2), the rate being much lower at high
pH. However many experimental results may be misleading because, with the exception of some
RTF*5) results, most work has involved the measurement of I2 at some time after removal from
the irradiation source and it is now known that at high pH reactions take place between
radiolytically produced H2O2 and I2 to form P and so such measurements underestimate the
extent of oxidation during irradiation. A second uncertainty arises with work on pH effects which



has been carried out in unbuffered solutions which are subject to pH changes because oxidation
of I' to I2 must be balanced by formation of OH". This can also lead to an underestimate of the
extent of oxidation.

In this paper we describe experiments designed to overcome these uncertainties by using sparged
irradiated solutions of Csl containing 131I where 131I2 or any other volatile form is removed and
trapped. The trapped fraction was measured continually as a function of time.

Also discussed are other effects of pH and, important in this context, factors which can lead to
pH change.

2. EXPERIMENTAL

The apparatus used for this work is shown schematically in Fig. 1. It consisted of a Gamma
Irradiation Facility, within which the sample solutions were irradiated at a dose rate of 0.25 or
2.08 kGy hr1, the dose rate was measured by the Fricke^ method. Sample solutions were
prepared by dilution of appropriate quantities of caesium iodide in boric acid 0.2 mol dnr3 (pH
4.6 solutions only) or from caesium iodide, boric acid, sodium phosphate, 0.1 mol dm3 , (all pH
other than pH 4.6 solutions) spiked with a small quantity of 131I, typically 50 kBq.

The sample solution was sparged with air which was drawn through the irradiation circuit, by the
pump to ensure reduced pressure at all times so that any leakage would be inwards in the circuit
containing 131I. The gas mixture initially passed through a flowmeter, a caustic CO2 trap and a
water trap to moisten the gas. The sparge gas mixture was then drawn through the irradiation
vessel followed by an iodine trap consisting of 0.05 dm3 sodium hydroxide (2.5 x 102mol dm"3)
and iodide (2 x 10? mol dm3) solution. On exiting the first trap the gas then passed through a
backup (activated charcoal) trap and a silica gel trap to dry the gas before measurement of the
outlet flow rate.

At the end of each experiment the activities remaining in the sample solution, collected in the
NaOH/I- trap, and washed from the delivery lines (with 10% HC1) were measured to allow the
activity balance to be calculated.

The temperature of the irradiation vessel and the ambient temperature of the room were recorded
during each run and at the low dose-rate were about 20°C. At the higher dose-rate the
temperature was 23-24°C and required cooling by an air stream to prevent further increase.

When working at low concentrations of I" significant experimental problems arise. At a
concentration of 106 mol dm 3 I' (equivalent to a total of ca. 2.5fig I" in our system) (i) a
significant fraction of iodine can be adsorbed on surfaces, (ii) the concentrations of impurities in
solution, which also contains B(OH)3 (0.2 mol dm3) and phosphate (0.1 mol dm3), are likely to
exceed the iodide concentration and (iii) the concentrations of iodine containing intermediates
and even I" can be the same or less than some of the water radiolysis products, in particular O2".
We also observed pH increases which could not solely be explained by oxidation of I\



3. RESULTS

Results for the effect of pH at two different dose-rates are shown in Figures 2 and 3. In Table 1
and Figure 4 are the fractional rate of transfer as a function of pH. In the case where the transfer
is not linear with time the maximum rate has been taken. Also included in Figure 4 is the result
from the INSPECT simulation for the low dose-rate case. There is a dose-rate dependence at pH
> 7 such that the rate of oxidation does not increase by the same factor as the increase in dose-
rate.

The effects of iodide concentration at pH 4.6 and pH 7 are shown in Figures 5 and 6.

It can be seen from these results that the rate of oxidation is strongly pH dependent falling by a
factor of 100 between pH 4.6 and pH 8, there is not a strong dependence on concentration of I"
and it appears that the rate falls with decreasing concentration. It can also be seen that the
INSPECT model underestimates the rate of oxidation at high pH.

Maximum Transfer rate of I2

/ Fraction hr1 taken from Figures 2 and 3

PH

4.6
5

5.4
5.7
6
7
8
9
9

Low Dose-
rate

7.00xl0-2

3.50x10-2
2.30x10-2

4.12xlO-3

2.76xlO-3

2.07x10-3
7.83x10"*

High Dose-
rate

7.00X101

1.50xl0-2

8.38x10-3
2.84x10-3
9.45x10^
2.25x10-3

Model
low dose-rate

8.46x10-2
7.49x10-2
4.70x10-2
2.33x10-2

9.08X10-3

1.18x10^
3.87X106

Table 1 Maximum transfer rate of I2 (fraction hr4) taken from Figures 2 and 3

DISCUSSION

In this work we are primarily interested in pH effects so the mechanisms of radiolytic oxidation
are not described in detail here. There are two important features in the results described above,
(i) the dependence of the radiolytic oxidation on pH and (ii) the inability of the model to simulate
the results at pH > 7. Radiolytic oxidation occurs as a result of radiolysis of water forming



radicals (OH, H, e"aq) and molecules (H2 and H2O2) which can lead to oxidation if H2O2 reacts
as an oxidant because H2 is generally unreactive and there must be a redox balance. If however
one of the reactions leads to decomposition of H2O2 into O2 (i.e. H2O2 is a reductant) then the
system can be reducing. In the radiolytic oxidation of Csl the radical reactions involve mainly OH
and, in aerated solution, HO2 / O2" which are in acid base equilibrium and are formed from
reaction of e a q and H with O2. The hydroxyl radical OH has a pK of 11.9 and both OH and O
are strong oxidants and would not be expected to be responsible for the pH dependence. HOy
has a pKA of 4.8, however in this case both HO2 / O2" are reductants and react rapidly with I-,,
and again would not be expected to be responsible for the pH dependence.

Another reaction, that between the molecular radiolysis product H2O2 and I2 in alkaline solution,
normally considered to be between H2O2 and IO- (the anion of HOI) has been shown to be very
pH dependent^7) at pH < 7 in a reaction, which is normally written as:

+ O2 + H2O (3)

where IO" is formed from the reaction:

HOI + OH- <->IO" + H2O (4)

These reactions were used to explain the observed inverse square dependence on [H+] (which
now appears only to be true at pH < 7<8>) of the rate of loss of I2 (or H2O2 in the reaction) and
the experimentally derived overall rate law has been shown to be(7>:

2O2] = klKE2KE,[H2O2][I7]

dt [H+nn

The mechanisms are probably rather more complicated than suggested by the equations above,

but the reaction, even if not dependent on —^-^ at pH > 7, is still favoured by high pH. Despite

the lack of a firm understanding of this mechanism these reactions are an important factor in the
pH dependence in the radiolytic oxidation of aqueous Csl. Another important factor is that this
reaction as with the hydrolysis and disproportionation reaction is catalysed by borate and
phosphate^7) which would be present in the sump.

The model used in the INSPECT codeW consists of as many as possible of the relevant chemical
equations and so contains our best estimate of the chemistry and at present includes Reactions 3
and 4 which may partially explain the poor agreement with the experimental data. Clearly our
understanding of the chemical mechanisms which occur at high pH is insufficient.

The dose-rate dependence is not considered in detail here, but we consider it to be partially due
to the effects of impurities and the reaction between HO2 and O2" which forms H2O2.

The effect of I" concentration was also studied and it can be seen that the fractional rate of
oxidation is almost independent of the concentration of I". It might have been expected that with
the same oxidising capability the lower concentrations of I" may have been oxidised
correspondingly more quickly. However at the lower concentration of I*, reactions between the



water radiolysis products become more favourable compared with those with iodine species and
this is probably the cause of this effect

Since pH appears to be so influential an important question is what is the optimum pH? The rate
of production of I2 by radiolytic oxidation of I" appears to fall with increasing pH at least over
the range pH 4 - pH 9, and so the higher the pH the better. The minimum or optimum pH is
uncertain but the rate of I2 production only falls by a factor of 0.25 between pH 6 and pH 7 but a
further factor of 3 between pH 7 and pH 8 at a dose-rate of 25kRad hr1. This is a rather smaller
factor than previously thought and a rather smaller factor than obtained from model predictions.
Since values for pH in the range pH 7-8 are readily achieved then a pH around this value would
seem to be a reasonable goal.

5. OTHER EFFECTS OF pH AND FACTORS LEADING TO A CHANGE IN pH

We have shown that pH is very important in radiolytic oxidation in addition to the well known
thermal reaction effects and so a high pH in the sump would be desirable, however merely
starting with a high pH is not sufficient; it is also important to be able to maintain it. In a high pH
system there are several mechanisms which could lead to a pH fall, which are:

1. absorption of atmospheric CO2,
2. absorption of nitric acid produced by radiolysis of moist air,
3. formation of carboxylic acids by radiolytic or thermal decomposition of organic materials.

and so a buffered system would be desirable in order to maintain the high pH.

Apart from the direct effect on iodine chemistry another effect of the combination of the high pH
and phosphate will be to cause many other materials derived from fuel and structures to
precipitate because many hydroxides and phosphates are insoluble. As a consequence of this,
iodine is likely to be associated with the precipitate and so would not be radiolysed to the same
extent. The precipitation of material could be advantageous because some cations particularly
those with several stable oxidation states, can lead to enhanced radiolytic and thermal oxidation
ofCsI.

Another aspect of iodine chemistry in containment where high pH is important concerns the
spray systems. In some reactors the sprays initially contain reflood water at pH 4.6 which only
become alkaline upon recirculation and in others alkaline sprays are used from the start of the
release. Alkaline sprays cause a more rapid reduction in gas phase iodine, because the alkalinity
causes efficient reactions to occur in the spray droplet which leads to the I2 removal process
being gas phase mass transfer limited at all stages during the fall of the droplet^10). This is
because the assumption of water-side resistance to mass transfer implicit in the equation:

J_ = _L l

K K RK
g w

is no longer valid. In this equation Kw and Kg are the water side and gas side mass transfer
coefficients respectively, K is the overall mass transfer coefficient and R is the volume partition
coefficient. The effect of high pH causes the rapid hydrolysis of I2 in the boundary layer of the



spray drop leading to the formation of a much less volatile form (HOI) such that effective
partition coefficient R is much greater (the volume partition coefficient for I2 is ca. 10 at 100°C)
so if RKw»Kg

then

K K,
i.e. K =

One of the other important aspects of sprays independent of their alkalinity is that they are likely
to cause turbulence leading to an increased mass transfer rate to the containment walls and sump
surfaces.

6. CONCLUSIONS

There is a large body of evidence now which shows that high pH is beneficial for the suppression
of iodine volatility although not all the mechanisms are understood.

Results from a new set of experiments involving the measurement of the rate of evolution of I2

from sparged irradiated solutions of Csl have been presented. These measurements overcome
some of the errors and uncertainties associated with post-irradiation reaction in previous work.

Radiolytic oxidation has been shown to exhibit a marked pH dependence. Although it is not as
great as [H+]2 at pH > 6 as previously suggested by the model there is still a decrease by a factor
of 100 in the rate of formation of I2 on increasing the pH from pH 4.6 to pH 8.

High pH also effectively increases mass transfer rates of I2 to sprays because of fast reactions
which occur in the boundary layer.

There are a number of factors which could lead to pH fall in a containment so that an initial pH
set by alkali alone may not be maintained although in the presence of boric acid normally present
in PWR a buffer would be made. An added buffering agent such as tri-sodium phosphate is
preferable.

These buffers can catalyse reduction reactions and lead to formation of precipitates which could
further reduce volatility.

Achieving and maintaining high pH in containment is a key aspect in controlling iodine behaviour
and minimising gas phase iodine concentrations in containment after fission product release.
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Fig. 2 Effect of pH on rate of 12 production from le-4M I-
Dose = 0.026 Mrad/hr
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Fig 4. Maximum transfer rate of 12 from irradiated Csl vs pH (le-4M)
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Fig 5. Effect of Iodide concentration on rate of 12
production from irradiated Csl, pH 4.6
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