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EXPERIMENTS ON THE RETENTION OF THE FISSION PRODUCT IODINE  
IN NUCLEAR REACTOR ACCIDENTS 

H. Bruchertseifer, R. Cripps, S. Güntay, B. Jäckel 

The paper reports PSI participation in the ICHEMM Project (Iodine Chemistry and Mitigation Mechanisms) 
of the EU 5th Framework Programme, which has the objective of identifying new possible mitigation 
processes, or accident management measures, favouring the conversion of volatile iodine species, 
especially organic iodine released during a severe accident at a Nuclear Power Plant (NPP), into non-
volatile forms. Significant effort has been expended, firstly to develop analytical methods for determining 
concentrations of the common iodine species (iodide, iodate, molecular iodine and methyl iodide), and 
secondly to provide missing and important information on decomposition phenomena and involved 
reactions. Experiments have been conducted at PSI to obtain data on thermal (hydrolysis) and radiolytic 
decomposition of CH3I in aqueous solution under conditions as close as possible to those in an 
anticipated accident. Radioactive-labelled methyl iodide was used to monitor and quantify the 
decomposition and to determine the overall mass balance. Results have shown that CH3I hydrolysis at 
90oC will dominate over radiolysis at the dose rates (max. 0.4 Gy.s-1) employed in the experiments. Much 
increased decomposition rates of CH3I have been achieved with chemical reagents (additives), such as 
sodium thiosulphate or ammonium sulphide. After completion of the ICHEMM Project, further advances 
have been made from experiments carried out on additives (especially in combination with Aliquat 336) in 
terms of a fast and complete retention of iodine. The data from these experiments are of direct relevance 
to severe accident management for both PWR and BWR systems. The impact of the results on possible 
strategies for management of radioactive waste has also been investigated. 
 

1 BACKGROUND  

1.1 Iodine: a Natural Trace Element and Fission 
Product 

Iodine is a natural trace element of biological 
significance, and may promote or damage health. It is 
often added to food products (e.g. to cooking salt), 
and is a constituent of some important pharmaceutical 
products. Short-lived radioactive iodine isotopes, such 
as 123I or 131I, are specially synthesised for medical 
applications, such as diagnostics. 

However, iodine is also a main fission product of the 
fuel used in Nuclear Power Plants (NPPs),  and is 
generated in large quantities during power operation. 
Iodine is formed as a mixture of stable, short-lived to 
long-lived isotopes, mainly with half-lives from hours 
to 10 million years (129I). 

A severe accident in a NPP can cause fuel, control 
rod assemblies and core structures to melt. Fission 
products (FPs), fuel and structural materials will then 
be released into the containment. Water discharged 
from the primary cooling circuit, together with that 
supplied by the containment spray system, 
accumulates to form a pool in the sump at the bottom 
of the containment. 

Most of the iodine inventory can be volatilised from 
the degrading and melting of fuel bundles, and is 
expected to be released mainly in aerosol form, 
together with a small gaseous fraction (presumably I2). 
Some of these aerosol particles reaching the 
containment atmosphere may settle directly onto the 
surface of the sump water.  

Iodide ions are generated from dissolved aerosol 
particles, and could be oxidised to volatile iodine 
species (e.g. I2) and therefore return to the 

containment atmosphere. In the event of a break in 
the containment, or a failure of the filters to trap the 
radioactive iodine during controlled venting, iodine 
would be released into the environment. Gaseous 
radioactive iodine, especially the 131I isotope, with a 
half-life of 8 days, poses a health hazard if present in 
high concentrations due to its easy and almost 
irreversible transport to the human thyroid gland, 
where it can locally induce cancer. Therefore, 
methods are being sought to “fix” the volatile iodine 
into a non-volatile and chemically stable form to 
prevent accumulation of gaseous iodine in the 
containment, and thence limit its potential transport 
out of the containment. 

Successful management of an NPP accident will then 
require measures to effectively lower the volatile 
iodine concentration in the containment atmosphere. 
Independently of how it is generated, this can be 
achieved by efficiently reducing or decomposing it in 
the sump, in order to retain it in a non-volatile form.  

However a commonly accepted procedure for 
introducing iodine into the containment sump water 
following a severe accident does not currently exist. 
Measures should therefore be defined to guarantee 
the irreversible fixation of the long-lived iodine isotope 
129I by ensuring its conversion to a chemically stable 
form during the processing of the water for long-term 
disposal and storage.  

1.2 Reactions of the Fission Product Iodine in 
Nuclear Reactor Containments 

Reliable models for the behaviour of iodine in a 
reactor containment following a severe accident are 
essential qualification of appropriate strategies for 
mitigation, and for the development of suitable 
retention devices. 
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The chemistry of iodine in the containment 
atmosphere and sump is complex, since iodine can 
exist in several oxidation states (-1 to +7). In addition, 
different iodine species exist in the containment 
atmosphere, in the sump water, in the wet scrubbers 
of the filter system for containment venting, and in 
other filtration systems. The prevailing conditions — 
i.e. concentrations of the iodine species, pH, redox 
potential, dose rate, temperature, and the presence of 
other fission products and structural materials — will 
determine the type of iodine species, and extent of 
their reactions.  

Significant progress has been made, especially in 
recent years, in the area of thermal and radiolytic 
chemistry of iodine in aqueous solution. The presence 
of organic impurities in a radiation field can modify 
iodine behaviour considerably. For example, the 
results of the Phebus FP tests [1,2] have confirmed 
the significance of the organic iodides. Some basic 
mechanisms have been established: namely, that  
organic iodines are formed by the reactions of 
molecular or iodine radicals with wall paint or other 
organic components. The latter are products of 
thermal/radiolytic destruction of organic materials, 
such as cables and oils, etc. But detailed knowledge 
for reliably predicting the integral effect of organic 
iodines under accident conditions is still lacking. 

In redox reactions, especially under irradiation, 
organic iodine can decompose to form radicals, 
molecular iodine, and iodide or iodine oxides (Fig. 1). 
Decomposition will also take place as a consequence 
of the presence of airborne oxidising species (O3,  
NO2, etc.). 

The concentrations of iodine in the containment 
atmosphere are in equilibrium with their respective 
concentrations on the paint surface. The deposited I2 
reacts with the paint in the gas space, or directly on 
the submerged paint, to generate organic iodines. 

Depending on the sump water volume, and the 
amount of destroyed organic materials, iodine 
generation can be more significant here than in the 
containment atmosphere as a result of the iodine-
paint reaction. However, due to the very low partition 
coefficients, coupled with the high volatility of some 
organic iodines in the sump, a potential risk from the 
accumulation of airborne iodine species still exists. 

Although some of the main routes for organic iodine 
production have been identified, there is currently no 
consensus on the mechanisms of organic iodine 
formation. Specifically, there are uncertainties 
regarding the reactions of organic materials in 
containments under radiation and heat, and their 
reactions with iodine species. In addition, large 
variation in the boundary conditions exist which are 
specific to the design and operation of the NPP: 
namely, that different paints and other organic 
materials have been used. However, experimental 
programmes have confirmed the existence of 
gaseous organic iodine, in some cases in higher 
concentrations than for molecular iodine [1,2]. 

 

 

Fig. 1:  Main primary routes for organic iodine (RI) 
production and decomposition in a contain-
ment atmosphere. 

Methyl iodide (CH3I) is the most volatile member of 
the organic iodine group. Its reaction with surfaces is 
slower, and its removal by engineered systems, e.g. 
by containment filters and scrubbers, is less efficient 
in comparison with molecular iodine.   

Research in this field has been performed mainly 
within the framework of international projects on 
nuclear reactor safety. The PHEBUS FP Programme 
[1], for example, is a large and international co-
operative effort, and provides a unique source of data 
on the release of fission products, their transport and 
behaviour, under prototypic core degradation 
following failure of the cooling system. The research 
has led to a continuous development of extensive 
thermodynamic and kinetic databases. The data have 
been integrated into containment iodine computer 
codes, e.g. PSI’s IMPAIR3 code [3].  

Generally, up to now, only the mass distribution of the 
iodine between the gas and water space has been 
estimated, but no details of their chemical speciation 
have been obtained [1,2]. However, the prediction of 
iodine chemistry, and other processes occurring in 
containments, requires a thorough knowledge of 
these species, as well as an understanding of the 
related thermodynamic and kinetic phenomena. 

1.3 Objective of the PSI Research Project 

The objective of the PSI investigations is to develop 
novel methods for the fast and efficient decomposition 
of methyl iodide that can be used for devising 
strategies for accident management aimed at  
retaining iodine in the reactor containment. Methods 
must then be sought to reduce iodine volatility to a 
minimum or, ideally, to remove it completely. 
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1.4 Experimental Programme 

The initial phase of the experimental studies reported 
here were conducted during partner participation in 
the ICHEMM Project (Iodine Chemistry and Mitigation 
Mechanisms) of the EU 5th Framework Programme 
[4-6]. Additional experiments, to study the effects of 
additive combinations for a fast and complete 
destruction of organic iodides, were conducted after 
completion of the ICHEMM project in a separate work 
programme. 

Decomposition of methyl iodide in aqueous solution 
was studied at three consecutive stages. 

1. Considering that both a new method and a new 
facility were being used, the measurements of 
the rates of hydrolysis were of special interest in 
view of the rather scattered data available in the 
literature (see Fig. 8). 

2. Using different radiation sources (in-situ ß- and 
?-radiation), CH3I decomposition by reaction with 
the products of water radiolysis was then studied,  
both at room temperature and at 50oC.  

3. Of considerable technical and safety importance 
is the search for chemical reagents (additives) 
which are sufficiently resistant to radiation to 
enable fast and complete CH3I decomposition in 
solution. With the use of additives, the rate of the 
decomposition reaction should effectively 
compete with the rate of mass transfer of CH3I to 
the gas phase at anticipated sump or scrubber 
temperatures. Additives must also satisfy further 
criteria: i.e. they must enhance and not suppress 
the thermal and radiolytic decomposition of CH3I, 
be sufficiently thermally and radiolytically stable,  
and be usable at least in the pH range 5 to 9.  

The main decomposition product should be non-
volatile (preferably iodide) over a range of relevant pH 
and CH3I concentrations. The non-volatile species 
should then be treated by precipitation or absorption 
to prevent their rapid conversion to I2 under oxidising 
conditions. 

Our approach consisted of laboratory experiments 
with aqueous solutions of methyl iodide under 
conditions as close as possible to those anticipated 
during an accident. The radiotracer technique (131I) 
was applied to check the mass balance necessary to 
provide a sensitive indicator to quantify near complete 
decomposition. 

At the beginning of the programme, substantial efforts 
were made [7-9] to develop analytical methods and 
experimental techniques for rapidly determining the 
concentrations of the common species of iodine 
(iodide, iodate, molecular iodine and methyl iodide).  

2 ENGINEERED APPROACH TO RETAIN 
VOLATILE IODINE 

Volatile iodine in the NPP containment atmosphere 
during an accident can be retained by containment 
spray operation or venting through filters containing 

activated charcoal, or by transfer into an aqueous 
phase (scrubber, sump). The scrubber is part of the 
engineered filter system for containment venting for 
reducing the pressure during a severe accident, and 
is comprised essentially of  a water pool in a steel 
vessel through which the gas, containing iodine, can 
be bubbled. The water may be conditioned for high 
pH, and for improved iodine retention. 

If the systems are based on gas scrubbing in water 
pools, or on water droplets being used to wash the 
containment atmosphere, the use of water alone does 
not remove sufficient molecular iodine. Nor does it, in 
practical terms, remove highly volatile organic 
iodines, such as CH3I.  

Research carried out in the 70s [10,11] has 
suggested that sodium thiosulphate dissolved in the 
spray water would increase destruction of molecular 
iodine and organic iodine. Additionally, the use of a 
high pH in water pools was suggested to retain the 
iodine formed as a non-volatile product of CH3I 
decomposition or I2 hydrolysis.  

However, due to the high gas flowrate, and other 
unfavourable boundary conditions in the scrubber, the 
contact or residence time of the gas bubbles or spray 
droplets could be too short for efficient transfer of the 
iodine species into the aqueous solution. The other 
determining factors for the mass transfer are the 
aqueous concentrations of the iodine species. 
Additional measures are therefore needed to increase 
the decomposition rate.  

 

Fig. 2: Reaction scheme of the sump iodine 
retention. 

Figure 2 shows, schematically, the radiolytic 
decomposition of methyl iodide, the fixation 
processes, their components in the gas and sump 
phases, and their retention in the containment sump. 

3 LABORATORY INVESTIGATIONS 

3.1 Experimental Facility 

The experimental facility for the radiolysis of methyl 
iodide consists of a reaction vessel and generator for 
the in-situ aqueous radiation source (Figs. 3,4). The 
source employed for the in-situ irradiation experiments 
was a ß-emitting radionuclide of rhenium (188Re), 
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which has a half-life of 17 hours, a ß-energy of 
2.12 MeV (max.) and 0.76 MeV (average), and a γ-
energy of 155 keV; its characteristics are similar to 
those of the FP sump mixture during a severe 
accident. The source has been eluted in the form of 
the perrhenate ion (188ReO4

−) by introducing a dilute 
saline solution to the column of a rhenium-tungsten 
(188Re/188W) generator.  

To attain the highest possible in-situ dose rates, the 
eluted solution was reduced in volume (2−3 cm3, max. 
40 GBq/cm3), using a combination of commercially 
available ion-exchange cartridges [12], in order to 
obtain a high specific activity, and one free of chloride. 

The reaction vessel is fitted with a septum, to allow 
sampling without loss of CH3I, and to sparge the 
solution in order to measure the activity of the iodine 
species (Fig. 3). 

In addition, γ-irradiation (60Co, dose rate 1.5 kGy/h) 
was used for those experiments which required 
precisely controlled doses, and to allow analysis to be 
made shortly following the irradiation. 

3.2 Synthesis of CH3
131I 

The iodine isotope 131I was used to label methyl iodide 
(CH3

131I), to track CH3I decomposition and its 
products, as well as to check overall mass balance. 
Radio-tracer techniques provide sufficient sensitivity 
to determine near complete decomposition. 

The isotope was first prepared by methylation of an 
aqueous solution of labelled potassium iodide (KI), 
produced by the slow addition of dimethyl sulphate in 
a semi-micro distillation apparatus. By gently heating 
the mixture, the tagged methyl iodide could be distilled 
over into a cooled receiver.  

Because of safety considerations, an alternative 
method was employed later, involving isotopic 
exchange between liquid methyl iodide (volume 1 
cm3) and a highly active and alkaline solution of a 
tracer containing sodium iodide (of volume about 
30µl). After standing for two days to complete the 
isotopic exchange, and washing with inactive KI 
solutions and water, iodide-free CH3

131I was obtained 
for the preparation of stock aqueous solutions. 

3.3 Experiments with Labelled Methyl Iodide  

The CH3I aqueous solutions were prepared by adding 
the labelled 131I and diluted methyl iodide solution to 
boric-acid/borate mixtures, depending on the required 
pH (5–9) in the reaction vessel (septum bottle of 
37 cm3 capacity). A concentrated aqueous solution of 
the additive was then introduced to attain the same 
final volume of solution for all experiments (20 cm3). 

After a pre-defined period, which depended on the 
particular experiment, volatile iodine species were 
removed by gas sparging, and transferred then to 
solid-phase absorbers for activity measurement. 

 

Fig. 3:  Schematic of the main experimental facility, and the procedure followed for the radiolysis. 
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a) In the technical testing laboratory…… 
the reaction vessel, the apparatus for 
distillation, the sampling and activity control 
systems and control units are made ready 
for transfer to the hot cell. 

 b) In the shielded cell of the Hot Lab… 
a computerised, remote-operating 
system has been installed. 

Fig. 4: In-situ ß-irradiation facility (FENRIS). 

3.4 New Methods of Iodine Species Analysis 

Analytical methods have also been developed to 
provide the iodine spectation describing 
decomposition and its attendant reactions. This was 
done [7-9] by examining the reaction vessel for the 
presence of iodide and iodate (in the aqueous phase),  
and for molecular iodine and methyl iodide (in both 
phases).  

Additionally, to check for possible losses from the 
reaction vessel, the overall iodine mass balance was 
verifi ed by performing a series of measurements (on 
both phases) in the reaction vessel.  

The gas phase was analysed (lower portion of Fig. 5) 
by specific removal of I2 on modified silica [23],  
followed by absorption of organic iodine on activated 
charcoal, impregnated with tetra-ethylene-diamine 
[24]. 

Studies of the decomposition of organic iodine in 
aqueous solutions were carried out by selective 
sampling and analysis for the remaining volatile 
species, I2 and RI, and for the non-volatile species, I- 
and IO3

-. The separations were performed step-wise 
as follows (see upper portion of Fig. 5, and Fig. 6):  
1. sorption of non-ionic aqueous iodine compounds 

(I2, CH3I);  

2. desorption of molecular iodine (1st eluent) and 
methyl iodide (2nd eluent); 

3. sorption of the aqueous iodine ions (I-, IO3
-); and  

4. desorption of iodate (3rd eluent) and iodide (4th 
eluent).  

 

Fig. 5:  Schematic representation of a system for on-
line analysis of iodine radiolysis products by 
selective gas and aqueous species sampling. 
(G1 is a valve for regulating the gas sample 
distribution, and L1-L3 are valves for 
controlling volume of the solution sample, the 
distribution, and the species separation.) 
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The separation was accomplished using solid phase 
filters and anion exchange resin [25,26] originally 
designed for conditioning of aqueous environmental 
samples. The iodine species mass was determined by 
means of 131I activity measurements performed on the 
cartridges. 

The procedure (Fig. 6) for the determination of 
aqueous solutions of the iodine species was semi-
automated (Fig. 5) to provide on-line analysis: i.e. 
directly from the reaction solution during the 
experiment. Activity measurement of the iodine 
species was performed separately. 

 

Fig. 6:  Procedure for separating the aqueous solution 
by sorption/desorption of the two pairs of 
iodine species, {I−, IO3

−} and {I2 and CH3I}, in 
two stages. 

4 RESULTS  

4.1 CH3I Decomposition by Hydrolysis 

The decomposition of CH3I in aqueous solutions was 
investigated under the following conditions: air-
saturated solutions; pH range 5–9 (adjusted using 
boric acid and sodium borate); CH3I concentrations in 
the range of 10-6–10-3 mol.dm-3; and a temperature 
range of 22oC–90oC 

Results show that, in the temperature range 20oC to 
70oC, CH3I hydrolysis alone is slow. For example, 
after 6 days at 22oC, only about 4% of the CH3I had 
decomposed, after 1.5 hours at 50oC, this was only 
0.4%; and, after 45 min. at 70oC, just 13%. 

The rate constants so determined were compared 
against predicted rates (continuous line in Fig. 7), 
calculated using an empirical formula obtained from 
the literature [13]: 

Log10 r = 93.14585 − 9661.274 / T − 27.42937 log10T  

where r is the hydrolysis rate constant (s-1), and the 
temperature (T) is measured in Kelvin. 

Some of the measured rates are maximum values 
(indicated in Fig. 7 by downward-pointing arrows), 
which have been imposed by the lower detection limit 

for the activity measurement. As can be seen, the 
correlation between measured and calculated data is 
entirely satisfactory. 

 
Fig. 7:  Determined rate constants of CH3I hydrolysis 

between 20oC and 90oC; measured data are 
represented by the dots (•), and calculated 
values by the continuous line [13]. 

Measured rates are also compared against other data 
from the literature [10, 14] in Fig. 8. Considering the 
scatter of the literature data at the same pH value, the 
correlation is again completely adequate. At 
temperatures from 70oC to 150oC, the literature-
sourced rate constants increase by a factor of 103 to 
104. 
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Fig. 8: CH3I hydrolysis: comparison of PSI rate 

constants with literature and PSI data.  

In conclusion, for the short duration of the 
experiments, hydrolysis can be neglected at low 
temperatures. This means that decomposition due to 
the other effects (i.e. additives and radiation) can be 
investigated more readily. 

4.2 CH3I Decomposition by Radiolysis 

Radiation absorbed in water produces a number of 
primary species: e−

aq, 
•H, •OH, H2O2,  H2 and H+. The 

solvated electrons (e−
aq) or hydrogen atoms (•H) 

reduce the CH3I to form methyl radicals: (•CH3), I
− and 

H+. Reference [15] indicates that the oxidising 
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hydroxyl radicals (•OH), and the reducing superoxide 
(•O2

−, formed from solvated electrons reducing 
dissolved oxygen), do not react with the CH3I. 

The results (Table 1) confirm that CH3I decomposition 
is proportional to dose, and suggest also that 
complete decomposition is achieved after a dose of 
3.1 kGy.  

Table 1:  Results of the CH3I radiolysis (22oC). 

CH3I 

[mol.dm-3] 

pH Dose 
[kGy] 

Decomposition 
[%] 

1.3.10-6 5 1.4 83 

1.3.10-6 5 0.7 63 

1.3.10-6 9 0.8 70 

1.3.10-6 9 1.5 70 

4.0.10-5 5 3.1 95 

4.0.10-5 5 1.4 80 

4.0.10-5 9 1.4 83 

4.0.10-5 9 3.1 97 

The yield of radiolytic decomposition (G(-CH3I)) is 
defined as the mass of CH3I decomposed per unit 
absorbed dose (Gy = J.kg-1). The proportional 
relationship between G(-CH3I) and the initial CH3I 
concentration has already been quantitatively 
established [16]. Using the initial concentrations used 
in the experiments, this relationship was satisfactorily 
confirmed (Fig. 9) by comparing concentrations with 
those calculated from the formula:  

G (-CH3I) = 561.8 x C 

where G is in µmol.J-1, and C is the concentration of 
CH3I in mol.dm-3. 

Data from experiments performed at 50°C were, 
within the detection limits, identical to those at room 
temperature. The dependence of radiolysis on 
temperature may therefore be regarded negligible 
within the investigated temperature range. 

Comparing the results of hydrolysis with radiolysis, it 
can be concluded that radiolysis is only important at 
low temperatures (< 70oC), or at high dose rates 
(> 0.1 kGy/hr). Therefore, in an accident sump, it is 
expected that hydrolysis will dominate CH3I 
decomposition in the sump for T > 100oC.  

4.3 CH3I Decomposition by Additives 

CH3I transfer to a scrubber solution, to spray droplets, 
or to bubbles generated from core/concrete interaction 
and rising in the sump, will depend on the 
decomposition rate of CH3I already in solution, which 
in turn determines the concentration gradient between 
the solution concentration and that in the bubbles or 
droplets. To increase the rate, additives were selected 

on the basis of the two reaction mechanisms listed 
below. 

1. Additives which react by (thermal) bi-molecular 
nucleophilic substitution (SN2), since hydrolysis will 
be the dominant mechanism at sump 
temperatures.  

2. CH3I is not decomposed in irradiated water by 
generated •OH radicals, but only by the strong 
reductants e−

aq and •H. Additives which produce 
other reductants from •OH radicals will enhance 
CH3I decomposition 

The additives shown in Tables 2 and 3, up to Expt. 
No. 24, belong to the first group, while sodium 
formate, producing CO2

•− reducing radicals by •OH 
radicals [15], and evidenced by Expt. Nos. 25 and 26, 
belong to the second group. 

 

Fig. 9: Radiation yield (G (-CH3I) dependence on 
initial CH3I concentration. 

The nucleophilic additives were also categorised into 
three classes.  

1. Sulphur-containing: i.e. sodium thiosulphate 
(Na2S2O3).  

2. Nitrogen-containing: i.e. hydrazine hydrate 
(N2H5OH), hydroxylamine (NH2OH), and the 
tertiary amine trioctylmethylammonium 
chloride: TOA (CH3N[(CH2)7CH3]3Cl). 

3. Containing both elements: cysteamine or 
mercaptoethylamine (H2NC2H4SH), and 
ammonium sulphide (NH4)2S).  

A further group of liquid quaternary ammonium 
compounds, chemically identical to the TOA in Class 
2 above but of technical quality, is known under its 
commercial name Aliquat 336. It has a dual function 
by acting as:  

1. a catalyst [17] to enhance the rate of a 
nucleophile–methyl iodine reaction and 

2. an anionic exchanger, i.e. by exchanging an iodide 
ion (a product from CH3I decomposition or I2 
hydrolysis) for the chloride ion. 
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The results (Tables 2, 3) show the percentage 
decomposition after a fixed contact time of 45 minutes  
with the additive. In the case of the irradiated 
solutions, the absorbed dose corresponds to the 
same contact time. At pH 9 (Table 2), the highest 
decomposition rate from a sulphur-containing additive 
was obtained by ammonium sulphide, in the absence 
of radiation, and at room temperature (Expt. No. 5).  

Table 2:  CH3I decomposition by additives at pH 9. 

Methyl iodide 
Expt 
No. 

Additive 
[mol.dm -3] 

Dose 
[kGy] 

Initial 
conc. 

[mol.dm -3] 

Remaining 
[%] 

Temp. 
[0C] 

1 Na2S2O3 
4.0x10-3 0.38 4.0 x 10-5 50 22 

2 ditto 0.00 ditto 74 22 
3 ditto 0.00 ditto 5 70 

4 (NH4)2S 
4.0x10-3 

0.38 4.0 x 10-5 28 22 

5 ditto 0.00 ditto 47 22 
6 ditto 0.00 ditto 2 70 

7 N2H5OH 
4.0x10-3 

0.38 4.0 x 10-5 12 22 

8 ditto 0.00 ditto 99 22 
9 ditto 0.00 ditto 21 70 

10 TOA 
3.6x10-3 

0.38 3.6 x 10-5 48 22 

11 ditto 0.00 ditto 71 22 

12 
Cystea- 

mine 
4.0x10-3 

0.38 4.0 x 10-5 20 22 

13 ditto 0.00 ditto 16 22 

14 
Aliquat 

336 
sat. soln. 

0.38 3.6 x 10-5 18     22 

15 ditto 0.00 ditto 75 22 

Table 3: CH3I decomposition by additives at pH 5. 

Methyl iodide 
Expt 
No. 

Additive 
[mol.dm -3] 

Dose 
[kGy] 

Initial 
conc. 

[mol.dm -3] 

Remaining 
[%] 

Temp. 
[0C] 

16 Na2S2O3 
4.0x10-3 0.00 4.0 x 10-5 86 22 

17 (NH4)2S 
4.0x10-3 

0.38 4.0 x 10-5 75 
22 

18 ditto 0.00 ditto 77 22 

19 TOA 
3.6x10-3 

0.38 3.6 x 10-5 72 
22 

20 ditto 0.00 ditto 94 22 

21 NaCl 
1.2x10-2 

1.40 1.0 x 10-3 90 
22 

22 ditto 0.00 ditto 100 22 

23 Aliquat 336 
sat. soln. 

0.38 3.6 x 10-5 2 
22 

24 ditto 0.00 ditto 100 22 

25 NaHCO2 

4.0x10-2 
0.38 4.0 x 10-5 70 

22 
26 ditto 0.00 ditto 95 22 

“Remaining CH3 I” means CH3 I not decomposed and or not retained 
by the additive.  

However, sodium thiosulphate and ammonium sul-
phide are almost equally effective additives at 70°C 
(Expt. Nos. 3, 6). Cysteamine appears to be the most 
efficient nucleophile of the nitrogen-containing 
additives at room temperature (Expt. No 13), while 
hydrazine hydrate decomposes CH3I efficiently at 
70°C (Expt. No. 9). 

The results of the irradiation experiments containing 
additives confirm that radiolytic and nucleophilic  
decomposition of CH3I are two independent and 
complementary processes. For example, if Expt. Nos. 
1, 2 using sodium thiosulphate, or Expt. Nos. 4, 5 
using ammonium sulphide, are compared, radiolytic 
decomposition is deduced to be in the range 19% to 
24% for the same dose. However, the results from 
Expt. Nos. 14 and 15 suggest that Aliquat 336 
(saturated at 1 vol%) could act in the second step of a 
two-step process: i.e. CH3I is first radiolytically 
decomposed into iodide ions, which are then 
exchanged for chloride ions by the Aliquat 336. This 
combined process appears to prevent, or lessen, the 
radiolytic oxidation of the iodide ions to I2. 

If the results are expressed as rates, a CH3I 
decomposition rate of 9.5x10-5 s-1 was determined 
from a sodium thiosulphate solution of 4.0x10-3 
mol.dm-3, and from a methyl iodide solution of 
4.0x10-5 mol.dm-3 (Expt. No. 2). In further experiments 
using dilute (~ 50x) Aliquat 336 (4.0x10-4 mol.dm-3) 
alone with CH3I (4.0x10-5 mol.dm-3), under otherwise 
identical conditions (without irradiation), no 
decomposition was observed. At pH 9 due to less 
solubility of Aliquant 336 in water and hence droplet 
formation, about 25% CH3I was retained by the 
Aliquat 336. 

Generally, the observed decomposition was lower at 
pH 5 than at pH 9. In some cases, no decomposition 
was observed without irradiation (Expt. Nos. 20, 22, 
24, 26).  

 
Fig. 10: Release of CH3I from an unirradiated 

solution, with and without Aliquat 336, at 
room temperature; pH range 5–9 (boric 
acid/borate solution). 

Further experiments were also performed as part of a 
programme of work separate from the ICHEMM 
Project. The results are summarised below. 
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1. At diluted concentration, Aliquat 336 retains or 
delays volatilisation of CH3I (Fig. 10), but does not 
decompose it. 

2. Methyl iodide is substantially decomposed by 
thiosulphate ions: i.e. by 60% and 80%, after 
doses of 380 Gy and 760 Gy, respectively (see 
Fig. 11, “thiosulphate only”). 

3. An even more rapid decomposition of methyl 
iodide was observed with Aliquat 336 alone: by 
80% and 92%, after doses of 380 and 760 Gy, 
respectively (see Fig. 11).  

4. A mixture of sodium thiosulphate (4.0x10-3 mol 
dm-3) and Aliquat 336 (saturated at about 1 vol.%),  
in solution at pH 5, completely retained the methyl 
iodide (4.0x10-5mol.dm-3) at room temperature,  
even without radiation. A much increased (100x) 
CH3I decomposition rate (7.9x10-3 s-1) was 
obtained (Fig. 11).  

Aliquat 336 is a phase-transfer catalyst that 
concentrates the reactants, i.e. the thiosulphate ions 
and CH3I molecules. Additional experiments have 
confirmed the enhanced decomposition for the pH 5 
to pH 9 range, at temperatures from 22°C to 90°C. 
The results of these experiments, using both an 
additive (sodium thiosulphate) and a co-additive 
(Aliquat 336), have provided data on concentration 
ranges as well as on the additive to co-additive ratio,  
for which a substantial increase of CH3I 
decomposition had been observed.  

Separate experiments have also confirmed that iodide 
ions, formed from decomposing CH3I, are bound to 
Aliquat 336 as a result of the exchange of I− for Cl− in 
the quaternary ammonium compound: 

C25H54NCl + I− = C25H54NI + Cl− 

 

Fig. 11: Destruction and retention of methyl iodide in 
an aqueous solution of thiosulphate and 
Aliquat 336 under irradiation. 

Experimental results without additives, or with either 
thiosulphate or formate additives, were compared with 
model predictions using the PSIodine code [18]. The 
tests without additives were fairly well predicted, 
though the modelling is still under development. A 

mass transfer model for CH3I and I2 between the gas 
and water phases has predicted a retarding effect on 
CH3I decomposition, as expected. A first model to 
predict CH3I reduction by CO2

•−, radiolytically 
generated from formate ions, has been added to the 
code. Additionally, a model has also been included to 
predict the rate of nucleophilic CH3I decomposition by 
thiosulphate ions, together with their radiolytic 
decomposition. Generally, the code predictions have 
reproduced the experimental results quite well. 

5 SUMMARY AND CONCLUSIONS 

The PSI results obtained in the framework of the 
ICHEMM project have provided new data on iodine 
behaviour under conditions not previously studied, but 
which are of direct relevance to severe accidents in 
both Pressurised Water Reactor (PWR) and Boiling 
Water Reactor (BWR) systems. 

The results have confirmed rate data for CH3I 
hydrolysis at room and higher temperatures: i.e. from 
25oC to 90oC. At low temperatures (= 50oC), and 
without additives, destruction by radiolysis is clearly 
dominant compared to hydrolysis, and the pH effect 
does not appear significant within the studied range of 
pH 5 to pH 9. Increased decomposition in comparison 
with CH3I hydrolysis was observed in the presence of 
additives, even without radiation; the best results were 
obtained with ammonium sulphide and sodium 
thiosulphate. The experiments have also shown that 
Aliquat 336 partly retains, or delays, volatilisation of 
CH3I in solution, and that in comparison to 
thiosulphate alone at room temperature and pH 9, the 
decomposition rate becomes very rapid (100x), due to 
the synergic effect, if thiosulphate is added to the 
Aliquat 336 in the range pH 5 to pH 9, and at 
temperatures from 22oC to 90oC. 

For the additives so far investigated, there appears to 
be a good potential for improving procedures for 
accident management by reducing the volatile organic 
iodine in the containment atmosphere. This could be 
achieved by either fast decomposition or fixation of 
the methyl iodide, or its product (iodide), in either 
aqueous (sump) solutions or suspensions.  

Future work should focus on studies at higher 
temperatures (from 90oC upwards), and on a detailed 
study of pH effects, in order to derive optimal 
conditions for the synergic decomposition reactions of 
organic iodine by reagent additive mixtures. A 
proposal is discussed briefly in Section 6 on how the 
results could be applied to severe accident measures 
in combination with nuclear waste management. 

6 POTENTIAL APPLICATIONS  

Organic iodines and molecular iodine are 
decomposed by additives, such as thiosulphate, as 
well as by hydrolysis and radiolysis (under certain 
conditions ). Iodide is the main decomposition product. 
The use of Aliquat 336 as a co-additive enables 
fixation of the iodide. Therefore, the combined use of 
these additives could form the basis of a new 
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approach for retaining iodine in containments, and for 
defining procedures for the management of long-term 
iodine waste.  

The experimental database can be used for designing 
existing containment spray systems and venting 
filters. When the proposed additive mixture is applied 
to the retention of organic iodines and molecular 
iodine in scrubbers of the filter system for NPP 
containment venting [19], or in newly upgraded safety 
measures  for Severe Accident Management (SAM) 
tanks in which pure thiosulphate solution is used, e.g.  
in Finnish NPPs [20], the retention efficiency could be 
significantly increased. This could represent a 
welcome advance in accident management 
technology.  

Long-term and secure disposal of waste iodine in 
containment sumps can be achieved by filtration of 
sump water using SiO2-based solid filters (Fig. 2). 
This concept has been tested experimentally, and 
retention factors of more than 100 have been 
observed. Aliquat 336 has already been used for 
actinide and technetium separation, but not for the 
processing of iodine-containing nuclear waste, though 
it does have a high stability in radiation fields [21, 22]. 

In summary, a commonly accepted and implemented 
process for iodine waste conditioning does not 
currently exist. The results of the present  
investigations could, however, form a basis for a 
novel approach in this area. 
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