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RÉSUMÉ 

Mots clés :  Mémoire HDR, Accident Grave, Chimie Transport, Iode , Césium 

Ce mémoire résume une vingtaine d’années de recherche expérimentale consacrées au comportement des 
produits de fission (PF) en lien avec les situations accidentelles graves de réacteurs nucléaires. Une attention 
particulière a été portée à l’iode et au césium, qui sont les deux contributeurs majeurs aux conséquences 
radiologiques, en cas de relâchement significatif à l’environnement. L’objectif est de comprendre aussi 
finement que possible leur comportement physico-chimique depuis le relâchement du combustible dégradé, 
jusqu’à leur émission potentielle à l’environnement et leur transport dans le compartiment atmosphérique. 
Le but final est d’améliorer les outils de simulation développés par l’IRSN qui permettent d’évaluer les rejets 
possibles à l’environnement. Les rejets extérieurs constituent ce que l’on appelle le terme source (TS), il est 
défini pour un isotope donné et une forme chimique. 

Si les essais intégraux Phébus PF ont apporté de nombreux enseignements sur le relâchement des produits de 
fission et des matériaux des barres de commande, des questionnements subsistent, notamment sur la 
réactivité de ces matériaux durant leur transport dans le circuit primaire. Les expérimentations que j’ai 
dirigées depuis 2008 sur la ligne CHIP ont apporté des éléments de compréhension essentiels pour mieux 
simuler cette phase de l’accident. En effet, il a été confirmé qu’outre CsI, d’autres formes iodées 
(gazeuses/condensées) peuvent être transportées dans le circuit primaire. La persistance d’une fraction 
importante d’iode gazeux à la brèche en branche froide semble être fortement liée à la nature de l’atmosphère 
gazeuse et à la présence d’autres produits de fission (Mo et surtout le rapport Mo/Cs). Les éléments issus de 
la dégradation des barres de contrôle (B pour B4C et Cd, Ag pour AIC) peuvent aussi jouer un rôle sur la chimie 
transport de ces PFs. Les efforts  portent maintenant sur l’amélioration des outils de simulation pour mettre 
en cohérence les simulations avec les observables expérimentaux.  

Les phénomènes de revaporisation depuis les dépôts dans l’installation peuvent contribuer à des rejets tardifs 
comme cela a été mis en lumière lors de l’accident de Fukushima Daiichi. Les premiers travaux expérimentaux 
que j’ai conduits sur cette thématique visaient à identifier les principaux paramètres qui régissent ce 
phénomène à une échelle analytique et à quantifier le rejet possible de formes iodées gazeuses. Les premiers 
essais avec l’iodure de césium et l’iodure d’argent ont mis en évidence le rôle du potentiel oxydant de 
l’atmosphère dans la formation d’iode gazeux, mais aussi le rôle de la réactivité hétérogène. En effet, la 
décomposition de CsI est observée dès 300-500°C – domaine de température bien inférieur à sa vaporisation 
– et est attribué à des réactions hétérogènes solide -gaz avec l’air ou à des interactions avec la surface d’acier 
oxydée. Les travaux expérimentaux sur cette thématique vont se poursuivre dans le cadre du programme 
OCDE ESTER associant essais à petite échelle mais aussi à une échelle intermédiaire dans la ligne 
expérimentale CHIP permettant de reproduire des compositions de dépôts plus complexes dans un gradient 
thermique maîtrisé. 

Enfin, en raison des conséquences sanitaires résultant de l’exposition de la population et de la contamination 
des sols, le devenir des espèces radio-iodées après leur émission dans l’atmosphère est une préoccupation 
majeure. Afin d’améliorer les outils IRSN de prédiction de la dispersion des radio-contaminants, des études 
expérimentales à l’échelle du laboratoire ont été entreprises sur la réactivité de l’iode avec les aérosols 
atmosphériques. Ces études visent à compléter la connaissance du cycle atmosphérique de l’iode dont la 
réactivité hétérogène gaz/solide est encore peu documentée dans la littérature. Plus particulièrement, je me 
suis intéressée à l’interaction de CH3I avec des solides modèles des principales classes atmosphériques 
d’aérosols (sels marins, aérosols inorganiques secondaires et organiques secondaires). Le résultat principal 
est que l’interaction de l’iodure de méthyle avec ces solides modèles est du second ordre par rapport à la 
chimie en phase gazeuse. On s’attend donc à ce que l’iodure de méthyle reste en phase gazeuse pendant son 
cycle de vie dans la troposphère et soit principalement impliqué dans les processus photochimiques, comme 
mentionné dans la littérature. Les futurs travaux seront consacrés à l’iode moléculaire – réputé plus réactif - 
afin d’évaluer les conséquences de ce type d’interaction sur son cycle de vie et donc sa dispersion. Ces travaux 
s’inscrivent dans un projet plus global au sein de l’institut dénommé SPECIOSA visant à mieux évaluer la 
dispersion, notamment en champs relativement proche. 

Les avancées de ces recherches ont apporté des éléments de réponse pour compléter/valider les outils de 
simulation et ont suscité de nombreuses perspectives d’études sur le terme source (cas du Cr des 
combustibles innovants EATF), la revaporisation (programme OECD-ESTER) et enfin la dispersion 
atmosphérique des radio-nucléides (programme IRSN transverse SPECIOSA). 
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SUMMARY 

Key-words: Research Summary, Severe Accident, FP chemistry, Iodine, Caesium 

This brief summarizes 20 years of experimental research on the behaviour of fission products in relation to 
severe accidental nuclear reactor situations. Particular attention has been paid to iodine and caesium, which 
are the two major contributors to the short- and medium-term radiological consequences in the event of 
significant release to the environment. The aim is to understand as finely as possible their physico-chemical 
behaviour from the release of degraded fuel to their potential emission to the environment. The final goal is 
to improve the simulation tools developed by the IRSN, which make it possible to assess potential releases to 
the environment and predict their dispersion. External releases are the so-called source term (TS), defined for 
a given isotope and chemical form.  

If numerous information on fission product and control rod material release could be gained from the integral 
PHébus FP tests, some important transport issues were pointed out - in particular concerning their reactivity 
during their transport in the reactor coolant system. The experiments which I conducted in the CHIP line since 
2008, brought some key elements of understanding to better simulate this accident phase. It was indeed 
confirmed that beside CsI, other iodine forms (gaseous /condensed) can be transported in the RCS in severe 
accident conditions. The persistence of a significant gaseous iodine fraction in cold leg break conditions seems 
to be strongly linked to nature of gas atmosphere and the ratio of the other released elements – especially 
Mo/Cs ratio. Control rod elements (Boron for B4C and Ag, Cd for SIC control rod) were highlighted as playing 
also a role on FPs transport. Efforts are now ongoing to improve modelling to be capable of reproducing the 
trends experimentally observed. 

Revaporization phenomena from the reactor coolant system or containment vessel and their consequences 
in terms of late phase releases were highlighted by the Fukushima Daiichi accident. The first experiments  I 
have led, were aimed at identifying the main parameters that governs this phenomena at an analytical scale 
and to quantify the possible release of iodine gaseous forms. The first tests with caesium iodide and silver 
iodide highlighted the role of the oxidative potential of the atmosphere in the release of gaseous iodine 
species but also the role of heterogeneous reactivity. Indeed, both reaction with oxidised stainless steel 
surface and heterogeneous reaction with air atmosphere resulted in CsI decomposition producing gaseous 
iodine species in a temperature range (from 300-500 °C) far much lower than expected from CsI vaporisation. 
this thematic will be further investigated in the framework of the OECD ESTER program. Experiments will be 
performed  at analytical scale and at an intermediate scale allowing to consider complex deposit compositions 
as obtained in the CHIP Line. 

After their emission into the environment following an accidental or an incidental situation, the fate of iodine 
species in the atmosphere is a strong issue for predicting human exposure and land contamination – given the 
health effects of exposition to radio-contaminants. In order to improve the relevance and accuracy of iodine 
modelling in the IRSN dispersion software, experimental studies at laboratory scale were undertaken with the 
objective of fulfilling the understanding of iodine atmospheric mechanism. Strong interest was brought on 
gaseous iodine interaction with atmospheric aerosols – as this field is still poorly documented in the literature. 
Interaction of methyl iodide with surrogates of the main atmospheric aerosol classes (sea salt, secondary 
inorganic and organic aerosols) was firstly considered. The main outcome is that interaction of methyl iodide 
with such solids seems to be of second order compared to gas phase chemistry. Methyl iodide is thus expected 
to remain in the gaseous phase during its lifecycle in the troposphere – and be mainly involved in 
photochemical gas phases processes as mentioned in the literature. Further work will be devoted to molecular 
iodine - expected to be more reactive – in order to evaluate the consequence of such interactions on its 
tropospheric lifecycle. This work is part of a more global project within the institute called SPECIOSA  dedicated 
to better assess iodine dispersion. 

The achievements of these research programmes have given rise to new questions and are extended into 
many experimental perspectives on source term issues (role of Cr from Accident Tolerant Fuel), on 
revaporisation issues (OECD –ESTER programme) and finally on atmospheric dispersion issues (IRSN SPECIOSA 
programme). 
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1 INTRODUCTION 
The shift towards production of carbon-free energy is the main challenge of XXI century that can meet the double 
objectives of limiting climate change (IPCC, 2021) and facing fossil energy shortage (oil, gaz, and coal). Such a 
shift at a world stage and within a very short time lapse (30-50 years) will result in a massive switch of energy 
production toward electricity. In France, even in a context of energy restraint, electricity demand is expected to 
increase strongly up to 750-900 TWh by 2050 given the retained energy shift scenario (RTE, 2021; Académie des 
Sciences, 2021 ; GrandJean et al., 2014). Indeed, the applications of electricity are numerous and can meet 
almost all the industrial or individual needs of our advanced societies – including individual transport (battery 
and especially production of hydrogen by water electrolysis). To address this issue, the production of electricity 
by atomic fission (of 235U and/or 239Pu) has major advantages (Schlömer et al., 2014; Guillaumont et al., 2021): 
very low CO2 emissions per kWh produced (6-12 g/kWh) comparable to wind energy, very high energy density of 
nuclear fuels compatible with sustainable source material and low land consumption for Nuclear Power plants 
construction. Availability of nuclear electricity production exceeds largely that of the intermittent renewable 
energy resources with a load factor for nuclear power energy generation of 0.85 compared to 0.1 to 0.25 for 
wind or solar energy production. The present world’s uranium resources are sufficient for supplying nuclear fuel 
over a period of one hundred years up to several hundred years with the Fast Neutron Reactor technology 
(enabling the full energy potential of uranium to be exploited). 

The energy guidelines decided in France in the 1970s following the first oil crisis (Messmer Plan, Gaïc Le Gros, 
2016) enabled France to acquire a fleet of nuclear power plants in the following 30 years (currently 56 reactors 
in operation, all pressurized water technology) contributing to the production of more than 70% of electricity. 
Combined with hydro-electric production (10-14% of annual electricity production) and renewable energy 
resources (wind plus solar), French electricity production is thus more than 90% carbon-free (https://www.rte-
france.com/eco2mix). Such electricity production mix allows France to limit very strongly the greenhouse gas 
emissions related to the production of electrical energy compared to our European neighbours 
(https://app.electricitymap.org/map). 

If, in normal operations, the entire nuclear power plant (from the manufacture of the fuel, its use in power plants, 
then its reprocessing and the storage of wastes) leads only to very low radioactive discharges with no health 
impact, accidental situations can lead to significant releases of radionuclides to the atmosphere with important 
consequences for the environment and the surrounding populations. Taking into account the specificity of 
nuclear installations and the consequences of releases to the environment, from the design of installations, 
measures shall be taken to prevent accidental situations or limit their effects, in all phases of a nuclear facility’s 
life – from construction to dismantling. This safety culture at a very high level is ensured by the operator and 
controlled in France by an independent authority (Nuclear Safety Authority) with the technical support of IRSN. 

Although the probability of an accident with very advanced core melting or degradation remains very low (10-5 

reactor/year, Cénérino, 2008), and the measures to reduce the occurrence of such accidents are constantly 
reassessed/improved, the deployment of large-scale nuclear power generation (442 reactors currently in 
operation and 57 under construction (from WNA, 2021) means that the occurrence of this type of accident 
cannot be excluded. Over the past four decades, three main accidents occurred: 

• The severe accident on a pressurized water reactor at the Three Miles Island power plant (USA, 1979) which 
led to a very advanced meltdown of the core following technical and human failures (IRSN website, 2019). This 
accident resulted in only limited releases to the atmosphere (0.56 TBq for 131I). Indeed, although significant 
quantities of radionuclides were released into the containment building during this accident, its integrity was 
maintained and it was thus able to act as a barrier to confine radioactive species. This event was ranked at Level 
5 of the International Nuclear Event Scale (INES). 

• The Chernobyl disaster in 1986 (IRSN website, 2021b) which is a reactivity accident on a RBMK-type reactor 
that caused the reactor to explode and a multi-day graphite fire that caused the massive dispersion of very large 
amounts of radioactivity into the atmosphere (up to 1800 PBq for 131I). This accident was ranked at the maximum 
level 7 on the INES scale. 

https://www.rte-france.com/eco2mix
https://www.rte-france.com/eco2mix
https://app.electricitymap.org/map
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• The major accident at the Fukushima Daichii power plant in 2011 (IRSN website, 2021a), which was caused by 
the combination of two major natural events: an earthquake of very high intensity followed by a tsunami that 
flooded the entire plant and caused the loss of conventional cooling sources as well as total power losses for the 
4 reactors located at the bottom of the plant. The shutdown of cooling led to the melting of the cores of reactors 
1 to 3 over three days (the n°4 being in maintenance and thus discharged) and loss of containment integrity 
following explosions resulting in massive releases of radionuclides to the environment (100-200 pBq iodine-
131). This accident was classified as INES Level 7. 

The last two accidents resulted in massive releases of radionuclides to the environment and forced large-scale 
population evacuations. Remediation (total or partial) of the sites requires considerable effort spanning several 
decades. The consequences of such accidents in terms of economical and societal costs (IRSN website, 2013) 
make it a major issue in the acceptability of this energy by the public and has for more than forty years motivated 
major research efforts by operators and safety institutes of the major nuclear countries (France, United Kingdom, 
USA, Japan, Canada…). In France, the main research programmes on nuclear reactor accidents were initiated in 
the early 1980s following the TMI accident and were carried out by the main operators in the nuclear industry 
(IRSN, CEA, EDF, Framatome, Orano). This work has focused on both reactivity accidents (RIA) resulting from a 
local or extended loss of fission reaction control, and severe core melting (SA) accidents whose residual core heat 
cannot be evacuated at reactor shut down. 

The remainder of this manuscript will focus on researches into severe pressurized water reactor accidents. The 
aim is to understand as precisely as possible the physical and chemical phenomena involved, to quantify/model 
them and to reduce their uncertainties. The ultimate goal is to develop simulation tools that can be applied to 
reactor cases in order to be able to predict the progression of a large panel of severe accident situations and to 
assess the possible releases to the environment based on accidental scenarios and be able to define suitable 
post-accident management strategies. Modelling cannot do without experimentation useful to guide and 
validate models development. The experiments were carried out on the one hand by considering the different 
phenomena separately and on the other by carrying out more general tests (but on a very small scale compared 
to the reactor case) in order to evaluate the interactions between these phenomena. The research was carried 
out on experimental installations on a technically (and financially) accessible scale, while remaining sufficiently 
representative to allow extrapolation to the reactor case. 

In a typical scenario of a nuclear severe accident (Cenerino, 2008; Jacquemain et al., 2015), the initiating event(s) 
can be a series of failures in the circuit ensuring the cooling of the core (Reactor Coolant System, Secondary loop 
or even Reactor residual heat removal circuit) which can lead to partial or even total loss of cooling systems. 
Indeed, even after core shut down, the residual heat (representing up to 7% of the nominal thermal power of a 
core and mainly due to fission products decay heat) has to be constantly removed (Jacquemain et al., 2015). 
Failure of cooling systems results in a dewatering of the core and subsequent overheating. Severe accidents are 
characterized by extended core degradation i.e., by losing its geometrical integrity induced by melting and debris 
formation when the non-submerged parts of the core undergo significant temperature rise (more than 1200°C). 
At this stage of core degradation, significant material releases occur in vapour form (volatile fission products and 
control rod material), which are then transported through the reactor coolant system and partially released into 
the containment building. During a severe accident, chemical reactivity in the containment building must take 
into account the released fission products, the presence of steam, water, organic material, metal and concrete 
surfaces, high temperatures and radiation effects. 

Moreover, different physical phenomena are liable to occur progressively with core degradation such as vessel 
rupture inducing the escape of the degraded core (named corium) in the lower part of the containment and then 
molten core/concrete interaction in the reactor pit, or steam explosion when the molten core encounters water 
accumulated in the sump. In the containment atmosphere, hydrogen combustion can cause direct containment 
heating and finally, containment rupture, and leakages. This mode of containment failure is very important as it 
can allow radioactive species to be released earlier directly to the environment.  

The main radiological significant fission products to be released into the environment in case of severe nuclear 
accident are iodine, caesium and tellurium. Strontium, ruthenium, barium, molybdenum and the lanthanides are 
less released. Fuel material and minor actinides are not usually considered to be released in such accident 
scenario. Behaviour of iodine is of main concern given its volatility and the potential short-term radiological 
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consequences of releases of radioactive iodine to the environment. The amount, the nature and isotopic 
composition of the released radioactive material released from the core is called “Source Term”, and its 
quantification is the main objective of the international research programs in severe accident as it is taken into 
consideration when defining corrective actions that have to be taken to protect people under these conditions. 
The source term is defined as a specific type of release characteristic to a family of reactors and representative 
of the accident type, i.e., in general a containment failure mode following complete core melt (Cenerino, 2008).  

In the objective of better predicting the consequence of such an accident and evaluate the radiological 
consequences to the population and the environment, the French expert in nuclear safety has developed, over 
the past 25 years, several computational tools dedicated to simulate an accidental sequence of a PWR and predict 
fission products source term and in particular, the radioiodine source term. The integral Accident Source Term 
Evaluation Code (ASTEC) (Chatelard et al., 2016) code is designed to simulate the entire core melt accident from 
the initiating event up to radioactive release outside the containment vessel – including thermahydraulic aspects, 
core degradation, material release and transport in the RCS up to the containment, and physico-chemical 
evolution of the main FPs. This code is mainly dedicated to safety analyses. The atmospheric dispersion of the 
radionuclides and especially that of iodine, is then modelled by C3X operational tool (Saunier et al., 2020) also 
developed by IRSN, further dispersion in the terrestrial, and biogenic compartment is then taken into account in 
SYMBIOSE tool (Gonze et al., 2002). 

Development of such simulation tools must rely on large experimental data sets – needed both for the 
development of the physical and chemical models implemented in the code and for the final validation process. 
Code validation ensures that the outputs give a reliable representation of all physical and chemical phenomena 
that can be encountered in a given severe accident scenario.  In this view, several experimental research program 
were launched at IRSN over the past decades dedicated to study the phenomenology of a severe accident from 
core degradation up to iodine chemistry in the containment vessel. Concerning the specific point of material 
release, transport and their long term behaviour in the containment building, several experimental programs 
were conducted by IRSN or performed in collaboration with other national (CEA) or international partners. These 
programmes involved separate effect tests (ISTP-EPICUR, STEM-EPICUR for iodine behaviour in conditions of the 
containment, STEM-START dedicated to Ru transport and revaporisation in the RCS; Clément and Zeyen, 2005; 
STEM&STEM2 on OECD web site), coupled effect tests (as VERCORS and VERDON for FP release from actual small 
fuel samples, CHIP-CHIP+  dedicated to study physical chemical behaviour of complex chemical systems involving 
several FPs and CR material in the RCS; Pontillon and Ducros, 2010; Gallais-During et al., 2012; Clément and 
Zeyen, 2005) and large scale integral tests featuring a whole degradation sequence and performed on large fuel 
samples (Phébus FP programme, 1990-2012; Clément and Zeyen, 2013). Besides, major efforts have been made 
to better assess or complete the thermo-chemical properties of the material in SA conditions (fuel, cladding and 
control rod alloys, expected released species based on literature review, experimental studies at analytical scale 
(High temperature mass spectrometry for instance) or l chemistry simulations (theoretical approaches via DFT 
and molecular dynamics, thermochemical computations …).  

In this view, my contribution over the past 20 years at IRSN in the field of research on severe accident was to 
develop and conduct experiments dedicated to better understand the behaviour of fission products from their 
release from the degraded fuel, their transport in the RCS up to the containment and finally in the atmospheric 
compartment. A special attention was brought on caesium and iodine chemistry as these volatile FPs are the 
most concerned with possible environmental consequences. Within the Department of Studies and Experimental 
Research from the Nuclear Safety division, I took part to several international or national experimental 
programmes, some of them still going on. 

From 2002 up to 2006, my first contribution was the follow-up of the post-test chemical analyses on samples 
collected during FPT2 and FPT4 tests of the Phébus FP programme. In this view, I managed an international 
working group on radio analytical chemistry. Within the experimental IRSN team specialized in γ spectrometric 
characterizations, I realised then the synthesis on material release and transport of these two tests and 
participated as a main contributor to the drafting of the corresponding test reports and to the final synthesis of 
the Phébus FP programme. Some main features of this work will be presented in chapter 2. 

From 2007 up to now, within the Environment and Chemistry Experimental Research Laboratory, I carry on the 
experimental research on FP physico-chemical behaviour in conditions of severe accident. In the framework of 

https://www.irsn.fr/EN/Research/Research-organisation/Research-units/Experimental-research-chemistry-fires/L2EC/Pages/environment-chemistry-experiment-laboratory.aspx
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the international CHIP programme (2004-2012) and its bipartite CHIP+ programmes (2012-2019) in collaboration 
with EDF, I worked on main FPs (I, Cs, Mo) and Control material (B, In, Ag, Cd) transport in conditions of a RCS on 
small scale lines and the CHIP phenomenological line at IRSN. The main aim was to identify the conditions 
enhancing the transport of gaseous form of iodine as was observed in some Phébus FP tests. Tight collaboration 
with academic partners helped to progress on this problematic by performing analytical experiments on 
simplified chemical systems (flame studies in collaboration with the PC2A laboratory of the University of Lille 
through the common laboratory C3R) and by allowing a fine characterization of the deposits collected after tests 
performed with complex system in the CHIP PL line (multi techniques surface characterization in collaboration 
with the UCCS and LASIR laboratories of Lille university and the ISM-GSM group of Bordeaux university). Some 
important development of the CHIP PL line and relevant results concerning the reactivity of the main FPs in SA 
conditions will be presented in Chapter 3. 

More recently, I have focused  my research on the mid-term behaviour of FPs inducing late phase release as 
observed in the aftermath of the FD accident. Within the MIRE program (PIA - ANR-11-RSNR-0013-01), the 
revaporization behaviour of caesium iodide was considered – the experimental work was performed though a 
Ph-D work (2014-2017) under shared supervision with our partners of the UCCS. In the framework of this study, 
the development of on-line instrumentation dedicated to molecular iodine monitoring was finalised (post-
doctoral position under my supervision) and allowed to complement the capabilities of the experimental lines. 
Main instrumental development and results of this study will be presented in Chapter 4. 

In continuation to the studies performed on iodine source term evaluation, the last issue in which I am involved 
concerns the fate of radio-iodine in the atmospheric compartment after accidental/ incidental releases. In order 
to improve the relevance and accuracy of iodine modelling in the IRSN dispersion software, experimental studies 
at laboratory scale were undertaken since 2017 with the objective of fulfilling the understanding of iodine 
atmospheric mechanism in particular its interaction with atmospheric aerosols. We considered first the reactivity 
of methyl iodine with surrogates of aerosols most representative of the atmosphere (inorganic and organic). The 
new thematic needed the development of dedicated reactors. Main outcomes of this first study – undertaken in 
collaboration with the ISM-GSM group of Bordeaux University – will be presented in Chapter 5.  

Finally I made a short synthesis of all these research works and provided some perspectives for the nexr 5-years. 

Iin the appendix part, I present some of my most relevant publications in peer reviewed international 
publications.  
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2 PHEBUS TEST –EXPERIMENTAL CIRCUIT DATA 
The Phébus Fission Product (FP) project was an international reactor safety project initiated in 1988 and 
supported by the European Commission, with NRC, JNES, JAEA, KAERI, COG, PSI and HSK 1and managed by the 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) in the Phébus reactor operated by CEA (Cadarache). 
The aim of this programme was to perform integral experiments (scale 1/5000th) simulating phenomena involved 
in a severe accident of a nuclear power plant, starting from the fuel degradation, the release of fission products 
(FPs), control rod material and structure material and their transport through the reactor coolant system (RCS) 
to the containment building of a Light Water Reator (LWR) (Schwarz et al., 1999; Clément and Zeyen, 2013). A 
special attention was focused on the iodine radiochemical behaviour as it can directly impacts the consequences 
of potential radioactivity release to the environment. 

Such integral experiments are seen as a necessary addition to one-by-one qualification of physical and chemical 
models using the results of separate effect experiments. Indeed, separate effect studies have the drawback of 
making strong hypothesis related in particular to the additivity of the different phenomena or on the nature of 
involved species not allowing the assurance that some important phenomena have not been omitted. For 
Integral experiments contribute also to the validation of models and computer codes to be used for the 
calculation of the source term in case of a severe accident with core meltdown in a LWR as the IRSN ASTEC code 
(Chatelard et al., 2016).  

The Phébus test matrix included five in-pile experiments successfully performed from 1993 to 2004. The first two 
tests, FPT0 and FPT1, were dedicated to studying fuel bundle degradation and material release and transport in 
a model primary circuit and containment building under steam rich (steam flow rate of 2~g/s) and low pressure 
(about 0.2~MPa) conditions. The first test (FPT0, Girault et al., 1999) was performed in December 1993 using a 
bundle of fresh fuel rods. The second one (FPT1, Jacquemain et al., 2000) was conducted in July 1996 under 
similar conditions, but with a bundle of irradiated fuel rods(23~GWd/tU). The FPT2 test (Grégoire et al., 2008), 
conducted with 32~GWd/tU fuels rods in October 2000, aimed at studying the same phenomena but in a steam 
poor environment (steam flow of 0.5~g/s) and with an injection of boric acid (with a boron mass concentration 
of 1000 ppm). The FPT3 experiment (Payot et al., 2010), performed in November 2004, must be considered as a 
continuation of FPT0, FPT1 and FPT2 series except that the absorber material was boron carbide instead of silver-
indium-cadmium. The objective of the specific FPT4 test (Chapelot et al., 2004), performed earlier in July 1999, 
was to study core degradation and release from a debris bed.  

My task within the experimental Phébus FP team (2002-2006), was the follow up of the post-test chemical 
analyses performed on sampling from the experimental circuit (FPT4 and FPT2 tests). The main objective of such 
chemical analyses was to collect information on the release and transport behaviour of the poorly or non γ-active 
material (fuel material, some fission products, control rod and structural material). In continuation to this work, 
I achieved the synthesis on material release and transport in the model primary circuit of the Phébus FP facility 
as reported in the final experimental reports of the FPT4 (Chapelot et al., 2004) and FPT2 (Grégoire et al., 2008) 
tests as well as contributing to the final synthesis of the Phébus FP programme (Haste et al., 2012; Grégoire and 
Haste, 2013). This section will be focused on some relevant results of material release and transport during the 
FPT2 test concerning main FPs (Cs, I, Mo, Ru, Ba..), control rod (In, Cd, Ag), fuel (U) and structure elements (Zr). 
A special section will be devoted to iodine behaviour in the circuit. The Phébus facility and FPT2 test scenario in 
connection with the main bundle degradation events will be presented first to provide a global overview of such 
integral experiments.  

  

                                                           
1 HSK- NRC Nuclear Regulatory Commission, NUPEC Nuclear Power Engineering Corporation, JNES Japan Nuclear Safety Organization, JAEA Japan Atomic 

Energy Agency, KAERI Korean Atomic Energy Research Institute, COG Candu Owners Group, PSI Paul Scherrer Institute, HSK Swiss Federal Nuclear Safety 
Inspectorate, CEA Commissariat à l'Energie Atomique. 
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2.1 Description of the Phébus FPT2 experiment 

The Phébus FP facility was operated by the French ‘‘Commissariat à l’Energie Atomique’’ (CEA) at Cadarache and 
is implemented in the Phébus reactor (pool type driver core with a central cavity). An overall description of the 
Phébus FP facility is given by March and Simondi Teisseire (2013). The detailed design, material data and test 
scenario of the FPT2 test are reported in the FPT2 final report (Grégoire et al., 2008). 

2.1.1 The Phébus FPT2 test experimental facility 

The Phébus FP facility was designed to be representative of a French 900 MWe PWR scaled down 1:5000 in the 
frame of a low-pressure cold-leg break scenario as illustrated in Figure 2.1. The objectives were to investigate: 

 The degradation of a fuel bundle with a fuel mass of about 10kg. The test assembly was composed of twenty 
Zircaloy-cladded UO2 fuel-rods (2 fresh fuel rods and 18 pre-irradiated at an average burn-up of 32 GWd/tU 
with 1-metre-long fissile length (initial enrichment was 6.85%)),together with a central stainless-steel-
cladded SIC (Silver Indium Cadmium) control rod2. The fuel bundle including two Zircaloy-4 spacer grids was 
surrounded by insulating shrouds (several concentric high density thoria sleeves) and housed in a pressure 
tube of inconel placed in the central cavity of the Phébus reactor, which provides neutron flux heating for 
the degradation of the test bundle (1). An upward flow was continuously sustained in between rods (steam 
injection flow rate 0.5 g/s, with boric acid at a boron mass concentration of 1000ppm), during the bundle 

degradation. A fraction of the injected steam was converted into hydrogen (Zr + H2O  ZrO2 + H2) during the 
oxidation phases; 

 The FPs release, deposition and transport from the test bundle to the containment via an upper-plenum and 
a vertical line (directly located above the test bundle) connected to an experimental circuit that simulates 
the RCS (reactor coolant system) and includes a model steam generator. The latter, which consisted of one 
4-metre-high inverted U-tube (3), ensured temperature transition between the circuit hot leg (2), regulated 
at 700°C, and the circuit cold leg (4), regulated at 150°C. The temperature regulation transition is located at 
the steam-generator inlet. The released materials conveyed with the fluid flow through the fuel bundle and 
the experimental circuit, ended up in a 10m3 vessel simulating the containment building (5); 

 The material behaviour in this containment vessel on the long term, with a special attention to iodine source-
term issue. The containment is equipped with a water-filled sump (120L buffered at pH=9) at the lower part 
(6) and dry and wet painted surfaces (named condensers) suspended at the vessel top (7). The steam 
condensation occured throughout the degradation phase on the condensers. The sump is overhung by an 
elliptic floor, dedicated to recover most of the settled aerosol injected in the containment. 

 

Figure 2.1 : The Phébus FP facility as compared to a PWR. 

                                                           
2 The control rod was held in a fixed fully-inserted position. It was not actually used as a control rod, but rather as source of prototypic material to allow 

reactor-representative material interactions to take place during and after the degradation process. 
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2.1.2 Experimental circuit instrumentation 

The test bundle (1), the experimental circuit (2), (3), (4) and the containment vessel (5) are well instrumented 
(Grégoire et al., 2008) to analyze the key phenomena occurring through the test by means of several techniques: 

 the fuel bundle degradation kinetics was mainly followed by thermocouple measurements. The final state of 
the bundle is characterized both by X-ray imaging techniques (radiography and transmission tomograms that 
allow to establish a general view of the post-test fuel bundle degradation) and by γ-spectroscopy 
examinations (providing a quantitative profile of γ -emitters of various nuclides present in the test device 
after the test); 

 the thermal hydraulic conditions were also followed on-line throughout the test thanks to thermocouples, 
pressure probes, flow meters placed along the circuit and in the containment. In addition, hydrogen 
production (as a result of the zircaloy cladding oxidation) was measured on-line both in the experimental 
circuit and in the containment vessel; 

 the material released from the fuel bundle, its transport through the circuit and its accumulation in the 
containment vessel were characterized by means of γ-spectrometers targeted at key positions of the hot leg, 
steam generator and containment vessel. In addition, sampling devices located in furnaces along the circuit 
hot-leg, the circuit cold-leg, and in the containment vessel were operated during the test (50-60 sampling 
operations). They were aimed at collecting both aerosols conveyed in the experimental circuit and released 
into the containment atmosphere (by filters and impactor devices) and liquid samples from the sump or the 
condensers (liquid capsules). All these samples were post-test analysed by γ-spectrometry for quantitative 
determination of the collected nuclide mass. Complementary destructive chemical analyses were performed 
on a selection of samples; 

 the amount of material deposited between the fuel bundle and the containment was also evaluated on 
several zones namely on the plenum, on the vertical line, on the circuit hot leg (on-line and post-test γ-
scannings), on the steam generator inner surface (post-test cut in 24 sections for γ-scanning and chemical 
analyses) and on the cold leg inner surface (post-test γ-scanning); 

 some specific devices implemented in the experimental circuit (hot leg and cold leg) were specifically 
designed to discriminate the various iodine species transiting through the circuit. In the circuit hot leg, four 
sampling channels (composed of filters at 700°C and 150°C connected by the so called “Transition Line") 
allow to discriminate the iodine forms transiting at 700°C i.e. aerosol (condensed iodine species), vapour 
(iodine species condensing between 700°C and 150°C) and gas (iodine species transiting at 150°C and thus 
condensing at temperature lower than 150°C such as I2 and HI). In complement, thermally controlled 
sampling tubes (so-called Thermal Gradient Tube) allowed to characterize vapour condensation in the 700-
150°C range. In the cold leg (150°C), successive filtering stages were used to distinguish between condensed 
iodine species (trapped in stainless steel or quartz filters), gaseous inorganic iodine (trapped in silver 
knitmesh filters) and gaseous organic iodide (trapped in silver zeolite filters). These sequential samplings 
were post-test γ-measured. 

In the framework of the Post Test Analyses plan, ~30 samples devoted to aerosol collection were sent to external 
laboratories for destructive chemical analyses: mainly aerosol filters and impactor samples from the hot leg, cold 
leg and containment vessel as well as 3 sections of the steam generator model. The objectives of these chemical 
analyses were to assess a reliable nuclide distribution in the experimental circuit  for the stable or poorly γ-active 
elements. Indeed γ-spectrometric measurements allowed to determine the nuclide distribution only for 
140Ba/140La, 137Cs, 131I, 129mTe, 110mAg and 114mIn. The main analytical technique was Inductively Coupled Plasma – 
Mass spectrometry after solubilisation of deposits in appropriate aqueous media (alkaline and concentrated 
nitric acid solutions). Direct and indirect information on aerosols characteristics (size, morphology and 
composition) were obtained by Scanning Electron Microscopy coupled to Energy Dispersive X-ray Spectrometry 
(impactor samples). The main issue of these chemical analyses was the handling of high radioactive samples 
which required to work in the hot cell facilities of the partner laboratories of the Phébus programme: ITU, CEA 
Cadarache and Saclay, AEA-T, PSI. The PTA campaign of FPT tests lasted three years (2002 -2005). 
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2.1.3 Experimental scenario and main bundle/FP release events  

The first phase concerned the fuel re-irradiation period (8 days) to generate a representative short lived FPs 
inventory. Then, a transition period (37 hours) occurred both to deplete the reactor xenon poisoning and to 
adjust the circuit thermal hydraulic conditions. The experimental phase itself comprised two main parts namely 
the degradation phase (or transient phase) and a long term phase. 

The degradation phase corresponded to a 5-hours transient3 during which the steam flow through the bundle 
was set to 0.5 g/s, while the driver core power was progressively increased by successive plateaus and ramps 
from 0.48 up to 7.9 MW to heat-up the experimental bundle (Figure 2.2). This phase lasted 19740 s. The 
temperature reached during the transient, as a result of both the nuclear power increase and the Zircaloy 
oxidation, led to the successive thermo-mechanical failure of the fuel clad and the absorber rod, followed by the 
melting and relocation of fuel and structural materials. This degradation phase resulted in an extensive release 
of hydrogen, fission products, fuel elements and structural materials into the circuit and the containment vessel. 

 

Figure 2.2 :  Phébus FPT2 test General chronology of the transient. 

The first indication of Zircaloy cladding failure was identified at the beginning of the second temperature plateau 
by the detection of aerosols released in the circuit (5630 s) at a temperature of fresh fuel of ~760°C. Later, the 
release of noble gases was measured in the containment by γ-spectrometry. The SIC control rod rupture is 
evidenced at 8730 s and for a temperature of ~730°C, before the oxidation runaway (9204 s). Due to the lower 
steam injection rate, about 0.5 g/s in FPT2 instead of 2 g/s in FPT0 and FPT1, the progression of the Zircaloy 
cladding oxidation front was slower in FPT2 than in FPT0 and FPT1. The first oxidation phase lasted about 
43 minutes (from 8700 up to 11300 s with a steam poor period (H2 > 75 vol%) of 18 minutes and a maximum 
hydrogen concentration of 97 vol%. 

As in FPT0 and FPT1, a second less-intense oxidation phase was observed at a later stage of the degradation, 
correlated with re-location of hot material in the lower part of the degraded test bundle (from 15500 up to 16600 
s). This late oxidation phase lasted about 18 minutes (H2 > 10 vol%), with a 3-to-4-minute-long plateau 
corresponding to a maximum hydrogen concentration of 17%. A total production of about 60 moles of hydrogen 
was measured throughout the transient. Assuming that hydrogen was essentially produced by the oxidation of 
Zr about 82% of the Zr was oxidised during the bundle degradation. 

During the degradation, some progressive fuel relocation occurred from the middle to the bottom of the bundle. 
It started at 15050 s with fuel departing from the hottest plane and arriving on to the lower Zircaloy spacer grid 

                                                           
3 In the following, times are specified relative to the time origin of the transient: t = 0 at 9:23 a.m. on October 12th, 2000 (start of the power increase). 
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(see Figure 2.3 ) . In the end, the stacking area extended to the whole cross section of the test bundle. A as result 
of the constant temperature increase in the degraded bundle, molten pool formation in the fuel relocation zone 
is observed starting from 17370 s. A chimney was formed still allowing the steam to flow through the molten 
pool but was later blocked at 18560 s as the molten pool extended over all this zone. This plugging of the test 
section caused the steam to bypass the bundle through the gaps in the shroud. The pool that formed in the lower 
part of the test bundle finally filled the entire cross-section and led to the experiment shutdown at 19740 s, due 
to the rapid temperature increase inside the shroud. The relatively low liquefaction and relocation temperatures 
(2200-2300°C) of the fuel rods already observed in the previous FPT0 and FPT1 tests were confirmed. 

The experimental circuit sequential samplings (hot leg and cold leg aerosol filters and iodine specific 
instrumentation) were operated during the key phases of the transient (first clad rupture, main and late oxidation 
phases) so as to obtain a kinetic of material release and transport in the circuit.  

The transient was ended by the reactor power shutdown and was followed by the cooling of the bundle by steam 
and then by the containment vessel isolation. The experimental phase went then on with a 4-day long-term 
phase consisting of: an aerosol phase (2 days) dedicated to the analysis of aerosol deposition mechanisms in the 
containment (gravitational settling and wall deposition), a washing phase (20 min) which aimed at collecting 
aerosols into the sump, and a chemistry phase (2 days) devoted to the analysis of iodine chemistry under 
conditions representative of a severe LWR accident. The description of the fission product behaviour in the 
containment vessel both during the transient and the long term phase is reported in the FPT2-final report 
(Grégoire et al., 2008). 

2.2 FPT 2 test - Final state of the bundle 

The degradation objective which consisted in reaching at least an instantaneous 2 kg of molten fuel was 
successfully fulfilled as post-test non-destructive analyses indicate that the mass of material in the molten-pool 
zone (100 to 263 mm BCF) was ~5.2 kg, i.e., ~2.9 kg (resulting from fuel relocation) added to the initial ~2.3 kg 
mass. 

 

Figure 2.3 :  Phébus FPT2 test –Initial and final state of the fuel bundle : X-ray tomography and mass distribution. 
Elevation reference is the “bottom pof the fissile column. 

Four zones can be distinguished in the degraded bundle (Figure 2.3), characterised by different fuel degradation 
states: 

 bottom of the degraded bundle from -50 to 100 mm/BFC: at the location of the lower support plate some 
materials are visible between the rods. The aggregates are made of corium, or of control rod materials. Above 
the support plate, fuel rods are still in place and surrounded with materials coming from upper levels; 
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 the molten pool zone from 100 to 263 mm/BFC: it is quite extended compared to the previous Phébus tests. 
Post test analyses showed that the corium composition (U2O and Zr-oxide rich with low contents of iron, 
chromium and absorber material) is quite comparable with those obtained in the FPT0 and FPT1; 

 the cavity from 263 to 766 mm/BFC. The cavity is a crust of molten materials with no remnant of fuel rods. 
The upper part of the cavity contains rod remnants at the periphery; 

 the upper fuel rods from 766 up to 1027 mm/BFC. At the lower level of this zone, there are only peripheral 
rods and at the upper level of this zone, all the rods are visible. 

2.3 Fission product and material transport/deposition in the experimental 
circuit 

The release of FPs, control rod and structure materials through the primary circuit during the FPT2 transient were 
strongly correlated with bundle degradation events. Three main release phases could be identified: the first large 
release event was observed during the first oxidation phase (first phase), followed by a period of fairly steady 
release (for volatile fission products and control rod material) until approximately the late oxidation phase 
(second phase). Then, a second large material release occurred (less volatile material), at the time when 
oxidation happened in the lower part of the fuel bundle, accompanied important fuel liquefaction and relocation 
(third phase). At 17150 s, aerosol concentration in the containment atmosphere peaked then it started to 
decrease suggesting that materials was transported to the containment only in small quantities that could not 
compensate for losses associated with deposition processes. After 17500 s, i.e. after the formation of the molten 
pool, fission product transport to the containment almost stopped; this did not mean that material were not 
released from fuel anymore since circuit deposits could account for differences between containment 
measurements and integral fuel release. 

2.3.1 Transport in the cold leg of the experimental circuit  

Mass flow rate of material transported in the experimental circuit could be determined for the cold leg only. Two 
independent sources of data were used to establish material transport kinetics: 

 The post test γ-spectrometric and chemical analyses performed on the aerosols filters operated in the cold 
leg during the transient (6 sequential samplings operated at key period of the transient). The single activities 
or nuclide mass determined for each sample were converted in mass flow rate given the thermal hydraulic 
data of each sampling. Assuming a linear law between two successive samplings, an average mass transport 
kinetic could be then build up for most of released FPs, control rod, fuel and structural material. An integral 
filter operated during all the transient completed this data set. 

 The on-line γ-activity evolution in the containement atmosphere which was determined by a dedicated on-
line γ-station. These on-line data allowed to determine quantitatively the material accumulation in the 
containement vessel during the whole transient but only for a reduced set of nuclides (137Cs, 131I, 132Te, 99Mo 
and 116mIn). Its derivative correspond to the mass flow rate in the cold leg assuming that all material 
transported in the cold leg is released into the containement vessel.  

When considering the cumulated masses, comparison of the two data sets are rather satisfactory for I 
(Figure 2.4), Cs (Figure 2.5), and Te, less for Mo (Figure 2.6). After rescaling with cold leg integral filter data, In 
transport data matches also with a good degree the containement vessel measurements (Figure 2.7). The 
discrepencies between the derivative of containment atmosphere activity measurements and the mass flow rate 
curves determined in the cold leg (Figure 2.4 and Figure 2.5  for I and Cs respectively) may account for a better 
time resolution of on-line measurement able to catch the short duration release events which was not the case 
of the sequential samplings – especially for In. Nevertheless, larger uncertainties for on-line measurements may 
also account for these discrepencies. For the poorly γ-active and stable elements, transport in the cold leg (and 
subsequent cumulated mass injection into the containement vessel) is only determined from cold leg aerosol 
samplings (as displayed in Figure 2.7 for Ru, Ag and Cd).  

The elements may be classified depending on their release/ transport kinetics from the degraded fuel bundle to 
the containment vessel : 
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 Noble gas release started during the first oxidation runaway. The released noble gases exhibited a faster 
initial accumulation kinetics in the containment vessel than volatile fission products (not shown here); 

 Volatile and semi volatile FPs release to the containment  occurred at a fairly steady rate between the 
end of the first oxidation peak and the end of the second  oxidation peak (Cs, I, Rb and Te, Mo with some 
delay) in qualitative agreement with the fact that bundle degradation was progressive in FPT2.; 

 Low volatile FPs (Ru, Ba, La, Y, Sr,) were mostly released during the late phase of the transient starting at 
high temperatures in the bundle (late oxidation phase and final heat up) as shown in Figure 2.7 for Ru. 
This is also the case of structure (Sn, Zr), instrumentation material (W) and fuel (U) though there are 
considered almost as non volatile; 

 Control rod material (Cd, In, Ag) release/ transport is dependent of the type of control failure (Haste and 
Plumecoq, 2003; Dubourg et al., 2010). In the case of FPT2 test, a large burst of Cd is observed at the 
beginning of the first oxidation phase (Figure 2.7) – accordingly to a large control rod failure. More 
refractive, significant In and Ag releases started at higher bundle temperatures, after the first oxidation 
phase for In (followed by a fairly steady release up to the second oxidation peak) and during the late 
oxidation phase for Ag. 

Due to experimental difficulties (failure of thermal hydraulic measurements for the hot leg samplings), no mass 
flow rate curves could be established in the hot leg of the circuit during the transient. 

 

 
Figure 2.4 :  Phébus FPT2 test - Iodine cold leg transport determined from cold leg samplings. Comparison with on-line containtement 

atmospheric γ-measurements a) cumulated mass, b) derivative. 

 

 
Figure 2.5 : Phébus FPT2 test - Caesium cold leg transport determined from cold leg samplings. Comparison with on-line containtement 

atmospheric γ-measurements a) cumulated mass, b) derivative. 
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Figure 2.6: Phébus FPT2 test –  Te and Mo cold leg transport determined from cold leg samplings. Comparison with on-line 

containtement atmospheric γ-measurements (cumulated mass). 

 

 
Figure 2.7: Phébus FPT2 test – In, Ru, Ag and Cd cold leg transport determined from cold leg samplings. Comparison with on-line 

containtement atmospheric γ-measurements (cumulated mass) only for In after rescaling with cold leg integral filter. 

 

2.3.2 Material retention in the circuit 

On the circuit wall – from the upper plenum down to the cold leg, deposition processes probably involved i) 
vapour condensation on cooler surfaces, possibly followed by chemical interactions with the surfaces or with the 
deposited elements, ii) thermophoresis, iii) aerosol impaction, and iv) aerosol settling processes. Vapour 
condensation and thermophoresis are most expected in the strong temperature transition zone of the upper 
plenum (> 1500 -700°C) and steam generator model inlet sections (700-150°C), whereas aerosol impaction and 
settling are most expected in the colder zone of the experimental circuit (150°C). During the FPT2 test, the low 
steam injection rate (0.5 g/s) resulted in a significant deposition of volatile fission products (Cs, I, Te and Mo) in 
the upper section of the degraded test bundle (above the upper grid at the level of the remaining upper fuel 
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rods, see Figure 2.3). Deposits were also significant for all species (except noble gases) both in the hot leg and in 
the cold leg of the circuit (as reported in Table 2.1 in section 2.4.3). 

In the cold leg, deposit could be determined only for caesium, barium and silver. Nevertheless, compared to the 
mass injected into the containment, a generic behaviour could be identified for volatile (Cs) and low volatile 
material deposit (Ag, Ba) allowing to estimate the cold leg deposits for the unmeasured elements: cold leg 
deposition is estimated up to 11% and 43% of containment injected mass for volatile elements and low volatile 
elements respectively. In the hot leg, material deposition could be determined experimentally for a larger set of 
elements (Cs, I, Te, Ba, Ag) ; for the unmeasured elements, hot leg deposition was calculated with similar 
approach using hot leg deposit/cold leg transport ratio for low volatile elements (0.33 of the mass transiting 
through the cold leg) and for volatile elements (0.016). 

In the steam generator model (SG) inlet section, deposition profile indicates that all material entered into the 
steam generator in a condensed form (simple exponential decay, involving a single deposition process assumed 
to be aerosol deposition process lead by thermophoresis), even the elements which were identified to be partly 
in a vapour form in the hot leg. For iodine and cadmium, this observation contrast to the previous FPT1 test 
(Jacquemain et al., 1999), where those elements were identified as a mix of vapour and condensed species at 
the SG model inlet. A lower fluid/wall temperature at the SG model inlet than the target value (700°C) may 
explain this early vapour condensation. Deposits in the hot leg of the steam generator represented about 84% 
and 94% of the total mass deposited in the steam generator respectively for low volatile and volatile elements. 

After the core shutdown, a large increase of caesium activity was observed on the steam generator, indicating 
re-volatilization of upstream caesium deposits (upper plenum and vertical line), caesium was next swept along 
with the carrier gas and deposited mainly in the steam generator. A similar observation was made for iodine : at 
the end of the degradation phase, both 131I and 132I activity kept on increasing on the steam generator tube till 
end of steam injection. This increase is shown to correspond to iodine creation by decay of respectively, 131Te 
and 132Te, which are deposited in large quantities along the circuit hot-leg. This fact suggests that tellurium 
deposits decay to volatile forms of iodine that are not retained in the circuit hot-leg, contrarily to earlier iodine 
deposits but that these volatile forms of iodine condense (at least partly) in the steam generator. 

 

2.3.3 Aerosol characterisation 

Condensed material was transported in the cold leg as mixed aerosols. The structure of the aerosol particles was 
predominantly ball shaped, with an AMMD (average mass median diameter) of about 2µm. Very fine particles 
may have been agglomerated to form larger particles. 

 

Figure 2.8 : Phébus FPT2 test – Aerosol release in the Containment vessel; Average morphology and mass composition. 
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The composition of the aerosols transiting through the cold leg (Figure 2.8) was dominated by fission products 
(Cs, Mo), control rod materials (Ag, Cd , In) and cladding material (Sn). The total material mass flowing through 
the circuit, determined from elements measured in the circuit either by γ-spectrometry or by chemical analyses, 
amounted to about 60~g in the circuit hot leg (vapour and condensed material) and about 42~g in the circuit 
cold leg. Based on speciation data gained from the previous FPT0 and FPT1 tests, oxidation of material could 
have increased the total aerosol masses to about 50 g in the circuit cold leg. The aerosol mass composition was 
dependent on the bundle degradation events: 

 large control rod material (almost exclusively Cd) contributions during the first main oxidation phase; 

 large volatile FP (Cs, Mo) and significant control rod (Ag) and structure material (Sn) contributions during the 
phase leading to the melt initiation and propagation; 

 dominant Ag and significant volatile FPs (Cs, Mo), control rod (Cd) and structural material (Sn) contributions 
during the late oxidation and the final heat-up. 

The aerosol mass concentration was at its highest level during the late oxidation phase: about 12% of the aerosol 
mass transited through the circuit during the main oxidation phase, 17% during the phase leading to the melt 
initiation and progression in the fuel bundle and 71% during the second oxidation phase. 

2.4 Mass balance in the experimental circuit 

Based on the quantitative analyses of the degraded fuel bundle (post-test γ-scannings), and the main sections of 

the experimental circuit (-spectrometry and ICP-MS analyses) one may build up an overall distribution and an 
integral release for most of nuclides of interest, taking into account: 

 The initial bundle material inventory for the fuel, the fission products, the control rod and the structural 
materials; 

 The amount of material remaining in the test bundle zone or re-deposited in the upper plenum and the 
vertical line at the exit of the test bundle at the end of the degradation phase; 

 The amount of material deposited in the circuit experimental lines (horizontal hot leg, model steam 
generator and horizontal cold leg) at the end of the transient; 

 The amount of material (mainly aerosol and a small fraction of gaseous species) which transited through the 
circuit cold leg and was finally released into the containment vessel during the degradation phase. 

2.4.1 Initial bundle inventory 

The fission product and the heavy nuclide inventories of the initial bundle were calculated with the PEPIN2 code 
of the DARWIN package (Tsilanizara et al., 2000). It relies on the specification of the power/burn up history 
experienced by the irradiated fuel, including the prior in-reactor irradiation (the BR3 reactor for FPT1, FPT2 and 
FPT3 irradiated rods and the Gravelines 5 plant for the FPT4 fuel), the Phébus re-irradiation phase (except for 
FPT4) and the Phébus transient phase. 

The validation of the APOLLO2/PEPIN2 calculated inventories by comparison with experimental data is discussed 
in (Jacquemain et al., 2000) for FPT1, (Chapelot et al., 2004) for FPT4, (Grégoire et al., 2008) for FPT2 and (Payot 
et al., 2011) for FPT3. For a large number of fission products and for some heavy nuclides (the inventory of which 
could be experimentally measured only for FPT4) a good consistency between the experimental and calculated 
inventories was obtained. Thus for those nuclides, the data gained from the APOLLO2/PEPIN2 calculation were 
retained as the reference initial bundle inventory (with a relative uncertainty comprised between +/- 5 and 15%). 
The determination of the activation product inventory (mainly 134Cs and the activation products of the control 
rod material: 110mAg and 114mIn) by APOLLO2/PEPIN2 is known to be less accurate (Grégoire et al., 2008); so those 
inventories were either considered with a large uncertainty (up to +/-50%) or indirectly determined by 
comparison with post-test chemical analyses performed on a selection of samples (FPT2 test, nevertheless with 
still a large uncertainty ~ +/- 30%). 

The inventory of natural element present in the fuelled part of the test section (cladding, structure and control 
rod material) was deduced from its description. 
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2.4.2 Methodology for the determination of the integral release 

For the elements detected by -scanning in the in-pile test section (including the degraded bundle, upper plenum 
and vertical line), the integral release was directly determined assuming that it corresponds to the difference 
between the initial inventory and the remaining part in the degraded bundle. For the other elements, as no data 
were available for the in-pile test section, the integral release was estimated assuming that it corresponds exactly 
to the sum of the inventory fraction deposited in the hot leg, the steam generator, the cold leg and released in 
the containment vessel. In this case, the calculated release is a minimum value, since the possible deposits in the 
upper plenum and vertical line were not accounted for and were thus considered as not released. 

2.4.3 Establishment of a mass balance closure 

For the well-detected γ-emitters, independent measurements were available for material remaining in the 
bundle, for deposit and transit in the experimental circuit and finally for release in the containment vessel. An 
overall check of the consistency of the data could thus be performed for the following elements: barium (γ-
spectrometry data for 140Ba/La), caesium (data for 137Cs), iodine (data for 131I), ruthenium (γ-spectrometry data 
for 103Ru completed by chemical data for 101-102Ru), tellurium (129mTe and 132Te/I), molybdenum (99Mo data 
completed by chemical analyses on the non-radioactive isotopes of Mo), silver (110mAg data). 

For most of the detected elements, mass balance closure is consistent within the experimental errors between 
the degraded fuel bundle and the circuit and between circuit and containment vessel. Thus no correction or 
adjustment has to be applied on the experimental data. The uncertainties remain between +/-20% for all 
elements except for In and Ag. For the low volatile elements (such as Ba, Ru, Ce, Zr) the uncertainty is dominated 
by the amount remaining in the degraded bundle The uncertainty is close to +/-35% for Ag and to +/- 55% for In 
due to a bad evaluation of their initial fuel bundle inventory. 

Circuit distribution and integral release from the degraded bundle is reported in Table 2.1 for the main FPs, 
control rod and structure material and fuel. Whenever possible, the data reported here were obtained from 
experimental determinations (black figures). Elsewhere, they were estimated either by deduction between 
several data sets or by the use of generic behaviours identified for the detected nuclides (blue figures). 

Table 2.1 : Phébus FPT2 test – Main material distribution in the experimental circuit and integral release. 

  In pile test section hot leg (700°C) 
SG 

(700-150°C) 
cold leg (150°C° Integral release 

  Test 
section 

fuel 
area 

upper 
plenum 

vertical 
line 

deposit transit deposit deposit transit % of i.i. 
mass 
[mg] 

Noble 
gas 

Kr 4.00E+01     6.00E+01   6.00E+01 6.00E+01 2.05E+03 

Xe 2.10E+01     7.90E+01   7.90E+01 7.90E+01 3.31E+04 

Fission 
product 

I 
3.3E+01 2.8E+01 4.1E+00 3.8E-01 4.4E-01 6.8E+01 5.8E+00 5.6E+00 5.6E+01 7.3E+01 1.1E+03 

3.2E+01 2.7E+01          

Cs 
3.5E+01 3.3E+01 2.3E+00 2.0E-01 6.9E-01 5.5E+01 5.5E+00 5.1E+00 4.4E+01 5.8E+01 1.2E+04 

4.4E+01 4.2E+01          

Mo 
5.2E+01 4.8E+01 3.6E+00 3.3E-01 4.2E+00 3.2E+01 3.9E+00 2.9E+00 2.6E+01 4.0E+01 1.1E+04 

6.3E+01 6.0E+01          

Te 
3.1E+01 1.9E+01 1.0E+01 2.1E+00 9.5E+00 3.6E+01 2.9E+00 3.4E+00 2.9E+01 5.7E+01 2.1E+03 

5.5E+01 4.3E+01          

Ba 
8.7E+01 8.7E+01 8.6E-02 1.3E-02 4.1E-01 6.2E-01 8.2E-02 1.7E-01 3.7E-01 1.1E+00 1.6E+02 

9.9E+01           

Ru 
8.9E+01 8.9E+01 0.0E+00 0.0E+00 2.6E-02 1.2E-01 1.5E-03 3.5E-02 8.3E-02 1.5E-01 2.2E+01 

1.0E+02           

Control 
rod 

Ag 
8.6E+01 8.6E+01 2.2E-01 0.0E+00 6.6E-01 1.9E+00 3.1E-01 5.2E-01 1.5E+00 3.2E+00 1.5E+04 
9.7E+01 9.7E+01          

In 9.2E+01    6.7E-01 7.8E+00 1.4E+00 6.5E-01 5.7E+00 8.4E+00 7.6E+03 

Cd 7.4E+01    2.3E-01 2.5E+01 8.7E+00 1.7E+00 1.5E+01 2.6E+01 7.7E+03 

Structure 

Sn 9.1E+01    1.1E-01 8.9E+00 1.3E+00 7.8E-01 6.8E+00 9.0E+00 4.4E+03 

Zr 1.0E+02    2.5E-03 1.2E-02 8.0E-04 3.2E-03 7.6E-03 1.4E-02 5.0E+02 

W 9.1E+01    1.8E-02 8.2E-02 2.8E-03 2.3E-02 2.1E-02 6.7E+00 1.2E+03 

Fuel U 1.0E+02    9.2E-04 5.5E-03 1.5E-03 1.2E-03 2.8E-03 6.4E-03 5.7E+02 

 

The experimental data in Table 2.1 are presented for the four zones of the experimental circuit: 
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 "test bundle zone" divided into the "fuel zone" which corresponds to the zone where the test bundle was 
initially placed and the "upper plenum and vertical line zone" corresponding to the zones placed directly 

above the initial locations of the test fuel bundle. For the elements not detected by the -scannings of the 
in-pile test section, the inventory fraction which remained in the in-pile test section (including the degraded 
fuel bundle, the upper plenum and the vertical line) could be roughly estimated assuming that it 
complements exactly the inventory fraction which deposited in the hot-leg, the steam generator and the 
cold leg plus the fraction transiting through the cold leg. Those data are presented in a single column "test 
section" ; 

 the "circuit hot leg zone" divided into material deposits and transit ;since no quantitative mass flow rates 
could be determined from hot leg aerosol sampling devices, the estimation of the integral amount flowing 
through hot leg was made using results obtained in other parts of the circuit: transit through cold leg  plus 
deposits in the steam generator and in the cold leg; 

 the "circuit cold leg zone" divided into material deposits and transit; The amount of material flowing through 
the circuit cold leg is obtained by integration of the mass flow rate curves (as reported in section ); 

 the steam generator model U-tube which connects the circuit hot leg and the circuit cold leg and is therefore 
placed in between the "circuit hot leg zone" and the "circuit cold leg zone". 
 

The noble gases (Xe and Kr) are almost totally released from the fuel as observed in the previous severe accident 
fuel tests, and entirely transported into the containment vessel. The volatile FPs (I, Cs, Te, Mo, Rb) are 
characterized by a fraction of 45-85% of initial bundle inventory released from the fuel bundle. The amounts 
reaching the containment vessel are however lower (30-60% of initial bundle inventory) since these elements 
deposited partially on the circuit surfaces. These elements consequently have a low contribution to residual 
power in a reactor case. However, FPT2 results indicate that released volatile FPs can deposit in the upper fuel 
zone. These deposits thus potentially affect the decay-heat distribution in the damaged core, in a reactor case. 
On the other hand, they make the considered FPs available for delayed re-vaporisation as the fuel heat-up 
progresses upwards through the degradation phase. 

Deposits in the circuit are significant for all species (except for noble gases) both in the hot leg and in the cold 
leg of the circuit. For instance, a marked tellurium deposition process was observed in the hot leg of the circuit 
with almost 9% of its bundle inventory remaining deposited there after the degradation phase. On the other 
hand, it was observed from cold leg decontamination solutions that about 5% of initial bundle inventory of 
caesium have deposited along the circuit cold leg. Important deposits were also measured for barium and silver. 

Low-volatile elements remain almost entirely in the fuel zone, where they contribute to the residual power. 
These include fuel material (U), fission products (Ba, Sr, Ru, Tc, La, Ce) and control rod material (Ag).  

Intermediate between volatile and low-volatile elements, semi-volatile species are identified with 8-25% of initial 
bundle inventory released from the fuel bundle. But due to deposition in the circuit line, the fraction reaching 
the containment vessel is lower: 5-15% of initial inventory. These include control-rod material (In, Cd), structure 
material (Sn) and material associated with bundle instrumentation (W). 

2.5 Iodine behaviour in the experimental circuit  

During the test a particular attention is given to the iodine radiochemistry. With regard to the iodine source-term 
issue, measurements performed on-line and off-line on the sequential samplings located both in the circuit hot 
leg and in the circuit cold leg provide data for the description of the iodine Iodine behaviour in the circuit. 

Iodine released from the fuel area is mainly transported from the upper plenum to the circuit hot leg as final 

deposits were relatively low: 4.5% of i.i in the upper plenum and vertical line area and 0.44 %i.i. from on-line -
measurements of station located along the hot leg (see Table 2.1). 

Results of the four sampling channels located in the hot leg of the circuit (Table 2.2) and trigerred during the 
main release phases (oxidation runaway, first oxidation phase, P4 power plateau and last heat up) reveal that 
iodine was essentially transported in vapour form, which fraction ranged between 55.7% and 88.9% of the total 
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iodine sampled in each channel, the remainder being aerosols. The gaseous iodine fraction was measured to be 
lower than 0.3% of total iodine whatever the sampling. 

 

Table 2.2:- FPT2 test transient - Iodine form detected in the circuit hot leg. 

 oxidation runaway 
(9126-9311s)1 

First oxidation 
(9955-10144s) 

P4 power plateau 
(13180-13309s) 

Late heat-up 
(18676-18806 s) 

Aerosol 30.2 21.0 11.0 44.2 

Vapor 69.7 78.7 88.9 55.7 

gaz 0.1 0.3 0.1 0.0 
1 sampling duration ~175-200 s 

 

Post-test γ-scannings of the Transition Line (of the hot leg sampling channels) and TGT samplings provided 
information about iodine and caesium vapour species transported though the hot leg. Indeed, iodine (131I) and 
Cs (137Cs) deposition profile (the only measured isotopes here) showed several peaks as the temperature 
decreases, denoting vapour condensation. This deposition profile evolved with transient progress (Grégoire et 
al., 2008). As an example, Figure 2.9 displays iodine and caesium deposition profile for the transition line and the 
TGT operated between the two oxidation phases (P4 power plateau, oxidising conditions). For the transition line, 
one caesium condensation peak overlapping one of the iodine peaks can be observed (Figure 2.9 a). This may be 
explained by the presence of CsI or Cs2I2. The presence of two additional iodine deposition peaks (not linked to 
caesium) points the presence of other iodide species in such conditions. Similar feature were also observed on 
the TGT device operated at the same period (Figure 2.9 b). The nature of the other iodide vapour species could 
not be identified, even if silver and cadmium were found deposited in significant amount on this TGT device 
(global chemical analyses of the TGT device). 

 

Figure 2.9 : Phébus FPT2 test –Iodine and caesium deposition profile in 750-150°C temperature gradient, sampling during the P4 power 
plateau  a) transition line b) TGT device. 

 

Iodine deposits measured in the steam generator sections were evaluated at 4.3%i.i. The post-test - scanning 
of first six steam generator sections showed that the iodine deposition profile is similar to that of caesium 
suggesting that, as caesium, iodine is deposited by aerosol thermophoresis process in this zone. Nevertheless, 
when one compares the iodine fraction released from the fuel bundle (72%i.i.) with the fraction conveyed 
through the circuit cold leg (56%i.i.), it can be assumed that some iodide vapour fraction could be deposited in 
the non-analysed upstream part of the steam generator. 

a b



Titre : Fission product behaviour in a severe accident situation of a NPP  - from fuel release to atmospheric dispersion 
Sous-titre : mémoire d’habilitation à diriger des recherches 

 
 

. 
 

28/116 
 

 

In the circuit cold leg, most of iodine was transported in an aerosol form towards the containment vessel 
(56.7%i.i.). Each sampling only indicated a negligible fraction of gaseous iodine throughout the transient phase, 
which does not exclude the possibility that gaseous iodine fractions may have been temporarily much higher 4 . 

Additionally, these results proved that most of the iodine species that are not condensed in the hot leg had time 
to condense on the aerosols before reaching the containment and (or) also to deposit on the steam-generator 
inner surface.  

2.6 Main outcomes of the FPT2 test& Phébus programme – Fission 
product release and transport 

The fission product integral releases observed in Phébus FP and more particularly FPT2 test are globally 
consistent with those observed on separate-effect experiments such as VERCORS (Ducros et al., 2001) and HI/VI 
(Lorenz and Osborne, 1995). The VERCORS classification of FPs behaviour can be applied for the volatile (Kr, Xe, 
Cs, I, Rb, Te..), low volatile (Ru, Ce, Eu, La..) and non-volatile (Nd, Pr) observed in the Phébus test. As observed in 
the Vercors test, fuel (U, Pu) is also non-volatile. In the semi volatile group, only Mo results are in agreement 
with separate effect tests, the others falling into the low-volatile class. A notable case is Ba, weakly released in 
Phébus bundle experiment, strongly in Vercors, HI/VI tests and even in the Phébus debris bed configuration 
(Grégoire et al., 2004). Up to now, there is no clear explanation for such different behaviour: strong interaction 
between fuel and structural material  (Zr and Fe) or high temperature/ mild oxidative conditions in the Phébus 
tests may have contributed to enhance the formation of low volatile Ba forms – in contrast to separate effect 
tests. 

In addition, the large scale Phébus test allowed to show the role of fuel degradation progress on fission products/ 
material release kinetics, particularly in the FPT2 test. Indeed, the formation of an extended molten pool resulted 
in a strong reduction of material release as already observed during previous studies on releases from a molten 
pool (Bechta et al., 2010). Such behaviour can be related to element vapour pressure which is strongly dependent 
on their physical state: solid phase or dissolved in a liquid phase as in a molten pool. 

While no direct measurement of the chemical species transiting in the experimental circuit could be done, major 
outcomes concerned the nature of some important fission products (Cs, I) transported in the RCS. Indeed, 
contrarily to what was previously assumed on Iodine speciation in the RCS (expected to be mainly transported 
as CsI), the presence of metallic iodide other than CsI has been evidenced – based on Cs and I vapour deposition 
profile in thermal gradient zone. Formation of CdI2 is put forward. In addition, Cs transport in the hot leg mainly 
in condensed form involved less volatile species than the previously expected CsOH form. Cs2MoO4 (depending 
on Mo release kinetics) was put forward as a less volatile candidate. The other important factor concerning iodine 
transport was the presence of gaseous iodine in the RCS which was then released in the model containment 
vessel. Indeed, measurable gaseous iodine amounts were detected in the containment vessel, strongly 
dependant of the test conditions: with gaseous fractions (relative to containment inventory) ranging from 0.6% 
(FPT2 test) up to 80% (FPT3 test) (Simondi Teisseire et al., 2013). Such behaviour could not be explained by the 
current version of the severe accident simulation code. 

In order to improve the comprehension of the phenomena observed during the Phébus FP test, additional 
separate-effect experiments were conducted by IRSN in the framework of the International Source Term 
Programme (ISTP) (Clément and Zeyen, 2008). The aim of those experiments was to investigate individual 
phenomena (which was not possible with the integral Phébus FP tests), with a special attention on iodine 
radiochemistry both in the RCS (CHIP and CHIP+ programmes, see section 3) and containment building (EPICUR-
STEM and STEM2 OECD program and its follow up STEM2).  

                                                           
4 According to FPT3 results, it can be assumed that some gaseous iodine amount was trapped in the aerosol filter upstream the filter dedicated to gaseous 

iodine trapping 
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3 FPS CHEMISTRY IN THE RCS IN SEVERE ACCIDENT CONDITIONS 
In order to better understand the main chemical formation/decomposition/deposition processes in which 
released FPs and control rod elements are involved in the Reactor coolant system (RCS) during a SA and also to 
build an experimental database allowing the validation process for models, the ISTP-CHIP (2005-2012) and its 
follow up CHIP+ (2012-2018) programmes were launched at IRSN. Over the past 14 years, the work (Grégoire, 
2021) was focused on the reactivity of fission products (I, Cs, Mo) and control rod elements (B, Ag, In, Cd) 
transported in open flow reactors reproducing as close as possible the thermalhydraulic conditions prevailing in 
the RCS in the case of a large cold leg break (Jacquemain et al., 2015) : high thermal gradient (1600-150°C), short 
residence time (a few second) and steam or even steam/hydrogen atmospheres. A special attention was brought 
on the possible release of gaseous iodine in such conditions. 

3.1 State of the art and programmes objectives 

Little information is available in the literature concerning the chemical speciation inside the RCS (Clément et al., 
2007). The phenomena occurring in the RCS during a SA are very complex involving strong thermal gradients, 
rapid atmosphere changes from reducing to oxidizing conditions, complex chemical systems involving some more 
or less volatile FPs and control rod (CR) materials. The chemical form of iodine and its behaviour after entering 
containment from the RCS were previously documented in NUREG/CR-5732 (Beahm et al., 1992). Based on 
thermodynamic computations, it was considered that iodine entering the containment was at least 95 % under 
CsI form with the remaining 5% as I and HI under gaseous form. After extensive experimental research and 
modelling on fission product release and transport in severe accident conditions over the past thirty years, the 
situation appears much more complex. The large scale Phébus FP test series showed that in addition to CsI, other 
condensable iodide forms may exist in the RCS (Girault et al., 2013). Moreover, the fractions of aerosol/gaseous 
iodine transported into the Phébus containment vessel (150°C) were variable and strongly dependent on the test 
scenario (Girault et al., 2010, Girault et al., 2012), suggesting a complex chemistry during the transit though the 
experimental circuits. The small-scale Falcon ISP1/2 tests performed with simulant fuel pellets (Williams, 1994) 
and VERCORS HT2/3 tests performed with actual spent fuel pellets (Pontillon and Ducros 2010) supported also 
the assumption of iodine being transported in others forms than CsI. 

Linked to its high thermodynamic stability, CsI formation is favoured under the conditions prevailing in the RCS 
during a SA, as caesium is always present in excess relative to iodine. Cs initial inventory in the irradiated fuel is 
about a factor ten higher than that of iodine, it also behaves as a volatile FPs, with similar kinetic of releases as 
iodine. Nevertheless, it is not the only possible metallic iodide which can be formed in the RCS. Indeed - in 
presence of Silver-Indium-Cadmium (SIC) control rods as was the case for the FPT0/1/2 tests - strong release of 
cadmium (early degradation phase), indium (after the main oxidation phase) and later of silver are expected with 
the progress of bundle degradation. Even if those elements are not as volatile as iodine or caesium (Grégoire and 
Haste, 2013), their high initial inventories contribute to a transport in the RCS in excess relative to iodine, 
resulting in the possible formation of other metallic iodide (AgI, CdI2, possibly InIx) than CsI. 

Molybdenum has been identified so far as a potential caesium trap by the formation of caesium molybdates 
(Smith et al, 2021; Hoekstra, 1973; MacFarlane et al., 2002). In the fuel, molybdenum is present in a slight excess 
relative to caesium and can be released in significant amounts particularly under RCS oxidising conditions as was 
observed during the Phébus FP tests (Grégoire and Haste, 2013). Indeed, during the FPT2 test, integral releases 
of Mo up to 40% i.i were observed with a kinetics of transport strongly accelerated in steam atmosphere (see 
Figure 2.6 ) so that excess of Mo relative to Cs in the RCS is not excluded. Molybdenum is transported in vapour 
form in the hottest part of RCS (1500-700 °C zone) where it can react with Cs species in the gas phase. Below 
700°C, it is then mainly present in aerosols form (Haste et al., 2013). As for boron strongly released following B4C 
control rod degradation (Phébus FPT3 test, Payot et al., 2010), it has been shown experimentally that it reacts 
with Cs to form caesium borates (Bowsher et al., 1985, Bowsher et al., 1986, Elrick et al., 1987). Computed 
simulation indicates that the formation of caesium borate are favoured in gas phase at high temperature 
(>750°C) compared to that of CsI (Vandeputte et al., 2019; Miwa et al., 2016) with no kinetic limitations 
(Miyahara et al., 2019). These elements may thus prevent the formation of CsI, promoting gaseous iodine 
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formation as Mo and B are not expected to form stable iodides in this temperature range (given their 
thermodynamic properties as reported by Cheynet et al. (1992) and Kaye et al. (2010). 

The volatile tellurium fission product is also known to form caesium telluride species (McFarlane and Leblanc, 
1996; De Boer and Cordfunke, 1995). Tellurium production in the spent UO2 pellets is nevertheless lower than 
that of caesium, resulting in total Te amounts about 5 times lower than Cs amounts in the fuel bundle 
(Jacquemain et al., 2000; Grégoire et al., 2008), so that is not expected - in a first approach - to have a major 
influence on caesium reactivity with the afore mentioned FP and CR elements. 

Improved understanding of the RCS iodine chemistry must take into consideration complex chemical systems, 
featuring the main elements which can interfere with iodine chemistry (directly or indirectly) - and representative 
of the concentrations and ratio prevailing in such scenarios. It relies mostly on computer simulations which need 
reliable thermodynamic and thermokinetic data for chemistry of FPs and CR material at high temperature. Even 
if recent studies contributed to improve these data (Grégoire et al., 2017; Miyahara et al., 2019) – researches 
are still ongoing on this. 

At IRSN, the CHIP experimental set-up (CHemistry of Iodine in the Primary Circuit) and its small scale homolog 
named GAEC (Generation of Aerosols in the primary Circuit) have been developed over the past decade within 
the framework of the ISTP- CHIP (2005-2012) (Alpy et al., 2004; Clément and Zeyen, 2005) and the CHIP+ (2012-
2018) programmes. In order to provide a better understanding of the conditions allowing to the possible release 
of volatile iodine at the RCS break, these laboratory scale experiments were aimed at: 

i/ collecting or reassessing fundamental data of the main species playing a role in the RCS chemistry on 
thermodynamic and also some possible kinetic limitations impacting iodine transport; 
ii/ building an experimental database allowing the extension/validation of models in conditions as close as 
possible to SA. 

Reduced chemical systems involving iodine and the main released FPs (Cs, Mo) and control rod material (B, Cd, 
Ag and In) were considered with increasing complexity under thermal hydraulic conditions close of a RCS during 
a SA (strong temperature gradient, short residence time, steam and/or hydrogen atmosphere). The elements 
retained are the most relevant with respect to iodine chemistry and were identified following the integral Phébus 
test series. One of the main issues was to achieve element injections with targeted concentration and element 
ratios as close as possible to reactor case (Cantrel and Cousin, 2007) and relevant of the Phébus tests. 

My contribution to the CHIP and CHIP+ program was the follow up of the entire program in the lines operated at 
the L2EC laboratory including the continuous development of the experimental capabilities of the lines (element 
injection; sampling devices). Meanwhile, tight collaboration with academic partners allowed to study some 
specific aspect of this program: work on the thermokinetic properties of the I-O-H system was partly performed 
at Lille university within the framework of the C3R common laboratory between IRSN- PC2A laboratory of Lille 
University. Molecular analyses of deposits collected in the CHIP PL line was facilitated thank to the expertise of 
the LASIR laboratory (University of Lille) and thenafter of the GSM group (ISM - university of Bordeaux). 
Validation of the modelling approach of the SOPHAEROS simulations tool was performed with the support of the 
IRSN – LETR laboratory. In the following sections, I will focus on some relevant results concerning the IOH system, 
the role of Mo as Cs scavenger, the role of Indium, silver and cadmium separately in the former MoCsI system.  
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3.2 EXPERIMENTAL FACILITIES AT IRSN 

The chemical systems were studied in the CHIP phenomenological line and/or in the GAEC small-scale test line. 
Studies dedicated to collect fundamental data on thermodynamic and/or thermokinetic properties were 
performed on specific facilities in collaboration with academic partners: high temperature mass spectrometer 
(Roki, 2009, SIMAP university of Grenoble) and flat flame burner (Délicat, 2012- University of Lille) and will be 
not presented here.  

3.2.1 CHIP and GAEC lines 

The CHIP line is dedicated to the study of complex systems involving up to 7 elements (Grégoire and Mutelle, 
2012; Grégoire et al., 2018) and the small-scale GAEC line is limited to a reduced set of elements but allows 
parametric studies (Lacoué-Nègre, 2010; Gouello, 2012; Grégoire et al., 2015). Both are designed as open flow 
reactors in which the reagents are continuously injected, mixed at high temperature (1600°C) and then 
transported with a residence time of a few seconds into a controlled thermal profile and an atmosphere (steam 
or steam/H2) reproducing the conditions of the RCS of a Light Water Reactor (LWR) in an accident scenario 
featuring a break in the cold leg (150°C) (Jacquemain et al., 2015). FPs natural simulant (Cs, I, Mo) and constituent 
of the control rod (B, Cd, In, Ag) were injected in concentrations and ratios representative of their release in case 
of a SA (Haste et al., 2013). At 1600°C, all the species are supposed to be under gaseous form at thermodynamic 
chemical equilibrium. Downstream the fluid is cooled in the reaction zone where chemical reactions take place 
producing aerosols and gases. Material deposited in the thermal gradient, as well as aerosols and gases 
transported at 150°C are collected for off-line characterisations  with a focus on the detection of gaseous iodine. 

The CHIP test line (3.5 m long and 60 mm in internal diameter) is composed of two tubes assembled by a specific 
junction (Figure 3.1): an alumina tube (2 m) located in the high temperature zone and a stainless steel tube (1.5 
m) in the transport zone - to be representative of the RCS. The thermal profile is obtained by mean of several 
furnaces and is composed of three zones (injection zone, reaction zone and aerosol/ deposit and gas collection 
zone). Thermal profile is obtained after ~20-24 h slow heating before element injections. Carrier gas is mainly 
composed of steam with, for some experiments, the addition of a low amount of hydrogen to allow for a sligthly 
reducing atmosphere. Inert gas (He or Ar) is added to adjust the residence time from the high temperature zone 
to the outlet (10-12 s) . 

A quartz plate is inserted in the main line for deposits and aerosols collection in the 850-350°C temperature 
range. The line is terminated by an integral quartz aerosol filter followed by gas scrubbers filled with an alkaline 
solution dedicated to trap the gaseous iodine species. Different sampling lines which can be sequentially 
operated, are also implemented either at 500°C (corresponding to a hot leg break of a RCS) or at 150°C (cold leg 
break). Depending on their design, these lines are devoted to the: 

 collection of the transported aerosols: filters or cascade impactor device; 

 quantification of the transported gaseous iodine fraction: gas scrubbers filled with alkaline media placed 
downstream the filtering device ; these lines are noted “Igas&aerosol line” 

 molecular iodine detection and gaseous iodine speciation: specific lines featuring gas scrubbers filled with 
toluene/diluted nitric solution and designed to limit as much as possible interaction between collected 
molecular iodine and transported aerosols (see also next section). These lines are noted “I2 line” and “Ig 
speciation line” respectively and their principle is detailed in section 3.2.2. 

Most of the reagents of interest are injected by the mean of external generators connected to the inlet flange. 
Gaseous iodine is obtained by sublimation of molecular iodine pellets. Caesium, molybdenum and cadmium 
vapours are produced by vaporization of respectively caesium hydroxide, molybdenum trioxide and metallic 
cadmium. Boron is delivered by a steam generator producing either a mixture of steam/carrier gas or a mixture 
of steam/H3BO3/carrier gas by vaporization of a boric acid aqueous solution. One major issue to be addressed 
was the achievement of a controlled injection of cadmium (as Cd metal), indium (as In2O3 powder) and silver (as 
Ag metal). Several years of development were necessary to succeed injecting those refractive and poorly soluble 
elements in a controlled way. Indium oxide vapours are obtained by the injection of dry indium oxide aerosols 
produced at room temperature and then gradually vaporised in the pre-heating zone. Being more refractive than 
the other elements, silver is directly vaporised in the main line from silver powder deposited in crucible. At the 
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steady state, these generators produce a stable mass flow rate of each reagent. Separate element injection 
allows achieving a wide range of experimental conditions, in terms of chemical system, reagent concentrations 
and ratios. 

 

 
Figure 3.1: Scheme of the CHIP line. 

 

 

Figure 3.2: Overview of the CHIP Line. 

 

The GAEC line is composed of a single alumina tube (up to 2 metres long and 30 mm internal diameter) in which 
a stainless steel tube can be inserted. As for the CHIP line, the thermal profile is obtained by the mean of several 
heating elements. The inlet is provided with separate lines allowing injection of a mixture of steam/H3BO3/argon 
and gaseous molecular iodine. Residence time in the range of 4-8 s can be achieved in this line. CsOH and/or 
MoO3 vapours are directly generated in the main line from powders placed in crucibles. Aerosols and gas 
sampling are only performed at the main line outlet (cold leg break conditions) with a similar design as for the 
CHIP set-up.  
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Figure 3.3: GAEC scheme configured for I, Cs and B injection. 

 

Relevance of CHIP-CHIP+ test conditions compared to Phébus experiments and reactor case are summarized in 
Table 3.1.  

Post test, each part of the line was leached in appropriate aqueous solutions in order to solubilize the deposits. 
Multi-elemental analysis techniques such as Inductively Coupled Plasma Mass-Spectrometry or Optical-
Spectrometry allowed establishing a reliable element distribution over the entire line (with an uncertainty of +/-
8% at 95% confidence level). Element distribution is reported in terms of high/low temperature deposition, 
aerosol/gas transport at 500°C (condition of a hot leg break) or at 150°C (conditions of a cold leg break). Finally, 
the element mean mass flow rate or mean concentration in the high temperature zone was determined from 
the total injected element mass and the injection duration assuming a steady injection rate. 

A selection of samplings (sequential filters and quartz plate sections) was preserved for deposit and aerosol 
characterization. Scanning Electron Microscopy coupled to an Energy dispersive X-ray detector (SEM-EDX) used 
in low vacuum mode allowed to determined size, morphology and elemental composition of deposited material 
and aerosols. Complementary to SEM-EDX, X-ray photoelectron spectroscopy (XPS), Raman microspectroscopy 
(RMS) and X-ray diffraction (XRD) allowed to identify the condensed species. Few analyses involved Time of flight 
Secondary Ion mass spectrometry (Grégoire, 2021) - but they supported the relevance of this technique to 
identify species in trace amount as metallic borates – whose detection by others spectroscopic techniques is an 
issue (Gouello, 2012). Deposit characterization was performed in collaboration with academic partners from the 
university of Lille (LASIR and UCCS), and the university of Bordeaux (GSM group of ISM). 
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Alkaline gas scrubbers

Membrane filter

Injection zone

Alumina tube L 1000 to 2000 mm ,  30 mm
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Table 3.1 : Comparison of CHIP test actual conditions with Phébus experimental circuit conditions and  SA scenarii. 

Tests 

 

CHIP Phenomenological line Relevance of PHEBUS FP conditions – circuit 
data 

Jacquemain et al., 2000; Grégoire et al., 2008 ; 
Payot et al., 2010 

SA scenarii 

Objective  Confirm the hypothesis that volatile iodine 
occurs in the primary circuit for reaction 
systems illustrative of the reactor sequence – 
measure amounts and chemical forms of the 
volatile iodine involved  

/ /  

Reaction system 
(homogeneous and/or 
heterogeneous 
reactions)  

Reduced but illustrative of the most reactant 
elements with respect to iodine (except Rb 

and Te but 2nd order) 
Carrier gas (O, H)5 + 7 elements 

With: I, Cs, Ag, Cd, In, Mo, B  
Stainless Steel Surfaces prototypic of reactor 

sequences  
High surface/volume ratio  

+ 
 

 
 
 

+ 
+ 

+ 
 

 
 
 

+ 
- 

Temperature T Thigh temperature uniform at 1900 K  
Thot leg uniform from 1000 to  

1300 K 
Tcold leg uniform at 400 K 

For T > 1900 K no potential kinetic effect 

+  

 

+ 

 

Carrier gas composition Inert gas (Ar or He)/Steam/Hydrogen/ 
Low hydrogen contents (less than 3%)but 

allowing H2/H2O molar ratio from 0 up to 1. 
High hydrogen contents are not expected to 

favour gaseous iodine transport 
Inert gas to ajust residence time in the  lines 

Relevant for main release phase – not for 
main oxidation phase (e.g. featuring highly 

reducing atmospheres 

+ (except fuel cladding 
oxidation phase) 

Residence time in the 
reaction zone  
(between high 
temperature zone and 
measurement point) 

4-10 s 
 

5 s for PHEBUS FPT1 

Illustrative of reactor 
sequence depending on 

the break size (1 s for a 
12’’ hot leg break) 

Concentration in the 
high temperature 
injection zone [mol/L] 

I : 5 10-8 up to 1 10-7 

Cs: 2 10-7  up to 3 10-7 

Mo : 4 10-7 up to 1.4 10-6 

B : 3 10-6  up to 8 10-6 

Cd : 8 10-7 up to 1 10-5 

In ~4 10-7 

Ag : 1.5 10-6 up to 3.6 10-6 

Illustrative for lower bound concentrations of 
most elements in the Phébus circuit (hot or 

cold leg) 
 

Less illustrative of the upper bound 
concentrations    

Partly Illustrative of 
reactor case 

concentration but only 
lower bound values 

 
 
 
 

Molar Ratios   Illustrative for some Phébus sequences in the 
circuit: 

REP900* 

 Cs/I ~1 to 5 Low Cs/I ratio  (Phébus case ranging from 5 to 
20) 

Cs/I ~10 

 Mo/Cs ~2 to 5 High Mo/Cs ratio  
(Phébus case ranging from 0 to 3.5) 

0 ≤ Mo/Cs ≤ ~1.5 

 In/I ~4.5 Low In/I (Phébus case ranging from 2 to 8) ~3 ≤  In/I ≤  ~5 

 Cd/I~10-125 Cd/I and Ag/I are higher than observed in 
Phébus sequences featuring significant I 

releases 

~4 ≤ Cd/I ≤ ~6 

 Ag/I ~25-50 ~10 ≤ Ag/I ≤ ~30 

 
B/Cs ~18-24 

B/Cs illustrative of boric acid transport 
consecutive to vaporisation of RCS water (FPT-

2 test) 

~15 ≤ B/Cs ≤ ~20 (for 
REP1300 the higher ratio 

can reach 30) 

(*) mean values based on bundle inventory and assumptions made on fraction released. 

 

3.2.2 Analytical development 

Given the complexity of the chemical systems and the large amount of material injected in the CHIP line (up to 
several grams of each elements, except iodine with only 200-500 mg), a special care was brought to the 
identification and quantification of gaseous iodine species and metallic iodide.  

                                                           
5 This potentially means other components of the carrier gas (N,C).  
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Gaseous iodine sampling  

In presence of Cs, Cd and Ag able to form metallic iodides, the aerosol/gas separation based on filters/liquid gas 
scrubbers proved sometimes to be inefficient due to strong interaction between gaseous iodine and aerosols 
trapped on the inlet filter inducing an unwanted gaseous iodine retention on the aerosol stage of the line and 
thus an underestimation of the iodine gaseous fraction. Such difficulties were already reported for the Phébus 
tests (Girault et al., 2013). The sampling approaches based on gas sampling by denuder device (Huang and 
Hoffmann, 2009; Chance et al., 2009) or optical on-line measurements (Johannson et al., 2012) did not work with 
the high aerosols concentration levels encountered in the CHIP experiments. The retained strategy was a direct 
injection of the gas/aerosol flow into gas scrubbers filled with specific media able to trap selectively gaseous 
iodine species and allow an efficient separation from the other transported species (gas, aerosols).  

In presence of caesium and cadmium, gas scrubbers filled with a biphasic mix composed of toluene and diluted 
nitric acid allowed to trap selectively and quantitatively molecular iodine in the organic phase while the other 
iodinated gaseous species and aerosols transported in the flow are trapped in the aqueous phase (nitric acid 
solution). In this configuration, the total gaseous iodine cannot be determined since both the other expected 
iodinated species (HI, HOI) and transported aerosols (CsI, CsOH and caesium borates) are all trapped in the 
aqueous phase, so that such line configuration is called “I2 line”. In toluene, molecular iodine is stable and absorbs 
at 309 nm and ~498 nm allowing quantification by UV-visible spectrometry with a good sensitivity (molar 
absorption coefficient of ~8700 l.mol-1.cm-1 at 309 nm). In a second configuration, such line displays an inlet 
aerosol filter so that aerosols can be separated from the gas flow and allowing to separate molecular iodine from 
the other inorganic gaseous forms (HI, HOI). This second line configuration called “Ig speciation line” works only in 
the absence of gas/aerosol interactions. 

Nevertheless, in presence of silver, the biphasic traps turned out to be inefficient to trap molecular iodine (if any) 
as was observed during the test with Ag-MoCsIOH chemical system ([Ag+MoCsI] test). Indeed, we experimentally 
checked that silver particles react readily and quantitatively with molecular iodine dissolved in toluene to form 
a silver iodide precipitate. In order to overcome this difficulty, we choose to direct the gas/aerosol flow into a 
liquid scrubber filled with an alkaline solution. There, soluble iodine gaseous species (HI, HOI, I2) are 
quantitatively trapped resulting in the formation of iodide and iodate ions which are stable for several days even 
in presence of a large excess of silver powder (Thomas et al., 1980). Contrarily to iodide ions which can come 
from gaseous iodine species and from soluble metallic iodide, iodate originates only from gaseous molecular 
iodine (resulting from the disproportionation reaction of I2 in alkaline media); its detection can be unambiguously 
assigned to I2g. Ionic chromatography (IC) allows to quantify IO3

- with a good level of sensitivity (~20 ppb). Such 
lines were implemented for the integral tests only.  

Metallic iodide quantification 

Given the fact that iodine will be injected as the minor reagent, the metal iodide (if formed) will represent only 
a low fraction of the formed deposits/aerosols making their detection difficult. 

Raman lines of metallic iodide are rather weak and below 200 cm-1 (Agrawa et al., 1975; Delanay et al., 1976; 
Cingolani et al., 1984). X-ray diffraction is not enough sensitive. X-ray photoelectron spectroscopy not enough 
resolved to allow for an unambiguous identification of CsI, AgI or CdI2 when mixed together. Indeed bonding 
energies of iodine (3d5/2) is at 619.9 eV for I2, at 618.2 for CsI, 619.0 for AgI and 619.2 to 619.4 for CdI2- (NIST 
data base) - not taking into account for charging effect which causes displacement of the bonding energies of the 
same order of magnitude neither for line interference from other elements (as for Cd 3p line at 618.4 eV). In 
addition, working on Cs, Ag or Cd spectrum will not help much as I bonding contribution to their spectra will be 
only very weak compared to X-O bonding. 

As it is insoluble even in strong acid, silver iodide could be isolated from the other species which were leached in 
acidic media (except for silver iodide, silver species are leached in 5 M nitric acid). The silver iodide residue was 
finally quantified after its decomposition by hot aqua regia leading to the formation of AgCl precipitates and the 
formation of the stable soluble dichlorite iodide ICl2- (Spies, 1936; Wan et al., 1989). The solubilised form of iodine 
could be then quantified by ICPMS. No equivalent approach could be developed for CdI2 and CsI due to their 
strong solubility in aqueous media. Formation of such species was then deduced by default of other species.  
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3.2.3 Modelling with ASTEC/SOPHAEROS 

Modelling of the open flow reactor experiments (GAEC and CHIP lines) was performed with the SOPHAEROS 
module (Cousin et al., 2008; Cousin et al., 2013) of the ASTEC code (Accident Source Term Evaluation Code) 
developed by IRSN (Chatelard P. et al. 2016). The basic I-O-H, Cs-IOH and Mo-CsIOH systems were thus 
interpreted and compared with experimental results (as reported in the following sections) with the support of 
the IRSN/LETR laboratory. 

For the more complex systems involving the former Mo-CsIOH system plus one or several control rod elements 
(In, Ag, Cd and B), no reliable modelling is proposed so far (Souvi, 2017), as experimental observations pointed 
out important lack in the thermodynamic database and potential kinetics effect are not excluded. An important 
work is currently underway at IRSN to complete the thermodynamic database in gas phase - based both on an 
extensive literature review and chemical theoretical calculations.  

ASTEC/SOPHAEROS computes chemistry and transport of the fission products in the PWR primary circuit during 
a severe accident. Geometry is nodalised with different 1D control volumes assembled by junctions with a fixed 
temperature for each control volume. The modelling is based on a set of mass balance equations where the main 
vapour and aerosol phase phenomena are represented. The mass-balance equation resulting from the intra-
volume phenomena combined with inter-volume transport produced a nonlinear system solved by the Newton-
Raphson method. 

In the vapour phase, SOPHAEROS computes chemical speciation, vapour condensation, the aerosol physics and 
in a less extent vapour/surface reactions (sorption approach based on few available literature data). It considers 
aerosol nucleation, coagulation processes, deposition mechanisms and aerosol resuspension. A sectional 
approach is adopted to model the aerosol distribution. The same species composition is considered in all the 
aerosol size classes. Only gas phase reactivity and congruent condensation is accounted for in SOPHAEROS (figure 
8). Non-congruent condensation and gas/solid phase reactivity are not modelled in the current version. 

 

 

Figure 3.4: SOPHAEROS modelling - main phenomena taken into account (F. Cousin, 2017). 

Calculations presented here were performed with the V2 version of the SOPHAEROS code described in detail in 
Cousin et al. (2013). The fission product (FP) speciation in the vapour phase is computed assuming a 
thermodynamic equilibrium. It depends on the element inventory, on the species involved in equilibrium and on 
the associated free energy functions at the given temperature. Chemistry-related data are stored in the Material 
Data Base (MDB) of the ASTEC code. This database contains around 800 vapours species potentially stable in 
reactor accident conditions (Kaye et al., 2010). The list of species of interest for the CHIP PL and GAEC modelling 
and stored in the MBD are reported in Table 3.2. 

The thermodynamic equilibrium assumption is usually true at high temperature (T> ~1500 K) but not necessarily 
verified at lower temperature (Kissane and Drosik, 2006; Cousin et al., 2013). In ASTEC/SOPHAEROS V2, kinetic 
iodine reactions can also be used to compute FP speciation. FP species involved only in kinetic reactions are not 
implied obviously in thermodynamic equilibrium. 

A kinetic scheme describing the reactivity of iodine in the gas phase with O and H was developed by a combined 
approach associating literature data and theoretical studies (Canneaux et al., 2010; Hammaecher et al., 2011; 
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Xerri et al., 2012; Cantrel et al., 2013). A set of 35 elementary reactions was established and is reported in Table 
3.3 and Table 3.4. Part of this mechanism was recently taken up by Miyahara et al. (2019). 

Input data for SOPHAEROS modelling are the composition and mass flow rate of the considered chemical system 
(including the carrier gas) and the thermal profile, see Figure 3.5. The CHIP PL and GAEC lines have been nodalised 
with ASTEC/SOPHAEROS, to represent the temperature gradient between the high temperature zone and the 
cold leg part of the lines: 40 volumes are used for CHIP and up to 50 modules for GAEC. Input data were deduced 
from the experiments and from qualification tests. The chemical elements were injected into the first volume 
with their respective experimental mass flow rates. Standard models and recommended parameters were used 
for the different physical and chemical phenomena so as to be representative of plant simulations.  

 

 

Figure 3.5: Wall and fluid temperature profiles of the CHIP line (from the high temperature zone to the line outlet) modelled by 
ASTEC/SOPHAEROS. 

 

Table 3.2: Species present in the MDB data base and involving : O, H, I, Cs, Mo, B, Ag, In, Cd) b(as of Nov. 2019). 

O-H  I-O-H Cs-IOH Mo-OH BMo-CsIOH AgInCd-MoCsIOH 
H (g) HI (g) Cs (g, s) Mo (g, s) I2Mo (g, s) AgI (g, l, s) 
H2 (g) I (g) Cs2 (g) MoO (g) I2MoO2 (g) CdI (g) 

H2O (g) I2 (g) Cs2O (g, s) MoO2 (g, s) BI (g) CdI2 (g, l, s) 
O (g, s) IO (g) Cs2O2 (g, s) MoO3 (g, s) BI2 (g) InI(g, l, s) 
O2 (g)  CsO (g) Mo2O6 (g) Cs2MoO4 (g, l, s) InI2 (g, l, s) 

  CsH (g, s) Mo3O9 (g)  InI3 (g, l, s) 
  CsOH (g, s) Mo4O12 (g)   
  Cs2H2O2(g) Mo5O15 (g)   
  CsI (g, l,s) HMoO (g)   
  Cs2I2 (g, s) HMoO2 (g)   
   H2MoO2 (g)   
   H2MoO4 (g)   
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Table 3.3: IOH thermo-kinetic system - Elementary reactions involving oxygen, hydrogen and M (molecules for collision) from Cantrel et 
al. (2013). 

Reaction kdirect(T)   (m3.mol-1.s-1 or m6.mol-2.s-1) Origin 
   

OH + OH  H2O + O 1.5 x103 T1.14  exp(-420/RT)  Literature review 

OH + H2  H2O + H 1.8 x103 T1.21  exp(-19710/RT) Theoretical chemistry 

O + H2  OH + H 5.1 x10-2 T2.67  exp(-26270/RT)  Literature review 

O + OH  O2 + H 2.8 x105 T0.40  exp(3090/RT)  Theoretical chemistry 

H2O + M   H + OH + M 3.5 x109 exp(-440000/RT) Literature review 

OH + M   O + H + M 2.4 x109 exp(-416000/RT) Literature review 

H2 + M  H + H + M 4.6 x1013 T-1.40  exp(-437000/RT) Literature review 

O2 + M  O + O + M 1.6 x012 T-1.0  exp(-494000/RT) Experimental 

HO2 + H  H2 + O2 6.7 x101 T1.77  exp(2380/RT) Theoretical chemistry 

HO2 + H  H2O + O 9.1 x102 T1.47  exp(-58100/RT) Theoretical chemistry 

HO2 + H  OH + OH 2.2 x105 T0.88  exp(270/RT) Theoretical chemistry 

HO2 + OH  H2O + O2 2.9 x107 exp(2080/RT) Literature review 

HO2 + O  OH + O2 2.0 x107 Literature review 

O2 + H + M  HO2 + M 5.7 x1014 T-1.80 Literature review 

 

Table 3.4 : IOH thermo-kinetic system  - Elementary reactions involving iodine, oxygen, hydrogen and M (molecules for collision)from 
Canneaux et al. (2010); Hammaecher et al. (2011), Xerri et al. (2012) and Cantrel et al. (2013). 

Reaction 
kdirect(T)  

(m3.mol-1.s-1 or m6.mol-2.s-1) 
Origin 

I + H2  HI + H 241 T1.93 exp(-137300/RT) Theoretical chemistry  

I + H2O  HI + OH 30.7 T2.26 exp(-184700/RT) Theoretical chemistry 

I + HI  H + I2 577.9 T1.72 exp(-164200/RT) Theoretical chemistry  

I + OH  HI + O 282.9 T1.70  exp(-127700/RT) Theoretical chemistry 

I2 + OH  HOI + I 12.0 T1.90  exp(12000/RT) Theoretical chemistry  

H2 + IO  HOI + H 7.2 x10-7 T3.98  exp(-44400/RT) Theoretical chemistry  

OH + I  IO + H 1.5 x 108 exp(-267500/RT) Chlorine analogy 

HO2 + I   HI + O2 9.0 x106 exp(-9060/RT) Literature review 

HO2 + I  OH + IO 2.5 x 107 exp(-3700/RT) Literature review 

I + HOI  HI + IO 2.2 T2.29 exp(-119400/RT) Theoretical chemistry 

O + IO  I + O2 8.4 x107 Literature review 

HO2 + IO  HOI + O2 8.4x 106 exp(4490/RT) Literature review 

OH + IO  HOI + O 7.2 x10-12  T5.18  exp(-11900/RT) Theoretical chemistry  

OH + HI  HOI + H 9.0 x10-1 T2.28  exp(-103600/RT) Theoretical chemistry 

OH + HOI  IO + H2O 2.2x 10-9  T4.41  exp(19900/RT) Theoretical chemistry  

O + I2  I + IO 8.4x 107 Literature review  

I2 + H2  HI + HI 1.9x 108 exp(-171000/RT) Literature review 

HOI + H  I + H2O 6.0 x102 T1.55 exp(-13100/RT) Theoretical chemistry  

I + I + M  I2 + M 200 exp(4780/RT) Literature review 

I + H + M  HI + M 2 x 109 T-1.87 Literature review 

I + OH + M  HOI + M 103 Estimation  

For each reaction, only the direct rate constant is reported here. The reverse one is deduced from the direct rate constant and the Gibbs 
free energy of the reaction which is based on thermodynamic data of the reactants and products (Canneaux et al., 2010; Cantrel et al., 
2013, Xerri et al., 2012, Hammaecher et al., 2011). 
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3.3 Test matrix  

The overall test matrix is reported in Table 3.5. The I-O-H and Cs-I-O-H systems (see) were firstly considered with 
the objective to collect fundamental data on thermodynamic and/or thermokinetic properties of the main 
species identified as playing a role in the iodine chemistry (i.e. inorganic gaseous iodine species, caesium iodide 
and caesium hydroxide). To quantify the influence of Mo and B elements on gaseous iodine release, two series 
of tests were performed - each one featuring the former CsIOH system (with Cs still in excess relative to I) plus 
Mo or B in excess relative to Cs: the Mo-CsIOH and B-CsIOH systems. Both oxidising and reducing conditions were 
considered. Finally, the combined role of Mo and B was investigated. The study of the extended system 
considered the separate effect of each component of the SIC control rod (Silver or Indium or Cadmium) on the 
persistence of gaseous iodine - compared to the reference test performed in presence of molybdenum. The 
CHIP+ programme was ended with “integral tests” aimed at studying the global phenomenology of complex 
system involving both FPs (I, Cs and Mo) and several control rod elements (Cd, Ag and B).  

 

Table 3.5 : CHIP and CHIP+ programmes - summary of the studied chemical systems. 

 Chemical systems  Line -          year Objectives and main parameters 

Basic 
systems 

I-O-H (CHIP) 

 

Cs-IOH (CHIP) 

 

Flame studies 2009-2012 

GAEC line  2012-2014 

GAEC line  2010-2011 

Quantify kinetic limitations under oxidising and reducing 
conditions 

Search for kinetic limitations of CsI formation both under 

oxidising and reducing conditions. Cs/I  2 -4 

Study of Cs 
sink 

Mo-CsIOH  (CHIP) 

 

 

B-CsIOH (CHIP &CHIP+) 

 

BMo-CsIOH (CHIP+) 

GAEC line  2010-2012 

CHIP Line   2011-2017 

 

GAEC line  2011-2014 

CHIP Line   2011 

CHIP Line   2017 

Role of Mo under oxidising conditions Mo/Cs ~1 - 6, Cs/I=1 

Role of Mo under reducing & oxidising conditions,  

Mo/Cs > 2, Cs/I > 2 

Role of boron under oxidising conditions, B/Cs ~20, Cs>I 

 

Combined Role of B and Mo on gaseous iodine release under  
reducing conditions (B>Cs, Mo>Cs and Cs>I) 

Extended 
systems  

Cd-MoCsIOH (CHIP+) 
 
In-MoCsIOH (CHIP+) 
 
Ag-MoCsIOH (CHIP+) 

CHIP Line   2013 
 
CHIP Line   2015 
 
CHIP Line   2016 

Role of Cd under oxidising conditions (Cd>I) 
 
Role of In under oxidising conditions (In>I) 
 
Role of Ag under slightly reducing conditions (Ag>I) 

Integral 
system 

AgCd-MoCsIOH 
BAgCd-MoCsIOH 

CHIP Line   2018 
CHIP Line   2018 

Study of systems involving mains FPs(I, Cs, Mo) and control rod 
material (Ag, Cd, B) under oxidising conditions (steam). 

 

3.4 Basic systems – the I-O-H system  

The objective of this experimental study was to assess the capabilities of the kinetic scheme describing the I-O-
H system in the gas phase to predict the reactivity of iodine obtained from two independent experimental series: 
flame technique and open flow reactor. Flame study was performed at the PC2A laboratory and open flow 
reactor tests were realized at IRSN. IOH experimental study was initiated in the framework of a pH-D (Délicat, 
2012) supervised by L. Gasnot and myself. 

The main interest of the flame technique (Hirschfelder et al., 1953) is to get key species (HI, H2O, and OH) 
concentration profiles for kinetic validation. The high temperature gradient in the studied flames (1600 – 300 K) 
is close to the temperature gradient which may occur in a RCS of a PWR in SA. However high iodine 
concentrations have to be used (about 10 000 time higher than in the open flow reactor tests), not representative 
of SA conditions and stable flames cannot afford high steam content. The experimental results obtained by the 
flame study were then simulated by the CHEMKIN II-PREMIX software. The profile of the key chemical species 
(HI, H2O and OH radical) in the flames can be quite satisfactorily simulated within the uncertainty ranges of kinetic 
rate constant (Délicat, 2012; Grégoire et al., 2017).  
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The study was completed by open flow reactor experiments in the GAEC line in which molecular iodine was 
injected at high temperature (> 1440 K) in a reducing or oxidizing atmosphere. The aim of these global tests was 
to determine the iodine gas speciation at 423 K in conditions more representative of a severe accident. Even if 
the experimental data gained from the open flow reactor tests are less detailed than for the flame study, this 
experimental device is well suited for both low iodine concentration and high steam concentrations. The data 
obtained in the open flow reactor device were interpreted with ASTEC/SOPHAEROS software. Experimental 
results and ASTEC/SOPHAEROS modelling test will be discussed in the following paragraphs. 

3.4.1 Open flow reactor tests (GAEC line) 

The iodine gas speciation was determined at 150°C (423K) after high temperature (>1160°C -1450 K) 
decomposition of the injected reagents (molecular iodine, steam and di-hydrogen) and their recombination in a 
strong temperature gradient down to 150°C. At this temperature and in the absence of any other elements, 
iodine species are expected to be all in vapour form (molecular or inorganic) so that sampling lines were equipped 
with toluene/nitric acid gas scrubbers without aerosol filter (see previous section). The influence of the 
atmosphere composition (oxidative with injection of steam or reducing with injection of di-hydrogen) and the 
iodine concentration levels were the main parameters taken into consideration.  

Due to significant iodine deposition in the main line, only five tests of the initial study were retained. For these 
tests, iodine deposition was below 40% of the total injected so that iodine speciation in the sampling lines is 
expected to be representative of the actual one at 150°C. The test conditions and main results are displayed in 
Table 3.6. 

• Three tests ([IOH-1], [IOH-2], [IOH-3]) were performed under a reducing atmosphere composed of argon 
and a low fraction of di-hydrogen (below 2.7% volume). The main parameters are the elemental iodine and 
hydrogen concentrations in the injection zone, so that a reducer over iodine ratio (H/I) between 3200 and 26000 
could be obtained for those tests. 

In the absence of oxygen, the iodine detected in the aqueous phase of the gas scrubbers is attributed to HI (as I2 
is trapped in the organic phase). Detectable amounts of molecular iodine (in the organic phase) were still 
observed at 423 K (150°C), showing that the IOH system undergoes some kinetic limitations. The maximum 
temperature seems to have no significant influence on the kinetic limitations ([IOH-3] test) indicating that a 
temperature of 1450 K (1160°C) seems to be sufficient to obtain a total decomposition of molecular iodine. The 
H/I molar ratio seems to be the main parameter that governs the kinetic limitations– as the other thermal 
hydraulic parameters were very close from one test to another (temperature profile, pressure and residence 
time as reported in Table 3.6). As this ratio increases, the I2 fraction at 423 K decreases so that the system tends 
to reach thermodynamic equilibrium. 

• Two tests ([IOH-4] and [IOH-5]) were performed under an oxidising atmosphere composed of a mixture of 
steam and argon (50/50). Two iodine concentration levels were considered with an iodine concentration about 
5 times lower for the [IOH-4] test compared to the [IOH-5] test so that an oxidiser over iodine ratio (H2O/I) up to 
79 000 could be obtained. 

Under oxidising conditions, the iodine species which could be present in the aqueous phase are HI and HOI. Large 
amount of HOI are nevertheless excluded because it is an intermediate species and in acidic conditions HOI will 
react quickly and quantitatively with HI (HOI + I- + H+  I2 + H2O) and the I2 formed will be then transferred in the 
organic phase. Therefore we consider that the amount of iodine detected in the aqueous phase is attributed to 
HI.  

For both tests, the gaseous iodine flow at 423 K is mainly composed of molecular iodine (between 90 and 96 %). 
The remaining iodine fraction detected in the aqueous phase (9.1% for the [IOH-5] test and 3.8% for [IOH-4]) is 
attributed to HI. The presence of measurable amounts of HI species indicates that the IOH system in oxidising 
conditions is also kinetically limited, although less marked than in reducing conditions. The amount of HI species 
decreases with increasing H2O/I ratio as reported in Table 3.6. 
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Table 3.6: IOH test series performed in the GAEC line - main results (Grégoire et al., 2017). 

Test name [IOH-1] [IOH-2] [IOH-3] [IOH-4] [IOH-5] 

Thermal hydraulic conditions      

Pressure (MPa) 0.106 0.105 0.120 0.106 0.106 

HT Zone max.temp (°C)  1550 1550 1160 1550 1550 

Carrier gas flow (l.min-1 – NPT) 
and composition 

1.0 
Ar/H2 97.3/2.7 

1.0 
Ar/H2 

99/1 

1.4 
Ar/H2 

98/2 

1.0 
H2O/Ar 50/50 

1.0 
H2O/Ar 50/50 

Residence time (s) 7.5 7.5 6.9 7.5 7.5 

Element injection in the HT zone : iodine concentration and element molar ratio 

Iodine concentration (mol/l) 3.8 10-8  3.9 10-8  1.7 10-8  4.4 10-8  2.3 10-7  

Reducer  H/I ratio   x103 
Oxidiser (H2O)/I ratio   x103 

9.9 0.7  
 

3.2 0.2 
 

26 1.8 
 

 

79 4 

 

15 0.7 

I Deposited in the main line (1550 -150°C temperature zone) 

I (36±3)%  (262)%  (423)%  (181.5) %  (333)% 

Iodine released at 150°C (644)% (745)% (585)% (825)% (674)% 

I as I2  (142)%  (20±1) %  (4±0.4)%  (96±1)%  (91 ±6)%  

I as HI (possibly I or HOI) (862)% (80±1)% (96±13)%  (4±1)%  (9.0±6)%  

NPT conditions: 0°C, 0.101325 MPa; ‡ Element injection based on the final mass distribution in the line and assuming a steady injection rate (relative 
uncertainties below 5%). Values rounded to two significant figures. 

 

SOPHAEROS calculations were applied on the IOH GAEC tests with the IOH kinetic network. In the simulation, no 
iodine deposition on the line was modelled due to the lack of data describing the iodine loss with temperature 
and concentration. As observed in table 6, for tests with a large excess of I2 ([IOH-5]) or HI ([IOH-1]) at the outlet, 
the deposited iodine amount is very close. We can think that the deposition process is similar for I2 and HI and 
thus has a weak impact on iodine speciation at 423 K. Therefore we consider that the simulated fractions of I2 
and HI can be compared to the measured ones. 

3.4.2 ASTEC/SOPHAEROS simulation of Tests performed under reducing conditions  

[IOH-1] to [IOH-3] tests have been conducted under hydrogen (H2) conditions with argon. The SOPHAEROS 
calculation assuming a thermodynamic equilibrium provides only HI at the outlet. If kinetic system is activated, 
taking into account the adjustment on the rates constant of: (H + H + M  H2 + M) and (O2 + H + M  HO2 + M) 
to better fit the flame data, around 74 to 89% of iodine at the outlet is under I2 which is totally in disagreement 
with experimental values. 

A complete analysis of chemical reaction path has been done to understand iodine behaviour under hydrogen 
(H2) (Grégoire et al., 2017). At high temperature, I2 is immediately decomposed in I radical. In stationary regime, 
I2 and HI are actually produced when the temperature is lower than 1000K. At the outlet, HI is mainly produced 
by reaction between I2 and H and I and H2. There is no global loss rate of HI during the transport. I2 is only 
produced by I+I and consumed by reaction with H radical to form HI.  

A first hypothesis is that the reactions leading to the production of HI are too slow to correctly account for the 
experimental observations. In order to enhance HI production, several reactions leading to HI formation were 
accelerated by increasing the kinetic reaction constant by a factor 5 (within the uncertainty range of kinetic 
constant): H + I + M  HI + M, H + I2  I + HI and I + H2  HI + H (listed in Table 3.4). In this case, HI fraction at the 
outlet is increased and reaches ~28% (for [IOH-1]). Even if this percentage significantly increases, it is not enough 
to explain the experimental values.  

A second hypothesis is that H radical amount is underestimated with the kinetic reactions - limiting thus the 
production of HI. It is therefore assumed that H2 is in equilibrium with H radical. In this context only reactions 
including iodine are activated. In this case, 90% of HI is computed at the end of the facility. Results are 
summarized in Table 3.7 for the [IOH-1] (similar trends is observed for [IOH-2] and [IOH-3] tests, see Grégoire et 
al., 2017). The computation performed with the carrier gas assumed to be in thermodynamic equilibrium has a 
higher impact on the nature of the iodine released at the line outlet than the modification of the kinetic reaction 
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rate directly involved in HI production or loss. Indeed, when H2 and H are supposed to be in thermodynamic 
equilibrium, the global balance between HI production and loss has been modified. HI production occurs at 
higher temperature (>1000K). This is more realistic because, even if HI is the more stable species at lower 
temperature, its production is very low at these temperatures. Because H2 and H are in equilibrium, if H radical 
is consumed to form HI, it is necessary to also consume H2. The main reaction which produces HI is in this case I 
+ H2  HI + H. It allows respecting H2 and H equilibrium, producing H radical with H2. HI production is thus 
enhanced. 

Table 3.7: Ig composition at the GAEC line outlet in reducing conditions ([IOH-1]), modelling results. 

 HI (%) I2 (%) I (%) 

Measurement- IOH 1 test 86 14  

Thermodynamic equilibrium 100 0 0 

Kinetic reaction 5.2 87.2 7.60 

Modified reactions 27.7 66.5 5.8 

H2 and H computed at equilibrium 90.5 5.7 3.8 

 

3.4.3 ASTEC simulation of tests performed under oxidising conditions  

Assuming a thermodynamic equilibrium for all species, SOPHAEROS predicts only molecular iodine at the main 
line outlet which is close to the experimental results. With all the kinetic systems, SOPHAEROS predicts 65% of 
iodine released as molecular iodine, 19% as HI, the rest as HOI and I. A third computation is done assuming carrier 
gas at equilibrium, similarly to reducing conditions. In this case, I2 represents around 92% of total iodine at the 
outlet. Only 3.3% of HI are formed and 4.2% are in I radical, see Table 3.8. 

An analysis of the chemical reaction pathway was performed in both cases. It shows that HO2 and IO are 
enhanced with kinetic system. These radicals are involved in the HI (HO2 + I  HI + O2) and HOI production (IO + 
H2O  IH +HOI). With the carrier gas at thermodynamic equilibrium, reduced production of these species also 
reduces the HI and HOI production. I2 is the main produced species below 1000 K (I+ I+ M  I2 + M) and because 
I radical concentration is higher (no production of IO radical nor HI), there is more molecular iodine in this case. 
OH radical concentration is enhanced at high temperature with equilibrium assumption. But at these 
temperatures, only HI production can occur and because OH radical is involved in both HI and HOI losses, it 
explains also the reason why HI and HOI are not promoted with carrier gas at equilibrium. 

Table 3.8: Ig composition at the GAEC line outlet in oxidising conditions ([IOH-4]), modelling results. 

 HI (%) I2 (%) I (%) HOI (%) 
Measurement ([IOH-4] test) 3.8 96.2   

Thermodynamic equilibrium 0 99.99 0.01 0.0 

Kinetic reaction 18.9 65.0 4.0 12.1 

Carrier gas at thermodynamic equilibrium 3.3 92.4 4.2 0.1 

 

Regarding all GAEC tests, it appears that thermodynamic equilibrium computation is close to experimental results 
but cannot explain all the speciation found in the sampling lines. If all species of the IOH system, including carrier 
gas, are computed with the kinetic systems, computation trends are not satisfying. Assuming a thermodynamic 
equilibrium only for the carrier gas allows catching general experimental trends. 

 

3.4.4 Conclusion: I-O-H system - experimental and modelling works 

The IOH thermo-kinetic scheme, describing iodine reactivity at high temperature, is able to reproduce quite well 
the two sets of experimental data gained  in the open flow reactor test series. 

A good agreement is obtained for iodine by the adjustment of the kinetic rate constant of only two reactions 
involving H radicals (H + H + M  H2 + M) and (O2 + H + M  HO2 + M) within the uncertainty range of such 
constant. The HI and I2 amounts measured in the open flow reactor tests are quite well predicted by 
ASTEC/SOPHAEROS modelling.  



Titre : Fission product behaviour in a severe accident situation of a NPP  - from fuel release to atmospheric dispersion 
Sous-titre : mémoire d’habilitation à diriger des recherches 

 
 

. 
 

43/116 
 

 

At high temperature (above 1440K, 1170°C), the main identified iodine form is atomic iodine. Recombination 
occurs at lower temperatures leading to the formation of more stable species: molecular iodine prevails in the 
presence of steam (oxidizing conditions) and hydrogen iodide in presence of di-hydrogen (reducing conditions). 
Kinetic limitations allow the persistence of HI or HOI in oxidizing conditions and I2 in reducing conditions but 
seem more pronounced in reducing conditions compared to oxidizing conditions. 

3.5 Influence of a Cs sink: Molybdenum  

As observed from the tests performed with the Cs-IOH chemical system (Grégoire et al., 2015), as soon as Cs is 
added in excess with respect to iodine, iodine reacts quickly and completely to form caesium iodide in a large 
temperature range (high thermal stability) whatever the atmosphere conditions (reducing or oxidative). 
Modelling at thermo-dynamical equilibrium correctly simulates the experimental results, indicating no kinetic 
limitation for gaseous caesium chemistry. 

The influence of Mo on gaseous iodine release was studied firstly with in the GAEC line with concomitant injection 
of CsI and MoO3 vapours in pure steam conditions (Lacoué-Nègre, 2010; Gouello, 2012; Gouello et al., 2013) 
achieving Mo/Cs ranging from 0.2 to 5. It has been observed that the presence of molybdenum increases the 
fraction of gaseous iodine at low temperature: 60 - 100% of the injected iodine was released in gaseous form at 
150°C as soon as Mo is in excess relative to Cs (Gouello et al., 2013). Molecular iodine dominates the gaseous 
form (80-90%). Caesium molybdates identified as Cs2MoO4, Cs2Mo2O7, Cs2Mo3O10, Cs2Mo4O13, Cs2Mo5O16 and 
Cs2Mo7O22 on the basis of the reference spectra (Hoekstra, 1973) were identified in the deposited species 
(aerosols or condensed vapours) collected in the 1000-270°C temperature range as well as the aerosols collected 
at the outlet (micro-Raman spectrometry). The Mo stoichiometry in these molybdates increases with decreasing 
temperature and with the Mo/Cs ratio in the HT zone. For the tests featuring an excess of Mo relative to Cs, 
MoO3 is also found from 600°C down to the outlet filters. XPS characterisations support these observations. 

3.5.1 Mo-CsIOH chemical system – CHIP Tests 

Several tests were performed in the CHIP line featuring I2, CsOH and MoO3 separate injection in oxidising or 
reducing atmospheric conditions (Grégoire al., 2015). Two tests will be discussed here: the [PL-MoCsI_3] test 
performed in steam/argon atmosphere, and the [PL-MoCsI_2] test featuring a reducing atmosphere by the 
addition of hydrogen. Hydrogen level in the line was limited to 2.8% of the carrier gas for safety consideration. 
Nevertheless, by reducing steam injection to its lower limit (at least 40 g/h mandatory for MoO3 vaporisation), 
quite reducing atmosphere composition can be achieved for the PL_MoCsI_2 test. Both tests were performed 
with an excess of Cs relative to I (ranging from 3.3 to 4.1) and with an excess of Mo relative to Cs (Mo/Cs ratio 
between 2 and 3) in the range of ratios observed during the Phébus FP test sequences (Haste et al., 2013, see 
also Table 3.1).  

Test conditions and results are displayed in Table 3.9 in terms of main line deposition and aerosol/gas transport 
at 150°C (conditions of a cold leg break). Distributions are expressed in % relative to the total mass injected in 
the high temperature (HT) zone for each element. Element distribution in the CHIP “main line” is too coarse to 
allow for the identification of species condensation peak as the CHIP line was divided only into two parts: the 
alumina tube for a temperature range of 1600-600°C and the stainless steel tube for 600-150°C. Except for iodine, 
the other elements (Cs, Mo) found at the line outlet (at 150°C) are attributed to transport in aerosol form owing 
to their low volatility. In order to get information on deposit speciation, SEM-EDX, XPS, Raman spectrometry and 
XRD characterizations were undertaken.  
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Table 3.9:  [PL_MoCsI_2]and [PL_MoCsI_3] tests in the CHIP line- Main results (Grégoire et al., 2015). 

Test name [PL_MoCsI_2] [PL_MoCsI_3] 

Thermal hydraulic conditions   
Pressure (Mpa) 0.2  
Carrier gas flow (l/min – NPT) 34.7 34.3 
Max. temperature in the HT zone (°C) 1600 1600 
Residence time in the transport zone (s) 11-12 11-12 
Carrier Gas composition 
 
H2/H2O molar ratio 

Ar/H2O/H2 

94.8/2.4/2.8 
1.2 

H2O/He/Ar 
50.8/44.1/5.1 

0 

Element injection in the HT zone : iodine concentration and element molar ratio 
Iodine concentration (mol/l) 5.8 10-8 7.6 10-8 
Cs/I 4.2 0.4 4.0 0.4 

Mo/Cs 3.7 0.4 3.2 0.3 

Deposition in the main line 1600 -600 °C  (alumina tube) and 600-150 °C 
(stainless steel tube) 

I 
(1.50.1)% 

(36.53.0)% 

0 % 

(0.20.02)% 

Cs 
(342.7)% 

(18 1.5)% 

(110.9)% 

(161.3)% 

Mo 
(57 4.5)% 

(101)% 

(4.00.3)% 

(211.7)% 

Sampling line data: iodine Transport at 150°C   
I gas fraction (1 1)%a,b (886.4)%a,b 
Iodine gas identification   
I as I2 0c ~ 2/3b,c 
I as HI 1 (assumption) ~ 1/3b,c 
I aerosol fraction (61 3)%a,b (11.86.4)%a,b 
Iodine aerosol identification Not determined assumed to be CsI 

Sampling line data: Transport of other elements at 150°C 
Cs (aerosol) (48 3)% (73 1.6)% 

Mo (aerosol) (33 5)% (75 1.7)% 

Flow rate are given for NPT (Normal Pressure and Temperature) conditions: 0°C (273 K), 0.101325 MPa; ‡ Element injection based on the 
final mass distribution in the line and assuming a steady injection rate (relative uncertainties below +/-7%). data rounded to two significant 
figures. a : ‘Iaerosol&gas line’ data; b: ‘Ig speciation line’ data ; c: ‘I2 line’ data. 

 

Tests performed in pure steam atmosphere: 

As already observed in the small-scale test line, a significant release of gaseous iodine is observed as soon as 
molybdenum is in excess relative to caesium: at 150°C, an average gaseous iodine fraction of 88% could be 
observed during the [PL_MoCsI_3] test. The gaseous iodine flow is mainly composed of molecular iodine (~ 2/3); 
the remaining gaseous iodine fraction detected in the aqueous phase (~ 1/3) can be reasonably attributed to HI6. 
The results are consistent with GAEC tests (Gouello et al., 2013) and the [PL_MoCsI_1] test also performed in 
oxidising conditions (Grégoire et al., 2015). 

Consistently with the observations done for the GAEC tests, SEM-EDX analyses of the deposits collected on the 
quartz plates at 750°C, 660°C and 500°C revealed the presence of dendritic deposits which size decreases with 
the temperature to finally form fine large parallepipedic-like particles (see Figure 3.6), Mo and Cs being the main 
components of those deposits. The molybdenum to caesium ratios determined on the plate at 750°C (Mo/Cs~1-
2) and at 660°C (1 ≤ Mo/Cs ≤3) are homogeneous, though a slight enrichment in Mo is observed as the deposition 
temperature is decreasing. The deposits collected on the plate at 510°C presents in-homogeneities with long 
crystallised parallepipedic particles containing almost only Mo (18 ≤ Mo/Cs ≤ 43) and expected to be MoO3 and 
smaller particles containing both Mo and Cs (3.4  ≤ Mo/Cs ≤ 8) indicating that the deposits undergoes a strong 
enrichment in Mo at this temperature (figure 18). Raman characterisations of those deposits indicate the 
presence of a mixture of caesium polymolybdates of the Cs2MoxOy type with x and y increasing as the 

                                                           
6 Indeed, the other possible gaseous iodinated specie HOI is much less volatile than I2 at 150 °C (Lin et al., 1981) and may be thus collected on the inlet 

filtering device. Amounts of I at this level of temperature is also very low as this species is recombined into I2 which is a more stable species in this range 
of temperature. 
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temperature decreases: Cs2Mo2O7, Cs2Mo3O10 clearly identified on the plate at 750°C, Cs2MoO3O10 and 
Cs2MoO5O16 for the plate at 670°C and Cs2MoO5O16, Cs2MoO7O22 with pure α-MoO3 on the plate at 500°C, with 
the Mo enrichment of the deposits as predicted by the Cs-molybdate – Mo oxide binary diagram (Hoekstra, 1973, 
Smith et al., 2021). 

 

 

Figure 3.6: [PL_MoCsI_3] test - BSE imaging of aerosols deposited on quartz plates (Grégoire et al., 2015). 500-525°C. 

The aerosols collected on the filters appear as agglomerates of submicronic needle-like particles as observed by 
BSE imaging whatever the collecting zone (CL or HL), see Figure 3.6. Mo and Cs are the main components, I being 
detected in only very low amounts (EDX analyses). Mo is identified at its +VI oxidation state only given the binding 
energy of the Mo 3d peak (XPS analyses, binding energy at 232.7 eV) – in full agreement with (Gouello et al., 
2013); iodine is hardly detected by XPS on those samples. Though very sensitive to the laser beam (532 nm) used 
in Raman spectroscopy, the aerosols collected on the main line outlet filter (150°C) featured the presence of α-
MoO3, Cs2MoO5O16 and Cs2Mo7O22 compounds. The Raman spectra of aerosols collected in the HL or CL lines 
could not be clearly identified, even if some spectral bands may indicate the presence of Cs2Mo4O13 and/or 
Cs2Mo7O22 compared to reference spectra (Hoekstra, 1973).  

 

Tests performed in steam/hydrogen atmosphere 

Under more reducing conditions (steam/hydrogen, with H2/H2O ~1), only very low amounts of gaseous iodine (1 
% of iodine injected in the test loop) have been evidenced at 150°C, even in presence of an excess of molybdenum 
relative to caesium (Mo/Cs ~3.3). As no I2 was evidenced in the organic lines, this low amount of gaseous iodine 
may be assumed to be hydrogen iodide. 

The deposits collected at ~590°C during the [PL_MoCsI_2] test present a mixture of easily distinguishable 
particles: submicronic needle-like particles and some larger ball-shaped particles. EDX analyses on the larger 
particles indicate the presence of Mo, Cs and I but with an enrichment of Cs and I relative to Mo – indicating the 
presence of CsI particles, the submicronic needle-like particles are molybdenum-rich (Figure 3.7). The aerosols 
collected at 150°C are fine needle-like particles mixed with larger particles (BSE examination, Figure 3.7). 
Consistently with the low gaseous iodine release in this test, I is easily detected (as are Mo and Cs) by EDX. 
Though the resolution of EDX analyses (> 1 µm3) does not allow analysis of single particles, the inhomogeneity of 
the Mo/Cs and Cs/I ratio determined over different agglomerates indicates a mixture of compounds for instance, 
some aggregates present a strong enrichment of Cs/I indicating probably the presence of CsI particles. It is 
recalled that caesium iodide is not active for Raman spectrometry (Lacoué -Nègre, 2010) and not present in 
sufficient amount to be detected by X-Ray diffraction7. 

The samples were sensitive to the Raman laser beam and underwent rapid degradation during the analyses. 
Nevertheless analyses by multivariate curve resolution of the Raman spectra allow to extract the spectrum of 
MoO2, pure α-MoO3 and besides several caesium polymolybdates (Cs2Mo3O10, Cs2Mo5O16, Cs2Mo7O22) for the 

                                                           
7 X-ray diffraction is not sensitive as only species with fraction higher than 5% of a mix can be detected - besides the fact that species must be under 

crystallized forms.  
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aerosols sampled both at 150°C and 590°C. The presence of MoO2 was confirmed by both XRD and XPS analyses. 
Indeed, the Mo 3d spectrum obtained by XPS analyses (Figure 3.8) shows that the injected Mo(+VI) underwent 
a partial reduction in the steam/hydrogen flow. Three different oxidation states could be identified with a similar 
distribution on all samples: Mo(VI) ~50% - Mo(V) ~25% -Mo(IV) ~25%. Under reducing conditions, Mo is mainly 
found in the high temperature zone (57% of injected Mo is found deposited in the alumina tube above 600°C) 
consistently with the more refractive behaviour of its lower oxide8 and is less transported up to the line outlet 
(33% in aerosol form). On the contrary, under oxidative conditions, Mo is less deposited (mainly below 600°C as 
reported in Table 3.9) and much more transported (70-75% in aerosol form). Similarly to molybdenum, caesium 
deposition pattern is dependant of the reducing/oxidative conditions.  

At 150°C, iodine can be detected in small amounts at the sample surface and is bonded to Cs only, (I(3d5/2) 
spectrum presents a peak at 618.8 keV typical of the I–Cs bond (Dillard, 1984). At ~590°C, a minor fraction of I is 
also detected as I2 adsorbed on the aerosols surface as the I(3d5/2) spectrum presents a second peak at 620.8 keV 
which is typical of the I–I bond.  

  
Figure 3.7: [PL_MoCsI_2 test] - left : SEM-EDX imaging of aerosol collected at 590°C –x 1981 -  color code : I in red, Mo in blue, Cs in 

green. (Grégoire et al., 2015). 

 

 

Figure 3.8: [PL_MoCsI_2 test] - XPS Spectra of aerosols collected on sequential aerosol filter of the cold leg sampling line (150 °C) 
(Grégoire et al., 2015). 

Left: binding energy zone of Mo3d:  Mo3d5(+VI) at 232.7 eV, Mo3d5(+V) at 230.9 eV and  Mo3d5(+IV) at 229.4 eV.  
Right: binding energy zone of I3d (I3d3/2 and I3d5/2 doublet) - binding energy of I3d5/2 at 618.8 eV typical of I-Cs bond. 

3.5.2 ASTEC/SOPHAEROS modelling 

The [PL_MoCsI_3] and [PL_MoCsI_2] tests were simulated (Grégoire et al., 2015) by ASTEC SOPHEAROS. Input 
data were the CHIP thermal profile and the initial test conditions (Table 3.9). Two kinds of computation were 
done assuming firstly thermodynamic equilibrium in the gas phase and then taking into account kinetic of the 
IOH system. In the first case, vapour speciation depends only on species involved, associated Gibbs fee energy 
and element inventory. 

                                                           
8 MoO2 melting point is at 2300°C whereas MoO3 melting point is at 795°C. 
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Vapour concentration profiles of main species involving Cs and I and element ratios are represented in Figure 3.9 
for the [PL_MoCsI_3] test. With temperature decrease, CsOH disappears to form mainly Cs2MoO4 and CsI. As for 
the GAEC simulation, due to condensation of Cs2MoO4 (at ~700-800°C) and CsI (at ~500-600°C), Cs inventory in 
the gas phase decreases faster than iodine inventory. In the gas phase, no other element can interact with iodine 
leading to molecular iodine formation at low temperature by equilibrium calculations contrarily to GAEC 
simulation for which HI is the main released gaseous iodine species. 

  
Figure 3.9: [PL_MoCsI_3] test, vapour concentration and element ratio profile calculated with thermodynamic equilibrium (only Cs I 

species are reported) (Grégoire et al., 2015). 

Results of the simulation are reported in Table 3.10. The amount of gaseous iodine released is around 95 % with 
respect to the initial inventory. It is quite satisfactory compared to experimental results. Iodine is only in 
molecular iodine form consistent with the dominant form experimentally detected. Cs and Mo are computed 
under aerosol form in agreement with experimental results. Nevertheless, condensation along the tube is 
overestimated for Cs and Mo. This discrepancy may partially result from uncertainties on temperature gradient 
which influences condensation process but also from absence of kinetic condensation processes. Possible 
remobilisation of some deposits, which are not modelled at this stage, can also account for this difference 
(remobilisation resulting from chemical transformation of the deposits by interaction with surfaces). 

This computation shows that gaseous iodine is formed due to Cs interaction with Mo and Cs-Mo condensation 
or nucleation. Because these phenomena occur just downstream of the high temperature zone, the 
thermodynamic equilibrium assumption leads to good agreement on iodine behaviour. 

Table 3.10: [PL_MoCsI_3] test, element repartition (gas release, aerosol release, deposited) in % of element mass injected. Results 
calculated with thermodynamic equilibrium and kinetic reactions (in parenthesis) (Grégoire et al., 2015). 

% ii I model I exp. Cs model Cs exp. Mo model Mo exp. 

Gas released 94.3 (76.3) 88.3 6.4 0 (0) 0 0 (0) 0 

Aerosol released 0.55 (16.3) 11.5 6.4 40 (43.4) 73 50.8 (54.1) 75 

Deposited  5.15 (7.4) 0 60 (56.6) 27 49.2 (45.9) 25 

 

A possible improvement is to consider kinetic reactions for iodine behaviour. In this case the gaseous release is 
slightly modified (values in parenthesis in Table 3.10). Gaseous iodine still remains in molecular form with very 
low amounts of HI and I at 150°C. On the contrary, the fraction of iodine aerosol (CsI) increases (16.3 % of element 
mas injected) in better agreement with experimental results (11.5 6.4%).  

In steam and hydrogen (H2/H2O ~1) atmosphere ([PL_MoCsI_2] test), Cs2MoO4 concentration is lower. CsI is 
formed at higher temperature than in the calculation discussed above and there is no atomic iodine at low 
temperature (Figure 3.10). CsI and Cs2MoO4 retentions are important all along the tube. The molar ratio of I/Cs 
is lower than 1 after CsI condensation (Figure 3.10). It means that some Cs remains in the gas phase. A small 
amount of HI is formed at high temperature but due to the relative stabilities of CsI and Cs molybdates under 
these conditions, no significant amount of gaseous iodine can be formed. 

Cs, I and Mo are released in aerosol form, which is in agreement with experiment for Cs and I. As for of Mo, 
experiment shows dominant line deposition ( 
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Table 3.11). Mo is mainly in the MoO3 form (and associated polymer). No Mo(IV) oxidation state is calculated, 
whereas the presence of condensed Mo(IV) has been experimentally established. This fact may account for the 
differences between calculation and experiment in terms of Mo distribution between aerosol/deposited forms. 
The Cs release modelled is mainly in the Cs2MoO4 and CsI forms. This last point agrees with experiment where 
CsI was observed. 

The same simulation was performed in activating iodine kinetic reactions, values in parenthesis in  

Table 3.11) The vapour concentration profile is quite similar to the one obtained with thermodynamic 
equilibrium computation. The main difference is the amount of HI, which remains at low temperature due to 
kinetic limitations. Therefore, a small fraction of gaseous iodine (HI) is modelled at the outlet (3.4%) in 
accordance with experimental observation featuring a very low gaseous iodine release - but not as molecular 
iodine. 

  
Figure 3.10: [PL_MoCsI_2] test, vapour concentration (left) and element ratio profile (right) for main species calculated with 

thermodynamic equilibrium (Grégoire et al., 2015). 
 

Table 3.11: [PL_MoCsI_2] test, iodine repartition (gas and aerosol release and deposited iodine) in % of iodine injected calculated with 
thermodynamic equilibrium and kinetic reactions (in parenthesis), (Grégoire et al., 2015). 

% ii  I model I exp. Cs model Cs exp. Mo model  Mo exp. 

Gas released 0 (3.4) ~1 0 (0) 0 0 (0) 0 

Aerosol released 68.9 (66.1) 61 54 (53.9) 48 64.8 (64.6) 33.4 

Deposited 31.1 (30.6) 38 46 (46.1) 52 35.2 (35.4) 66.6 
 

3.5.3 Conclusion: Mo reactivity on the Cs-IOH system 

The GAEC and CHIP LP experiments showed significant gaseous iodine releases under oxidising conditions for 
H2/H2O ≤ 0.1. Experiments in CHIP with element ratio close to a reactor case (Cs/I ~2-5 and Mo/Cs ~2-5) revealed 
a gaseous iodine release at the line outlet up to 90% of the initially injected flow, identified as a mixture of I2 and 
HI. The deposits and aerosols collected in the line were composed of molybdenum oxides and of various forms 

of caesium molybdates (Cs2MonO3n+1, n2). No CsI particles were detected. Under oxidising conditions (H2/H2O ≤ 
0.1), which enhance Mo(VI) formation and, with an excess of Mo (Mo>Cs), Cs is confined by the formation of Cs-
molybdates inducing strong gaseous iodine release in both hot and cold leg break conditions. Molecular iodine 
is the main detected species. 

On the contrary, a slightly reducing atmosphere (addition of a few % of H2) is sufficient to promote the formation 
of CsI and thus strongly decreases the release of gaseous iodine even in presence of an excess of Mo relative to 
Cs. It was shown that molybdenum was significantly reduced to the (+V) and (+IV) oxidation states inhibiting 
caesium molybdates formation. A good consistency between simulation and experiments was obtained with the 
current Mo-CsIOH models in ASTEC/SOPHAEROS. In more reducing conditions (H2/H2O = 1.2), both the decrease 
of Mo release from the degraded fuel and the transport of the less reactive reduced form of Mo (Mo(IV) and 
Mo(V)) contribute to maintain Cs species available to react with iodine to lead to CsI formation. 
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3.6 Extended systems: influence of Silver-Indium-Cadmium (SIC)  

The study of the extended systems addressed separately the effect of each element of the SIC control rod on the 
persistence of gaseous iodine compared to tests performed with the Mo-CsIOH system in pure steam conditions. 
As stated previously, steam conditions enhance the formation of the stable caesium molybdates, thus partially 
preventing CsI recombination and promoting the release of gaseous iodine. On the contrary, silver, cadmium and 
to a lesser extent indium are expected to react with iodine to form metallic iodide (AgI, CdI2 and possibly InIx 
species). Nevertheless, the formation of metal-molybdates is not excluded, competing either with metal iodide 
or caesium molybdates generation. 

In this view, three tests were carried out with similar element mass flow rates (Mo, Cs, I) as for the former 
[PL_MoCsI_3] test plus one additional injection of a control rod element (cadmium, indium or silver) (Grégoire 
et al., 2021, Grégoire 2021). The [In+MoCsI] test, featured only a moderate indium (injected as In2O3) excess 
relative to iodine (In/I~4.4), this excess corresponds to the lower bound of the expected transport in the RCS in 
a severe accident (Haste et al., 2013, see also Table 3.1). For the [Cd+MoCsI] test, metallic cadmium vapours 
were generated in a very large excess relative to iodine (Cd/I ~125). A third test featured silver, the [Ag+MoCsI] 
test. To better assess reactivity with iodine in severe accident conditions, the test was performed with a very 
large excess of silver relative to iodine (Ag/I~55). Similar thermal gradient and residence time were applied 
compared to the [PL_MoCsI_3] test. As for the carrier gas composition, a mix of steam/inert gas was injected for 
the [In+MoCsI] and [Cd+MoCsI] tests as it was observed that those CR elements were also released during the 
Phébus test main release phase of Cs, I and Mo (in steam atmosphere). A low amount of hydrogen (1.8% of the 
total atmosphere) was added for the test featuring silver, as this element was released later when low amounts 
of H2 were measured in the Phébus circuit (Grégoire and Haste, 2013). 

The main objective was to assess the influence of each additional element (Ag, In, Cd) on the nature of deposited 
and transported species compared to the Mo-CsIOH chemical system alone. A special attention was brought on 
the formation of metallic iodide and metallic molybdates which may play a key role on gaseous iodine persistence 
at 150 °C.  

3.6.1 Iodine transport and Element mass distribution in the CHIP line 

Test conditions and element distributions are reported in Table 3.12 in terms of high/low temperature 
deposition, aerosol/gas transport at 150°C (conditions of a cold leg break). Distributions are expressed in % 
relative to the total mass injected in the high temperature (HT) zone for each element. 

3.6.1.1 Nature of iodine released at 150°C  

The sampling lines allowed to evaluate the level and nature of iodine release at 150°C for each test. Results are 
presented in the Table 3.12.  
For the [In+MoCsI] test, almost only gaseous iodine was released at 150 °C, with average fraction close to 90% 
at 150°C (relative to the initial iodine mass injected in the HT zone). Roughly one half of the gaseous iodine is 
identified as molecular iodine, the rest being attributed to an inorganic form, assumed to be mostly HI because 
the formation of HOI is less probable in such conditions (Grégoire et al., 2017). Results are comparable to the 
[PL_MoCsI_3] test, indicating that the presence of indium does not significantly alter the chemical Mo-CsIOH 
system in steam atmosphere. As a consequence, it is confirmed that aerosols composed of InIx species are not 
formed in these experimental conditions. 

For the [Cd+MoCsI] test, for both “Iaerosol&gas line” and “Igas speciation line”, the gaseous iodine fraction detected 
downstream of the aerosol filter is very low (< ~1%). On the contrary, a significant amount of gaseous molecular 
iodine is observed in the “I2 line” (without inlet filter), representing 28% of initially injected gaseous iodine. The 
fact that a measurable gaseous iodine fraction could be detected only in the “I2 line” can be accounted for by a 
significant retention of gaseous iodine species on aerosols collected on the inlet filter of the other sampling lines. 
Such retention was not observed during the [In+MoCsI] and [PL_MoCsI_3] tests, and may be due to presence of 
cadmium species in the case of the [Cd+MoCsI] test. We thus retain the value gained from the “I2 line” (28% of 
initially injected iodine) for the gaseous iodine fraction. This value is considered as a minimum as only I2 fraction 
could be quantified in this line. The gaseous iodine fraction is nevertheless almost three times lower than that 
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observed during the [PL_MoCsI_3] test (88.3%), indicating that cadmium species contribute to reduce the 
transport of gaseous iodine compared to the Mo-Cs-I-O-H system in steam. Nevertheless, such cadmium effect 
is observed for a very large Cd/I ratio. 

For the [Ag+MoCsI] test, the “I2 line” turned out to be inefficient to trap molecular iodine (if any) in presence of 
metallic silver particles (see section 3.2.2.). As a result, we retain only the data gained from the “Iaerosol&gas line” 
which shows a very low gaseous iodine fraction (<2%). One should keep in mind that this gaseous iodine fraction 
may be underestimated owing to possible gaseous iodine retention on the particles trapped on the inlet filter of 
the sampling line (similarly to the [Cd+MoCsI] test). Iodine-containing particles (expected to be AgI or CsI) was 
found predominantly soluble in aqueous media suggesting that formation of (insoluble) AgI is not the main 
reaction pathway leading to the release of iodine as aerosols. Indeed, only 10%-25% of iodine collected in the 
sampling lines could be identified as AgI that is not consistent with thermochemical simulations predicting most 
that 75%. As a consequence, the most probable iodine form to be released at 150°C is CsI. 

Although the iodine nature at 150°C (cold leg break conditions) cannot be fully described in presence of cadmium 
or silver, these control rod materials tend to lower the gaseous iodine fraction formed along the thermal 
gradient. 

3.6.1.2 Element line distribution – comparison with reference test [PL_MoCsI_3] 

As for the other CHIP tests, element distribution in the line is reported for the 1600-600°C temperature range , 
600-150°C and transport at 150°C. Except for iodine, the other element found at the line outlet (at 150°C) are 
attributed to transport in aerosol form owing to their low volatility. The following statements can be put forward 
based on the experimental results and compared with the [PL_MoCsI_3] test: 

For iodine, no deposition is observed above 600°C for all tests. Deposition below 600°C is very low when iodine 
is mainly transported at the line outlet in gaseous form as for the [In+MoCsI] test (0.1% of total injection iodine 
found in the 600-150°C temperature range) or the [PL_MoCsI_3] reference test. When iodine is found mainly 
transported in aerosol form at 150°C, a significant iodine deposition is observed but only below 600°C : 13% for 
the[Cd+MoCsI] test and 15% for the [Ag+MoCsI] test. Such iodine deposition in the CHIP line results from vapour 
condensation or aerosol deposition of iodine containing species as already observed when iodine is transported 
as CsI (Grégoire et al., 2015). 

Mo distribution in the CHIP line for the [In+MoCsI] test shows 7% deposited above 600°C, 21% deposited in the 
600-150°C temperature range and 72% transported as aerosols. These values are comparable to that obtained 
for the reference test. On the contrary, in presence of Cd or Ag, Mo high temperature deposition is enhanced up 
to 31% ([Cd+MoCsI] test) and 47% ([Ag+MoCsI] test) simultaneously to a strong decrease of the deposition in the 
stainless steel tube (10% of Mo deposited below 600°C for both tests) and to a decrease of Mo found transported 
at 150°C (59% for the [Cd+MoCsI] test and 43% for the [Ag+MoCsI] test). This distribution is comparable to that 
observed for the MoCsI test in steam/hydrogen (Grégoire et al., 2015), in which a significant reduction of Mo(VI) 
to the less volatile Mo(IV) and Mo(V) compounds was evidenced. Indeed reduction of Mo is not excluded as 
oxidation of Cd or Ag in the steam flow at high temperature results in the production of low amounts of hydrogen 
capable of reducing (even partly) the injected MoO3 (in addition to the injected low hydrogen flow for the 
[Ag+MoCsI] test). As consequence Mo may be less reactive to form metallic molybdates and thus may contribute 
to the increased formation of metallic iodides (CsI, CdI2 and to a less extent AgI). 

Indium and silver are mainly found deposited in the high temperature zone above 600°C (alumina tube) 
consistently with their strong refractive properties. For the [In+MoCsI] test, 42% of In is found in this zone, 
whereas deposition below 600°C represents only 10% of initially injected In. For the [Ag+MoCsI] test, 57% of 
silver is found deposited above 600°C and 6% below. On the contrary, cadmium which is more volatile is mainly 
found in the 600-150°C temperature zone (41% for the [Cd+MoCsI] test and less at high temperature (3% above 
600°C). 

Only caesium deposition pattern does not show significant changes in this test series: high temperature 
deposition (above 600°C) represents 6-13% of initially injected caesium, deposition in the 600-150°C 
temperature range 13-16% so that for all test, Cs is mainly transported to the line outlet in aerosol form (73-
80%). 
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Table 3.12: [In+MoCsI], [Cd+MoCsI] and [Ag+MoCsI] tests  - main results (Grégoire et al., 2021). 

Test name [In+MoCsI] [Cd+MoCsI] [Ag+MoCsI] 
Thermal hydraulic conditions    
Pressure (Mpa) 0.2   
Carrier gas flow (l/min – NPT) 38.2  35.3  35.1  
Temperature in the HT zone (°C) 1600   
Residence time in the transport zone (s) 10-12 s   
Carrier Gas composition Ar/H2O 

54.3/45.7 
H2O/He/Ar 

49.4/42.8/7.8 
H2O/Ar/H2 

49.6/48.6/1.8 

Element injection and molar ratio in the HT zone    

Iodine concentration (mol/l) 8.2 10-8  8.3 10-8  7.5 10-8  
Cs/I 2.50.2 3.10.2 3.61.8 

Mo/Cs 5.00.4 3.70.2 3.70.3 

In/I  4.50.3   

Cd/I  1269  

Ag/I   4824a 

Deposition in the main line  
1600 -600 (alumina tube) 

600-150 °C (stainless steel tube) 
I 0% 

(0.10.01)% 

0% 

(131.3)% 

0% 

(157)% 
Cs (131.2)% 

(131.2)% 

(100.9)% 

(161.5)% 

(60.6)% 

(140.1)% 
Mo (7.00.6)% 

(212)% 

(312.8)% 

(100.9)% 

(474.4)% 

(100.9)% 
In (423.8)% 

(100.9)% 

  

Cd  (30.3)% 

(413.8)% 

 

Ag   (575.4)% 

(60.6)% 

Sampling line data: Iodine transport at 150°C    
I (gas) (89.9 6.5)%b (28 6.3)%d 

Other lines< 1% 
< (21)%b 

Iodine gas identification    
I as I2 ~ 1/2 1 nd 
I as HI ~ 1/2 - nd 
I (aerosol)  (10 6.5)%b (59 6.3)% d 

Other lines > 86% 
>(83 8)% b 

Iodine aerosol identification nd Traces of CdI2
e AgI ~1/10 to 1/4 b 

Sampling line data : transport of other elements at 150°C 
Cs (aerosol) (74 2.0)% (74 2.0)% (80 1.5)% 
Mo (aerosol) (72 2.0)% (59 3.0)% (43 4.4)% 

In (aerosol) (48 4.0)%   

Cd (aerosol)  (56 4.0)%  

Ag (aerosol)   (37 5.4)% 

Data rounded to two significant figures. Flow rates given for NPT (Normal Temperature and Pressure) conditions:  273 K or 0°C, 0.101325 MPa ; ‡ Element 

flow rate based on the final mass distribution in the line and assuming a steady injection rate (relative uncertainties below  5% except for iodine in the 

Ag+MoCsI test :  50%); a:  maximum ratio as silver vaporization may also occur during the heating phase; b : ‘Iaerosol&gas line’ data; c: ‘Ig speciation line’ data 
; d: ‘I2 line’ data ; max. value for Ig (resp. min value for Iaer); e: Cd and I detected on few particles (main line deposit -EDX examination). 
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3.6.2 Deposit characterisation: competition in metallic molybdate formation  

A full understanding of iodine behaviour cannot be obtained alone from sampling line data and the element 
distribution in the line even if some first important information could be gained. In this view, a fine 
characterization of aerosol deposits and condensed vapours was undertaken. Both condensed deposits collected 
in the main line (in a temperature range from ~850°C down to 350°C) and aerosols collected at 150°C were 
considered. Coupled analyses by SEM EDX, Raman micro spectrometry (RMS), XPS and XRD allowed to describe 
particle morphology, element composition and to identify the main species (Grégoire et al., 2021). In the 
following sections, analysis of deposits are summarized with decreasing deposit collection temperature. Detailed 
description is provided in Grégoire et al., 2021 (Appendix 2).  

3.6.2.1 Results for the [In+MoCsI] test:  

Above 700°C, In2O3 is the main deposited species identified as the cubic like particles (Figure 3.11a, SEM 
examination at 800-765°C). The large amorphous structures observed in this temperature range corresponds to 
melted silica. RMS allow to identify CsIn(MoO4)2 at temperature close to 700°C (as illustrated in Figure 3.12 left). 
This mixed Cs-In polymolybdates become the main species at 700°C (Figure 3.11b) and appears as the large 
parallepipedic and spherical particles (10-30 µm). Literature data predict the condensation of this species below 
650° (Maczka et al., 1997) rather consistent with the observations. Some small parallepipedic (not shown here) 
particles are identified as caesium molybdates (as shown in Figure 3.12 , right). 

At 500°C, three structures can be determined: micronic parallepipedic particles and very fine needles clustered 
around the larger ones, some larger plate like crystallites (~5-20 µm). The stick like particles size increases as 
temperature decreases (Figure 3.11c and b). CsIn(MoO4)2, In(MoO4)3 are identified as the main species in the 
clusters of fine particles. Given data of the MoO3-In2O3 binary diagram (Fillipek et al., 2012), indium 
polymolybdates should be observed at higher temperature (eutectic point at 780°C), indicating competition with 
the formation of the mixed Cs-In polymolybdates. 

 

 

Figure 3.11: [In+MoCsI] test – SEM examination of deposits collected in the 800-150°C temperature range BSE imaging with 
magnification from 5000 up to 12200 (Grégoire et al., 2021). 
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Figure 3.12 : [In+MoCsI] test – RMS analysis of condensed matter collected at 700°C on quartz plate (Grégoire et al., 2021). 
 Left : Typical Raman spectrum identified as CsIn(MoO4)2 by comparison with reference spectrum (Maczka et al., 1997) . Right:  (a) 

Typical Raman spectrum of needle like particles identified as Cs2Mo7O22 by comparison with reference spectrum (Hoekstra et al., 1973)  
(* typical Raman bands of CsIn(MoO4)2). (b) optical image of needle like particle together with particle of CsIn(MoO4)2. 

 

In the 500-400°C temperature zone, the large sticks corresponds to α-MoO3 (as seen in Figure 3.11c, d). This 
species dominate the deposit composition at 400°C and indicate that not all the molybdenum oxide was 
consumed by reaction with Cs or In. Some Cs2Mo7O22 needles are observed. In(Mo4)3 is still observed (fine 
particles) but not as the main species. 

The aerosols transported at 150°C (Figure 3.11e) are mainly composed of CsIn(MoO4)2 (DRX and Raman data) but 
the presence of Cs2Mo5O16 cannot be excluded. 

In the oxidative atmosphere of this test (injection of steam only and indium as indium oxide), only Mo(VI) species 
were transported in the line (XPS data, as shown in Figure 3.13). Similarly to the [PL_MoCsI_3] test, Mo main 
deposits are found below 600°C. Iodine was not detected in the solid sample consistently with a transport almost 
only under gaseous form. 

 

Figure 3.13: [In+MoCsI] test –Mo 3d XPS spectrum of condensed matter collected at 600-575°C on quartz plate and of aerosols collected 
at 150°C on quartz filter. 

 

3.6.2.2 Results for the [Cd+MoCsI] test 

Condensed species were analysed in the 670 -150°C temperature range as no collection devices were 
implemented for higher temperature. The size of the condensed material decreases with temperature featuring 
large octahedron particles and huge rods above 500°C, then submicronic needles and ball-shaped particles at 
lower temperatures (see Figure 3.14a to Figure 3.14e). By comparison with spectra referenced in the literature 
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or in data banks (Ozkan et al., 1990; Phuruangrat et al., 2011; Xing et al., 2011; Tsyrenova et al., 2011), several 
species involving cadmium are identified in the deposits. 

Cadmium molybdates, mainly CdMoO4, and mixed caesium-cadmium molybdates, Cs2Cd2(MoO4)3, are the main 
deposited species over all the 670-430°C temperature range. Additional particles composed of caesium-cadmium 
mixed compounds as Cs2xCdy(MoO4)x+y are hypothesized but these intermediates are not described in the 
literature. These metallic molybdates may result from the reactions at high temperature between MoO3(g) and 
Cd(OH)2(g) or Cd(g) and CsOH(g). Competitive reactions between Cd and Cs probably occur as CdMoO4 is the main 
detected compound and as no pure caesium polymolybdates is detected. Above 600°C, the morphology of 
CdMoO4 is octahedral (Shari et al., 2013). With decreasing temperature, the overall particle size decreases and 
the particle shape changes to spherical (see Figure 3.14 a to Figure 3.14 d). Mixed Cs-Cd polymolybdates are 
localized in cement like deposits (SEM image at 640°C, Figure 3.14 b). Cadmium silicates are identified at lower 
temperatures (below 540°C) by EDX and XRD in plate shaped particles or rods (not shown here). Reaction 
between cadmium metal with quartz plate substrate may account for the formation of such species. 

 
Figure 3.14: [Cd+MoCsI] test - SEM examination of deposits and aerosols collected in the 670-150°C temperature range (Grégoire et al., 

2021). 

 

Figure 3.15: [Cd+MoCsI] test – Cd 3d, Cs 3d, Id 3d and Mo 3d XPS spectrum of aerosols collected at 150°C on quartz filter (Grégoire et 
al., 2021). 

 

The aerosols collected at 150°C are composed of aggregates of submicron particles mixed with larger spherical 
particles (1-3 µm). CdMoO4 and Cs2Cd2(MoO4)3  are the main compounds of the aggregates. Besides spherical 
particles of Cd metal, part of Cd may be also oxidized in the steam flow as Cd(OH)2 and CdO forms are detected 
(Raman spectrometry and X-ray diffraction). Furthermore, traces of MoO2 are also detected at 150°C, they may 
result from the reduction of MoO3 by Cd metal at higher temperature. Although only evidenced at the line outlet, 
partial reduction of Mo(VI) to Mo(IV) is consistent with high amount of Mo found deposited in the high 
temperature zone (see Table 3.12) consecutively to the formation of the less volatile Mo (IV)-oxide. 
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No isolated caesium molybdates could be identified on any samples. The absence of such species in the deposits 
or in the transported aerosols may result from the competition between the caesium molybdate, cadmium 
molybdates and mixed cadmium-caesium molybdates formation which is in favour of the later one, since 
cadmium was injected in very large excess with respect to Cs and Mo. 

As far as iodine is concerned, no metallic iodide (as CsI ou CdI2) could be evidenced in the 670°C-430°C 
temperature range. Low amounts of iodine were detected at 150°C by XPS characterization (see Figure 3.15) with 
binding energies (3d5/2 level, 619.9 eV) closer to I-I (Dillard, 1984) bonds than Cs-I bonds or Cd-I meaning that I is 
present as I2 adsorbed on the particles, CsI and CdI2 particles were not detected. Nevertheless, in presence of 
large amounts of Cd, the I3d5/2 XPS lines at 619 eV can be interfered by that of Cd3p3/2 (618.4 eV) so that 
chemical displacement interpretation should be considered with caution; the I 3d3/2 line (631.5 eV) remains free 
of interference but is less documented in the literature (NIST data base). The characterisation of the condensed 
material is consistent with the results gained from gaseous phase (organic line) strengthening the fact that 
interaction between iodine and cadmium seems to be weaker than expected from literature data (Girault and 
Payot, 2013), even for very large excess of Cd relative to I. 

3.6.2.3 Results for the [Ag+MoCsI] test  

Different particle morphologies have been identified by SEM (see Figure 3.16 and Figure 3.17) and are observed 
over almost all the temperature range of deposit collection (800-150°C) combination with RMS allows to identify 
most of the deposited species. 

Large Ag-rich spherical particles (>10 µm) and partly coalesced at high temperature (>750°C) are observed (see 
Figure Figure 3.16 a) as the main component of the deposits and then more isolated with size decreasing along 
with sampling temperature down to submicronic particles (100 nm at 150°C); 

Parallepipedic crystallites with size decreasing from ~10 µm to less than 1 µm and needle like particles below 
700°C (initially 3-4 µm long then shorter as the collection temperature decreases, see Figures Figure 3.16 b, c, d) 
. EDX analyses reveal that these particles are Mo and Ag rich and micro-Raman characterisation of the deposits 
allow to identify molybdenum oxide and silver molybdates. In the 700-400°C temperature region, 
molybdenum(VI) and (IV) oxides are found as predominant species. The presence of reduced forms of Mo is also 
observed by XPS (Figure 3.18). The formation of MoO2 is consistent with the injection of a low amount of 
hydrogen and the presence of important amount of silver metal which can be considered as a reducing agent. 
The presence of the less volatile Mo(IV) species is also consistent with enhanced Mo deposition at high 
temperature (see Table 3.12). Silver molybdates (Ag2MoO4 mainly and Ag2Mo2O7, Ag2Mo3O10) were identified by 
comparison with literature data (Beltran et al., 2014). 

The amorphous structures (aggregates of very fine particles?, see Figure Figure 3.16 b, c, d) detected below 700° 
C and in which Cs is detected (EDX) are identified as caesium molybdates (micro Raman analyses). Caesium 
molybdates become the dominant species only below 500°C. Competition between the formation of silver and 
caesium molybdates may explain the delayed deposition of caesium molybdates species, compared to tests 
featuring only the Mo-CsIOH chemical system (detection of caesium molybdate in the 900-1000°C temperature 
zone, Gouello, 2012). 

Only few single particles featuring either CsI or AgI were found deposited between 350°C and 400°C (see Figure 
3.17). Given the fact that iodine is injected with an elemental flow rate almost 50 times lower than silver, metallic 
iodide - if formed - remains a minor component of the deposits  making its direct observation by surface analysis 
techniques most challenging. 
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Figure 3.16: [Ag+MoCsI] test - SEM-BSE (a-e) and EDX (f,g)  images of deposits and aerosols collected in the 800-150°C temperature 
range.  

(on elemental images f and g: red is Mo, blue is Ag and green is Cs). (Grégoire et al., 2021). 

 

 

 

Figure 3.17: [Ag+MoCsI] test - SEM-EDX examination of deposits collected at~340-350°C (Grégoire et al., 2021). 

 

 

Figure 3.18: [Ag+MoCsI] test – Mo 3d XPS spectrum of condensed matter collected at 690 and 490 °C on quartz plate (Grégoire et al., 
2021). 
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3.7 Discussion – Metallic iodide and metallic molybdate stability 

to In the presence of elements of the SIC control rods, the behaviour of iodine may be contrasted. When indium 
is injected, the formation of InIx species is not observed and iodine is still transported in the gaseous phase 
compared to the [PL_MoCsI_3] test. On the contrary, silver and cadmium injection in large excess with respect 
the other elements (I, Cs and Mo) induce the formation of iodide aerosols. AgI formation seems to be limited 
despite a large excess of silver, with a formation rate lower than 10% with respect to iodine ([Ag+MoCsI] test). 
This point confirms that AgI is less stable than CsI and CdI2 consistently with thermodynamic data as reported in 
Table 3.13 . More specifically, the three tests exhibited some significant differences as for iodine behaviour: 

 For the [In+MoCsI] test, a part of injected indium reacts preferentially with MoO3 rather than iodine to form 
indium molybdates so that the formation of InIx was not observed. As Mo was injected in excess relative to 
both In and Cs, molybdenum acts still as a Cs sink preventing CsI formation and thus allows the existence of 
gaseous iodine at 150°C. It is not excluded that injection of In2O3 in larger amounts (e.g. larger than Mo as 
for the tests with Cd and Ag) may result in enhanced consumption of MoO3 to form In-molybdate competing 
with Cs-molybdate formation and thus favouring cesium iodide formation but anyway it is not very 
representative of SA case (In is still in lower amount than Mo). 

 For the two other tests, despite the injection of a huge excess of cadmium or silver relative to all the other 
elements, the formation of metallic iodides such as CdI2 or AgI, seems not to be the main reaction pathway 
for iodine. Two other reaction pathways can be hyptothetized. Firstly, reactivity of cadmium and silver with 
molybdenum oxides may contribute to reduce significantly the Cs-scavenging role of Mo preventing the 
formation of caesium molybdates with Mo(VI) oxidation state. Secondly, the oxidation of the injected 
metallic species (Cd, Ag) may promote indirectly the formation of less reactive MoO2 oxide. This second 
reactional pathway is expected to remain limited as at most 10% of injected Mo(VI) could be reduced (XPS 
data, see section 3.6.2).  
 

Table 3.13 : Standard Enthalpy of formation of metallic iodide of interest taken from literature. 

Chemical species 
standard formation enthalpy for  

condensed species  
(kJ/mol)@298K 

standard formation enthalpy for 
 gaseous species 
(kJ/mol)@298K 

CsI 
-348.1 

(Cordfunke et al., 1985) 
-153.3 ± 1.8 

(Roki et al., 2014) 

CdI2 
-205 

(Konings et al., 1993) 
-58.8 ± 2.5 

(Shugurov et al., 2021) 

AgI 
-61.8 

(Taylor et al., 1921) 
125.3 

(Barin, 1989) 

InI 
-102 

(Vasil'ev et al., 1987) 
26.4 

(Gurvich et al. 1989) 

InI3 
-223 

(Vasil'ev et al., 1987) 
-105.4 

(Gurvich et al. 1989) 

 

Characterizations of the main compounds deposited in the CHIP line allowed to identify several metallic 
polymolybdates in addition to the caesium molybdates already characterized in similar thermal hydraulic 
conditions (Lacoué-Nègre, 2010; Gouello et al., 2013; Grégoire et al., 2015). Such species were not mentioned 
either for the VERCORS nor Phébus tests. Nevertheless, TGT deposition profile of In, Cs and Mo obtained for 
VERCORS HT tests (Pontillon et al., 2010) showed concomitant deposition in the ~800°C (HT2 test), ~675-725°C 
(HT3 test) and ~640°C (HT2 test) temperature zones, so that deposition of metallic molybdates involving Cs 
and/or In cannot be excluded. Silver deposition is much more complex to discuss featuring a low homogeneous 
deposition detected below 700°C (HT3 test) and 600°C (HT2 test) and no data for Cd deposition is available. As 
only I and Cs deposition profiles were determined for the Phébus TGT during the FPT1 and FPT2 tests (Girault 
and Payot, 2013), it will be difficult to infer any comparison with our results. 

The formation of various metallic polymolybdates entering in competition with the formation of caesium 
polymolybdates was clearly evidenced in the three tests. Indeed, deposits containing pure caesium molybdates 
were detected at a lower temperatures (below 600°C for the In-MoCsI and Ag-MoCsI tests) than observed when 
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only Mo oxide and Cs species are reacting together (1000°C, as reported in Gouello et al., 2013). Cd and Ag were 
injected both in large excess relative to Mo and Cs, so that a direct comparison of the two tests in terms of 
molybdate formation can be put forward. Pure caesium molybdates were still observed in Ag-MoCsI test, as well 
as MoO2 and MoO3 species. On the contrary, cadmium containing molybdates were the dominant species in the 
Cd-MoCsI test featuring only mixed Cd-Cs molybdates and traces of MoO2 (aerosols collected at the line outlet). 
These features indicate that the formation silver molybdate seems less favoured compared to that of cadmium 
molybdate in our test condition. Even if In2O3 was injected in lower amount (in default relative to Mo but in 
excess compared to Cs), the formation of indium molybdate seems favoured at high temperature, compared to 
that of pure caesium molybdates, as CsIn(MoO4)3 and In2(MoO4)3 are the dominant species in the 500-750°C 
temperature range. Caesium was found mainly as a mixed InCs molybdate compounds over all the temperature 
range, pure caesium molybdates appearing less abundant. In the oxidative atmosphere of this test (steam 

injection and no reducing species), the excess Mo was found mainly as -MoO3 from 500°C down. It is 
nevertheless difficult to know exactly if the species are formed in the gas phase and/or in the solid phase after 
condensation of In, Mo and Cs species in oxide or hydroxide forms. 

Formation enthalpies referenced in the literature show that caesium molybdates are probably the most stable 
compared to cadmium, silver and indium molybdates even if the thermodynamic date are uncomplete with no 

mixed elements (see Table 3.14). The Hf°(298K) remains nevertheless close enough so that in our conditions 
the large excess of Cd, Ag and In reagents compared to Cs may have displaced equilibrium in favour of Cd, Ag or 
In-molybdates in the high temperature zone. Consumption of these elements resulted then in the formation of 
the more stable Cs molybdates at lower temperature as experimentally observed. In this discussion, possible 
kinetic limitations in the thermal-hydraulic transient are not taken into account and thermodynamic data are 
nevertheless not all available in the literature. 

Table 3.14: Standard Enthalpy of formation of molybdates of interest taken from literature. 

Chemical species 
standard formation enthalpy for  

condensed species  
(kJ/mol) at 298K 

standard formation enthalpy for 
 gaseous species 
(kJ/mol)at 298K 

-MoO3(s) and MoO3(g) 
-745.5  

(Crouch-Baker et al., 1984) 
-364.4 ± 20.0,  

(Cordfunke and Konings, 1990) 

Cs2MoO4 
-1514.4 

(Gamsjäger and Morishida, 2015) 
-1179.2  

(Tangri et al., 1989) 
In2MoO4 Not available  

Ag2MoO4 
-838.2  

(Gamsjäger and Wiessner, 2018; Gamsjäger 
and Morishida, 2015) 

-459.6 
(CCSD(T)/CBS(TZ-QZ) value, method described 

in Saab and Souvi, 2018) 

CdMoO4 
-1034 ± 5.7 ; –1015.4 ± 14.5 

Ali et al., 2005 ; Mishra et al., 2006 

-606.0  
(CCSD(T)/CBS(TZ-QZ) value, method described 

in Saab and Souvi, 2018) 

SnMoO4 Not available 
-699 ± 29 

(Shugurov et al., 2015) 

 

Even if trends could be inferred from a direct comparison of stability of the identified compounds, a full 
understanding of the main reactions which occurred in the CHIP line with these chemical systems will be gained 
by simulation of the experiments with severe accident calculation codes as ASTEC/SOPHAEROS (Cousin et al., 
2008; Cantrel et al., 2013). Nevertheless, up to date, thermodynamic data of some metallic molybdates 
evidenced in these experiments are not available in the literature and cannot be accounted in the 
thermodynamic database of the simulation tools. DFT calculations, which are ongoing in SAM/LETR laboratory, 
may help to provide some of the missing thermodynamic data for gaseous species. 

3.8 Conclusion: In, Ag and Cd reactivity on MoCsI chemical system 

This series of tests performed in the CHIP line with the MoCsI chemical system and one SIC CR element (In or Cd 
or Ag) revealed that the behaviour of each component of the SIC control rod considered separately is much more 
complex than initially expected. Indeed, combined on-line sampling, elemental post-test analyses and an 
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extended characterization of deposits allowed to identify most of compounds formed during the transport in the 
thermal gradient (1600-150°C) of the CHIP line. These species were not evidenced in the larger scale Phébus tests 
or VERCORS HT tests due to the too integral objective of the test. 

In the case of indium injection, a release of gaseous iodine similar to the PL_MoCsI_3 reference test was still 
observed. Indium iodide formation was not observed as expected from the low stability of InIx(g) species. The 
fully oxidative conditions contributed to maintain Mo mainly in the +VI oxidation state and thus its capabilities 
to form metallic molybdates. Beside, strong deposition of In2O3 at high temperature (> 750°C) owing to the 
refractive property of this species, the main contribution of In injection was the formation of indium molybdates 
and mixed In-Cs molybdates. Owing to the large excess of Mo relative to both In and Cs, Mo still played its Cs-
Sink role, promoting a large fraction of gaseous iodine transported at low temperature. 

In the case of both cadmium or silver injection, the formation of metallic iodide other than CsI seems not to be 
the main reaction pathway leading to a strong reduction of gaseous iodine release despite the injection of very 
strong excess relative to all the other elements (I, Cs and Mo). The formation of various metallic silver or cadmium 
molybdates entering in competition with caesium molybdates contribute to significantly reduce the Cs-
scavenging role of Mo. 

It can be stated that due to the high stability of caesium iodide, only absence of Cs can prevent its formation but 

as various polymolybdates are formed, as detailed beforehand, caesium cannot be totally consumed by 

molybdemun in presence of control rod materials resulting from the molar contents respectively present in the 

RCS in SA conditions. 

Role or SIC elements were further investigated in the CHIP+ programme by considering the combined effect of 

several control rod elements (Cd and Ag) on the FPs transport  (I, Cs, Mo) (Grégoire, 2021). The role of boron on 

the FPs transport was finally considered – firstly alone and then in combination with Cd and Ag (Grégoire, 2021).  

3.9 Chemical reactivity in the RCS during a severe accident phase: 
outcomes of the CHIP and CHIP+ programmes 

With the CHIP and CHIP+ programmes, large efforts were sustained over 10 years with the aim to improve the 
knowledge of physico-chemical behaviour of the material released from a degraded core during its transport in 
the RCS in a SA situation.  

The main achievement of the CHIP and GAEC lines was the capability of reproducing quite representative 
conditions to that prevailing in the RCS in SA: large temperature gradient changes and short residence time, 
steam or steam/hydrogen atmospheres and above all relevant element concentrations and ratios. In addition, 
larges efforts were devoted to develop suitable samplings and chemical analyses to cover the complexity of the 
analysis. Both the CHIP and GAEC lines operated at Cadarache and extended cooperation with academic partners 
(University of Lille and later University of Bordeaux) helped to achieve significant progresses in the understanding 
of chemical reactivity in the thermal conditions prevailing in the RCS in SA conditions (1600°C-150°C). Main 
results were shared with CHIP and CHIP+ partners (experimental reports and synthesis report, Grégoire 2021) 
and later with the scientific community though oral communications or posters (Roki et al., 2008; Délicat el al., 
2011; Grégoire and Mutelle 2012; Gouello et al., 2012; Colombani et al., 2015, Grégoire and Morin, 2018, 
Grégoire et al., 2016), publications (Roki et al, 2008, Roki et al., 2013, Roki et al., 2014, Roki et al., 2015, Gouello 
et al., 2013; Grégoire et al., 2015; Grégoire et al., 2017; Grégoire et al., 2021). Thesis manuscript were also shared 
as open data (Roki, 2009; Lacoué-Nègre, 2010; Gouello, 2012; Délicat, 2012). 

The main outcomes of FPs chemistry in conditions of a RCS in SA can be summarized as follows: 

Gaseous iodine reactivity in the gas phase is kinetically limited, mainly under oxidising conditions, as it has been 
evidenced by the experiments performed on the I-O-H system. Experimental observations can be satisfactorily 
described by the thermo-kinetic mechanism developed by IRSN in collaboration with the University of Lille. This 
kinetic network was implemented in the ASTEC/SOPHAEROS simulation software. 
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With caesium in excess relative to iodine in the CsIOH system (as expected in severe accident scenarios), large 
caesium iodide formation prevents any gaseous iodine transport. Experiments failed to highlight any kinetic 
limitations so that the caesium chemistry is quite well simulated by considering thermodynamic chemical 
equilibrium in the gas phase, thermodynamic data being well known (Roki et al. 2013, Roki et al., 2014, Badawi 
et al., 2012). 

Mo and B act both as a Cs sink resulting in the formation/release of gaseous molecular iodine (main species) and 
hydrogen iodide in a lesser extent. The formation in the gas phase of stable caesium molybdates (Cs2MoO4, 
Cs2MoO7…) by reaction of Cs-species with molybdenum trioxide MoO3 prevents the formation of CsI and thus 
enhance gaseous iodine formation. Molybdenum is strongly sensitive to reducing conditions, leading to the 
formation of the weakly reactive Mo(IV) and Mo(V) species. The reactivity of the MoCsIOH system is quite well 
reproduced by ASTEC/SOPHAEROS simulations assuming Mo/Cs species at thermodynamic equilibrium and 
addressing I-O-H kinetics. With respect to caesium, and compared to molybdenum trioxide, boron oxides are less 
reactive in oxidative conditions, and more reactive in (slightly) reducing conditions. The expected formation of 
caesium borates (computer simulation) by reaction of Cs-species with either boric acid or metaborate or even 
boron oxide forms present in the gas phase could be unambiguously confirmed by TOF SIMS examination of 
deposits collected in the CHIP line (B-MoCsIOH test; Grégoire, 2021). As a consequence, the CHIP experiment 
with the B-MoCsIOH system featured significant gaseous iodine transport, even in slightly reducing conditions, 
consistently with the Phébus FPT3 test observations for which high gaseous fractions were observed. 

Among the three component of the SIC control rod, indium is the less reactive on the MoCSIOH system - so that 
Mo still acts as a Cs-sink inducing important iodine gaseous transport. In the presence of Cd or Ag, iodine gaseous 
transport is strongly reduced, even though the formation of CdI2 or AgI does not appear as a major reaction 
pathway to explain this observation. Based on the experimental data collected, it is assumed that both the 
competitive formation of metallic polymolybdates (Cd, Ag) versus caesium polymolybdates and the reducing role 
of the injected metallic species (Cd, Ag) contribute to reduce significantly the Cs-scavenging role of Mo and thus 
allow CsI formation preferentially to CdI2 and AgI. 

The addition of silver and cadmium to the MoCsI system results in the release of iodine almost only as particulate 
species. In the high temperature range, formation/deposition of the cadmium and silver molybdates species are 
formed preferentially to caesium molybdates, thus Cs may remain available for reaction with iodine in the gas 
phase. Iodine is probably transported as metallic iodide, identified as mainly a mix of CsI and/or CdI2, with a low 
amount of AgI. In our test conditions, the addition of boron has no/weak influence on the direct transport of 
gaseous iodine in presence of Cd and Ag, even if the formation of metallic borates (caesium and silver) could be 
clearly evidenced by TOF SIMS technique. 

One major issue of this programme was to better assess which conditions favour the transport of gaseous iodine 
species through the RCS and the reasons of this formation. For ST applications, it appears that the gaseous iodine 
fraction is strongly linked to gas atmosphere (oxidising versus reducing) as well as element ratio, noticeably the 
Mo/Cs ratio released from the fuel and also the amount and nature of control rod elements present inside the 
RCS. Some points remain to be investigated. The role of Boron when injected with SIC material should to be 
further considered in both pure steam conditions or slightly reducing conditions (H2/H2O ~0.1) to get firm 
conclusions. Identification of transported metallic iodide (CsI or CdI2) remains also an issue to be addressed in 
order to better assess the Cd role (Mo-scavenging effect or direct reactivity with Iodine). Further, it is difficult to 
assess from an experimental point of view if species formation occurs only in the gas phase or if gas/condensed 
or condensed/condensed phase reactions play also a role, notably for metallic molybdates or metallic borates: 
analytical tests in condensed phase coupled to theoretical chemistry simulations may help unravelling this issue.  

Efforts are now ongoing to improve the ASTEC/SOPHAEROS modelling: improvement/completion of 
thermodynamic database linked to species experimentally evidenced (metallic molybdates, metallic borates), 
implementation of non-congruent condensation which is not presently modelled. The final aim is to reproduce 
as much as possible all the trends experimentally observed in terms of iodine chemical reactivity and also FPs 
deposits to next extrapolate to reactor case simulations wit ha high degree of confidence . 
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4 REVAPORIZATION FROM RCS SURFACES: LATE PHASE RELEASES 
During the late phase of a severe accident, revaporisation of volatile FPs (Cs, I, Te) and less volatile FPs (Ru) 
deposited on the surface of the RCS can contribute to significant delayed releases into the environment as 
observed in the aftermath of the Fukushima Daichii accident for iodine, caesium (Terada et al., 2012; Katata et 
al., 2015) and even tellurium (Doi et al., 2013; Dickson et al., 2019 and references herein).  
During the Phébus FP tests (Haste et al., 2013), it has been shown that deposition on the surface of the RCS is 
significant : up to ~29% of the caesium initial inventory is found deposited in the hottest zone of the Phébus 
experimental circuit (> 700°C) and up to 10% in the steam generator (SG) pin hot leg (700-100°C). Iodine 
deposited less in the hot section of the circuit (~ 5% at most) and slightly more on the SG pin (up to 17%). As Cs, 
tellurium was also found strongly deposited in the hot leg of the experimental circuit (up to 50% of its initial 
bundle inventory) and up to 12% in the SG pin inlet. Except for the case of very oxidative conditions during a SA 
scenario (such as air ingress), ruthenium release will be limited and represents 1-5% of its initial inventory 
(Grégoire and Haste, 2013); nevertheless, Ru deposition in the hot zone of the RCS is expected to be significant 
as deposition/transport ratio is in between 40-90%during the Phébus FP tests (Haste et al., 2013). 

The main deposition processes being either direct vapours condensation or deposition of airborne particles led 
by thermophoresis in the strong thermal gradient zone (SG pin inlet) as predicted by Hidaka et al. (1995) and 
Maruyama et al. (1999) or even gravitational deposition. Though no direct identification of deposited species 
could be performed during the Phébus tests, deposits involving iodine are expected to be metallic iodide: CsI 
mainly, but other forms were detected (Girault et al., 2013). CHIP experiments showed that the formation of CdI2 
and AgI (to a lesser extent) may be formed (Grégoire et al., 2021). Whereas caesium may also deposit as CsOH 
or mixed with metallic molyddates as was observed in the CHIP experiments. For tellurium, caesium telluride 
(Kissane and Drosik, 2006) are expected whereas ruthenium is supposed to be deposited as RuO2. Based on the 
deposited fractions observed in the Phébus tests, deposits representing up to several mg.cm-2 can be expected 
in the strong deposition zones of a PWR RCS. 
These deposits may act as a source for medium term releases if thermal and/or chemical changes occur in the 
RCS. Indeed, significant remobilisation of Cs deposits from the hot leg of the Phébus experimental circuit was 
evidenced at the end of the degradation phase representing about 15-75% of the deposited Cs mass (Haste et 
al., 2013). 

Those phenomena are not accounted for yet by the SA simulation tools and it is difficult to predict their 
extent/impact, mostly because of the lack of experimental/theoretical data. Indeed, at the beginning of the FD 
accident the ASTEC severe accident simulation software predicts similar Cs and I release as the inverse source 
term evaluations from Katata et al (2015) and Terrada et al (2012). Nevertheless, after 6 days both Cs and I ASTEC 
calculated releases, in the standard version, are strongly underestimated (~2 decades) compared to the inverse 
ST evaluations.  

 

Figure 4.1: 137Cs and 131I release rate-comparison between ASTEC source term and environment source term (Cousin et al., 2019) – AST : 
Astec simulation, Kat: inverse source term from Katata et al., 2015, Ter: inverse source term from Terada at al., 2012. 
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Qualifying the potential medium term releases of volatile FPs due to remobilisation or revaporisation is an 
important issue, as it may result in delayed releases and have direct consequences on onsite emergency plan. 
Late phase releases of volatile iodine species is indeed of main concern as is can occur in strongly degraded 
configuration of the power plant – in which the mitigation means may be out of operation so that direct release 
to the environment cannot be excluded. 
One part of the MIRE (MItigation of outside RElease) project conducted by IRSN (2013-2019) was aimed at this 
end combining experimental analytical studies and theoretical studies on metallic iodide and ruthenium oxide. 
Experimental work on revaporization metallic iodine was conducted in the framework of a Ph-D (Obada, 2017) 
under the supervision of J. F. Paul, A.-S. Mamede (UCCS of University of Lille) and myself. 
In the following sections, I present the main features concerned with metallic iodine revaporization behaviour 
and the main outcomes of the experimental study carried out at IRSN up to now.  

4.1 Caesium and Iodine revaporization - State of the Art 

In the past, several attempts have been made to understand the phenomenon of FPs remobilization. As a follow-
up of the Phebus-FP tests, a series of research programs had been launched by different institutions (AEA-T, VTT, 
JAEA) (Grégoire et al., 2021b). Both interaction of fission products deposits with stainless steel surfaces 
representative of a RCS and revaporisation were considered. Most of these studies focused on CsOH and less 
frequently on CsI. The influence of other FPs (Mo) and CR material (Cd, Ag, B) on CsI thermal stability was also 
considered as well as the vaporisation of other metallic iodine (AgI).  

4.1.1 Stainless steel oxidation in SA conditions 

RCS piping are most frequently composed Fe- base stainless steel alloys (304L and 316L for instance in the French 
PWR characterised by high Cr and Ni contents and low Mn and Si contents) and steam generators of Ni- base SS 
(Inconel 600 or 900 grade) (Allen et al., 2010). In severe accident conditions, the surface of the RCS evolves when 
exposed for several hours up to several days to a high temperature (500-1000°C) environment and mild oxidative 
to severe oxidative atmospheres (mix of steam/hydrogen or air as in air-ingress scenario). As a results, a thick 
oxide layer is formed (up to several tens of µm, Elrick et al., 1984) compared to the oxide film formed in normal 
operation conditions (at most a few hundred nanometres, Stellwag et al., 1998). For 304(L) and 316(L) SS grades, 
the oxide layer mostly presents a duplex structure which composition depends mainly on the SA oxidation 
conditions. In steam conditions, the outer thinner layer is mostly Fe –rich in which Fe2O3, or Fe3O4 structures 
could be identified (Elrick et al., 1984; Allen et al., 1987). In the case of air, Cr-Mn rich outer layer is observed but 
with still a low amount of Fe oxide (Botella et al., 1998). The inner thicker layer is chromium rich with complex 
structures of Cr2O3 or mixed Fe-Cr spinels or even in a mix with Mn  for all oxidation conditions. At the metal-
oxide interface, a silicon-rich layer is sometimes observed beneath the chromium-manganese oxide 
(steam/hydrogen oxidation conditions) as reported by Elrick et al. (1984) and Allen et al. (1987). Si is not observed 
in the outer oxide layer. The oxide formed at the surface of Ni base SS steel is in general thinner and sometimes 
feature only one Cr2O3 rich- layer (Elrick et al., 1984). 

4.1.2 CsOH and CsI deposition and interaction with oxidised stainless steel surfaces  

Studying revaporization of FPs from the RCS surfaces implies to take account of the deposition processes and FP-
surface interactions. Given the strong temperature gradient occurring in the RCS during a SA phase, deposition 
processes evolve from vapour deposition (adsorption) to vapour condensation and then deposition or airborne 
particles led by thermophoresis, gravitational settling and impaction (Hidaka et al., 1995; Maruyama et al., 1999). 
Caesium hydroxide and caesium iodide deposition and interaction with stainless steel surfaces were thus 
considered both above and below vapour saturation temperatures, mostly in steam atmosphere. 

In the hottest zone of the RCS (> 600°C) CsOH reacts significantly with SS surface and diffuse into the oxide layer 
inducing the formation of Cs-Fe mixed oxide; Cs-Fe-Si and Cs-Si oxides (depending on the presence or not of Si in 
the oxide layers) are observed at higher temperatures together with Cs diffusion in the oxide layer (Elrick, et al., 
1984; Sallach et al., 1986; Allen et al, 1987; Di Lemma et al., 2016). The formation of Cs-Cr oxide is only observed 
in presence of air (Sasaki et al, 2013). The formation of caesium molybdates on 316 or 316L SS grades is observed 
but remains limited compared to the formation of Cs-Fe and Cs-Si oxides (Di lemma et al., 2017). Owed to its 
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reactivity, significant Cs deposition is expected in the high temperature zone of the RCS as was observed in the 
hot leg of the Phébus experimental circuit during the Phébus FP test series (Haste et al., 2013). Below vapour 
saturation temperature (342°C for CsOH at atmospheric pressure) deposit of CsOH are still important (Le Marois 
and Megnin, 1994) but deposited species do not interact with surfaces. 

 
Figure 4.2: Schematic summary of CsOH interaction with SS surface at high temperature in mild oxidative conditions. 

On the contrary, owed to a stronger stability, CsI vapour interacts less with SS at high temperature (Hidaka et al, 
1995; Hashimoto et al, 1996). As a consequence, CsI deposition is expected to be low in the hot zone of the RCS. 
CsI vapours are transported in colder zone (below 650°C) where they condense on the RCS surfaces or nucleate 
in the carrier gas, in presence of already existing particles, to produce aerosols. A part of the CsI aerosols are 
deposited in the RCS led by thermophoresis or by impaction. The expected CsI deposition pattern in the RCS (low 
at high temperature, significant in the condensation zone, e.g. in the SG zone) is consistent with iodine deposition 
observed in the Phébus experimental circuit (Haste et al., 2013). Following deposition as condensate or aerosols 
in the colder zone of the RCS, no interaction with the SS surface was evidenced.  

4.1.3 Cesium and iodine revaporization behaviour 

Experimental works concerned exclusively separate effect tests at a laboratory scale, mainly performed with 
fission products simulants (stable isotopes). Precursor were either synthetic deposits obtained after high 
temperature deposition of CsOH or CsI (Anderson et al., 2000) either commercial powders (Auvinen et al., 2000; 
Kalilainen et al.,2014; Gouello et al., 2016 Gouello et al., 2018; Shibazaki et al.,2001; Berdonosov and Sitova,. 
1997; Berdonosov and Baronov 1999;. Kulyukhin et al., 2004). Bottomley (2014) and Knebel (2014) considered 
deposits issued from the Phébus-FP tests, which are as realistic as possible however for such studies only Cs 
behaviour could be monitored. Kinetic studies were performed in Knudsen cell coupled to a mass spectrometer 
(Anderson et al., 2000) or in open flow reactor with radioactive tracers (134Cs or 137Cs), coupled to on-line γ-
spectrometry (Auvinen, 2000; Bottomley, 2014; Knebel; 2014). The revaporised species (transported aerosols 
and gaseous species, iodine compounds) were also characterised (Kalilainen, 2014; Gouello 2018; Shibazaki et 
al., 2001; Berdonosov and Sitova,. 1997; Berdosonov and Baronov 1999; Kulyukhin et al., 2004). A large 
revaporisation temperature range was explored (400 up to 1300°C depending on the studies) either in isothermal 
conditions or with slow heating rates or even with flash vaporization up to very temperatures (Kulyukhin et al., 
2004). Reducing (steam/hydrogen), to mild oxidative (steam) and more oxidative atmosphere (air; oxygen) were 
investigated. The main outcomes can be summarized as follows.  

As for CsOH, two processes were experimentally observed when reheating surfaces that have been previously 
exposed their vapours (Andersen et al., 2000; Auvinen et al., 2001). A first revaporization process starting at 
500°C in steam condition and similar to vaporization of pure CsOH, is attributed to the vaporization of 
physisorbed CsOH. Revaporization of such species seems to be mass transfer limited between 600°C and 800°C. 
For higher temperatures, a second process occurs, the revaporization is much slower and mostly monitored by 
the chemisorbed species which are less volatile (Cs-Si-O of Cs-Fe-Si-O phases). Steam in the carrier gas seems to 
accelerate revaporization compared to hydrogen. Air (oxygen) tends to lower the temperature onset of Cs 
revaporization down to 300°C (Bottomley, 2014). Influence of O2 remains to be further investigated. Remarkably, 
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Cs deposited on the Phébus samples behaved as the synthetic deposits – independently of the presence of the 
other elements in the deposited layer (Anderson et al., 2000). Revaporized species were not fully characterized 
and are expected to be either CsOH or Cs-surface compounds. Transport is quite efficient as up to 80% of 
revaporized species are released as aerosols.  

 
Figure 4.3: Summary of CsOH revaporization behaviour from SS surface in conditions of a RCS in long term phase (steam or air). 

 

As for CsI, less reactive with SS surface, revaporization in steam is reported to start close to 500°C and stop 
around 750°C (Andersen et al., 2000; Auvinen et al., 2000; Shibazaki et al., 2001). CsI is the main expected 
released species in steam conditions, e.g. in atmosphere featuring low O2 potential (Shibazaki, 2001). On the 
contrary, Kalilainen (2014) and Gouello (2018) found that following the vaporisation of CsI at 650°C (dwell 
experiments), 10% - 27% of transported iodine is in gaseous form in an argon/steam atmosphere. Iodine gaseous 
fraction is much more higher following vaporization at 400°C but the overall transported mass is about 100 times 
lower than at 650°C. Gaseous iodine fraction decreases with the introduction of hydrogen in the carrier gas 
(~5%). By heating CsI at higher temperature (flash heating up to 1250-1300°C) in more oxidative atmosphere 
(oxygen), the formation of gaseous molecular iodine has been observed (Berdonosov and Sitova, 1997, 
Berdonosov and Baronov 1999; Kulyukhin et al., 2004). When mixed with an excess CsOH powder relative to CsI 
powder (Gouello et al., 2018), iodine is only transported in aerosol form whatever the nature of the atmosphere. 

4.1.4 FPs and CR elements influence on CsI revaporisation 

The influence of other FPs and CR materials on the vaporisation of CsI and the nature of released iodine was also 
investigated: Mo (Grégoire et al., 2015; Gouello al., 2020), Cd and Ag (Gouello et al., 2018) and finally boron 
(Kalilainen, 2014; Gouello, 2018; Sato et al., 2015, Okane et al., 2016; Shibazaki et al., 2001). 

Heated mixture of CsI and Mo powders (as Mo metal or molybdenum oxide) featured a strong transport of 
gaseous iodine (up to 80-100% of overall transported iodine and identified as mainly as I2), in both steam and 
steam/air conditions (Kalilainen, 2014; Grégoire et al., 2015; Gouello et al., 2020). CsI and α-MoO3 dominate the 
composition of the residue with traces of Cs molybdates in some cases (Gouello et al., 2020). In more reducing 
conditions (mixture of steam and hydrogen), the release of gaseous iodine is strongly reduced (consistently with 
observation performed in the CHIP experiments (Grégoire et al., 2015). Simulations at thermodynamic 
equilibrium with FactSage 5.5 software and FACT5.3 database (Gouello et al., 2020) reproduce well the 
experimental observations. 

The addition of cadmium in excess to CsI powder resulted in contrasted gaseous iodine releases when heated at 
650°C (Gouello et al., 2018). In steam condition, the presence of Cd seems to have no strong effect on gaseous 
iodine transport though the experimental data are difficult to interpret. On the contrary, in more reducing 
conditions (steam/hydrogen atmosphere), a significant increase of transported gaseous iodine fraction is 
observed compared to vaporisation of pure CsI in the same conditions: 13% of transported iodine is in gaseous 
form in presence of Cd compared to less than 1% with pure CsI. The formation of metallic cadmium iodide could 
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not be evidenced. Compared to the behaviour of heated CsI powder, the addition of metallic silver on caesium 
iodine precursor did not have a significant influence on the fraction of transported gaseous iodine (Gouello, 
2020). 

Under severe accident conditions, boron can be extensively released to the reactor coolant system (RCS) by 
vaporization of the primary circuit water or following the degradation of B4C control rods at high temperature 
(Elrick et al., 1987; Haste et al., 2012; Miwa et al., 2020a). Boron potentially present in large excess with respect 
to Cs may affect the transport and/or deposition of radiological important fission products such as iodine and 
caesium. Modelling of the high temperature thermokinetic behaviour of the B-O-H-C system (Yetter et al., 1991; 
Miwa et al., 2016, Miwa et al., 2020b) allow to identify boron oxide (B2O3) and metaboric acid (HBO2) as the main 
gas phase species present at high temperature (1000-1600°C) in presence of steam (oxygen-hydrogen rich 
environment). Below 1000°C, main species in the gas phase are expected to be HBO2 and H3BO3 (Miwa, 2020a). 
Very low boron deposits are expected in the high temperature zone of the RCS, boron oxide starting to condense 
below 800°C. At lower temperatures (< 300°C), boric acid species condenses rapidly inducing the formation of 
strong deposits (and even plugs – Elrick et al., 1987). 

From the early 80’s up to now, numerous experimental studies were focused on the possible interactions 
between boric acid, boron oxide or boron carbide degradation products and the most probable released caesium 
compounds (CsI and CsOH) in a wide range of temperatures (300-1000°C). Depending on the experimental 
conditions, vapour phase reactivity (Bowsher et al., 1985; Bowsher et al., 1986, Elrick et al., 1987, Gouello 2012, 
Grégoire 2021) or vapour (boron)/condensed phase (CsI) reactivity (Sato et al., 2015; Okane, 2016; Shibazaki, 
2001; Gouello et al., 2021; Rizaal et al., 2021) or even only condensed phase reactivity (Kalinainen, 2014; Gouello 
et al., 2016; Gouello et al., 2018a) were investigated. The general trend which can be inferred from this series of 
experiments is the dissociation of CsI compounds both in gaseous and condensed phase in presence of boron 
oxide species inducing a release of volatile gaseous iodine species even in presence of an excess of caesium 
(Gouello et al., 2018). Released gaseous iodine species are expected to be I2. The dissociation of CsI is assumed 
to be owed to the formation of caesium boron mixed compounds such as CsBO2. Nevertheless, as pointed out 
by Gouello (2012), the nature of the caesium borate compounds could not be fully determined. CsI dissociation 
was not quantified. 

Besides experimental studies, thermodynamic and thermokinetic modelling of boron reactivity in the B-Cs-I-O-H 
chemical system in SA conditions was undertaken. Thermochemical properties of caesium borates at high 
temperature were re-assessed by theoretical investigations (Vandeputte’s phD, 2015 ; Vandeputte et al., 2019). 
In the gas phase at high temperature, it was shown that in presence of steam, gaseous CsBO2 is stable over a 
large temperature range (725 1725°C) and even below 725°C where it condenses (Vandeputte et al., 2019; Miwa 
et al., 2016). No significant kinetic limitations were evidenced (Miyahara et al., 2019). CsI decomposition in gas 
phase by boron compounds is thermodynamically favoured only at high temperature: with HBO2 above 1450°C, 
with H3BO3 above 1000°C, with BO2 above 750°C (Vandeputte et al., 2019). At lower temperatures, boron species 
reactivity with condensed CsI was less investigated. Calculations at thermodynamic equilibrium (Sato et al. 2015; 
Gouello et al. ,2018a) indicated that CsI reaction with gaseous boron oxide is favorable from a thermodynamic 
point of view only in presence of oxygen and for temperatures above 425°C resulting in the formation of CsBO2 
and molecular iodine: 

2 CsI(C) + B2O3(G) +1/2 O2    2 CsBO2(G) + I2(G) Equation 4-1 

In presence of steam, CsI decomposition is not predicted (Gouello et al., 2018a) contrarily to experimental 
observations featuring the release of gaseous iodine. This point remains to be explained. The role of oxygen 
potential9 was underlined by both studies. No thermokinetic calculations were performed at low temperature. 

4.1.5 Other metallic iodide 

Only one reference focused on metallic iodide thermal stability in the nuclear context (Gouello et al., 2018b). 
The decomposition of AgI powder was investigated at 400°C and 650°C in steam and steam/ hydrogen flow. The 
main result is that gaseous iodine is transported during the thermal treatment, and that reducing (steam/ 

                                                           
9 the oygen potential corresponds to ∆G𝑂2 value with ∆G𝑂2 = 𝜇𝑂2 – 𝜇°O2 = 𝑅𝑇 ln(𝑓𝑂2 /𝑝°) , where 𝑝° is the standard state pressure (1 bar) and 𝑓𝑂2 is the 

oxygen fugacity 
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hydrogen atmosphere) conditions seems to be more favorable than steam conditions. Nevertheless, the very 
low solubility of silver iodide may have led to an underestimation of the quantity of iodine transported as AgI 
aerosols . As a consequence, the fractional release of gaseous iodine species may have been overestimated.  

4.1.6 Conclusion and objectives of metallic iodide revaporization study in the MiRE 
programme 

Past experiments have evidenced the possible revaporization of caesium and iodine deposits and the release of 
gaseous iodinated species in some conditions but are still too much uncomplete to develop models. However, 
some key parameters were not fully taken into account. For instance, the nature of the deposited species (aerosol 
deposition or vapour condensation) and their possible interaction with the substrate surface was not clearly 
stated in most studies. Besides, the vaporization experiments seldom considered oxidative atmosphere. Indeed 
air is likely to penetrate in the RCS in case of an air-ingress accidental scenario (Powers, 2000) and be a major 
contributor to the release of gaseous iodine.  

In the framework of the MiRE program (“Mitigation des Rejets à l’Environnement en cas d’accident nucléaire”) 
founded by the French National Research Agency (ANR), the study of metallic iodide deposits (CsI, CsI+Cs2MoO4 
and AgI) vaporization from pre-oxidized stainless steel surface was undertaken (Obada, 2017; Obada et al., 2017; 
Obada et al., 2018; Obada et al., 2020). The work was aimed at fill in the gap in knowledge on metallic iodide re-
vaporization in conditions as representative as possible of a late phase of a SA scenario, in terms of: i/ substrate 
nature (pre-oxidised 304L and 316 L stainless steels surfaces) ii/ deposit generation reproducing the different 
temperature deposition processes from high temperature deposition, down to aerosol impaction iii/ re-
vaporization thermal condition, iv/ atmosphere composition. 

In this view, an experimental multi step approach was developed including substrate preparation, CsI deposition 
and finally thermal treatment. We aimed at a better assessing gaseous iodine release with the identification of 
re-vaporized species and their kinetics – depending on the test conditions. Interaction between deposits and 
substrate surface during thermal treatment was investigated too.  

In order to interpret the experimental results, a first approach consisted in simulation at thermodynamic 
equilibrium with Gemini software and Coach 5.2 data base (Obada, 2017). This approach was completed by 
Density Functional Theory (DFT) calculations in the framework of the IRSN-UCCS collaboration (Obada et al, 2020) 
in order to improve the understanding of the reaction mechanism especially at the deposits/gas phase interface. 

4.2 Experimental facilities and instrumental development 

Protocols for oxidation of the substrate coupons as well as the different devices operated for the deposits 
generation were extensively described in Obada et al. (2017). The release rate of revaporisation was in a first 
step monitored by thermogravimetric analysis (TGA). The nature of released iodine vapours (I2 or other) and the 
subsequent release kinetic during thermal treatment was then determined in an open flow reactor (RIGolo 
device). This section is focussed on the RIGolo facility and gaseous iodine monitoring developed specifically for 
this study. 

4.2.1 Revaporisation facility: the RIGolo device 

The re-vaporisation of CsI deposits from pre-oxidized stainless steel surfaces was firstly carried out in a 
thermogravimetric analysis device (TGA, Setsys EVO instrument) as described by Obada et al. (2017). The thermal 
treatment consisted in a heating of the samples up to 750°C (except for a few tests, where samples were heated 
up to 970°C) at a rate of 5°C/min and hold for 1 hour, before cooling down by natural convection. The heating 
ramp rate is a compromise between chemical equilibrium conditions and test duration. During the thermal cycle, 
the sample is swept by a low carrier gas flow (30-70 mLn/min) either composed of synthetic air or 
air/argon/steam mixtures. Air/steam mixtures were injected at temperature above 150°C and switched off 
during the cooling phase (below 400°C). The main outcome of the TGA tests is the onset temperature of the mass 
loss linked to the start of the re-vaporization process. The overall mass change (loss) cannot be considered as a 
measure of CsI re-vaporization as the oxidation of the substrate during the thermal treatment may 
counterbalance the mass loss linked to re-vaporization. 
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To complement the results obtained by TGA, the RIGolo (Re-vaporisation of Iodine in Gaseous form and 
“piccolo”=”small” in Italian) experimental device has been developed with a double purpose:  

- Establish the nature and quantity of released iodine-containing species; 

- Determine the release kinetics for gaseous molecular iodine. 

It is an open flow reactor (Figure 4.4) composed of a tubular furnace composed of a central high temperature 
heating element (950°C maximum heating temperature) and upstream and downstream insulated sections in 
which an alumina tube (20 mm inner diameter) is inserted. The sample is placed at the center of the heated 
section and the carrier gas is fed up at the inlet of the test line. The upstream insulated section can be replaced 
by additional heating elements (not represented here) so as to overheat the carrier gas in order to reproduce 
representative situations in a late phase of a SA scenario when the mix of steam/air passes though hot zone of 
the reactor vessel or the RCS before passing though the colder zone where deposited material may revaporise. 
The vaporized vapour and/or generated aerosols from the heated sample are transported by the carrier gas to 
the line outlet. Based on the type of information searched in the experiment, the downstream part of the RIGolo 
device has two configurations: “integral measurement” for determining the nature and quantity of released 
iodine-containing species and “online measurement” for establishing the gaseous I2 release kinetics. 

The “integral measurement” configuration is described by Obada et al. (2017) and consists in connecting the 
alumina tube outlet to a series of selective liquid scrubbers, containing a mix of toluene/acidic water. It has been 
shown that in these conditions molecular iodine will be selectively trapped in the organic phase, while inorganic 
iodine compounds (CsI, HI…) will be trapped in the aqueous phase (see section 3.2.2). Nevertheless, the detection 
limit of I2 in toluene by UV-Visible spectroscopy is between 2 10-8 and 6 10-7 mol/L, it is thus necessary to 
accumulate I2 over a long period of time (2 h) preventing any kinetic study. 

The “online measurement” configuration consists in analyzing the outlet flow by on-line spectrophotometry able 
to monitor molecular gaseous iodine release kinetics. A specific instrument was developed in the laboratory 
(Johansson et al., 2014; Bahrini et al., 2018) in order to fulfill the experimental constraint imposed by the 
revaporisation experiments: low iodine concentration and possibly transport of a low aerosol flow; carrier gas 
composed of important water vapour fractions. The required time resolution of spectral acquisition was set at 
1-2 min at most to be sure to match every revaporisation events. The retained technique is based on Incoherent 
Broadband Cavity Enhanced Absorption Spectroscopy (IBB-CEAS) and presented in section 4.2.2. 

The thermal treatment in the RIGolo device is similar to the one applied in the TGA device: heating up to 750°C 
(rate 5°C/min) and hold for 1 hour, before cooling by natural convection. The carrier gas during the tests was 
either air (53 mLn/min) or a mixture of air/steam (200 mLn/min) of variable composition. The gas flow rates have 
been adjusted to the new alumina tube inner diameter, in order to have the same gas velocity above the sample 
as in the TGA tests. 

 

Figure 4.4. General design of the RIGolo experimental device. 
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4.2.2 Iodine on line monitoring 

Within the framework of studies dedicated to follow the fate of iodine compounds in the troposphere, several 
techniques were developed to monitor iodine at trace level: Long path Differential Optical absorption 
spectroscopy- LP DOAS (Saiz-Lopez et al., 2006), Laser Induced Fluorescence (Lin et al., 1996; Kireev et al., 2017), 
denuder sampling coupled to ICP MS (Leigh et al.,2010; Chance et al., 2010), chemical  ionization mass 
spectrometry (Lawler et al., 2014), broad band cavity ring down spectroscopy (Bitter et al., 2005; Sakamoto et 
al., 2009) and Incoherent broad band cavity enhanced absorption spectroscopy - IBB CEAS (Vaughan et al., 2008). 
All these techniques feature high sensitivity for iodine gaseous compounds ranging from 5 pptv for LP DOAS up 
to 20-30 pptv for IBB CEAS with accumulation times ranging from 30 min for LP DOAS down to 1 minute for the 
IBB CEAS instrument (depending on sampling conditions and presence of other species). Taking into account 
sensitivity, acquisition frequency, compatibility with laboratory scale experiments (e.g. compactness of the 
instrument) and simplicity of instrumental design, IBB CEAS technique appears as a suitable technique for our 
applications. 

IBB CEAS instrument is in his principle close to standard absorption spectroscopy with the advantage of a high 
finesse cavity allowing strongly increased sensitivity compared to single path or even long path length gas cells. 
Molecular iodine in the gas phase presents a highly structured absorption spectra in the 500-570 nm range owed 
to B3  X electronic transition which was fully described by Saiz-Lopez et al. (2004). Taking advantage of this 
structured spectra, it is possible by recording broad band absorption to separate contributions from other species 
(absorbing species as water vapor or scattering species as aerosols featuring in the latter case an unstructured 
background evolution) and thus perform quantitative absorption measurements of I2 even in a perturbed 
environment as the transported flow at the outlet of the RIGolo device.  

4.2.2.1 IBB CEAS principle 

IBB CEAS technique is based on the measurements of lights transmitted through a high finesse cavity, e.g. 
featuring high reflectivity mirrors. With reflectivity coefficient close to one, the optical extinction coefficient 𝜶() 
can be approximated by (Bahrini et al., 2018; Johansson et al., 2014): 

𝜶 ≈
𝟏−𝑹

𝒅
(

𝑰𝒊𝒏

𝑰
− 𝟏) with 𝜶() = 𝒏𝝈()        Equation 4-2 

Where I : light intensity after transmission, Iin : incident light intensity,  : wavelength (nm), α : optical extinction 
coefficient of the media (cm-1), σ : absorption cross section (cm2.molecule-1), d : effective path length (cm), R (λ) 
: mirror reflectivity; n : number of molecules per unit of volume (cm3) 

With R very close to 1, effective path length of several km can be obtained for optical cell of less than 1 meter. 
In theory, iodine absorbance can be thus directly determined knowing the mirror reflectivity R (λ, T), the effective 
path length (both parameters can be experimentally determined) and the iodine absorption cross section (from 
literature data). 

The unstructured background effects including aerosol absorption was taken into account by differential optical 
absorption spectroscopy (DOAS) approach. The principle of DOAS is to separate the low frequency components 
of the absorption spectrum (here background variation, I2 continuum absorption and aerosol particle scattering; 
Platt and Stutz, 2008) from the high frequency contribution of iodine absorption. For the instrument developed 
here, it was found that a polynomial interpolation of order 25 fits satisfactorily the slow varying part of the 
measured spectrum (Johansson et al., 2014) and allows to isolate the high frequency contribution of the I2 
absorption (see ) which intensity is directly proportional to iodine concentration in the optical cell.  
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Figure 4.5 : IBB CEAS experimental spectra and data processing to separate low frequency part from the iodine high frequency 
contribution. 

 a)  I0/I-1 spectra recorded without aerosols and with an I2 concentration of 4.1 nmol/l (solid blue lines) , polynomial function of degree 
25 fitted to the experimental spectra (solid red line); b) high frequency part of the spectrum after subtraction of the fitted polynomial 

(Johansson et al., 2014). 

 

4.2.2.2 IBB CEAS instrument developed at L2EC 

The instrument operates in the 450-550 nm spectral range thank to a light emitting diode (LED). The LED is 
coupled to a 50 cm cavity ended on both sides with high reflectivity mirrors (silver coated, R > 99.99% at 532 nm) 
allowing an effective path length of 1-10 km. The mirrors are protected from iodine or aerosol deposition by a 
low argon flow injected directly at the upper part of each mirror. The cavity output is focused on a CCD 
spectrometer (Andor iDus). Careful power and temperature stabilization are applied to the LED and the CCD 
spectrometer is cooled at -72°C to ensure low noise background. 

The overall scheme of the instrument is reported in Figure 4.6. The gas supply system is formed of several lines 
allowing either calibration of the instrument with a source of gaseous I2 of known concentration or sampling on 
the RIGolo facility with the possibility of dilution in argon flow (by a factor up to 20 times). All lines converge to 
a 2 metres long mixing lines to ensure homogeneity of the gas flow. The gas to be analyzed is fed into the centre 
of the cavity and its flow is controlled by a critical orifice implemented at the cell outlet. The excess gas from the 
mixing line is evacuated trough a by-pass connected at the inlet of the cavity. The whole system is temperature 
and pressure controlled and heated up to 100°C to avoid iodine and water vapour condensation.  
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Figure 4.6 : IBB CEAS scheme and gas line supply. 

After retrieving the low frequency contribution to the spectrum, it is theoretically possible to determine the 
iodine concentration in the gas flow entering the cell based on equation (3-1). Nevertheless, with argon 
protective flow on the mirror and gas inlet in the middle of the cavity, the absorption path length in the cell (d) 
will depend on the gas flow in the cell and will be lower than the effective length of the cell (~35-37 cm instead 
of 50 cm). Moreover, iodine cross section were not determined for the retained working temperature of the cell 
but only at 15°C (Saiz-Lopez et al. 2004). An alternative approach for iodine concentration determination is 
external calibration with a source of iodine of known concentration (I2 generation by the mean of permeation 
tubes and flow rate characterization by trapping in alkaline gas scrubbers and subsequent ICP MS analyses). 
Therefore, iodine concentration in the sample is then displayed as the dimensionless Nrel value which is the ratio 
of I2 sample concentration to the calibration source concentration. Absolute concentration determination in the 
samples requires then to be adjusted for the sampling, calibration and dilution flow rates. In our case, as the 
main objective is to determine the release kinetic, it was decided to stay with relative concentration. 

The characteristic of the instrument was extensively investigated (Johansson et al., 2014; Bahrini et al., 2018) 
and showed up to be appropriate for the revaporisation experimental conditions. The instrument provides a 
detection limit of 5 10-2 nmol/l (1 ppbv) for an acquisition time of 10 s and allow measurements in a large dynamic 
concentration range thanks to strong dilution capacities. A remarkable stability was observed over several hours 
acquisition thank to a good power and temperature control of the LED emitting source. The presence of water 
vapor which presents very weak absorption lines in the recorded spectral region can be easily overcome by 
performing iodine calibration in presence known amount of water vapor. The presence of aerosols – in limited 
to concentrations (< 3-4 106 particles .cm-3) does not influence significantly gaseous iodine monitoring (less than 
10% deviation from measurements without aerosols). At higher aerosol concentration levels, the light extinction 
due to aerosol light scattering increases rapidly, inducing large underestimation of the iodine concentration 
determination. As already observed in the CHIP experiments, the implementation of filter in order to separate 
gaseous species from aerosols causes heterogeneous losses of gaseous iodine on the particles trapped on the 
filter media so that the gas/aerosol mixture must be entirely directed in the IBB CEAS instrument. 

4.2.3 Post-test analysis 

Similar to the the experimental studies performed in the CHIP and GAEC lines (see section 3), each section of the 
RIGolo facility were post-test leached in appropriate aqueous media, for deposits recovery. After suface 
characterization, the residue on the coupons was leached too. The solutions were analyzed by ICP-MS for 
elemental quantification. The organic phase of the liquid scrubbers has been also recovered and analyzed by UV-
Visible spectroscopy for quantification of I2 in toluene.  
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The coupon surface was characterized by combination of X-ray Photoelectron Spectroscopy (XPS) and Time-of-
Flight Secondary Ion Mass Spectrometry (ToF-SIMS). XPS provides chemical composition of less than 10 nm depth 
scale of the surface while the ToF-SIMS was used in depth profiling mode to reach composition up to several 
micrometers in depth. The morphology of the surface before and after re-vaporisation was investigated by 
Scanning Electron Microscopy (SEM). The objective was to determine the nature of the residue and interaction 
with SS surface if any after thermal treatment. 

4.3 Revaporisation of CsI  

This study was aimed at assessing gaseous iodine release during re-vaporization of CsI deposits, through small-
scale analytical tests in thermal ramp (Obada et al., 2017; Obada et al., 2018; Obada et al., 2020). A summary of 
the main features will be presented here. 

Stainless steels of different grades (304L or 316L) were used to represent the inner surface of the RCS. The 
coupons were pre-treated as recommended by Mamede et al., 2016 (pre-oxidation of as received coupons at 
750°C in steam conditions for several hours) so as to feature a surface state representative of the RCS in case of 
a SA. As reported by Obada et al. (2018, 2020), the surface oxide presents a duplex structure (1-15 µm thick) 
featuring an outer layer either Fe–rich accordingly to literature data or Mn-rich as already observed by Mamede 
et al. (2016). Inner oxide layer is Cr-rich in every cases. No Si-rich layer at oxide –bulk interface was observed.  

In a first approach, CsI revaporization was studied with ramp heating, similarly to studies reported in the 
literature (Shibazaki, 2001; Auvinen et al., 2000; Anderson et al., 2000). The thermal cycle maximum temperature 
was set at 750°C. This final temperature is high enough to be able to catch each release event concerning CsI re-
vaporization and remains within the expected temperature range which could prevail in the RCS during a late SA. 
A Ramp rate of 5 °C/min was applied as a compromise between chemical equilibrium conditions and test duration 
(2-3 hours). The study was focused on the main following parameters: 

 The CsI deposition process, to be able to reproduce the different deposition zones in the RCS: room 
temperature aerosol impaction (simulating CsI deposition in the cold leg of the RCS), high temperature vapour 
deposition (above 620°C, simulating deposition in the hot leg of the RCS and SG inlet), vapour condensation (620-
400°C, simulating SG deposition) and temperature aerosol deposition (around 400°C, SG deposition). 

 The atmosphere composition featuring either air, air/steam mixtures and argon/steam. Pure air is not 
representative of SA scenario but may help in understanding the CsI re-vaporization behaviour and gaseous 
iodine production. Realistic atmospheres are mixture of air/steam with a low air content. Re-vaporization of CsI 
aerosols (RT aerosol impaction) on 304L coupons featured the largest atmosphere compositions (5 different 
compositions from pure air contents to argon/steam). Tests were performed in both TGA and RIGolo devices. 
Based on the results of this test series, the number of tested atmospheres has been reduced for the tests 
performed with the other CsI deposition processes (vapour deposition, vapour condensation and temperature 
aerosol deposition). The tests have been performed in the RIGolo device only. 

 The Substrate nature with one test with an inert substrate to assess the contribution of deposit/surface 
interaction in terms of nature of re-vaporized species (especially for iodine). Tests conditions featured air 
atmosphere and a thermal cycle (5°C/min up to 750°C) similar to conditions 1. 

Experimental results will be discussed in terms of nature and quantity of released iodine species and whenever 
the case, the release kinetics of gaseous molecular iodine. Interaction of deposit with the substrate surface and 
its consequence on the revaporization behaviour will be taken into account. Table summarize the main test 
conditions 
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Table 4.1: CsI re-vaporization  - Experimental matrix for test performed with thermal cycle up to 750°C at 5°C/min (Obada et al., 2017; 
Obada et al., 2018; Obada et al., 2020). 

Substrate Deposition process 
Re-vaporization carrier 

gas (% vol) 

Experiment type (repeat) 

Integral1 Kinetic2 TGA3 

P
re

-o
xi

d
iz

ed
 

3
0

4
L Aerosols impaction at 

room temperature 

Air (100%) x  x x  

Air/steam (50/50) x x  

Air/steam (20/80) X (2) x x 

Air/steam (3/97) x x x 

Argon/steam (70/30) x  x 

P
re

-o
xi

d
iz

ed
  

3
1

6
L 

High-temperature 
vapour deposition (720-

620°C) 

Air (100%) x x  

Air/steam (20/80) x   

Argon/steam (70/30) x   

Vapour condensation 
(620-440°C) 

Air (100%) x (2) x  

Air/steam (20/80) X x  

Argon/steam (70/30) X   

Aerosols deposits (< 
400°C) 

Air (100%) X   

Argon/steam (70/30) x   

Gold (Au) RT aerosol impaction Air (100%) x x x 

1 RIGolo with biphasic liquid scrubbers ; 2 RIGolo coupled to the IBB-CEAS; 3 Thermogravimetric analysis 

 

4.3.1 CsI initial deposit characterization 

Aerosols deposits at room temperature were obtained after impaction of CsI aerosols generated by nebulization 
of a concentrated CsI solution (wet route) and drying in a strong argon flow (Obada et al. 2018). Deposited CsI 
amount ranges from 0.8 to 4.2 mg/cm2 from one experiment to another. SEM analyses revealed the presence of 
particles with irregular shapes and agglomerates with sizes from 5 to 20 µm (see Figure 4.7). After several weeks, 
the particles also appear to hydrate, given the hygroscopic nature of CsI (Riggs et al., 2007).  

 

Figure 4.7: SEM image of CsI aerosols deposited by wet route at room temperature (magnification x 3200). 

High temperature vapour deposits, vapour condensate and temperature aerosol deposits were obtained in using 
CsI powder vaporization (at 750°C). Generated vapours were then transported in a thermal gradient tube lined 
with an oxidised 316L foil. Depending on the temperature, several deposition zone were obtained corresponding 
to the three depositions processes mentioned above, showing different sizes and morphologies. For instance, in 
the 720-620°C temperature range, SEM analysis has revealed an amorphous deposit, homogeneously spread 
across the entire surface of the 316L foil (Figure 4.8 a) – corresponding to deposition of liquid droplets. The 
average amount of caesium and iodine per surface unit in this temperature range is about 2.9 mg/cm2, as 
determined by ICP-MS analysis. Also, the Cs/I mass ratio of 0.94 is consistent with to the theoretical value (1.05) 
taking into account uncertainties measurement, which strongly suggests that caesium and iodine were deposited 
as CsI. In the 620-440°C temperature range, the deposit is composed of polyhedrons that range between 10 and 
30 µm in size, as well as weaving-shuttle like particles with lateral dendrites that reach several hundred microns 
in size (Figure 4.8 b). The deposit in this temperature range is the most important in terms of quantity, up to 8.3 
mg/cm2, and the Cs/I mass ratio (0.96) suggests that the chemical species is CsI. Below 440°C, the deposit consists 
of spherical particles that reach up to 4 µm in diameter (Figure 4.8 c). The amount of deposit decreases 

4 µm
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progressively from 4.3 mg/cm2 at 440°C to 0.7 mg/cm2 at 150°C. Given the Cs/I mass ratio (0.89-0.99), it is highly 
likely that the deposit is composed of CsI. 

    

Figure 4.8: SEM image of CsI deposit on pre-oxidized 316L foil. 
 (a) high-temperature vapour deposition (720-620°C), (b) vapour condensation (620-440 °C) and (c) aerosol deposition at ~200 °C. (a) 

and (b) obtained at X1200 Magnification (Obada et al., 2020), (c) at x 8000 (Obada, 2017).  

Interaction with substrate was not investigated as CsI is the main expected deposited species whatever the 
temperature range (based on ICP MS data). Those results are consistent with previous studies showing no 
significant CsI decomposition nor interaction with the hot steel surfaces (Hashimoto et al., 1996, Shibazaki et al., 
2001; Hidaka et al., 1995, Le marois and Megnin, 1993) and were confirmed with the first TeRRa experiment with 
CsI injection in steam atmosphere (Miyahara et al., 2020). 

4.3.2 CsI revaporization and gaseous iodine transport  

Thermal ramp treatments on CsI deposits were performed both in the RIGolo open flow reactor and by 
thermogravimetric analyses in the 150°C-750°C temperature range (heating rate of 5°C/min). Results are 
summarized in Table 4.2. 

In steam/argon atmosphere, CsI revaporization starts at 470-490°C, and revaporization rate increases rapidly 
with temperature up to 650 °C-750°C were it stabilizes owing to mass transfer limitations. Whatever the initial 
precursor (impacted aerosol, condensed vapour or deposited vapour), CsI is stable featuring no significant 
decomposition during its transport. 

Air10 was considered either alone or mixed with steam in different concentrations (from 3% air/steam up to 50% 
air/50% steam). In presence of dry air, the re-vaporization of CsI deposits (aerosol or high temperature vapour 
deposition) from pre-oxidized stainless steel surfaces leads to the release of 45-75% of I2 (relative to I initial 
amount11). Only, CsI deposit obtained by vapour condensation showed a lower gaseous I2 release (12%). A part 
of Cs is retained on the surface (2.5-10% of initial amount). The re-vaporization of CsI aerosols from an inert 
surface (gold) in air leads to the formation of 28% of molecular iodine, which is lower compared to the re-
vaporization from a stainless steel surface.  

In a mixed air/steam atmosphere, between 12-33% of iodine is released as I2, regardless of the air content in the 
carrier gas. These results contrast with tests performed in isotherm conditions at 650°C and featuring only very 
low gaseous iodine releases even in air: 5% of released iodine were identified as I2 by Gouello et al. (2018a) 
compared to up to 75-78% for thermal ramp tests. It should be noted that the experimental protocol is different 
with CsI powder in a crucible (Gouello et al., 2018a) from on one side and CsI deposits on SS coupons on another 
side (our work) that may affect the results. 

With air, the kinetic pattern of the gaseous molecular iodine release is generally the same, regardless of carrier 
gas composition, deposit or substrate nature and consists of two steps: an initial reduced release between ≈440-
550°C and a second rapid release above 550°C. In the case of CsI high-temperature deposits (720-620°C) there is 
an additional I2 release peak between 200°C-350°C. Typical I2 release kinetics is reported in Figure 4.9. 

 

                                                           
10 In this series of test, synthetic air (80%Ar/20%O2) was also used.  

11 When considering released iodine (e.g. iodine amount transported to the sampling line), I2 fraction amounts up to 75-78%. 

20 µm
a

20 µm

b 4 µmc
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Table 4.2: Summary of main experimental results (Obada et al., 2017; Obada et al., 2018; Obada et al., 2020). 

Substrate CsI deposit 
Re-vaporization 

carrier gas (% vol) 

Main results   

Temp. of release 
initiation (°C)4 

I2 released1,2 Cs residual 1,3 I residual 1,3 Cs/I  line1 

Pre-oxidized 
304L 

Aerosols impaction 
at room 

temperature 

Air (100%) 420 50-75 % <10% <1% 5-11 

Air/steam (50/50) 460 26% 6.5% < l.d. 1.5 

Air/steam (20/80) 470 23-33% 7-9% < l.d. 1.6 

Air/steam (3/97) 450 26% 2% < l.d. 1.4 

Ar/steam (70/30) 480 0% 3.4% < l.d. 1.1 

Pre-oxidized  
316L 

High-temperature 
vapour deposition 

(720-620°C) 

Air (100%)  53% 3.4% < l.d. 10 

Air/steam (20/80)  13% 9.7% 8.6% 1.6 

Ar/steam (70/30)  0% 1.9% < l.d. 3.8 

Vapour 
condensation (620-

440°C) 

Air (100%)  7-15% 2.4-4.5% <1% 1.3 

Air/steam (20/80)  12% 2.0% <1% 1.1 

Ar/steam (70/30)  0% 0.5% 0.6% 3.1 

Aerosols deposits (< 
400°C) 

Air (100%)  45% 2.4% < l.d. 12 

Ar/steam (70/30)  0% 2.9% 1.0% 1.2 

Gold (Au) Aerosols Impaction Air (100%)  28% 0.4% < l.d. 1.6 

 

 

Figure 4.9: Release and transport kinetics of I2 during revaporization of CsI deposits in pure air with a heating rate of 5°C/min up to 
750°C. 

 blue curve: CsI RT aerosol impaction” (air flow rate 53 mLn/min), brown curve: CsI vapour condensation (air flow rate 200 mLn/min); 
purple curve: CsI high-temperature vapour deposition (air flow 200 mLn/min ) (Obada et al., 2020). 

 

4.3.3 Surface characterization of the residue 

A detailed surface characterization by XPS and ToF-SIMS of the sample after CsI re-vaporization was performed. 
For CsI deposit obtained by room temperature aerosol impaction on 304L coupons (Obada et al., 2017; Obada 
et al., 2018), the results show evidence of the formation of mixed Cs-Cr oxides, specifically Cs2CrO4 and Cs2Cr2O7 
for all tests performed with air injection. This observation is supported by XPS analysis which revealed the 
presence of two chemical forms of chromium: Cr(III) and Cr(VI) oxides (see Figure 4.10). ToF-SIMS analysis has 
also revealed the presence of secondary ion clusters Cs2CrO3

+ and Cs2Cr2O9H+, which is a strong indication that 
the said oxides have been formed during the re-vaporization process. These results demonstrate that the 
chromium of the support can react with the air (Souvi et al., 2017) and then affect the behaviour of residual Cs+ 
but not that the same support participates to the iodine oxidation. 
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Figure 4.10 : XPS Cr 2p spectra for 304L coupon after vaporisation of CsI aerosols deposit in air atmosphere (green) and steam 

atmosphere (red). (Obada et al., 2017)12. 

Similar surface characterizations were performed on the 316L foils after CsI re-vaporization of high temperature 
deposits and condensed vapour (as displayed in). The presence of the mixed Cs-Cr-O compounds described above 
is confirmed after TOF SIMS depth profiling (Figure 4.11), as soon as air is present in the carrier gas. Also, in both 
cases, the Cs depth profile indicates that Cs had migrated in the oxide layer during the thermal treatment – or 
that the oxide layer may have growth up to the CsI deposit. Indeed the Cs2

+ and Cs2I+ signals are very low at the 
surface and in the first oxide layer (composed of Fe and Mn) and increase strongly in the second Cr-Mn oxide 
layer (figure 6, depth profile in positive polarity). Migration of CsI inside the oxide layer may explain the 
significantly more important residual mass of Cs (9.7%) and I (8.6%) observed on the 316L foil after re-
vaporization of high-temperature vapour deposit in steam/air (Table 4.2). 

 

       

Figure 4.11. TOF-SIMS profile13 of CsI vapour condensation deposition 316L pre-oxidised foil and re- vaporized in air/steam atmosphere 
(condition 10, table 3). a) major fragments b) minor fragments. 

 

                                                           
12 XPS measurements were carried out on a Kratos AXIS UltraDLD spectrometer equipped with a monochromatic Al Kα source (1486.6 eV). Calibration was 
done by using the C 1s component of adventitious at BE (binding energy) = 285.0 eV. Binding energy value uncertainty is +/-0.1 eV and uncertainty on 
quantitative elemental analysis is +/- 10%. 

 

13 ToF-SIMS analyses were carried out using a ToF-SIMS 5 instrument (ION-TOF GmbH). Pulsed Bi+ primary ions have been used for analysis (25 keV, ≈1 pA) 
and O2

+ for sputtering (2 keV, ≈500 nA). Given the sputter parameters, estimated sputter speed is 1.6 nm/s. Mass spectra were recorded in positive (for 
each sample) and negative for one sample polarity from an analysis area of 100μm x 100μm centered into a 300μm x 300μm sputtered area. Charging 
effects, due to analysis and erosion ion beam, were compensated using low energy electrons (20 eV). 
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4.3.4 Discussion on a possible mechanism of CsI revaporization 

There seem to be several mechanisms responsible for I2 formation in presence of O2, depending on the 
temperature. Below 550°C the results suggest a solid-gas (heterogeneous) phase interaction between the 
deposit and the carrier gas. Above 550°C, the CsI starts to vaporize and the interaction will be also in the gas 
(homogeneous) phase. 

Density Functional Theory (DFT) calculations of the possible oxygen interaction in small CsI aerosols was carried 
out (Hijazi, 2017; Obada et al., 2020). In the first step, the support (SS surface) was not included in the 
calculations. This hypothesis is supported by the fact that with deposits thickness of several µm (average surface 
deposits mass density of 1-2 mg.cm-2), a large part of the CsI particles will not be directly in contact with the 
substrate surface. Furthermore, the kinetic of I2 release at relatively low temperatures (500-650°C) is mostly 
independent of the nature of the support. Various models of the CsI crystal surface were taken into consideration 
to account for the different deposit preparation conditions (aerosol impaction, aerosol deposition, vapour 
condensation or vapour deposition): perfect surface (the most stable configuration), and a surface resulting from 
the combination of step and a terrace (default). The main outcome of the DFT calculations is that interaction of 
O2 is not probable on perfect CsI surfaces even at high temperature (endothermic process). On the contrary, 

dissociative O2 adsorption is favoured on surface defects (especially edges) leading to the release of IO radicals 
in the gas phase. This strongly reactive species can then convert into I2 due to iodine oxide decomposition 
processes (Fortin et al., 2019). The oxygen reactivity depends then on the numbers of surface defects and thus 

the CsI deposition process. Once the O2 reacted with the surface and induces the release of IO radicals, new 
defects appears on the surface enabling further interaction with O2 gas. This mechanism may be then responsible 
for the very fast increase of the reaction rate with temperature that is experimentally observed (Figure 4.9). On 
well crystallized particles, as observed on CsI obtained by vapour condensation, fewer surface defects are 
expected, so that higher temperature are needed for CsI decomposition that can explain the lower I2 release 
observed in this case.  

CsI interaction with the surface oxide layer may be of secondary order but a still significant pathway to the release 
of gaseous iodine. Indeed, revaporization of CsI aerosols in air from an inert substrate yields less gaseous iodine 
release than from oxidised SS. Heterogeneous reactivity between oxygen and CsI deposit only cannot alone 
account for this difference. Furthermore with air, significant Cs retention was observed with the formation of a 
Cs-Cr phase. The formation of Cs-Cr oxides is thermodynamically favoured as mentioned by Sasaki et al (2013) in 
presence of oxygen and can contribute to the release of molecular iodine following the reactions:  

                       4 CsI(C) + 5/2 O2 + Cr2O3(C)   2Cs2CrO4(C) + 2I2(G) Equation 4-3 

                       2 CsI(C) + 2 O2 + Cr2O3(C)   Cs2Cr2O7(C) + I2(G)  Equation 4-4 

With GR ranging from -140 to -115 kJ.mol-1 and -110 to -98 kJ.mol-1 respectively in the 450-650°C temperature 
interval as calculated with COACH software, based on the thermodynamic data bank TH05 (thermodata online). 

4.4 Revaporization of AgI  

Even if AgI is not the main expected metallic iodide formed and deposited in the RCS based on the results of the 
CHIP programme (Grégoire et al., 2021), possible decomposition of such species in late accidental phase may 
contribute to the release of gaseous iodine compounds as was mentioned by Gouello et al. (2018). In this view, 
AgI deposit thermal stability was studied in the same condition as for the CsI deposit revaporization.  

Owing to the insolubility of AgI in aqueous media, deposits were generated by a dry process. AgI grinded powder 
(particles of ~3 µm average diameter) was impacted on 304L coupons at room temperature (Obada 2017,): AgI 
particle deposits of 0.5-2 mg.cm-2 on stainless steel coupons (preoxidised 304L) were obtained. The main 
drawback of this process is the inhomogenities of the deposited layer as can be observed from SEM examination 
(Figure 4.12). 
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Figure 4.12: SEM image of CAgI particles deposited by dry process at room temperature on 304L coupons (magnification x 3200). 
(Obada, 2017). 

 

The silver iodide deposits were reheated up to 750°C by a thermal ramp treatment (@5°C/min) in air, steam and 
steam/air atmospheres in the RIGolo line. The overall iodine and silver releases could not be determined with 
accuracy as silver iodide is insoluble even in strongly acidic media preventing the determination of a reliable mass 
balance at the end of the test. Nevertheless, interesting trends could inferred form the post test elemental 
analysis. Very low amounts of silver were detected downstream the SS coupon (less than 3-5% of the Ag initial 
mass) whatever the test conditions – consistently with low volatility of silver species. Concerning iodine, a 
significant transport is systematically observed: representing 20% of the initially deposited mass in steam 
conditions up to 50% in presence of oxygen (air and air/steam conditions). 

Molecular iodine is the main released and transported species in presence of air and its kinetic of release could 
be established (see Figure 4.13). A similar kinetics pattern as for CsI revaporization is observed. In pure steam, 
no molecular iodine was evidenced but iodine is found downstream the coupon in large excess relative to silver, 
indicating a probable transport in a gaseous form distinct from I2. Nevertheless, except for iodine and silver, no 
other elements were searched for in the experimental line, so that the formation and transport of volatile 
metallic iodide with the main components of the oxidation layer of the 304L coupons cannot excluded. 

XPS examination of coupons after thermal treatment showed that the residue is mainly composed of silver (Ag/I 
~2 to 2.5). Chemical displacement of Ag 3d lines do not allow to discriminate expressly between silver iodide and 
silver oxide forms (charge effect and low chemical displacement between those species prevented in-depth 
analysis). Both silver iodide and silver oxide species were detected by TOF SIMS (qualitative analysis), but no 
other compounds involving silver could be evidenced. As a consequence, silver interaction with oxide layer 
compounds seems most unlikely (contrarily to Cs which can react with chromium(VI) of the oxide layer). Analysis 
of the residue, even if only qualitative, indicate that iodine release is most probably due to silver iodide 
decomposition in the condensed phase. 

Calculations at thermodynamic equilibrium (Gemini software with Coach 5.2 data base) do not allow to explain 
the large molecular iodine releases, as they predict a limited decomposition of silver iodide even in presence of 
air and a reduced formation of molecular iodine. DFT calculations may help to explain the interaction of O2 with 
AgI crystal and determined if a similar process to that proposed for CsI is favourable or not (Hijazi, 2017). 
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Figure 4.13: Kinetics of I2 release during revaporization of AgI deposits in Steam/air  (70/30) with a heating rate of 5°C.min-1 up to 750°C 

(Obada, 2017). 

4.5  Revaporization phenomena  – conclusion and perspectives 

The thermal ramp experiments performed in the RIGolo set-up with CsI and AgI deposits (Obada, 2017; Obada 
al., 2017; Obada et al., 2018 ; Obada et al., 2020) allowed to build a reliable data base on metallic iodide 
revaporization behaviour and to identify the main parameters contributing to the transport of gaseous iodine 
species  

For CsI, less reactive with SS surface, revaporization in steam is reported to start close below 400/500°C and to 
be terminated around 750°C. CsI is the main identified released species in steam and steam/hydrogen conditions, 
e.g. in atmosphere featuring low O2 potential. In presence of air, release of gaseous iodine compounds is 
observed, consistent with previous experimental results (Berdosonov et al., 1999; Kulyukhin et al., 2004) but at 
much lower temperatures than previously mentioned. Molecular iodine can dominate the iodine transported 
form. In such conditions, the gaseous molecular iodine release consists of two steps: an initial reduced release 
between ≈440-550°C and a second rapid release above 550°C. In the case of CsI high-temperature deposits (720-
620°C) there is an additional I2 release peak between 200-350°C. Several mechanisms are hypothesised to 
account for this kinetics: solid-gas phase mechanisms below 550°C and gas phase reactivity  above 550°C when 
CsI starts to vaporize. 

If the condensed phase reactions between CsI and Cr oxide of the SS surface is thermodynamically favoured in 
the 450-650°C range and in presence of O2, this mechanism is only of secondary importance owing to the fact 
that a low fraction of CsI is in contact with the SS surface. In addition to this reaction pathway, another 
heterogeneous mechanism is proposed in which oxygen can directly react on CsI crystal defects resulting in the 

release of IO radicals in the gas phase which then forms I2. IO release and then direct CsI vaporization above 
550°C may enhance the formation of crystal defects thus accelerating this process. This mechanism is supported 
by DFT calculations and may explain both initial reduced I2 release and the large amounts of I2 released above 
550°C. As for gas phase O2 reactivity with CsI, this point is questionable as this reaction is not thermodynamically 
favoured in the explored temperature range. Figure 4.14 presents a summary scheme of CsI revaporization 
behaviour as of the present state-of-art.  
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Figure 4.14: Summary of CsI revaporization behaviour from SS surface in presence of air. 

 

For silver iodide, its decomposition in the condensed phase when heated above 500°C seems to be the main 
reaction pathway leading to the release of gaseous iodine species. If molecular iodine could be unambiguously 
identified in presence of oxygen, the exact nature of iodine release in poorly oxidative conditions remains to be 
identified.  

These results – in addition to literature data – have confirmed that revaporization is a phenomena that must be 
taken into account in late phase of an accidental scenario – especially as it may results in delayed gaseous iodine 
releases. Nevertheless, this experimental database does not cover all conditions expected in case a SA scenario 
and thus does not allow either to have a complete view of the governing chemical mechanism nor to be capable 
of deriving models to be implemented in SA simulation codes. 

In continuation of the MIRE programme, the ESTER project will complement the experimental database at 
different scales, from analytical to semi-integral tests with the objective to address the lack of data needed to 
develop a comprehensive modelling approach of revaporization. In this view, the following parameters will be 
considered: 

 Influence of dwell thermal treatment versus ramp temperature as very slow temperature evolution – 
comparable to “dwell” - is the expected thermal evolution in the RCS on long term resulting in sections 
maintained in between 300-700°C for several hours up to several days. It was observed that significant 
revaporization occurs in this temperature range – resulting in the transport of both gaseous and aerosols 
species. 

 Role of the oxidative potential of the atmosphere, and especially the reactivity of OH and O radicals on 
CsI and CsOH deposits in RCS conditions. These radicals results from high temperatures cracking or 
radiolysis of O2 or H2O in the degraded core and may persists at lower temperatures in the RCS due to 
kinetic limitations for their recombination at lower temperatures. 

 Role of boron species vapours (H3BO3) on revaporization of CsI and CsOH. Owing to the reduced set of 
experiments of CsI revaporization when exposed to boron compounds, there is still an important lack of 
data on the influence of key parameters such as atmosphere composition (e.g. oxygen potential), 
thermal treatment, nature of boron vapours or interactions with stainless steel oxidized surface. CsOH 
revaporization when submitted to boron vapours was not investigated. Modelling of heterogeneous 
reactivity between condensed CsI phase and gaseous boron species was also not fully investigated. 

 Revaporization of the other metallic iodide (AgI, CdI2) expected to be deposited in the RCS. Indeed, the 
first scoping studies (Gouello et al., 2018; Obada , 2017) evidenced the possible release of gaseous iodine 
species, even at low temperatures. Stability of such compounds when exposed to boric acid/boron oxide 
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vapours was not investigated. Even if those compounds are expected to be minor forms of metallic 
iodides (compared to CsI), their lower stability may result in a significant delayed gaseous iodine source. 

 Tellurium revaporization, as it is one of the main deposited FP in the RCS and will be possibly a delayed 
source of released radioactive iodine (though radioactive decay of 132Te and 131Te). Its revaporization 
behaviour is poorly documented in the literature (Grégoire et al., 2021b) so that its contribution to 
delayed releases cannot be evaluated in the present simulation tools. Analytical scale experiment will 
firstly consider revaporization behaviour of Te oxide (H2TeO3) and possible caesium tellurides (Cs2Te, 
Cs2TeO3 and Cs2TeO4) in different conditions. Special attention will be brought on the identification and 
quantification of released species. Experiments will be supported by thermodynamic calculations. 

Experimental work is already in progress in the framework of a second Ph-D (2019-2022) still in partnership with 
the UCCS laboratory of the Lille University, this work being part of the OECD ESTER project (2020-2023). This first 
stage will be devoted to analytical tests considering single species deposits. Tests at a larger scale are also 
planned from 2022 on, on the CHIP line. The aim will be to consider multicomponent deposits – as this line allows 
to consider complex chemical systems with several FPs (I, Cs, Mo) and CR material.  
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5 EXERIMENTAL STUDY OF HETEROGENEOUS INTERACTIONS OF 
GASEOUS IODINE (CH3I) WITH ATMOSPHERIC AEROSOLS 

Following a severe accident in a NPP, large radionuclide atmospheric releases can occur as was observed after 
the Chernobyl (Ukraine, 1986), and more recently Fukushima (Japan, 2011) accidents. More specifically, iodine 
releases are of most concern as gaseous releases (essentially I2 and RI – R = alkyl group/chain type CH3I). Indeed, 
such gaseous forms may be not fully retained by the current filtered containment venting systems (Bosland et 
al., 2010; Bosland et al., 2014; Chebbi et al., 2018; Leroy and Monsanglant-Louvet, 2019). Iodine dispersion is 
dependant of local meteorological conditions that can cause a great variability in activity concentrations/deposits 
(Lebel et al., 2016), but also of its reactivity with other species present in the atmosphere (gas or particles) that 
may contribute to a rapid evolution of its nature. Indeed, field measurements performed after the Chermobyl 
and Fukushima accident showed that the gaseous iodine forms (I2 and CH3I) become predominant at long 
distance (several hundred of km, from the emission point) whatever the nature of the initial iodine release 
(Masson et al., 2011; Steinhauser et al., 2014; Imanaka et al., 2015,). 

In order to predict such dispersion and be able to apply adapted counter measures to protect public health, IRSN 
develops specific simulation softwares - C3X plateform (Tombette et al., 2014, Saunier et al., 2020) - capable of 
reproducing the dispersion of the radionuclides in the atmosphere. One major gap of the current version of this 
tool is that the transport of iodine is modelled without considering the physical/chemical evolution of iodine in 
the atmosphere, i.e. the gas phase evolution or interaction with atmospheric aerosols. The radiological 
consequence (thyroid equivalent dose which is dependant of the iodine form: I2, CH3I or particulate) are thus 
predicted without considering the actual forms of the dispersed iodine. The development of an iodine 
atmospheric mechanism has been recently undertaken at IRSN (Trincal, 2013; Fortin et al., 2019); this mechanism 
is based on atmospheric iodine cycle initially developed by Saiz-Lopez et al. (2012) and updated with some key 
reactional pathway involving interaction volatile organic compounds. This mechanism is based on gas phase 
reactivity only, gas – aerosol interactions being not yet considered by lack of data.  

5.1 Atmospheric heterogeneous reactivity – case of iodine 

Aerosol particles play a key role in atmospheric processes: on atmospheric radiative transport and thermal 
structure by light scattering and absorption, on formation of clouds and precipitation by inducing water vapour 
condensation and finally by heterogeneous interactions with semi volatile vapours (condensation/ evaporation) 
or trace reactive gas (reactive uptake). A full understanding of their impact implies an extended identification of 
their sources, composition or concentration but also to determine the mechanism of their physico-chemical 
transformation during their atmospheric lifetime. As a part of this ageing process, heterogeneous reactions with 
atmospheric trace gases are of rising interest since the past two decades given the role in modifying atmospheric 
gas phase cycle of trace gas, as for instance key gaseous pollutants (SO2, NO2 and N2O5). 

5.1.1 Atmospheric aerosols 

Overall annual aerosol emission to the atmosphere represents in average 3.4 109 tons (Laj and Sellegri, 2003). 
Aerosol particles directly emitted to the atmosphere (primary particules) originate from a wide variety of natural 
(sea salt, mineral desert dust, volcanic ashes and biological debris) or anthropic sources (i.e., industrial emissions, 
agricultural activities…). Aerosol resulting from gas-to-particles conversion or chemical transformation of primary 
particles (secondary particles) are mainly sulphate, nitrate or organic aerosols from both natural and 
anthropogenic sources (Pöschl et al., 2005; Després et al., 2012; Lei et al., 2011). Sea salt and mineral dust 
represent ~80% of the total aerosol emission whereas anthropic sources account for roughly 10%. Nevertheless, 
this proportion varies considerably when estimates are made on a regional or urban scale (Pöschl et al., 2005, 
Laj et al., 2009; Monks et al., 2009, Mohiuddin et al., 2014; Viana et al., 2008).  

Aerosol atmospheric lifetime is strongly dependant of aerosol size: lifetimes up to 10 days in the troposphere 
and up to 1 year in the stratosphere are observed for micrometric and submicrometic size range, whereas large 
particles (> 10 µm) feature much shorter lifetimes (1 days) due to gravitational settling and wet deposition 
(Feichter et al., 2009; Pellerin et al., 2017). Given aerosol sources, lifetime and geographical distribution, strong 
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variation in concentration and composition over the earth can be observed in the range of about 102–105 

particles.cm-3 and 1–100 µg.m-3, respectively (Seinfeld et al., 1998; Hidy et al., 2013, Pöschl et al., 2005; Raes et 
al., 2000; Krejci et al., 2005; Putaud et al., 2010). 

The main constituents of the atmospheric aerosols are inorganic species (such as sulphate, nitrate, ammonium 
and sea salt), organic species, carbonaceous, mineral species (mostly desert dust) and primary biological aerosol 
particles. At the particle scale, complex heterogeneous structures featuring both organic and inorganic part can 
be observed due to the complexity of atmospheric reaction (Tervahattu et al., 2005; Barger et al., 1976). The 
chemical composition of aerosols differs considerably, depending on its source (primary or secondary) and its 
atmospheric lifetime (ageing) (Putaud et al.,2010;, Jimenez et al., 2009; Karagukian et al. 2015). For instance, 
measurements in the marine boundary layer (MBL) reveal that the primary inorganic sea salt component 
dominates the marine aerosols (Schiffer et al., 2018; Finlayson –Pitts at el., 2000, Chi et al., 2015). It is well known 
that sea salt aerosols are constituted of inorganic species mainly sodium chloride (NaCl) as well as various organic 
species. In many investigations, fatty acids (FA) are reported to be major constituents of the organic fraction on 
marine aerosols (Ault et al., 2013; Russell et al., 2010; O’Dowd et al., 2004; Lovrić et al., 2016). In contrast, urban 
aerosols have a more complex composition and are dominated by sulphate, nitrate and carbonaceous aerosols 
(Liang et al., 2016) with a significant contribution of carboxylic acids such as malonic, succinic and glutamic acids 
Kitanovski et al., 2011; Chan et al., 2011). 

5.1.2 Heterogeneous reactivity in the atmosphere – Processes for gas uptake 

As they affect both trace gas concentration (photochemical oxidants, acid gases, free radical, etc.) and aerosols 
key physical properties (size, optical properties and ability to nucleate cloud droplets, the heterogeneous 
interactions of gases with liquid and solid particles can strongly influences atmospheric processes (formation of 
photochemical smog, ozone layer depletion etc.). Thus, determination of kinetics and mechanism of 
heterogeneous reactions has become increasingly important in understanding the chemistry of the troposphere.  

One comprehensive kinetic model network for heterogeneous interactions was proposed by Kolb et al. (2010) 
which is a combination of kinetic theories of gases, condensed phases, and interfaces based on NASA–JPL and 
IUPAC evaluations (Pöschl et al., 2007; Crowley et al., 2010). The observable interactions of a gaseous species on 
a particle or a droplet surface are indeed the results of a complex process, which can be decomposed on several 
elementary processes. When a gas is in contact with a condensed phase (solid or liquid), gaseous molecules 
driven by thermal agitation can diffuse towards this phase and hit the surface. A fraction of the molecules that 
hit the condensed surface can be taken up due to heterogeneous elementary processes including gas phase 
diffusion, accommodation, desorption and possible reaction at the gas/surface interface and for liquids and some 
amorphous solid surfaces, absorption, dissolution and bulk reaction.  

It is often difficult to experimentally determine which ones, if any, of the processes defined above, is actually 
controlling the heterogeneous uptake of trace gas species on a given surface. Thus, the overall process can be 
described with a global parameter: the uptake coefficient which is the ratio of the number of collisions of a given 
trace gas species leading to uptake on the surface to the total number of possible collisions per unity of surface 
and time (ɣ) (Crowley et al., 2010): 

ɣ= 
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒕𝒂𝒌𝒆𝒏 𝒖𝒑 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒑𝒆𝒓 𝒖𝒏𝒊𝒕𝒚 𝒐𝒇 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒏𝒅 𝒕𝒊𝒎𝒆 

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒐𝒍𝒍𝒊𝒅𝒊𝒏𝒈 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒑𝒆𝒓 𝒖𝒏𝒊𝒕𝒚 𝒐𝒇 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝒂𝒏𝒅 𝒕𝒊𝒎𝒆 
   Equation 5-1 

ɣ is then a dimensionless parameter and represents the probability (0 < ɣ < 1) that a gas species is removed 
irreversibly from the gas phase to an active surface at a given temperature. 

The actual quantity measured with most of heterogeneous experimental studies is the observed overall trace 
gas uptake, ɣobs. Observed uptake is usually determined from the decrease of the concentration of the trace 
gaseous (x) species of interest (equation 5-2) when exposed to a reactive surface (Scolaro, 2016) . To a lesser 
extent and for a purely reactive uptake, ɣobs in some measurements can also be obtained by quantification of the 
surface product (Y) concentration (Vogt and Finlayson-Pitts, 1994)  (equation 5-3). 

ɣobs (g) =  
d[X]g

dt
 × 

𝟏

A × [X]g×/4
      Equation 5-2 

ɣobs (s) = 
d{Y}s

dt
   × 

𝟏

A × [X]g×/4
       Equation 5-3 
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[X]g is the gas phase concentration of X and {Y}s is the surface species concentration. ω is the mean thermal 
velocity (m.s-1) given by ω = [8RT/ (πM)]1/2, M is the molar mass (kg.mol-1) of X, R is the gas constant (J.mol-1), and 
T is the temperature in Kelvin. A corresponds to the effective surface area. 

Several experimental methods dedicated to laboratory experiments can be used to study heterogeneous 
interactions and to determine uptake coefficients (Kolb et al., 1995, Davidovits, 2006, Kolb et al., 2010). The 
general principle of these methods is to put a gaseous phase in contact with a solid or liquid phase of known 
surface. The number of gaseous molecules taken up by the solid or the liquid is measured during a known time 
interval through either surface or gas monitoring. Table 5.1 summarizes the commonly used methods for the 
determination of reactive uptake in gas-solid / liquid reactions. The surface characteristics, the range of 
accessible ɣ, the gas-solid contact time and the working pressure range for each method are listed in Table 5.1  

Table 5.1: Summary of the principle commonly used methods for the measurement of reactive uptake in gas-solid / liquid reactions. 
(Kolb et al., 1995; Davidovits et al., 2006; Kolb et al., 2010). 

Method Surface Monitored phase Accessible ɣ range Contact time Working pressure (Bar) 

Coated/wetted flow tube Solid or liquid film Gaseous 10-5- 10-1 0-103 s 0.0007-1.013 

Aerosol flow tube 
Solid or liquid aerosol 

particles 
Gaseous and solid 

or liquid 
10-4 -1 0- 30 s 0.001-1.013 

Knudsen Cell 
Powder sample or 
aerosol particles 

Gaseous 10-5 - 1 10-104 s < 1.33 × 10-5 

DRIFTS Cell 
Solid surface or aerosol 

particles 
Solid 10-10 -10-2 40 -800 min 0.003-1.013 

Droplet train flow reactor Liquid droplets 
Gaseous and 

droplet 
10-3-1 2-20 ms 0.080-0.03 

Atmospheric simulation 
Chamber 

Aerosol particles Gaseous and solid 10-8 -10-4 100 -900 min 1.013 

 

5.1.3 Iodine interaction with aerosols– state of the art 

Surprisingly, the interaction of gaseous iodine compounds with atmospheric aerosols and its resulting speciation 
are not well documented, yet. Indeed, only few laboratory studies have investigated the interaction of iodinated 
species with atmospheric aerosols surrogates. For instance, it was found that HOI can react with solid NaCl and 
NaBr to form ICl or IBr in gaseous phase in the 5-25 °C temperature range (Allanic et al., 1999; Mossinger et al., 
2001; Holmes et al., 2001). The steady state uptake coefficient was determined either in Knudsen cell or coated 
flow tube and it is in the order of 10-2. Similarly, uptake of CH3I (Wang et al., 2016) and C2H5I (Shi et al., 2008)  by 
commercial soot film and carbon thin film, respectively, was determined to be in the order of 10-2 at 25°C. Most 
of the studies imply that iodine species are highly reactive and may interact with the other species (gas or 
particles) present in the atmosphere to evolve in gaseous or particulate form. However, neither uptake processes 
nor influence of condensed phase on gaseous iodine reactivity, were unravelled. To the best of our knowledge, 
there is no literature report about the uptake coefficient of methyl halides (CH3Br, CH3Cl, CH3I) by atmospheric 
aerosols. 

Some studies have investigated the interaction of gaseous iodine species such as HOI, INO2, HI, IBr, ICl, I2  with 
ice films or halogen doped ice (Allanic et al., 1999, Fluckiger et al., 1998; Barone et al., 1999; Percival et al., 1999, 
Allanic et al., 2000). Again Knudsen cell or coated flow tube methods were applied. Strong uptake coefficients 
were observed in every case (10-2 to 10-1) but the experiment temperature (-100°C up to -40°C) are not relevant 
of atmospheric conditions prevailing in the vicinity of a NPP. To date, the heterogeneous reactivity of iodine 
species in the atmosphere is not fully accounted by the atmospheric community (Saiz-Lopez et al., 2012), nor in 
the field of nuclear safety. 

5.1.4 Objectives of the investigations on iodine /aerosol interaction in atmospheric context 

The goal of this work is to improve the understanding of the heterogeneous reactivity between gaseous iodinated 
species and aerosols present in the troposphere based on laboratory experimental studies.  

Methyl iodide is the first considered gaseous species as it is one the of main expected iodine species which can 
be released in case of a severe accident. It is considered as stable in tropospheric conditions with a lifetime 
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ranging from 5 up to 11 days, compared to I2 which is rapidly photolysed (lifetime of ~ 10 s (Saiz-Lopez et al., 
2008; Law et al., 2006)). Surrogates of the main aerosols found in the boundary marine layer were retained in 
this first approach – as numerous power plant are located on seashore. The main objectives were to determine 
– at laboratory scale – the occurrence of interaction between methyl iodide and the selected aerosols surrogate, 
to define its nature (adsorption or chemisorption) and finally to determine the uptake coefficient.  

In this view, I participated to the development of specific devices dedicated (breakthrough reactors and aerosol 
flow tube) which are suitable for both CH3I and I2. Experiments with methyl iodide were performed in the 
framework of a Ph-D in partnership with the University of Bordeaux under the supervision of S. Sobanska and 
myself. In the following paragraphs I will shortly presents the main outcomes of this work.  

5.2 Experimental devices developed for iodine/aerosol reactivity study 

Experiments were firstly conducted on solid static phase reactors. Breakthrough type reactors in which the 
reactive gas is constantly injected though a solid bed composed of the aerosol surrogates were used. Depending 
on the phase which is monitored (solid or gas phase), two static reactors were considered: a cell dedicated to 
Diffuse Reflectance Infrared Fourier Transform Infrared Spectroscopy (DRIFTS) allowing to monitor the changes 
at the solid phase surface when exposed to a reactive gas (Vogt and Finlayson-Pitts, 1994) and the flow reactor 
in which the concentration of the reactive gas is monitored by gas chromatography. 

5.2.1 DRIFTS cell 

DRIFTS technique requires the solid to be a diffusing medium. The fine powdered sample is put in the reaction 
chamber (provided with ZnSe windows), which is located inside an FTIR instrument as shown on the Figure 5.1. 
A parabolic mirror focuses the probe beam on the solid sample and the diffused reflected radiation is focused by 
another parabolic mirror on to the detector surface. This method allows the monitoring of solid-phase products 
formation. Spectral evolution of the solid (50-150 mg) with exposition duration to the reactive gas can give 
quantitative insights on the gaseous molecules taken up by solid sample (i.e. spectro kinetic measurements). 

 

Figure 5.1:  Scheme of a DRIFT cell (Vogt and Finlayson -Pitts, 1994). 

This technique is well suited for the IR transparent alkali halides solids (as NaCl) so that formation of infrared 
absorbing intermediates and products, can be easily detected. The formation rate of absorbed/adsorbed 
products on the solid is determined by quantitative interpretation of the DRIFTS spectra. Coupled to a post-test 
complementary technique allowing the determination of the total amount of adsorbed/absorbed products 
during an experiment (ICP MS is our case), the uptake coefficients can be determined knowing the characteristics 
of the solid (sample mass and solid effective surface determined  by the Brunauer – Emmett- Teller method for 
instance) following equation 5.2. The high sensitivity of the technique allows to determine uptake value in the 
10-10 to 10-2 range.  

Measurement difficulties may arise with highly IR absorbing solids (organic solids or secondary inorganic salts 
such as nitrate or sulphate). Moreover, DRIFTS can provide signal of gas phase near the surface which has to be 
identified before interpretation of the spectral evolution. Solid sample cannot be renewed during the experiment 
thus surface ageing of the solid sample can be a limitation.  
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5.2.2 Breakthrough type reactor 

In case of IR absorbing solids, methyl iodide interaction was monitored by the methyl iodide gas phase 
concentration. Gas chromatography coupled to an electron capture detector was adapted to our intentions with 
determination of methyl gas phase concentration in the 1 ppb- 100 ppb range. The breakthrough reactors were 
designed with a gas inlet placed on the top and a gas outlet on the bottom of the reactor (see Figure 5.2). The 
solid samples were placed on a porous support (metallic or glass) allowing the gases to pass through. Gas 
sampling was performed at the reactor inlet and outlet and collected in gas bags.  

 

 

Figure 5.2 : Scheme of breakthrough reactor developed at L2EC (Houjeij et aL., 2021).  

In continuous gas flow conditions, the equation 5-2 does not apply as the methyl iodide gas phase concentration 
at the reactor inlet is constant. The main parameters that must be taken into account here is the contact time 
(Tc) between gas phase and solid phase as for wall coated reactors (Percival et al., 1999; Kolb et al., 2010). With 
our reactor configuration, the contact time (Tc) depends on the solid bed volume, particles size, packing of 
particles, surface area and gas flow rate. In a first approach, the contact time was estimated by considering only 
the geometrical volume of the solid bed (eq 5-3): 

Tc= 
Solid bed volume

Total gas flow
       Equation 5-3 

In case of interaction with a given solid, depletion of outlet gas phase concentration is expected as of experiment 
onset. If no saturation of the solid occurs, a steady state is reached in which the outlet methyl iodide gas phase 
concentration remains constant. By varying the volume of the solid bed, the contact time of the reactant gas to 
the condensed phase can be varied, allowing a pseudo-first order rate constant for removal of the gas, ks , to be 
measured, provided there is not significant surface saturation (Percival et al., 1999). The net uptake is then 
proportional to ks:  

γ = . ks/ ω        Equation 5-4 

where  is linked to the geometry of the solid bed and ω to mean gas velocity.  

In case of low uptake, surface saturation will occur inducing the outlet gas concentration to increase with 
experiment time until observing a breakthrough which correspond to saturation of the solid bed. In this case only 
the initial uptake (corresponding to zero experiment time) can be determined. This type of reactor is suited for 
uptake determination in the 10-5 up to 10-1 range. 

5.3 Study of the heterogeneous reactivity of CH3I with NaCl by DRIFTS  

In a first approach, the interaction processes of CH3I with NaCl as surrogate of sea salt was investigated 
using DRIFTS (Houjeij, 2021; Houjeij et al., 2021). The experimental conditions were aimed at 
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10-20 g salt
Tres ~ 10-20 s
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reproducing as close as possible an atmospheric environment in night conditions (ambient air conditions 
with 20% R.H, dry salt and dark reactor), except for CH3I gaseous concentration which is much more 
important (ranging from 200 up to 1000 ppm) than the mean concentration in the atmosphere. Though 
not realistic, such CH3I concentration levels allow to study interaction processes in a quite large range of 
uptakes – even for low reacting gaseous species. 

5.3.1 NaCl surface monitoring by FTIR 

For the whole experiments, the infrared spectra were recorded in the 600-4000 cm−1 spectral range. The 
C-I stretching mode at 572 cm-1 could not be observed given the cut-off frequency of the ZnSe cell 
window (600 cm-1). The DRIFTS spectra were reported as log (1/R∞) “pseudo-absorbance”, where R is 
the reflected diffuse signal of the sample. For poorly absorbing solid, pseudo-absorbance gives a better 
linear representation of DRIFTS band intensity against the adsorbate surface concentrations than 
Kubelka–Munk function (Sirita et al., 2007). 

For every conditions, the presence of CH3I at the NaCl surface could be evidenced in the three main 
spectral region assigned to CH3 stretching, deformation (see Figure 5.3a and 5.3b respectively) and rocking 
(not shown here) (Houjeij et al., 2021). CH3I adsorption is clearly evidenced by the red shift of 
symmetrical deformation band of CH3v from 1262 cm-1 (gas phase) to a large band centred at 1244 cm-1 
and which intensity increased with time (see Figure 5.3b). Spectral decomposition (assuming Gaussian 
shape) of this band allows to identify 5 bands of which four can be assigned to adsorbed CH3I (1275, 
1244, 1220 and 1183 cm-1) and the last (1262 cm-1) to gaseous CH3I close to the NaCl surface, based on 
literature data (Su et al., 2000; Chebbi et al., 2016; Colaianni et al., 1992, Jenks et al., 2000). Although 
less intense, bands in the stretching region (2900-3000 cm-1) could be also observed (Figure 5.3a) and 
properly assigned to either gaseous or adsorbed CH3I. The presence of several bands for a given 
vibrational mode is owed to different geometrical orientations that can take absorbed CH3I molecules 
on NaCl whose surface present numerous orientations and defects compared to single metallic surface 
(Colaianni et al., 1992, Jenks et al., 2000, Henderson et al., 1987, Solymosi et al., 1993, Lin et al., 1992). 
In the CH3 rocking spectral region (900-700 cm-1) the observed bands were not enough resolved to be 
correctly assigned. 

 

Figure 5.3 : DRIFTS spectra of NaCl exposed to 5 hours of CH3I continuous flow (108mL.min-1, 1000 ppm) at 23°C and 1 atm in the 3050-
2800 cm-1 (a) and in the 1500-900 cm-1 (b) IR spectral range. 

Blue bands are CH3I adsorbed on NaCl and green bands are CH3I in gas phase near the NaCl surface. 

 
In addition, two intense bands at 1073 and 1024 cm-1 were observed - strongly red shifted compared to 
the CH3 deformation band of free CH3 at 1262 cm-1 (Figure 5.3). These bands were not reported in the 
literature for CH3I molecules adsorbed on surfaces. Based on their wavenumbers, they can be assigned 
to CH2I2 (Klivényi et al., 1995, Weldon et al., 1994, Scheer et al., 2002), CH3OH (Chebbi et al., 2016) or 
CH3Cl (Makino et al., 2018; Cserenyi et al., 2000; Gu et al., 2019)). Nevertheless, the hypothesis of 
formation of such species on NaCl was discarded because experimental conditions required to form such 
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species were drastically different in term of temperature or surfaces, compared to the conditions used 
in our experiments. The time evolution of these bands is strongly correlated to that of the deformation 
bands assigned to adsorbed CH3I suggesting a vibrational mode correlated to adsorbed/absorbed CH3I. 
It is assumed that these new bands are attributable to additional geometrical form of CH3I on NaCl 
surface as C3v (Houjeij et al., 2021). 
 

5.3.2 Time evolution of CH3I adsorption and desorption on NaCl 

The time evolution of CH3I adsorbed or desorbed on NaCl surface was evaluated by following the sum of 
the band areas related to CH3I(ads) in the deformation region (i.e. bands at 1275, 1244, 1220, 1183, 1073 
and 1024 cm-1 labelled as ∑CH3Iadsorbed ) as reported in Figure 5.4. The area of  ∑CH3Iadsorbed bands increases 
during the CH3I exposure phase with no significant saturation even after 5 hours exposition to CH3I. 
Methyl iodide interaction with NaCl surface is probably chemisorption as no measurable desorption is 
observed, either spontaneous, or induced by an argon flow (Figure 5.4b) or thermally activated (up to 
350°C). 

 
Figure 5.4 : Time evolution of DRIFTS spectra of NaCl surface in the deformation region of CH3 (1400-900 cm-1) as a function of exposure 

time to the CH3I continuous flow (108mL.min-1, 1000 ppm) at 23°C and 1 atm .  
Bands in blue are adsorbed CH3I on NaCl and green are gaseous CH3I near the surface.  

(b) Area of the CH3Iadsorbed  bands as a function of time during CH3I exposure, spontaneous and induced desorption phases. Exposure 
phase denotes the continuous flow of 108 mL.min-1 of CH3I (1000 ppm) on NaCl. The spontaneous desorption phase denotes the static 

conditions after 5 hours of CH3I flow and induced desorption phase denotes the continuous pure Ar flow after the static condition. 

 

The time evolution of methyl iodine adsorption can be interpolated by a linear function allowing to 
determine an average rate of adsorption (k); it amounts up to (6.91±0.23) ×10-3 arbitrary unit.min-1 when 
NaCl is exposed to CH3I gaseous concentration of 1000 ppm. The average rate of adsorption shows a first 
order kinetic rate law with CH3I gas phase concentration (200-1000 ppm concentration range).  

5.3.3 Determination of CH3I uptake coefficient on NaCl surface 

The CH3I concentration on the solid was determined by ICP-MS assuming that the overall amount of 
adsorbed iodine is in CH3I form. The average concentration of iodine found in NaCl exposed to CH3I (1000 
ppm) during 5h amounts up to (1.68± 0.86) × 1014 molecule.mg-1

NaCl. Taking into account the total mass 
of NaCl involved in the experiment, the total amount of adsorbed CH3I (noted {CH3Iads}) can thus be 
determined. Comparing the total amount of injected gaseous CH3Ig during the exposure phase to the 
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total amount of adsorbed CH3Iads on NaCl, it is found that only 3x10-3 % of initially injected methyl iodide 
was adsorbed on NaCl, indicating a very low residual amount of CH3I on NaCl. 

Based on the pseudo absorbance equation (Sirita et al., 2007), the amount of CH3I adsorbed on NaCl was 
determined assuming a linear relation between area of IR bands in the 1400-900 cm-1 frequency range 
(∑CH3Iadsorbed) and the amount of total iodine taken up by NaCl and determined by ICP MS: 

{CH3I} = F. area (∑CH3Iadsorbed)      Equation 5.5 

An average conversion factor (F) of (1.14 ± 0.37) × 1016 at 95% confidence level could be determined 
from three repetitive tests (NaCl exposed 5 hours to 1000 ppm CH3I). 

By applying equation 5.2, uptake values in the range of 10-11 were obtained in our conditions (23°C, low 
humidity conditions and CH3I gaseous concentration range 200-1000 ppm). These values were much 
lower than the uptake coefficient reported previously for HOI, HOI/IONO2 and ICl on halide salts (Allanic 
et al., 1999; Mossinger et al., 2001; Holmes et al., 2001) and of CH3I on soot film (Wang et al., 2016). This 
reflects the low colliding probability of CH3I with NaCl compared to the high affinity of CH3I for soot 
particles and to the reactivity of gaseous inorganic iodinated species (HOI, HOI/IONO2, ICl) with halide 
particles. Kinetics of CH3I uptake being of first order relative to gas phase concentration, final uptake is 
thus independent of it - which is confirmed by experiments at 1000-500 and 200 ppm, featuring similar 
uptake coefficient. 
The initial adsorption rate of CH3I was enhanced with NaI and its uptake coefficient is increasing by ~30 
in comparison to NaCl and KBr. This trends (i.e. NaCl ≈ KBr < NaI) reflects the influence of 
electronegativity on the CH3I-halide salt interaction process. Interaction of methyl iodide with moist NaCl 
( was also investigated but did not show strong influence of water compared to low humidity conditions 
(Houjeij, 2021). Such observations are consistent with the low affinity/solubility of methyl iodide towards 
water.  

5.4 Conclusion and environmental implications 

Though atmospheric and severe nuclear accident CH3I concentrations, are 10-5-10-9 lower (Saiz-Lopez et 
al., 2008; Lebel et al., 2016; Steinhauser et al., 2014; Winiarek et al., 2012) than the concentrations used 
in this study, a very low uptake on NaCl can be expected - at least of the same order (10-11). The influence 
of sea salt like aerosols on the behaviour of gaseous CH3I can be considered as low impacting though 
showing an irreversible character for CH3I adsorption. 
Reactivity of methyl iodide was further investigated with solid surrogates of secondary inorganic aerosols 
(sodium bicarbonate, sodium nitrates, sodium sulphate) or organic aerosols such as carboxylic acids 
(citric acid, oxalic acid, tartric acid) and fatty acid (palmitic acid). The strongly absorbing capacities of 
those compounds in the IR range prevented the use of the DRIFTS technique so that the experiments 
were performed in breakthrough type reactor. Expecting a low interaction of gaseous methyl iodide, the 
experimental conditions were adjusted as to feature long contact time with the solid bed (1-16 s) and a 
low methyl iodide concentration in the carrier gas (1 -100 ppb). Whatever the experimental conditions, 
no uptake of methyl iodide by the studied compounds could be evidenced – indicating a low affinity for 
numerous class of aerosols both of inorganic and organic nature. The strong reactivity with soot particles 
mentioned in the literature seems to be an exception but this latter point should be confirmed. Owing 
to these observations, methyl iodide is expected to remain in the gaseous phase during its lifecycle in 
the troposphere and be mainly involved in photochemical gas phases processes as mentioned in the 
literature. 
In order to complete the understanding of the iodine atmospheric cycle, the interaction of gaseous I2 with 
atmospheric aerosols remains to be investigated. Compared to CH3I, I2 higher reactivity may contribute to an 
enhanced uptake – depending of the class of aerosols, and potentially modify its atmospheric transport. Indeed, 
as was shown by Figueiredo et al. (2020) with model SiO2 particles, molecular iodine adsorption on aerosols 
particles can indirectly extend its atmospheric life-time by preventing gas phase photolysis and have direct 
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consequences on its atmospheric dispersion. Similarly to CH3I, breakthrough reactor experiments and even 
aerosol flow tube studies have to be used to investigate I2-aerosol interactions. 
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6 CONCLUSION - PERSPECTIVES 
These 20 years devoted to experimental research works on FP chemistry in severe accident conditions allowed 
me to cover a large panel of research thematic concerning high temperature gas phase chemistry, gas/solid 
interaction both in nuclear context and atmospheric chemistry and to handle chemical systems rarely considered 
in the literature. In this view, I got the opportunity to develop and operate several experimental devices from 
semi integral scale (CHIP PL line) and laboratory scale (GAEC line, aerosol flow tube reactors). Addressing the 
numerous technical issues linked to experimental studies of complex systems was one of the main challenge of 
these experiments. Chemistry of FPs in SA condition is indeed supported by a narrow scientific community 
represented by the main TSO’s of the main nuclear countries and the related research teams, so that 
experimental studies in such conditions needed each time a specific development and had very rarely benefited 
from past experiences.  

Success in these studies could not be achieved without a close link with academic partners to benefit from their 
experience to find, adapt and apply the most relevant techniques (sometimes unexpected) capable to bring 
reliable responses to our issues… The community of atmospheric chemistry was also of a great help for its support 
to develop analytical techniques dedicated to the detection of iodine in our conditions (IBB CEAS) and for its 
knowledge in the thematic of gas/aerosol interactions… Finally, iterative process with the simulation laboratories 
of IRSN allowed experimental data interpretation, chemical mechanism understanding and validation of 
simulation tools (SOPHAEROS) - such work is still ongoing. These projects gave me the opportunity to supervise 
numerous internship from bachelor up to master degree, to co – direct several Ph-D’s (one in progress) and one 
post-doctoral position.  

The achievements of these research programmes have given rise to new questions and are extended into many 
experimental perspectives, which I shall detail below.  

Concerning the iodine transport issues in the reactor coolant system which were raised by the Phébus integral 
tests, the CHIP and CHIP+ programs allowed to bring several answers. CHIP experiments confirmed that beside 
CsI, other iodine form (gaseous /condensed) can be transported in the RCS in severe accident conditions. The 
persistence of a significant gaseous iodine fraction in cold leg break conditions seems to be strongly linked to 
nature of gas atmosphere and the ratio of the other released elements, especially Mo/Cs ratio. Control rod 
elements were highlighted as playing also a role, but the main reactional path could not be completely 
understood (formation of other metallic iodide or competition in the formation of metallic molybdates). Efforts 
are now ongoing to improve modelling to be capable of reproducing the trends experimentally observed. 
Meanwhile, new issues have raised with the development of accident tolerant fuel (e.g. featuring extended 
resistance in loss of coolant accident scenario) with a significant Cr-enrichment compared to conventional fuel 
(Cr2O3 doped fuel pellets plus/or Cr coated Zircaloy or FeZrAl cladding). In SA conditions, significant Cr release 
may be expected with such advanced fuel concept and the formation of hexavalent forms of Cr known to be 
strongly oxidative cannot be excluded (for instance in high steam partial pressure and/or early air ingress 
scenario). Such forms may then impact Cs transport by formation of Cs-Cr2O3 compound and consequently iodine 
speciation. At the present time, effect of hexavalent Cr species on Cs transport has not been considered and its 
knowledge is incomplete (PIRT, 2021). In order to fill in this gap of data, it is proposed to start, in 2023, an 
experimental study at small scale (GAEC line) on Cr(VI) transport issues in order to define which conditions may 
favour a possible Cs-scavenging role for chromium.  

Revaporization issues of deposits in the RCS and their contribution to late phase releases were firstly considered 
at a small scale with single compound deposit. The first tests with caesium iodide and silver iodide highlighted 
the role of the oxidative potential of the atmosphere in the release of gaseous iodine species but also the role of 
heterogeneous reactivity. Indeed, both reaction with oxidised stainless steel surface and heterogeneous reaction 
with air atmosphere resulted in CsI decomposition producing gaseous iodine species in a temperature range 
(from 300-500°C) far much lower than CsI vaporisation. In support to the experiments, DFT calculations 
confirmed the oxidative role of oxygen on CsI surface defects allowing the release of gaseous iodine species. On 
the contrary homogeneous gas phase oxidation of CsI is not thermodynamically favoured. Nevertheless, this first 
study did not allow to cover all expected late phase SA scenarios and the present experimental data set is too 
small to allow for a reliable modelling. In the objective of completing the knowledge on revaporisation issue, 
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experimental studies were resumed within the framework of the OECD ESTER program (2020-2024) with 
laboratory scale tests followed by semi integral tests in the CHIP PL facility. Based on the main results gained 
from the first studies, low temperature experiments (300-500°C) will be performed in association with various 
atmosphere composition (variable oxygen potential and presence of boric acid). Different deposits composition 
will be considered from single compounds featuring either CsI, CdI2 and also tellurium compounds up to bi-
component mix and finally complex deposits compositions (featuring both FPs and CR elements such as Mo, Cs, 
I, Cd, Ag and possible Te) as obtained in the CHIP PL line. In this view, the CHIP line will be implemented with 
additional sampling lines dedicated to monitor within the revaporisation phase either particle release in real time 
(particle counter) or gaseous iodine release (denudeur device coupled to gas scrubbers). 

The study devoted to iodine/aerosol interactions concerned firstly methyl iodide as one the of main expected 
iodine species which is released in case of a severe accident. The main outcome is that interaction of methyl 
iodide with the surrogate of the main aerosols atmospheric classes (sea salt, secondary inorganic aerosols and 
secondary organic aerosols) seems to be low impacting compared to gas phase chemistry. Methyl iodide is thus 
expected to remain in the gaseous phase during its lifecycle in the troposphere – and be mainly involved in 
photochemical gas phases processes as mentioned in the literature. Further work will be devoted to molecular 
iodine as interactions with atmospheric particles may indirectly enhance its atmospheric lifetime and thus 
contribute to extend its atmospheric dispersion. The same classes of surrogates will be considered, tests will be 
conducted in conditions representative of atmospheric one’s in terms of humidity, day/night conditions and 
temperature. Similarly to methyl iodide, the experiments will consider breakthrough reactor and/or aerosol flow 
tube – in the objective of monitoring iodine gas phase concentration. These bulk experiments will allow to get 
information on the global interaction and to determine the uptake coefficient. The main challenge will be to 
develop a technique allowing to monitor solid surface changes when exposed to molecular iodine in order to get 
insight of the heterogeneous interaction. The potentiality of UV Vis spectroscopy or Raman spectroscopy will be 
investigated for such purpose. 

Finally I will be involved in a new thematic linked to post accidental management and waste water treatment. 
Radiocontamination of aqueous effluent is a major issue for post accidental management, as highlighted by the 
Fukushima Daichii Nuclear Power plant accident, but can also find a strong interest in long-term storage and 
decommissioning problematics. Indeed, some fission products are highly soluble in aqueous media and can thus 
significantly contribute to water radiocontamination in accidental situations – as the case of caesium. The aim of 
this project is to develop innovative MOFs (Metal Organic Framework) materials dedicated to the treatment of 
caesium from contaminated waters. MOF materials present numerous interesting properties which makes them 
suitable candidates for the development of sustainable processes: easy synthesis by green processes, very high 
porosity, chemical tunability, stability under severe conditions. These relative recent materials could be used to 
restrict radionuclides dissemination, both in the environmental field as well as for on-site treatment of highly 
contaminated effluents. This project involves two academic partners known for their expertise in MOFs synthesis 
(MATHYB team of the UCCS laboratory- Lille University) and in Cs treatment from contaminated waste waters 
(LNER team of the ICSM institute), it will start in 2022.  
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GLOSSARY  
AEA-T: Atomic Energy Authority Technology (UK) 

ASTEC: Accident Source Term Evaluation Code 

CEA: Commissariat à l’Energie Atomique 

CHIP: Chemistry Iodine Primary circuit 

DRIFTS: Diffuse Reflectance Infrared Fourier Transform Infrared Spectroscopy 

EPMA: Electron Probe Micro Analyses 

FD NPP: Fukushima Daiichi Nuclear Power Plants 

FP: Fission Product 

FTIR: Fourier Transform Infrared Spectroscopy 

GSM-ISM : Groupe de Spectrométrie Moléculaire – Institut des Sciences Moléculaire (Université Bordeaux) 

HAXPES: Hard X ray photoelectron spectroscopy 

ICP MS: Inductively Coupled Plasma – Mass Spectrometry 

ICP OES: Inductively Coupled Plasma – Optical Emission Spectroscopy 

IRSN: Institut de Radioprotection et de Sûreté Nucléaire 

ISTP :  International Source Term Program 

ITU: Institut for TransUran (Karslruhe – Germany) 

JAEA: Japan Atomic Energy Agency 

JAERI: Japan Atomic Energy Research Institute (merged in 2005 with Japan Nuclear Cycle Development Institute 
to form JAEA) 

LASIR : Laboratoire de Spectrochimie Infrarouge et Raman (Université de Lille) 

LEIS: Low Energy Ion Scaterring 

MIRE :Mitigation of outside Releases in case of nuclear accident 

PC2A : laboratoire des Processus de Combustion et de Chimie Atmosphérique (Université de Lille) 

PWR: pressurised Water reactor 

RCS: reactor Coolant System 

RMS : Raman MicroSpectromety 

SA: Severe Accident 

SEM-EDS: Scanning Electron Microscopy – Energy Dispersive Spectroscopy 

SIMS: Secondary Ions Mass Spectrometry 

STEM-STEM2 : Source Term Evaluation and Mitigation Program 

TMI: Three Miles Island 

TOF SIMS: Time of Flight - Secondary Ions Mass Spectrometry 

UCCS : Unité de Catalyse et de Chimie du Solide (Université de Lille) 

VTT: Technical Research Centre of Finland / Valtion Teknillinen Tutkimuskeskus 

XRD: X-Ray Diffraction 
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The experiments Phébus FP FPT-0 to FPT-3 tests conducted by IRSN have produced a large quantity of
data on fission product, structural material and actinide release under prototypic nuclear reactor accident
conditions that form a consistent set of data suitable for assessment of release models implemented in
severe accident codes. Additionally, FPT4 provides valuable complementary data in a late phase debris
bed geometry.

Based on on-line and post-test measurements, the release of the main fission products could be
assessed as well as their release kinetics in relation with bundle degradation progresses. Noble gases
(Xe, Kr) are considered as very highly volatile; the other fission products can be classified as high-volatile
(Cs, I, Te, Mo), semi-volatile (Rb) and low-volatile (Ru, Ba, La). Release of fission products is observed
mainly in the oxidation phases, with the proportions depending on the elements concerned. Molten pool
formation corresponds to a decrease of the release process. Post-test gamma-measurements show that
deposition of fission products over the upper parts of the fuel rods is important with lower steam flow
rates as given in FPT2 and FPT3.

The fuel material fractional release (mainly U) is very low but could represent a significant fraction of
the transported aerosol mass (FPT0 and FPT1).

Release from the silver–indium–cadmium control rod is characterised by the initial Cd burst release on
failure of the control rod, followed by a steady release of Ag, In and Cd from the molten absorber pool
remaining in the stub. These elements are important as they can affect the physical and chemical forms
of fission products such as iodine, hence their transmission to the containment. A large boron release,
linked to an extended degradation of the boron carbide control rod, was observed during FPT3.

The established link between bundle degradation and release mechanisms is clearly confirmed for both
fuel and control rod materials, with the release being dependent on temperature, burnup, interactions
between fuel and structural materials (mainly Zircaloy cladding, i.e. for Ba) and atmosphere (oxidising/
reducing conditions, as can be noticed for Mo, Sn and Te), and mass flow rate.

Comparison with the results of separate-effects test series (VERCORS, QUENCH) performed under
similar temperature and atmosphere conditions will also be presented.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The assessment of the source term (ST) – e.g. the amount of fis-
sion products, fuel, control rod and structural material released
from the damaged reactor core – in the case of a severe accident
of a PWR, is a main issue for the evaluation of the radiological con-
sequences of such accidents.

The determination of fission product release and its kinetics in
relation to fuel bundle degradation progress was thus a key pur-
pose of the Phébus FP test series (Clément and Zeyen, this issue).
Bundle degradation and material release in the model primary cir-
cuit and containment building were thus studied, under steam-rich
(FPT0/1) or steam-poor atmospheres (FPT2/3), and under low pres-
sures (�0.2 MPa). The potential influence of the fuel burn-up (fresh
fuel FPT0 and irradiated fuel FPT1), the nature of the control rod
(SIC CR or B4C CR) and the initial geometry of the fuel (intact bun-
dle for FPT0/3 tests and debris bed geometry for FPT4) were con-
sidered too.

The test sequences involved heating of the fuel bundle through
a succession of power ramps and plateaus, leading to an oxidation
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runaway, further ramps and plateaus leading to fuel melting and
relocation, with the degradation phase being terminated by reactor
shutdown about 5 h after the beginning of the heating phase. Spe-
cial attention was brought to fission products behaviour the re-
lease of which was followed on-line during the degradation
phase by means of c-spectrometry targeted at key positions of
the experimental circuit. Post test measurements on the degraded
fuel bundle, in the experimental circuits and containment vessel,
and on samplings performed during the tests completed the
experimental data set for the FPs, the control rod, fuel and struc-
tural material which could not be followed on-line (March and
Simondi-Teisseire, this issue).

The following sections present a short summary of the experi-
mental measurements and the methodology used to assess the
integral material release from the degraded fuel bundle. The main
results are then reported, in terms of integral release for the main
FPs, (I, Cs, Mo, Te, Ba, etc.) the control rod (SIC or B4C), fuel (U) and
structural material (high alloy steels and cladding). Some data con-
cerning instrumentation material specific to the Phébus test (ther-
mocouple material Re, W) are displayed too, as a possible
interaction between released FPs and such material were identi-
fied. The main features of the release kinetics – in relation with
bundle degradation – are reported too. Complete results can be
found in the final report of each test (Hanniet-Girault and Repetto,
1999; Jacquemain et al., 2000; Chapelot et al., 2004; Grégoire et al.,
2008; Payot et al., 2011).

The results are then discussed as a function of the different test
conditions and some separate effect tests (VERCORS, QUENCH
tests).
2. Experimental

A complete description of the in-pile test section, the experi-
mental circuits and related instrumentation as well as the
experimental conditions are given in (March and Simondi-Teisse-
ire, this issue) and in the corresponding experimental reports
(see references above).
2.1. On line detection of release phases

The detection of fission products and structural material release
and their kinetics in relation with bundle degradation events, was
obtained by various measurements located both in the experimen-
tal circuit and the containment vessel (see Figs. 1 and 2):
Fig. 1. Simplified schematics of the experimental circuits in the bundle tests FPT0/3 and
release/deposition/ transport in the circuit and up to the containment vessel (c-spec: c
� Two optical devices dedicated to aerosol characterisation were
implemented respectively in the hot leg of the circuit (FPT0/2)
and in the containment vessel (FPT1/2). They provided qualita-
tive data on the kinetics of aerosols release.
� Several on-line c-stations were targeted at key positions in the

experimental circuit (hot leg, steam generator and cold leg) and
containment vessel (containment atmosphere) and monitored
the release and the transport and/or deposition of various c-
emitters during the degradation phase.

In addition to this instrumentation, the circuit and containment
vessel were intensively instrumented with thermal hydraulic sen-
sors (temperature, pressure, humidity, etc.). Instrument devoted to
the gas phase composition determination were implemented both
on the cold leg of the circuit – (hydrogen sensors) and in the
containment vessel (H2, O2). For FPT3, carbonaceous gas sensors
dedicated to the on-line measurement of CO, CO2 and CH4 were
implemented in the containment vessel – these gases being
produced by the oxidation of the B4C control rod material.

The FPT4 in-pile test train was equipped with aerosol filters
(March and Simondi-Teisseire, this issue) so that only gaseous spe-
cies were released in the experimental circuit. As a consequence,
the experimental circuit and the related on-line instrumentation
were greatly simplified and only two c-stations were implemented
in the horizontal line and in the containment vessel to monitor the
release of gaseous fission products.

2.2. Post-test determination of material distribution

The on-line measurements were complemented by post-test
c-spectrometric measurements of the degraded bundle and
experimental circuit. These analyses provided a mass distribution
for the main c-emitters (131I, 129mTe, 129Te, 137Cs, 134Cs, 114mIn,
110mAg, 140Ba, 140La, 103Ru, 154Eu, 99Mo).

� The in-pile test device was post-test examined (c-scans, X-ray
radiography, and emission tomography) in order to identify
the axial and radial profile of the various c-emitters still present
in the degraded fuel bundle or deposited along the upper ple-
num or the vertical line (and on the 5 sequential filters of
FPT4). As no re-irradiation was performed prior to FPT4, only
the long lived FPs could be detected.
� For the bundle tests, various sections of the circuit (inner tube

of the hot leg horizontal line, sections of the steam generator)
were post test c-scanned, providing a reliable deposition profile
of the main c-emitters in these parts of the circuit.
localisation of on-line/post test measurements and samplings dedicated to material
-spectrometry; chem. anal.: chemical analyses).



Fig. 2. Simplified schematics of FPT4 in-pile test section and localisation of the post test measurements dedicated to the determination of final mass distribution.
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� All the sampling devices (aerosols filters, impactor devices and
iodine species characterisation devices) located in the furnaces
along the experimental circuit were post test c-scanned too.
They provided information on material transport through the
circuit during the transient.

A selection of these samplings (aerosol filters and steam
generator sections for FPT0/3 tests and upper plenum sections
and sequential filters for the FPT4 test) were further examined
by destructive chemical analyses1. The objectives of these analyses
were to obtain a mass determination for the elements not measur-
able by c-spectrometric methods. These elements include material
from the fuel bundle (U and Pu), fission products (Sr, Y, Rb, Tc, Nb,
Eu, Ce, Pr), neutron absorber (Ag, In, Cd, and B for the FPT2 and
FPT3 tests), material from the structures (Zr, Sn) and from the instru-
mentation (Re, W). The latter represent a significant (if not the main)
part of the released aerosol mass. Mass determination required
acidic dissolution followed by elemental analysis by using the Induc-
tively Coupled Plasma – Mass Spectrometry technique or the Induc-
tively Coupled Plasma – Optical Emission Spectroscopy techniques.
No direct chemical speciation could be gained from these analyses.

2.3. Methodology for the determination of material release

Based on the quantitative data gained from the post-test analy-
ses, it was possible to build up a circuit mass distribution and to
determine an integral release for most of nuclides of interest.

� The initial bundle material inventory for the fuel, the fission
products, the control rod and the structural materials.
� The amount of material remaining in the test bundle zone or re-

deposited in the upper plenum and the vertical line at the exit
of the test bundle at the end of the degradation phase.
� The amount of material deposited in the circuit experimental

lines (horizontal hot leg, steam generator and horizontal cold
leg) at the end of the transient.
1 The chemical analyses were performed in partner laboratories of the Phébus
programme: Institute for Transuranium Elements (EC/JRC/ITU-Karlsruhe), Commis-
sariat à L’Energie Atomique (CEA Saclay and Cadarache), AEA Technology (Winfrith),
Chalmers University (Göteborg), Paul Scherrer Institute (PSI-Villingen), Studiecen-
trum voor Kernenergie–Centre d’Etude de l’Energie Nucléaire (SCK-CEN/Mol) and
Studsvik (Nyköping).
� The amount of material (mainly aerosol and a small fraction of
gaseous species) which transited through the circuit cold leg
and was finally released into the containment vessel during
the degradation phase.

2.3.1. Initial bundle inventory
The fission product and the heavy nuclide inventories of the ini-

tial bundle were calculated with the PEPIN2 code of the DARWIN
package (Tsilanizara et al., 1999, 2003). It relies on the specification
of the power/burn up history experienced by the irradiated fuel,
including the prior in-reactor irradiation (the BR3 reactor for
FPT1, FPT2 and FPT3 irradiated rods and the Gravelines 5 plant
for the FPT4 fuel), the Phébus re-irradiation phase (except for
FPT4) and the Phébus transient phase.

The validation of the APOLLO2/PEPIN2 calculated inventories by
comparison with experimental data is discussed in (Jacquemain
et al., 2000) for FPT1, (Chapelot et al., 2004) for FPT4, (Grégoire
et al., 2008) for FPT2 and (Payot et al., 2011) for FPT3. For a large
number of fission products and for some heavy nuclides (the
inventory of which could be experimentally measured only for
FPT4) a good consistency between the experimental and calculated
inventories was obtained. Thus for those nuclides, the data gained
from the APOLLO2/PEPIN2 calculation were retained as the refer-
ence initial bundle inventory (with a relative uncertainty com-
prised between ±5 and 15%). The determination of the activation
product inventory (mainly 134Cs and the activation products of
the control rod material: 110mAg and 114mIn) by APOLLO2/PEPIN2
is known to be less accurate (Grégoire et al., 2008); so those inven-
tories were either considered with a large uncertainty (up to ±50%)
or indirectly determined by comparison with post-test chemical
analyses performed on a selection of samples (FPT2 test, neverthe-
less with still a large uncertainty �±30%).

The inventory of natural element present in the fuelled part of
the test section (cladding, structure and control rod material)
was deduced from its description.

For each Phébus FP test, the initial material inventory is dis-
played in the corresponding experimental reports.

2.3.2. Methodology for the determination of the integral release
For the elements detected by c-scanning in the in-pile test sec-

tion (including the degraded bundle, upper plenum and vertical
line), the integral release was directly determined assuming that
it corresponds to the difference between the initial inventory and
the remaining part in the degraded bundle. For the other elements,
as no data were available for the in-pile test section, the integral
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release was estimated assuming that it corresponds exactly to the
sum of the inventory fractions deposited in the hot leg, the steam
generator, the cold leg and released in the containment vessel. In
this case, the calculated release is a minimum value, since the pos-
sible deposits in the upper plenum and vertical line were not ac-
counted for and were thus considered as not released.
2.3.3. Establishment of a mass balance closure
For the well-detected c-emitters, independent measurements

were available for transit and deposit in the experimental circuit
and for material remaining in the bundle. For FPT1/3 tests, an over-
all check of the consistency of the data could thus be performed for
the following elements: barium (c-spectrometry data for 140Ba/La),
caesium (data for 137Cs), iodine (data for 131I), ruthenium (c-spec-
trometry data for 103Ru completed by chemical data for 101–102Ru),
tellurium (129mTe and 132Te/I), molybdenum (99Mo data completed
by chemical analyses on the non-radioactive isotopes of Mo), silver
(110mAg data); additional data for cerium (144Ce/Pr data), europium
(154Eu) and zirconium (95Zr, fission product and fuel tracer).

The mass balance closure for most of the detected elements is
consistent within the experimental errors; for the low volatile ele-
ments (such as Ba, Ru, Ce, Zr) the uncertainty is dominated by the
amount remaining in the degraded bundle. Though substantial
deficits may be noted for some elements (I, Ag, Te for FPT3, Te
for FPT2), a satisfactory mass balance closure between the de-
graded fuel bundle and the circuit could be obtained for most of
the detected elements.
Table 1
Integral release from the degraded bundle (or debris bed) or the test section for the FPT0–FP
vessel data (Hanniet-Girault and Repetto, 1999; Jacquemain et al., 2000; Chapelot et al. 2

Integral release from the degraded b

FPT0 FPT1
Noble gases Xe � 70–80 84

Kr no data 77
Fission products Cs > 66 84

I > 91 90
Te > 92 91
Sb > 63 > 31
Rb n.d. > 65
Mo n.d. 52
Cd (FP) n.d. n.d.
Ag (FP) n.d. n.d.
Ba > 0.84 > 1.0
Tc n.d. > 25
Ru > 2.1 1.2
Nb >0.070
Sr >0.23
Y n.d. n.d.
La n.d. n.d.
Ce > 0.0060 n.d
93Zr (FP) n.d. n.d

Control Rod Ag > 13 15
In > 19 > 9
Cd > 47 > 67
B n.c. n.c.

Fuel U > 0.14 > 0.14
Pu n.d. >0.027

Cladding Zr > 0.036 0.017
Sn > 33 > 38

Intrumentation Re > 9.8 > 7.2
W > 13 n.d.

The integral release was determined as the sum of material transiting in the hot leg plus
and the hot leg (upper plenum, vertical line and horizontal line). For the elements for
considered as a minimal value and is reported like this (>). The integral releases are
containment vessel data are considered too.
Xe data for FPT0 is an estimation only.
n.d.: no data available (below detection limits in most samples or too few samples anal
n.c.: not concerned (for instance boron for the FPT0, FPT1 and FPT4 tests; Ag, In, Cd from
3. Release from the degraded bundle

3.1. Integral release from the degraded bundle or debris bed during the
transient

Based on the methods presented in the previous section, the
integral release from the degraded bundle or debris bed could be
determined for most of elements of interest (fission products, fuel,
control rod, structure and instrumentation material). The results
for all the Phébus FP tests are reported in Table 1. The main ele-
ments listed in the second column of the table were measured
either by c-spectrometry or by chemical analyses (stable isotopes).
Some nuclides were measured by both methods (Mo, Ag, Cs, and
In); but, except for Mo, c-spectrometry data were systematically
preferred to chemical analyses since the latter were performed
on only a reduced set of samples. In general release data are given
as a fraction of initial inventory (i.i.).

The consistency analysis of the circuit and fuel data (as reported
in Table 1 which is an simplified version of extended Table SD-1 in
the Supplementary data files) indicate that the local measurements
performed both on the fuel (whenever possible) and in the circuit
are not biased by any systematic errors (see also Section 2.2); thus,
no correction or adjustment has to be applied to the data reported
in Table 1. The uncertainties remain between ±20–25% for all ele-
ments listed in Table 1 except for Ag and In as control rod material
for FPT0, FPT1 and FPT2. Due to the bad initial inventory evaluation
of 114mIn (tracer of In) and 110mAg (tracer of Ag), the uncertainty of
Ag and In releases is close to ±35–50%.
T1–FPT2–FPT3 and FPT4 Phébus tests -% of initial inventory – circuit and containment
004; Grégoire et al., 2008; Payot et al., 2011).

undle (or debris bed) - % of initial inventory

FPT2 FPT3 FPT4
60 74 100
79 82 90-100
58 72 84
73 78 97
58 62 44
n.d. 40 31
> 43 35 53
40 32 77
n.d. > 40 44
n.d. 59 9.2
1.1 3.4 35
> 2.0 > 1.4 7.1
0.15 0.50 1.8

0.05 1.5
1.0

> 0.11 0.003 n.d.
> 0.1 > 0.059 0.36
> 0.36 > 0.28 0.34
n.d. n.d. 0.41
2.7 n.c. n.c.
> 8.5 n.c. n.c.
> 26 n.c. n.c.
n.d. > 16 n.c.
> 0.0064 > 0.075 0.41
n.d. > 0.00090 0.31
> 0.014 > 0.0108 0.08
9 > 29 68
> 0.85 > 2.8 3.7
> 6.7 > 12.1 0.39

the deposits located in between the top of the degraded fuel (or debris bed for FPT4)
which we have no data in this upstream hot zone, the integral release should be

rounded to two significant figures (uncertainty +/- 20%). For the noble gases, the

ysed for this element, or no reliable measurements).
the control rod for FPT3 and FPT4).



Fig. 3. FPT3 – final state of the fuel bundle and isotope distribution (95Zr, 140Ba/La, 103Ru, 131I, 137Cs) – (Payot et al., 2011).

Table 3
FPT3 test – material release determined from bundle data – as a fraction of initial
inventory (Payot et al., 2011).

Element
(isotope)

Bundle
data% i.i.

Bundle
release% i.i.

Upper rod
deposits% i.i.
(estimation)

Fuel release%
i.i. (estimation

Cs (137Cs) 36 ± 6 64 9 73
I (131I) 21 ± 4 79 1 80
Te (132Te/132I) 20 ± 4 80 1 81
Mo (99Mo) 77 ± 16 23 30 53
Ba (140Ba/La) 94 ± 16 6 5 11
Ru (103Ru) 99 ± 16 1 7 8
Ag (110mAg) 30 ± 16 70 27 97

‘‘bundle data’’ Stands for the amount detected in the degraded bundle, ‘‘bundle
release’’ is the difference between initial inventory and amount remaining in the
bundle after the test, ‘‘upper rods deposits’’ stands for the fraction of volatilized
material which has redeposited on the more intact upper part of the fuel rods; ‘‘fuel
release’’ correspond to the sum of bundle release + deposit on the upper rods.

Table 2
FPT2 test – material release determined from bundle data – as a fraction of initial
inventory (Grégoire et al., 2008).

Element
(isotope)

Bundle
data% i.i

Bundle
release% i.i

Upper rod
deposits %i.i.
(estimation)

Fuel release % i.i.
(estimation)

Cs (137Cs) 33 ± 8 67 7 74
I (131I) 28 ± 5 72 6 78
Te (132Te/132I) 19 ± 4 81 8 89
Mo (99Mo) 48 ± 10 52 15 67
Ba (140Ba/La) 86 ± 17 14 3 17
Ru (103Ru) 89 ± 20 11 6 17
Ag (110mAg) 86 ± 31 14 5 19

�Silver is a control rod material for FPT2; ‘‘bundle data’’ stands for the amount
detected in the degraded bundle, ‘‘bundle release’’ is the difference between initial
inventory and amount remaining in the bundle after the test, ‘‘upper rods deposits’’
stands for the fraction of volatilized material which has redeposited on the more
intact upper part of the fuel rods; ‘‘fuel release’’ correspond to the sum of bundle
release + deposit on the upper rods
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Concerning the release from the degraded fuel bundle (for the
FPT0–FPT3 experiments) or the degraded debris bed (for the
FPT4 test), the elements may be classified as follows.

� The noble gases (Xe and Kr), which are strongly released from
the fuel for all the tests: about 80% of the initial inventory.
� Volatile elements, which are mainly fission products (I, Cs, Te,

Sb, Rb, Mo), are characterized by a released fraction in excess
of 25–75% of initial inventory. For the FPT3 and FPT4 tests,
where no SIC control rod was implemented in the fuel, cad-
mium is also identified as a volatile fission product. For silver,
the trend is less clear, with a high release observed for FPT3
(>44% of i.i.) and a more moderate one for FPT4 (�9.2% of i.i.).
Sn from the cladding is also identified as a volatile element
(except for the FPT2 test with a minimum release corresponding
to 9% of i.i.) as well as cadmium from the SIC control rod. For
molybdenum, high releases were observed in FPT1/2 (�50%
i.i.), and even higher in FPT4, (77% i.i). Ba behaves as a volatile
element only for the FPT4 test (with a release reaching 35% of
its initial inventory), for the other experiments it is considered
as a low volatile element. This particular behaviour of Ba during
FPT4 will be discussed in Section 4.1.
� Semi-volatile elements are identified by �6–25% of initial

inventory being released during the transient. These include
the instrumentation materials mainly released from the fuel
high temperature thermocouples (W for all tests and Re for
FPT0/1), the SIC control rod material (In for all tests and Ag
for FPT0/1) and some FPs such as Tc (technetium) during FPT1
and FPT4.
� Low-volatile elements are identified by low release fraction

from the bundle (�1–6% of i.i.), such as Ba (except for FPT4 test),
Tc (for FPT2/3), Ru (all tests).
� Non-volatile elements which remain almost entirely in the fuel

zone (releases <1% of i.i.), where they contribute to the residual
power. These include fission products (Sr, Ru, Nb, elements from
the Ln series, 95Zr), cladding (natural Zr) and fuel material.
Release of fuel material was very low for all the experiments:
even during FPT4, for which a complete data set is available
concerning fuel release: an integral release of only 0.41% i.i. of
U and 0.31% i.i. of Pu was observed.
� The SIC control rod material behaved differently from one test

to another: if Cd can be always considered as a volatile element,
Ag is semi-volatile for FPT0 and FPT1 and low volatile for FPT2.
Despite the fact that In can always be considered as a semi-
volatile, its release during FPT1 and FPT2 was a factor of two
lower than that observed during FPT0.
� Concerning FPT3, the control rod element B (boron) is a special
case. Based on carbonaceous gas production (mainly CO and
CO2 resulting from the degradation of the B4C control rod mate-
rial) and observation of the bundle by non-destructive examin-
ations (de Luze et al., this issue; Barrachin et al., this issue), 70–
80% of boron carbide was consumed, but only 16% of boron ini-
tial inventory was found released, from circuit data, and only
2.3% reached the containment. This feature points to the forma-
tion of an extensive boron-related blockage in the experimental



Fig. 4. FPT1 – 131I release kinetics during the transient from containment data – correlation with bundle degradation events (Jacquemain et al., 2000).

Fig. 5. FPT2 – 137Cs, 99Mo and 132Te on-line detection in the hot leg (Grégoire et al., 2008).

Fig. 6. FPT1 – 137Cs, 99Mo and 132Te on-line detection in the hot leg (Jacquemain et al., 2000).
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circuit (localised just before the inlet of the steam generator),
see (Haste et al. 2012, this issue); though we have no direct data
regarding a large boron release, the data gained from the carbo-
naceous gas sensors seem to be sufficiently reliable.

The material release (including FP, fuel, cladding, control rod
and instrumentation material) is much lower for FPT2/3 (�70 g
of material released from the degraded fuel bundle) compared to
FPT0/1 (up to 200 g of material released) – for an initial bundle
mass of 13,500–14,000 g. This may be linked to the fact that the
FPT2/3 experiments were conducted in steam-poor conditions
with an injection flow rate four times lower than for FPT0/1. For
FPT2 and FPT3, the overall material released mass may be never-
theless underestimated due to:

i/higher deposition on the upper plenum and vertical line sur-
faces (enhanced by the low steam injection flow rate) compared
to the FPT1/0 tests. No extensive chemical analysis was performed
on these sections of the circuit, thus for the stable elements (Sn, Re,
W, In, Cd and B for FPT3) and fuel elements (U, Pu), the amount
deposited in this zone could not be determined. Based on the
FPT4 upper plenum analyses (Haste et al., this issue), the fraction
of material deposited in the very hot zone can represent a signifi-
cant fraction of released material.

ii/The formation of a boron related blockage in the circuit, at the
inlet of the steam generator, leading to significant material reten-
tion: there was evidence for material deposition upstream the
steam generator inlet for FPT2 (though smaller than for FPT3) –
but no chemical leaching of this zone was performed. For FPT3, at-
tempts were made to dissolve the boron blockage – but material
recovery was not complete.

In FPT0/1 the control rod, cladding and instrumentation mate-
rial dominates with up to 75–90% of the released mass, whereas
the FPs (FPT1 only) represent less than 15% and fuel (U) 5%. In
FPT2/3, the contribution of the control rod, cladding and instru-
mentation material is of lesser extent and represents roughly
55% of the released mass, whereas the FPs represent now 30–
40%, the fuel material contribution being comprised between 1
(FPT2)-10% (FPT1). In FPT4, the contribution of the cladding and
instrumentation material in the overall released mass is only 25%
(no control rod material for this test), the FP release representing
50% and the fuel 25% (but almost all released fuel particles
deposited on the upper plenum surface).

The aerosol mass reaching the containment vessel is 2–3 times
lower, owing to deposition processes in the circuit (Haste et al., this
issue).

3.2. Release from the degraded fuel (FPT2 and FPT3 cases)

For FPT4, FPT2 and FPT3 the low steam injection rate (�0.5 g/s)
favoured significant deposition of volatile and semi-volatile fission
products in the upper section of the degraded fuel bundle: above
the upper grid at the level of the remaining fuel rods for FPT2
and FPT3 (see Fig. 3) and on the vault formed by sintered material
for FPT4 (Chapelot et al., 2004). This contrasts with results from
FPT0 and FPT1 both performed with a higher steam injection rate
(�2 g/s) where deposition occurred rather in downstream sections
of the circuit.

For FPT2 and FPT3, a detailed final distribution of the fission
products detected in the degraded fuel bundle could be established
from post test examinations (Grégoire et al., 2008; Payot et al.,
2011). Depending on the behaviour of the detected elements (fuel
tracer such as 95Zr, low volatile such as Eu and Ba, and volatile such
as I and Cs), it was possible to determine their location along the
degraded fuel bundle: either still within the fuel rods, or in the
relocated material between the fuel rods (mainly in the lower part
of the degraded bundle, below the cavity) or deposited on the more
intact fuel rods (and even instrumentation) in the zone above the
upper grid.

For the volatile elements found partly deposited over the upper
rods, summing this deposited fraction and the released fraction
from the bundle gives the fraction released from the fuel itself (Ta-
bles 2 and 3). It is worth noting that for the volatile fission products
(Cs, I and Te) deposition on the upper rods represents at most�10%
of the fraction released from fuel; whereas for elements considered
as less volatile, those deposits account for a large part of the
material released from the fuel (�30 up to 50%) as is the case for
Mo and Ag.

3.3. Main release events

3.3.1. Tests with initial fuel bundle configuration
For the FPT0–FPT3 tests, the release of material from the de-

graded fuel and its transport through the circuit during the tran-
sient were strongly correlated with bundle degradation events.
The duration of material release and its injection into the contain-
ment lasted for 6000/7000 s for FPT0 and FPT1, �10,000 s for
FPT2, �8000 s for FPT3. Several successive periods could be
identified during the degradation phase (de Luze et al., this issue;
Barrachin et al., this issue), each associated with specific fission
product and material release (Fig. SF-1, Supplementary data
file).

� The fuel clad rupture occurred at temperatures between 700
and 800 �C. Material release at the time of this first degradation
event was low. Traces of aerosols were detected in the circuit
(on-line optical device) and traces of noble gases in the contain-
ment (135Xe) on line c-spectrometric measurements.
� The Zircaloy cladding oxidation phase is correlated with the

change of the heat–up rate of the fuel rods and with the detec-
tion of H2 release in the circuit and containment vessel. On
average, this phase started at �9000–10,000 s after the begin-
ning of the degradation phase and for temperature of
�1000 �C. It continued until the reactor shutdown, albeit occur-
ring in two main distinct phases referred to as the first and
second oxidation, respectively. For the FPT0 and FPT1 tests,
the first oxidation was rather strong (tests performed in steam
rich conditions) whereas for the FPT2 and FPT3 tests, smoother
oxidation conditions were observed (tests performed in steam-
poor conditions). The second oxidation phase occurred roughly
from �15,000–16,000 s on and lasted �1000–2000 s; it led to a
smaller hydrogen production. This second oxidation phase
appears to be related to fuel re-location events.
� The control rod clad rupture at 1100–1400 �C during the main

oxidation phase was associated with the detection of the first
significant control rod material release (114mIn detection for
FPT0 and FPT1, 115mCd burst for FPT2 and detection of carbona-
ceous species for FPT3).
� The first significant fission product release was observed during

the main oxidation phase (generally correlated to the control
rod clad rupture) and concerns volatile fission products such
as I, Cs, Te, Rb. This release is characterized by a major activity
peak for most volatile fission products detected by the on-line
instrumentation (see Fig. 4, FPT1 test). For FPT2 and FPT3, Mo
release became measurable after the first oxidation only
(Fig. 5, FPT2 test, similar data are available for FPT3) suggesting
that its release became only significant in steam-rich oxidising
conditions as well as Sn (as a clad component). The oxide forms
of those two elements seem to be more volatile than their
metallic forms. A delay is also observed for Te in FPT2 and
FPT3 though one notes that for both tests there was a particu-
larly strong deposit in the earlier parts of the circuit that may
vary with time and thus affect the transit of material to the
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containment (Haste et al., this issue). For FPT1, performed in
steam-rich conditions, Te and Mo releases are observed during
the first oxidation phase (see Fig. 6).
� Thereafter, a fairly steady release was observed for all these ele-

ments until the second oxidation phase, suggesting that the
degradation of the fuel bundle was progressive.
� Then a second large material release occurred at the time of the

second oxidation and lasted up to the reactor shutdown (for
FPT1, FPT3) or just before (for FPT0 and FPT2) as temperature
in the bundle increased further. At this time, even low volatile
materials were significantly released (low volatile fission prod-
ucts such as Ru, Sr, Ba, fuel material and Zr as a main compo-
nent of the cladding).

Two notable pieces of information can be added to the main re-
lease events described above.

� As regards the volatile fission products, some strong release
events were identified as intense activity peaks captured by
on-line measurements in the circuit hot leg for Cs, I (Fig. 4)
and Te for FPT1 and FPT2 (Grégoire et al., 2008; Payot et al.,
2011). Those activity peaks were not systematically caught by
the samplings located in the circuit (unfortunately triggered
between the peaks).
� A decrease of the aerosol mass transported in the circuit was

observed even before reactor shut down for FPT0 (Hanniet-
Girault and Repetto, 1999) and FPT2 (Grégoire et al., 2008),
while the fuel temperature was still increasing. This fact cannot
be explained just by a decrease of the nuclide content in the test
assembly. It can rather be explained by a large change of the
assembly geometry with the formation of an extended molten
pool reducing the exchange surface between the steam flow
and the degraded fuel.

Looking further at the noble gas release, the first detection of
135Xe indicates the first ruptures of the fuel rod claddings in the
degradation history; these ruptures take place near the mid-height
of the bundle and the gases released from part of the gap invento-
ries of the rods. The amounts released are small, given that the rods
are at this stage scarcely degraded. More significant releases take
place later, during the first part of the first phase of cladding oxida-
tion; the release of fission gas is always greatest during the first
phase of this oxidation. Also, the longer the half-life, the earlier
tends to be the release during the transient. This agrees with the
release mechanisms for these gases (Lösönen, 2000; White,
2004), principally by interconnection of intergranular bubbles at
low temperatures (less than 1200 �C) and by intragranular diffu-
sion at higher temperatures. Differences in release behaviour
amongst different isotopes is explained by the differences in their
Fig. 7. FPT4 – Test conduct and temperature in the debris bed; F1–F6 correspond to
the filter operations (Chapelot et al., 2004).
localisation within the fuel (intra or intergranular); this itself de-
pends on the irradiation history and on the burn-up. After the first
phase of cladding oxidation, the kinetics of noble gas release de-
pends mainly on the temperature increase of the fuel.
3.3.2. Test with an initial debris bed configuration (FPT4 test)
As the FPT4 test train was provided with aerosol filters, only the

release kinetics of gaseous species could be monitored on-line in
the experimental circuits. The short-lived isotopes of Kr (90Kr,
91Kr) and Xe (138Xe, 140Xe) were detected with a release kinetics
strongly correlated to the irradiation history during the transient
indicating a strong release during each phase of the test (Chapelot
et al., 2004). No gaseous iodine was detected downstream the test
train (detection limit <1% of the inventory). The released iodine
should have been already under condensed or aerosol form when
reaching the filter stage. It should be noted that the temperature
of the filtration stage was rather low with a maximum inlet tem-
perature of 460 �C and an average outlet temperature of 180 �C.

Concerning the vapour and aerosol release, the kinetics of re-
lease could only be inferred from the sequential filter operation
time schedule (Fig. 7):

� High releases were observed during the calibration phase and
release from a solid debris bed up to a temperature of 2300 �C
(filter F1 and filter F2 operations), for all classes of elements.
These releases represent about 60–70% of the integral release
for most volatile fission products (Cs, Mo, Te). Even for the
majority of the low-volatile fission products and fuel elements
that could be detected on the filters (Tc, Ag, U), the highest
releases were observed during this phase of the test.
� Lower releases were observed from the degraded debris bed,

and during the molten pool phase initiation and propagation
(filter F3 and filter F4 operations): less than 20% of the integral
release of the volatile fission products occurred during this
second phase of the test. A similar behaviour was observed for
most low volatile fission products and fuel elements. However,
this trend seems less clear for Sr and for low volatile structural
material (Zr and thermocouple element W), for which similar
releases or even higher releases were observed during this
second phase of the test. It should be noted that the integral
release of these low volatile elements remains nevertheless
very low (at most 1.4% for Sr, see Table 1).

The decrease of aerosol release (fission products and fuel ele-
ments) observed during power plateau P6 up to the end of the test
transient can be connected to the blockage of the test section (due
to fuel swelling) which started at �12,800 s – (Barrachin et al., this
issue; Chapelot et al., 2004) and then to the progressive formation
of a molten pool during the last power ramp (Chapelot et al., 2004).
The blockage of the test section induced the formation of a steam
flow by-pass through the thoria–zirconia shroud, and thus some
significant decrease of the steam flow rate through the debris
bed, as well as some cooling at the top of the debris bed. Moreover,
in the configuration of a molten pool, the partial pressure of most
fission products, and, hence, their volatility decreases. The com-
bined effect of the decrease of the steam flow rate in the upper part
of the fuel debris bed and then of the lowering of fission product
volatility in the molten pool can explain the global decrease in
aerosol release observed during this late phase of the test.
4. Discussion

The purpose of this section is to discuss specific points and
effects regarding the previous release of fuel, control rod and
structural material, which have already been described in the



Fig. 8. Control rod material release in Phébus FPT2 (Grégoire et al., 2008), FPT2
bundle temperature is displayed in (De Luze et al., this issue).

Fig. 9. Control rod material release in QUENCH-13 test (Sepold et al., 2009 and Lind
et al., 2010).
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previous section, see Table 1 as a summary of the results. In our
discussion, it is important to note that the reference values for re-
lease are those from the fuel rod (i.e. fuel pellets and cladding)
rather than the release from the bundle itself that enters the cir-
cuit, see Table 2 for FPT2 and Table 3 for FPT3. Thus, those fission
products that deposit on the cooler upper parts of the rods in FPT2
and FPT3 are taken into account in this total mass. These are the
values that are appropriate to compare with the results of sepa-
rate-effects tests.

4.1. Fission product release

4.1.1. Classification of fission products and consistency with separate-
effects tests

It is instructive to compare the fission product release in Phébus
FP as summarised in Section 3.1 with the results of the VERCORS
programme (Ducros et al., 2001; Pontillon et al., 2010; Pontillon
and Ducros 2010a, 2010b), because of similar conditions of tem-
perature and in the gas phase. In VERCORS, the classification is as
follows:

� Volatiles (Ag(FP), Cd(FP), Cs, I, Rb, Sb, Sn, Te) and the noble gases
(Xe, Kr) characterised by strong releases from the fuel (can be
up to 100%), the release starts at quite low temperatures and
is weakly dependent on the oxygen potential, or not at all.
� Semi-volatiles (Ba, In(FP), Mo, Tc) with a wide range of releases

from a few% upwards, that starts at higher temperatures, and in
certain cases there is a strong dependence on the oxygen
potential.
� Low volatiles (Ce, Eu, La, Nb, Ru, Sr, Y), with releases of a few%

and starting at high fuel temperatures. The release of some of
them, such as Ru, is strongly dependent on the oxygen
potential.
� Non-volatiles (Nd, Pr, Zr) with very weak releases even at high

fuel temperatures.
� Actinides (Am, Cm, Np, Pu, U) characterised by low or very low

releases (less than 1%). The releases of U and Np are the largest,
and favoured by oxidising conditions.

Only the maximum value of the integral release was considered
in formulating these classifications. The Phébus results for volatiles
are in complete agreement with this classification; similar remarks
apply to the low volatile and non-volatile groups.

In the semi-volatile category, only the Mo results are in agree-
ment with the VERCORS classification, the others falling into the
low-volatile class. A notable case is Ba, weakly released in Phébus
(except for the FPT4 test), strongly in VERCORS (Ducros et al.,
2001). This matter is discussed by (Dubourg and Taylor, 2001)
for FPT0 and by (Dubourg et al., 2005) for FPT0 and FPT1: the
strong interactions between fuel and structural materials, mainly
Zr and Fe are mentioned as possibly being a reason for the partic-
ular behaviour of Ba compared with that in VERCORS. Another
explanation for the strong Ba release observed in VERCORS (espe-
cially for the VERCORS 4 and 5 tests) may be the combination of
high temperature and low oxygen potential which favours the vol-
atility of metallic barium and barium oxides. Such conditions were
not encountered during the Phébus FPT0/3 test transients.

In the final report of FPT2 (Grégoire et al., 2008) it is stated that
the finding that Ba is only weakly released contrasts not only with
VERCORS but also with ORNL HI/VI (Lorentz and Osborne, 1995),
HEVA (Leveque et al., 1994) and FPT4 (Chapelot et al., 2004). Up
to now, there is no clear explanation for the strong Ba release ob-
served during the FPT4 transient (35% i.i).

Further discussion of the matter awaits detailed interpretation
of FPT2 and FPT3 in the same way as has been done for FPT0 and
FPT1.
4.1.2. Effect of irradiation
The effect of irradiation on fission product release has been ana-

lysed by Dubourg et al. (2005) on the basis of FPT0 and FPT1 re-
sults, noting the differences in disposition of fission products
between trace-irradiated (FPT0) and fully-irradiated (FPT1) fuel.
In FPT1, the main part of the release can be explained by consider-
ing mechanisms in intact fuel geometry, where it can be inter-
preted as an initial release of inter-granular content, then by the
behaviour of the gas contained in grain bubbles. In FPT0, there is
an early transfer of the main part of the gases to intergranular loca-
tions, but there is no interlinkage because of the low burnup. It is
not possible to explain the early release mechanism observed in in-
tact fuel; instead fuel dissolution at grain boundaries is offered as a
probable explanation. This study also concluded that the release
from the molten pool would be very low, less than 3% of the bundle
inventory for the semi- and non-volatile fission products; this is
consistent with the experimental observations where molten pool
formation is followed by lower releases.

4.1.3. Effect of oxidising/reducing atmospheres
The results of oxidising/reducing atmospheres have been dis-

cussed above in Section 3.3, in relation to the steam-poor periods
in FPT2 and FPT3. In brief, Mo release becomes measurable in
FPT2 and FPT3 only after the first oxidation, when steam is again
available, and not in the steam-poor period, also for Sn as a clad
component. It is noted that the oxide forms of those two elements
seem to be more volatile than their metallic forms. A similar delay,
though less marked, is observed for Te. The possibility of
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interactions between fuel and structural materials affecting Mo re-
lease is discussed in (Dubourg et al., 2005) in relation to FPT0 and
FPT1; similar studies for FPT2 and FPT3 would seem beneficial.
This is an area where further detailed interpretations seem
necessary.

4.1.4. Effect of control rod materials
There is no evidence from the Phébus FP experiments that the

presence of control rod materials affects the release of fission
products from fuel rods per se. However, they may affect the
deposition and transmission in the circuit, and hence the amounts
reaching the containment, through affecting the chemical and
physical forms, this is discussed in (Haste et al., this issue).

4.1.5. Further experimental work
The Phébus experiments have indicated that complementary

separate-effect tests in several technical areas would be necessary
to help in their interpretation and to provide data that would form
the basis of improved models in integral severe accident codes
such as ASTEC (Van Dorsselaere et al., 2009; Chatelard et al.,
2010). Such tests were proposed in the International Source Term
programme (ISTP) initiated by IRSN and the European Commission
(Clément and Zeyen, 2005). In the fission product release area the
need for complementary studies focused on the possible effect of
very high burnup (up to 70 GWd/tU), as well as the presence of
MOX fuel and/or a strongly oxidising atmosphere (air injection)
on the fission product release was specifically pointed out. Such
studies are currently in progress in the ISTP/VERDON experimental
program performed by CEA (Ferroud-Plattet et al., 2009), up to now
the results from the first experiment, on high burnup fuel, have
been reported (Gallais-During et al., 2012). Analysis of these results
is now in progress.

4.2. Control rod material release

4.2.1. Silver–indium–cadmium
The degradation of (Ag, In, Cd) control rods has been discussed

in (de Luze et al., this issue; Barrachin et al., this issue), where it is
noted that there is considerable variation amongst experiments
(Phébus FP and others) in the temperature of control rod failure,
which has been observed to occur anywhere in the range from Zr
to Fe eutectic formation around 1415 K, right up to the melting
temperature of stainless steel, about 1700 K. The mechanisms of
control rod failure are discussed for example in (Dubourg et al.,
2010) and (Haste and Plumecocq, 2003), initial local failure of
the control rod cladding (caused by stainless steel/Zircaloy interac-
tion) being followed by gross failure of the cladding. The stub of the
control rod would contain a molten pool of Ag/In/Cd, as the tran-
sient progresses this stub would melt further and shorten, with
further relocation of the material within. The initial local failure
would result in limited release of the volatile Cd vapour, the
general failure by a large ‘‘burst’’ release of Cd vapour and the start
of In and Ag release by evaporation from the surface of the
Ag/In/Cd pool. This is consistent with FPT1 as discussed in (Haste
and Plumecocq, 2003) and also with the low Cd fraction seen in
refrozen absorber melt (Dubourg et al., 2010). For FPT2, a similar
time dependence of Ag/In/Cd release is observed as shown in
Fig. 8 (Grégoire et al., 2008): the large Cd burst release could be
observed at the beginning of the first oxidation phase, with Ag
and In being released more steadily, with a first peak in the first
oxidation phase followed by a larger peak in the second heat-up,
with a lower release in between.

In QUENCH-13, the absorber material release was observed on-
line for the first time (Sepold et al., 2009), (Lind et al., 2010), as
shown in Fig. 9: a small Cd release is seen initially followed by a
large burst release of Cd later, then a steady release of Ag and In,
as well as of Cd, up to the end of the experiment. The QUENCH-
13 results and those of Phébus FPT2, show an overall consistency
in the time dependence, considering the coarser time resolution
of the FPT2 results, the results of which as shown here being
recovered by discrete filter measurements (note that for In, on-line
gamma-measurement data were also available).

It was not possible in Phébus FP to differentiate amongst metal,
oxide and hydroxide forms of these released control rod elements;
the most probable chemical form was deduced from interpretation,
see for example (Haste et al., this issue) on circuit matters, where
assumed equilibrium speciation were used in estimating what to-
tal mass of aerosols could have been transported to the contain-
ment, including the mass of oxygen. Given the results of the
interpretation works, it is assumed that the Ag release is in metallic
form, the Cd is transported in oxide form given sufficient steam
availability, while the In release may depend more strongly on
the oxidation potential of the atmosphere, see (Haste and Plume-
cocq, 2003, who quote earlier IRSN studies by Dubourg et al. and
Taylor, who show that In release is enhanced by the formation of
In2O and InOH, favoured in a steam atmosphere). Thus, oxidation
effects need to be considered while modelling In release.

For Ag, In and Cd control rod materials quoted in Table 1, the re-
sults concerning release are quite consistent though some varia-
tion are observed for FPT0, FPT1 and FPT2 (the mechanisms for
release of Ag(FP) seen in FPT3 are different so those results cannot
be compared). Circuit data are lower for FPT2 for Ag on account of
deposition in the bundle region. In and Cd data are lower bounds as
the possible deposits of those elements in the upper plenum and
vertical line zones could not be determined (natural elements).
4.2.2. Boron carbide
The release of materials resulting from the degradation of B4C is

discussed in (de Luze et al., this issue; Barrachin et al., this issue),
where it is shown that the degradation seen is broadly consistent
with that observed in other experiments, noting that the different
ratios of B4C to Zircaloy and stainless steel in control rods of PWR/
VVER design and control blades as used in BWRs will affect reloca-
tion and melt progression. The oxidation of B4C leading to carbona-
ceous gas formation (CO, CO2 depending on the thermal hydraulic
and temperature conditions, with CH4 being under the detection
limit) is also discussed there, as a combustion product rather than
release per se. Carbon oxide production in the bundle rather than
that of methane would be expected thermodynamically, discussion
of potential methane formation in the circuit (lower than the limit
of detection in FPT3 because of kinetic effects) and of its impor-
tance is displayed in (Haste et al., this issue) on circuit matters.
One notes here only that about 77% of the carbon from the B4C
was injected into the containment in the form of CO and CO2

(�28% and �49% respectively), see (Payot et al., 2011), with a max-
imum of 1% further in the form of methane if any.

The release of boron is more difficult to determine accurately
because it is hard to detect by the methods available; the best that
can be done is to give a lower limit of 16% from circuit measure-
ments, as given in Table 1. Its overall mass balance remains very
uncertain, not least because of a likely substantial blockage in
the bundle upstream of the steam generator of unknown size
and composition, but likely to be rich in B oxides, see (Payot
et al., 2011) and (Haste et al., 2012).
5. Conclusions for material release

The integral release of the main fission products, fuel, control
rod and structural material from the degraded fuel bundle could
be quantitatively established for all 5 tests of the Phebus FP pro-
gram, with the following classification:
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� The noble gases (Xe and Kr) are strongly released from the fuel
for all the tests, at about 80% of the initial inventory.
� Volatile elements, which are mainly fission products (I, Cs, Te,

Sb, Rb, Mo), are characterized by a released fraction in excess
of 25–75% of initial inventory. For the FPT3 and FPT4 tests,
where no SIC control rod was implemented in the fuel, cad-
mium was also identified as a volatile fission product. For silver
as a fission product, the trend is less clear, with a high release
observed for FPT3 (>59% of i.i.) and a more moderate one for
FPT4 (�9.2% of i.i.). Tin (cladding material) and cadmium (as
control rod material) are also identified as volatile elements.
� Semi-volatile elements are identified by �6–25% of initial

inventory being released during the transient. These include
the instrumentation materials mainly released from the fuel
high temperature thermocouples (W for all tests and Re for
FPT0/1), the SIC control rod material (In for all tests and Ag
for FPT0/1) and some FPs such as Tc (technetium) during FPT1
and FPT4.
� Low-volatile elements are identified by low release fraction

from the bundle (�1–6% of i.i.), such as Ba (except for FPT4 test),
Tc (for FPT2/3), Ru (all tests).
� Non-volatile elements remain almost entirely in the fuel zone

(releases <1% of i.i.), where they contribute to the residual
power. These include fission products (Sr, Ru, Nb, elements from
the Ln series, 95Zr), cladding (natural Zr) and fuel material.

The release of boron from the FPT3 test boron carbide control
rod, is a special case. Based on the carbonaceous gas production
(CO and CO2 resulting from the degradation of the B4C) 70–80%
of the boron carbide was consumed, but the measured release of
boron amounts only to 16% of its initial inventory. This feature
may be linked to the formation of an extensive boron-related
blockage in the experimental circuit (upstream of the steam
generator) which could not be fully characterised.

The release of fission products was observed mainly in the first
and second oxidation transients, with the proportions depending
on the elements concerned. For the FPT4 test (initial debris bed
geometry), the main releases were observed from the solid debris
bed up to 2300 �C for all class of elements. For all tests, the molten
pool formation corresponded to a slowing of release for every ele-
ment, partly due to a strong reduction of the exchange surface be-
tween the steam flow and the degraded fuel. For Mo, Sn and to a
lesser extent for Te, the release was observed to be delayed in
steam-poor periods in FPT2 and FPT3 until steam was once more
available; the increased volatility of the oxide forms compared to
the metal form of these elements has been advanced as an
explanation.

The release of volatile fission products from irradiated fuel
(FPT1/FPT3 tests) can be explained by considering mechanisms in
intact fuel geometry, but this explanation is not appropriate for
trace-irradiated fuel (FPT0 test) – early release here may be due
to fuel dissolution at grain boundaries. The nature of the control
rod (SIC for FPT0/2 and B4C for FPT3) does not seem to have a dra-
matic influence on the final release of fission products from the
fuel. However, it introduces different interaction mechanisms that
considerably affect the fission product chemistry and potential
source term.

A significant deposition of fission products over the upper parts
of the fuel rods was observed in FPT2 and FPT3 with their lower
flow rates (such deposits can revaporise later), and this needs to
be taken into account in evaluating the total release from the fuel
and in comparison with calculation results.

Comparison with the results of the extensive series of separate-
effects tests VERCORS performed under similar temperature and
atmosphere conditions shows good consistencies overall with
the classification of fission products (volatile, low-volatile,
non-volatile) seen in FPT0–FPT3, but weaker correspondence for
semi-volatile elements – the release of which is more dependent
on external conditions. The difference is more marked in the case
of barium, which is much less released in Phébus experiments than
in VERCORS; explanations have been advanced in terms of chemi-
cal interactions between the Zircaloy cladding and fuel materials.

The time dependence of the release from SIC (Ag–In–Cd) control
rods corresponds well with those seen in other experiments
(QUENCH-13 test): a Cd release burst on gross failure of the rod,
followed by a steady release of Ag and In. These materials are
important as they can affect the physical and chemical forms of fis-
sion products such as iodine, hence their transmission to the con-
tainment (similar remarks pertain to boron).

The Phébus FP experiments have produced a large quantity of
data on fission product, structural material, control rod and acti-
nide release under prototypic conditions that form a consistent
set suitable for assessment of release models in severe accident
analysis codes. The link between degradation and release mecha-
nisms has been clearly established in detail for both fuel and con-
trol rod materials, with the release being dependent on
temperature, burnup, interactions between fuel and structural
materials (principally Zircaloy cladding) and atmosphere (oxidis-
ing/reducing conditions, flowrates). These tests have nevertheless
pointed out the need for complementary studies focused on the
possible effect of very high burnup (up to 70 GWd/tU), as well as
the presence of MOX fuel and/or a strongly oxidising atmosphere,
(air injection) on the fission products release and these are cur-
rently in progress in the ISTP/VERDON experimental programme.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.anucene.2013.
02.037.
References

Barrachin, M., Haste, T., Repetto, G., de Luze, O., this issue. Late Phase Fuel
Degradation in the Phébus FP Tests, Annals of Nuclear Energy.

Chapelot P., Grégoire, A.-C., Grégoire, G., 2004. PHEBUS FPT4 Final Report. Note
DPAM/DIR – 2004-0135 – Document PHEBUS PF IP/04/553.

Chatelard, P., Reinke, N., Arndt, S., Bosland, L., Cantrel, L., Cousin, F., Cranga, M.,
Guillard, G., Marchetto, C., Piar, L., Seropian, C., 2010. Status of ASTEC V2
Development: Focus on the Models of the V2.0 version. In: 4th European
Review Meeting on Severe Accident Research (ERMSAR-2010), Bologna, Italy,
May 11–12.

Clément, B. Zeyen, R., 2005. The Phébus Fission Product and Source Term
International Programmes. In: Proceedings of the International Conference
‘‘Nuclear Energy for New Europe 2005’’, Bled, Slovenia, September 5–8.

Clément, B., Zeyen, R., this issue. The Objectives of the Phébus FP Experimental
Programme and Main Findings, Annals of Nuclear Energy.

De Luze, O., Haste, T., Barrachin, M., Repetto, G., this issue. Early Phase Fuel
Degradation in Phébus FP: Initiating Phenomena of Degradation in Fuel Bundle
Tests, Annals of Nuclear Energy.

Dubourg, R. et al., 2010. Understanding the behaviour of absorber elements in
silver–indium–cadmium control rods during PWR severe accident sequences.
Progress in Nuclear Energy 52, 97–108.

Dubourg, R., Faure-Geors, H., Nicaise, G., Barrachin, M., 2005. Fission product release
in the first two PHEBUS tests FPT0 and FPT1. Nuclear Engineering and Design
235, 2183–2208.

Dubourg, R., Taylor, R., 2001. A qualitative comparison of barium behaviour in
the PHEBUS FPT0 test and analytical tests. Journal of Nuclear Materials 294,
32–38.

Ducros, G., Malgouyres, P.P., Kissane, M., Boulaud, D., Durin, M., 2001. Fission
product release under severe accidental conditions: general presentation of the
program and synthesis of VERCORS 1–6 results. Nuclear Engineering and Design
208 (2), 191–203.

Ferroud-Plattet, M.P., Bonnin, J., Gallais-During, A., Bernard, S., Grandjean, J.P.,
Ducros, G., 2009. The VERDON Laboratory at the CEA Cadarache: New Hot Cell
Facilities Devoted to the Study of Irradiated Fuel Behaviour and Fission Products
Release Under Simulated Accidental Conditions. In: 46th Annual Meeting of Hot
Laboratories and Remote Handling Working Group, Prague, Czech Republic, 20–
23 September.

http://dx.doi.org/10.1016/j.anucene.2013.02.037
http://dx.doi.org/10.1016/j.anucene.2013.02.037


74 A.-C. Grégoire, T. Haste / Annals of Nuclear Energy 61 (2013) 63–74
Gallais-During A., Bonnin, J., Malgouryres, P.-P., Bernard, S., Pontillon, Y., Hanus, E.,
Ducros, G., 2012. VERDON Laboratory: Performances of the Experimental LWR
Severe Accident Device and First Results of Fission Product Release on High
Burn-up UO2 fuel. In: Proceedings of the International Conference ‘‘Nuclear
Energy for New Europe 2012’’, Ljubljana, Slovenia, September 5–7.

Grégoire, A.C., March, P., Payot, F., Ritter, G., Zabiego, M., de Bremaecker, A., Biard, B.,
Grégoire, G., Schlutig, S., 2008. FPT2 Final Report, IRSN report DPAM/DIR-2008-
272, PHEBUS PF IP/08/579, October.

Hanniet-Girault, N., Repetto, G., 1999. FPT0 Final Report, IPSN report PH-PF IP/99/
423.

Haste T., Payot, F., Bottomley, P.D.W., this issue. Transport and Deposition in the
Phébus FP Circuit, Annals of Nuclear Energy.

Haste, T., Payot, F., Dominguez, C., March, P., Simondi-Teisseire, B., Steinbrück, M.,
2012. Study of boron behaviour in the primary circuit of water reactors under
severe accident conditions: a comparison of Phebus FPT3 results with other
recent integral and separate-effects data. Nuclear Engineering and Design 246,
147–156.

Haste, T., Plumecocq, W., 2003. Control Rod Release and Structural Release
Modelling in ELSA2. In: 9th International QUENCH Workshop, FZ Karlsruhe,
13–15 October.

Jacquemain, D., Bourdon, S., de Bremaecker, A., Barrachin, M., 2000. FPT1 Final
Report, IRSN report PH-PF IP/00/479.

Leveque, J.-P., Andre, B., Ducros, G., Le Marois, G., Lhiaubet, G., 1994. The HEVA
experimental programme. Nuclear Technology 108, 33–44.

Lind, T., Pintér Csordás, A., Nagy, I., Stuckert, J., 2010. Aerosol behaviour during SIC
control rod failure in QUENCH-13 test. Journal of Nuclear Materials 397, 92–
100.

Lorentz, R.A., Osborne, M.F. 1995. Summary of ORNL Fission Product Release Tests
With Recommended Release Rate and Diffusion Coefficients, Technical Report
ORNL/TM-12801, NUREG/CR-6261, ORNL (USA), July.

Lösönen, P., 2000. On the behaviour of intra-granular fission gas in UO2 fuel. Journal
of Nuclear Materials 280, 56–72.
March, P., Simondi-Teisseire, B., this issue. Overview of the Phébus Facility and
Experiments Performed, Annals of Nuclear Energy.

Payot, F., Haste, T., Biard, B., Bot-Robin, F., Devoy, J., Garnier, Y., Guillot, J., Manenc,
C., March, P., 2011. FPT3 Final Report. IRSN Document PHEBUS PF IP/10/587,
July.

Pontillon, Y., Ducros, G., 2010a. Behaviour of fission products under severe PWR
accident conditions: the VERCORS experimental programme—Part 2: release
and transport of fission gases and volatile fission products. Nuclear Engineering
and Design 240 (7), 1853–1866.

Pontillon, Y., Ducros, G., 2010b. Behaviour of fission products under severe PWR
accident conditions: The VERCORS experimental programme—Part 3: Release of
low-volatile fission products and actinides. Nuclear Engineering and Design 240
(7), 1867–1881.

Pontillon, Y., Ducros, G., Malgouyres, P.P., 2010. Behaviour of fission products under
severe PWR accident conditions: VERCORS experimental programme—Part 1:
general description of the programme. Nuclear Engineering and Design 240 (7),
1843–1852.

Sepold, L., Lind, T., Pintér Csordás, A., Stegmaier, U., Steinbrück, M., Stuckert, J., 2009.
AgInCd control rod failure in the QUENCH-13 bundle test. Annals of Nuclear
Energy 36, 1349–1359.

Tsilanizara, A., et al., 1999. DARWIN: an evolution code system for a large range of
applications. In: Proceedings of the ICRS-9 Conference (Tsukuba, Japan),
October.

Tsilanizara, A. et al., 2003. DARWIN: an evolution code system for a large range of
applications. Journal of Nuclear Science and Technology Supplement 1, 845–
849.

Van Dorsselaere, J.-P., Seropian, C., Chatelard, P., Jacq, F., Fleurot, J., Giordano, P.,
Reinke, N., Schwinges, B., Allelein, H.J., Luther, W., 2009. The ASTEC integral
code for severe accident simulation. Nuclear Technology 165, 293–307.

White, R.J., 2004. The development of grain-face porosity in irradiated oxide fuel.
Journal of Nuclear Materials 325, 51–77.



Annals of Nuclear Energy 168 (2022) 108900
Contents lists available at ScienceDirect

Annals of Nuclear Energy

journal homepage: www.elsevier .com/locate /anucene
Influence of SIC control rod material on the iodine release in case of
nuclear severe accident – Chemical reactivity with fission products in
thermal conditions of RCS
https://doi.org/10.1016/j.anucene.2021.108900
0306-4549/� 2021 Elsevier Ltd. All rights reserved.

Glossary: ASTEC, Accident Source Term Evaluation Code; BSE, Back Scattering
Electron imaging; CHIP, Chemistry Iodine Primary circuit; EdF, Electricité de France;
ESEM-EDX, Environmental Scanning Electron Microscopy – Energy Dispersive X-ray
Spectroscopy; FD NPP, Fukushima Daiichi Nuclear Power Plants; FP, Fission
Product; GAEC, Generation of AErosols in the reactor Coolant system; ICP AES,
Inductively Coupled Plasma – Atomic Emission Spectroscopy; ICP MS, Inductively
Coupled Plasma – Mass Spectrometry; LWR, Light Water Reactor; PWR, pressurised
Water reactor; RCS, reactor Coolant System; RMS, Raman Micro Spectrometry; SA,
Severe Accident; SE, Secondary Electron imaging; SIC CR, Silver-Indium-Cadmium
Control Rod; XRD, X-Ray Diffraction.
⇑ Corresponding author.
A.C. Grégoire a,⇑, S. Sobanska b, C. Tornabene a, D. Talaga b, A.S. Mamede c, S. Morin a, L. Cantrel a

a Institut de Radioprotection et de Sûreté Nucléaire, Pôle Sûreté Nucléaire, CEN Cadarache, Saint Paul lez Durance F-13115, France
b Institut des Sciences Moléculaires, Université de Bordeaux, UMR5255 CNRS, 33405 Talence cedex, France
cUnité de Catalyse et Chimie du Solide, Université de Lille, CNRS, Centrale Lille, Université d’Artois, UMR 8181, F-59000 Lille, France
a r t i c l e i n f o

Article history:
Received 2 September 2021
Received in revised form 24 November 2021
Accepted 6 December 2021

Keywords:
Severe accident
Reactor Coolant System
Metallic molybdates
Chemical reactivity
Iodine transport
a b s t r a c t

The effect of Silver-Indium-Cadmiun (SIC) control rod on the transport of volatile fission products (I, Cs,
Mo) in conditions of a Reactor Coolant System under NPP severe accident was investigated within three
semi-integral tests in a thermal gradient tube. The experiments addressed separately the effect of each
SIC element. Nature of transported and deposited species was investigated by ICP MS, ESEM-EDX,
Raman Microspectrometry, XRD and XPS techniques.
For the first time, numerous metallic molybdates involving SIC components were evidenced. The for-

mation of such metallic molybdates competes with the formation of Cs-molybdate and may in certain
conditions strongly reduce the scavenging effect of Mo towards Cs. As a result the nature of transported
iodine can be strongly modified, compared to chemical systems involving only Mo, Cs and I. The data
obtained are useful to guide what species have to be added in the thermodynamic database used in
the SA simulation software.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction for iodine as gaseous or particulates species do not contribute to
During a severe accident (SA) occurring on a nuclear power
plant (NPP), strong releases of volatile fission products (FPs) such
as iodine, caesium or even molybdenum are expected. These FPs
can contribute to high radiological consequences in case of releases
into the environment following early containment venting proce-
dure or containment failure - as was the case during the Fukush-
ima Daichi NPP accident (Masson et al., 2011; Chino et al., 2011;
Huh et al., 2012; Stohl et al., 2012; Lebel et al., 2016). In such sit-
uation, the accident management is strongly linked to the
physico-chemical forms of the released radioisotopes, especially
the same extent to radiological consequences (Hoeve and
Jacobson, 2012; Geng et al., 2017; Masson et al., 2019).

In early accidental phase, the nature of the radioisotope
released from the Reactor Coolant System (RCS) and accumulated
in the nuclear containment building is directly linked to the
physico-chemical phenomena prevailing in the RCS. Little informa-
tion is available in the literature concerning the chemical specia-
tion inside the RCS (Clément et al., 2007). The phenomena
occurring in the RCS during a SA are indeed very complex involving
strong thermal gradients, rapid atmosphere changes from reducing
to oxidizing conditions, complex chemical systems involving some
more or less volatile FPs (Cs, I, Mo, Te), control rod (CR material
such as Ag, In, Cd and B) and structure materials with release kinet-
ics and thus element ratio depending on the extent of fuel
degradation.

The chemical form of iodine and its behaviour after entering
containment from the RCS break were previously documented in
NUREG/CR-5732 (Beahm et al., 1992). On the basis of thermody-
namic computation it was considered that iodine entering the con-
tainment was at least 95 % under CsI formwith the remaining 5% as
I and HI under gaseous form. For caesium, the main prevailing
assumption is that the CsOH is in large excess (Williams, 1994).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2021.108900&domain=pdf
https://doi.org/10.1016/j.anucene.2021.108900
https://doi.org/10.1016/j.anucene.2021.108900
http://www.sciencedirect.com/science/journal/03064549
http://www.elsevier.com/locate/anucene
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After extensive experimental research and modelling on fission
product release and transport in severe accident conditions over
the past thirty years, the situation appears much more complex.

Indeed the large scale Phébus FP test series showed that in addi-
tion to CsI, other condensable iodide forms may exist in the RCS
(Girault and Payot, 2013). Indeed, the deposits collected on the
thermal gradient tubes (700–150 �C temperature range) of the
Phébus experimental circuit and determined by c-spectrometric
measurements presented several iodine condensation peaks not
systematically correlated to caesium deposit. Moreover, the frac-
tions of aerosol/gaseous iodine transported into the Phébus con-
tainment vessel (150 �C) were variable and strongly dependent
on the test scenario (Girault et al., 2010, Girault et al., 2012,
Haste et al., 2013), suggesting a complex chemistry during the
transit though the experimental circuits. In addition, the small-
scale Falcon ISP1/2 tests performed with simulant fuel pellets (Wil-
liams, 1994) and VERCORS HT2/3 tests performed with actual
spent fuel pellets (Pontillon and Ducros, 2010) supported also the
assumption of iodine being transported in others forms than CsI;
CdI2 is suggested as a possible alternative. Deposition profile of
the other main released FPs (Mo, Cs, Te . . .) and CR elements (Ag,
In, Cd) in the thermal gradient was also determined for these tests
either by c-spectrometry (VERCORS HT test) or after chemical
leaching and elemental analysis (ICP OES – Falcon tests). Based
on the elements condensation peaks, the formation of various
metallic molybdates were put forward (McFarlane et al., 2002) as
well as the formation of CsTe species (McFarlane and Leblanc,
1996), (de Boer and Cordfunke, 1995) supporting the fact that cae-
sium chemistry is also more complex than initially expected. The
formation of caesium borates was also assumed based on separate
effect tests (Bowsher and Dickinson, 1986)(Bowsher and Nichols,
1985)(Elrick et al., 1987) but boron deposition profile could not
be determined (no c-emitter). The use of actual spent fuel for such
experiments allows to be as close as possible of a reactor case but
induces experimental issues due to the handling of highly reactive
samples. As a consequence, the characterization of the deposited/-
transported material was limited mainly to c-spectrometry which
cannot provide any chemical speciation. Interpretation of such
experiments relies thus mostly on computer simulations which
in turn needs reliable thermodynamic and thermokinetic data for
chemistry of FPs and CR material at high temperature, even if
recent works were performed to improve these data (Grégoire
et al., 2017; Miyahara et al., 2019) works are still ongoing on this.

In order to improve the understanding of the main chemical for-
mation, decomposition, deposition processes in which released FPs
and control rod elements are involved in the RCS during a SA and
also to build an experimental database allowing the validation pro-
cess for models, the ISTP-CHIP (2005–2012) and the follow-up
CHIP+ (2012–2018) experimental programs were launched at IRSN
(Clément and Zeyen, 2005). The CHIP (Chemistry Iodine Primary
circuit) experimental set-up and its small scale GAEC (Generation
of AErosols in the reactor Coolant system) analog were designed
as open flow reactors in which reagents are continuously mixed
at high temperature (1600 �C) and transported into a controlled
thermal profile using carrier gas (steam/H2) reproducing as much
as possible conditions of the RCS of a Light Water Reactor (LWR)
during a SA. Chemical systems involving iodine, main released
FPs which can interfere with iodine (Cs and Mo) and control rod
material (B, Cd, Ag and In) were considered. Tellurium was not
retained as this FP is about 5 times less abundant than Cs in the
spent fuel (Jacquemain et al., 2000; Grégoire et al., 2008) and is
not expected to have a significant influence on Cs reactivity. Only
the natural stable isotopes of these elements were handled for
safety consideration. One of the main issues was to achieve ele-
ment concentrations and relative ratio as relevant as possible of
conditions of interest. Deposited species, transported aerosols
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and gases were collected for off-line characterization with a focus
on gaseous iodine quantification. Working with stable elements
allowed involving various surface analytical techniques capable
to unravel the nature of deposited and transported species that
could not be applied for experiments with highly radioactive mate-
rial. The studied chemical systems involved firstly only iodine with
carrier gas (the I-O–H system) and were then extended to other
main FPs (Cs, Mo) and Cr materials involving up to 7 elements
(Grégoire et al., 2018).

The experiments performed on the I-O–H system evidenced
kinetic limitations for gas phase iodine reactivity (Grégoire et al.,
2017). The addition of caesium, in quite large excess relative to
iodine to be relevant of severe accident scenarios, resulted in quan-
titative formation of caesium iodide, preventing thus any gaseous
iodine transport whatever the gas atmosphere (steam or steam/hy-
drogen). No relevant kinetic limitations were evidenced (Grégoire
et al., 2015), so the main caesium species (CsI, CsOH) can be simu-
lated with the thermodynamic equilibrium assumption. Mo is
expected to act as a Cs sink by the formation in the gas phase of
stables caesium molybdates as expected by thermochemical data
(Tangri et al. 1989; Cordfunke and Konings, 1990) which then con-
denses on the colder parts of the RCS. The formation of caesium
molybdates of various composition could be clearly identified in
the deposits collected in the test lines (Lacoue-Nègre, 2010;
Gouello et al., 2013; Grégoire et al., 2015) when both Mo and Cs
were considered. The reactivity of the Mo-Cs-I-O–H system is quite
well reproduced by simulation tools and its consequence on iodine
transport well predicted both in reductive or oxidative atmo-
sphere. First results obtained from the B-Cs-I-O–H systems tends
to show that the formation of caesium borates is less favourable
(Gouello, 2012; Grégoire and Mutelle, 2012).

As a follow up to the test performed only with the main FPs, the
study of the extended systems addressed separately the influence
of each element of the Silver-Indium-Cadmium control rod com-
pared to tests performed with the Mo-Cs-I-O–H system in steam
condition. In steam condition, we have demonstrated that the for-
mation of stable caesium molybdates prevents CsI recombination
and thus enhance the release of gaseous iodine (Grégoire et al.,
2015). On the contrary, silver, indium and cadmium (SIC) are
expected to react with iodine to form metallic iodide (AgI, CdI2
and possibly InIx species). Nevertheless, the formation of metal-
molybdates is not excluded that would compete either with metal
iodide or caesium molybdate generation.

Within that context this work aims at evaluating the chemical
reactivity between FPs (I, Cs and Mo) and SIC control rod material
(either Ag, or In or Cd) in thermal conditions of a RCS in order to
highlight the role of SIC in the release of gaseous iodine during a
SA. The main objective was to assess the influence of each addi-
tional element (Ag, In, Cd) on the nature of deposited and trans-
ported species compared to the Mo-Cs-I-O–H chemical system
alone. A special attention was brought on the formation of metallic
iodide and metallic molybdates which may play a key role on gas-
eous iodine persistence at 150 �C. Three tests were performed;
each based on the Mo-Cs-I-O–H system in steam conditions plus
one element of the SIC control rod: the [In + MoCsI] test, the
[Cd + MoCsI] test and finally the [Ag + MoCsI] test. We are thus pre-
senting the main results obtained from the extended system test
series with a special attention on the determination of the depos-
ited and transported species.

Hereafter, the CHIP experimental set-up, the test conditions and
post-test operations including the analytical techniques dedicated
to species identification will be detailed. Experimental results will
be focused on element transport in the CHIP line with a special
attention on iodine behaviour and the identification of the
condensed species. Discussion will be held in comparison with lit-
erature data.
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2. Material and methods

2.1. CHIP line description

The CHIP line has been described previously (Grégoire et al.,
2012; 2015; 2018) so that only features concerning injection of I,
Cs, Mo plus Cd, In and Ag will be detailed here.

The test line (3.5 m long and 60 mm in internal diameter) is
composed of two tubes assembled by a specific junction (Fig. 1):
an alumina tube (2 m) located in the high temperature zone and
a stainless steel tube (1.5 m) in the transport zone - simulating
RCS piping. The thermal profile is obtained by mean of several fur-
naces (High temperature tri zone CARBOLITE furnace completed by
a series of WATTLOW ceramic heaters) and is composed of three
zones (injection zone, reaction zone and aerosol/deposit and gas
collection zone). Thermal profile is obtained after � 20–24 h of
slow heating. Residence time (10–11 s) from the high temperature
zone to the outlet is representative of an accident scenario featur-
ing a break in the cold leg of the RCS.

In order to allowworking with various chemical systems featur-
ing a wide range of concentrations and elemental ratio, elements
are injected either in their metal, oxide or hydroxide form, depend-
ing on their stability and volatility. One major issue to be
addressed was the achievement of a controlled injection of cad-
mium (as Cd metal), indium (as In2O3 powder) and silver (as Ag
metal) so as to achieve concentrations and ratios relative to iodine
relevant of an accidental scenario as observed during the Phébus FP
tests (Grégoire and Haste, 2013; Haste et al., 2013; Girault and
Payot, 2013). Several years of development were necessary to suc-
ceed injecting those refractive and poorly soluble elements in a
controlled way.

Except for silver, vapours or aerosols are produced by the mean
of external generators connected to the inlet flange. The carrier gas
(steam/Ar or He) is directly injected at the main line inlet (800 �C)
whereas other reagents are transported directly into the high tem-
perature zone via separate alumina nozzles. At 1600 �C, all the
injected species are under vapour form at thermodynamic equilib-
rium. Gaseous iodine is obtained by sublimation of molecular
iodine pellets. Caesium, molybdenum and cadmium vapours are
produced by vaporization of respectively caesium hydroxide,
molybdenum trioxide and metallic cadmium. Indium oxide
vapours are obtained by the injection of dry indium oxide aerosols
produced at room temperature (RBG 1000 aerosol generator,
PALAS) and then gradually vaporised in the pre-heating zone.
Being more refractive than the other elements, silver is directly
vaporised in the main line (at temperatures above 1200 �C) from
silver powder deposited in crucibles. At steady state, these gener-
Fig. 1. CHIP line configuration fo
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ators produce a stable mass flow rate of each reagent for several
hours – allowing thus the different sampling operations.

Apart from the carrier gas, at the outlet of the transport zone
and in the sampling lines (150 �C), only iodine can be possibly
found in gaseous form, the other elements (FPs simulant and CR
material) being transported as particulate material at this temper-
ature level. In order to quantify the fraction of gaseous iodine
released at the outlet, the CHIP line is terminated by an integral
aerosol filter followed by gas scrubbers filled with an alkaline solu-
tion dedicated to trap gaseous iodine species and condensed
steam. The integral aerosol filter is composed of quartz fibre car-
tridge with 0.9 mm porosity resulting in aerosol retention superior
to 99.9%, for aerosol diameter ranging between 0.3 and 0.7 mm (see
Table S1 in SD). The line outlet collects transported species over the
entire test. Several sampling lines which can be sequentially oper-
ated, are also implemented on the CHIP experimental set-up. These
lines are connected to the main CHIP line just before the outlet fil-
ter (Fig. 1) and dedicated to sample a fraction (2 up to 8%) of the
main flow at 150 �C (temperature corresponding to a cold leg break
of a RCS). These lines can be operated for short period and are able
to catch changes in the transported flow depending on the test
conditions. Different design have been developed to address differ-
ent sampling objectives:

� collection of the transported aerosols and quantification of the
total released gaseous iodine fraction. Such line is implemented
with an inlet quartz fibre membrane filter (0.7 mm porosity
resulting in aerosol retention > 99%, see Table S1) allowing to
trap the transported aerosols and downstream gas scrubbers
filled with alkaline media (NaOH 0.1 M) in which all expected
gaseous iodine species are readily soluble allowing the quantifi-
cation of the total iodine gaseous fraction. Such line is labelled
‘‘Iaerosol&gas line”;

� determination of the gaseous iodine speciation (Gouello et al.,
2013, Grégoire et al., 2015). The line is still composed of an inlet
filter but in this case, the gas scrubbers located downstream are
filled with a biphasic mix of toluene dedicated for I2 trapping
and diluted nitric acid (0.015 M) dedicated for the other inor-
ganic gaseous iodine species (e.g. HI, HOI) allowing to deter-
mine the composition of the gaseous iodine fraction
(molecular iodine vs other inorganic forms). Such line configu-
ration is labelled ‘‘Igas speciation line”;

� quantification of molecular iodine in presence of reactive spe-
cies. As mentioned by Gouello et al.(2013), the drawback of
the ‘‘Iaerosol&gas line” and ‘‘Igas speciation line” is the possible loss
of gaseous iodine due to interactions between gaseous iodine
and reactive aerosols trapped on the filter (e.g. CsOH for
r injection of Ag, In and Cd.
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instance). In order to address this difficulty, a third line config-
uration was developed in which the flow composed of gaseous
species and aerosols is directed in gas scrubbers filled with a
mix of toluene/diluted nitric acid. Molecular iodine is collected
in the organic phase whereas inorganic iodine species and other
aerosols are trapped in the aqueous phase. The line is termi-
nated by a filter to trap the aerosols reminder. In such configu-
ration, only the fraction of molecular iodine can be determined.
Such line design is labelled ‘‘I2 line”.

The redundancy of information which can be gained from the
different sampling lines allows to characterize the iodine release
at 150 �C (gas/aerosol distribution, nature of gaseous iodine forms)
with a good reliability.

In addition to the sampling of material transported at 150 �C, a
quartz plate is inserted in the main line for collecting condensed
material in 850–350 �C temperature range. Thus, two types of sam-
ples were collected: (i) condensed phases deposited on quartz sub-
strate (1 � 5 cm) between 850 and 350 �C and (ii) particles
sampled at 150 �C using a glass fibre filter.

Specification on line structure and chemical reagents are dis-
played in the Supplementary Information data files (Table S1 and
Table S2) as well as the thermal profile in the transport zone
(Figure S1).

2.2. Test conditions

Three tests were performed consisting in injecting the Mo-Cs-I-
O–H chemical system in steam as previously described in Grégoire
et al. (2015) (the [PL_MoCsI_3] test) plus one element representa-
tive of the SIC control rod: the [In + MoCsI] test, the [Cd + MoCsI]
test and finally the [Ag + MoCsI] test.

The [PL_MoCsI_3] test will serve as reference test; it featured
steam atmosphere with a chemical system involving an excess of
Cs relative to I (Cs/I molar ratio of � 4) and Mo itself in excess rel-
ative to Cs (Mo/Cs � 3) in the range of ratios observed during
Phébus FP test sequences (Haste et al., 2013). The steam atmo-
sphere is relevant of the Phébus test main release phase during
which the transport of Cs, I, Mo in the experimental circuit was
observed (Grégoire and Haste, 2013). The thermal hydraulic condi-
tions simulate as close as possible a large RCS cold leg with high
thermal gradient and short residence time in the transport zone
(Jacquemain, 2015). Inert gas (Ar or He) was added to adjust the
residence time of elements in the CHIP line. In such conditions, for-
mation of caesium molybdates partially prevents CsI to be formed
in the gas phase and contributes to the transport of high gaseous
iodine fraction (up to 90% of injected iodine mass, Grégoire et al.,
2015).

[In + MoCsI], [Cd + MoCsI] and [Ag + MoCsI] tests with extended
chemical systems were performed with similar element injection
for Mo, Cs and I. The SIC CR elements were injected in large excess
relative to iodine. Similar thermal gradient and residence time
were applied. As for the carrier gas composition, a mix of steam/in-
ert gas was injected for the [In + MoCsI] and [Cd + MoCsI] tests as it
was observed that those CR elements were also released during the
Phébus tests main release phase (in steam atmosphere). A low
amount of hydrogen (1.8% of the total atmosphere) was added
for the test featuring silver, as this element was released later dur-
ing the so-called ‘‘second oxidation phase” where low amounts of
H2 were measured in the Phébus circuit (Grégoire and Haste,
2013).

The thermal hydraulic conditions and element generation are
reported in Table 1. Conditions of the reference [PL_MoCsI_3] test
are recalled too. The element mean mass flow rates were deter-
mined from the total injected element masses (based on the final
element mass distribution in the line) and the injection duration
4

assuming a steady injection rate. Given uncertainty on ICP-MS
analyses of each leaching solution, an average uncertainty of
+/-7 % could be estimated for the element mean mass flow rate.
As silver crucibles were placed directly in the main line, significant
vaporization occurred as soon as the temperature in the crucible
reached � 1100 �C. As a consequence, injection of low silver level
in the line could not be avoided during the pre-heating phase,
before injection of the other elements. Given the relative short
duration of this pre-heating phase and low carrier gas flow applied
during this phase, it is assumed that the main part of silver was
injected during the main phase of the test as the other elements.
The silver mass flow rate (displayed in Table 1) was determined
from the overall silver mass collected in the CHIP line, including
the deposits formed during the pre-heating phase and should be
thus considered as a maximal value.

2.3. Element mass concentration and distribution along the thermal
profile of CHIP line

In order to determine the element distribution in the CHIP line,
several successive washing operations were performed post-test to
solubilize the deposited material. For the test series with injection
of SIC control rod material, the following solutions were used:

� alkaline media (NaOH 0.1 M) for easily soluble species such as
I2, HI, HOI, CsI or CdI2 and partly caesium molybdates;

� nitric acid (2 M) for an overall recovery of molybdates (MoO3,
molybdic acid, metallic molybdates) and cadmium species (Cd
metal, oxide and possibly hydroxide);

� nitric acid (5 M) for metallic silver;
� boiling concentrated nitric acid (8 M) for indium oxides.

A last treatment was necessary for AgI recovery as this species
is still insoluble in concentrated acidic media. This treatment
(Spies, 1936; Wang et al., 1989) is based on the decomposition of
AgI by hot aqua regia (1/3 nitric acid; 2/3 hydrochloric acid). In
presence of a large excess of chlorides, the insoluble form of AgCl
is favoured and I solubilized as iodine monochloride (ICl-). The
solution is then filtered and the filtrate treated with sodium
hydroxide (final pH above 13) allowing to hydrolyse the iodine
monochloride and form iodates and iodides. Analyses of solubilised
iodine allows then to quantify the amount of silver iodide. No sim-
ilar approach could be developed for CdI2/CsI separation and quan-
tification due to their strong solubility in aqueous media.
Formation of such species will be then deduced by default of other
species.

The solutions were then analysed by multi-elemental analysis
techniques: Inductively Coupled Plasma Mass-Spectrometry (ICP-
MS) for I, Cs, Mo, Cd and In (Varian 810 MS) or Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) for Ag (Perkin
Elmer, 8100) with a relative uncertainty of +/-8% at 95% confidence
level. UV–visible quantification of I2 in toluene was performed
with an Agilent 8453 spectrometer at 309 nm and 498 nm with
an uncertainty of +/- 6% (at 95 % confidence level).

2.4. Characterization of collected material

Material deposited in the thermal gradient onto quartz plate
samples and aerosols collected on quartz filters, were post-test
analysed. Size and morphology have been determined by Environ-
mental Scanning Electron Microscopy (ESEM Quanta 200 FEI�)
used in low vacuum mode (50–130 Pa), allowing to examine sam-
ple without metallisation. Measurements were carried out at an
accelerating voltage of 10–25 kV to perform either Secondary
electron or Back Scattering Electron (BSE) imaging with a lateral
resolution of several hundred of nm. Semi-quantitative elemental



Table 1
Conditions of [In + MoCsI], [Cd + MoCsI] and [Ag + MoCsI] tests and [PL_MoCsI_3] reference test.

Test Name [In + MoCsI] [Cd + MoCsI] [Ag + MoCsI] [PL_MoCsI_3] (Grégoire et al., 2015).

Test Loop CHIP PL
Main test tube material Alumina (HT zone – 600 �C) / stainless steel (600 �C-150 �C)

Thermal hydraulic conditions:
Pressure (Mpa) 0.2 MPa
Carrier gas flow (l/min – NPT) 38.2 l/min 35.3 l/min 35.1 l/min 34.3 l/min
Max. temperature in the HT zone (�C) 1600 �C
Temperature profile in the transport zone Strong temperature decrease to outlet (150 �C)
Residence time in the transport zone (s) �12 s
Test duration (min) 357 337 338 421

Carrier gas composition (v/v %) H2O/Ar 45.7/54.3 H2O/He/Ar 49.4/
42.8/7.8

H2O/Ar/H2 49.6/48.6/1.8 H2O/He/Ar 50.8/44.1/5.1

Element injection mean mass flow rate (mol/s) in the HT zone�

Iodine (as I2) 1.8 10-7 mol/s 1.7 10-7 mol/s 1.5 10-7 mol/s 1.5 10-7 mol/s
Caesium (as CsOH) 4.4 10-7 mol/s 5.5 10-7 mol/s 5.6 10-7 mol/s 6.0 10-7 mol/s
Molybdenum (as MoO3) 2.2 10-6 mol/s 2.0 10-6 mol/s 2.1 10-6 mol/s 1.9 10-6 mol/s
Indium (as In2O3) 8.1 10-7 mol/s – – –
Cadmium (as Cd metal) 2.1 10-5 mol/s – –

Silver (as Ag metal) – 7.4 10-6 mol/sa –

NPT conditions: 0 �C, 0.101325 MPa ; � Element flow rate based on the final mass distribution in the line and assuming a steady injection rate (relative uncertainties
below ± 5% except for iodine in the [Ag + MoCsI] test : ± 50%); a: maximum flow rate as silver vaporization may also occur during the pre-heating phase.
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composition was obtained by an energy-dispersive X-ray detector
(EDX, Quantax-Roentec�) coupled to the ESEM microscope. ZAF
(Atomic Number Z, Absorption and Fluorescence) corrections were
applied. Elemental composition of single particles and cartography
of larger zones (�20*20 up to 100*100 mm2) could be determined
with a resolution of � 1 mm3. Raman microspectrometry (RMS)
was performed on the same sample zones to identify both elemen-
tal and molecular composition of condensed species. The Raman
spectra and optical images were recorded by Labspec6 using a con-
focal Raman microspectrometer (Labram HR evolution, Horiba
Jobin Yvon) equipped with a 100 � 0.85 numerical aperture objec-
tive (Olympus). An excitation Nd:YAG laser with a wavelength of
532 nm and 6 mW power was used, and the scattered Raman sig-
nals were detected using an air-cooled multichannel charge-
coupled device (CCD) detector. The data acquisition time for each
measurement was 30 s with 2 accumulations. The spectral resolu-
tion was 1.8 cm�1 using 1800 gr/mm grazing. A spatial resolution
of 1 mm3 is estimated. Measurements were carried out in both sin-
gle point or automated imaging modes. Surfaces of 10*10 mm2 up
to 50*50 mm2with � 2 mm as a minimum step (representing
2000–5000 spectra per zone) were scanned. After spectral treat-
ment (LABSPEC6 software), the components were identified by
comparison with reference spectra from Raman libraries and liter-
ature data or by acquiring spectra from reference materials. Com-
plementary identification of samples was obtained from X-ray
diffraction (XRD) analyses. Diffractograms were obtained using a
AXS D8 or D2 PHASER diffractometers (Bruker) operating with Cu
Ka radiation (k = 1.54 Å). Samples were analysed at room temper-
ature in the 2h range of 10–70�, with a step size of 0.02�.

Complementary, speciation of Cd, Mo, Cs and I in samples was
provided by X-ray Photoelectron Spectroscopy (XPS). Measure-
ments were carried out on a Kratos Analytical AXIS UltraDLD spec-
trometer using monochromatic Al Ka source (1486.6 eV).
Calibration was performed by taking the adventitious C1s peak
(binding energy, BE = 285.0 eV). The uncertainties on the binding
energy and on quantitative elemental analysis are +/-0.1 eV and
+/- 10–20%, respectively. Assignment of photoelectron peaks was
performed by comparison with photoelectron peaks acquired on
reference compounds.
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3. Results

3.1. Element distribution along the CHIP line and transported iodine
forms

Element distributions are reported in Table 2 in terms of high/
low temperature deposition, aerosol/gas transport at 150 �C (con-
ditions of a cold leg break). Distributions are expressed in % relative
to the total mass injected in the high temperature (HT) zone for
each element.

3.1.1. Nature of iodine released at 150 �C
The sampling lines allowed to evaluate the level and nature of

iodine release at 150 �C for each test. Results are presented in
the Table 2 as gaseous form ‘‘I(gas)” and aerosol form ‘‘I(aerosol)”.
The nature of each form is detailed in ‘‘Iodine gas identification”,
and ‘‘Iodine aerosol identification” respectively, whenever it could
be determined.

For the [In + MoCsI] test, indium was injected in excess relative
to iodine (In/I � 4.4), this weak excess is within the range of In/I
ratios observed during the Phébus FP Tests (Grégoire et al., 2008;
Jacquemain et al., 2000). Almost only gaseous iodine was released
at 150 �C (‘‘Iaerosol&gas line” data), with average fraction close to 90%
at 150 �C (relative to the initial iodine mass injected in the HT
zone). The molecular iodine fraction can be determined from the
‘‘I2 line”data. For this test, the sampling in the ‘‘Igas speciation
line” failed, so that the fraction of other inorganic gaseous iodine
species is determined by difference between the ‘‘Iaerosol&gas line”
and ‘‘I2 line” data. Roughly one half of the gaseous iodine is iden-
tified as molecular iodine, the rest being attributed to an inorganic
form, assumed to be mostly HI because the formation of HOI is less
probable in such conditions (Grégoire et al., 2017). Results are
comparable to the reference [PL_MoCsI_3] test, indicating that
the presence of indium does not significantly alter the chemical
Mo-Cs-I-O–H system in steam atmosphere. As a consequence, it
is confirmed that aerosols composed of InIx species are not formed
in these experimental conditions.

For the [Cd + MoCsI] test, cadmium vapours were generated in a
very large excess relative to iodine (Cd/I � 125, much higher than



Table 2
[In + MoCsI], [Cd + MoCsI], [Ag + MoCsI] tests and [PL_MoCsI_3] reference test – Element distribution and iodine Gas/aerosol partition.

Test Name [In +MoCsI] [Cd + MoCsI] [Ag + MoCsI] [PL_MoCsI_3]
(Grégoire et al., 2015).

Carrier Gas composition (v/v %) Ar/H2O
54.3/45.7

H2O/He/Ar
49.4/42.8/7.8

H2O/Ar/H2

49.6/48.6/1.8
H2O/He/Ar
50.8/44.1/5.1

Element molar Ratio in the HT zone
Cs/I 2.5 ± 0.2 3.1 ± 0.2 3.6 ± 1.8 4.0 ± 0.4
Mo/Cs 5.0 ± 0.4 3.7 ± 0.2 3.7 ± 0.3 3.2 ± 0.3
X/I (X = Cd or In or Ag) 4.5 ± 0.3 126 ± 9 48 ± 24a

Mo/X 2.7 ± 0.2 0.1 ± 0.01 0.3 ± 0.02

Element molar ratio in the sampling lines

At 150 �C
Cs/I
Mo/Cs
X/I (X = Cd or In or Ag)

2.2 ± 0.5
5.3 ± 0.3
2.7 ± 1

3.1 ± 0.6
2.3 ± 0.5
48 ± 23

�3–12
1.9 ± 0.1
�20–65

2.7 ± 0.6
3.4 ± 0.5

Deposition in the main line 1600–600 �C (alumina tube) and 600–150 �C (stainless steel tube)
I 0% (0.1 ± 0.01)% 0% (13 ± 1.3)% 0% (15 ± 7)% 0 % (0.2 ± 0.02)%
Cs (13 ± 1.2)% (13 ± 1.2)% (10 ± 0.9)% (16 ± 1.5)% (6 ± 0.6)% (14 ± 0.1)% (11 ± 0.9)% (16 ± 1.3)%
Mo (7.0 ± 0.6)% (21 ± 2)% (31 ± 2.8)% (10 ± 0.9)% (47 ± 4.4)% (10 ± 0.9)% (4.0 ± 0.3)% (21 ± 1.7)%
X (X = Cd or In or Ag) (42 ± 3.8)% (10 ± 0.9)% (3.0 ± 0.3)% (41 ± 3.8)% (57 ± 5.4)% (6.0 ± 0.6)%

Sampling line data: iodine transport at 150 �C
I (gas) (89.9 ± 6.5)% b (28 ± 6.3)% d Other lines < 1% < (2 ± 1)% b (88.3 ± 6.4)%b, c

Iodine gas identification
I as I2 � 1/2 d 1 nd � 2/3c, d

I as HI � 1/2b, d – nd � 1/3c, d

I(aerosol) (10 ± 6.5)% b (59 ± 6.3)% d Other lines> 86% > (83 ± 8)% b (11.5 ± 6.4)% b, c

Iodine aerosol identification
nd Traces of CdI2e AgI � 1/10 to 1/4b nd

Sampling line data: transport of other element 150 �C
Cs (aerosol) (74 ± 2.0)% (74 ± 2.0)% (80 ± 1.5)% (73 ± 1.6)%
Mo (aerosol) (72 ± 2.0)% (59 ± 3.0)% (43 ± 4.4)% (75 ± 1.7)%
X (aerosol) (X = Cd or In or Ag) (48 ± 4.0)% (56 ± 4.0)% (37 ± 5.4)%

Data rounded to two significant figures; a: maximum ratio as silver vaporization may also occur during the heating phase; b : ‘Iaerosol&gas line’ data; c: ‘Ig speciation line’ data ;
d: ‘I2 line’ data ; max. value for Ig (resp. min value for Iaer); e: Cd and I detected on few particles (main line deposit -EDX examination).
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observed in Phébus tests). For both ‘‘Iaerosol&gas line” and ‘‘Igas
speciation line”, the gaseous iodine fraction detected downstream
of the aerosol filter is very low (< �1%). On the contrary, a signifi-
cant amount of gaseous molecular iodine is observed in the ‘‘I2
line” (without inlet filter), representing 28% of initially injected
gaseous iodine. The fact that a measurable gaseous iodine fraction
could be detected only in the ‘‘I2 line” can be accounted for by a sig-
nificant retention of gaseous iodine species on aerosols collected
on the inlet filter of the other sampling lines. Such retention was
not observed during the reference [In + MoCsI] and [PL_MoCsI_3]
tests, and may be due to presence of cadmium species in the case
of the [Cd + MoCsI] test. We thus retain the value gained from the
‘‘I2 line” (28% of initially injected iodine) for the gaseous iodine
fraction. This value is considered as a minimum as only I2 fraction
could be quantified in this line. The gaseous iodine fraction is nev-
ertheless almost three times lower than that observed during the
[PL_MoCsI_3] reference test (88.3%), indicating that cadmium spe-
cies contribute to reduce the transport of gaseous iodine compared
to the Mo-Cs-I-O–H system in steam. Nevertheless, such cadmium
effect is observed for a very large Cd/I ratio.

The [Ag + MoCsI] test was performed with a large excess of sil-
ver relative to iodine (Ag/I � 55), thermo-hydraulic conditions
close to the reference test and a low level of hydrogen (H2/
H2O � 0.04) to limit possible silver oxidation. Contrarily to the
tests performed with In and Cd, the ‘‘I2 line” turned out to be inef-
ficient to trap molecular iodine (if any) in presence of metallic sil-
ver particles. Indeed, we experimentally checked that silver
particles react readily and quantitatively with molecular iodine
dissolved in toluene to form silver iodide. As a result, we retain
only the data gained from the ‘‘Iaerosol&gas line” which shows a
6

very low gaseous iodine fraction (<2%). One should keep in mind
that this gaseous iodine fraction may be underestimated owing
to possible gaseous iodine retention on the particles trapped on
the inlet filter of the sampling line (similarly to the [Cd + MoCsI]
test). Iodine-containing particles (expected to be AgI or CsI) turned
out to be mainly soluble in aqueous media suggesting that forma-
tion of insoluble AgI is not the main reaction pathway leading to
the release of iodine as aerosols. Indeed, only 10%-25% of iodine
collected in the sampling lines could be identified as AgI, that is
not consistent with thermochemical simulations predicting>75%
of AgI. As a consequence, the most probable iodine form to be
released at 150 �C is CsI.

Although the iodine nature at 150 �C (cold leg break conditions)
cannot be fully described in presence of cadmium or silver, these
control rod materials tend to lower the gaseous iodine fraction
formed along the thermal gradient.

3.1.2. Element line distribution – Comparison with reference test
[PL_MoCsI_3]

Distribution of elements in the CHIP line is too coarse to allow
for the identification of species condensation peak. CHIP line was
divided into two parts labelled as ‘‘main line”: the alumina tube
for a temperature range of 1600–600 �C and the stainless steel tube
for 600–150 �C (see Table 2). Except for iodine, the other element
found at the line outlet (at 150 �C) are attributed to transport in
aerosol form owing to their low volatility. The following state-
ments can be put forward based on the experimental results and
compared with the [PL_MoCsI_3] reference test:

For iodine, no deposition is observed above 600 �C for all tests.
Deposition below 600 �C is very low when iodine is mainly trans-
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ported at the line outlet in gaseous form as for the [In + MoCsI] test
(0.1% of total injection iodine found in the 600–150 �C temperature
range) or the [PL_MoCsI_3] reference test. When iodine is found
mainly transported in aerosol form at 150 �C, a significant iodine
deposition is observed but only below 600 �C : 13% for the
[Cd + MoCsI] test and 15% for the [Ag + MoCsI] test. Such iodine
deposition in the CHIP line results from vapour condensation or
aerosol deposition of iodine containing species as already observed
in a previous CHIP test (Grégoire et al., 2015).

Mo distribution in the CHIP line for the [In + MoCsI] test shows
7% deposited above 600 �C, 21% deposited in the 600–150 �C tem-
perature range and 72% transported as aerosols. These values are
comparable to that obtained for the reference test. On the contrary,
in presence of Cd or Ag, Mo high temperature deposition is
enhanced up to 31% ([Cd + MoCsI] test) and 47% ([Ag + MoCsI] test)
simultaneously to a strong decrease of the deposition in the stain-
less steel tube (10% of Mo deposited below 600 �C for both tests)
and to a decrease of Mo found transported at 150 �C (59% for the
[Cd + MoCsI] test and 43% for the [Ag + MoCsI] test). This distribu-
tion is comparable to that observed for the MoCsI test in steam/hy-
drogen (Grégoire et al., 2015), in which a significant reduction of
Mo(VI) to the less volatile Mo(IV) and Mo(V) compounds was evi-
denced. Indeed reduction of Mo is not excluded as oxidation of Cd
or Ag in the steam flow at high temperature results in the produc-
tion of low amounts of hydrogen capable of reducing (even partly)
the injected MoO3 (in addition to the injected low hydrogen flow
for the [Ag + MoCsI] test). As consequence Mo may be less reactive
to form metallic molybdates and thus may contribute to the
increased formation of metallic iodides (CsI, CdI2 and to a less
extent AgI).

Indium and silver are mainly found deposited in the high tem-
perature zone above 600 �C (alumina tube) consistently with their
strong refractive properties. For the [In + MoCsI] test, 42% of In is
found in this zone, whereas deposition below 600 �C represents
only 10% of initially injected In. For the [Ag + MoCsI] test, 57% of
silver is found deposited above 600 �C and 6% below. On the con-
trary, cadmium which is more volatile is mainly found in the
600–150 �C temperature zone (41% for the [Cd + MoCsI] test and
less at high temperature (3% above 600 �C).

Only caesium deposition pattern does not show significant
changes in this test series: high temperature deposition (above
600 �C) represents 6–13% of initially injected caesium, deposition
in the 600–150 �C temperature range 13–16% so that for all test,
Cs is mainly transported to the line outlet in aerosol form (73–
80%).

3.2. Characterization of condensed phase and aerosols in the 850–
150 �C temperature range

A full understanding of iodine behaviour cannot be obtained
alone from sampling line data and the element distribution in
the line even if some first important information could be gained.
In order to complement these data, a detailed characterization of
aerosols and/or condensed material was undertaken. Both con-
densed deposits collected in the main line (in a temperature range
from � 850 �C down to 350 �C) and aerosols collected at 150 �C
were considered. Coupled analyses by SEM-EDX, RMS, XPS and
XRD allowed to describe morphology, element composition and
to identify the main species in collected condensed matter. In the
following sections, analysis of deposits are detailed with decreas-
ing deposit collection temperature.

3.2.1. Results for the [In + MoCsI] test
Deposit morphology evolution with decreasing temperature are

observed by SEM in Back Scattering Electron imaging (BSE) as dis-
played on Fig. 2.
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At high temperature (800–765 �C), both cubic like particles
(2–3 mm) and large amorphous structures can be identified
(Fig. 2.a). In dominates in cubic like structure whereas Si and O
are found in amorphous structures. Mo and Cs are found in trace
amount only. RMS allows to identify the cubic like particles (see
Figure S2) as In2O3 by comparison with literature data (Kranert
et al., 2014). The large amorphous structures observed in this
temperature range are identified as melted silica with character-
istics Raman bands at 230 and 416 cm�1 (see Figure S3). Traces
of mixed Cs-In polymolybdates have been identified at 765 �C
by their Raman characteristic bands at 786 and 935 cm�1

(Maczka, 1997).
Around 700–680 �C, large agglomerates of spherical or hexago-

nal like particles with diameter up to 10–30 mm are observed
together with some isolated needle-like particles (5–20 mm, not
shown here) (Fig. 2b). In addition to In, Cs and Mo are found as
main components of the deposit with Mo/Cs elemental ratio close
to 3; Mo/In ratio is close to 2. For the needle like particles, the
higher Mo/In ratios (up to 5) indicates the possible presence of cae-
sium molybdate species. Regarding elemental ratio and RMS iden-
tification (Figure S4), CsIn(MoO4)2 is the main species identified in
this temperature range and appears as the large hexagonal and
spherical particles 10–30 mm. Literature data predict the condensa-
tion of CsIn(MoO4)2 below 650 �C (Maczka, 1997) rather consistent
with our experimental observations. The isolated needle like parti-
cles are identified by RMS as caesium molybdates (Cs2Mo4O13 and
Cs2Mo7O22) (see Figure S5) in agreement with Hoekstra (1973) and
the binary diagram of CsMoO4-MoO3 recently reported by Smith
et al., (2021).

Around 600 �C, mixed Cs-In molybdates are still observed (not
shown). In addition, indium molyddate as In2(MoO4)3 is identified
(Figure S6) by comparison with spectra reported by (Maczka et al.,
2005). This new species dominates deposit composition at this
temperature. Given data of the MoO3-In2O3 binary diagram
(Filipek et al., 2012), indium molybdates should have been
observed at higher temperature (eutectic point at 780 �C) indicat-
ing possible competition with the formation of the mixed Cs-In
molybdates (which are observed as of 765 �C).

Below 500 �C, micronic parallepipedic particles and very fine
needles (<1mm) are observed together with larger stick like crystal-
lites (�5–20 mm). The stick-like particle size increases as the tem-
perature decreases (Fig. 2c and d). EDX analyses indicates a strong
Mo enrichment in all particle types, suggesting that Mo com-
pounds dominates deposition. Indeed, the large sticks are mainly
identified by RMS as a-MoO3 (Figure S7) (McEvoy and Stevenson,
2005; Ding et al., 2006) and more sparsely Cs2Mo7O22. The
aggregates of fine particles are tentatively attributed to molybdate
species as their Raman spectra feature characteristic bands in the
900–1000 cm�1 range typical of Mo-O vibration modes. Around
500 �C, In2(MoO4)3 is found in fine crystallised needles together
with two other likely In/Cs molybdates but not fully attributed.
At 400 �C, the fine particle agglomerates are mainly composed of
a mixture of a-MoO3 and Cs2Mo7O22.

The submicronic aerosols transported at 150 �C are mainly com-
posed of CsIn(MoO4)2 according to the Raman and XRD data (see
Figure S8) but the presence of Cs2Mo5O16 cannot be excluded.

Under the oxidative atmosphere of this test (injection of steam
only and indium as indium oxide), mainly Mo(VI) species were
transported in the line that is confirmed by XPS (Figure S9). At
150 �C, traces of reduced Mo species were observed in the aerosols
(Figure S9). Similarly to the [PL_MoCsI_3] test, Mo-rich deposits
are found below 600 �C. Iodine was not detected in the solid sam-
ples consistently with a transport almost only under gaseous form
evidenced in the previous part. A summary of the main identified
species is displayed in Table 3.



Fig. 2. [In + MoCsI] test – SEM – BSE images of deposits collected in the 800–150 �C temperature range (magnification � 5000 - �12200).

Table 3
[In + MoCsI] test - Summary of the main identified species in the deposits and aerosols collected in the 800–150 �C temperature range. Dominant species are in bold characters.

Analyses 800–765 �C 700–680 �C 600–580 �C 500 �C �410–395 �C 150 �C

SEM-EDX
Morphology
Elemental
atomic
composition
and ratio
Species

Cubic particles:
In rich, In2O3.
Amorphous
structure: Si rich
(fused silica), SiO2

Large hexagonal and
flattened drop like particles
(10–30 mm): Cs and In rich,
Mo/In � 2, Mo/Cs � 2,
CsIn(MoO4)2

Not
analysed

Micronic parallepipedic
particles: Mo rich.
Fine needles: In and Mo
rich.
Some large stick like
crystallites : a-MoO3 and
possibly (Cs/In)xMoyOz

Fine needles: Mo and In-rich.
Numerous large stick like
crystallites: Mo –rich, a-MoO3

and possibly (Cs/In)xMoyOz

Submicronic
particles: mix
where
Mo dominates,
Mo/In � 3, Mo/
Cs � 4–5

RMS In2O3,
CsIn(MoO4)2,
(Cs and/or
In)xMoyOz,
Fused silica

In2O3,
CsIn(MoO4)2 trigonal,
Cs2MoO4, Cs2Mo4O13(p),
Cs2Mo7O22

In2(MoO4)3,
CsIn
(MoO4)2
trigonal,
Cs2Mo2O7

In2(MoO4)3,
Two distinct species of the
type: (Cs/In)xMoyOz,
Cs2Mo2O7, Cs2Mo7O22

(trace),
a-MoO3

InxMoyOz,
Cs2Mo2O7, Cs2Mo7O22 (trace),
a-MoO3

CsIn(MoO4)2
trigonal, CsIn
(MoO4)2
orthorhombic,
Cs2Mo5O16

(consistent with
XRD)
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3.2.2. Results for the [Cd + MoCsI] test
Condensed species were analysed in the 670 �C �150 �C tem-

perature range. For temperature higher than 670 �C (alumina tube),
very low amount of Cd-rich deposit are found (�3%, as reported in
Table 3). Sizes of condensed material decrease with decreasing
temperature. Large octahedrons - and rods-shaped particles are
observed above 500 �C when submicronic needles and ball-
shaped particles are found at lower temperatures (see Fig. 3a to e).

By comparison with Raman spectra referenced in the literature
or in data bases (Ozkan et al., 1990; Phuruangrat et al., 2011; Xing
et al., 2011; Tsyrenova and Pavlova, 2011), Raman spectra recorded
from particles is assigned to several cadmium-rich species.

Cadmium molybdates (mainly CdMoO4), and mixed Cs-Cd
molybdates (Cs2Cd2(MoO4)3) are identified by RMS and XRD as
main deposited species over all the 670–430 �C temperature range
(Figures S10, S11 and S12). Additional particles composed of Cs-Cd
mixed compounds as Cs2xCdy(MoO4)x+y are hypothesized regard-
ing their typical Raman line shifts but these intermediates are
not described in the literature. Cs-Cd molybdates may result from
the reaction at high temperature between MoO3(g) and Cd(OH)2(g)
and/or Cd(g) and CsOH(g). Above 600 �C, the morphology of CdMoO4

is octahedral (Shahri et al., 2013) that is consistent with RMS
Fig. 3. [Cd + MoCsI] test – SEM-BSE images of deposits collected in
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results. With decreasing temperature, the overall particle size
decreases and the particle shape changes from octahedral to spher-
ical. Mixed Cs-Cd molybdates are observed in a cement like deposit
(see Fig. 3b). Cadmium silicates are identified at lower tempera-
tures (below 540 �C) by EDX and XRD (Figure S12) in plate-
shaped particles or rods. Reaction between Cd with quartz plate
substrate may account for the formation of such species.

The aerosols collected at 150 �C are composed of aggregates of
submicron particles mixed with larger spherical particles (1–
3 mm). CdMoO4 and Cs2Cd2(MoO4)3 are the main compounds of
aggregates. Besides spherical particles of Cd metal, part of Cd
may be also oxidized in the steam flow as Cd(OH)2 and CdO forms
were detected by XRD (Figure S13). Additionally, traces of MoO2

were also detected at 150 �C by RMS (Figure S14). As stated in sec-
tion 3.1.2, the formation of molybdenum dioxide results indirectly
from the oxidation of Cd metal exposed to the high temperature
steam condition and producing hydrogen capable of reducing
MoO3 to MoO2 (Grégoire et al., 2015). Although only evidenced
at the line outlet, partial reduction of Mo(VI) to Mo(IV) is consis-
tent with high amount of Mo found deposited in the high temper-
ature zone consecutively to the formation of the less volatile Mo
(IV)-oxide.
the 670–150 �C temperature range (magnification at � 3000).



Table 4
[Cd + MoCsI] test - Summary of the main identified species in the deposits and aerosols collected in the 800–150 �C temperature range. Dominant species are in bold characters.

Analysis �670 �C �640 �C �530 �C �465 �C �445 �C 150 �C

SEM-EDX

Morphology

Elemental
atomic
composition
and ratio
Species

Octahedra:
Mo/Cd = 1.0,
CdMoO4.

‘‘Cement”
Mo/Cd = 1.9,
Mo/Cs = 2.2,
Cd/Cs = 1.5,
Cs2xCdy(MoO4)x+y.

Octahedra:
Mo/Cd = 0.9,
CdMoO4. ‘‘Cement”:
Mo/Cd = 1.5,
Mo/Cs = 1.6,
Cd/Cs = 1.0,
Cs2Cd2(MoO4)3.
‘‘Cement”: Mo/Cd = 2,
Mo/Cs = 2.5,
Cd/Cs = 1.2,
Cs2xCdy(MoO4)x+y.

Sphere: Mo/Cd = 1.0,
CdMoO4. Rod:
Cd/Si = 0.9, CdSiO3.
‘‘Cement”:
Mo/Cd = 1.6,
Mo/Cs = 1.6, Cd/Cs = 1.0,
Cs2Cd2(MoO4)3.

Sphere: Mo/Cd = 1.4,
Mo/Cs = 1.3, Cd/Cs = 1.0,
Cs2Cd2(MoO4)3. Plate:
Cd/Si = 1.9,
Cd2SiO4

Sphere: Mo/Cd = 0.9,
CdMoO4. Plate:
Cd/Si = 1.0, CdSiO3.

Sphere: Mo/Cd = 1.6,
Mo/Cs = 1.6, Cd/Cs = 1.0,
Cs2Cd2(MoO4)3.

Sphere: Mo/Cd = 0.1,
Mo/Cs = 1.6,
Cd/Cs = 14–21, Cd.
Aggregate: Mo/
Cd = 0.2–0.4,
Mo/Cs = 1.7–2.2, Cd/
Cs = 4.2–17, Mix

RMS CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3,
CdSiO3 or Cd2SiO4

CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3,
MoO2

XRD CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3

CdMoO4,
Cs2Cd2(MoO4)3,
CdSiO3,
Cd2SiO4

CdMoO4,
Cs2Cd2(MoO4)3,
CdSiO3,
Cd2SiO4

CdMoO4,
Cs2Cd2(MoO4)3,
CdSiO3,
Cd2SiO4

CdMoO4,
Cs2Cd2(MoO4)3,
Cd,
CdCO3,
Cd(OH)2,

Fig. 4. [Ag + MoCsI] test - SEM-BSE (a-e) and EDX (f,g) images of deposits and aerosols collected in the 800–150 �C temperature range. (on elemental images f and g: red is Mo,
blue is Ag and green is Cs). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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No isolated caesium molybdate compounds are identified on
any samples. The absence of such species in the deposits or in
the transported aerosols can result from the competition between
Cs and Cd when reacting with molybdenum which is in favour of
the later one, since cadmiumwas injected in very large excess with
respect to Cs and Mo. Indeed, cadmium molybdate is stable in the
MoO3-Cd system below 700 �C with a low formation standard
enthalpy (-1034 kJ/mol at 25 �C - Ali (Basu) et al., 2005).

As far as iodine is concerned, no iodine containing species (such
as CsI ou CdI2) are evidenced in the 670 �C-430 �C temperature
range. Low amounts of iodine are detected at 150 �C by XPS (Fig-
ure S15) with I 3d5/2 binding energy (BE) at 619.9 eV at 619.9 eV
assigned to I-I bonds energy. Indeed, this BE is higher than the ones
expected for Cs-I or Cd-I bonds. This last feature states for I2 likely
adsorbed on particles (Dillard et al., 1984). Nevertheless, in pres-
ence of large amounts of Cd, the I3d5/2 XPS peaks at 619 eV can
be interfered by that of Cd3p3/2 (618.4 eV) so that chemical shift
interpretation should be considered with caution; the I 3d3/2 peak
(631.5 eV) remains free of interference but is less documented in
the literature (NIST database). The characterization of the con-
densed material is consistent with results gained from gaseous
phase (organic line) strengthening the fact that interaction
9

between iodine and cadmium seems to be weaker than inferred
from the Phébus FP tests (Girault and Haste, 2013), even for very
large excess of Cd relative to I. Table 4 summarizes the main iden-
tified species in the [Cd + MoCsI] test.

3.2.3. Results for the [Ag + MoCsI] test
Various particle morphologies are identified by SEM (see Fig. 4)

that are observed over almost all the temperature range (800–
150 �C):

� Large Ag-rich spherical particles (>10 mm) are observed both
partly coalesced at high temperature and then isolated with size
decreasing along with sampling temperature to reach submi-
cronic sizes (�100 nm) at 150 �C.

� Parallepipedic crystallites (not shown) with size decreasing
from� 10 mm to<1 mm are seen from 800 �C to 150 �C. EDX anal-
yses reveal that these particles are Mo-enriched above 600 �C
and featured also Ag below 600 �C;

� Needle like particles are observed only when the temperature is
below 700 �C. The particle size varies from initially 3–4 mm long
at T = 700 �C to < 1 mm at the temperature sampling. The needles
contain mostly Mo and Ag;



Table 5
[Ag + MoCsI] test - Summary of the main identified species in the deposits and aerosols collected in the 800–150 �C temperature range. Dominant species are in bold characters.

Analysis 800–765 �C 690–680 �C 610–590 �C 520–500 �C 410–400 �C �350–340 �C 150 �C

SEM-EDX
Morphology
Elemental
atomic
Composition
Species

Large spherical
particles (>5–
10 mm) : Ag(0).

Spherical particles (1–2 mm): Ag
(0). Fine needles (�5 mm) and
parallepipedic plates (2–10 mm)
: Mo rich, MoO3, MoO2 and
Ag2MoO4. Amorphous structure
(‘‘cement” like): Cs rich
(CsxMoyOz?).

Spherical
particles (1–
2 mm) : Ag(0).
Aggregates of
fine particles
around the
spherical one’s.

Not analysed Spherical particles
(1–2 mm): Ag(0)
Aggregates of fine
particles around the
spherical one’s
Sparse AgI particles.

Same as 410–
400 �C plate
plus some Mo
Rich large
plates. Sparse
AgI particles.

Submicronic
spherical
particles
(100 nm) : Ag(0).
Submicronic
particles difficult
to characterize.

RMS Ag2MoO4,
Ag2Mo2O7,
Ag2Mo3O10, MoO2

Ag2MoO4, Ag2Mo2O7, Cs2Mo2O7,
Cs2Mo3O10, MoO3,xH2O, MoO2

Ag2MoO4,
Ag2Mo2O7/
Cs2Mo2O7,
Ag2Mo3O10 /
Cs2Mo3O10,
(Cs/Ag)x MoyOz,
MoO2, a-MoO3

Ag2MoO4,
(Cs/Ag)x
MoyOz,
Cs2Mo2O7,
Cs2Mo3O10,
MoO2, MoO3,
xH2O

Ag2MoO4, Cs2Mo2O7,
Cs2Mo3O10,
Cs2Mo5O16, MoO3

(p), MoO2 (p)

Ag2MoO4,
Ag2Mo2O7 (p),
Cs2Mo2O7,
Cs2Mo3O10,
Cs2Mo5O16,
MoO3 (p),
MoO2 (p)

Ag2MoO4,
Ag2Mo2O7, Cs/Agx
MoyOz, Cs2Mo2O7,
Cs2Mo3O10,
Cs2Mo4O13,
Cs2Mo5O16, MoxOy
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� Aggregates of very fine particles are seen below 700 �C, in which
Cs is detected.

Table 5 summarizes the main identified species by combination
of SEM-EDX and RMS analyses. Note that with decreasing temper-
ature, fine particles agglomerate to form larger structures in which
single components are difficult to identify. Consistently with its
refractive properties, silver metal condenses early in the transport
zone and is found as the main deposited species above 750 �C
(EDX) in the large and partly coalesced droplets. Silver metal is
then transported/deposited in the line as spherical particles as con-
firmed by EDX and XRD analyses (Figure S16).

In the 700–400 �C temperature region, molybdenum(VI) and
(IV) oxides are found by RMS as predominant species. The presence
of reduced forms of Mo is confirmed by XPS in the same tempera-
ture range (Figure S17). The formation of MoO2 is consistent with
the injection of a low amount of hydrogen and the presence of
important amount of silver metal which can be considered as a
reducing agent. The presence of the less volatile Mo(IV) species is
also consistent with enhanced Mo deposition at high temperature
(as stated in section 3.1). Silver molybdates (Ag2MoO4 as a major
compound and Ag2Mo2O7, Ag2Mo3O10) are also identified by RMS
(Beltran et al., 2014) in this temperature range (Figures S18 and
S19). Molybdenum oxide and silver molybdates are mostly found
in the needle and parallepipedic-shaped particles. In a lesser extent
caesium molybdates are also identified and found as amorphous
structure. Caesium molybdates account for the dominant species
only below 500 �C. Competition between the formation of silver
and caesium molybdates may explain the delayed deposition of
caesium molybdate species when comparing with tests featuring
only the Mo-Cs-I-O–H chemical system (Gouello, 2012). The dis-
tinction between silver and caesiummolybdates remains challeng-
ing as Raman spectra of such compounds exhibit typical Raman
Table 6
Standard Enthalpy of formation of metallic iodide of interest taken from literature.

Chemical
species

standard formation enthalpy for
condensed species(kJ/mol)
@298 K

standard formation enthalpy
forgaseous species(kJ/mol)
@298 K

CsI �348.1(Cordfunke and Prins,
1985)

�153.3 ± 1.8(Roki et al., 2014)

CdI2 �205(Konings et al., 1993) �58.8 ± 2.5(Shugurov et al.,
2021)

AgI �61.8(Taylor and Anderson,
1921)

125.3(Barin, 1989)

InI �102(Vasil’ev et al., 1987) 26.4(Gurvich et al. 1989)
InI3 –223(Vasil’ev et al., 1987) �105.4(Gurvich et al. 1989)
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bands related to Mo-O vibrational modes in the same spectral
range (i.e. 800–100 cm�1).

Only few single particles featuring either CsI or AgI are observed
in deposits between 350 �C and 400 �C as seen on the SEM-EDX
images (Figure S20). Because iodine is injected with an elemental
flow rate � 50 times lower than silver one, metallic iodide (if
formed) would account for a minor compound.

4. Discussion

In the presence of SIC control rods, the behaviour of iodine may
be contrasted. Iodine is transported in the gaseous phase when
indium is injected, but maintaining an excess of Mo with respect
to Cs. Whereas silver and cadmium injection in large excess induce
the formation of iodide aerosols. AgI formation seems to be limited
despite a large excess of silver, with a formation rate lower than
10% with respect to iodine ([Ag + MoCsI] test). This point confirms
that AgI is less stable than CsI and CdI2 consistently with thermo-
dynamic data (Table 6). More specifically, the three tests exhibited
some significant differences as for iodine behaviour:

� For the [In + MoCsI] test, a part of the injected indium preferen-
tially reacts with MoO3 rather than iodine to form indium
molybdates so that InIx formation was not observed. As Mo
was injected in excess of In and Cs, the molybdenum still acts
as a Cs sink preventing CsI formation and thus allows the exis-
tence of gaseous iodine at 150 �C. It is not excluded that the
injection of In2O3 in larger amounts (e.g. larger than Mo as for
the tests with Cd and Ag) could result in an increased consump-
tion of MoO3 to form In-molybdate competing with
Cs-molybdate formation and thus favouring cesium iodide for-
mation, but in any case this is not very representative of the
SA case (In is still in lower amount than Mo).

� For [Ag + MoCsI] and [Cd + MoCsI] tests, despite the injection of
a huge excess of cadmium or silver relative to all the other ele-
ments, the formation of metallic iodide other than CsI seems not
to be the main reaction pathway leading to the reduction of gas-
eous iodine release. Two reaction pathways are put forward.
Firstly, the reactivity of cadmium and silver with molybdenum
oxides may contribute to significantly reduce the Cs-scavenging
role of Mo by preventing the formation of caesium molybdates
with Mo(VI) oxidation state. Secondly, the oxidation of the
injected metallic species (Cd, Ag) may indirectly promote the
formation of less reactive MoO2 oxide. This second reaction
pathway should remain limited, however, as at most 10% of
injected Mo(VI) could be reduced (XPS data, see section 3.2).
As a result, the formation of CsI is favoured preferentially to
AgI (observed) or CdI2 (hypothesized) in agreement with the



Table 7
Standard Enthalpy of formation of molybdates of interest taken from literature.

Chemical species standard formation enthalpy forcondensed species(kJ/mol)@298 K standard formation enthalpy forgaseous species(kJ/mol)@298 K

a-MoO3(s) and MoO3(g) �745.5(Crouch and Dickens, 1984) �364.4 ± 20.0,(Cordfunke and Konings, 1990)
Cs2MoO4 �1514.4(Gamsjäger and Morishita, 2015) �1179.2(Tangri et al., 1989)
In2MoO4 Not available �855 ± 33(Lopatin et al., 2013)
Ag2MoO4 �838.2(Gamsjäger and Wiessner, 2018), (Gamsjäger and

Morishita, 2015)
�459.6(CCSD(T)/CBS(TZ-QZ) value, method described in (Saab and
Souvi, 2018))

CdMoO4 �1034 ± 5.7 ; –1015.4 ± 14.5 (Ali (Basu) et al., 2005),( Mishra et al.,
2006)

�606.0(CCSD(T)/CBS(TZ-QZ) value, method described in (Saab and
Souvi, 2018))

SnMoO4 Not available �699 ± 29(Shugurov et al., 2015)

A.C. Grégoire, S. Sobanska, C. Tornabene et al. Annals of Nuclear Energy 168 (2022) 108900
relative stability of these compounds. Indeed, available thermo-
dynamic data tends to show that caesium iodide is the most
stable metallic iodide to be considered here both in gaseous
and condensed phases.

Characterization of the main compounds deposited in the CHIP
line allowed for identifying several metallic polymolybdates in
addition to the caesium molybdates already characterized in sim-
ilar thermal hydraulic conditions (Lacoue-Nègre, 2010; Gouello
et al., 2013; Grégoire et al., 2015). Such species were not men-
tioned for the VERCORS nor Phébus tests. Nevertheless, deposition
profile of In, Cs and Mo obtained in a 800–200 �C thermal gradient
for the VERCORS HT tests (deposition along Thermal Gradient Tube
as reported by Pontillon and Ducros (2010)) showed concomitant
deposition in the � 800 �C (HT2 test), �675–725 �C (HT3 test)
and � 640 �C (HT2 test) temperature zones, so that deposition of
metallic molybdates involving Cs and/or In cannot be excluded. Sil-
ver deposition is much more complex to discuss featuring a low
homogeneous deposition detected below 700 �C (HT3 test) and
600 �C (HT2 test) and no data for Cd deposition is available. As only
I and Cs deposition profiles were determined for the Phébus Ther-
mal Gradient Tube (700–200 �C) during the FPT1 and FPT2 tests
(Girault and Payot, 2013), it will be difficult to infer any compar-
ison with our results.

The formation of various metallic polymolybdates entering in
competition with the formation of caesium polymolybdates is
clearly evidenced in the three tests. Indeed, deposits containing
pure caesium molybdates were detected at a lower temperatures
(below 600 �C for [In + MoCsI] and [Ag + MoCsI] tests) than
observed when only Mo oxide and Cs species are reacting together
(1000 �C, as reported in (Gouello et al., 2013). Cd and Ag are
injected both in large excess relative to Mo and Cs, so that a direct
comparison of the two tests in terms of molybdate formation can
be put forward. Pure caesium molybdates are still observed in
[Ag + MoCsI] test, as well as MoO2 and MoO3 species. On the con-
trary, cadmium-containing molybdates are the dominant species
in the [Cd + MoCsI] test featuring only mixed CdCs molybdates
and traces of MoO2 (aerosols collected at the line outlet). These fea-
tures indicate that the formation silver molybdates seem less
favoured compared to that of cadmiummolybdates in our test con-
dition. Even if In2O3 was injected in lower amount (in default rel-
ative to Mo but in excess compared to Cs), the formation of indium
molybdates seem favoured at high temperature, compared to that
of pure caesium molybdates, as CsIn(MoO4)3 and In2(MoO4)3 are
the dominant species in the 500–750 �C temperature range. Cae-
sium was found mainly as a mixed InCs molybdate compounds
over all the temperature range, pure caesium molybdates appear-
ing less abundant. In the oxidative atmosphere of this test (steam
injection and no reducing species), the excess Mo was found
mainly as a-MoO3 from 500 �C down. It is nevertheless difficult
to know exactly if the species are formed in the gas phase and/or
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in the solid phase after condensation of In, Mo and Cs species in
oxide or hydroxide forms.

Formation enthalpies referenced in the literature show that cae-
siummolybdates are most stable compared to cadmium, silver and
indium molybdates even if the thermodynamic data are uncom-
plete with no mixed elements (see Table 7). In our conditions the
large excess of Cd, Ag and In reagents compared to Cs may have
displaced equilibrium in favour of Cd, Ag or In-molybdates in the
high temperature zone. Consumption of these elements results in
the formation of the more stable Cs molybdates at lower tempera-
ture as experimentally observed. In this discussion, possible kinetic
limitations in the thermal–hydraulic transient are not taken into
account and thermodynamic data are nevertheless not all available
in the literature.

Even if trends could be inferred from a direct comparison of sta-
bility of the identified compounds, a full understanding of the main
reactions which occurred in the CHIP line with these chemical sys-
tems will be gained by simulation of the experiments with severe
accident calculation codes as ASTEC/SOPHAEROS (Cousin et al.,
2008; Cantrel et al., 2013). Nevertheless, up to date, thermody-
namic data of some metallic molybdates evidenced in these exper-
iments are not available in the literature and cannot be accounted
in the thermodynamic database of the simulation tools. Density
Functional Theory calculations may help to provide some of the
missing thermodynamic data for gaseous species.
5. Conclusion

A series of tests performed in the CHIP line with the Mo-Cs-I-O–
H chemical system and CR elements revealed that the behaviour of
each component (Ag, In and Cd) of the SIC control rod considered
separately is much more complex than initially expected. Indeed,
combined on-line sampling, elemental post-test analyses and an
extended characterization of deposits allow for identifying most
of formed compounds during the transport in the thermal gradient
(1600–150 �C) of the CHIP line. These species could not be evi-
denced in the larger scale Phébus tests or VERCORS HT tests.

In the case of indium injection, a release of gaseous iodine sim-
ilar to the [PL_MoCsI_3] reference test is observed. Indium iodide
formation is not observed as expected from the low stability of
InIx(g). The fully oxidative conditions contribute to maintain Mo
in the + VI oxidation state and thus its capabilities to easily form
metallic molybdates. Beside, significant deposition of In2O3 at high
temperature (>750 �C) owing to the refractive behaviour of this
species, the main contribution of In injection is the formation of
indium and mixed In-Cs molybdates likely in the condensed phase.
Owing to the large excess of Mo relative to both In and Cs, Mo still
plays a Cs-sink role with a large fraction of gaseous iodine trans-
ported at low temperature.

In the case of both cadmium and silver injection, the formation
of metallic iodide other than CsI seems not to be the main reaction
pathways leading to a strong reduction of gaseous iodine release
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despite the injection of a very large excess relative to all the other
elements (I, Cs and Mo). The formation of various metallic silver or
cadmium molybdates entering in competition with caesium
molybdates contribute to significantly reduce the Cs-scavenging
role of Mo.

It can be stated that due to the high stability of caesium iodide,
only the absence of Cs can prevent its formation but if caesium
molybdates are formed, as detailed before, caesium cannot be
totally consumed by molybdenum in presence of control rod
materials.

It is worth noting that all these results apply to the CHIP condi-
tions where molybdenum is injected in slight excess and silver and
cadmium in large excess with respect to representative conditions
of a severe accident.

Efforts are ongoing to improve the ASTEC/SOPHAEROS mod-
elling to reproduce as much as possible all the trends experimen-
tally observed in terms of iodine chemical reactivity and also FPs
deposits, to be at least capable to deepen the understanding of
the FP’s chemistry observed during the Phébus tests (Girault and
Payot, 2013) and later on perform SA simulations.
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c Univ. Lille, CNRS, UMR 8522 - PC2A - Physicochimie des Processus de Combustion et de l′Atmosphère, F-59000 Lille, France   

A R T I C L E  I N F O   

Editor: Dr. H. Zaher  

Keywords: 
Fission products 
Re-vaporization 
Severe nuclear accident 
DFT calculations 

A B S T R A C T   

Iodine compounds that may be released in case of severe nuclear accident will have important radiotoxicity if 
they are disseminated in air. One of the most important iodine species is CsI that is deposited on the surfaces of 
the reactor coolant system. However, depending on the conditions, CsI can volatilize or react with oxidants to 
produce I2(g). Theoretical and experimental studies demonstrate that the oxidation of iodide depends on the 
temperature and in the presence of oxidants in the gas. It is also slightly influenced by the crystallinity of the CsI 
particles and the nature of the support. In case of a high temperature deposition, the iodine release started at 
temperature lower than 300 ◦C. For the CsI vapour and aerosol depositions, the iodine is detected only at 
temperature above 450 ◦C and become very important above 550 ◦C.   

1. Introduction 

In case of a severe accident (SA) occurring in a Pressurized Water 
Reactor (PWR), volatile radioactive fission products (FPs), such as 
caesium and iodine, are released from the degraded fuel. They are 
transported through the reactor coolant system (RCS) and the contain
ment building and can be released into the environment via direct 
leakages of the nuclear containment and/or by the containment venting 
process in case of overpressure. As a result, these FPs can contribute to 
the radiological consequences for the population in the short term for 
iodine and the long-term for caesium. 

In order to simulate an accidental scenario and predict the release of 
FPs, the ASTEC (Accident Source Term Evaluation Code) calculation 
code has been developed by the French Institute for Radiological Pro
tection and Nuclear Safety (IRSN). In order to get predictive simulations 
(Cantrel et al., 2014), a comprehensive knowledge of all the phenomena 
occurring in a PWR during a severe accident situation is necessary. 
Considerable advances have been made in the field of understanding the 
behaviour of volatile FPs such as iodine after their release from the 
damaged core, thanks to experimental programs such as Phébus-FP 
(Haste et al., 2013) and other experimental works devoted to FP 
behavior (Cantrel et al., 2018) and subsequent modelling works. 

Nevertheless, some phenomena are not accounted for yet by the 
simulation tools and it is difficult to predict their outcome, mostly 
because of a lack of experimental and/or theoretical data. It is the case 

with the re-vaporization of FPs deposits from the surface of the RCS. FPs 
will form deposits on the surface of the RCS by different mechanisms, the 
most important of which are vapour condensation and thermophoresis 
as predicted by Hidaka et al. (1995) and Maruyama et al. (1999), as well 
as gravity deposition. The Phébus-FP experimental program has shown 
that Cs and I can significantly deposits in the RCS (Girault and Payot, 
2013). The main identified iodine compounds is CsI – resulting from 
condensation of CsI vapours in the 600–650 ◦C temperature range (as 
expected from thermodynamic calculations and simulation with severe 
accident software as the ASTEC code (Cantrel et al., 2014)). Other 
condensed iodine form were identified too, but their nature could not be 
fully unravelled – they are expected to be metallic iodide of control rod 
material (Cd or Ag). Moreover, it was determined from Phébus tests, that 
Cs remobilization can reach up to 75% of the initial deposit in certain 
conditions (Haste et al., 2013). More recently, in the aftermath of the 
Fukushima Daiichi accident, delayed releases for iodine and caesium 
have been detected several days after the accident (Katata et al., 2015; 
Terada et al., 2012), and are believed to be related to the chemical 
re-vaporization of caesium and iodine containing deposits. 

In the past several attempts have been made to understand the 
phenomenon of FPs remobilization. As a follow-up of the Phebus-FP 
tests, a series of research programs have been launched by several in
stitutions. The studies focused mainly on the re-vaporization of caesium 
in a wide range of temperature and carrier gas conditions; iodine 
behaviour, for its part, was less studied. The studied precursor was 
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mostly CsOH (Terada et al., 2012; Anderson et al., 2000; Auvinen et al., 
2000; Bottomley et al., 2014; Knebel et al., 2014), less frequently CsI 
(Auvinen et al., 2000; Kalilainen et al., 2014; Shibazaki et al., 2001; 
Berdonosov and Sitova, 1997; Berdonosov and Baronov, 1999). 

As for caesium, AEA-T Anderson et al. (2000) studied the 
re-vaporization of synthetic CsOH deposits in a flow reactor at temper
atures reaching up to 1100 ◦C, analysing the mass balance and surface 
interaction between caesium and the substrate made of 304 SS steel. 
Auvinen et al. (2000) have studied the vaporization of CsOH and CsI 
powders from stainless steel crucibles. The samples were traced with 
radioactive Cs (134Cs or 137Cs), which allowed establishing a release 
kinetics thanks to γ-spectrometry measurements. The two studies used 
steam as carrier gas and it was established that the Cs re-vaporization 
starts at ≈ 500 ◦C. Bottomley et al. (2014) and Knebel et al. (2014) 
performed online γ-spectrometry measurements of 137Cs from deposits 
issued from the Phebus-FP tests (vapour deposition at temperatures up 
to 700 ◦C), which are as realistic as possible. However the initial 
composition of the deposits, as well as the surface state of the stainless 
steel substrate is not well defined. The results show that in steam Cs is 
released starting from 550 ◦C, whereas in air atmosphere the release 
occurs at a lower temperature, as low as 300 ◦C. 

The studies dealing with CsI were aimed at investigating conditions 
leading to CsI decomposition and subsequent gaseous iodine releases. 
Experiments performed by Kalilainen et al. (2014) allowed a better 
understanding of the re-vaporized Cs and I distribution between gaseous 
and aerosol forms, thanks to the use of liquid scrubbers and filters 
adapted for each type of material. It was found that up to 27% of initial 
iodine content is released in gaseous form in an argon/steam atmo
sphere, and that it decreases with the introduction of hydrogen in the 
carrier gas. Shibazaki et al. (2001) performed tests with CsI in steam and 
concluded that it starts re-vaporizing at ≈ 490 ◦C and is released mainly 
as CsI. Berdonosov and Sitova (1997) and Berdonosov and Baronov 
(1999) conducted small-scale tests to further study the chemical nature 
of the released gaseous iodine. By heating CsI in air up to 1250 ◦C, the 
formation of gaseous molecular iodine I2 has been observed, the higher 
the temperature the larger the amount. Kulyukhin et al. (2004) studied 
the hydrolysis of CsI in presence of molecular oxygen in the 630–1300 ◦C 
range and the formation of I2 has been also confirmed, indirectly. 
However, some key parameters were not fully investigated in those 
studies. For instance, the FP deposit-substrate interaction was not al
ways taken into account. Indeed, if some studies featured stainless steel 
substrates (Auvinen et al., 2000; Kalilainen et al., 2014) the initial sur
face state is not documented. Some studies featured even substrates not 
representative of the RCS (glass or platinum (Shibazaki et al., 2001; 
Berdonosov and Sitova, 1997; Berdonosov and Baronov, 1999), alumina 
(Auvinen et al., 2000)). Secondly, the process of CsI deposition was not 
always examined as most of studies were performed with commercial 
CsI powder; CsI vapour and aerosol deposition were only considered in 
(Kalilainen et al., 2014). Finally, the influence of carrier gas composition 
and thermal conditions on re-vaporization were not fully investigated: 
most of studies considered steam or steam/hydrogen atmospheres which 
are more representative of early degradation phase during SA, whereas 
air was only considered in (Shibazaki et al., 2001; Berdonosov and 
Sitova, 1997; Berdonosov and Baronov, 1999), but in the latter case, the 
thermal treatment (flash heating up to 1250 ◦C) seems unrealistic 
regarding late phase SA conditions. 

From the theoretical point of view, to the best of our knowledge, the 
revaporisation and the chemical reactivity of CsI aerosols had only been 
studied by Hijazi (2017). The other theoretical studies in a nuclear frame 
focused on the gas reactivity of iodine species or on chemical stabili
ty/reactivity of caesium species (Khanniche et al., 2016a, 2016b, 2016c, 
2017a, 2017b; Villard et al., 2019; Khiri et al., 2019; Sudolská et al., 
2014a, 2014b). Severe accident simulations in the RCS are based on 
chemical equilibrium in gas phase thus ab initio computations were 
performed on the speciation at the equilibrium of the compound con
taining iodide or caesium. The gas inorganic chemistry involves mainly 

molecular iodine (I2), monoatomic iodine radicals (I•) and iodine oxides 
(IOx). The conversion between the species are fast and are favoured by 
oxidants such as nitrogen oxide and by visible light or radiation. The 
interaction with water occurs through the formation of hydrogen bonds 
and hydrogen transfer between acidic and radical species. The reactivity 
of caesium species in the gas phase has not been studied extensively. The 
reaction between CsO and H2 have been investigated by Šulková et al. 
(2015). Based on all these studies, it is possible to estimate the con
centrations of some iodine and caesium species in the gas phase 
depending on the experimental conditions (Taamalli et al., 2020). 

In conclusion, data on caesium and more particularly on gaseous 
iodine re-vaporization are too scarce and remain to be confirmed in 
more representative conditions to build an appropriate modelling. 

The work presented here was aimed at fill in the gap in knowledge on 
CsI re-vaporization in conditions as representative as possible of a late 
phase of a SA scenario, in terms of: i/ substrate nature (pre-oxidized 304 
L and 316 L stainless steel which correspond to RCS steel composition) 
ii/ deposit generation (reproducing the different temperature deposition 
processes as in (Kalilainen et al., 2014): high temperature deposition, 
vapour condensation and finally aerosol impaction with realistic 
deposited amounts ~i.e. few mg/cm2) iii/ re-vaporization thermal 
conditions (with heating up to 750 ◦C), iv/ presence of air (steam/air 
mixtures), since air is susceptible to penetrate in the RCS in case of an 
air-ingress accidental scenario (Giordano et al., 2010). We aimed at a 
better assessment of gaseous iodine release with the identification of 
re-vaporized species and their kinetics. 

Preliminary results of the study have been published before (Obada 
et al., 2017; Mamede et al., 2016) and were focused mainly on the 
re-vaporization of CsI aerosol deposits in pure atmosphere (air or 
steam). This paper expands on the previous results and presents the 
re-vaporization of different types of CsI deposits in a mixed air/steam 
carrier gas as well as investigates the release kinetics for gaseous mo
lecular iodine Special attention was brought to the substrate nature, and 
its preparation in order to obtain a surface state as similar as possible of 
RCS inner parts after several hours of oxidation in steam conditions 
(Mamede et al., 2016; Obada et al., 2018) at high temperature. The 
surfaces before and after deposit re-vaporization process were carefully 
determined by combining X-Ray Photoelectron Spectroscopy (XPS) and 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). The 
release rate was monitored by thermogravimetric analysis (TGA) and 
the nature of released vapours was determined. Also, the release kinetics 
for molecular iodine has been studied by a novel spectroscopic tech
nique, Incoherent Broadband Cavity Enhanced Absorption Spectroscopy 
(IBB-CEAS) (Johansson et al., 2014). 

Hereafter the article is composed of an experimental section which 
describes the equipment used and the analytical techniques employed. 
The following section presents the experimental results concerning the 
re-vaporization CsI deposits. Finally, a theoretical modelling of the ex
periments is done, in order to improve the understanding of the reaction 
mechanisms. 

2. Materials and methods 

The experimental study is based on a multistep approach including:  

– Substrate pre-oxidation;  
– CsI deposits generation;  
– CsI deposits thermal treatment. 

After each step the samples are characterized in order to establish the 
surface state of the substrate (XPS, ToF-SIMS), deposit quantity (ICP- 
MS), mass balance for caesium and iodine after re-vaporization (ICP-MS, 
TGA, UV-Visible spectroscopy). 
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2.1. Substrate pre-oxidation 

304 L stainless steel coupons (8 ×15 ×2 mm), whose composition is 
presented in Table 1, underwent a thermal treatment in a controlled 
atmosphere in a flow reactor to reproduce as close as possible the surface 
state of the RCS inner part in SA conditions. The thermal treatment 
consisted in exposing the coupons to a flow of argon/steam (% vol. 50/ 
50) at 750 ◦C during 24 h. The heating rate was 5 ◦C/min and steam was 
injected at 150 ◦C. The total gas flow rate was fixed at 1 Ln/min1 at 
standard conditions. 316 L foils (100 × 500 ×0.075 mm, see composi
tion in Table 1) were pre-oxidized in the same thermal conditions and 
process gas composition, except that the total gas flow was 4 Ln/min at 
standard conditions. In both case, the carrier gas flow was laminar and 
steam proportion in the flow (50%) is large enough to allow equivalent 
oxidation conditions of the stainless steel surfaces. 

2.2. CsI deposits generation 

In this study three types of CsI deposits were considered: aerosols 
impaction at room temperature by Room temperature (RT) aerosol 
impaction, high-temperature vapour deposition/condensation and 
temperature aerosol deposition. 

The CsI impacted aerosols were obtained following the procedure 
described by Obada et al. (2018) which consists in nebulizing a 
concentrated CsI aqueous solution. The obtained wet aerosols are then 
dried in a strong argon flow (10 L/min) and afterwards impacted on the 
pre-oxidized 304 L coupons placed in an exposition chamber (8 coupons 
per batch). 

The high-temperature CsI deposits were generated using a high- 
temperature furnace. The thermal profile of the heated alumina tube 
is bell-shaped, with a 5 cm isotherm zone at the centre. An alumina 
crucible (5 cm) containing CsI powder (Acros Organics, 99.9%) was 
placed inside a 1 m long alumina tube (30 mm inner diameter), inserted 
in the furnace. The crucible was placed in the isothermal zone. Down
stream the alumina tube wall was lined by a 316 L pre-oxidized foil. The 
crucible was heated up to 750 ◦C (5 ◦C/min rate) and the temperature 
was maintained at 750 ◦C for 6 h. The carrier gas was a mixture of argon 
and steam (% vol. 20/80) at total gas flow of 0.62 Ln/min. The 316 L foil 
was placed in a strong thermal gradient as such vaporized CsI was 
transported by the carrier gas and was deposited along the pre-oxidized 
316 L foil in a wide temperature range (from 750◦ to 150 ◦C)_ covering 
thus all deposition processes from a high temperature vapour deposition 
(above 620 ◦C), vapour condensation (between 620 and 400 ◦C) and 
aerosol deposition (below 440 ◦C). Downstream of the alumina tube was 
a series of two liquid scrubbers containing an alkaline solution (NaOH 
0.1 M) dedicated for steam condensation and trapping any non- 
deposited material. The line was terminated by an integral filter. After 
the test, the 316 L foil is recovered and divided into several sections 
(~2–3 cm long and 1–2 cm large) based on a visual inspection of the 
deposit. 

The deposited mass is determined after leaching one of the 304 L 
coupons (wet deposition) and a selection of small 316 L samples, cut 
from the foil (high temperature deposit generation) in selected area, in 
alkaline media (NaOH 0.1 M) for I and Cs recovery in solution followed 
by elemental I and Cs determination by Inductively Coupled Plasma – 
Mass Spectrometry (ICP MS –Varian 810 MS). 

2.2.1. CsI deposits thermal treatment 
The re-vaporization of CsI deposits from pre-oxidized stainless steel 

surfaces were carried out in a thermogravimetric analysis (TGA) device 
as described by Obada et al. (2017). Given the TGA furnace geometrical 
constraints (inner diameter of less than 1 cm), only the 304 L coupons 

could be thermally treated in this device. The thermal treatment con
sisted in heating the samples up to 750 ◦C (except for some tests, where 
samples were heated up to 970 ◦C or 550 ◦C only) at a rate of 5 ◦C/min 
and hold for 1 h, before cooling down by natural convection. The rate of 
the heating ramp is a compromise between chemical equilibrium con
ditions and test duration (2–3 h) (Obada, 2017). During the thermal 
cycle, the sample is swept by a low carrier gas flow either composed of 
synthetic air (30 mLn/min) or air/argon/steam mixtures (air/steam 
mixture featuring a total flow rate of 30 mLn/min; argon flow rate set at 
70 mLn/min). Air/steam mixtures were injected at temperature above 
150 ◦C and switched off during the cooling phase (below 400 ◦C). 

The main outcome of the TGA tests is the onset temperature of the 
mass loss linked to the start of the re-vaporization process. The overall 
mass change (loss) cannot be considered as a measure of CsI re- 
vaporization as the oxidation of the substrate during the thermal treat
ment may counterbalance the mass loss linked to re-vaporization. On the 
more, the inner alumina liner of the TGA device presents an important 
reduction in diameter (from 1 cm to 0.4 cm (Obada, 2017)) just 
downstream of the sample, probably inducing at its vicinity some 
perturbation in the fluid flow which may enhance deposit retention on 
the sample. 

To complement the results obtained by TGA, the RIGolo (Re-vapor
ization of Iodine in Gaseous form and “piccolo”=”small” in Italian) 
experimental device has been developed with a double purpose:  

– Establish the nature and quantity of released iodine-containing 
species;  

– Determine the release kinetics for gaseous molecular iodine. 

It is an open flow reactor (Fig. 1) composed of a tubular furnace 
(WATLOW ceramic heater CF-964255, 15 cm) in which an alumina tube 
(45 cm long, 20 mm inner diameter) is inserted. The sample is placed at 
the centre of the furnace and the carrier gas is fed up at the inlet of the 
test line. The vaporized vapour and/or generated aerosols from the 
heated sample are transported by the carrier gas to the line outlet. Based 
on the type of information searched in the experiment, the downstream 
part of the RIGolo device has two configurations: “integral measure
ment” for determining the nature and quantity of released iodine- 
containing species and “online measurement” for establishing the 
gaseous I2 release kinetics. 

The “integral measurement” configuration is described by Obada 
et al. (2017) and consists in connecting the alumina tube outlet to a 
series of selective liquid scrubbers, containing a mix of toluene/acidic 
water. It has been shown that in these conditions molecular iodine will 
be selectively trapped in the organic phase, while inorganic iodine 
compounds (CsI, HI) will be trapped in the aqueous phase (Gouello et al., 
2013; Grégoire et al., 2015). Since the detection limit of I2 in toluene by 
UV-Visible spectroscopy is between 2 × 10− 8 and 6 × 10− 7 mol/L (for 
the absorption wavelengths of 309 nm and 496 nm respectively), it is 
necessary to accumulate I2 over a long period of time (2 h), hence the 
experiment was called “integral”. 

The “online measurement” configuration consists in connecting the 
alumina tube outlet to an Incoherent Broadband Cavity Enhanced Ab
sorption Spectroscopy (IBB-CEAS) device dedicated to monitor online 
the gaseous molecular iodine concentration, transported up to the op
tical cell, by absorption spectroscopy in the 510–570 nm range 
(Johansson et al., 2014; Bahrini et al., 2018). In this case the 
re-vaporization products (gaseous species, aerosols) are diluted in an 
argon flow before being injected in the optical cell. The technique has a 
low detection limit (1 ppb volumic in the gas phase) and a good tem
poral resolution (10 s), which makes possible a kinetic study in our 
experimental conditions (1–2 mg of iodine re-vaporized for ≈1 h in a 
200 mLn/min gas flow). 

The thermal treatment in the RIGolo device is similar to the one 
applied in the TGA device: heating up to 750 ◦C (rate 5 ◦C/min) and 
hold for 1 h, before cooling by natural convection. The carrier gas during 

1 The gas flow rates are given for the reference conditions: 273 K, 101,325 Pa 
and are thus noted Ln/min. 
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the tests was either air (53 mLn/min) or a mixture of air/steam 
(200 mLn/min) of variable composition. The gas flow rates have been 
adjusted to the new alumina tube inner diameter, in order to have the 
same gas velocity above the sample as in the TGA tests. 

2.3. Post-test analysis 

2.3.1. Elemental mass balance determination 
After each test, the entire facility, including the stainless steel and 

gold coupons, was leached in alkaline media for iodine and caesium 
deposits recovery and elemental determination. As in (Obada et al., 
2017), the solutions were analysed by ICP-MS for elemental quantifi
cation with an uncertainty of +/- 8% (at 95% confidence level). The 
organic phase of the liquid scrubbers has been also recovered and ana
lysed by UV-Visible spectroscopy for quantification of I2 in toluene, 
which was performed with an Agilent Cary 8454 spectrometer at 
309 nm and 496 nm with an uncertainty of +/- 6% (at 95% confidence 
level). 

2.3.2. Surface characterization techniques 
The sample surface was characterized by combination of X-ray 

Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion 
Mass Spectrometry (ToF-SIMS). XPS provides chemical composition of 
less than 10 nm depth scale of the surface while the ToF-SIMS was used 
in depth profiling mode to reach composition up to several micrometres 
in depth. The morphology of the surface before and after re-vaporization 
was investigated by Scanning Electron Microscopy (SEM). 

XPS measurements were carried out on a Kratos AXIS UltraDLD 

spectrometer equipped with a monochromatic Al Kα source (1486.6 eV). 
Calibration was done by using the C 1s component of adventitious at BE 
(binding energy) = 285.0 eV. Binding energy value uncertainty is 
+/− 0.1 eV and uncertainty on quantitative elemental analysis is +/- 
10%. 

ToF-SIMS analyses were carried out using a ToF-SIMS 5 instrument 
(ION-TOF GmbH). Pulsed Bi+ primary ions have been used for analysis 
(25 keV, ≈1 pA) and O2

+ for sputtering (2 keV, ≈500 nA). Given the 
sputter parameters, estimated sputter speed is 1.6 nm/s. Mass spectra 
were recorded in positive (for each sample) and negative for one sample 
polarity from an analysis area of 100 µm x 100 µm centred into a 
300 µm x 300 µm sputtered area. Charging effects, due to analysis and 
erosion ion beam, were compensated using low energy electrons 
(20 eV). 

Scanning Electron Microscopy (SEM) images were obtained using a 
LEO-435 VP microscope. A 20 kV accelerating voltage was used giving 

an interaction depth above 2.5 µm3. 

2.3.3. IBB-CEAS signal interpretation and presentation 
The IBB-CEAS configuration and characteristics are extensively dis

cussed in (Bahrini et al., 2018) and (Johansson et al., 2014). It is based 
on the I2 fine resolved spectrum in the 510–570 nm spectral range owing 
to the numerous rovibronic transitions in the I2 B←X electronic ab
sorption spectrum (Bahrini et al., 2018). The light source is a LED 
emitting in the 480–580 nm and the detector is a CCD camera (Andor 
iDus). 

As explained by Bahrini et al. (2018) and Johansson et al. (2014), the 
I2 spectra registered by the CCD detector require mathematical pro
cessing in order to separate the spectral contribution of gaseous mo
lecular iodine from the continuous component of the spectra. Moreover, 
for practical reasons (Bahrini et al., 2018), a calibrated source of I2 is 
analysed by the IBB-CEAS at the beginning of each experiment. Iodine 
concentration in the sample is then displayed as the adimensional Nrel 
value which is the ratio of I2 sample concentration to the calibration 
source concentration. Absolute concentration in the samples requires to 
be adjusted for the sampling, calibration and dilution flow rates. In our 
case, as the main objective is to determine the release kinetic, it was 
decided to stay with relative concentration. For comparison purpose, the 
kinetic curves were rescaled based on the overall fractional release of 
molecular iodine, whenever possible (data from integral RIGolo exper
iments). Hereafter the figures displaying I2 release kinetics present the 
rescaled Nrel evolution as a function of time and temperature. 

2.3.4. DFT calculations 
All DFT (density functional theory) calculations were carried out 

with VASP (Vienna Ab initio Simulation Package (vasp.5.4.1; Hafner, 
2008; Kresse and Furthmüller, 1996). Plane waves are used to describe 
the wave functions and the PAW (Projector Augmented Wave) (Kresse 
and Joubert, 1999) method for electron-ion interactions. The energy is 
calculated using GGA as parametrized by Perdew et al. (1996) and with 
a Methfessel and Paxton (1989) smearing parameter sigma set to 0.1 eV. 
The Kohn− Sham equations are solved self-consistently until the energy 
difference between two successive steps is lower than 10− 5 eV. The 
atomic positions were optimized without symmetry constraints until the 
forces being less than 0.03 eV/Å. The electron configurations [Xe] 6s1, 
[Kr] 4d10 5s2 5p5, [He] 2s2 2p4 and 1s1 were used for caesium, iodine, 
oxygen and hydrogen respectively. The cut of energy was set to 450 eV 
and 3 × 3x 1 or larger K-point meshes (Monkhorst and Pack, 1976) have 
been used for all the surface calculations (distance between K point 
smaller than 0.035 Å− 1). Van der Waals interactions are included in the 

Table 1 
General composition (wt%) of the 304 L and 316 L stainless steels (Mamede et al., 2016).   

C Cr Fe Mn Mo Ni Si Other 

304 L  0.03 18.0–20.0 Base  2.0  8.0–12.0  1.0 P,S< 0.045 
316 L  0.03 16.0–18.0 Base  2.0 2.0–3.0 10.0–14.0  0.75 P,S< 0.025  

Fig. 1. General design of the RIGolo experimental device.  
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calculation through the TSHI formalism (Tkatchenko and Scheffler, 
2009) that take into account the charges on the atoms. 

The adsorption energy (Eads) is defined as the opposite of the 
adsorption reaction energy. A positive adsorption energy is associated to 
an exothermic adsorption. 

A(g) + Surface = A − Surface Eads = E(A(g)) +E(Surface)–E(A − Surface).

3. Experimental matrix 

The first tests concerning the re-vaporization of CsI aerosols (Room 
temperature aerosol impaction) from pre-oxidized 304 L or 316 L sub
strate in presence of argon/steam have shown an integral release of Cs 
and I (Obada et al., 2017). As such these test conditions will serve as 
reference. The goal of this research was to assess gaseous iodine release 
during re-vaporization of CsI deposits, through small-scale analytical 
tests. 

Stainless steels of different grades (304 L or 316 L) were used to 
represent the inner surface of the RCS in general. The coupons were 
pretreated (pre-oxidation at 750 ◦C in steam conditions) so as to feature 
a surface state representative of the RCS in case of a SA. As reported in 
(Mamede et al., 2016), the structure of surface oxide is similar for both 
stainless steels grades and has no influence on the CsI re-vaporization 
behaviour. In the case of 316 L foils, oxide structure is slightly 
different, presenting an outer Fe-rich layer (as opposed to a Mn-rich 
layer) and an inner Cr-rich layer. Nevertheless, taking into account the 
thickness of the deposit (estimated to be in the range of 2–7 µm for 
1–3 mg/cm2 for deposited CsI), we expected a low contribution of 
deposit/surface interaction on re-vaporized species. Indeed, for such 
thick deposits, the fraction of CsI in contact with the substrate surface is 
low. 

Except for one test, the same thermal cycle was applied: heating at 
5 ◦C/min up to 750 ◦C. This final temperature is high enough to be able 
to catch every release events concerning CsI re-vaporization and remains 
within the expected temperature range which could prevail in the RCS 
during a late SA phase. 

The study was focused on the two main following parameters (see  
Table 2):  

• The CsI deposition process, to be able to reproduce the different 
deposition zones in the RCS: RT temperature aerosol impaction 
(simulating CsI deposition in the cold leg of the RCS), high temper
ature vapour deposition (above 620 ◦C, simulating a deposition in 
the hot leg of the RCS and SG inlet), vapour condensation 

(620–400 ◦C, simulating SG deposition) and temperature aerosol 
deposition (around 400 ◦C, SG deposition).  

• The atmosphere composition featuring either air, air/steam mixtures 
and argon/steam. Air and steam atmospheres are not representative 
of SA scenario but may help in understanding the CsI re-vaporization 
behaviour and gaseous iodine production. Realistic atmospheres are 
mixture of air/steam with a low air content. Re-vaporization of CsI 
aerosols (RT aerosol impaction) on 304 L coupons featured the 
largest atmosphere compositions (5 different compositions as re
ported in Table 2, from pure air contents to argon/steam). Tests were 
performed in both TGA and RIGolo devices. Based on the results of 
this test series, the number of tested atmospheres has been reduced 
for the CsI vapour deposition and vapour condensation: one test in 
steam, one in air and one in a 20/80 air/steam atmosphere. Finally, 
for the deposit obtained by temperature aerosol deposition (400 ◦C), 
only the pure air and steam atmospheres have been retained for the 
re-vaporization tests, to check for consistency with CsI aerosol 
impaction at room temperature. The tests have been performed in 
the RIGolo device only, as the 316 L foil samples were not suited for 
the TGA device (see Table 2). 

Two complementary tests were performed: 
On test with an inert substrate to assess the contribution of deposit/ 

surface interaction in terms of nature of re-vaporized species (especially 
for iodine). CsI aerosols were deposited on gold coupons by the room 
temperature aerosol impaction process. Tests conditions featured air 
atmosphere and a thermal cycle (5 ◦C/min up to 750 ◦C) similar to 
conditions 1. Tests were performed in both devices (TGA and RIGolo) to 
allow a complete comparison with condition 1, Table 2. 

One test with a lower final test temperature (550 ◦C), dedicated to 
the observation of iodine re-vaporization kinetics at low temperature. 
This test was conducted with initial CsI RT aerosol deposits on a stainless 
steel coupon ad a mixed steam/air atmosphere was applied (instead of 
pure air) to be more representative of a reactor case. This test was 
performed in the RIGolo device in the I2 on-line monitoring configura
tion. The sample was initially heated up to 420 ◦C in argon (rate 5 ◦C/ 
min), then the carrier gas was switched for a mixture of air/steam (% 
vol. 50/50). After that the sample was heated up to 550 ◦C (rate 5 ◦C/ 
min) and held for 4 h before cooling by natural convection. The upper 
limit for temperature was chosen based on the results of Bottomley et al. 
(2014), where it has been observed that Cs re-vaporization is much 
slower and less significant after 750–800 ◦C. 

Table 2 
CsI re-vaporization - Experimental matrix for test performed with thermal cycle up to 750 ◦C at 5 ◦C/min.  

Substrate Deposition process Re-vaporization carrier gas (% 
vol) 

Experiment type (repeat) Condition 
n◦

Integral Kinetic TGA  

Pre-oxidized 
304 L 

Aerosols impaction at room temperature Air (100%) x (Obada et al., 2017) 
(3) 

x x (Obada et al., 2017)  1 

Air/steam (50/50) x x   2 
Air/steam (20/80) X (2) x x  3 
Air/steam (3/97) x x x  4 
Argon/steam (50/50) x (Taamalli et al., 

2020)  
x (Taamalli et al., 
2020)  

5 

Pre-oxidized 
316 L 

High-temperature vapour deposition 
(720–620 ◦C) 

Air (100%) x x   6 
Air/steam (20/80) x    7 
Argon/steam (50/50) x    8 

Vapour condensation (620–440 ◦C) Air (100%) X (2) x   9 
Air/steam (20/80) X x   10 
Argon/steam (50/50) X    11 

Aerosols deposits (< 400 ◦C) Air (100%) X    12 
Argon/steam (50/50) x    13 

Gold (Au) RT aerosol impaction Air (100%) x x x  14     
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4. Results 

4.1. Deposit characterization 

After the pre-oxidation of 304 L and 316 L stainless steel coupons 
and foil, CsI is deposited as described in Section 2.2. Afterwards the size 
and the morphology of the deposits are characterized by SEM and the 
amount of deposited CsI is determined by ICP-MS after lixiviation. 

The CsI aerosols deposits obtained by impaction at room temperature 
have been described by Obada et al. (2018). SEM analysis has revealed 
the presence of particles with irregular shapes and particle agglomerates 
with sizes from 5 to 20 µm. After several weeks, the particles also appear 
to hydrate, given the hygroscopic nature of CsI (Riggs et al., 2007). 
ICP-MS analysis has revealed similar CsI quantity among all the 304 L 
coupons of the same batch, with values ranging from 0.8 to 4.2 mg/cm2 

of CsI from one experiment to another. 
The Cs and I deposits obtained at high temperature, on the other 

hand, exhibit different sizes and morphologies based on the deposition 
temperature. For instance, in the 720–620 ◦C temperature range, SEM 
analysis has revealed an amorphous deposit, homogeneously spread 
across the entire surface of the 316 L foil (Fig. 2a) – corresponding to the 
deposition of liquid droplets. The average amount of caesium and iodine 
per surface unit in this temperature range is about 2.9 mg/cm2, as 
determined by ICP-MS analysis. Also, the Cs/I mass ratio of 0.94 is 
consistent with to the theoretical value (1.05) taking into account un
certainties measurement, which strongly suggests that caesium and 
iodine were deposited as CsI. In the 620–440 ◦C temperature range, the 
deposit is composed of polyhedrons that range between 10 and 30 µm in 
size, as well as acicular particles with lateral dendrites that reach several 
hundred microns in size (Fig. 2b). The deposit in this temperature range 
is the most important in terms of quantity, up to 8.3 mg/cm2, and the 
Cs/I mass ratio (0.96) suggests that the chemical species is CsI. Below 
440 ◦C, the deposit consists of spherical particles that reach up to 4 µm 
in diameter (not presented here). The amount of deposit decreases 
progressively from 4.3 mg/cm2 at 440 ◦C to 0.7 mg/cm2 at 150 ◦C. 
Given the Cs/I mass ratio (0.89–0.99), it is highly likely that the deposit 
is composed of CsI. 

4.2. Re-vaporization: identification of released and residual species and 
release kinetics 

In this chapter are presented the results of RIGolo and TGA tests in 
different conditions (Table 2) as well as the results of the kinetics tests. 
Since the goal is to investigate the separate effect of different parame
ters, the results are presented following the listed parameters: carrier gas 
composition, deposition process, substrate nature (stainless steel vs 
gold) and finally low temperature re-vaporization. Here the main trends 
will be discussed depending on the test parameters. Variability in test 
results may occur for equivalent test conditions (and for repeats) due to 
inhomogenities of CsI deposits. 

4.2.1. Influence of carrier gas composition: air vs. mixed air/steam 
(conditions 1–5) 

As previously reported (Obada et al., 2017, 2018), the carrier gas 
composition during the re-vaporization phase is one of the key param
eters regarding the nature of re-vaporized and residual species. As such, 
in an argon/steam carrier gas, caesium and iodine are released integrally 
from the surface of stainless steel coupons (condition 5). The absence of 
gaseous iodine species at the line outlet and Cs/I ratios measured 
downstream of the steel coupon close to ~ 1.1 (main line data), suggest a 
re-vaporization as CsI only (Obada et al., 2017). 

With the addition of air in the carrier gas (in increasing amounts 
following conditions 4, 3, 2 up to pure air, condition 1), we can observe 
that the overall fraction of released molecular iodine (RIGolo test in 
integral configuration) is roughly the same (~ 23–33% of total iodine) 
as soon as air is present in the gas phase, except for pure air conditions 
featuring much higher gaseous iodine releases (up 75% of total iodine 
amount). Indeed, oxygen is always present in sufficient amount to react 
with iodine taking into account the oxygen flow (from ~0.02 up to 
0.7 mg/s), the test duration (2 h of heating and one hour at 750 ◦C) and 
the initial iodine mass (1–2 mg) – so that the role of oxygen is expected 
to be the same in all the cases as soon as it is present (see Section 5 for 
theoretical part). In pure air, TGA tests have shown that the release starts 
at 420 ◦C on average, releases seems to be delayed as soon as steam is 
present with onset temperatures in the 450–470 ◦C range. These ob
servations (lower gaseous iodine releases and higher re-vaporization 
onset temperature) in air/steam conditions compared to pure air con
dition may be owed to possible limiting effects of steam which are not 
yet understood. 

Concerning the residue (RIGolo tests in integral configuration), the 
ICP-MS analysis of the leaching solutions of the stainless steel coupons 
has consistently revealed the absence of iodine, which implies its total 
re-vaporization, and the presence of a residual amount of caesium. In 
pure air (Table 3, condition n◦1), Cs retention amounts up to 10% of the 
total measured amount at the end of the test. The ICP-MS analysis of the 
alumina tube leachate shows a Cs/I mass ratio in between ≈ 5–11. This 
feature indicates that beside CsI, Cs is mainly deposited in other chem
ical forms – expected to be CsO as this species is the most stable from a 
thermodynamic point of view in the absence of steam. In air/steam, Cs 
retention on the coupon represents up to 9% of total Cs collected mass 
(Table 3, conditions n◦2 & 3). The integral experiment in conditions n◦4, 
which featured the smallest ratio of air to steam (% vol. 3/97), has 
resulted in a residual amount of Cs of only 1.5%. The Cs/I mass ratio in 
the alumina tube does not vary a lot when considering all the mixed air 
steam conditions (1.4–1.6). This value is still above the Cs/I mass ratio 
of CsI (1.05) and support the hypothesis that beside CsI, other Cs com
pounds may have deposited in the main line (though in a lesser extent 
compared to pure air condition). In presence of steam, the other ex
pected Cs compound is CsOH. 

A detailed surface characterization by XPS and ToF-SIMS of 304 L 
samples after re-vaporization in air or argon/steam has been discussed 

Fig. 2. SEM images of high-temperature CsI deposit on pre-oxidized 316 L foil: a) between 720 and 620 ◦C and b) between 620 and 440 ◦C.  
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by Obada et al. (2018). The same process has been applied to the 304 L 
samples obtained after re-vaporization in air/steam atmosphere and the 
results show evidence of the formation of mixed Cs-Cr oxides, specif
ically Cs2CrO4 and Cs2Cr2O7. This observation is supported by XPS 
analysis which revealed the presence of two chemical forms of chro
mium: Cr(III) and Cr(VI) oxides. Also, ToF-SIMS analysis has revealed 
the presence of secondary ion clusters Cs2CrO3

+ and Cs2Cr2O9H+, which 
is a strong indication that the said oxides have been formed during the 
re-vaporization process. These results demonstrate that the nature of the 
support affect the behaviour of residual Cs+ but not that the same 
support participate to the iodine oxidation but that in oxidizing condi
tion, the chromium of the support can react with the air (Souvi et al., 
2017). 

This test series (conditions 1–5) was complemented by RIGolo tests 
performed with the on-line configuration in order to monitor I2g release 
during the thermal treatment. Based on TGA tests results ( no release 
event below 400 ◦C), the I2 release kinetics was monitored from ~ 
330 ◦C on. 

A first test has been performed in an argon/steam atmosphere 

(condition 5), serving as reference (Fig. 3, red curve). There is no signal 
increase up to 640 ◦C, indicating the lack of gaseous I2. The weak signal 
detected in the 640–680 ◦C temperature range and interpreted as Nrel 
‡ 0 is nevertheless not representative of any I2 release kinetics. Indeed, 
the raw spectra in this temperature range lack the fine structure of the I2 
spectrum (Bahrini et al., 2018; Johansson et al., 2014) and thus the 
signal is attributed to the light extinction due to the presence of aerosols 
(probably CsI) transported up to the optical cell. This online measure
ment experiment with a sensitive technique confirmed the absence of 
gaseous molecular iodine released in steam conditions. 

In pure air (Table 2, condition 1), I2 release starts at approx. 440 ◦C, 
which is coherent with the TGA tests, and occurs in two steps (Fig. 3, 
blue curve):  

1) Between ≈ 440–550 ◦C a first slow and low release is observed; 
2) Above 550 ◦C the majority of iodine is rapidly released (exponen

tially). Reproducibility tests have been performed in these conditions 
and the results were similar. 

Further on, the re-vaporization tests in air/steam atmosphere 
(Table 2, conditions 2, 3 and 4) showed that I2 release is initiated at a 
higher temperature, ≈ 480–500 ◦C (Fig. 4), compared to air re- 
vaporization, which is coherent to the TGA results of similar tests. 
While the release of I2 in two steps is still noticeable for the % vol. 50/50 
(condition 2), it is less pronounced for the other two carrier gas com
positions (conditions 3 and 4). It is also interesting to note that the 
release curves present “spikes” (above ≈520 ◦C), which resemble those 
in the case of argon/steam re-vaporization. This suggests the presence of 
a larger amount of aerosols, which in turn prevent a reliable measure
ment of I2. 

4.2.2. Influence of CsI deposition process: high-temperature (conditions 
6–13) vs. aerosol impaction at room temperature 

As a general rule, the re-vaporization of CsI deposits obtained by 
different routes follows the same trend if the same experimental con
ditions are applied. 

Compared to RT aerosol impaction, CsI aerosols deposited in the 
400–150 ◦C temperature range present a similar re-vaporization 
behaviour with atmosphere composition (Table 3, air and argon/ 
steam conditions only): similar gaseous iodine releases and overall 
deposition trends were observed for the RIGolo integral tests. It is thus 
assumed that CsI re-vaporization behaviour is very close when 

Table 3 
Summary table of main experimental results.  

Substrate CsI deposit Re-vaporization carrier 
gas (% vol) 

Main results Cond n◦

Temp. of release 
initiation (◦C)1 

I2 

released2,3 
Cs 
residual2,4 

I 
residual2,4 

Cs/I 
line1  

Pre-oxidized 
304 L 

Aerosols impaction at room 
temperature 

Air (100%)  420 50–75% <10% <1% 5–11 1 
Air/steam (50/50)  460 26% 6.5% < l.d. 1.5 2 
Air/steam (20/80)  470 23–33% 7–9% < l.d. 1.6 3 
Air/steam (3/97)  450 26% 2% < l.d. 1.4 4 
Argon/steam (70/30)  480 0% 3.4% < l.d. 1.1 5 (Taamalli 

et al., 2020) 
Pre-oxidized 

316 L 
High-temperature vapour 
deposition (720–620 ◦C) 

Air (100%)   53% 3.4% < l.d. 10 6 
Air/steam (20/80)   13% 9.7% 8.6% 1.6 7 
Argon/steam (70/30)   0% 1.9% < l.d. 3.8 8 

Vapour condensation 
(620–440 ◦C) 

Air (100%)   7–15% 2.4–4.5% <1% 1.3 9 
Air/steam (20/80)    12% 2.0% <1% 1.1 10 
Argon/steam (70/30)    0% 0.5% 0.6% 3.1 11 

Aerosols deposits (< 400 ◦C) Air (100%)   45% 2.4% < l.d. 12 12 
Argon/steam (70/30)    0% 2.9% 1.0% 1.2 13 

Gold (Au) Aerosols Impaction (RT) Air (100%)   28% 0.4% < l.d. 1.6 14  

1 As measured by TGA. 
2 wt% wrt the total collected Cs and I at the end of test. 
3 As measured by UV-Visible spectroscopy. 
4 As measured by ICP-MS. 

Fig. 3. Release and transport kinetics of I2 during re-vaporization of CsI 
aerosols (RT aerosol impaction) with a heating rate of 5 ◦C/min up to 750 ◦C; 
blue curve: pure air with a flow rate of 53 mLn/min (condition 1); red curve: 
argon/steam (70/30) with flow rate of 200 mLn/min (condition 5).(For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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considering deposited aerosols. 
For the two other deposition routes (high temperature vapour 

deposition 720–620 ◦C and vapour condensation 620–440 ◦C), re- 
vaporization in argon/steam (conditions 8 and 11) did not lead to the 
release of I2; those results are comparable to the re-vaporization of CsI 
aerosols (conditions 5 and 12). Nevertheless, the Cs/I mass ratio in the 
RIGolo line is much higher (3.8 and 3.1 for conditions 8 and 11 
respectively) compared to condition 5 (1.1). This observation indicates 
that besides CsI, other species can be involved during steam re- 
vaporization of such CsI deposits. CsOH is a possible candidate for the 
other Cs compounds, the iodine transported species could not be clearly 
identified. 

Re-vaporization in air of the high-temperature deposits (condition 
n◦6) and the aerosols deposits in has resulted in the release of 53% of 
iodine as I2. The ICP-MS analysis of the alumina tube leachate shows a 
Cs/I mass ratio ~ 10. Both results are consistent with the re-vaporization 
behaviour of CsI aerosols as described in Section 4.2.1. Only one mixed 
air/steam carrier gas composition (% vol. 20/80) was tested with the 
high-temperature (720–620 ◦C, condition 7) and vapour condensation 
(620–440 ◦C, condition 10) deposits. The results show that 12–13% of 
iodine is released as I2 and that the Cs/I ≈ 1.1 – 1.6 in the alumina tube, 
which is again consistent with the results presented in Section 4.2.1. 
However, there was a noticeable difference in the amount of released 
molecular iodine for condition 9. The re-vaporization in pure air of a CsI 
deposit obtained by vapour condensation (620–440 ◦C) resulted in the 
release of only 7–15% of I2, which is much lower when compared to the 
amount of released I2 in other experiments in the same re-vaporization 
conditions. The residual amount of Cs on the steel coupon is 2.4 – 4.5% 
and the Cs/I ≈ 1.3 in the alumina tube, suggesting the re-vaporization of 
Cs as several different species. The possible reasons, which may be 
linked to the organized crystalline structure of the deposit, are discussed 
further. 

Surface characterizations by XPS and ToF-SIMS have been performed 
on the 316 L foils after CsI re-vaporization of high temperature deposits 
and condensed vapour (as displayed in Fig. 6). The presence of the 
mixed Cs-Cr-O compounds described above (see Section 4.2.1) is 
confirmed (Fig. 6b, depth profiles in negative polarity), as soon as air is 
present in the carrier gas. Also, in both cases, the Cs depth profile in
dicates that Cs had migrated in the oxide layer during the thermal 
treatment – or that the oxide layer may have growth up to the CsI de
posit. Indeed the Cs2

+ and Cs2I+ signals are very low at the surface and in 
the first oxide layer (composed of Fe and Mn) and increase strongly in 

the second Cr-Mn oxide layer (Fig. 6, depth profile in positive polarity). 
Migration of CsI inside the oxide layer may explain the significantly 
more important residual mass of Cs (9.7%) and I (8.6%) observed on the 
316 L foil after re-vaporization of high-temperature vapour deposit in 
steam/air (Table 3, condition 7). 

Based on the results of the integral tests, online measurement tests 
have been performed with CsI high-temperature (720–620 ◦C) and 
vapour condensation (620–440 ◦C) deposits with the same thermal cycle 
as for conditions 6 and 9. The carrier gas was pure air. The I2 release 
kinetics from CsI deposits obtained by vapour condensation (condition 
n◦9) presents a similar pattern as from CsI deposits obtained by RT 
aerosol impaction (condition n◦1) (Fig. 6). The process occurred in two 
steps: 1) a slow and low release between ≈ 350–500 ◦C, and 2) a more 
rapid re-vaporization above 500 ◦C, which results in the total release of 
iodine from the surface of the pre-oxidized 316 L foil. 

The kinetic study of I2 release in case of a high-temperature CsI de
posit (720–620 ◦C), on the contrary, has highlighted a new phenome
non. While the cumulated amount of released I2 is consistent with the 
release observed in condition 1 (RT aerosol impaction), the I2 release 
and transport kinetics is slightly different (Fig. 5). There is a two-step 
molecular iodine release between ≈ 400–550 ◦C (slow) and above 
550 ◦C (rapid), which is consistent with previous results. However, there 
is an additional release peak between ≈ 200–350 ◦C, which has been 
reproduced in another test, hinting at a different re-vaporization pro
cess, probably linked to the nature of the deposit in this temperature 
range (720–620 ◦C). This new release mechanism may be owed to the 
CsI deposition temperature which resulted in a non-uniform amorphous 
like layer of deposits (see Section 4.1) which is quite different to aerosol 
impaction (Taamalli et al., 2020) so that one can expect strong evolution 
at the molecular level too (for instance in the structure of the CsI 
outermost surface), inducing differences in the reaction mechanism – as 
will be seen with the DFT calculations (Section 5). 

The kinetic test results have shown the absence of any release below 
200 ◦C, hence the I2 release kinetics for this series of tests is shown 
starting at ≈ 170–250 ◦C. 

4.2.3. Influence of substrate nature: stainless steel vs. gold inert surface 
(condition 14) 

A previous study (Sasaki et al., 2013) has linked the formation of 
gaseous molecular iodine to the interaction between CsI and Cr2O3 in 
presence of dioxygen. This assumption is supported by the fact that the 
reaction cited by Sasaki et al. (2013) is thermodynamically favoured in 
the temperature range of our conditions. In air conditions, our obser
vations (release of I2 and formation of caesium chromate species) 
allowed us to propose a similar reactivity with the surface (Obada et al., 
2017). For the further understanding of the phenomenon, it was decided 
to perform additional tests whose goals were to determine whether there 
are other mechanisms involved in the formation of I2, besides 
CsI-substrate interaction. 

Consequently, CsI aerosol deposits (aerosol impaction at room tem
perature) have been generated on a chemically inert surface – gold 
coupons, and a series of re-vaporization tests in pure air have been 
performed afterwards (condition n◦14). Integral tests in the RIGolo de
vice have led to the total release of caesium (0.4% detected on the 
coupon after re-vaporization by ICP-MS) and iodine from the surface of 
the gold coupon. The Cs/I ≈ 1.6 in the alumina tube, suggesting again 
the re-vaporization of Cs under other species besides CsI compounds. Up 
to 28% of iodine has been released as I2 (relative to the total measured 
amount of iodine at the end of test), which is lower compared to the re- 
vaporization from the pre-oxidized 304 L coupons and 316 L foils in the 
same conditions (conditions 1 and 12 respectively). Nevertheless, this 
lower release may be owed to deposit inhomogeneities. These results 
suggest that the formation of I2 is not due only to the interaction of CsI 
with the oxide substrate, but that the oxidation of iodide by the gas 
phase plays an important role in iodine vaporization. 

From a kinetic point of view, TGA analysis has shown that the 

Fig. 4. Release and transport kinetics of I2 during re-vaporization of CsI 
aerosols (RT aerosol impaction) with a heating rate of 5 ◦C/min up to 750 ◦C. 
green curve: air/steam % vol. 50/50 (condition 2); yellow curve:, air/steam % 
vol. 20/80 (condition 3); orange curve: air/steam % vol. 3/97 (condition 4). 
Gas flow: 200 mLn/min for all conditions.(For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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process is initiated at a higher temperature (526 ◦C) compared to CsI re- 
vaporization onset on 304 L coupons (see Section 4.2.1). Fig. 7 shows 
the gaseous molecular iodine release kinetics and the pattern clearly 

resembles that of CsI re-vaporization from pre-oxidized stainless steel 
surface (condition n◦1):  

1) A low release between ≈ 450–560 ◦C;  
2) A more important release (up to the depletion of the iodine source) 

above 560 ◦C. It is worth noting that this release is slower compared 
to the release in condition n◦1. 

This suggests that the mechanisms governing the formation of I2 are 
very close, regardless of the substrate. As a consequence, the role of pre- 
oxidized stainless steel in the production of gaseous iodine species is less 
important than initially expected. 

Nevertheless, the differences observed between kinetic of I2 pro
ductions when considering an inert surface and pre-oxidized stainless 
steel, indicates that some substrate effect cannot be excluded at high 
temperature. 

4.2.4. Thermal cycle boundaries: kinetic of I2 release up to 550 ◦C 
Based on the results of previous online measurement tests, it was 

decided to conduct another one with a limited maximum temperature of 
≈ 550 ◦C, which is the upper limit for the first step of I2 release. The goal 
was to study the release phenomenon in the 450–550 ◦C range. In order 
to reduce the carrier gas interference at low temperature, the sample 
was heated under argon up to ≈ 420 ◦C, and then the carrier gas was 

Fig. 5. TOF-SIMS profile of CsI vapour condensation deposition 316 L pre-oxidized foil and re-vaporized in air/steam atmosphere (condition 10, Table 3). Secondary 
ions in positive polarity a) major fragments and b) minor fragments. 

Fig. 6. Release and transport kinetics of I2 during re-vaporization of CsI deposits in pure air with a heating rate of 5 ◦C/min up to 750 ◦C; blue curve: CsI RT aerosol 
impaction” (condition 1, air flow rate 53 mLn/min), brown curve: CsI vapour condensation (condition 9, air flow rate 200 mLn/min); purple curve: CsI high- 
temperature vapour deposition (condition 6, air flow 200 mLn/min).(For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 7. Release and transport kinetics of I2 during re-vaporization of CsI 
aerosols (RT aerosol impaction) in pure air (53 53 mLn/min) and with a heating 
rate of 5 ◦C/min up to 750 ◦C; blue curve: pre-oxidized 304 L surface; red 
curve: gold surface.(For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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switched to a mixture of air/steam (% vol. 50/50). Fig. 7 shows the I2 
release and transport kinetics and it can be noticed that the release starts 
at ≈ 440 ◦C and ends just after the final temperature of ≈ 550 ◦C is 
reached, with a subsequent decrease in signal, which is probably due to 
the depletion of the source involved in this first mechanism. The fine 
peak at 420 ◦C is an artifact in the IBBCEAS response due to a transient 
overpressure in the IBB CEAS cell when switching the carrier gas 
composition from argon to the air/steam mix. This transient induced a 
shit in the baseline which could not be corrected during the test. The I2 
spectral fingerprint is indeed clearly observed from 450 ◦C on. 

No integral test in the RIGolo device has been performed in these 
conditions, but surface characterization by ToF-SIMS of the sample has 
been done. The depth profile analysis in positive polarity revealed an 
intense Cs+ signal (Fig. 8a), while the analysis in negative polarity has 
revealed the presence of relatively intense I- secondary ions (Fig. 8b). 
Also, the secondary ion clusters Cs2CrO3

+ and Cs2Cr2O9H+ have been 
detected, which indicates the formation of Cs‒Cr‒O compounds. All 
these results suggest that a part of iodine has been released from the 
surface as I2 and that caesium mainly remained on the surface, both as 
CsI and mixed Cs‒Cr oxides. Furthermore, it would seem that up to 
550 ◦C the formation of I2 is based on the reaction between the CsI de
posit and carrier gas components in a heterogeneous phase. The most 
intense release observed above 550 ◦C (Fig. 3, blue curve) could then be 
explained by the vaporization of CsI deposits (which starts between 550 
and 600 ◦C) followed by a reaction in gaseous (homogeneous) phase, 
which would favour the contact between CsI and carrier gas molecules. 
In this latter case, the residual quantity of Cs on the surface would be low 
as observed in condition 1 (see Table 3). (Figs. 9–12). 

5. Theoretical modelling 

In order to get insight in the molecular mechanism of the CsI reva
porisation for small aerosols, we performed DFT modelling of the 
possible oxygen interaction and reaction on the surface of the CsI 
Aerosol. The size of the particle deposited in the experiment is large 
(larger than 1 µm). The larger part of the CsI particles will not be directly 
in interaction with the support. Furthermore, the evolution at relatively 
low temperatures (500 – 650 ◦C) is mostly independent of the nature of 
the support. A theoretical model that does not include explicitly the 
support will be valid to investigate the CsI surface oxidation mechanism. 
Furthermore, the reactivity of the deposited CsI depends on the prepa
ration conditions which will modify both the size of the particles and the 
nature of the exposed surfaces and sites. By defining various models of 

the CsI surfaces, it will be possible to explain the differences observed 
experimentally as well as the effect of O2 and water on the surfaces. 

5.1. Model 

CsI crystal has a simple cubic structure which belongs to the Pm3m 
group, with two atoms in the unit cell, caesium at (0, 0, 0) and iodine at 
(a/2) (1, 1, 1) while ‘a′ being the lattice constant (456.67 pm) (Satpathy, 
1986) kept fixed in the calculation at the experimental. The nature of the 
exposed surface is defined by the surface energy of low index surfaces. In 
order to compute them, we define super-cell composed of at least 8 layer 
of CsI and added 15 Å of vacuum to avoid any interaction between the 
slab. The four outermost layers have been relaxed. The surface energies 
of low index surfaces are summarized in Table 4. 

The (011) surface is the most stable one and considering the large 
surface energy difference, it will be the only surface exposed by dehy
drated CsI particles. The (011) surface is composed of alternating rows 
of Cs and I anions. 

5.2. H2O and O2 interaction with perfect (011) surfaces 

The reactive molecules in the gas phase during the experiments are 
water and dioxygen. We studied theoretically the interaction of these 
two molecules with the CsI surfaces to determine the reaction that may 
occur on the surface and may explain the iodine revaporisation. 

The water absorption on the surface is molecular. One hydrogen 
atom of the water molecule forms a hydrogen bond with the surface 
iodine while the negatively charged oxygen atom interacts with the Cs 
cation. The Cs‒O and H‒I distances are 3.16 and 2.45 Å respectively. 
The adsorption energy is 0.52 eV. The adsorption is exothermic but as 
the main interaction is a weak hydrogen bond, the water molecule 
adsorption will not be favoured at high temperature. We tested the 
dissociative adsorption of the water molecule on the surface to form 
both Cs-OH and HI groups. This adsorption is very endothermic 
(− 3,54 eV). The formation of IH groups on the perfect surface is not 
possible and such we can exclude the departure of HI(g) molecule from 
the surface. 

The oxygen molecule adsorption on the surface is also a molecular 
one. The O2 molecule is located in a η2 geometry, on top of one Cs 
cation. The O‒Cs distances are 3.04 A and the O‒O one is 1.24 very close 
to the O‒O distance in the gas phase (. The adsorption is endothermic 
(Eads = − 0.18 eV). We study the dissociative adsorption. The oxygen 
atoms are located in the first surface plane, between Cs and I ion. This 
adsorption mode is even more endothermic (Eads = − 0.88 eV) than the 
molecular one. The oxygen adsorption and reaction with a perfect sur
face is not probable at high temperature. 

5.3. O2 interaction with defective surfaces 

The presence of defects on the surface increases their reactivity. To 
model these defects, we study the O2 interaction with a step (0 1 1) 
surface: i.e. the (0 1 4) surface, composed a step and a (0 1 1) terrace 
(Fig. 13). The iodine ions located on the step are under-coordinated 
which would increase their reactivity. 

On the opposite to the perfect surface, the oxygen molecular 
adsorption on the iodine ion located on the step is an exothermic process 
(∆E = − 0,57 eV/Eads = 0.57 eV) (b step, Fig. 14). The oxygen molecule 
is located between two iodine anions of the edge. The I‒O distance is 
2.86 Å and the O‒O one is 1.27 Å, 0.04 Å larger than the distance for the 
gas phase molecule. The oxygen molecule is activated when adsorbed on 
a defect. The dissociative adsorption is favoured on the edge. The 
adsorption energy is then 1,07 eV (c step, Fig. 14). One the oxygen 
molecule is dissociated on the surface, the desorption of IO• radical is 
possible. This final step is endothermic (d step, Fig. 14) but will be 
favoured by a very concentration of iodine in the gas and by the 
continuous gas flow above the surface. IO• being a strong oxidant it will 

Fig. 8. Release and transport kinetics of I2 during re-vaporization of CsI 
aerosols (RT aerosol impaction) from pre-oxidized 304 L coupon. Thermal cycle 
and carrier gas composition: 1) heating up to 420 ◦C in argon; 2) maintain for 
10 min at 420 ◦C, switching to air/steam (% vol. 50/50); 3) heating up to 
550 ◦C and 4) maintain at 550 ◦C for 6 h. Gas flow 200 mLn/min. Heating up at 
5 ◦C/min. 
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react with the iodide to produce I2(g) as demonstrated in liquid (Saka
moto et al., 2009) and in the gas phase (Fortin et al., 2019). 

In order to get insight in the kinetic of the oxygen molecule disso
ciation on the surface, we computed the activation energy of the reac
tion (Fig. 15). The activation energy is small (Eact = 0,64 eV), which 
indicate that the surface oxidation will be fast on defects. The O‒O 
distance on the transition state is 1.77 Å. 

From the DFT calculation, we can conclude that the water molecule 
will not be involved directly in the CsI oxidation reactions and in the I2 
formation. However, when the quantity of water in the feed is much 
larger than the oxygen one, the water will have a competitive adsorption 
on the surface. 

On the opposite to water, the O2 molecules can react on the CsI 
particles to form in the first step the radical species IO•, but this process 
will mainly occur on the surface defects. The oxygen reactivity depends 
then of the nature of the surface and on the numbers of defects. How
ever, once the IO• radical have been formed, this reactive species may 
react with the surface and such create defects on the particle surface. 
This mechanism may be responsible for the very fast increase of the 
reaction rate with temperature that is observed experimentally. It may 

Fig. 9. ToF-SIMS depth profile of a CsI aerosol deposit re-vaporized from pre-oxidized 304 L coupon: a) secondary ions in positive polarity and b) secondary ions in 
negative polarity. 

Fig. 10. Top (a) and side (b) view of the (011) surface (most stable surface)( Cs 
in yellow, I in purple).(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Water adsorption on the perfect (011) surface (a) molecular adsorp
tion (b) dissociative adsorption (Cs in yellow, I in purple, O in red, H in white). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 12. O2 adsorption on the perfect (011) surface (a) molecular adsorption 
(b) dissociative adsorption ( Cs in yellow, I in purple, O in red).(For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 4 
Surface energy (mJ.m− 2) after relaxation of low index surfaces.  

Surface index (011) (111) (210) (211) (001) 
Surface energy (mJ.m− 2) 193 520 365 417 615  

Fig. 13. Side view of the stepped (014) surface (Cs in yellow, I in purple).(For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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be mentioned that the CsI reactivity at low temperature (around 400 ◦C 
according to the experiments) will depend on the exact nature of the 
surface and on the deposition method. A fast cooling of hot particles on 
the surface will favour the formation of defects and increased its 
reactivity. 

6. Conclusion 

From the experimental study, the following trends can be summa
rized as follows:  

– In presence of air, the re-vaporization of CsI deposits from pre- 
oxidized stainless steel surfaces leads to the release of 45–75% of 
I2 from initial iodine inventory – except for CsI deposit by vapour 
condensation. A part of Cs is retained on the surface (2.5–10% of 
initial amount) and forms mixed Cs‒Cr‒O compounds;  

– In a mixed air/steam atmosphere, between 12% and 33% of iodine is 
released as I2, regardless of the air content in the carrier gas, the 
molecular iodine fraction probably depends temperature deposits;  

– The deposit nature (aerosol, high temperature vapour deposition and 
vapour condensation) does not seem to influence the amount of 
released molecular iodine strongly or retained caesium. An exception 
is the CsI deposit by vapour condensation (620–440 ◦C) which is 
crystalline and thus has an organized structure;  

– The re-vaporization of CsI aerosols from an inert surface (gold) in air 
leads to the formation of 28% of molecular iodine (relative to I initial 
amount), which is lower compared to the re-vaporization from a 
stainless steel surface;  

– The gaseous molecular iodine release kinetic pattern is generally the 
same, regardless of carrier gas composition, deposit or substrate 
nature and consists of two steps: an initial reduced release between 
≈ 440–550 ◦C and a second rapid release above 550 ◦C. In the case of 

Fig. 14. Adsorption and dissociation of O2 on stepped surface (Cs in yellow, I in purple, O in red).(For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 15. O2 activation mechanism on the step surface ((Cs in yellow, I in purple, O in red).(For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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CsI high-temperature deposits (720–620 ◦C) there is an additional I2 
release peak between 200 and 350 ◦C. 

The analysis of these results allows us to make the following con
clusions and hypotheses:  

– There seem to be several mechanisms responsible for I2 formation, 
depending on the temperature. Below 550 ◦C the results suggest a 
solid-gas (heterogeneous) phase interaction between the deposit and 
the carrier gas. Above 550 ◦C, the CsI starts to vaporize and the 
interaction is in gas (homogeneous) phase, which would explain the 
increased rate of I2 release;  

– The iodine formation is favoured on the CsI surface defects, and such 
is influenced by the CsI deposition process. The I2 formation start at 
higher temperature on well crystallized particles. However, the for
mation of the first I2 molecules will induce the formation of defects 
on the surface which will increase the surface oxidation rate. 

To develop some models and cover severe accident boundary con
ditions, additional experimental investigations are needed to explore 
other fission products and other gas composition. 
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Hijazi, H., 2017. Réactivité chimique des aérosols d′iode en conditions accidentelles dans 
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Sudolská, M., Cantrel, L., Černušák, I., 2014b. Microhydration of caesium compounds: 
Cs, CsOH, CsI and Cs2I2 complexes with one to three H2O molecules of nuclear 
safety interest. J. Mol. Model. 20, 2218. https://doi.org/10.1007/s00894-014-2218- 
4. 
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Laboratoire Expérimentation Environnemen

13115, France. E-mail: anne-cecile.gregoire@

† Electronic supplementary informa
10.1039/d1em00266j

Cite this: Environ. Sci.: Processes
Impacts, 2021, 23, 1771

Received 6th July 2021
Accepted 8th September 2021

DOI: 10.1039/d1em00266j

rsc.li/espi

This journal is © The Royal Society o
ss between gaseous CH3I and
NaCl particles: implication for iodine dispersion in
the atmosphere†

Hanaa Houjeij,ab Anne-Cécile Gregoire,*b Gwenaëlle Le Bourdon,a Laurent Cantrelb

and Sophie Sobanska *a

Gaseous iodomethane (CH3I) is naturally emitted into the atmosphere by biological activity in oceans and

during severe accidents (SAs) in nuclear power plants. In this latter case, a part of radioactive iodine such as
131I may be released. Improving the knowledge of CH3I transport and reactivity in the atmosphere is

important since they are strongly linked to first the cycle of ozone and second to the dispersion of

radioactive CH3I with potential radiological consequences on both the environment and human health.

Here, the interaction process of CH3I with NaCl as a surrogate of atmospheric aerosols was investigated

under ambient air conditions by using Diffuse Reflectance Fourier Transform Spectroscopy (DRIFTS). The

DRIFTS spectra of NaCl clearly evidenced CH3I adsorption on the NaCl particle surface. A part of CH3I

((1.68 � 0.85) � 1014 molecule per mgNaCl) was found to be strongly bonded to NaCl since no

desorption was observed. The CH3I adsorption on the NaCl surface presented a 1st order kinetics relative

to its gas phase concentration. The uptake coefficient was determined to be in the order of 10�11. These

results show a low probability of CH3I to be taken up by halide-containing aerosols. These data are

crucial for completing the iodine atmospheric chemical scheme.
Environmental signicance

Methyl iodine once either emitted by natural sources or released in case of severe nuclear accidents may interact with atmospheric aerosol particles. Studying
interactions between CH3I and sea salt aerosols is relevant since sea salt particles are known as reactive surfaces for heterogeneous and multiphase chemical
reactions for both inorganic and organic gases. A low probability of CH3I to be taken up by sea salt aerosol particles is demonstrated through the low uptake
coefficient values. However, though in a small amount, the irreversible characteristics of adsorption make it particularly important for the dispersion of CH3I in
the atmosphere. These data are crucial for completing the iodine atmospheric chemical scheme and helpful to implement the dispersion model to evaluate
environmental contamination.
1. Introduction

Gaseous organic iodine species (CH3I,
127I) are naturally

emitted at trace levels (maximum at 2000 ppt) into the atmo-
sphere over oceans through algae and phytoplankton activi-
ties.1,2 Iodine has attracted strong interest in the atmospheric
chemistry eld. Over the last four decades, numerous experi-
mental and theoretical studies have been carried out on the
quantication of iodine forms (gaseous or particulate) in the
troposphere, the identication of natural sources of iodine and
nally its reactivity, with the aim of better understanding the
é de Bordeaux, UMR CNRS 5255, Talence
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tion (ESI) available. See DOI:

f Chemistry 2021
iodine cycle and its interaction with other compounds present
in the troposphere.3,4 In this atmospheric context, many gas
phase mechanisms of iodine have been developed and a large
database of the iodine cycle data is now available.1–6 However,
the interaction of gaseous iodine compounds with atmospheric
aerosols and its resulting speciation have not been well docu-
mented, yet. Indeed, only a few laboratory studies have inves-
tigated the interaction of iodinated species with atmospheric
aerosol surrogates. For instance, it was found that HOI can react
with NaCl and NaBr to form ICl or IBr in the gaseous phase in
the 5–25 �C temperature range.7 The measured steady state
uptake coefficient was determined to be in the order of 10�2.
Similarly, the uptake of CH3I8 and C2H5I9 by commercial soot
lms and carbon thin lms, respectively, was determined to be
in the order of 10�2 at 25 �C. Most of the studies imply that
iodine species are highly reactive and may interact with the
other species (gas or particles) present in the atmosphere to
evolve in a gaseous or particulate form. However, neither the
Environ. Sci.: Processes Impacts, 2021, 23, 1771–1781 | 1771
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uptake processes nor inuence of the condensed phase on
gaseous iodine reactivity was unravelled.

Following a severe accident in nuclear reactors such as Three
Mile Island (USA, 1978), Chernobyl (Ukraine, 1986), and more
recently Fukushima (Japan, 2011), iodine radioactive -isotopes
(such as 131I, half-life of 8.02 days) produced by the fuel ssion
may be released into the atmosphere mainly under gaseous
(mainly I2 and RI–R ¼ alkyl group/chain type CH3I) or aerosol
(CsI) forms.10,11 Particularly, gaseous CH3I is mainly a product of
the reaction between I2 and carbon-based materials such as
epoxy paints existing in the nuclear reactor building. Among
released iodine species, CH3I is the most challenging to be
ltered by the current mitigation systems (such as metallic
lters, aqueous scrubbers, or sand bed lters).12–14 Radioactive
isotopes of iodine (such as 131I) are highly toxic to human health
due to their easy and almost irreversible transport to the human
thyroid gland, where it can locally induce cancer.15,16 Indeed,
aer the accident of Chernobyl and Fukushima, near eld
activity concentrations of 131I in air were found to be 750 000
Bq. m3 (�0.03 ppt) and 5600 Bq. m3 (�0.0002 ppt), respec-
tively.17 A previous study showed that 131I was dispersed to long
distances i.e., >3000 km in the atmosphere aer Chernobyl and
Fukushima severe nuclear accidents.17 Moreover, it should be
noted that local meteorological conditions can cause a great
variability in activity concentrations in environmental media
and can result in locations further away being higher in
concentration than closer locations.17–20 With this intention, the
French Institute of Radioprotection and Nuclear Safety (IRSN)
developed specic simulation soware (C3X platform) which is
capable of reproducing the release and dispersion of the
radionuclides in the atmosphere.21–23 However, one potential
problem with such a simulation tool is that the transport of
131iodine products following an accident is currently modelled
without considering the physical/chemical evolution of iodine
in the atmosphere, i.e. the gas phase evolution or interaction
with atmospheric aerosols even if recent studies24 focused on
organic reactivity in the eld of a nuclear accident.

To the best of our knowledge, there is no literature report on
the uptake coefficient of methyl halides (CH3Br, CH3Cl, and
CH3I) by atmospheric aerosols. Hence, to date, the heteroge-
neous reactivity of CH3I in the atmosphere has been fully
accounted neither by the atmospheric community, nor in the
eld of nuclear safety. This is worrisome because the simulated
atmospheric dispersion of radioactive isotopes of iodine20,25,26

may be quite different from the actual one due to the different
possible fates of iodine within the earth's atmosphere.

Thus, this study focused on gaseous CH3I interactions with
atmospheric aerosols, which may affect the chemical forms of
iodine in the atmosphere and thus, their atmospheric fate and
dispersion. Studying sea salt aerosols is particularly signicant
since rst CH3I is naturally emitted by the ocean surface and
second sea salt particles are well known as reactive surfaces for
heterogeneous and multiphase chemical reactions for both
inorganic and organic gases.27,28

In this work, the adsorption of CH3I on sea salt particle
surrogates (NaCl, KBr and NaI) was investigated by using the
diffuse reectance infrared Fourier transform spectroscopy
1772 | Environ. Sci.: Processes Impacts, 2021, 23, 1771–1781
(DRIFTS) technique. Solid sodium chloride as the main sea salt
component was rstly considered (NaCl). Then aer potassium
bromide (KBr) and sodium iodide (NaI) were used in view of
investigating the inuence of halide atoms on the interaction
process. The evolution of the FTIR spectra of CH3I in interac-
tions with solids was followed as a function of time. The capa-
bility of desorption of CH3I from salts was also explored.
Considering the importance of this interaction to the disper-
sion of gaseous CH3I in the atmosphere, the uptake coefficient
was determined. Owing to the adsorption process of CH3I on
sea salt particle surrogates investigated here, knowledge on the
fate and dispersion of CH3I in the atmosphere could be further
gained.
2. Materials and methods
2.1 Chemicals

Methyl iodide 1000 ppm (0.1% CH3I, 99.9% Ar) and argon
(99.99% pure) gas bottles were obtained from commercial
cylinder air products and air liquids, respectively. The gases
were used without any further purication. For the experiments,
commercial powdered solids were used: sodium chloride (NaCl,
99.99%, ALFA AESAR), potassium bromide (KBr, 99+%, SIGMA
ALDRICH) and sodium iodide (NaI, 99+%, ACROS).

Before each experiment, the salt sample was manually
ground and then preheated for a minimum of 4 hours at 600 �C
to remove water and pre-adsorbed species (impurities) on the
powder surface. The granulometry of the ground powders was
estimated by mechanical sieving on a series of 4 grids allowing
sorting out the granulometry from 300 mm down to less than 50
mm. For NaCl, the particles with size ranges 300–100 mm, 100–60
mm, 60–50 mm, and <50 mm accounted for 32%, 26%, 39% and
3% in mass, respectively. A similar granulometry distribution
was found for NaI and KBr ground salt powders.

The specic surface area of ground NaCl was determined on
a nitrogen sorption Micromeritics ASAP 2010 analyzer by using
the Brunauer–Emmett–Teller (BET) method. The BET surface
area was found to be low (0.26 m2 g�1), in the same order of
magnitude as the BET surface area previously determined for
NaCl powder (0.68 m2 g�1).29 The BET surface areas of NaI and
KBr were assumed to be close to that of NaCl. The low BET
surface area indicated that these solids were non-porous and
that the available surface area was very low for colliding with
trace gas phase species.
2.2 In situ diffuse reectance Fourier transform
spectroscopy (DRIFTS) experiments

The continuous, in situ monitoring of solids was performed in
a DRIFTS cell (Harrick, Praying Mantis™ High Temperature
Reaction Chambers, 24 V, HVC-DRP-4) with an interior volume
of 15.78 mL equipped with zinc selenide (ZnSe) windows. The
DRIFTS cell was housed in an FTIR-spectrometer (Nicolet 6700 –
Thermo Optek) equipped with a high sensitivity deuterated
triglycine sulfate (DTGS) detector. The cell can be temperature
controlled in the 23–400 �C range. The cell temperature was
monitored using a K-type thermocouple. The relative humidity
This journal is © The Royal Society of Chemistry 2021
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(RH) and temperature were continuously measured using a RH/
T� sensor (SHT75 Sensirion) placed on the line before the
DRIFTS cell.

For each experiment, a known mass of powdered salts (close
to 145 mg for each experiment) was placed in a crucible (6.3 mm
internal diameter and 3.18 mm height) of the DRIFTS cell
without using a packing device. The DRIFTS cell was purged
with argon at 23 �C for 10 minutes to remove as much as
possible H2O and gaseous impurities. Solid powder was taken
as the background spectrum under an Ar ow of 108 mL min�1.

Four series of experiments were conducted as described
below:

(1) NaCl was exposed continuously to an argon/CH3I ow
(108 mL min�1) with a CH3I concentration of 1000 ppm during
5 hours (named the exposure phase). Then aer, the Ar/CH3I
ow was stopped, the DRIFTS cell was closed and desorption of
sorbed species was monitored for 1 hour (named the sponta-
neous desorption phase). An additional step in dynamic
condition involved owing pure Ar (108 mL min�1) up to 1 hour
(named the induced desorption phase). Experiments were per-
formed under ambient conditions (% RH ¼ 20%) at 23 �C and 1
atm. Each experiment was repeated three times.

Although not atmospherically relevant, the excess of CH3I in
the solid i.e. the concentration of 1000 ppm was chosen in the
rst approach for our experiments in order to ensure the
detection of reaction species if any. The inuence of CH3I
concentration on the uptake coefficient is explored in the
following sections.

(2) The desorption process was thermally activated by
increasing the temperature up to 350 �C under an Ar ow
(named the activated desorption phase). In view of this, NaCl
was rstly exposed to an Ar/CH3I ow (108mLmin�1, CH3I 1000
ppm) for 1 hour under % RH ¼ 20% at 23 �C and 1 atm
(exposure phase). In the second step, the DRIFTS cell was closed
and spontaneous desorption was monitored for 4 hours. In the
last step, desorption was monitored under dynamic conditions
under an Ar ow (108 mL min�1) for 1 hour still at 23 �C
(induced desorption phase). Finally, the temperature was
gradually increased up to 100, 200 and nally 350 �C under the
same Ar ow (named the activated desorption phase). A heating
rate of 3 K min�1 was applied with a dwell of 15 minutes at each
target temperature.

(3) The third series of experiments aimed to investigate the
inuence of the CH3I gas phase concentration on the CH3I
sorption process on NaCl under % RH ¼ 20% at 23 �C and 1
atm. Similar to the rst series of experiments, NaCl was exposed
to a continuous ow of CH3I of 500 and 200 ppm maintained at
108 mL min�1 for 5 hours. No spontaneous, induced or acti-
vated desorption phases were applied in this scenario.

(4) Finally, the four series of experiments considered the
nature of the halide salts (NaI and KBr) on CH3I sorption
compared to NaCl. Experiments were limited to the exposure
phase (CH3I at 1000 ppm in argon for a total ow of 108
mL min�1 at 23 �C) and for a test duration of 1 hour.

Experimental conditions of the series of experiments per-
formed in this study are summarized in Table S1 in the ESI.†
This journal is © The Royal Society of Chemistry 2021
For the whole experiments, the infrared spectra were recor-
ded as a function of time in the spectral range from 4000 to
600 cm�1 with a resolution of 8 cm�1. Each spectrum was an
average of 200 scans featuring a spectral sampling frequency of
7–8 spectra per hour. Note that the C–I stretching mode at
572 cm�1 cannot be observed because the ZnSe window cuts the
spectrum between 16 000 and 600 cm�1. The background
subtraction was achieved by the Omnic soware for each
spectrum. The baseline was corrected using a linear interpola-
tion model using Omnic soware. The DRIFTS spectra were
reported as log(1/RN) (pseudo-absorbance), where R is the
diffuse reected signal. Note that this pseudo-absorbance gives
a better linear representation of DRIFTS band intensity against
the adsorbate surface concentrations than that given by the
Kubelka–Munk function for poorly absorbing adsorbates.30 A
band decomposition of the overlapped bands was accom-
plished by the Gaussian function multiple band with the Lev-
enberg–Marquardt mathematical model using FityK soware.31

Absolute uncertainty of the band area in 1400–1000 cm�1 was
found between �0.03 and 0.37 arbitrary units at the 95%
condence level.
2.3 Analysis of solids

Aer each DRIFT experiment, the total amount of iodine(I)
adsorbed on NaCl was determined using an inductively coupled
plasma mass spectrometer (ICP-MS, 810 MS VARIAN). The
detection limit of 3 mg L�1 was determined for iodine element.32

Two thirds of the NaCl powder samples were dissolved instantly
aer exposure to 5 hours of continuous CH3I ow (1000 ppm,
108 mL min�1), by NaOH (0.1 mol L�1) for analysis. The total
amount of iodine(I) adsorbed on NaCl could be thus
determined.
3. Results and discussion

To investigate the inuence of the interaction of CH3I with sea
salt surrogates on the dispersion of CH3I in the atmosphere, the
following sections examine: (1) the sorption process of CH3I on
NaCl, (2) the evolution of adsorbed CH3I on NaCl over time, (3)
the kinetics of the adsorption process of CH3I on NaCl and the
inuence of temperature, concentration and nature of halide
salts on this process and nally (4) the uptake coefficient
determination.
3.1 Spectroscopic evaluation of the adsorption of CH3I on
NaCl at 23 �C and % RH ¼ 20%

A representative spectrum of NaCl exposed to CH3I for 5 hours
and recorded in the mid IR region (4000–600 cm�1) is shown in
Fig. 1. Three typical regions assigned to CH3 stretching, CH3

deformation and CH3 rocking were observed (Fig. 1). The
detailed description of the CH3 stretching (3050–2800 cm�1)
and CH3 deformation (1500–900 cm�1) for appropriate assign-
ment is given below. In the CH3 rocking (900–700 cm

�1) spectral
region the bands observed were not resolved enough to be
properly assigned.
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Fig. 1 Typical DRIFTS spectrum in the mid IR spectral range [4000–
600 cm�1] of NaCl exposed to 5 hours of CH3I flow (108 mL min�1,
1000 ppm) at 23 �C and 1 atm (the two negative broad bands around
3500 cm�1 and 1600 cm�1 are related to H2O peaks derived from the
baseline correction).
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In the CH3 stretching region (3050–2800 cm�1) shown in
Fig. 2(a), bands at 3018, 2993, 2981, 2961, 2855 and 2847 cm�1

were observed. Overlapped bands in the 2961 cm�1 region were
decomposed using the Gaussian function into two bands at
Fig. 2 DRIFTS spectra of NaCl exposed to 5 h of CH3I (108 mLmin�1, 100
(b), 1500–900 cm�1 (c) 2963–2935 cm�1 and (d) 1305–1160 cm�1 IR spe
FityK software. Blue bands are CH3I adsorbed on NaCl and green bands
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2961 and 2953 cm�1 (Fig. 2(c)). The IR bands observed at 2981,
2953, and 2847 cm�1 were assigned to the characteristic bands
of CH3I in the gas phase (see bands marked in green in Fig. 2(a))
as described in the literature.33,34 The bands at 2981, 2953 and
2847 cm�1 were attributed to the CH3 asymmetric stretching,
CH3 symmetric stretching and overtone modes of CH3I in the
gas phase, respectively. Gaseous CH3I remaining near the NaCl
surface was detected by DRIFTS measurements. Based on the IR
bands observed for CH3I adsorbed on titanium oxide33 and
silver zeolites,34 the bands observed at 3018, 2961 and
2855 cm�1 (marked in blue in Fig. 2(a)) were assigned as char-
acteristic bands for CH3I adsorbed on NaCl. The frequencies
were attributed to CH3 asymmetric stretching, symmetric and
overtones modes of adsorbed CH3I, respectively. This is
consistent with a blue shi of the CH3 asymmetric stretching
(37 cm�1), symmetric stretching (8 cm�1) and asymmetric
overtone (8 cm�1) modes of CH3I related to gaseous species.
Additionally, a low intensity band at 2993 cm�1 was observed
and can be also attributed to the interaction of CH3I with NaCl.
Actually, compared to CH3I adsorbed on Si35 and Cu36 surfaces,
the stretching mode of CH3 varied between 3080 and
2909 cm�1. Thus, 2993 cm�1 can be tentatively attributed to the
CH3 stretching of adsorbed CH3I. The observation of two bands
i.e. at 2993 and 2961 cm�1 for the same CH3 stretching mode
might be explained with different geometrical adsorbed struc-
tures of CH3I on the NaCl surface.
0 ppm) continuous flow at 23 �C and 1 atm (a) in the 3050–2800 cm�1

ctral ranges. Bands were decomposed with the Gaussian function using
are CH3I in the gas phase near the NaCl surface.

This journal is © The Royal Society of Chemistry 2021



Fig. 3 Scheme of CH3I monomer adsorption on NaCl and Mulliken
charge distribution calculated with DFT performed using the uB97XD/
aug-cc-pVTZ-PP level of theory.
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In the CH3 deformation region (1500–900 cm�1), bands at
1477, 1458, 1262, 1244, 1073 and 1024 cm�1 were observed
(Fig. 2(b)). Based on the literature33,34 the bands at 1477 and
1262 cm�1 were assigned to the CH3 asymmetric and symmetric
deformations of gaseous CH3I which was consistent with the
frequencies reported for the CH3 stretching region of gaseous
CH3I. Based on a previous study,33 the band at 1458 cm�1

(Fig. 2(b)) was attributed to the CH3 asymmetric deformation of
adsorbed CH3I. In this spectral region, the band centered at
1244 cm�1 evidenced some shoulders; the decomposition of
this band and the tting procedure using the Gaussian function
allowed the extraction of the additional bands at 1275, 1220 and
1183 cm�1 (see Fig. 2(d)). Similar shoulders were clearly
observed in previous studies although they were not
assigned.33,34 As previously reported,33–39 the CH3 symmetric
deformation of the CH3I can shi (red and blue shi) from
1190 cm�1 to 1250 cm�1 depending on the type of solid or on
the orientation of the crystallographic planes of single metallic
solids. This strongly suggests that the bond geometries of the
adsorbed CH3I on NaCl are key for understanding the
Table 1 Tentative assignment of the observed IR absorption bands in cm
(NaCl, NaI and KBr) under % RH ¼ 20% at 23 �C and 1 atm

Experimental wavenumber
(cm�1) Assignme

3018 CH3 asym
2993 CH3 symm
2981 CH3 asym
2961 CH3 symm
2953 CH3 symm
2855 CH3 overt
2847 CH3 overt
1477 CH3 symm
1458 CH3 asym
1275 CH3 asym
1262 CH3 symm
1244 CH3 symm
1220 CH3 symm
1183 CH3 symm
1073 CH3 symm
1024 CH3 symm
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adsorption of CH3I on salts and their subsequent reactivity
which can highly affect the observed vibrational modes.

In addition, two intense bands at 1073 and 1024 cm�1 were
observed (Fig. 2(b)). These bands were not reported in the
literature for CH3I molecules adsorbed on surfaces. Based on
their band wavenumbers they can be assigned to CH2I2,40–42

CH3OH34 or CH3Cl.43–45 The hypothesis of formation of such
species on NaCl was discarded because experimental conditions
required to form such species were drastically different in terms
of temperature or surfaces, compared to the conditions used in
our experiments. The SN2 halide substitution at the NaCl
surface suggested by Gu et al.,45 in a theoretical study, was not
consistent with our results obtained with the NaI surface.
Indeed, the exposure of NaI to CH3I conducted with similar
experimental conditions yielded the same FTIR spectrum with
new bands at 1073 and 1024 cm�1 (Fig. S1†). In consequence,
a non-described adsorption geometry of CH3I at the surface was
hypothesized.

These intense bands in the CH3 deformation region at 1073
and 1024 cm�1 (Fig. 2(b)) were strongly red shied compared to
the CH3 deformation band of free CH3 at 1262 cm

�1 with values
at �189 and �238 cm�1, respectively. The latter suggests
a strong interaction of CH3I with the NaCl surface. It was re-
ported,37–39 that with low coverage, CH3I adsorbed on the single
metallic surface was of C3 symmetry. However, with higher
coverages geometrical rearrangement occurs until the C–I bond
becomes aligned with the surface maintaining C3v symmetry in
binding to the surface. In contrary to the powdered sample,
a single crystal sample has a continuous, unbroken and free of
defects lattice. Additional density functional theory calculations
(see the ESI†) of the CH3I monomer have shown that the
iodomethane dipole moment was oriented toward the carbon
atom, which leads to a partial negative Mulliken's charge for the
carbon atom and a partial positive Mulliken's charge for
hydrogen and iodine atoms as shown in Fig. 3. Assuming that
CH3I was adsorbed on NaCl with a C3v conguration as shown
�1 of CH3I in the gas (g) and adsorbed (ads) on the surface of halide salts

nt
Corresponding
species

metric stretching CH3I(ads)
etric stretching CH3I(ads)
metric stretching CH3I(g)
etric stretching CH3I(ads)
etric stretching CH3I(g)
one CH3I(ads)
one CH3I(g)
etric deformation CH3I(g)
metric deformation CH3I(ads)
metric deformation CH3I(ads)
etric deformation CH3I(g)
etric deformation CH3I(ads)
etric deformation CH3I(ads)
etric deformation CH3I(ads)
etric deformation CH3I(ads)
etric deformation CH3I(ads)
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Fig. 5 Area of the
P

CH3Iadsorbed bands as a function of time during
the exposure phase of CH3I on NaCl. The exposure phase denotes the
continuous flow of 108 mL min�1 of 1000, 500 ppm and 200 ppm of
CH3I in the gas phase. k ¼ rate constant (experiment series (4)).
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in Fig. 3, we may expect an attraction of hydrogen atoms toward
chloride atoms at the surface of NaCl due to the charge differ-
ence. The observation of two bands for this conguration
probably reects the non-equivalent hydrogen atoms attached
to the Cl on the NaCl surface. Moreover, the electronegativity of
the chloride atom is higher than that of the iodine atom, which
might reveal the strongest interaction of the hydrogen atom
with the iodine ion (weakest ionic bonding). Thus, one would
expect more than one geometrical orientation of adsorbed CH3I
with the powdered NaCl sample. This highly reects the
observation of more than one band for CH3 symmetric defor-
mation and symmetric stretching modes of adsorbed CH3I on
halide salts. Thus, the new intense bands were assigned to the
unique C3v geometrical adsorption of CH3I that occurs speci-
cally with halide salt surfaces. This geometry was not described
in the literature.

Experimental wavenumbers observed from the interaction of
CH3I on halide salts (NaCl, NaI and KBr) and respective
assignments are summarized in Table 1.
3.2 Time evolution of CH3I adsorption and desorption on
NaCl

The time evolution of the CH3I amount adsorbed or desorbed
on the NaCl surface was evaluated by following the sum of the
band areas related to CH3I(ads) (i.e. bands at 1275, 1244, 1220,
1183, 1073 and 1024 cm�1 labelled as

P
CH3Iadsorbed in the

following sections). Time evolution in the CH3I deformation
region (1400–900 cm�1) is reported in Fig. S2† for the CH3I
exposure phase and in Fig. S3† for the spontaneous and
induced desorption phases for experiment series (1).

The evolution of the band area of the band at 1262 cm�1

related to the gaseous phase is stable over time in both CH3I
exposure and spontaneous desorption phases (Fig. 4). The
complete disappearance of the IR bands related to gaseous CH3I
under an Ar ow (Fig. 4(a)) indicates the presence of gaseous
CH3I near the NaCl surface. The evolution of the bands related
to adsorbed CH3I (

P
CH3Iadsorbed) is reported in Fig. 4(b). The

P
CH3Iadsorbed bands increase during the CH3I exposure phase
Fig. 4 Areas of the (a) CH3I gaseous band and (b)
P

CH3Iadsorbed bands
desorption phases. The exposure phase denotes the continuous flow of 1
phase denotes the static conditions after 5 h of CH3I flow and the induced
condition.
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to reach an apparent plateau with no apparent desorption in
both spontaneous and induced desorption phases.

In order to activate the desorption process (if any) of adsor-
bed CH3I, the NaCl sample was heated up to 350 �C, at a rate of 3
K min�1, under an argon ow (experiment series (2)). The
heating step occurred at 23 �C aer CH3I exposure, spontaneous
and induced desorption phases which lasted for 1, 4 and 1
hours, respectively. Spectra were recorded at 100, 200 and
350 �C. The evolution of deformation band intensity during the
heating steps did not show signicant changes (see Fig. S4 in
the ESI†). This result would indicate the non-desorbing capa-
bility of CH3I under different static, Ar ow and temperature
conditions when adsorbed on the NaCl surface.
3.3 Kinetic adsorption of CH3I on halide salts and the
inuence of the CH3I concentration

During the CH3I exposure phase, the evolution of the adsorp-
tion versus time is interpolated by a linear function and the rate
as a function of time during CH3I exposure, spontaneous and induced
08mLmin�1 of CH3I (1000 ppm) on NaCl. The spontaneous desorption
desorption phase denotes the continuous pure Ar flow after the static
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Fig. 6 Area of the
P

CH3Iadsorbed bands as a function of time during
the exposure phase of CH3I on NaCl, NaI and KBr. The exposure phase
denotes the continuous flow of 108 mL min�1 of CH3I (1000 ppm).
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(k) of methyl iodide adsorption can then be determined from
the linear interpolation of the adsorption band area curve versus
time. The average rate of adsorption (k) was determined for
various concentrations of CH3I (experiment series 3) and is
presented in Fig. 5. The average rates of adsorptions were
repeatable with values of k ¼ (6.91 � 0.23) � 10�3 arbitrary unit
per min, (3.91 � 0.05) � 10�3 arbitrary unit per min and (1.54 �
0.06) � 10�3 arbitrary unit per min for initial concentrations of
1000 ppm, 500 ppm, 200 ppm, respectively. These values clearly
show that the adsorption rate depends on the initial concen-
tration with a decrease by factors 2 and 5 when the concentra-
tion decreases from 1000 ppm to 500 and 200 ppm, respectively.
Assuming that this relationship can be extrapolated to low CH3I
concentrations found in the atmosphere (i.e. the atmospheric
[CH3I]g maximum is 2000 ppt (ref. 46)), very low CH3I adsorp-
tion may be expected with an adsorption rate expected to be
diminished by a factor 5 � 105.

The rate order of adsorbed CH3I on NaCl determined from
the slope of the bi-logarithmic plot of the k rate versus the
concentration of CH3I in the gas phase47,48 (see Fig. S5 in the
Table 3 Average uptake coefficient of CH3I on NaCl for an exposure ph

[CH3I]
in ppm [CH3I] in molecule per m3

Rate of colli
in molecule

1000 2.48 � 1022 4.74 � 1022

500 1.24 � 1022 2.37 � 1022

200 4.96 � 1021 9.49 � 1021

Table 2 Calculations of % {CH3I} residue on NaCl for experiment series (1
injected gaseous CH3I molecules

Test repeat
Total amount of adsorbed
CH3I {CH3Iads} in molecules

Repeat 1 (2.05 � 0.16) � 1016

Repeat 2 (2.36 � 0.19) � 1016

Repeat 3 (3.00 � 0.24) � 1016
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ESI†) was estimated to be 0.84 � 0.05 indicating a rst order
rate for CH3I adsorption on NaCl.

Experiments with NaI and KBr salts were conducted by
a continuous ow of CH3I (108 mL min�1, 1000 ppm) for 1 hour
and compared to the adsorption on NaCl salt (experiment series
(4)). The adsorption rate was determined for one hour test
duration (Fig. 6). The k rates of adsorption of CH3I on NaI and
KBr are (3.10 � 0.87) � 10�2 arbitrary unit per min and (1.53 �
0.31) � 10�2 arbitrary unit per min, respectively. Although k
values estimated for NaCl and KBr are similar, the adsorption is
enhanced for NaI. Seemingly, the adsorption rate increased in
the following order: NaCl z KBr < NaI. The change of adsorp-
tion rate with halide solid type indicates the inuence of elec-
tronegativity on the adsorption of CH3I on halide particles.
Indeed, regarding the Mulliken's charge distribution calculated
for the CH3I monomer (see Section 3.1), the strongest interac-
tion is expected with iodine compared to chlorine and bromine.

3.4 Determination of uptake coefficients

The CH3I concentration on the solid was determined by ICP-MS
assuming that the overall amount of adsorbed iodine is in the
CH3I form. The average concentration of iodine found in NaCl
exposed to CH3I (1000 ppm) for 5 h (test series (1)) amounts up
to (1.68 � 0.86) � 1014 molecule per mgNaCl (Table S3†). Taking
into account the total mass of NaCl involved in the experiment,
the total amount of adsorbed CH3I (denoted as {CH3Iads}) can
thus be determined. Comparing the total amount of injected
gaseous CH3Ig during the exposure phase to the total amount of
adsorbed CH3Iads on NaCl, it is found that only 3 � 10�3% of
initially injected methyl iodide was adsorbed on NaCl as shown
in Table 2, indicating a very low residual amount of CH3I on
NaCl.

For a quantitative interpretation of the observed IR bands in
terms of amount of methyl iodide taken up by NaCl, the area of
the bands assigned to adsorbed methyl iodide was assumed to
be proportional to the total amount of iodine taken up by NaCl
(pseudo absorbance equation30). Typical FTIR bands of adsor-
bed iodine were assumed to represent the overall amount of
adsorbed CH3I determined by ICP-MS analysis (see the ESI†).
ase duration of 5 hours and under % RH ¼ 20% at 23 �C and 1 atm

sion
per s

Adsorption rate
in molecule per s gss

1.31 � 1012 (2.76 � 0.93) � 10�11

7.40 � 1011 (3.17 � 1.05) � 10�11

2.92 � 1011 (3.07 � 1.04) � 10�11

) 5 h exposition of NaCl to 1000 ppm CH3I corresponds to 8.03� 1020

% of CH3I
residual on NaCl ¼ {CH3Iads}/(CH3I)g � 100

2.55 � 10�3%
2.94 � 10�3%
3.74 � 10�3%
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Table 4 Initial uptake coefficient of CH3I (1000 ppm) on NaCl, NaI and KBr for an exposure phase duration of 1 hour and under % RH ¼ 20% at
23 �C and 1 atm. 1000 ppm ¼ 2.48 � 1022 molecule per m3

Salt [CH3I] in molecule per m3
Adsorption rate
in molecule per s gss

NaCl 2.48 � 1022 1.31 � 1012 (2.76 � 0.93) � 10�11

NaI 2.48 � 1022 5.89 � 1012 (1.24 � 0.81) � 10�10

KBr 2.48 � 1022 2.91 � 1012 (6.13 � 3.18) � 10�11
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The band area of the
P

CH3Iadsorbed bands was therefore
translated from the arbitrary unit absorbance of the spectrum to
the total amount of iodine taken up by NaCl by a conversion
factor (eqn (1)). Based on the experiment series (1), an average
conversion factor (F) of (1.14 � 0.37) � 1016 at the 95% con-
dence level could be determined (Table S3†).

F ¼ Total amount of iodine taken by total solid

Band area
(1)

The uptake coefficient, g, is dened as the ratio of the gas-
surface collision rate to the total gas-surface collision
rate.31,48,49 Thde saturation effect phase has been hardly reached
aer 5 hours of continuous CH3I exposure time (see Fig. 4).
Thus, the uptake in this work can be assumed as an average
uptake during the 5 hours of CH3I exposure and was deter-
mined as follows:

g ¼ dfCH3Ig
dt

� 1

Z
(2)

Z ¼ 1

4
uA½CH3I�g (3)

u ¼ [8RT/(pM)]1/2 (4)

where d{CH3I}/dt is the surface adsorption rate of CH3I on NaCl,
[CH3I]g denoted the concentration of CH3I (molecule per m3) in
the gas phase under 5 hours of constant ow, u is the mean
thermal velocity of CH3I (210 m s�1) and A is the effective
surface area (BET surface area � mass of NaCl).

The uptake values in the range of 10�11 were obtained at
CH3I gaseous concentrations of 1000, 500 and 200 ppm (Table
3). These values were much lower than those reported previ-
ously for the uptake coefficients of HOI, HOI/IONO2, and ICl on
halide salts50 and of CH3I on soot lms8 which were found to be
in the order of 10�2. This reects the low colliding probability of
CH3I with NaCl compared to the high affinity of CH3I for soot
particles and to the reactivity of gaseous inorganic iodinated
species (HOI, HOI/IONO2, and ICl) with halide particles.
Assuming that the uptake coefficient is independent of gaseous
methyl iodide concentration, we can expect a very low methyl
iodide uptake (�10�11) on NaCl under atmospheric conditions
i.e. [CH3I]g ¼ 2000 ppt or nuclear severe accident conditions.

The uptake coefficients calculated for KBr and NaI are re-
ported in Table 4. Obviously, the initial adsorption rate of CH3I
was enhanced with NaI and its uptake coefficient increases by
�30 in comparison to NaCl and KBr. Once again, this trend (i.e.
1778 | Environ. Sci.: Processes Impacts, 2021, 23, 1771–1781
NaCl z KBr < NaI) reects the inuence of electronegativity on
the CH3I–halide salt interaction process.

4. Conclusion and environmental
implications

The interaction of gaseous CH3I with NaCl as a surrogate of
atmospheric sea salt aerosols has been investigated at 23 �C and
1 atm. CH3I adsorption was clearly observed at low humidity
level NaCl (% RH ¼ 20% at 23 �C). In addition to the adsorbed
CH3I bands already referenced in the literature, the DRIFTS
spectra revealed the presence of new strong vibrational bands at
1073 and 1024 cm�1. Owing to the inhomogeneity of the NaCl
surface and to the time evolution of these bands, we assumed
that these new bands were attributable to the additional
geometrical form of CH3I as C3v on the NaCl surface described
here for the rst time. Further, CH3I molecules seem to be
strongly bonded on the NaCl solid since no desorption was
observed even aer heating the system. We have found that the
interaction is strongly related to the electronegativity of the
halide. The adsorption does not depend on the initial concen-
tration of CH3I and the uptake coefficient reecting that the
colliding probability with the surface is very low compared to
inorganic iodine species. Indeed, the % {CH3I}residual sticks on
solid NaCl were found to be 0.003%.

Though atmospheric and severe nuclear accident CH3I
concentrations are 10�5–10�9 lower than the concentrations
used in this study experiment, a very low uptake on NaCl can be
expected – at least of the same order (10�11). Thus, the inuence
of NaCl aerosols on the behaviour of gaseous CH3I can be
considered as negligible. However, though in a low amount, the
irreversible characteristics of adsorption makes it of particular
importance for the dispersion of CH3I in the atmosphere.
Considering the total concentration of atmospheric iodine
measured in the case of SA, e.g. 75� 10�2 ppt and 50� 10�4 ppt
for Chernobyl and Fukushima,11,17,25 respectively, a correspond-
ing estimated amount of about 2.2 � 10�5 ppt and 1.5 � 10�7

ppt of CH3I would be expected to be transported by sea salt
aerosols. Although these concentrations seem low, this point
should be deeper examined to evaluate any inuence on the
atmosphere and environment contamination.

Author contributions

The manuscript was written through the contributions of all
authors. All authors have given approval to the nal version of
the manuscript. HH, and GLB performed the experiments. LC,
This journal is © The Royal Society of Chemistry 2021



Paper Environmental Science: Processes & Impacts
ACG and SS designed the experiments, draed, revised, and
edited the manuscripts.

Conflicts of interest

Authors declare no conicts of interest.

Acknowledgements

The authors acknowledge funding from the Region Nouvelle
Aquitaine and IRSN to the SPECAERO project (grant no. 2017-
1R10108-00013011). The authors wish to thank Sonia Taamali
and Dr Florent Louis for the discussion on performing theo-
retical calculations. Theoretical calculations were kindly per-
formed by the Centre de Ressources Informatiques (CRI) of the
University of Lille and the Centre Régional Informatique et
d'Applications Numériques de Normandie (CRIANN).

References

1 L. J. Carpenter, S. M. Macdonald, M. D. Shaw, R. Kumar,
R. W. Saunders, R. Parthipan, J. Wilson and J. M. C. Plane,
Atmospheric iodine levels inuenced by sea surface
emissions of inorganic iodine, Nat. Geosci., 2013, 6, 108–
111, DOI: 10.1038/ngeo1687.

2 A. Saiz-lopez, J. M. C. Plane, A. R. Baker, L. J. Carpenter,
R. Von Glasow, C. G. Juan, G. Mcggans and
R. W. Saunders, Atmospheric Chemistry of Iodine, Chem.
Rev., 2012, 112, 1773–1804, DOI: 10.1021/cr200029u.

3 A. Saiz-Lopez, R. P. Fernandez, C. Ordóñez, D. E. Kinnison,
J. C. G. Mart́ın, J. F. Lamarque and S. Tilmes, Iodine
chemistry in the troposphere and its effect on ozone,
Atmos. Chem. Phys., 2014, 14, 13119–13143, DOI: 10.5194/
acp-14-13119-2014.

4 W. R. Simpson, R. Von Glasow, K. Riedel, P. Anderson,
P. Ariya, J. Bottenheim, J. Burrows, L. Carpenter, U. Frieß,
M. E. Goodsite, D. Heard, M. Hutterli, H.-W. Jacobi,
L. Kaleschke, B. Neff, J. Plane, U. Platt, A. Richter,
H. Roscoe, R. Sander, P. Shepson, J. Sodeau, A. Steffen,
T. Wagner and E. Wolf, Halogens and their role in polar
boundary-layer ozone depletion, Atmos. Chem. Phys., 2007,
7, 4285–4403, DOI: 10.5194/acp-7-4375-2007.

5 A. Saiz-Lopez, J. M. C. Plane, C. A. Cuevas, A. S. Mahajan,
J. F. Lamarque and D. E. Kinnison, Nighttime atmospheric
chemistry of iodine, Atmos. Chem. Phys., 2016, 16, 15593–
15604, DOI: 10.5194/acp-16-15593-2016.

6 L. J. Carpenter, Iodine in the Marine Boundary Layer, Chem.
Rev., 2003, 103, 4953–4962.

7 J. C. Mossinger and R. A. Cox, Heterogeneous Reaction of
HOI with Sodium Halide Salts, Phys. Chem. Chem. Phys.,
2001, 105, 5165–5177, DOI: 10.1021/jp0044678.

8 W. Wang, M. Ge, Y. Tian and L. Yao, A ow tube study of
methyl iodine uptake on soot surface, Chem. Phys. Lett.,
2007, 440, 348–351, DOI: 10.1016/j.cplett.2007.04.053.

9 Y. Shi, W. Weigang and G. MaoFa, The uptake of ethyl iodide
on black carbon surface, Chin. Sci. Bull., 2008, 53, 733–738,
DOI: 10.1007/s11434-007-0488-2.
This journal is © The Royal Society of Chemistry 2021
10 S. Dickinson, A. Auvinen, Y. Ammar, L. Bosland, B. Clément,
F. Funke, G. Glowa, T. Kärkelä, D. A. Powers, S. Tietze,
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D. Hainz, Ó. Halldórsson, D. Hammond, O. Hanley,
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