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ABSTRACT
Towards the improvement of cesium (Cs) distribution in the Fukushima Daiichi nuclear power station (1F)
by severe accident (SA) analysis codes, a series of work dedicated to the improvement of a model for Cschemisorption onto reactor stainless steel (SS304) structural material is reviewed. Experimental tests to
identify the influencing chemical factors on the Cs chemisorption were first given. It was found that the
surface reaction rate constants which correspond to the Cs chemisorbed amount were influenced by not only
temperature but also atmosphere (H2/H2O), cesium hydroxide (CsOH) concentration in the gas phase and
silicon (Si) content in SS304. Important chemical factors revealed were implemented into an improved Cs
chemisorption model, which allowed great reduction of the uncertainties. Further improvement for
implementing the revaporization effect of the Cs chemisorbed species was made by thermodynamic
considerations. Another series of studies were undertaken for this purpose to consolidate and extend the
knowledge on the thermodynamic properties of likely formed Cs chemisorbed species in SA conditions. A
literature review was conducted to assess the availability of such properties, accompanied by an illustration
of those implemented in the database Mephista currently developed at IRSN. The review revealed the
necessity of consolidation and extension of Cs-(Fe)-Si-O system onto the current database. Accordingly, a
Density Functional Theory (DFT) based methodology was developed for the preparation of thermodynamic
properties of possible Cs chemisorbed species. The DFT computed vibrational frequencies were compared
to Raman spectroscopy, revealing a coherent matching between the calculated and measured vibrational
peaks. The existing Cs-(Fe)-Si-O thermodynamic properties were found to be in good agreement with both
DFT computed values and our newly performed experimental measurement results. The unknown properties
of identified Cs chemisorbed species were finally elucidated by the DFT based methodology.
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1. INTRODUCTION
Following the severe accident (SA) of Fukushima Daiichi Nuclear Power Plant Station (1-F), the evaluation
of fission products (FP) distribution is of crucial importance for the debris-retrieval and decommissioning
work. Particular attention is paid to radioactive cesium (Cs) nuclides 137Cs since the released Cs from the
damaged fuel not only released into the environment due to its volatile feature [1] but also would interact
with reactor structural materials to retain on their surfaces [2]. Such Cs retention would give rise to the
radiation exposure of the workers for the decommissioning of 1-F [1]. The SA analysis code is a candidate
as a prediction tool for the Cs distribution inside the reactor, as well as that for the released amount to the
environment. Regarding the analyses on the 1-F SA by several SA analysis codes, the results for Cs
distribution have shown large discrepancies each other. In particular, the divergence was larger for Cs
retention at the upper part of the reactor pressure vessel (RPV) [3]. It was stated that Cs retention there is
mainly due to Cs chemisorption onto the reactor structural material (stainless steel).
The Cs chemisorption mechanism had been investigated after the SA of Three Mile Island 2 nuclear power
plants mainly by laboratory studies in the USA and European countries [4-8]. CsOH(g) is considered as the
main cesium source for chemisorption tests. Indeed, albeit that thermodynamic equilibrium calculations
predicted that CsOH and CsI were the main released cesium gaseous species from fuel [9], experiments
performed by Elrick and Powers [6] showed that the chemisorption rate between CsI and the SS surfaces
was very low. The cross section analysis did not reveal any Cs diffusion into the inward layers of the SS
samples. Regarding the possible effect of Cs2MoO4 as Cs source, we did perform fundamental tests [10]
revealing that Cs2MoO4 might be formed by CsOH chemisorption on SS type 316, in which Mo is included
as a component element. Thus, Cs2MoO4 chemisorption on SS304 is considered extremely difficult to occur,
corroborated by the fact that partial pressure of Cs2MoO4 in high temperature is very low (about 0.05 µg.cc1
) when using Yamawaki et.al [11] equation of vapor pressure of Cs2MoO4. As we performed Cs
chemisorption tests with CsOH concentration of 0.23 to 19.86 µg.cc-1, thus Cs chemisorbed amounts can be
much lower in the case of Cs2MoO4 as initial source of Cs.
The Cs chemisorption models established through past studies [4-8] are considered one of the main cause
of discrepancies among the analyses by SA analysis codes, as the models are insufficient to cover the various
chemical factors appeared along with 1-F SA progressions in the several 1-F units [12].
In line with our work on the construction of FP chemistry database [13], this paper is intended to provide a
review for a series of the Cs chemisorption modelling work. Obtained results and established methodology
through this work can be reflected in consolidation and extension of knowledge for high-temperature FP
chemical behaviors inside the reactor, which can consequently contribute to the enlargement of the FP
chemistry database.
The next section introduces our fundamental research [14] to improve the implemented Cs chemisorption
modelling in SA analysis codes, mainly by investigating experimentally the surface reaction rate of Cs
chemisorption onto SS specimens. The boundary conditions set experimentally for CsOH(g) concentration,
atmosphere (H2/H2O ratio) and temperature first aimed to reproduce the previous existing chemisorption
tests [4-8], in order to assess the reliability of existing Cs chemisorption models. Secondly, as we aimed to
accumulate data for the 1-F SA Cs chemisorption mechanisms, the experimental conditions were set
according to the results of 1-F SA analysis by MAAP code[12], which established a temperature range
around 700-1000 K for RPV region, an oxygen ratio between p(H2)/p(H2O) of 0.25-0.50. In-core release
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time was determined to last from 3 to 6 hours. The initial concentration of CsOH deduced by the molar ratio
of Cs element, led to 500g.m-3.

Elrick and Powers [6] showed that a prior oxidation to cesium release had little impact on Cs chemisorption
process. Indeed, there was not significant difference in the Cs amounts between as-received and preoxidized SS coupons. The SS specimens presented an outer layer rich of iron oxide and an inner layer with
spinel chromates [6], in agreement with the SS oxide layers identified in our tests [10,14,15]. Moreover, it
was observed that the nature of the oxide layers might vary with the atmosphere, and their thickness with
increasing temperature [16], both parameters were studied in our tests.
On the basis of our experimental investigations which underlined significant influences of several chemical
factors such as atmosphere, CsOH(g) concentration and Si content in the SS specimen for the Cs
chemisorption process, the improvement of Cs chemisorption model by Nakajima et al. [17] is then
described. A mass transfer type model was developed to describe the surface reaction rate of Cs chemisorbed
amount referred to as water-soluble and water-insoluble. In this paper, only the water-insoluble Cs amount
model is presented, as it might be the main source of radiation exposure in the case of 1-F dismantling and
decommissioning work.
The third section presents the work dedicated to consolidate and extend knowledge on the thermodynamic
properties of Cs chemisorbed species, which allows implementing the atmospheric influence on the Cs
chemisorption modelling by including the revaporization phase of Cs chemisorbed species. A literature
survey is first provided to analyze the status of thermodynamic properties of Cs chemisorbed species
available in the literature and their implementation in the European thermodynamic database Mephista,
currently developed at IRSN [18]. Then, the properties of possible Cs chemisorbed species identified in our
study are determined by a Density Functional Theory (DFT) based methodology [19, 20]. The accuracy of
computed values is discussed not only within the literature references, but also by comparison with our
recent experimental studies. These are also aiming to characterize the mainly identified Cs chemisorbed
species CsFeSiO4 by Raman spectra [21] and Cs2Si4O9 by low temperature heat capacity measurements [22].
Finally, an application of the enhanced Cs chemisorption model is given to have more insight into the
revaporization process of likely formed Cs chemisorbed species.
2. INVESTIGATION OF CESIUM CHEMISORPTION MECHANISM
To grasp the phenomenology of Cs chemisorption process, we conducted fundamental tests of CsOH
chemisorption onto stainless steel specimen in both reducing and oxidizing environment. The tests aimed
first to assess the reliability of existing chemisorption models (referred to hereafter as Bowsher’s model [7]),
which highlighted the influence of temperature. In our study, we focused on high and medium temperature
range and selected representative temperatures points in those ranges. To obtain new experimental data in
an environment similar to those of 1-F SA [12], we performed tests with higher CsOH concentration than
reported on past laboratory studies. In addition, the Si content in SS specimen was varied to highlight the
nature of the Cs chemisorbed species. The influence of these several experimental boundary conditions,
referred hereafter as chemical factors, was discussed by calculating the surface reaction rate constant vd for
water-soluble and water-insoluble Cs formed species. The reaction rate constant equation, used to obtain the
surface reaction rate from experimental measurements is defined as follows:
1 𝑑𝑑𝑀𝑀d

𝑁𝑁 = A

𝑑𝑑𝑑𝑑

= vd 𝐶𝐶g

(1)

where 𝑁𝑁 is the absorption rate of Cs per unit time unit area
and 𝑀𝑀d the Cs-deposition
amount [μg], A is the surface area of the SS304 specimen [cm2], t is the heating time [s], vd the surface
reaction rate constant [cm.s-1], and 𝐶𝐶g the concentration of CsOH in the gas phase [μg CsOH.cm-3]. The
following paragraphs present the results of the experimental tests conducted to determine the surface
reaction rate vd and the influence of chemical factors. Then, the analysis of the obtained results through
[µgCs/cm2.s-1],
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comparison within the existing chemisorption modelling and its improvement to represent our experimental
results are provided.
2.1. Cs chemisorption tests
To obtain representative results for both assessments of Cs chemisorption models and 1-F conditions, several
tests were performed within the temperature range from 873 to 1273 K. The SS specimens were SUS304L
type (referred hereafter by SS304)-based ones with the composition of chromium (Cr): 19.37~19.48 wt%,
carbon (C): 0.03 wt%, nickel (Ni):8.75~8.97 wt%, silicon (Si): varying from 0.1 to 4.9 wt%, and iron (Fe):
from 70 to 65 wt%. A CsOH concentration in the gas phase of 0.23 to 19.86 µg.cm-3 was used. The schematic
illustration of the experimental apparatus CREST (Chemical REaction with STeel) is presented in Fig. 1.
Details about the experimental set-up could be found in our previous studies [10, 14,15].

Figure 1. Illustration of CREST apparatus [14].
As shown in Fig. 1, the CREST facility is constituted of two furnaces. The furnace number (1) enables to
vaporize the anhydrous CsOH powder from the Pt crucible, at 920.15 K for achieving online control of
CsOH concentration with the temperature [14]. Then, in the furnace for specimen (number 2), the CsOH
vapors are transported inside a Ni tube to react with the SS specimens at a given temperature (from 873 to
1273 K). The post analyses following the chemisorption tests were conducted by XRD and SEM/EDX to
characterize the morphology and elemental distribution of deposits on the surface and the oxidized layer.
Then, leaching tests of the Cs chemisorbed specimens were conducted by using two kinds of leachants to
separate the water-soluble and -insoluble Cs species since the surface reaction rates were determined
individually for them. Finally, ICP-MS analyses were performed for the determination of the water-soluble
and -insoluble Cs amounts for the calculation of the surface reaction rates. Details on samples analysis can
be found in elsewhere [10, 14, 15]. The main results regarding the influence of the chemical factors, i.e. the
temperature, atmosphere, Si content in SS and CsOH concentration, are summarized in next subsections.
2.1.1.

Influence of temperature and atmosphere

The surface reaction rate obtained in our tests for the water-soluble Cs amount did not present significant
differences with Bowsher’s study regarding the impact of temperature [10]. Indeed, in both studies, the
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amount of Cs decreased with increasing temperature, regardless of the atmosphere. The reaction rates of the
water-insoluble Cs compounds are compared to those of Bowsher’s study in Fig. 2. It can be seen from our
results that the reaction rate of water-insoluble Cs compounds decreased with increasing temperature in ArH2 reducing atmosphere, indicating a possible revaporization of Cs chemisorbed species at the higher
temperature. Such observation agrees with that by the study of Bottomley et al. [2]. In their study, it is found
that the maximum revaporization rate of Cs was attained in Ar-H2 atmosphere, while steam or steam-H2
environment presented a much lower revaporisation rate of Cs. However, in Bowsher’s study [7], the waterinsoluble Cs amount increased proportionally to the temperature in reducing atmosphere. These results
might be caused by a different atmosphere between Bowsher’s and Nishioka’s studies. By contrast, in
oxidizing atmosphere, amount of Cs chemisorbed species increased at higher temperatures in both
Bowsher’s and Nishioka’s experiments [14]. Thus, it can be said that the atmosphere significantly influences
the Cs chemisorption features and should be taken into account into the Cs chemisorption modelling. The
difference of temperature was resulted not only in the different morphologies of Cs chemisorbed spe-

Ar-5% H2, Nishioka et. al, 2018
Ar-4% H2, Bowsher et. al, 1990
Bowsher's model, Bowsher et. al, 1990
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Figure 2. Temperature and atmosphere dependences of surface reaction rate constant vd of waterinsoluble Cs. (a) reducing atmosphere; (b) oxidizing atmosphere, extract from [14]. The average
deviation of vd is ±34,7%.
-cies but also the chemical speciation. Namely, Cs ferrates were identified at temperature region around 873
K, whereas Cs silicates (Cs-(Fe)-Si-O) above 1073 K [18-20]. The change of the chemisorption mechanism
is highlighted in Fig. 2 (b) where a minimum is reached at c.a. 1100 K for the water-insoluble Cs species
surface reaction rate in Ar 45%H2-5%H2O atmosphere. A more detailed discussion regarding the change of
speciation is provided in the next subsection.

2.1.2.

Si content in SS and CsOH concentration in gas phase.

Illustrations of vd variation in function of Si contents are provided in Appendix A.
The results in Fig. A (a) indicated no dependence of Si contents for water-soluble Cs species. It was stated
that the chemical form of these species were not Cs silicates. The amount of water-insoluble Cs species onto
the SS304 specimen increased with Si content at high temperature (1073 and 1273 K), as portrayed by the
increasing surface reaction rate in Fig. A (b), but did not vary for 873 K, reflecting the discussion in the
above subsection about the influence of temperature on identified Cs chemisorbed species. Fig. 3 presents
the analysis of Cs chemisorbed species onto SS304 specimen, showing both the Cs silicates (Fig. 3(a)) and
Cs ferrates (Fig. 3 (b)).
Sample surface

Oxide layer

SS matrix
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(a) Elemental distribution of the cross section in the SS304 specimen at 1273 K, within Ar-5%H2O5%H2 atmosphere and 1.0 wt% Si content.
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(b) XRD patterns of the SS304 specimens after the chemisorption test around 873 K in the H2Ocontaining atmosphere. * From Nishioka et al. study [14], # from JCPDS-ICDD database.
Figure 3. Identified Cs water-insoluble species: (a) Cs silicates (iron containing), (b) Cs ferrates.
The influence of Si content appeared significant especially for the high-temperature region and should be
reflected onto the Cs chemisorption modelling.
Illustrations of the evolution of surface reaction rate constant in function of CsOH concentration is provided
in Appendix B Fig. B(a) and (b) for water-soluble and -insoluble Cs species, respectively.
Fig. B (a) underlined that with 1wt.% Si content in the SS304 specimen, the surface reaction rate of watersoluble Cs increased at higher CsOH concentration in the range of investigated high temperature.
Oppositely, for water-insoluble Cs species, Fig. B (b) shows that the surface reaction rate decreased
continuously at higher CsOH concentration. Such behavior should, therefore, be reflected in the modelling
of Cs chemisorption process by implementing a surface reaction rate equation dependent on CsOH
concentration.
2.2. Cs chemisorption modelling
As reported by Nakajima et al. [17], the use of Bowsher’s model [7] to represent our surface reaction rate
leads to large scattering of the experimental data along the modelled ones. Thus, to improve the model
requires consideration of not only temperature but also the chemical factors such as CsOH concentration,
Si content in SS304 and so on as discussed in the previous section. A mass transfer type model was used as
the modified Cs chemisorption model for this purpose. The developed Cs chemisorption model allows
implementing CsOH concentration in the gas phase (𝐶𝐶𝑔𝑔 ) and Si content in SS specimen (𝐶𝐶𝐵𝐵 ), using a
penetration theory [25], as illustrated in Fig. 4, based on a mass action law at the gas solid-interface.
Consequently, the improved model presented in Eq. 2 was obtained [17].
v𝑑𝑑 =

7.027±2.794

𝐶𝐶𝑔𝑔 0.5225±0.0597

�𝐶𝐶𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(−

6552±1197
𝑇𝑇

)

(2)
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Figure 4. Illustration of the penetration image around the gas-solid interface. Cg is the initial CsOH
concentration, Cw the concentration of Cs reactive species at the interface between the gas phase and
solid phase (gas film), Ci the concentration of Cs reactant species in the solid phase at the interface
[17].
The coefficients in Eq. 2 were determined from the regression analysis of the experimental v𝑑𝑑 . The results
of the calculated v𝑑𝑑 presented in the study by Nakajima et al. [17] are illustrated in Fig. 5 for water-insoluble
Cs amount in the oxidizing atmosphere.
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Figure 5. Comparison of the calculated vd with the experimental vd, (a) calculated by the existing
model [7]; (b) calculated by the improved model [17].
It could be noticed in Fig.5 (b) that with the improved Cs chemisorption model a much better agreement
was achieved. Two-fold standard deviations 2σ are 0.53 and 1.43 respectively for the improved and existing
model, which corresponds to the improvement of more than one order of magnitude [17].
In order to take into account atmosphere influence onto Cs chemisorption modelling, the inclusion of
revaporization phase of Cs chemisorbed species is considered.
The rate of revaporized Cs from water-insoluble Cs species could be expressed by using the equilibrium
vapor pressures of the Cs species i revaporized from the chemisorbed cesium silicate compounds, pi. Thus,
the revaporization rate could be described as follows:

and

𝑁𝑁𝑅𝑅 = ∑𝑖𝑖 𝑘𝑘𝑔𝑔𝑖𝑖 (𝐶𝐶𝑤𝑤𝑖𝑖 − 𝐶𝐶𝑔𝑔𝑖𝑖 )
𝑝𝑝

𝐶𝐶𝑤𝑤𝑖𝑖 = 𝑅𝑅 𝑇𝑇𝑖𝑖

(3)

(4)

where 𝑁𝑁𝑅𝑅 is the revaporization rate of Cs, 𝑘𝑘𝑔𝑔𝑖𝑖 the mass transfer coefficient of the re-vaporized Cs species
i in the gas phase, 𝐶𝐶𝑤𝑤𝑖𝑖 the concentration of the re-vaporized Cs vapor species i at the SS surface, 𝐶𝐶𝑔𝑔𝑔𝑔 the

concentration of the re-vaporized Cs species i in the bulk gas stream, R the gas constant and T the absolute
temperature. In this model, revaporization would occur when 𝐶𝐶𝑤𝑤𝑖𝑖 is higher than 𝐶𝐶𝑔𝑔𝑔𝑔 . The vapor pressure of
Cs chemisorbed species i could be obtained from their thermodynamic properties.
The next section discusses the availability of such thermodynamic properties for the Cs chemisorbed
substances under the LWR SA conditions, in particular, those of 1-F severe accident.
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3. THERMODYNAMIC PROPERTIES OF Cs CHEMISORBDED SPECIES
To take into account the revaporization phase of Cs in the chemisorption modelling, we have investigated
the possible formed Cs-(Fe)-Si-O substances and their thermodynamic properties. As a first step, a literature
review, as well as the contents of the Mephista database currently developed at IRSN [18] is provided to
underline the available data for Cs chemisorbed species onto SS surfaces. We will show that the available
experimental data is rather poor. Consequently, in a second step, the thermodynamic properties of likely
formed Cs chemisorbed species were determined by a DFT based methodology [19,20]. They are detailed
and assessed within available literature references and our recently performed experiments to characterize
CsFeSiO4 Raman spectra [21] and measured low-temperature heat capacity of Cs2Si4O9 [22]. Finally, the
possible revaporization of major characterized Cs chemisorbed species in our experiments is estimated using
the constructed Cs chemisorption modelling.
3.1. Availability of thermodynamic properties of Cs chemisorbed species.
So far, several structurally characterized cesium silicates have been reported in the Cs2O-SiO2 pseudo-binary
section, i.e. from the cesium oxide rich-part to the silica-rich part Cs6Si2O7 (3Cs2O.2SiO2) [26], Cs2SiO3
(Cs2O.SiO2) [26], Cs8Si6O16 (4Cs2O.6SiO2) [27], Cs2Si2O5 (1Cs2O.2SiO2) [28], Cs6Si10O23 (3Cs2O.10SiO2)
[29, 30], and Cs2Si4O9 (1Cs2O.4SiO2). Another compound outside the pseudo-binary section, Cs10Si7O9 is
reported by Hoffmann [31]. We can notice that the Cs2Si4O9 structure is not properly known. The Cs2SiO3,
Cs2Si2O5, Cs2Si4O9, and Cs6Si10O23 compounds are indicated to melt congruently at 1100 K [32], in the
range 1343-1369 K [33-36], 1223 K [33], and 1208 K [29] respectively. The available measurements related
to thermodynamic properties of the different cesium silicate compounds are reported in Table I. Most of
them are not known and only estimated in the NPL report in 1973 [32] even if some experimental data are
available, mainly for the richest-silica oxide compound, Cs2Si4O9, coming from Cordfunke [37], Boivin [34]
and Ball [38]. For this compound, the standard enthalpy of formation has been measured by dissolution
calorimetry as well as the heat increment.
The Cs2O-SiO2 system was partially investigated by Alekseeva [33], in the composition domain of Cs2O
mole fractions less than 0.45. She only put in evidence two stoichiometric compounds in the SiO2-rich part,
Cs2Si4O9 and Cs2Si2O5, but did not mention the silica-richest ones, Cs6Si10O23 and Cs8Si6O16. In the studied
composition range, there is no indication of liquid immiscibility, also confirmed by Charles [39], but the
presence of two eutectic transformations, between pure silica and Cs2Si4O9 at 1148 K and between Cs2Si4O9
and Cs2Si2O5 at 1183 K. The liquidus temperatures were determined mainly by examination of samples
quenched from high temperature. The liquid phase properties were more recently investigated with
measurements of relative partial molar enthalpies, of SiO2 in SiO2–Cs2O by drop-solution calorimetry at
1465 K [40].
In the Mephista thermodynamic non-ideal solution database currently developed at IRSN which contains
the following elements O-Pu-U-Zr-Fe-Si-C-Cs-Mo-La-Ba-Ru-Sr-Ce+(H, Ar), the binary systems, Cs-O,
Cs-Si, Si-O are modelled within the Calphad approach. Considering the lack of data especially in the richcesium oxide region, the Cs2O-SiO2 pseudo-binary section is not modelled in Mephista. Only the ternary
compounds Cs2SiO3, Cs2Si2O5, and Cs2Si4O9 are considered, with their respective thermodynamic properties
taken in Barin [41], not far from the estimated data from Spencer (Table I).
The literature survey of available thermodynamic properties suggests a consolidation of existing data. An
extension of the database to implement possible Cs-Fe-Si-O chemisorbed species appears also necessary in
order to take into account the actual chemical environment related to the 1-F SA.
The next section presents the consolidation and extension of Cs chemisorbed species thermodynamic
properties from a DFT based methodology.

10/21

The 9TH European Review Meeting on Severe Accident Research (ERMSAR2019)
Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019

Log Number: 047

Table I. Available thermodynamic properties implemented for Cs-Si-O system in Mephista database
compared with literature.
[Ref.]
HT-H298.15 K
S298.15K
Tfus
∆fH°298.15 K
∆fusH
Properties
kJ.mol-1
T range (K)
J.K-1mol-1
kJ.mol-1
K
Year
-1558.3*
176.6
39.7*
1100*
[32]1973
Cs2SiO3
-1528
39.7
310-800
175.7
1100
Mephista
-2460.9*
209.2*
52.3*
1343
[32]1973
49(5)
1369(5)
[37,38]1993
Cs2Si2O5
-2461
209.2
52.3
1343
Mephista
-4341.1*
313*
43.9*
1223
[32]1973
-4297.6(5.4)
[37,38]1993
475-825
313*
Cs2Si4O9
-4307.6
292.9
43.9
1223
Mephista
156(159)
1208(1)
[29] 2008
Cs2Si10O23
*
: estimated value, (): uncertainties

3.2. Thermodynamic properties of Cs-(Fe)-Si-O chemisorbed species
As underlined into the previous subsection, little is available for Cs-Si-O system thermodynamic properties
for the current SA analysis code databases. Regarding Cs-Fe-Si-O system, no data are included. We present
hereafter the determination of thermodynamic properties of likely formed Cs chemisorbed species by using
first-principles calculations, namely with a DFT based methodology detailed in our previous work [19,20].
As discussed in the Cs chemisorption experiments section, the morphology of Cs chemisorbed species onto
the SS surfaces varied with atmosphere and temperature. We focus to the likely formed species in the
presence of SS reactor structural materials, under similar conditions to 1-F SA RPV regions, i.e. at the hightemperature range and significant CsOH(g) concentration. Hence, the properties of the following substances
are presented:
 CsFeSiO4 and Cs2Si4O9, the main characterized Cs chemisorbed species by experiment [5, 6,
10,15,23];
 Cs2SiO5 and Cs6Si10O23, possibly formed instead of Cs2Si4O9 due to the eutectic transformation
feature of these substances at the high-temperature region, as discussed in the previous sub-section;
 CsFeSi2O6, identified in reductive atmosphere with typical reactor Si content on SS304 specimen
[15],
 Cs2Fe2Si3O10 theoretically found stable [42] and could be formed in competition with the other CsFe-Si-O substances.
Comparison of the standard enthalpy of formation, entropy and heat capacity of Cs2Si2O5 and Cs2Si4O9
species allowed assessing the accuracy of our developed DFT methodology [14]. A good agreement was
obtained with available literature references, within a relative error of 5 % on average between the
calculated and best-estimated literature values (see Table II). No experimental results were reported in the
literature for the standard enthalpy of formation, entropy and heat capacity of CsFeSiO4, as well as
CsFe2SiO2, Cs6Si10O23 and Cs2Fe2Si3O10. For CsFeSiO4, the thermodynamic properties at low- and hightemperature region determined by DFT are reported in our previous work [19, 20]. In complement to these
studies, the accuracy of computed properties will be analyzed by comparing the Raman spectra of CsFeSiO4
with the DFT calculated phonon density of states (PhDOS), which was used to derive the theoretical
thermodynamic properties. Then, the thermodynamic properties for the whole Cs-(Fe)-Si-O system are
tabulated and discussed in regards to their stability. Finally, application of the constructed Cs chemisorption
model to study possible revaporization of CsFeSiO4 is presented.
3.2.1 Vibrational frequencies
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To have more insights into the involved vibrational properties of CsFeSiO4 compound (which enter in the
calculation of the heat increment, heat capacity and entropy), we compared experimental Raman spectra in
Fig.6 with the computed phonon density of states, in Fig.7.

Phonon Density of states [a.u.]

Figure 6. Raman shift of CsFeSiO4 at room temperature [15].
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Figure 7. Phonon Density of states calculated for CsFeSiO4.
The vibrational modes referenced in the Raman shifts in Fig. 6 are mainly identified as oxoferrates and
oxosilicates stretching and bending modes, in the range of 100 to 1100 cm-1, according to the study of Abassi
et al. [43] and Shebanova et al. [44]. Abassi et al. found symmetric (νs) and asymmetric (νas) stretching
modes of SiO4 around 360 and 396-403 cm-1, respectively, which are corroborated onto the PhDOS,
displaying larger density for Si-O elements at these frequencies. For the values after 460 cm-1, the phonon
frequency curve displays more density for Fe-O elements, translating more vibration from FeO4 tetrahedron.

12/21

The 9TH European Review Meeting on Severe Accident Research (ERMSAR2019)
Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019

Log Number: 047

The reported values for FeO4 asymmetric stretching modes by Shebanova et al. [41] are c.a. 486-490 cm-1.
The symmetric stretching of O atoms along Fe are localized at 625-715 cm-1. Two bending modes of O
atoms to Fe are referenced at 306-333cm-1 and 538-570 cm-1, respectively for symmetric (δs) and asymmetric
one (δas). These modes are associated with almost no movement of Fe atoms that might explain less density
of Fe element for δs mode displayed into the PhDOS. Finally, a translator movement of the whole FeO4 νtrans
is reported around 193-217cm-1 [41]. Peaks at these frequencies could be identified onto the PhDOS,
although larger density appeared for Si-O elements. Such result might be explained by a significant
broadening and shift feature of SiO4 bands, generated by the Cs cations disordering for weaker frequencies
regions, as discussed by Shebanova and Lazor [44]. As a whole, the determined peaks in the Raman spectra
are identified in the PhDOS, affirming the reliability of calculated vibrational frequencies with the DFT
approximation.
3.2.2 Thermodynamic properties of Cs-(Fe)-Si-O system
The standard enthalpy of formation, heat capacity, standard entropy and enthalpy increment of Cs
chemisorbed species are portrayed in Table II. We reported the heat capacity coefficients for the expansion
𝐶𝐶𝑝𝑝 (𝑇𝑇) = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑇𝑇 2 + 𝑑𝑑𝑇𝑇 −2 in Appendix C. Recently we measured the low-temperature (from 1.9 to
300 K) heat capacity of Cs2Si4O9 [22] to obtain a reliable standard entropy for this substance, as the one
available in literature was derived from additive rule as described in the previous work [38]. A difference of
only 2% was found between the computed heat capacity (253.26 kJ/mol) [14] and the experimental one
(248.67 kJ.mol-1) [17], as shown in Table II.

Table II. Calculated thermodynamic properties for Cs-(Fe)-Si-O system, comparing with literature.
Relative errors are shown in parenthesis with best-estimated literature values in percentage.
Properties

Cs2Si2O5
Cs2Si4O9

Cs2Si10O23
CsFeSiO4
CsFeSi2O6
Cs2Fe2Si3O10
#

∆fH298.15 K
kJ.mol-1

H298.15 K-H0K
Cp298.15 K
S298.15 K
kJ.mol-1
J.K-1mol-1
J.K-1mol-1
Validation of the methodology
-2460.9*(1.6)
165.18*+(1.0)
229.80*+(4.7)
32.05
-2421.9
163.30
240.58
*
*
-4341.1
226.9
313*
#
#
-4297.6 (4.0)
238.99 (5.9)
313*
#
#
45.72 (7.8)
248.67 (1.8)
321#(13.7)
-4123.9
42.73
253.26
277.07
Newly obtained thermodynamic properties by this work
-10863.9
125.06
670.15
907.95
-1634.5$(1.2)
24.62
129.66
177.88
-1659.3
-2567.7
32.09
171.61
235.09
-4003.1
56.78
305.13
399.51

[References]
Year
[32]1973
DFT[19]2018
[32] 1973
[38] 1993
[22] 2018
DFT[19] 2018
DFT 2018
DFT [45]2013
DFT[19] 2018
DFT 2018
DFT 2018

: derived from experiment, *: estimated value, + updated value, $: DFT calculations at 0 K.

Hence, we could confirm that the theoretical results are in good agreement with available literature data and
experiments. It could be noticed that Cs2Si4O9 and Cs2Si10O23 present the same standard enthalpy of
formation per atom from the DFT calculations (-2.85 and -2.89 eV/atom, respectively). Such result might
be explained by the isotype like crystal structures of those both species [19, 46]. As CsFeSi2O6 was found
to be the most stable Cs chemisorbed species in the Cs2O-SiO2-Fe2O3 system by the DFT calculations [42],
it could be of use to perform chemical thermodynamic equilibrium calculations to get the speciation of likely
formed Cs chemisorbed species under NPP SA conditions, in particular, those of 1-F SA.
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To understand the revaporization phase of likely formed Cs chemisorption species, we provide hereafter a
tentative modelling for CsFeSiO4 case, which is the major identified Cs chemisorbed species in our
experiments [10,15,23].

3.3. Revaporization phase modelling
The following equation could illustrate the revaporization of Cs chemisorbed species CsFeSiO4:
3

CsFeSiO4 (𝑠𝑠) + H2 (g) = CsOH(g) + Fe(s) + SiO2 (s) + H2 O(g)

(5)

2

Eq. (3) in section 2.3 presents the revaporization rate 𝑁𝑁𝑅𝑅 for a Cs chemisorbed species, from which the
concentration of the chemisorbed species i 𝐶𝐶𝑤𝑤𝑤𝑤 near the surface could be derived in Eq. (4). By applying
this equation to Cs chemisorbed species CsFeSiO4, Cwi is expressed as follows:
𝐶𝐶𝑤𝑤𝑤𝑤 =

𝑝𝑝(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)
𝑅𝑅𝑅𝑅

=

3

𝑝𝑝(𝐻𝐻2 )2 𝑎𝑎(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂4 )
−∆ 𝐺𝐺 ° (𝑒𝑒𝑒𝑒.(5))
𝑒𝑒𝑒𝑒𝑒𝑒 � 𝑟𝑟
� /𝑅𝑅𝑅𝑅
𝑝𝑝(𝐻𝐻2 𝑂𝑂)𝑎𝑎(𝐹𝐹𝐹𝐹)𝑎𝑎(𝑆𝑆𝑆𝑆𝑆𝑆2 )
𝑅𝑅𝑅𝑅

(6)

where p is partial pressure, a activity and ∆𝑟𝑟 𝐺𝐺° standard reaction Gibbs energy.
The Gibbs energy of the reaction in Eq. 5 could be expressed using the standard free energy of
formation of involved species as:
∆𝑟𝑟 𝐺𝐺 ° (eq(5)) = ∆𝑓𝑓 𝐺𝐺 ° (CsOH, g) + ∆𝑓𝑓 𝐺𝐺 ° (SiO2 , s) + ∆𝑓𝑓 𝐺𝐺 ° (H2 O, g) − ∆𝑓𝑓 𝐺𝐺 ° (CsFeSiO4 , s)

(7)

The ∆𝑓𝑓 𝐺𝐺 ° (CsFeSiO4 , s) was obtained using the DFT based methodology, the ∆𝑓𝑓 𝐺𝐺 ° (CsOH, g),
the ∆𝑓𝑓 𝐺𝐺 ° (SiO2 , s) and the ∆𝑓𝑓 𝐺𝐺 ° (H2 O, g) were taken from the NIST database [44]. Therefore, assuming
that all of the 𝑎𝑎(𝐹𝐹𝐹𝐹), the 𝑎𝑎(𝑆𝑆𝑆𝑆𝑆𝑆2 ) and the 𝑎𝑎(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂4 ) are equal to unity, we calculated Cwi (CsOH
concentration at the interface), plotted in Fig 8.

Threshold temperature for
the revaporization above
1200 K

Experimental Cg c.a. 10 µg.cc

-1

Figure 8. Estimated partial pressure near the gas-solid interface (Cw) in the case of p(H2)=0.05bar
and (H2O)=0.0005bar.
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As our concentration of CsOH for the Cs chemisorption experiment in Ar-H2 atmosphere was about 10
µg/cc, it seems that the revaporization stage might occur in our reductive atmosphere, confirming the
experimental observation.
Theoretical calculations are planned in near future to comprehend the mechanisms involved in the formation
of the Cs chemisorbed species, i.e. reaction pathway and diffusion of the Cs particles onto the oxide layers.
As discussed in previous sections, the morphology of Cs chemisorbed species might differ significantly
within the chemical factors and thus should be reflected by the chemisorption model.
4. CONCLUSIONS
The results for the improvement work of Cs chemisorption model in the SA analysis codes have been
reviewed. Related information was also given for the consolidation and extension of knowledge on the
thermodynamic properties of the major identified Cs chemisorbed species of the Cs-(Fe)-Si-O system under
SA conditions. The main results are listed below.
Our fundamental experimental tests showed that implemented Cs chemisorption models caused
uncertainties in the evaluation of Cs distribution by the SA analysis code, mainly due to the lack of
incorporated chemical factors like CsOH concentration in the gaseous phase, Si content in stainless steel
(SS) surface and atmosphere (H2/H2O ratio).
To cover the influence of CsOH concentration and Si content in SS, we developed an improved Cs
chemisorption model. The uncertainty caused to the model was greatly reduced by an order of magnitude.
To take the atmospheric composition in the Cs chemisorption process into account, we are currently
developing a model to include the revaporization phase of Cs chemisorbed species, mainly Cs-Fe-Si-O
substances, by using thermodynamic equilibrium considerations.
A literature survey was accordingly conducted to assess the availability of thermodynamic properties of Cs
chemisorbed species and the status of Cs chemisorbed species implemented in the SA analysis code database.
It was revealed that consolidation and extension of the thermodynamic properties of the Cs-(Fe)-Si-O
system are required.
To elucidate the unknown thermodynamic properties of main identified Cs chemisorbed species of Cs-(Fe)Si-O system, a DFT based methodology was developed. The calculations revealed not only a good
agreement with the existing Cs-Si-O thermodynamic values including our recently performed experimental
measurements but also allowed to provide the properties of likely formed species of the Cs-Fe-Si-O system
under conditions similar to 1-F SA.
In near future, thermodynamic equilibrium calculations will be performed to assess the speciation regarding
the Cs chemisorption onto SS in NPP SA conditions.
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APPENDIX A

Figure A. Dependence of surface reaction rate constant vd on Si content in SS304 specimen. (a)
water-soluble Cs compounds; (b) water-insoluble Cs compounds. From Nishioka et al. [14].
The average deviation of vd is ±34,7%.

(a) water-soluble Cs.

(b) water-insoluble Cs.
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APPENDIX B

Figure B. Dependence of surface reaction rate constant vd on CsOH concentration in the gaseous
phase (Cg) in H2O-containing atmosphere. (a) water-soluble Cs compounds; (b) water-insoluble Cs
compounds. From Nishioka et al. [14]. The average deviation of vd is ±34,7%

(a) water-soluble Cs.

(b) water-insoluble Cs compounds.
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APPENDIX C
Table C. Heat capacity coefficients for the expansion 𝑪𝑪𝒑𝒑 (𝑻𝑻) = 𝒂𝒂 + 𝒃𝒃𝒃𝒃 + 𝒄𝒄𝑻𝑻𝟐𝟐 + 𝒅𝒅𝑻𝑻−𝟐𝟐 computed
within DFT theory for Cs-(Fe)-Si-O substances
Substances
Cs2Si2O5
Cs2Si4O9
Cs6Si10O23
CsFeSiO4
CsFeSi2O6
Cs2Fe2Si3O10

T range
(K)
298-1000
298-1000
298-1000
298-1000
298-1000
298-1000

a
J.K-1mol-1
1.639E+02
2.653E+02
6.640E+02
1.336E+02
1.745E+02
3.213E+02

b
J.K-2mol-1
1.015E-01
1.840E-01
5.153E-01
8.513E-02
1.208E-01
1.740E-01

c
J.K-3mol-1
-4.863E-05
-8.868E-05
-2.462E-04
-4.316E-05
-5.807E-05
-8.433E-05

d
J.K mol-1
-2.410E+06
-5.344E+06
-1.141E+07
-2.025E+06
-3.060E+06
-5.479E+06
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