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Abstract

In this doctoral thesis, the series of experimental studies consisting of
batch-type adsorption, thermochemical analysis, and gas-solid interaction was
conducted to investigate (chemical) interaction between calcium silicate insulator
material and cesium. The bulk use of calcium silicate insulation in the nuclear
power station is of concern when a severe accident occurs the interaction will be
highly encountered. Author firstly investigated the room-temperature batch
adsorption of cesium solution onto calcium silicate to obtain kinetics and
concentration-dependency adsorption behavior at such conditions. It was found
through adsorption kinetics analysis that the adsorption process of cesium
followed the pseudo-second order reaction model that highly indicated
chemisorption of cesium. Since the interaction of calcium silicate and cesium
would also involve high temperature condition, the analyses to determine such
temperature of reaction occurrence under Ar-5%H, and Ar-4%H,-20%H,O
atmosphere were carried out using thermogravimetry-differential thermal analysis
(TG-DTA). The simulant fission product in this part of study was cesium
hydroxide (CsOH). The results showed, regardless of the atmosphere types, that

chemical interaction occurred between calcium silicate insulator material and

X Abstract



cesium hydroxide in temperature of 575-730°C with the formation of cesium
aluminum silicate (CsAlSiO4). Due to the likely formation involved aluminum
which was the impurity in calcium silicate insulation, the benchmark tests using
reagent-grade CaSiOs; were performed to unveil it. The results confirmed that
without such an element in the samples, no cesium compound was formed as
previously obtained in TG-DTA experiments. The last part of the study was
performed to comprehend gas-solid interaction of steam containing cesium with
calcium silicate using a horizontal electric furnace. Cesium hydroxide was
vaporized in the upstream of the furnace and then transported by steam flow to
the downstream where calcium silicates were located. To elucidate the prevalence
of interaction, two additional calcium silicates from different manufacturers were
included in the test. The test was performed under Ar-4%H»-20%H>O atmosphere
with temperature of 800°C. The XRD patterns of those calsils were changed from
their original crystal phase of xonotlite (CagSisO17(OH)2) to CsAlSiO4 and Ca,SiOs
meaning that the interaction with gaseous cesium hydroxide prevailed.
Furthermore, those end-products of calsils, prior to each characterization, were
water-dissolved yet the Cs compound (CsAlSiO,) still remained thus implying its

insolubility in calsils when interaction once took place.

xi Abstract



Chapter 1 Introduction

1.1 Background of research

Following the aftermath of 2011 severe accident at Fukushima Daiichi
nuclear power station, internal investigations in the primary containment vessel
(PCV) of the units 1 to 3 were intensively performed by Tokyo Electric Power
Company Holdings, Inc. (TEPCO) and also as the act of preparatory stage for
decommissioning processes [1,2]. The main task of the investigation was to inspect
the conditions of the platform inside the PCV, the fallen fuel debris to the control
rod drive (CRD), and the pedestal internal structure [2]. The recording devices
managed to record the information of temperature, dose rate, and conditions of
structures in the vicinity of the pedestal. Particular attention arose to the dose
rate distribution of the pedestal area and its vicinity in unit 2. The pedestal area,
considering the accident progression, should yield a higher dose rate than those
of any other locations in its vicinity, as the area was most affected by molten
fuels [3]. In contrast, the measured dose rate was 10 Gy/h at the pedestal area,
where most debris should have existed, while 70-80 Gy/h at the vicinity [2]. At
the same location, deposits in the form of black pastes and thin pieces of gravel-

sized materials were found, which might be one of the causes for the high dose

Page| 1 Introduction



1.1 Background of research

rate conditions of the surrounding area. Based on the 2017 report by TEPCO [2],
Author tries to consolidate information on the condition of dose rates and deposits

in the pedestal area of unit 2 into an illustration in Fig. 1.
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Fig. 1.1 High dose rate condition at the pedestal vicinity of Fukushima Daiichi

nuclear power station unit 2.

To date, it has not been resolved how these deposits could be formed and
why a high dose rate was produced. Referring to information about the condition
and location where these deposits existed, source materials for the deposits must

be those used in a large quantity and most affected by high-temperature steam
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1.1 Background of research

blast in the PCV, and one of the candidates is a thermal insulation material of
the primary piping systems. The hypothesis is originated from two major facts.
First, in the same report [2], the pressure history condition of reactor pressure
vessels (RPV) was highly fluctuated on March 14 due to pressure balance by
safety relief valves (SRVs) and followed by steep pressure drop due to SRV
manually set into the fully-open state. The former and more specifically the latter
condition could propagate significance influences on the integrity of components
of safety relief valves (SRVs) which might be caused by steam flow inside it. Vu
et al [4] performed a three-dimensional numerical study on the safety relief valve
with oxygen gas as the working fluid to comprehend the appearance of erosion
zones. They reported that the flow created multiple vortices, which induced
chaotic oscillatory behavior. Second, the location of SRVs and piping systems in
unit 2 existed just above the location of deposits, and the appearance
characteristics of those deposits were closely related to the insulator materials
installed on piping systems. The formation of these deposits is likely originated
by high-temperature steam containing fission products such as cesium, leaking
from safety relief valves components. Further presumed that the leaked steam
directly hit the adjacent line of main steam piping thermal insulation. Then, the

interaction of cesium with the material occurs subsequently. However, it should
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1.2 Objectives and scope of the thesis

also be emphasized that the leakage propagation (caused by steam only) and the
timing when steam containing cesium (core degradation had progressed) reached
leakage point might or might not be in the same time frame.

Recent works focusing on cesium-rich microparticles at the sites near
Fukushima Daiichi nuclear power station have indicated, in the samples collected
within 60 km, that the provenance of those particles was the end-product
interaction of thermal insulation with cesium to which emitted from the reactor
unit 1-3 [5-7]. The inference came from the morphological and elemental
characteristics possessed by those obtained samples were similar to those of
thermal insulation material. Nevertheless, none of published works are available
to validate chemical interaction of calcium silicate with cesium and how cesium
is retained in the materials particularly at high-temperature condition because
most researches are centered on interaction of cesium with other structural

materials such as stainless steel [8-12], Inconel [9,13], and concrete [14,15].

1.2 Objectives and scope of the thesis

This subchapter presents briefly the statement of problems, followed by

objectives as well as the scope of the doctoral thesis.
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1.2 Objectives and scope of the thesis

1.2.1 Statement of problems

Cesium is placed into the focus of the interacting fission product among
other volatile ones because the time between accident and dose rate measurement
by TEPCO is approximately six years in which only cesium (i.e., Cs-137: 30 years
of half-life) will induce a greater effect on dose rate by gamma radiation. However,
the transported cesium from the reactor core could be in some predominant forms
such as CsOH, Csl, or Cs;MoOy [16] which may act differently to the insulation
material and yielding to a complex interaction. On the other side, the type of
thermal insulation material utilized in unit 2 has to be understood regarding its
chemical compounds. It is stated in a report of the Japan Nuclear and Industrial
Safety Agency (NISA) that the type of thermal insulation in unit 2 is calcium
silicate [17].

To date, the interaction between calcium silicate insulator material and
cesium, as depicted in the previous subchapter, has not been placed into
consideration in fission product transport research at the high-temperature
condition. As the consequence, the following major problems can’t be resolved:
(1) the mechanism of interaction, (2) the temperature when interaction occurs,
and (3) the generated products after the interaction. Hence, a structured research

study is required to comprehend them.
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1.3 Structure of the thesis

1.2.2 Objectives

The final objective of this thesis is to provide fundamental knowledge of
the interaction of cesium on calcium silicate insulator material. In achieving this
objective, some interim objectives are formulated which cover experimentation
from room-temperature to high-temperature conditions. Details of each part will

be given in subchapter 1.3.

1.2.3. Scope

The thesis is scoped in the interaction of non-radioactive cesium hydroxide
(CsOH) and cesium chloride (CsCl; only in the room-temperature study), as the
simulant fission products, with calcium silicate insulator material. Upon
completing this thesis, it is expected that all the relevant findings could provide
robust and significant data for such an interaction in the nuclear primary

containment vessel.

1.3 Structure of the thesis

This doctoral thesis is organized into five chapters. The present chapter
describes the introductory part of the doctoral thesis which consisting of

background, objectives, scope, and structure of the thesis.
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1.3 Structure of the thesis

Chapter 2 provides the investigation on the interaction of calcium silicate
insulator material with cesium in batch-type adsorption experiments. The chapter
begins by detailing the specific objective and followed by the introduction of
chemical characteristics of calcium silicate insulator material. The procedure
taken in performing the experiments, characterization, and post-adsorption
analyses proceed the first part of the chapter.

Chapter 3 presents an approach that aims at obtaining reaction
temperature and products after interaction between cesium hydroxide and
calcium silicate insulator material under reducing and oxidizing atmosphere
conditions. The chapter includes pre-experimental procedures and post-
experimental analysis involving chemical phase identification, morphological and
elemental characterization, and thermodynamics calculation to unveil the
chemical compounds of end-products. The benchmark tests using pure chemical
reagents are supplemented to the chapter to signify the effect of impurity in
calcium silicate when interacting with cesium hydroxide.

Chapter 4 brings the thesis into its last part where describes the
investigation in a way of emulating the interaction between steam-cesium
hydroxide and calcium silicate block insulation at the obtained temperature from

Chapter 3. The chapter begins with the description of high-temperature test
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1.3 Structure of the thesis

facility and the procedure in performing the experiments and then followed by
post-experimental analyses. The calcium silicate blocks from other manufacturers
of which differ in impurities’ weight percentage are included in the heating test
to be analyzed whether the interaction with cesium hydroxide only valid on
certain calcium silicate.

Chapter 5 consolidates the major findings of the thesis into the conclusions
and then the recommendations for future work are provided.

Two parts of appendices are included in the thesis which consisting of
experimental apparatuses used in related chapters and additional results of the

thesis that not presented in the main chapters.
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Chapter 2 Room-temperature cesium adsorption on

calcium silicate thermal insulation material

2.1.  Objectives of this chapter

The purposes of the chapter are to elucidate information on time-
dependent adsorption of cesium on calcium silicate at room temperature condition
and to comprehend the mechanism of adsorption process by time- and
concentration-dependency.

One may raise a question, what is the real connection between this part of
the thesis and the final target which mainly will be concentrated on high-
temperature conditions. The answer can be directed in two circumstances: first,
the images and videos footage in TEPCO report [2] have clearly shown the
deposits and its surrounding were affected by drops of condensed steam (i.e.,
mixed with fission products in the atmosphere) from upper region of primary
containment vessel and the recorded temperature was 16.5°C while PCV reference
temperature was 18.6°C [18] implying that the cesium in condensed form together
with water interacted with the calcium silicate at this location within such

temperature; second, the adsorption of xonotlite-type calcium silicate (i.e., later
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2.2 Calcium silicate insulator material

on this chapter, it will be specifically elaborated about this type of material) onto
cesium at room-temperature condition, to Author’s knowledge, has not been
investigated and reported in scientific journal or publication. The sorption of
radionuclides to other forms or type of calcium silicate material have been
investigated in some studies for immobilization strategies [19-23]. By far, a
material used in the only one study by Hassan et al [24] had close similarity to
calcium silicate insulation. In their study, the sorption behavior of cesium and
europium onto nano-sized calcium silicate (i.e. wollastonite) was investigated.
Nevertheless, it is still inapplicable to extend their study to the Fukushima Daiichi
case since the insulator material likely consists of different mineral phases of
calcium silicate, xonotlite and tobermorite. Therefore, the abovementioned two
circumstances are the basis for the room-temperature adsorption study to be
conducted to construct fundamental information on the interaction of a calcium

silicate insulator material and cesium.
2.2 Calcium silicate insulator material

Calcium silicate insulation material is a common insulator material used
in piping systems for high-temperature purposes [25,26]. The material is formed
by the hydrothermal reaction between SiO; (e.g., source of starting material could

be from quartz flour, silica fumes, bentonite, etc.) and Ca(OH); in a slurry [25].
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2.3 Materials and methods

Upon the hydrothermal process which undergoes temperature increment, the
material turns to tobermorite crystals (CasSiO15(OH). - 4H,0) at 180°C [25,27]
and proceeds to the formation of xonotlite (CasSisO17(OH),) at about 215°C [25].
Xonotlite and tobermorite crystals belong to the calcium silicate hydrate (C-S-H)
system and are structurally similar but the former has double silicate chains
parallel to the b-axis from layers in the ab plane [28]. Hence, it is required to
determine the crystal phase of the calcium silicate insulator material used in this

study before advancing in the experiments.

2.3. Materials and methods

2.3.1 Materials

For all experiments, Milli-QQ grade pure water and analytical-grade
chemicals from Wako Pure Chemical Industries were used, unless otherwise noted.
Cesium chloride (CsCl) was used in this study. Calcium silicate insulation block,
with a specified insulation grade of the nuclear primary coolant system, was used
as an adsorbent. Before the experiments, calcium silicate insulation block was cut

into small pieces and then ground by an agate mortar.
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2.3 Materials and methods

2.3.2 Characterization

The particle size of the ground calcium silicate insulator material was
measured using a laser diffraction size analyzer (SALD-2300, Shimadzu). Field
emission scanning electron microscopy equipped with energy dispersive X-ray
spectrometry (SEM/EDS, JSM-7610F, JEOL) was used to characterize the
morphology and elemental distributions of the samples. A double-sided carbon
tape was placed on a sample holder to place the samples and without any further
coating. The secondary electron images were obtained at an applied voltage of 15
kV. The powder X-ray diffraction (PXRD) analyses were performed using Rigaku
MiniFlex 600, (600 W; Cu Ka radiation) which the scan range was 260 = 10-80°
under continuous mode in a scan speed of 1°/min and step of 0.01°. The applied
current and voltage were 15 mA and 40 kV, respectively. The functional group of
the material was analyzed with Fourier transform infrared spectrometry (FTIR,

Shimadzu FTIR-8400) by the KBr pellet method.

2.3.3 Adsorption Studies

The cesium stock solution was prepared by dissolving CsCl with deionized
water. Interaction between calcium silicate insulator material and cesium was
realized through batch-type adsorption experiments. The experiments were

performed at 25°C using 50 mL conical polypropylene tubes placed inside a
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2.3 Materials and methods

thermostat mechanical shaker. The particle size of ground calcium silicate was
measured using a laser diffraction size analyzer (SALD-2300, Shimadzu) as 15.5
+ 0.1 pm (Fig. B.1). For the purpose of adsorption kinetics, 0.02 g and 0.10 g of
ground calcium silicate were mixed with 20 mL cesium chloride solution with
different initial concentrations of 1.01x10° and 1.01x10* M with contact time
varied from 0.5 to 98 hours. The pH values of solutions were adjusted between
9.91 and 10.06 by adding 0.1 M HCI or NaOH. Two adsorption isotherms were
determined with and without the addition of NaCl as a background electrolyte.
For the former, ionic strength was kept constant to 10 mM by proper addition of
1 M NaCl stock solution. In the adsorption isotherm measurements, 0.02 g of
ground calcium silicate was mixed with 20 mL cesium solution with the cesium
initial concentration varied from 1.3x10%-3.5x10% M. Both ionic strength and
pH values were set as that of in adsorption kinetics. After the reaction/contact
time, the supernatant of solution was filtered using a membrane filter with pore
size of 0.45 pm. The filtrate was further diluted with deionized water and 10%
nitric acid solution. The final concentrations were measured using inductively
coupled plasma mass spectrometry (ICP-MS 7500CS, Agilent). All these

experiments were conducted in triplicate.
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2.3 Materials and methods

The adsorption capacity, g, (mol g'), and removal percentage, R (%), were

determined using equations:

de = (Co —Ce)% (2.1)
R(%)= w (2.2)

where . is the adsorption capacity at equilibrium time in mol/g, Cjis the
initial concentration in mol/L, C. is the equilibrium concentration in mol/L, V'is

the volume of solution in liters, m is the mass of the sorbent in grams.

2.3.4 FTIR sample preparation

At first, all of the calcium silicate solid phases of the three isotherm
samples were separated from the corresponding aqueous phases by filtration with
a membrane filter of 0.45 pm in the pore size. The obtained solid samples were
then dissolved with deionized water, and further separated from the aqueous
phase by centrifugation for about 10 minutes with 8000 rpm. After the centrifuge,
the process was repeated from separating supernatant until it underwent
centrifugation again. When completing the repetition, the separated samples were
placed in the heating chamber with temperature of 90°C for 6 hours. The dried
samples were then mixed with KBr using agate mortar, in which the weight ratio
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2.4 Calcium silicate insulation material
before the adsorption study

of samples/KBr was approximately 1/100. The finely ground materials were

formed into pellets to be analyzed in the FTIR spectrometer.

2.4 Calcium silicate insulation material before the adsorption

study

The phase identification of calcium silicate with the ICDD (International
Center for Diffraction Data) card No. 00-023-0125 for xonotlite (CasSisO17(OH)2)
and card No. 00-019-1364 for tobermorite (CasSisO15(OH):e4H,0) was
determined by X-ray diffraction (XRD). The result shows that the ground calcium
silicate insulator material is composed of predominantly xonotlite, Fig. 2.1, which
is in agreement with the previous study by Zheng and Wang [25]. Additionally,
the micrograph on Fig 3 unveiled the existence of fibers and particle agglomerates,
which had Ca/Si atomic ratio of approximately 1.00. This ratio is important
supporting evidence to validate the chemical phase of xonotlite identified by XRD
since theoretically its starting material of CaO/SiO ratio in C—S—H system should

be unity [29].
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2.4 Calcium silicate insulation material
before the adsorption study

Calcium silicate insulation
(this study)

—

Xonotlite (CagSigO,-(OH),)
1ICDD-00-023-0125

Tobermorite (Ca;Si;O,,(OH),« 4H,0)
1CDD-00-019-1364

Intensity (arbitrary unit)

i
10 20 30 40 50 60 70 80

20 (deg)

Fig. 2.1 XRD pattern of calcium silicate insulation.

SED  15.0kV WD9mm
Sample

Fig. 2.2 Secondary electron image with elemental point analysis for the calcium

silicate material.
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Table 2.1 Ca/Si atomic ratio in calcium silicate insulation.

Point location | Ca/Si atomic
[-] ratio [-]
001 1.04
002 1.05
003 1.00
004 0.96
005 1.01
006 1.25
007 1.13
008 1.10
009 1.25
010 0.99

2.5 Adsorption kinetics

The adsorption kinetics of cesium on the calcium silicate insulation was
evaluated. As shown in Fig. 2.3, the adsorption of cesium reaches equilibrium
within 24 hours for those samples with calcium silicate concentration of 1 g/L
and 98 hours for that of 5 g/L. Therefore, in the following equilibrium experiments

(section 2.6), a contact time of 98 hours was selected.
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Fig. 2.3 The effect of contact time on cesium adsorption of calcium silicate
(Initial concentrations of Cs: 1.0x10® and 1.0x10* mol/L; adsorbent
concentration: 1 g/L and 5 g/L, temperature: 25°C, maximum contact

time: 98 hours).

Adsorption mechanism of cesium on calcium silicate was investigated based
on kinetics adsorption models: pseudo-first order and pseudo-second order models.
The pseudo-first order rate equation and its linearized form are given in Egs. (2.3)

and (2.4), respectively.

dq

t

—=K - 2.3
" 1 (qe qt) (2.3)
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ln(Qe - Qt)z Inqe - Kyt (2.4)

Where ¢ and ¢. are the adsorbed amount of Cs* (mol/g) at time ¢ (hours) and
at equilibrium, respectively; A7 is pseudo-first order rate constant (hour'). The
equilibrium adsorption g. and rate constants A; are calculated by the plot of
In(g—q:) vs. t using Eq. (2.4). On the other hand, the pseudo-second order kinetics
model assumes that the reaction kinetics is influenced not merely by cesium
concentration (i.e., as in the pseudo-first order model), but also by the active sites
on adsorbent. The model and its linearized form are given in Egs. (2.5) and (2.6)

as the following;:

day 0

dt :KQ(QG _qt) (2:5)
L1 s+ (2.6)
Ay Kyay e

K> is pseudo-second order rate constant (g/mol'hour). The equilibrium adsorption
q. and rate constants A> are determined by plotting ¢/q: vs. ¢ using Eq. (6). Two
criteria are considered as the basis to determine the most likely adsorption
mechanism: (1) relative difference between the adsorbed amount of Cs' at
equilibrium obtained by the experiment and the kinetics model (@eexperimens and

Qemoder); (2) the correlation coefficients of the fitting (R?). The favorable condition
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is least difference between qeexperimens aNd Qe moder, and R? close to unity. The
obtained parameters of the pseudo-first order and pseudo-second order models are
listed on Table 2.2. Based on our experimental data, the adsorption of cesium on
calcium silicate was better fitted to the pseudo-second order models, which
indicated that Cs™ was chemisorbed and the adsorption rate of calcium silicate
insulator material depended on the active sites rather than Cs* concentration in
the solution [30]. The subsequent isotherm adsorption and also FTIR analysis in

section 2.7 were intended as the supporting proof of such adsorption process.

Table 2.2 Pseudo-first order and pseudo-second order parameters for cesium

adsorption on calcium silicate.

Pseudo-first order kinetics model Pseudo-second order kinetics model
Kl Qe Qe model Rel RQ K2 Qe (e model Rel RQ
Sample - experiment (mol/g) diff. (g/molh) experiment (mOI/g) diff.
(b (mol/g) | x107° (%) \ (mol/g) | x107° (%)
<102 | X107 x10 X107
0.02 g;
, 9.42 2.30 1.04 54.6 | 0.966 | 3.53 2.30 2.33 0.990 | 0.999
1.0x10* mol/L
0.1g;
, 2.32 1.27 0.460 64.2 | 0.808 | 3.58 1.27 1.28 0.640 | 0.995
1.0x10* mol/L
0.02 g;
1.66 0.300 0.140 52.2 | 0.626 | 8.18 0.300 0.310 1.25 0.983
1.0x10% mol/L
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A Adsorbent conc. 1 g/L (Cs loading: 1.0x10* M)
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Fig. 2.4 (a) Pseudo-first order kinetics model; (d) Pseudo-second order kinetics

model for cesium adsorption on calcium silicate.
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Fig. 2.5 Comparison on cesium removal from aqueous solution by xonotlite-type
calcium silicate in this study and wollastonite-type calcium silicate in

Hassan et al [24].

The cesium removal percentage by calcium silicate with a different crystal
phase, wollastonite, shows a significant difference to our study. This type of
calcium silicate has a lower removal percentage even comparing with 1 g/L of

xonotlite-type calcium silicate (10 times less adsorbent concentration). Moreover,

in term of equilibrium, it had been achieved within 0.5 to 1 hours of contact time

while our kinetics study showed equilibrium was achieved within 24 hours (i.e.
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those of 1 g/L adsorbent concentrations). These conditions explicitly infer the
inapplicability of extending cesium adsorption behavior on wollastonite-type

calcium silicate to approach such a phenomenon in calcium silicate insulation of

the Fukushima Daiichi NPS case.

2.6 Adsorption isotherm

The adsorption isotherm of cesium to the calcium silicate was investigated
to evaluate the performance—as well as to validate findings in adsorption
kinetics—with regard to the maximum adsorption capacity (qm). Its
corresponding value represents the theoretical maximum capacity or adsorbent
material’s ability to adsorb cesium at saturation conditions. The models that had
been implemented in our adsorption isotherm experimental data including the
two-parameter model: Langmuir [31,32], and the three-parameter model:
modified-Brunauer-Emmett-Teller (BET) [33]. The term “modified” in BET
isotherm means that the model has been derived from its original form to properly
applicable in the liquid-solid system. This is because the conventional BET
isotherm [34] requires one to define the saturation pressure which is only valid for

the gas-solid system.
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The approach for a solution in the two-parameter model was done using linear
regression while for the three-parameter model using non-linear regression. The
Langmuir and modified-BET models are expressed in Eq. (2.7) and (2.8),

respectively.

KLmCe
- . um e 2.7
qe le1+K C (2.7)
Lm e

KSC
q.=q ¢
e 'm(1-K;C)(I-K,C +K

2.8
Sce) 29

where A7, is Langmuir adsorption isotherm constant in L/mol, Ay is the
equilibrium constant of adsorption for BET first-site in L/mol, A% is the
equilibrium constant of adsorption for upper sites in L. /mol, and @, adsorption
capacity of adsorbent in mol/g. The optimized parameters of those models are
given in Table 2.3.

We have seen from the adsorption kinetics analysis that Cs™ was
chemisorbed on sorption sites of the calcium silicate insulator material. The
nature of the interaction was further analyzed through the two isotherms with
and without the presence of competing ion Na™. If such inferred dependency was
incorrect, then there should be no effect before and after introducing Na* to the

solution and only one isotherm model would be necessary to explain them.
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Table 2.3 Estimated parameters of adsorption isotherm models.

Langmuir isotherm Modified BET isotherm
model model
Sample Kim Qm Ks Ky Qm
(L/mol) | (mol/g) | (L/mol) | (L/mol) | (mol/g)
Calcium silicate 8.9 0.047 11 0.38 0.061

In fact, as presented in Fig. 2.6, the Langmuir model was only applicable
in our study with Na® while modified-BET only for that without Na* because
each model represented different phenomenon as sorbate concentration increased.
Without Na*, three distinctive processes become apparent as a function of Cs*™
concentration: the dashed red line represents the dominant adsorption process is
surface complexation; the solid red line represents surface site saturation; the
dash-dot red line represents surface precipitation [35,36]. On the other hand, when
Na* was introduced to the solution, the selectivity adsorption of sorbent (calcium
silicate) occurred between Na* and Cs* [32,37,38] which in turn could decrease

the activity of Cs* and available adsorption sites.
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Fig. 2.6 Adsorption isotherm results of calcium silicate as function of cesium

concentration under the effect of competing ion in the aqueous solution

(Cs loading: 1.3x10%-3.5x10® M; Na loading: 0.01 M; adsorbent

concentration: 1 g/L; temperature: 25°C, contact time: 98 hours).

This could be deduced on the results where surface precipitation was hindered,

and the adsorption capacity was reduced from 0.061 mmol/g to 0.047 mmol/g.

These effects could also be explained by the fact that Na* competed for the

sorption with Cs*™ or screened the negative electrostatic potential of the sorbent

and diminished the favorable interaction with Cs*.
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2.7 FTIR analysis

2.7 FTIR analysis

The procedure that had been performed in this analysis was arranged in
accordance to rule out the possibility of cesium physically adsorbed on calcium
silicate. The samples from the adsorption isotherm experiments without Na* were
used so that we could obtain the nature of adsorption in this material. Three
samples were selected based on the observed phenomenon (i.e., surface
complexation, surface site saturation, and surface precipitation) and one sample
without Cs intake. Here, after completing the procedure (as described in
subchapter 2.3.4), only the higher binding energy between sorbate and sorbent
would withstand which is chemisorption. Therefore, the change of respective
vibrational modes in FTIR analysis after those procedures will represent such a
sorption process.

The nature of vibrational mode in this calcium silicate insulator material
is the characteristic of its predominant chemical compound, xonotlite. There are
three groups of vibration bands in this material: the first group is due to CO3*
vibration, the second group is due to bending and stretching vibrations of water
molecules and O—H groups, and the third group is silicate tetrahedral vibrations
[39]. Among these groups of the bands, we observed the shift of vibrational mode

occurred by the interaction with Cs* on the silicate tetrahedral second intense
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absorption with the wavenumber of 550-400 cm™. This is the O—Si—O deformation
or bending mode [39-41].

Initially, in the sample without Cs loading, this mode had a sharp peak at
462 cm™ and a shoulder at 456 cm™ (black line), which the absorbance intensity
difference between them about 60%. Upon Cs loading, the peak and shoulder
intensity behaved differently. At the Cs loading of 4.0x10® M (i.e., condition of
surface complexation) the peak intensity was reduced and slightly shifted to 463
cm! while the shoulder intensity increased. This was caused by Cs* occupancy on
the active sites which could inhibit the bending or deformation vibrations of O—
Si—O and yielded lower intensity than that of without Cs loading. As the Cs
loading attained saturation on 3.1x10* M which completely occupied all the
active sites, the peak on 463 cm™ was undetectable and only the previous shoulder
remained on 456 cm™. At last, when the Cs loading increased to 2.3x10* M (the
condition of surface precipitation), the shoulder turned as the new peak at 458
cm!. The new observed peak at 458 cm™ has signified the formation of a surface
phase whose composition varies between that of the original solid and a pure

precipitate of sorbate [35].
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2.7 FTIR analysis
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Fig. 2.7 FTIR results of calcium silicate insulator material: (a) 4000-400 cm;

(b) enlarged graph on 600-400 cm™.

Indeed, the formation would involve coordination between silicate and Cs but to

some extent, the exact compound and how it occurred couldn’t be unveiled by

infrared spectroscopy. Thus, some proper underlying investigation measures are

required in the future, for instance, unveiling the local structure of materials by

the extended X-ray absorption fine structure (EXAFS) which has been

demonstrated by Schlegel et al [19] when investigating Eu(III) uptake on calcium

silicate hydrate (i.e., in which one of the samples was Ca/Si: 1). They interpreted

the results that the coordination of Eu(Ill) occurred by the replacement of Ca2*
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in the Ca layer and the interlayer leading to the formation of C-S—H-like solid

phase (surface precipitate).

2.8 Chapter summary

Room-temperature adsorption behavior of cesium on a calcium silicate
insulation material predominantly composed of xonotlite CasSisO17(OH)2) was
studied by analyzing the adsorption kinetics, isotherm, and the infrared
spectroscopy. The adsorption kinetics showed that the adsorption process of
cesium followed the pseudo-second order reaction model that highly indicated
chemisorption of cesium. Equilibrium of adsorption was achieved within 24 hours
for the low adsorbent concentration (1 g/L) and 98 hours for the high
concentration (5 g/L). To further unveil the sorption process, the adsorption
isotherms were obtained with and without the competing Na® ion in aqueous
solutions. The data were represented well with the Langmuir isotherm model in
the presence of Na™ while the modified Brunauer-Emmett-Teller isotherm model
fitted well to that without Na*. This clearly showed that the adsorption process
was altered where surface sites became limited or favorable interaction was
screened by Na', and the formation of surface precipitates were hindered. The
FTIR spectroscopy provided supporting evidence for such sorption that the

vibrational peak of O-Si—O deformation or bending mode was attenuated and
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shifted from 462 to 458 cm™ as a result of the formation of surface complexes and

precipitates.
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Chapter 3 Thermochemical analysis of calcium
silicate insulator material and cesium

hydroxide

3.1 Objectives of this chapter

The purposes of the chapter are to investigate the reaction temperature of
interaction between cesium hydroxide with calcium silicate that subjected to
temperature increase and under influences of oxidizing and reducing atmosphere

conditions, and to characterize the end-products of such an interaction.

3.2 Brief overview of the chapter

Unlike the previous chapter that dealing with room-temperature
experimentation in the solid-liquid system, the present chapter is presented in the
effort to study the phenomenon of calcium silicate—cesium interaction at high-
temperature condition, where the concern system is solid-gas interaction. Before
advancing to realize the aforementioned interaction, it necessitates an information
about reaction temperature because at the location where Author presumed
interaction occurred (i.e., piping systems of the main steam line) the temperature
might vary from 403 K to 1103 K [42]. Considering this wide temperature range,

the analysis is initially devoted to obtaining the actual reaction temperature and
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then proceed to emulate the condition at that obtained temperature. In doing so,
a method called thermogravimetry-differential thermal analysis (TG-DTA) was
performed, where involving a solid-solid system. The analysis was performed from
room temperature condition where calcium silicate insulator material and cesium
hydroxide are in the solid phase.

The thermogravimetry-differential thermal analysis is in the class of
thermal analysis which involves the measurement of certain physical and chemical
properties as a function of temperature. The basic technique for thermogravimetry
is to record the mass of a sample as a function of temperature or time, while
differential thermal analysis measures the temperature difference between a
sample and an inert reference material as a function of temperature [43]. The
combination of both methods enables one to analyze thermal events in the sample
which do or do not involve mass change. Figure 3.1 illustrates typical thermal
analysis involving those two methods in which the sample and the reference
material are subjected to constant heat rate. As the sample is subjected to
temperature rise, the corresponding material in this sample becomes affected. The
example given here shows the sample firstly experiences large endothermic

reaction and then followed by small exothermic reactions. Some processes such as
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dehydration, melting, or polymorphic transition could be as the event of interest,

and explaining the event would require thorough analyses.

T T T T T T T T T T

. Exothermic
Initial mass

Mass change
after 1st thermal event

Endothermic

Weight (%)
(AM) vId

Temperature (°C)

Fig. 3.1 Typical TG-DTA curves.

3.3 Experimental
3.3.1 Materials

Two types of calcium silicate insulation materials were prepared. A calcium
silicate insulation powder that was obtained by pulverizing a calcium silicate
(hereinafter referred to calsil, to distinguish it with the rest of calcium silicates)
insulation block (i.e., manufactured sample following JIS A9510 No.1-15

Standard). The other calsil—with the intention of evaluating the chemical
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reaction owing to change of its initial crystal phase—was obtained by pre-heating
the pulverized calsil under the condition described later, hereinafter referred to
pre-heat treated calsil (PHT calsil). The reagent-grade cesium hydroxide
monohydrate, CsOH « H,O (Sigma Aldrich, 99.5%) was used as a cesium source.
A reagent-grade CaSiO; (Sigma Aldrich, 99%) was used in the separate heating

tests as a benchmark for the calcium silicate insulator material.

3.3.2. Characterization

An electric furnace was used for preparing PHT calsil at the pressure of
0.1MPaG in platinum crucible under Ar-5%H; constant flow of 200 cm?®/min and
maximum temperature of 950°C. A coupled thermogravimetry-differential
thermal analysis (TG-DTA, Thermo plus EVO2/TG-DTA 8121, Rigaku) was
used to analyze thermal events in the samples which being heated in platinum
crucible at pressure of 0.1MPaG under Ar-5%H, and Ar-4%H,-20%H>0 constant
flow of 200 cm?/min and a heating rate of 10°C/min from about 25°C to 1100°C.
The retention time at maximum temperature for all samples is one minute unless
otherwise specified.

X-ray diffraction (XRD) analyses were performed at room temperature to
identify crystal phases of samples after TG-DTA using Rigaku MiniFlex600SC

(600 W, Cu Ka radiation). The scan range was 20 = 10-60° with a continuous
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mode in a scan speed of 1°/min and step of 0.01°. The applied current and voltage
were 15 mA and 40 kV, respectively. Field emission scanning electron microscopy
equipped with energy dispersive X-ray spectrometry (SEM/EDS, JSM-7610F,
JEOL) were utilized to characterize the morphology changes and elemental
distributions in the samples. A double-sided carbon tape was affixed on Al sample
holder to place the samples and without any further coating. The secondary
electron images were obtained at the applied voltage of 15 kV. Elemental
composition was quantitatively analyzed using a sequential X-ray fluorescence
spectrometer (XRF-1800, Shimadzu) with Rh target at the applied voltage and
current of 40 kV and 95 mA, respectively and the scan speed of 4°/min. All

experimental conditions are summarized in Table 3.1.

3.3.3 Sample preparation

3.3.3.1 Calsil mixed with cesium hydroxide (CsOH)

Calcium silicate (calsil) insulator material and CsOH were mixed with an
agate mortar and pestle in the glove box under nitrogen gas flow to prevent CsOH
reaction with moisture. Calsil (CagSicO17(OH).) with 81.0 wt% and CsOH ¢ H,O
powders 19.0 wt% were mixed to provide molar ratio of Cs/Ca approximately
equal to one. The mixed powder was pressed into the disc-shaped mold with a

diameter of 3 or 5 mm for the TG-DTA analyses.
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Table 3.1 List of samples and the experimental condition for chemical reaction

test of calcium silicate (calsil) insulation and cesium hydroxide.

Sample Sample name Initial Atmosphere Temp XRD SEM/
ID. mass . EDS
(mg) (°C)
T1 CsOH « H,O 36.6 Ar-5%H, 700 — —
S1 Calsil 177 Ar-5%H, 950 < ©
S2 PHT calsil 88.5 Ar-4%H,-20%H.O 1100 — —
S3 PHT calsil+CsOH « H,O 23.1 Ar-5%H, 700 o —
S4 PHT calsil+CsOH « H,O 16.5 Ar-5%H, 1100 — —
S5 PHT calsil+CsOH « H,O 176 Ar-4%H>-20%H.0 1100 o o
S6 Calsil+CsOH « H,O 32.3 Ar-5%H, 575 o —
S7 Calsil4+CsOH « H,O 45.4 Ar-5%H, 1100 o —
S8 Calsil+CsOH « H,O 118 Ar-5%H, 1100 < ©
S9 Calsil+CsOH « H.O 67.8 Ar-5%H, 730 # < —
S10 Calsil+CsOH « H,O 26.8 Ar-4%H,-20%H,0O 1100 o —
S11 Calsil+CsOH « H,O 27.0 Ar-5%H, 1100 — —
S12 Calsil+CsOH « H,O 67.4 Ar-4%H,-20%H,0 1100 o —
S13 PHT calsil+CsOH « H,O 21.7 Ar-4%H,-20%H.O 1100 o —
S14 PHT calsil+CsOH « H,O 95.1 Ar-4%H>-20%H.O 1100 < —
B1 CaSiO; 47.0 Ar-5%H, 1100 < ©
B2 CaSiO;+CsOH « H,O 70.5 Ar-5%H, 1100 o o
B3 CaSiO3+CsOH « H.O e Ar-5%H,-20%H-0 1100 o ©

O: examined in SEM/EDS or XRD; #: 10-minute retention time
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3.3.3.2 Pre-heat treated calsil (PHT calsil) mixed with cesium

hydroxide

For a fundamental study on the interaction of cesium with calcium silicate
insulation, the calsil was pre-heat treated (PHT calsil). It is accounted as the
evaluation on the possibility of this material firstly interacts with its high-
temperature atmosphere in the real installation site of the primary piping system
of nuclear power station before its interaction with cesium.

In order to produce a larger amount of the PHT calsil sample, the calsil
powder was heat-treated inside an electric furnace with the platinum crucible.
The XRD analysis was performed after the heat treatment, which mainly
identified wollastonite (CaSiOs) as the main constituent of the PHT calsil—where
larnite (Ca»Si04) also being identified as a minor compound—as shown in Fig 3.2.

Figure 3.3 depicts the micrograph of calsil and PHT calsil, respectively.
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Fig 3.2 XRD pattern of pre-heat treated calcium silicate insulation (PHT

calsil) and calsil.

Fibers included in calsil were decomposed and broken in PHT calsil sample.
Then, after those characterizations, the sample was mixed with CsOH in a similar
way to calsil. PHT calsil with 40.9 wt% and CsOH e H,O with 59.1 wt% were
mixed to provide molar ratio of Cs/Ca approximately equal to one. After mixing,

samples were also pressed into the disc-shaped mold with a diameter of 3 or 5
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and post-mixing with cesium hydroxide

Fig 3.3  Secondary electron image of (left) calsil and (right) PHT calsil. PHT
calsil was identified as wollastonite (CaSiOs) crystal while calsil was

composed of predominant xonotlite (CagSigO17(OH)2) and minor

tobermorite (CasSisO15(OH)2 ¢ 4H-0).

3.4 Effect of atmospheric condition on calsil: pre- and post-
mixing with cesium hydroxide

3.4.1 Pre-heat treated calsil
The results of TG-DTA analysis, as presented in Fig. 3.4 for calsil which

undergoes heat treatment (i.e. to form heat-treated calsil) under Ar-5%H, and
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Ar-4%H,-20%H-0 conditions show similar thermal event and volatile materials in
the calsil are almost completely vaporized up to around 700°C regardless of
oxidizing or reducing condition. Above this temperature, two small exothermic
reactions are observed. They are associated with (1) loss of remaining hydroxyls
and (2) xonotlite (CaeSisO17(OH)2) and/or tobermorite (CasSisO1s(OH)2 e 4H50)
transformation to wollastonite (CaSiO;) [44-46].

It should be emphasized that the sample in our study was a product of
hydrothermal reaction (CaO-SiO-H.O) which at last consisted of mixed xonotlite
and tobermorite while those employed in the reported works [44-46] were
distinctive/separate experiments on xonotlite and tobermorite. Thus, the second
loss of remaining hydroxyls that was observed in our sample around 720°C, was
not observed by those works. Nevertheless, the onset of transformation into

wollastonite (800°C) in our study was in agreement with those reports.
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Fig. 3.4 TG-DTA curves of calsil under heat treatment in Ar-5%H. and

Ar-4%H>-20%H,0 with maximum temperature of 1100°C.

3.4.2 Pre-heat treated calsil mixed with cesium hydroxide

Figures 3.5 shows the TG-DTA curves under Ar-5%H, condition for PHT
calsil mixed with CsOH ¢ H,O (S3, S4) and CsOH « H,O (T1). Sharp endothermic
reaction around 200°C in our samples resulted from the melting of CsOH ¢ H,O
(refer to the phase diagram of CsOH-H,O system reported by Liljenzin and Schock

[47]).
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Fig. 3.5 TG-DTA curves of PHT calsil mixed with CsOH e H,O in different

temperature limit under Ar-5%H, atmosphere and curve for non-mixing

CSOH . HQO

Small endothermic reaction and weight loss at the temperature beyond
400°C appeared simultaneously, while no weight loss at the same temperature
was observed for CsOH ¢ H,O (T1). Furthermore, there was no change in DTA
curves above 500°C and the weight loss started around 700°C. Then, to examine
whether interaction occurred at such a temperature range, the mixed sample (S3)
which being heated up to 700°C was examined by XRD. No cesium compounds

were present, and the XRD pattern of S3 almost similar to that of PHT calsil or
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CaSiO;, in Fig. 3.6. Thus, the endothermic reaction at the temperature beyond
400°C is not related to a chemical reaction between PHT calsil and CsOH
although—in the case of Ar-4%H»-20%H.O—a similar diffraction pattern

appeared and the interaction between PHT calsil and CsOH was identified.
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3
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Fig 3.6. XRD patterns of PHT calsil mixed with CsOH « H,O after subjected to
heat treatment up to 1100°C under Ar-5%H. and Ar-4%H»-20%H,0,
and the attribution to PHT calsil, CaSiO;, Ca:SiO4, Cs:Si.05, and

CsAlSiO..
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Figures 3.7 describes the TG-DTA curves of PHT calsil mixed CsOH and
non-mixed PHT calsil (S5, S13, S14, S2), which were heated under Ar-4%H,-
20%H>0. The sharp endothermic reaction around 200°C observed in the case of

Ar-5%H, disappeared; a gradual endothermic appeared at temperature lower than

200°C under Ar-4%H»-20%H,0.
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L — S2 (PHT calsil; 88.5 mg)
120 - — S5 (PHT calsil+CsOH; 176.5 mg) ]
—  S13 (PHT calsil+CsOH; 21.7 mg)
§ —  §14 (PHT calsil+CsOH; 95.1 mg)
e 100 B b =
E I x’—:‘“\
=0 v
2 80[ yg0s; H
< L2995
60275 L—-—-- | Ar-4%H,-20%H,0
200 600 1000
40 Temp\‘:rulm‘we (s (.I) | | |
100 [ L \ | T
50
E :
0F
<7
E I
—50F
—100 "5 ¢ Wy § g o5 o g . R M
0 200 400 600 800 1000

Temperature (°C)

Fig. 3.7 TG-DTA curves of PHT calsil mixed with CsOH ¢« H,O, and PHT
calsil (non-mixing sample). Atmospheric condition: 1100°C, Ar-
4%H,-20%H-0.
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In the case of the Ar-4%H»>-20%H>O condition, according to the phase
diagram [47], solid CsOH e H,O can disappear to become liquid form of CsOH and
such a sharp endothermic peak can disappear due to steam partial pressure was
greater than 123 mbar (i.e. 20%H>O corresponds to 200 mbar steam partial
pressure). The gradual endothermic below 200°C appeared for the mixed samples
(S5, S14), which suggested that steam partial pressure became greater than 123
mbar. In fact, both of the TG curves of S5 and S14 indicated weight gains and
suggested that these samples absorbed steam at temperature lower than 200°C.
Consequently, the gradual endothermic peak below 200°C has been considered to
have resulted from the transition of solid to liquid forms of CsOH, accompanying
water absorption.

TG-DTA curves in Ar-4%H>-20%H-0 in the temperature range from 400°C
to 1100°C appeared not to be significantly different from those in Ar-5%H-
although the endothermic peak intensities at the temperature beyond 400°C
became large. The difference in these endothermic peak intensities between Ar-
5%H, and Ar-4%H,-20%H.0 is likely caused by an increased amount of loaded
sample and enhancement of interaction between PHT calsil and liquid CsOH.

The XRD pattern in Fig. 3.6 indicates that the peak intensities of CaSiO;

for S5 and S14 with larger sample amounts are weaker, compared to that of the
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small loaded sample (S13). It was also found that another compound namely
cesium aluminum silicate, CsAlSiO,, was identified along with Ca»SiO,. This
result implies that cesium interacts with PHT calsil. The fact that cesium
aluminum silicate was formed instead of cesium silicates (e.g., Cs2Si20s5, Cs251409,
Cs6Si03) had shown that aluminum, despite the existence as a minor element in
calcium silicate with approximate percentage of 0.94% (i.e., the list of respective
element percentage is given on Table B.1), played an important role to yield the
reaction. The quantitative analysis of sample S5 by using the RIR method in
Rigaku integrated X-ray powder diffraction software, PDXL® version 2.7.2.0,
shows the amount of CasSiO, is 95.9 wt%, followed by CsAlSiO, with 4.1 wt%
(Appendix B, Fig. B.2).

The thermodynamic calculations using thermodynamic data [48-51] were
performed to evaluate whether CaSiO; reacts with CsOH. As a result, two

following reactions would likely to occur:

4CaSiOs(s) + 2CsOH(c) = 2CasSi04(s) + Cs2Si:05(s) + HaO(g) (3.1)

2CaSiOs(s) + 2CsOH(c) = CasSi04(s) + Cs25105(s) + H.O(g) (3.2)

where s means solid phase, ¢ condensed phase, and g gaseous phase. However, the
lowest Gibbs free energy of reaction was obtained if alumina included in the

system, and CsAlSiO4 could be formed by the following reaction:

Page | 47 Thermochemical analysis of calcium
silicate insulator material and cesium hydroxide



3.4 Effect of atmospheric condition on calsil: pre-
and post-mixing with cesium hydroxide

4CaSiOs(s) + ALOs(s) + 2CsOH(c) = 2CsAlSiOu(s)

+ 2CasSi0Ou(s) + H20(g). (3.3)

Fig. 3.8 Energy dispersive X-ray spectroscopy (EDS) elements mapping of S5
(PHT calsil + CsOH « H,O in Ar-4%H,-20%H-0 heated up to 1100°C).
In the circle area, the distribution of Cs is partially coincident with

that of O, Si, and Al but not coincident with that of Ca.

The results of SEM/EDS analysis for PHT calsil mixed with CsOH ¢ H,O
in Ar-4%H»>-20%H,0 (S5) are shown in Fig. 3.8. The EDS mapping revealed that

the elemental distribution of Cs was congruent with that of Si, O and Al in several
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places. Therefore, this EDS result becomes supporting evidence of chemical
interaction between PHT calsil and CsOH which forming CsAlSiO..

The comparison of TG-DTA in Fig. 3.9 signifies no major difference in Ar-
5%H, and Ar-4%H,-20%H-0 for PHT calsil mixed with CsOH « H,O (S4, S5, S13)
after being heated above 400°C. However, CsAlSiOs was not identified in the
sample heated below 700°C (S3)—Figure 3.6. Therefore, in the temperature range
of 700°C to 1100°C the chemical interaction between PHT calsil and CsOH ¢ H,O

is expected to occur.
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Fig. 3.9 Comparison of TG-DTA curves between Ar-5%H. and Ar-4%H,-

20%H,0 atmosphere for PHT calsil mixed with CsOH « H,O.
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3.4.3 Calsil mixed with cesium hydroxide

Figure 3.10 presents the results of the TG-DTA curves under Ar-5%H,
condition for calsil mixed with CsOH « H,O (S7, S8), together with those for calsil
(S11) and CsOH « H,O (T1). No sharp endothermic peak around 200°C appeared,
like the case of PHT calsil in Ar-5%H, as shown in Fig. 3.5. However, a similar
gradual endothermic at less than 200°C appeared like that in the case of PHT

calsil in Ar-4%H,-20%H,0 (Fig. 3.7).
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Fig. 3.10 TG-DTA curves of calsil mixed with CsOH ¢ H,O, calsil (non-mixing

sample) and CsOH « H,O. Atmospheric condition: 1100°C, Ar-5%Ho,.
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In other words, a similar atmospheric condition to that the samples under Ar-
4%H>-20%H.0 was realized and a transition from CsOH liquid form to solid
CsOH ¢« H,O would occur with increasing temperature. Some endothermic
reactions in the temperature range of 550 to 800°C appeared in contrast to the
case of PHT calsil mixed with CsOH ¢ H,O. Thus, to determine the temperature
threshold when the chemical interaction occurred, two types of samples were
prepared by heating up to 575°C and 730°C, and the resulting compounds were
examined by XRD.

The comparison of the XRD analyses for these samples (S6, S9) as well as
the samples heated up to 1100°C (S7, S8) is shown in Fig. 3.11. As shown in this
figure, CsAlSiO, presents in the sample heated up to 730°C (S9) but not in that
up to 575°C (S6). Therefore, the chemical interaction of calsil mixed with
CsOH « H,O in Ar-5%H, occurred in the temperature range of 575°C to 730°C.
Both Fig. 3.12 (a) and (b) show the micrograph, and EDS point analysis for calsil
mixed with CsOH « H,O after heated in Ar-5%H, (S8). The EDS mapping results
(Fig. 3.13) indicated the congruency among Cs, O, Si, Al but not as intense as
that in sample S5. This is because —unlike sample S5 where crystal phase of
calcium silicate had been changed to wollastonite (CaSiOs) prior to the interaction

with CsOH—the process of xonotlite decomposition and transition into
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wollastonite occurs concurrently with that of interaction to CsOH to form

CsAlSiO4 which in turn causing such effect on elemental distribution.
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Fig. 3.11 XRD patterns of calsil mixed with CsOH e H,O after subjected to
different temperature limit under Ar-5%Ho,, and the attribution to calsil,

Ca8103, CaZSiO4, CSzSiQOE), and CsAlSiO,.
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Fig. 3.12 (a) Secondary electron image showing the assigned points for (b), (c)

EDS point analysis of S8 (calsil+CsOH ¢ H,O in Ar-5%H, heated up to

1100°C).
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Fig. 3.13 EDS elements mapping of S8 (calsil+CsOH ¢ H,O in Ar-5%H, heated
up to 1100°C). Circle area marks the congruency distribution of Cs, O,

Si, and Al

The thermodynamic calculations using thermodynamic data [48-51] were
also evaluated. Similar to the case of PHT calsil (i.e. CaSiOs), the reaction with
CsOH which forming cesium silicate in the following reactions would likely to
occur yet the lowest Gibbs free energy of reaction can be obtained if alumina
included in the system (i.e., Eq. 3.6):

20&5816017(01‘1)2(8) + GCSOH(C) = 308281205(8)
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+ 6CaxSi04(s) + 5H,O(g) (3.4)

Ca(;SieOn(OH)g(s) + GCSOH(C) = 30828103(8)

+ 3CaxSi0u(s) + 4H,O(g) (3.5)

The formation of CsAlSiOy is as the following reaction:

20&6816017(01‘1)2(8) + 3A1203(S) + 6CSOH(C) = 6CSA18104(S)

110
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Fig. 3.14 TG-DTA curves comparison between Ar-5%H, and Ar-4%H»-20%H-0
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The TG-DTA results comparison both heat treatment in Ar-5%H, and Ar-4%H.-
20%H,0 atmosphere for calsil mixed with CsOH ¢ H,O (S7, S8, S12) are presented
in Fig. 3.14. The TG-DTA curve in Ar-4%H»>20%H>O appears not to be
significantly different from that in Ar-5%H, except for the DTA curve at
temperature lower than 200°C. No endothermic reaction at temperature lower
than 200°C might be due to the disappearance of solid CsOH e H,O and also
dehydration of calsil are expected to cause the steam partial pressure greater than
200 mbar (i.e., 20% of H.O) where solid CsOH « H,O disappears. The endothermic
reaction in the temperature range from 550°C to 800°C for calsil mixed with
CsOH « H,O in Ar-4%H,-20%H,O (S12) are weaker than those for the mixed
samples in Ar-5%H, (S7, S8), although the loaded amount of the mixed sample
S12 are larger than that of the mixed sample S7. Furthermore, it was found from
the TG curve that the weight loss of the mixed sample S12 was smaller than

those of the mixed samples (S7, S8).

3.4.4 Comparison of calsil and pre-heat treated calsil upon

mixed with cesium hydroxide

Figure 3.15 and 3.16 show the TG-DTA curves and XRD patterns for both
calsil mixed with CsOHeH,O and PHT calsils mixed with CsOH ¢ HyO,
respectively.
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Fig. 3.15 TG-DTA curves comparison of calsil mixed with CsOH ¢ H,O and PHT

calsil mixed with CsOH ¢ HoO under Ar-5%H, and Ar-4%H.>-20%H,O

atmosphere.

The results of the XRD analysis indicate that CsAlSiO, is formed in both
types of calsils heated up to 1100°C although TG-DTA analysis cannot explicitly
identify on which temperature range chemical interactions occur between the
calsil and CsOH. This could be as a result of coincidence between xonotlite-
wollastonite crystal transformation (CasSisO17(OH), 2 CaSiOs) and the reaction

of CaSiO; with CsOH.
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Fig. 3.16 XRD pattern of calsil mixed with CsOH ¢« H,O and PHT calsil mixed
with CsOH ¢ H,O (after subjected to heat treatment up to 1100°C under
Ar-5%H, and Ar-4%H»-20%H,0), and the attribution to CasSiO,

C&SiOg, CSQSiQO5, and CsAlSiO..

The fact is also can be drawn from Fig 3.10 on temperature 550°C to 800°C. A
similar but wider exothermic was observed on sample S7 and S8. From the

separate experiment (see subchapter 3.4.1), it was suggested that those
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exothermic reactions on S11 associated with loss of remaining hydroxyls and
recrystallization to CaSiOs;.

Two major tasks remain from the analyses of interaction of calsil with
cesium hydroxide: (1) The high weight percentage of cesium in EDS point analysis
(see Fig. 3.12) and (2) the significance of aluminum (i.e., calsil impurity in 0.94
wt%) to yield the reaction instead of direct reaction with silicates to form cesium
silicate. If one combines the two aforementioned conditions, one may raise a
question of how such a low content of aluminum in the sample produces
approximately 40 wt% of cesium end-product if this resulted from cesium
aluminum silicate. Indeed, such an inference would contradict all the facts, and
the possibility of a high percentage could be also from the condensed CsOH which
did not react with calsil. Therefore, the dissolution process of post-heat treatment
samples is taken to eliminate such a possibility and is presented in the next
subchapter. Additionally, the reagent-grade CaSiO; is examined in separate
heating test experiments of which mixed with cesium hydroxide and then prior

to the characterization, a similar dissolution process is conducted for all samples.
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3.5 Effect of dissolution and impurity on the interaction with

cesium hydroxide

3.5.1 Effect of dissolution process

As briefly described in the previous subchapter, the given dissolution
process here is provided to dissolve the condensed CsOH in the sample so that a
more valid representation of the cesium amount in connection with the aluminum
distribution. Cesium hydroxide is highly dissolved in water at room temperature
of which 300 g/100 g of H,O [52]. So that using deionized water as the dissolving
agent is sufficient in the present study, even though another dissolving technique
is feasible such as the one performed by Nishioka et al [53] using aqua regia (i.e.,
35 wt% HCl: 60 wt% HNO; = 2:1) to remove the water-insoluble Cs deposits
from their chemisorbed samples.

Sample S5 (i.e., PHT calsil mixed with CsOH; heat-treated up to 1100°C
in Ar-4%H»>-20%H,0) was used in the dissolving process. Before the heating test,
it was known that the amount of CsOH ¢ H,O was 104 mg (59.1 wt%) and this
required at least 100 pL of deionized water to dissolve it. However, considering
the matrix of sample being mixed with PHT calsil which could attenuate the
dissolution efficiency, 2 mL of H,O was applied. The sample was soaked in about

one hour and separated from the supernatant. Then, the sample was dried using
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a ceramic hot plate with the temperature of 110°C for an hour of constant heating
time. Upon completing the process, the SEM/EDS and XRD were performed to
the sample.

The EDS point analysis of sample S5 after dissolution is given in Fig. 3.17.
The amount of cesium is significantly decreased in comparison with the pre-
dissolution one. This result could unveil the cause of a high percentage in previous
analysis was a result of condensed CsOH being remained in the sample. Hence,
the obtained value in the analysis could represent the insoluble Cs compound that
has been identified before, namely cesium aluminum silicate. The EDS elemental

mapping in Fig. 3.18 describes the congruency among Cs, Al, Si, O but not Ca.

[

SED  15.0kv WD10mm HV x1,300 10pum

7T 8 9 10 11 12

sample 0087 Point location [-]

Fig. 3.17 (a) Secondary electron image showing assigned points for (b) EDS point

analysis of S5 after the dissolution.
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Fig. 3.18 EDS elements mapping of S5 after dissolution. Circle area marks the

congruency distribution of Cs, O, Si, and Al.

Despite the suggested cesium aluminum silicate formation by EDS

elemental mapping in the post-dissolution sample, it is imperative to validate the

result through crystal phase identification using XRD analysis. The results of

XRD patterns comparison for PHT calsils mixed with CsOH ¢ H,O pre- and post-

dissolution are shown in Fig. 3.19. The characteristic diffraction of which

previously being identified as CsAlSiO, in pre-dissolution remains in the post-
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dissolution sample. This implies that the cesium compound in the end-product is

stable and water-insoluble.

S5 (PHT calsil+CsOH)
1100°C, Ar-4%H,-20%H,0

o

S5, after dissplution

CsAlSiO,
(ICDD-00-031-0346)

Intensity (arbitrary unit)

CaSiO;
(ICDD-00-084-0655)

j___._;._|,|_|_.|_[|4| | l[l. weakitd 0

Ca,Si0,
(ICDD-01-080-8935)

L ot ‘ |.u||| b bl

10 20 30 40 50 60
26 (deg)

Fig. 3.19 XRD patterns of S5 before and after dissolution, and the attribution to

CaxSi0y, CaSiOs, and CsAlSiO..

3.5.2 Effect of impurity

A high purity reagent grade calcium silicate, CaSiOs, was purchased from
Sigma Aldrich (Sigma Aldrich, 99%) for the heating test with cesium hydroxide.
This is imperative and would be the core evidence because the major findings
described in previous subchapters have been concentrated on the formation of

new cesium compound in calcium silicates (i.e., calsil and PHT calsil) which
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involves the presence of aluminum as the impurity. Before advancing to the

heating test, the elemental analysis of the reagent using SEM/EDS was performed

and presented in Fig. 3.20 and Table 3.2.

SED 15.0kV WD13mm
Sample

x1,500

10pm
0218

Fig. 3.20 Secondary electron image of reagent-grade CaSiOs.

Table 3.2 Ca/Si atomic ratio and Al weight percentage in the CaSiO; reagent.
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Point Ca/Si Al
location atomic (wt%)
-] ratio [-]
001 0.943 0.06
002 1.03 0.19
003 0.974 0.08
004 1.93 0.14
005 1.02 0.19
006 1.13 0.17
007 0.913 0.24
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Even though the sample is high purity reagent grade, a relatively small
amount of aluminum still could be detected in the results of EDS point analysis
to which the highest obtained value is 0.24 wt%. This could be resulted from (1)
the nature of CaSiOs; starting material of quartz flour and quicklime which could
contain alumina regardless of the purification process to be applied and (2) the
background electron scattering of the sample holder which is made of aluminum.
Nevertheless, it is worth to proceed with the benchmark test considering the value
is still comparably 4 times lower than that of calsils (i.e., 0.94 wt%).

The procedure of sample mixing follows the preceding one in subchapter
3.3.3 hence it would not be repeated here. The similar heating test conditions
were also applied to avoid the vague results which including the crucible type,
atmosphere, flow rate, heating rate, and holding time at maximum temperature.
There were three conditions in the heating tests (see Table 3.1): (1) the heating
test of reagent without CsOH in Ar-5%H, atmosphere and temperature up to
1100°C; (2) with CsOH in Ar-5%H, atmosphere and temperature up to 1100°C;
(3) with CsOH in Ar-4%H>-20%H,O atmosphere and temperature up to 1100°C.
After the heating tests, the procedure of dissolution was also conducted on all
samples and then followed by crystal phase identification using XRD and

elemental analysis using SEM/EDS.
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The TG-DTA curves for all three samples are presented in Fig. 3.21.

Sample B1, which contains no CsOH, has no weight loss during the heat

treatment. This is because the crystal of CaSiO; in the reagent has no remaining

hydroxyls to be decomposed which previously occurred in calsil or PHT calsil. On

the other hand, weight changes and several thermal events appear in sample B2

and B3 which contain CsOH.

T e —
100 F
90|
80 -
70k n

Weight (%)

60 - —  B1 (Casi0y; Ar-5%H,; 47.0 mg)

£l B2 (CaSiu+CsOH; Ar-5%Hs; 70.5 me) ]
[ — B3 (CaSi0,+CsOH; Ar-4%H,-20%H,0; 77.7 mg) ]
4:0 ! L L | L L 1 1 L 1 L | L L ! 1 L L L |

50_ T T T T T T T T T T T T T T T T T T T T

25 F

DTA (uV)
[em]

_75:...I...\..‘I.\.I‘\.\.
0 200 400 600 800 1000

Temperature (°C)

Fig. 3.21 TG-DTA curves of CaSiOs; (non-mixing sample) and CaSiOs; mixed
with CsOH ¢ H,O. Atmospheric condition: temperature up to 1100°C,

Ar-5%H, and Ar-4%H.-20%H-0.
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At the temperature of 200°C, the thermal events both in Ar-5%H, and
Ar-4%H,-20%H>0 are—understood from PHT calsil mixed CsOH heating tests
and CsOH phase diagram [47]—related to melting temperature of CsOH for
sample in Ar-5%H. atmosphere and transition from solid to liquid forms of
CsOH « H,O that accompanying water absorption for sample in Ar-4%H>-20%H,0O
atmosphere. The subsequent thermal events occur as exothermic reaction at
temperature range of 282-310°C (B2) and 373-394°C (B3) with no weight loss
and endothermic reactions at temperature range of 375-486°C (B2) and 456-
512°C (B3) with approximately 3 % weight loss in both cases. The thermal events
could be in two plausible causes: First, they could be all accounted for CsOH
comprising phase transition and evaporated from sample matrix without any
interaction with CaSiOj; second, they are accounted to the interaction of CsOH
with CaSiO3 and resulted in end-product possessing different chemical compound.
Therefore, the chemical phase identification was done to assess them.

Figure 3.22 gives the XRD patterns comparison for all samples of the
reagent (B1l, B2, and B3) after the dissolution process, along with the XRD
pattern of PHT calsil mixed with CsOH (i.e., where CsAlSiO4, CaSiOs; and

CaSi0y crystal phases were identified after the heating test). The sample B1 has
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exactly the same crystal phase with the reagent before heat treatment, which in

agreement with the TG-DTA results (Fig. 3.21) that showing no changes.

S5 (PHT cals{l+CsOH)

TL ﬂ 1100°C, Ar-4P4oH,-20%H,0 (after dissolution)
M&M \W-WMM
pure CaSiO;+CsOH (B3)
| 11fE0°C, Ar-4P4oH,-20%H,0
Ahassratua i bondty :

pure CaSiOs;4CsOH (B2)

11f[0°C, Ar-5P%H,
Y A

CazsiO4.
(ICDD-01-08p-8935)

1 n c | | llll.ml TR R |IJA||.
: CsAlSiO,

(ICDD-00-031-0346)

|| 1 IR | NI P
CstiO3

| " ’ (Materials Project [54])
.llh Il llL. RRERETTNT AR W PR RO

pure CaSiO; (B1)

m N 1100°C, Ar-5%0H,
U G Ve
pure CaSiOs;
WJLM — JJL A

Intensity (arbitrary unit)

CaSiO;
J(ICJ}D-OO-O84-O655)
0

ah b
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20 (deg)
Fig. 3.22 XRD patterns of the high purity reagent mixed and non-mixed CsOH
after heating tests, S5 (PHT calsil mixed with CsOH), and the

attribution to CaSiO;, CaxSiO4, CsAlSiO4, Cs:SiOs.
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For both samples B2 and B3, the crystal phase is changed from its original of
CaSiO; to CasSiOs and no CsAlSiO4 being identified. Hence, the observed
thermal events in the TG-DTA clearly result from the phase change to Ca,SiO..
This means that the sample regardless of the atmosphere, which is CaSiOs;
requires another source of Ca in an equal amount to be thermodynamically valid.

The following thermodynamics calculations using the thermodynamics

data [48,50,51] were done by considering the thermal events in TG-DTA:

CaSiOs(s) + 2CsOH(c) = Cs:Si103(s) + CaO(s) + H.O(g) (3.7)

CaSiOs(s) + CaO(s) = CasSiOq(s) (3.8)

Summation of Egs. (3.7) and (3.8) yields

2CaSi0O;(s) + 2CsOH(c) = Cs:Si03(s) + CazSiO4(s) + H2O(g) (3.9)

It is known that the molar ratio of Ca/Cs prior to heating tests equal to unity.
Upon advancing the reaction 3.7, there will be left one mol of CaSiO; and
subsequently reacts with the first reaction product CaO. Therefore, both CaSiO;
and CaO are in an equal amount when forming the Ca,SiO4. Also, based on the
calculation Cs;SiO3 should also be obtained in the end-product crystal phase. In
fact, Cs2Si03 can’t be identified—using XRD database of Materials Project [54]

due to no available data from ICDD (The International Centre for Diffraction
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Data). This implies that the Cs:SiOs is water-soluble since the X-ray diffraction
was performed after the dissolution or the formed compound has an amorphous
structure. If the compound is amorphous, then the formation can be traced by

EDS elemental mapping.

Ak

SED  15.0kV WD13mm
Sample

Fig. 3.23 EDS mapping of sample B2 and the assigned point analysis.

Table. 3.3  EDS point analysis of sample B2.

Molar ratio at point [-]
Elements
1 2 3 4 5 6 7 8 9
Ca/Si 2.05 1.93 1.97 1.95 1.96 1.42 1.15 7.68 1.62
Cs/Si 0.031 0.0077 | 0.012 | 0.027 | 0.0028 | 0.25 0.16 0.44 0.38
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Figure 3.23 and Table 3.3 provide the EDS elemental mapping and point analysis.
The obtained congruency among Cs, Si, and O signifies the aforementioned
formation of Cs,SiO3, even though the Cs/Si molar ratio is not equal to two. This
is because the Si intensity during the analysis is also reflected from another
compound that possesses Si, Ca.SiO4, to which can be explicitly comprehended
from points 1 to 5.

The results of these benchmark heating tests using high purity reagent
CaSiO; have proved the previous findings in PHT calsil (i.e., crystal phase:
CaSiO3) and calsil (i.e., crystal phase: CagSigO17(OH),) that indeed formation of
new cesium compound in those calcium silicates—which did not suffer the water
dissolution—involved aluminum as the minor element. Nevertheless, there should
exist a threshold of aluminum inclusion (wt%) in calcium silicate that could yield
the reaction with cesium hydroxide and would require an expensive purification
technique to do so. Reflecting the fact that majority of calsil products used inside
thermal power station in Japan particularly nuclear industry are manufactured
in accordance to the same Japanese Industrial Standard (i.e., JIS A9510 No.1-15)
[55]-[59], so that such a threshold investigation would not necessary in the present
circumstance. However, to elaborate on the prevalence of cesium hydroxide

interaction with calcium silicate insulator materials, in the next chapter of this
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Doctoral thesis the gas-solid interaction would incorporate other calcium silicates

from different manufacturers.

3.6 Chapter summary

The chemical reaction temperature between calcium silicate insulator
material (calsil) and cesium hydroxide (CsOH) was experimentally investigated
under Ar-5%H, and Ar-4%H,-20%H>O atmosphere with temperature up to
1100°C. Two types of pre-conditioned calcium silicate insulation materials led to
distinct reaction temperature with CsOH: 575°C to 730°C for calsil while 700°C
to 1100°C for PHT calsil. Despite of the reaction temperature and difference in
initial chemical compounds (calsil: CasSisO17(OH)s; PHT calsil: CaSiOs), the end
product of those calsils after subjected to reaction with CsOH in temperature up
to 1100°C yielded similar XRD pattern regardless the atmosphere condition,
which corresponded to the formation of cesium aluminum silicate: CsAlSiO..
Elemental distribution analyses of Cs, Si, O, and Al have revealed the congruent
distribution in samples after the experiment to signify the formation. The
benchmark heating tests using high purity reagent grade CaSiOs; were
supplemented to the analyses to prove the previous findings in calsil and PHT
calsil that the formed cesium compound was cesium aluminum silicate. The results

have proved that such a cesium aluminum silicate was not formed in all
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benchmark samples but in turn yielding the Cs water-soluble compound and

0328104
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Chapter 4 High temperature interaction of cesium
hydroxide with calcium silicate insulator

materials

4.1 Objective of this chapter

The purpose of this chapter is to investigate the interaction between
cesium hydroxide with calcium silicate insulator materials at the reaction
temperature obtained from the thermochemical investigation in the previous
chapter. The difference with the preceding one, this chapter emulates the real
case where cesium hydroxide is transported by high-temperature steam
(superheated condition) toward solid calcium silicate insulation block and the
post-interaction samples are subjected to crystallographic, elemental, vibrational

and morphological analyses.

4.2 Brief overview of the chapter

The present chapter is the last part of this doctoral thesis where the
interaction between cesium hydroxide and calcium silicate insulator material is
emulated through high temperature steam transport. We have confirmed in the
thermochemical investigation that calsil interacted with cesium hydroxide and

yielding cesium aluminum silicate (CsAlSiO,) and larnite (Ca,SiO,). Nevertheless,
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it should be highlighted that both calsil and cesium hydroxide had been made in
contact (i.e., mixed using agate mortar) during the heating test that making the
probability of interaction high. In contrast—to emphasize the importance of this
chapter—the present experimentation would involve high-temperature horizontal
furnace where cesium hydroxide and calcium silicate (calsil) being in different
locations. Cesium hydroxide is placed on the upstream furnace and transported
by steam flow to the downstream furnace in which calsils are located. Two other
calsils from different manufacturers are used in this experiment as well as the
calsil used in TG-DTA. After accomplishing the experiment, the similar
characterization procedures in Chapter 3 are utilized along with infrared

spectroscopy.

4.3 Experimental

4.3.1 Materials

Three calcium silicate insulator materials were used in block form. They
are the calcium silicate used in the thermochemical investigation (i.e., which
previously called as calsil), the calcium silicate from Nippon Keical, Ltd
(hereinafter called as NKL calsil), and the calcium silicate from Japan Insulation
Co., Ltd (further called as JIC calsil). As the aluminum weight percentage is of

the concern, the information was obtained before the experiment for both NKL
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calsil (i.e., Al: 0.78 wt%") and JIC calsil (i.e., Al: 0.78 wt%""). The reagent-grade
cesium hydroxide monohydrate, CsOH « H,O (Sigma Aldrich, 99.5%) was used as

a cesium source.

4.3.2. Characterization

X-ray diffraction (XRD) analyses were performed at room temperature to
identify crystal phases of samples after gas-solid interaction tests using Rigaku
MiniFlex600SC (600 W, Cu Ka radiation). The scan range was 20 = 10-60° with
the continuous mode in a scan speed of 1°/min and step of 0.01°. The applied
voltage and current were 40 kV and 15 mA, respectively. To characterize the
morphology changes and elemental distributions in the samples, a field emission
scanning electron microscopy equipped with energy dispersive X-ray spectrometry
(SEM/EDS, JSM-7610F, JEOL) was utilized. A double-sided carbon tape was
affixed on Al sample holder to place the respective samples and without any
further coating. The secondary electron images were obtained at an applied
voltage of 15 kV. The functional group of the material was analyzed with Fourier

transform infrared spectrometry (FTIR, Shimadzu FTIR-8400) by the KBr pellet

* Undisclosed private correspondence about XRF result with the company
“ Deducted from similar Al distribution of EDS point analysis with NKL calsil; the magnitude might be
overestimated.
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method. Prior to the characterization, all samples were water-dissolved in a

similar way as previously performed in Chapter 3.

4.3.3 Gas-solid interaction test facility

The gas-solid interaction test facility used in this study is the research
property of Japan Atomic Energy Agency-JAEA ([53], [60]), therefore only some
parts of the facility will be described in general way to prevent the copyrights
infringement. The facility is comprised of three main parts (in subsequent order):
(1) the water tank, (2) the CREST (Chemical REaction with STeel) furnace, and
(3) quadrupole mass spectrometer. The steam atmosphere in the furnace is
realized by introducing Ar-5%H, into the constant temperature water tank. The
furnace is 1 meter in length, and consisting of two concentric tubes. At the inner
tube with a diameter of 25.4 mm, the upstream is a part of the furnace designated
for cesium hydroxide vaporization while the downstream is the location of the
samples (in this case for calsils) where the center-to-center distance between them
is 355 mm. The concentration of hydrogen and steam at the outlet of the furnace

is monitored continuously by the quadrupole mass spectrometer.
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4.3.4 Experimental method

Initially, all calsils in the blockish form were cut into the size of 5x5x1
mm using a micro-cutting machine and measured their respective weight before
placed into the Ni sample holder/crucible. The CsOH, on the other hand, was
prepared inside the glovebox with constant Ar flow to prevent moisture
absorption and weighted along with the platinum crucible. After the samples and
CsOH preparation, both crucibles were inserted into the furnace and located as
previously described in subchapter 4.3.3. Figure 4.1 shows the arrangement of
those samples and CsOH as well as the configuration of the gas-solid interaction

test facility.

lon source r‘“'“‘ "
M
I:II_I xi
TN I N < i
Ry, (AR VAN X e e,

- ” i j,
— | ;_;;:,‘!c.a-m
Quadrupole mass spectrometer

iy e W CsOH - H,0
— : (Pt crucible)

Gas outlet \, 4
4 ﬁ o—] 1> ﬂ%

Ar-5%H, L Ar4%H,20%H,0 - Gag inlet /
| I Ni inner tube Sample Vapor source
Quartz outer tube furnace furnace
333K

Fig. 4.1 Gas-solid interaction test facility showing calsils (calsil, JIC calsil, NKL

calsil) and CsOH allocated part in the furnace.
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The order of samples in the Ni crucible (i.e., from upstream to
downstream) was arbitrarily chosen and might be interchangeable in any
preferred order. The calsil was placed in the upstream part of the sample crucible,
followed by JIC calsils (i.e., labeled as JIC calsil-1 and JIC calsil-2) and NKL
calsils (i.e., labeled as NKL calsil-1 and NKL calsil-2). After the settlement of
samples and CsOH had been done, the furnace was initially degassed to remove
the air before starting to introduce the Ar-4%H»>-20%H>0O atmosphere with a flow

rate of 100 cm?®/min and pressure of 0.1MPaG.

3h

800

0.3 — Sample crucible

Ar-4%H,-20%H,0 — (CsOH crucible

650 -

natural cooling

Temperature (°C)

Time (h)

Fig. 4.2 The applied heating and cooling process in gas-solid interaction test.
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The schematic diagram in Fig. 4.2 shows the heating and cooling processes for
both sample furnace and CsOH furnace as well as the atmosphere at the
designated timing. The temperature of 800°C was used based on the previous
thermochemical investigation that at this temperature the interaction took place.

The holding time at the maximum temperature was chosen three hours to
ensure the complete volatilization of cesium hydroxide [61]. The atmosphere
during the cooling process was only Ar-5%H, to prevent steam condensation on
the samples and CsOH, which might differ the real weight changes on them during
the heating process. After the gas-solid interaction test had been completed, both
samples and CsOH were weighted inside the inert gas glovebox and proceeded to

a dissolution process before the characterization.

4.4 Results and discussion

Table 4.1 and Fig. 4.3 present the information of weight changes on
samples and the image of samples after the gas-solid interaction test, respectively.
It was found that the NKL calsils and JIC calsils obtained approximately the
same weight gain ratio of about 67% while the calsil obtained about 48%. There
are some underlying factors to induce this weight gain, for instance the density
or specific surface area. However, the current data that could be compared among

these calcils is the density which definitely shows at the same nominal
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volume (25 mm?), the weight of NKL calsil and JIC calsil are two to three times
lower than calsil. This implies that those lower-density calsils enable more CsOH
penetration to the sample matrix. If we hold this presumption, then the final

amount of cesium compound on these lower density calsils should be higher.

Table 4.1 Weight changes on samples.

Material Weight before Weight after Weight Weight gain

the test (g) the test (g) gain (g) ratio (%)
Calsil 0.147 0.217 0.0700 47.8
JIC calsil-1 0.0592 0.0996 0.0404 68.2
JIC calsil-2 0.0555 0.0928 0.0373 67.2
NKL calsil-1 0.0646 0.108 0.0431 66.7
NKL calsil-2 0.0532 0.0888 0.0356 66.9
Total 0.226

calsil

NKL JIC

: s JIC
calsil-2 NKLcalSﬂ_Q calsil-1

calsil-1

Fig. 4.3 Condition of samples (a) before and (b) after the gas-solid

interaction test.
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The concentration of cesium gaseous phase in the furnace was calculated
based on the evaporated amount of CsOH which then divided by the obtained
volume through ideal gas law. This principle is more reliable in the actual system
rather than an estimation from equilibrium vapor source of CsOH at the source
temperature as demonstrated by Bowsher et al [62], due to the assumption of
equilibrium does not always prevail [53]. Table 4.2 provides the estimated cesium
hydroxide concentration in this study. If we assume that no condensation or
reaction occurred on Ni inner tube, then 48% of this evaporated CsOH (i.e.,

weight loss) is chemisorbed on all calsils.

Table 4.2 Weight changes and the estimated concentration of cesium hydroxide.

Material Weight before =~ Weight after Weight loss Concentration

test (g) test (g) (g) (Hg/cm?)
CsOH 4.53 4.06 0.470 7.37

The morphological changes in the samples were examined and presented

in Fig. 4.4. The fibers which existed on all calsils were decomposed after the test.

It was found that similar morphology of particle agglomerates was formed on

these calsils. Hence the elements distribution analysis using EDS elemental

mapping and crystal phase identification using X-ray diffraction would be

required.
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JIC calsil NKL calsil

Before CREST

After CREST

Fig. 4.4 Secondary electron images of calsil, JIC calsil and NKL calsil before

and after the gas-solid interaction test.

The XRD patterns comparison, as shown in Fig. 4.5, are for all samples of
calsil after the dissolution process, along with the XRD pattern of TG-DTA
sample S12 (i.e., calsil mixed with CsOH; temperature up to 1100°C under Ar-
4%H>-20%H20), and those calsils before the gas-solid interaction test. In the
previous chapter, it had been found that after the heat treatment, CsAlSiOy,
CaSiOs and Ca»SiO4 crystal phases were identified where CaSiOs; was obtained
due to xonotlite crystal transformation to wollastonite (CagSisO17(OH), >
CaSiOs), while CsAlSiO; and CapSiOs were obtained due to the reaction with
CsOH (i.e., Egs. 3.3 and 3.6 of Chapter 3). In the present gas-solid interaction

study where CsOH being transported by steam flow toward calsil location and
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analyzed whether the similar interaction occurred as when they were initially in
contact (TG-DTA sample), it was revealed and affirmed with the XRD pattern
that cesium aluminum silicate was formed by the interaction of cesium hydroxide

with calsil.

I
S12 (Calsil+CsOH)
1100°C, Ar-4%H,-20%H;0

Jord M.ULW oo
A WL»J\MM
JIC calsil
CREST (after dissolution
Moda :‘,,,M,JIM Jw..m,jnww
NKL calsil
CREST (after dissolution
=) A, kbl
= Calsil
P CREST (after dissolution
: N\Mﬂ")\
B homimeti RATE Wy NN
g Ca,Sio,
: (ICDD-01-076-3607)
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% L m Ll II Il Ll .,I Ilhll]‘ bl gl
E CsAlSiO,

(ICDD-00-031-0346)

NKL calsil
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Calsil
i JW._N.MWMMMW
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Fig. 4.5 Comparison of XRD patterns of calsil, NKL calsil, JIC calsil before and

after the heating test as well as sample S12.
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The quantitative analyses of those calsil samples by using the RIR method
in the Rigaku integrated X-ray powder diffraction software, PDXL® version
2.7.2.0, are given in Table 4.3 along with their respective apparent density. In
average, the amount of Ca,SiO, formed in calsils after the interaction is about
89.7 wt%, followed by CsAlSiO4 with 10.3 wt%. No significant difference of cesium
aluminum silicate among these samples implying that most of the weight gain
(Table 4.1) obtained after the interaction was a result of the coexistence of water-

soluble Cs compound inside the calcium silicate.

Table 4.3 Quantitative analyses for all calsils after the gas-solid interaction test.

Material Apparent Al amount in sample CasSiOy CsAlSiOy
density before heating test (wt%) (wt%)
(g/cm?) (wt%)
Calsil 0.441 0.94 91 9.0
JIC calsil 0.13 [56] 0.78 88 12
NKL calsil 0.12 [55] 0.78 90.0 10.0

The elemental mapping for calsil and JIC calsil is given in Fig. 4.6 for the

comparison. The elemental mapping of NKL calsil is not presented in the main

text to avoid redundant information, instead, it is supplemented in Appendix B.4.

! Calculated based on the initial weight before the gas-solid interaction test
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Fig. 4.6 EDS elements mapping of calsil and JIC calsil after the dissolution.

As shown in Fig. 4.6, the Cs, Al, O, and Si are congruently distributed for both
calsils. Cesium compound is more concentrated on the remaining fiber. This is
because at this location—before the gas-solid interaction test—Al is in higher
weight percentage comparing to the particles agglomerate thus resulting in more
cesium aluminum silicate to be formed.

The infrared spectra of those calsils after the gas-solid interaction test are
shown in Fig 4.7 along with the reference spectra for Ca,SiO, and CsAlSiO., to
show the vibrational modes in respective bands. All these calsils are identical to
the assigned vibrations except for band at 449 cm™ in NKL calsil which attributed

to the bending mode of Al-O (denoted by 8) and/or Si-O [63].
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Fig. 4.7 IR spectra of calsil, NKL calsil, and JIC calsil after gas-solid interaction

test, and the spectra of Ca,SiO, and CsAlSiO..

The strongest band at 994 cm™ is likely due to stretching vibrations of Si—O—Al
(denoted by v) from CsAlSiO4 and Si-O-Si from Ca,SiO4. The vibrational bands
of 994, 927, 895, and 848 cm! are stretching vibrations of Si—-O-Si from Ca.SiO4

and band at 520 cm™ is bending vibrational mode of Si-O from Ca»SiOy [64].
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4.5. Chapter summary

The gas-solid interaction test between calcium silicate insulator materials
(calsil) and cesium hydroxide (CsOH) was experimentally investigated under
Ar-4%H>-20%H,0 atmosphere with a temperature of 800°C. The temperature was
chosen based on the suggested reaction temperature in the thermochemical
investigation. The interaction was realized by using a horizontal electric furnace
where cesium hydroxide was vaporized in the upstream of furnace and then
transported by steam flow to the downstream where calcium silicates were located.
After the gas-solid interaction test, series of characterizations were conducted
including crystallography, elemental, morphological, and vibrational analyses.
The XRD patterns of those calsils had been changed from their original crystal
phase of xonotlite (CagSicO17(OH),) to CsAlSiO, and CasSiO4 meaning that the
interaction with gaseous cesium hydroxide prevailed. Additionally, to support the
result of cesium aluminum silicate formation, the elemental distribution analyses
of Cs, Si, O, and Al were performed using the EDS which showed the congruent
distribution in the samples after this gas-solid interaction test. Infrared spectra
of those samples also showed a similar stretching vibrational mode of Si-O-Si(Al)
at 994 cm! and bending vibration mode of (Al)Si-O at 449 cm™ to that of

CsAlSiOy reference. These gas-solid interaction test results have confirmed the
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previously predicted cesium compound in TG-DTA analyses, CsAlSiO4, would be

retained in the calcium silicate after the interaction with cesium hydroxide as an

end-product.
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5.1 Conclusions

The interaction of cesium with calcium silicate insulator materials had
been experimentally investigated to reveal its fundamental information and
possible post-interaction retention of cesium under different temperature
conditions. The quick combined analyses throughout the thesis showed that
cesium was chemisorbed on calcium silicate and in particular at the higher
temperature it was retained in the end-product as cesium aluminum silicate.
Considering the similar elements that might exist in other structural materials
inside the primary containment vessels (PCV), the findings here had opened new
insight of cesium chemistry with those alike materials under nuclear severe
accident conditions. At room-temperature condition, the calcium silicate insulator
material—in the scope of the present study—effectively adsorbed cesium from the
solution about 44% in few hours. The analyses had shown this interaction was
chemisorption. Despite of this uptake percentage, it clearly unveiled the ability
of this material to retain cesium. The plausible consequences of this are giving
the fate of late-phase cesium release upon external forces to which could induce

further implications. Hence, understanding the higher temperature atmospheric
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effect on the interaction would be imperative to probe the stability of the retained
cesium.

The dedicated investigation on thermochemical analyses by using
thermogravimetry-differential thermal analysis (TG-DTA) was conducted to
unveil whether or not the interaction prevailed at the higher temperature and
stably formed in the material. For this specific purpose, the selected simulant
fission product was cesium hydroxide (CsOH). The interaction was
experimentally investigated under reducing and oxidizing atmosphere with
temperature up to 1100°C. It was found that two types of pre-conditioned calcium
silicate insulation materials led to distinct reaction temperature with CsOH:
575°C to 730°C for calsil while 700°C to 1100°C for PHT calsil. Despite of the
reaction temperatures and difference in their initial chemical compounds (calsil:
CaeSicO17(OH)s; PHT calsil: CaSiOs), the end product of those calsils after
subjected to a reaction with CsOH in temperature up to 1100°C yielded similar
XRD pattern regardless the atmosphere condition, which corresponded to the
formation of cesium aluminum silicate: CsAlSiO,. The benchmark heating tests
using reagent-grade CaSiOs; were supplemented to the analyses to prove the
previous findings of such a CsAlSiOs formation in calsil and PHT calsil. The

results have proved that such a cesium aluminum silicate was not formed in all
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benchmark samples but in turn yielding the Cs water-soluble compound and
CasSi0y4. Therefore, based upon this information (i.e., the temperature of reaction
prevailed; products after the interaction) the real case gas-solid interaction was
realized.

In the effort of emulating real interaction between calcium silicate insulator
material and cesium hydroxide, the gas-solid interaction test was investigated
under Ar-4%H,-20%H.O atmosphere with the temperature of 800°C. The
temperature was chosen based on the suggested reaction temperature in the
thermochemical investigation. The interaction was realized by using a horizontal
electric furnace where cesium hydroxide was vaporized in the upstream of the
furnace and then transported by steam flow to the downstream where calcium
silicates were located. To elaborate on the prevalence of interaction, two
additional calcium silicates from different manufacturers were included in the test.
After the gas-solid interaction test, series of characterizations were conducted
including crystallography, elemental, morphological, and vibrational analyses.
The combined analyses on those calsils had proved that the end-products
contained CsAlSiO, and Ca»SiO4, and had affirmed the interactions with cesium
hydroxide gaseous phase. At this point, the presence of aluminum in the calcium

silicate insulator material arose as the key factor in the high-temperature
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interaction. Without such an element, cesium could not be stably retained in the
calcium silicate insulator material. Figure 5.1 collectively combines the
investigation at high-temperature atmospheric conditions. The crystal structures

used in the illustration were rendered by Jmol [65].

Atmospheric  Material initial Material final Subsequent

Condition Condition Condition Condition
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Fig. 5.1 Effect of various high-temperature atmospheric conditions on calcium

silicate insulator material.

5.2 Future work

It had been noticed in the main chapter that a parametric study on the

threshold of the aluminum amount in calcium silicate would be an underlying
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case. However, considering the high cost for the purification technique of
aluminum, it was not possible to be realized in the present study. This path will
open new insight on the calcium silicate insulation manufacturing process since
most of the starting materials at a certain limit contain alumina. The reduction
of alumina would induce greater consequences on finding the alternative starting
materials that still could maintain the physical properties of the insulation and
withstand the harsh environment.

The inclusion of other structural materials such as concrete and stainless
steel during the gas-solid interaction test would be imperative in the next step.
The transport itself will involve a sequential process from the reactor core where
these structural materials are chosen as a representation of material at each stage
when FPs transportation progress into the lower temperature region. To which
stainless steel represents the internal structure of the reactor and coolant system:;
piping insulation (i.e. calcium silicate) represents material existed just after the
coolant system; concrete represents the primary containment vessel and reactor
building material. Therefore, the integrated test involving the materials would

provide a better understanding of the fission product interaction.
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Appendix A Experiment configurations

A.1  Batch-type adsorption experiment configuration
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Fig. A.1 Schematic illustration of batch-type adsorption experiment at the

room-temperature condition

A.2  Thermochemical investigation experiment configuration
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Appendix B Additional results
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Fig. B.1 Results of particle size analysis of calcium silicate using laser

B.2

diffraction size analyzer

X-ray fluorescence results

Table B.1 Summarized result of XRF for calcium silicate

Element Yowt Method Analysis line

0] 43.2 Quantitative-FP O Ka
Ca 30.6 Quantitative-FP Ca Ka

Si 18.4 Quantitative-FP Si Ka

C 5.13 Quantitative-FP C Ka

Al 0.944 Quantitative-FP Al Ka
Fe 0.696 Quantitative-FP Fe Ka
Mg 0.363 Quantitative-FP Mg Ka

S 0.174 Quantitative-FP S Ka

K 0.156 Quantitative-FP K Ka

500

(frequency)



B.3

i

Quantitative analysis of sample S5
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Fig. B.2 Graphic user interface of PDXL® showing quantification process of
sample S5 (PHT calsil mixed with CsOH)



B.4  EDS element mapping of NKL calsil after the experiment

Fig. B.3 Element mapping of NKL calsil after the gas-solid interaction test

with cesium hydroxide.
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