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The amount of contaminated water including radioactive elements generated by the Fukushima Daiichi
Nuclear Power Plant accident, caused by the Great East Japan Earthquake (March 11, 2011), continues to increase
and has become a serious problem even in 2025. Among the radioactive elements contained in contaminated water,
137Cs and °Sr with a long half-life, 30.1 years and 28.8 years respectively, were released in large quantities. The]
search and development of highly efficient radioactive element removers are eagerly desired. Currently, chabazite
a kind of zeolite is practically utilized at the Fukushima Daiichi Nuclear Power Plant as the radioactive Cs ion
remover. Zeolite, in a narrow sense, is a group of aluminosilicates composed of porous framework structure with
structural voids, which are usually filled with water molecules and exchangeable cations. Interactions among
water molecules, exchangeable cations and framework atoms are significantly responsible for its excellent
abilities as the Cs ion remover. However, there is only one report on the crystal structure of Cs-exchanged
chabazite to our knowledge. Here we investigated the Cs-exchange properties of natural Ca-chabazite and
performed single crystal X-ray diffraction studies of the sample before and after Cs-exchange treatment at room
temperature and as a function of temperature. For this investigation, we aim to establish the guideline of
crystallographic material design for highly efficient Cs ion removers. This dissertation consists of five chapters.
Overview of these chapters are as below.

The first chapter provides overviews of the general crystallographic features of the microporous materials with|
the excellent abilities of adsorption and ion exchange, and discusses the crystal structure of chabazite which is the
kye material of this dissertation and practically used in the Fukushima Daiichi Nuclear Power Plant as one of the
radioactive Cs ion removers. Moreover, the principle of single crystal X-ray structure analysis, and the knowledge
of room-temperature structure of natural Ca-chabazite reported previously, are described as basic information of
this research. On the basis of this background, the purpose and significance of this study were clarified.

In the second chapter, in-situ high temperature single-crystal X-ray structure analysis of natural Ca-chabazite,
was carried out at 100, 200 and 250 °C. The dynamic process (desorption of water molecules and the cation
migration process) of adsorbed chemical species in the cavities with increasing temperature was investigated,
Consequently, the water sites that water molecules are preferentially desorbed with heating were revealed. From
this dehydration, it was described that the cations migrate losing many water molecules as the ligands, become

unstable, and migrate to adjacent cation sites surrounded by more ligands.
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In the third chapter, the Cs-exchange experiment on natural Ca-chabazite was carried out to investigate its
Cs-exchange properties. Furthermore, the single crystal X-ray structure analysis at room temperature for the
Cs-exchanged form was conducted to reveal the interactions between adsorbed chemical species and framework
atoms and between adsorbed chemical species before and after the Cs-exchange treatment. Consequently, the
essential two sites (Cs1/Cs1’ and Cs2) were found, and it was revealed that Cs ions strongly prefer the Cs1/Csl1’
site, located at the center of the 8-membered ring window. This is because the diameter of the 8-membered ring
window is moderately fitted for the cation size of Cs, bringing about moderate (not too strong but not too weak)
bonding strength. This moderate bonding strength is necessary to maintain the equilibrium between the fixing of
Cs ions and the progress of Cs diffusion. Moreover, in terms of the crystal structure and ionic radii observation,|
the connections between the cavities via 8-membered ring window could form a three-dimensional multi-branch
network channel favorable for the diffusion of Cs ions in solid. Additionally, the framework structure maintained
its symmetry before and after Cs-exchange treatment, indicating the high rigidity against Cs-exchange. Therefore,
the excellent Cs-exchange ability of chabazite as a highly efficient radioactive element remover can be due to the
following three crystal-chemical factors: (1) there is the crystallographic site having the strong preference for Cs™
ions and fixing Cs* ions by moderate bonding force; (2) the framework structure is composed of a
three-dimensional multi-branch network channel; (3) the framework structure is rigid.

In the fourth chapter, in-situ high temperature single-crystal X-ray structure analysis of the Cs-exchanged
form at 50, 100, 150 and 200 °C, was carried out to reveal the interactions between adsorbed chemical species and
framework atoms and between adsorbed chemical species with increasing temperature. For dehydration, water
molecules must pass through the 8-membered ring window as in Cs ions. Therefore, it is expected that Cs1/Cs1’
ions migrate to other sites when water molecules pass through the 8-membered ring window during dehydration
process, although Cs ions have a strong preference for the Cs/Csl’ site. The present X-ray crystal structure
analyses show that the occupancy of the Cs1/Csl’ site decreases while the occupancy of the adjacent Cs2 site
increases during the heating process from room temperature to 50 °C. This indicates that Cs ions moved from the
Cs1/Cs1’ sites to the Cs2 sites, supporting the above expectation. Above 100 °C, it was also revealed that the Cs
ions which had moved to the Cs2 sites returned to the Cs1/Cs1’ sites, from similar discussion on the occupancies
of the Cs sites. Furthermore, the dynamic process of Ca ions remaining in the cavities after the Cs-exchange]
treatment was examined from electron density analyses, and the dynamic process was successfully visualized.

In the fifth chapter, the conclusions of each chapter were summarized. A developmental discussion of these
conclusions is added by comparing the similarities and differences with another zeolite. Cross-sectional and
comprehensive discussions on crystallographic material design guideline for searching and developing highly|

efficient Cs ion removers was provided in terms of crystal chemistry.
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