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1. Introduction

Radioactive cesium (Cs) released during the accident 
at the Fukushima Daiichi Nuclear Power Station 
(FDNPS) was deposited on soil, where most of it was 
fixed at the soil surface (Matsuda et al., 2015). This may 
be one major reason for the air dose rate increases in 
Fukushima Prefecture (hereinafter, “Fukushima”). For 
reducing the air dose rate and helping evacuated 
residents return to their hometowns, decontamination 
projects such as removing surface soil have been carried 
out by the local and national governments. These have 
succeeded at decreasing some of the air dose rates in 
Fukushima. These projects, however, generate huge 
amounts of radioactive soil waste at the same time. 

(Ministry of the Environment, 2016) Against this 
backdrop, the issue of how soil waste should be 
processed and disposed of after decontamination has 
recently become important in efforts toward recovery of 
Fukushima’s environment. Development of these 
treatment methods would lead to broader choices for 
various decisions. Accordingly, a better understanding of 
conditions of Cs in the environment, for instance, where 
Cs is found, how it behaves or how strongly it binds to 
materials, would help optimize details of treatment 
conditions. To date, many researchers have reported on 
wet classification of soil, i.e., particle size classification 
under wet condition, and the radioactivity of each 
portion thus classified. Subsequently we have learned 
that more than 60% of the radioactive Cs detected was 
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To investigate detailed sorption behaviors of cesium (Cs) into clay minerals, thereby contributing to 

resolution of soil contamination issues due to Fukushima Daiichi Nuclear Power Station accident, we applied 
synchrotron-based X-ray analysis along with molecular orbital calculation (MO) using density functional 
theory and SEM/TEM-EDS combined with imaging plate (IP) methods. Conventional extended X-ray 
absorption fine structure (EXAFS) results suggest that Cs is preferentially incorporated into interlayers of 
vermiculite clay, which has water-swollen interlayers, but, by contrast, is dominantly sorbed onto the surface 
of clays such as illite in which most of the interlayers are closed off. The processes of incorporation of Cs 
into the swollen interlayers, followed by collapse of the interlayers, were first observed with time resolved-
dispersive X-ray fine structure (TR-DXAFS). Small angle X-ray diffraction (SAXS) results show that 
successional sorption of Cs into clay minerals follows if one Cs ion can be sorbed into the clay minerals. 
Molecular orbital calculation based on density functional theory (DFT) methods suggests, furthermore, that 
the Cs incorporated into clay minerals can stabilize in the interlayers of clay minerals by forming covalent 
bonds with the clay minerals after the incorporation process. From analysis of litter soil collected from a 
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biotite clay was confirmed to be important as a super-selective absorbent for Cs.   
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in the clay minerals of many soil samples (Ito et al., 
2012). Clay minerals are fine particles at a scale of 
usually less than 2μm, and radioactive Cs often exists as 
a clay particle in the environment. (Cremers et al., 1988; 
Ito et al., 2012) It is not going too far to say that to 
understand the condition of Cs in clay minerals would 
be approximately equal to knowing its condition in soil. 
Therefore, we have studied the sorbed states of Cs in 
clay minerals using state-of-art analytical methods such 
as synchrotron radiation neutron based analysis, 
electron microscopy, and density-functional-theory-
based molecular orbital calculation, which are currently 
remarkably well developed. This paper reports new 
scientific findings regarding the present state of Cs from 
research conducted after the Fukushima accident. 

2. Structural Description of Clay Minerals

Clay minerals basically form a bi-layered structure in 
which two-dimensionally continuous sheets pile up as 
shown in Fig. 1. Phyllosilicates composed of tetrahedral 
(Td) Si(Al)-O and octahedral (Oh) Al-O form tetrahedral 
and octahedral sheets, respectively. A Td sheet has a 

tetrahedral core structure, formed by Si(Al) enclosed by 
four oxygen atoms, with links sharing three of its four 
apical oxygen atoms with the adjacent tetrahedrons. The 
other remaining one apical oxygen atom points out the 
same direction as those of all the other tetrahedrons, 
spreading out two-dimensionally in a hexagonal mesh as 
shown in Fig. 2 (left). In combining with an Oh sheet, 
the apical oxygen atoms of the Td sheet are shared as 
those of the octahedral sheet as shown Fig. 1. The Oh 
sheet is composed of and octahedral core structure, 
formed by cations such as Al enclosed by six OH 
radicals or oxygen atoms, spread out two-dimensionally 
as shown in Fig.1, in which the edges of one octahedron 
are shared with those of the other octahedrons in two 
fashions to form 2 Oh and 3 Oh sheets, respectively, as 
shown in Fig. 2 (right). In this paper, we describe a clay 
structure with a 2:1 Td to Oh sheet ratio, which is 
important for Cs sorption. This “2:1 type clay” is 
composed of Td and Od sheets, as mentioned above. The 
layer charge in 2:1 type clay minerals is mostly negative, 
mainly due to isomeric substitution of Si4+ with Al3+ in 
the Oh sheet. The interlayer charges for representative 
2:1 clays are estimated to be 0 for pyrophillite, mica, 
－0.6~－1 for micaceous clay minerals, about －2 for 
brittle mica, －0.8~－1.2 for chlorite, －0.6~－0.8 for 
vermiculite, and －0.2~－0.6 for smectite.

3. Sorption Structure and Sorption Dynamics 
of Cs into Clay Minerals

To study the mechanism of Cs sorption into clay 
minerals, the XAFS technique was used to elucidate the 
local structure around Cs atoms in several clay minerals 
(Tsuji et al., 2014). Figure 3 shows the k3-weighted Cs 
K-edge extended X-ray absorption fine structure 
(EXAFS) oscillations and corresponding Fourier 
transforms of the EXAFS oscillations (FTs) for several 
Cs-ion-sorbed clay samples. The FT of a CsCl solution 
shows the nearest peak at around 2.3 Å, which can be Fig. 1   Clay mineral 2:1-layer structure.

Fig. 2  Diagrams of tetrahedral, Td, left, and octahedral, Od, right, clay mineral sheets.
The different fashions of edge sharing, as shown in the figure on the right, lead to two different types of sheets being formed, 
2-octahedral and 3-octahedral sheets.
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attributed to the Cs-O bond of a Cs aqua complex 
(Cs-OH2O), but no other distinguishable peaks are 
observed. In contrast, the FTs of all the clay samples 
show not only the nearest peak but also the next nearest 
peak located at around 3.5 Å. The nearest peaks can be 
attributed to the Cs-O distance resulting from the oxygen 
atoms of the silicate tetrahedral sheet in clay minerals 
and/or water molecules, and the second nearest peaks are 
assigned to the Cs-Si distance resulting from the silicon 
atoms in the silicate sheet. The peak intensity of Cs-Si of 
vermiculite clay is clearly higher than that of the other 
clay samples. This result suggests different dominant 
sorption sites among the clay samples. The sorption sites 
of Cs ions are generally considered to be surface, edge 
and interlayer sites of clay minerals. The interlayers of 
vermiculite clay are swollen, composed of cations and 
water molecules, and Cs ions are incorporated into the 
interlayers by a cation exchange process, resulting in the 
collapse of the swollen layers with dehydration of the Cs 
ions, and strong fixation within the silicate sheets 
(Motokawa et al., 2014a;  Motokawa et al., 2014b). In 
contrast, the interlayer spaces of the other clay samples 
are closed from the start. Therefore, most of the Cs ions 
are considered to be sorbed onto the surface and edge 
sites. This is why the FT peak for the Cs-Si distance of 
vermiculite clay is stronger than that of the other clay 
samples. The fact that the amount of Cs ions sorbed into 
vermiculite clay was larger than that of the other clay 
samples also suggests Cs sorption peculiarities of 
vermiculite clay, as described in the experimental details.

Next, we discuss the concentration dependence of the 

local structures around Cs ions in clay samples. 
Weathered biotite (WB) clay could be an important 
absorbent in the environment. This is because WB clay, 
the intermediate state of the weathering process of 
biotite changing to Cs-philic vermiculite, is one of the 
main components of clay minerals in the Fukushima 
region. WB clay samples sorbing Cs ions at 
concentrations of 20, 200 and 2000 ppm were prepared 
for EXAFS measurement. Cs-saturated WB samples 
(~ 20,000 ppm) were also prepared. The FTs of these 
samples are shown in Fig.4. The XAFS spectra of 
saturated and 2,000 ppm samples were measured using 
the transmission mode, while the Cs concentrations of 
the 200 and 20 ppm samples were measured using the 
fluorescence yield mode. Figure 4 clearly indicates that 
the peak intensity of the Cs-Si distance is increased and 
the peak position of the Cs-Si distance shifts to the 
shorter side, while also becoming a sharper feature, as 
the Cs sorption concentration is reduced. This implies 
that the WB sample has a specific interlayer sorption site 
which is a closer-packed structure due to the higher 
interlayer charge and has higher symmetry than a 
general interlayer site. It is thought that Cs ions were 
being incorporated into specific interlayer sites of the 
WB sample from the start. It has been reported that 
radioactive Cs atoms released from the FDNPS were 
selectively sorbed onto particular soil grains (Mukai  
et al., 2014). A more recent study has pointed out that a 
WB clay sample selectively sorbed Cs ions more quickly 
than other clay minerals when the Cs concentration was 
adequately low as observed in the natural environment 

Figure3 

 

 
Fig. 3  Examples of k3-weighted Cs K-edge EXAFS oscillations (left) and the 

corresponding Fourier transforms of the EXAFS oscillations (right) for aqueous solutions 

of CsCl and some clay minerals adsorbing Cs ions. *The vermiculite and illite clays 

were obtained from Connecticut and Illinois, USA, respectively. The sericite and 

kaolinite clays were provided by the Clay Science Society of Japan as standard samples. 

The sorption amounts for the vermiculite, illite, sericite and kaolinite were 3.6, 1.3, 0.9 

and 0.7 wt%, respectively. 

  

Fig. 3   Examples of k3-weighted Cs K-edge EXAFS oscillations (left) and the corresponding Fourier transforms of the EXAFS oscillations 
(right) for aqueous solutions of CsCl and some clay minerals adsorbing Cs ions.
The vermiculite and illite clays were obtained from Connecticut and Illinois, USA, respectively. The sericite and kaolinite clays 
were provided by the Clay Science Society of Japan as standard samples. The sorption amounts for the vermiculite, illite, sericite 
and kaolinite were 3.6, 1.3, 0.9 and 0.7 wt%, respectively. The Cs K-edge EXAFS spectra were measured at beamline 11 XU of 
SPring-8 (Shiwaku, 2004)
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(Mukai et al., 2016). Our EXAFS measurement results 
indicate that some clay minerals may have specific Cs 
sorption sites which incorporate Cs ions into narrower 
positions in low Cs concentration cases. In actual soil 
contaminated due to the Fukushima accident, it is 
assumed that the Cs atoms are sorbed onto special soil 
grains having specific sorption sites. The irreversibility 
of Cs ion transfer may relate to such specific sorption 
sites. We would like to emphasize that understanding the 
sorption mechanism of WB clay would provide 
important insights for decontamination of radioactive-
contaminated soil in the Fukushima region.

Time-resolved dispersive XAFS (TR-DXAFS) 
observation at a timescale of under one second can 
reveal detailed mechanisms of interaction between Cs 
compounds and clay minerals, because the XAFS 
technique gives us information about the local structures 
around the Cs atoms only. Therefore, it allows us to 
understand changes in the local structure of Cs species 
as the reaction progresses by providing a time-resolved 
data set. Figure 5 shows the results of time-resolved FTs 
during a water-triggered reaction between CsCl and 
vermiculite clay at a one second rate. This time-resolved 
measurement models the reaction of radioactive Cs 
species released from the FDNPS that had fallen onto 
the soil surface on land, followed by a sorption reaction 
onto clay minerals after dissolving in rainfall and/ or 

groundwater. The FT intensity at around 2.3 Å, which 
agrees with Cs-OH2O in the aqueous CsCl solution in 
Fig.3, before water injection indicates that Cs has 
already formed an aqua complex in the dried mixture 
with clay as the nearest neighbor. The water, which 
forms an aqua complex with Cs after it is mixed with the 
clay, is estimated to derive from water absorbed into the 
clay sample. The Cs aqua complex keeps its structure at 
this stage. This Cs peak changes its intensity and 
becomes sharp just after water injection at about  
60 seconds after the measurements have started. The 
disappearance of higher coordination signals suggests 
that the Cs ions form an aqua complex again in the 
aqueous solution just after water injection. On the other 
hand, a new peak at around 3.5 Å emerges at about  
80 seconds after the measurements have started, namely 
20 seconds after the water injection. The new peak 
suddenly appears and gradually increases its intensity as 
time progresses. From the results of the conventional 
EXAFS measurements displayed in Fig. 3, we assigned 
this peak to a Cs-Si interaction consisting of 
incorporated Cs ions and the interlayer sheets of the 
vermiculite clay. This indicates that Cs aqua complex 

Figure 6 

 

 

Fig.6. Schematic illustrations of the collective adsorption of Cs+ ions into the selective 
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Fig. 5  Time-resolved intensities of Fourier transforms of Cs K-edge EXAFS 

oscillations expressed by a gray scale during the reaction between water and the mixture 

sample of vermiculite clay and CsCl.  The strengthening of peak intensity in this figure 

is indicated by a change from white to black on the gray scale. *The Cs K-edge TR-

DXAFS spectra were measured using dispersive optics at beamline BL14B1 of SPring-8 

(Matsumura et al., 2010). A curved silicon crystal with a Si(422) reflection plane and the 

Laue configuration was exposed to white X-rays to catch the emerging energy-dispersed 

X-rays (Matsushita & Phizackerley, 1981; Kaminaga et al., 1981). A phosphor screen was 

exposed to the re-dispersed X-rays and the emitted light was collected using a charge-

Fig. 5   Time-resolved intensities of Fourier transforms of Cs 
K-edge EXAFS oscillations expressed by a gray scale 
during the reaction between water and the mixture sample 
of vermiculite clay and CsCl.  The strengthening of peak 
intensity in this figure is indicated by a change from white 
to black on the gray scale. 
The Cs K-edge TR-DXAFS spectra were measured using 
dispersive optics at beamline BL14B1 of SPring-8 (Matsumura 
et al., 2010). A curved silicon crystal with a Si(422) 
reflection plane and the Laue configuration was exposed to 
white X-rays to catch the emerging energy-dispersed 
X-rays (Matsushita & Phizackerley, 1981; Kaminaga et al., 
1981). A phosphor screen was exposed to the re-dispersed 
X-rays and the emitted light was collected using a charge-
coupled device camera. Vermiculite clay mixed with 
anhydrous CsCl powder was used for the TR-DXAFS 
(Matsumura et al., 2014).

Figure 4 

 

 

Fig. 4  Fourier transforms of Cs K-edge EXAFS oscillations of weathered biotite after 

adsorbing different amounts of cesium ions. *The weathered biotite (WB) clay was 

provided by Fukushima Vermi Co., Ltd. (Fukushima, Japan). The WB clay was classified 

as mechanical milling and levigation treated. Fine WB clay powder with <2 m average 
particle diameter was obtained by the treatment. 

Fig. 4   Fourier transforms of Cs K-edge EXAFS oscillations of 
weathered biotite after adsorbing different amounts of 
cesium ions.
The weathered biotite (WB) clay was provided by 
Fukushima Vermi Co., Ltd. (Fukushima, Japan). The WB 
clay was classified as mechanical milling and levigation 
treated. Fine WB clay powder with <2 μm average particle 
diameter was obtained by the treatment.
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ions react quickly with vermiculite clays during a 
timescale of 20 seconds (Matsumura et al., 2014). The 
sudden appearance of Cs-Si interactions with strong 
intensity implies that many layers of vermiculite clay 
have collapsed after incorporation of the Cs aqua 
complex followed by dehydration of the Cs and 
discharge of water from the interlayer. The slight 
increase in the intensity of the Cs-Si peak relates to 
settling of the incorporated Cs ions into a more stable 
position. We have managed to observe the incorporation 
reaction of Cs into the interlayers of clay minerals at a 
one second timescale. 

4. Concentration Mechanism of Cs on Clay Minerals

Cesium is sorbed strongly and selectively in the 
interlayers of phyllosilicate soil fractions, such as 
vermiculite and smectite, as mentioned previously 
(Sawhney, 1972; Comans & Hockley, 1992; Cornel, 1993; 
etc.). The frayed-edge planar site conceptual model is often 
used to explain the high affinity of Cs for clay (Okumura  
et al., 2013;  Sawhney, 1964;  Kim et al., 1996;  etc.), 
although there is no direct experimental evidence for such 
structures. The relationship between Cs sorptivity into clay 
and its sorption structure remain unexplained in many 
respects and have yet to be studied more closely based on 
empirical data. 

Recently, Motokawa and his coworkers have 
investigated the microscopic structure of vermiculite 
clay suspensions with Cs using a small-angle X-ray 
scattering (SAXS) technique as a function of the sorbed 
Cs concentration, and elucidated the relationship 

between the structure of vermiculite and the sorption of 
Cs into vermiculite (Motokawa et al., 2014a; Motokawa 
et al., 2014b). Namely, they have proposed a mechanism 
for successional sorption of Cs into vermiculite clay in 
conjunction with the layer structure and its spatial 
arrangement in the clay crystal domain, as schematically 
shown in Fig. 6. Once one Cs ion is sorbed at a specific 
site in the interlayer of vermiculite clay, other Cs ions 
tend to occupy the neighboring sites in the same 
interlayer space (Figs. 6(a)–(c)) in accordance with the 
following explanation. The sorption of one dehydrated 
Cs contributes to the collapse of the swollen clay 
interlayer while hydrated Mg/Ca contributes to 
formation of swollen clay interlayers. The difference 
between the sorbed cations at the neighboring sites 
becomes a driving force. This is to say, it causes a local 
strain on the clay sheets, and thus, hydrated Mg/Ca tend 
to exchange with dehydrated Cs/ K (Fig. 6(b)). This 
phenomenon propagates successively from one Cs 
sorption site to the next within the same interlayer space. 
Since Ikeda et al. indicated that self-diffusion of Cs is 
not inhibited in the swollen clay interlayer space (Ikeda 
et al., 2015), exchange reactions from hydrated to 
dehydrated cations can occur sequentially (Fig. 6(c)). 
This collective sorption should reduce the distance 
between neighboring clay sheets in the selective 
interlayer (Fig. 6(d)), and it agrees with the sudden 
appearance and gradual shift of the Cs-Si peak in the 
TR-DXAFS results, as mentioned previously. This 
would be because the direct coordination of a dehydrated 
Cs ion with the oxygen atoms in the SiO4 tetrahedral 
sheet, which has a negative charge, locally neutralizes Figure 6 
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Fig.6   Schematic illustrations of the collective adsorption of Cs+ ions into the selective interlayer of 
vermiculite clay. (a) Adsorption of one Cs+ into an interlayer; (b) exchanging of Mg2+/Ca2+ with 
another Cs+; (c) accumulative adsorption of Cs+; (d) shrinkage of part of the interlayer; and (e) 
abruption of the clay sheet.
The three layers expressed by the thin light-brown bars in (a)~(e) indicate Td-Oh-Td (2:1) sheets.
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the layer charge of the SiO4 tetrahedral sheet. (Qin et al., 
2012)  This reduces the local electron charge density on 
the opposite surface of the SiO4 tetrahedral sheet if 
sufficient Cs is introduced into the layer undergoing the 
reaction. The attractive interaction between the SiO4 
tetrahedral sheet and hydrated Mg/Ca is weakened, 
further swelling occurs in the layer space, and partial 
abruption may take place in the hydrated Mg/Ca layer 
spaces (Fig. 6(e)). Consequently, the crystal domain 
undergoes segmentation, i.e., separation of layers, and 
the grain size of the crystal domain should decrease if a 
sufficient amount of Cs is intercalated in the local layer 
space. The segmented smaller-crystal domain generates 
new planar regions, which are covered by hydrated  
Mg/Ca. These planar regions are expected to serve as 
specific sorption sites for Cs, in addition to the interlayer 
spaces. Two Cs ions can coordinate directly with an 
oxygen atom in the SiO4 tetrahedral sheets through the 
exchange with one hydrated Mg/Ca, implying that the 
Cs intercalation in the swollen layer spaces of 
vermiculite clay promotes further Cs sorption at the 
freshly generated crystal domain interface. 

On the basis of the above, the literature has presented 
an original insight into Cs sorption into vermiculite clay 
(Motokawa et al., 2014a; Motokawa et al., 2014b). That 
is, the sorption behavior of Cs in suspension can be well 
characterized by two competitive phenomena:  (i) 
localization of dehydrated Cs in the selective interlayer 
spaces caused by collective sorption and (ii) 
segmentation of the crystal domain, providing fresh 
planar sorption sites for Cs. Therefore, substantial 
numbers of Cs ions are sorbed into vermiculite layers 
one after another like dominos toppling.

5. Stabilization Mechanism of Cs in Clay Minerals

In the past, sorption reactions of radioactive Cs into 
micaceous clay minerals have been regarded as ion 
exchange between hydrated Cs in the environment and 
K inside natural micaceous clay minerals. Therefore, 
this process should be governed mainly by differences 
between the ionic characters of Cs and K ions. Actually, 
we revealed that the reaction energies of the exchange 
process between Cs and K ions at special sorption sites 
called “frayed edge sites” in weathered micaceous clay 
minerals are determined by competition between the 
sizes of sorption sites and the radii of these ions 
(Okumura et al., 2013). This result implies that bonding 
characteristics between sorbed Cs and clay minerals are 
mostly ionic. It is not so simple, however. This is 
because there is another critical process, i.e., the 
“fixation” process of the sorbed Cs in the clay minerals 
as observed in the TR-DXAFS results. It is known that 
Cs can be easily removed from clay minerals if the 
elapsed time after the exchange is relatively short  
while it cannot be entirely desorbed if it has stayed  
there for a long time (Koning & Comans, 2004). Recent 
experimental results using advanced techniques support 
this irreversible sorption (Matsumura et al., 2014; 

Motokawa et al., 2014; Mukai et al., 2016). These latest 
results reported repeatedly in several references clearly 
suggest that one should examine the sorption and 
fixation processes separately. Thus, we need to study the 
chemical bonding characteristics between the fixed Cs 
and the clay minerals in addition to the sorption process.

To investigate the bonding characteristics of fixed Cs 
in clay minerals, we performed numerical calculations on 
two models of clay minerals containing K partly replaced 
by Cs using density functional theory, and evaluated the 
density of states (DoS) of these clay minerals. For that 
purpose, we used the Vienna Ab initio Simulation Package 
(VASP; Kresse & Hafner, 1994; Kresse & Hafner, 1993; 
Kresse & Furthmüller, 1996), which is widely used as a 
density functional theoretical code on the plane wave basis 
supporting the projector argument wave method (Blöchl, 
1994;  Kresse &  Joubert, 1999). Among the exchange-
correlation functionals available in VASP, we used the 
Perdew-Burke-Emzerhof functional (Perdew et al., 1996) 
with Grimme’s van der Waals correction (Grimme et al., 
2010) (PBE-D3). The cut-off energy of the plane wave is 
600 eV, and 3×3×2 k-points are set in the calculations. In 
this study, our calculation-target is muscovite as a model 
of illite, which is a weathered clay mineral showing strong 
Cs sorption. The lattice constants of this compound are 
shown in Table 1. We confirmed that our calculation set 
well reproduced the observed lattice constants of the 
original muscovite as shown in Table 1 (Liang & 
Hawthorne, 1996). From this calculation, we found that 
the lattice parameter c of the Cs-sorbed muscovite 
increased because the ion radius of Cs is larger than that of 
potassium (K).

The density of states of the natural and Cs-filled 
muscovites are shown in Figs. 7(a) and 7(b), respectively. 
The total DoS is represented by the gray area. The partial 
DoS of the 3p orbital of K in the natural muscovite and 
that of the 5p orbital of Cs in the Cs filled muscovite are 
represented by the black area. One can find that the 
partial DoS of the 3p orbital of K in Fig. 7(a) has a sharp 
peak. This narrow partial DoS indicates that K exists as 
an ion in natural muscovite, because it means the 
electrons in the atom localize. On the other hand, one can 
find that the partial DoS of Cs in the Cs-filled muscovite 
has a shallower shape than that of K. This broad partial 
DoS indicates that the Cs orbital is not in a pure ion state. 
It shows that electrons around the Cs nucleus are not 
completely localized but partially itinerant, i.e., the 
electrons are shared by the Cs and the oxygen around it. 
Therefore, the chemical bonds between the Cs atoms and 
the oxygen atoms around them are mostly ionic but 
partially covalent.

As discussed above, it is known that Cs is sorbed by 
micaceous clay minerals irreversibly. The origin of this 
irreversibility, however, is still an open question. Our 
results indicate that the partial covalent bonding between 
Cs ions and oxygen atoms is responsible for it to some 
degree. For further understanding of the origin of the 
irreversibility, it will be necessary to detect the broad 
partial DoS of Cs experimentally. Experimental setups 

Figure 7 

 

 

Fig. 7 Total density of states (DoS) and partial DoS of (a) potassium and (b) cesium. The 

gray areas represent total DoS, and the black areas represent the partial DoS of both (a) 

potassium and (b) cesium. The width of the partial DoS peak of cesium is greater than 

that of potassium and the height of the partial DoS peak of cesium is lower than that of 

potassium. 
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for detection will be discussed elsewhere.

6. Concentrated Minerals in Fukushima

As time passes after the accident at the FDNPS in 
March 2011, radioactive Cs is becoming a major source 
of radiation in the Fukushima area due to its abundance 
and long-half lives. Radioactive Cs has been mainly 
trapped at the soil surface, and decontamination and 
volume reduction of the soil have been huge problems. 
Therefore, it is necessary to investigate the sorption state 
of Cs in the soil. Previous studies have suggested that 
micaceous minerals are important for sorption and 
retention of Cs in the ground or soil (e.g., Francis & 
Brinkley, 1976). However, since the concentration of the 
radioactive Cs in the contaminated soil is extremely low 
(~10-10g/g), it is quite difficult to identify the actual Cs-
sorbing material, even by using advanced microanalytical 
techniques such as X-ray microanalysis with synchrotron 
radiation.

Mukai et al. (2014) attempted to identify radioactive 
particles in contaminated soil using imaging plate (IP) 
autoradiography. The contaminated soil was collected 
and dispersed onto special IPs with microgrid patterns 
for locating radioactive particles. The IPs were kept in 
the dark for about a month of exposure to the radiation 
and subsequently read with an IP reader. The read-out 
IPs showed bright spots formed by the radiation from 
radioactive particles. The radioactive particles were 

located by stereomicroscope observation of the 
corresponding areas. It was also found that the 
radioactive particles were very sparse in the dispersed 
soil. Using a micromanipulator and vacuum tweezers, 
the identified radioactive particles were picked up and 
transferred to different substrates for scanning electron 
microscopy (SEM) analysis. From their appearances and 
chemical compositions, the radioactive particles were 
classified into three types: (1) weathered biotite (WB), 
(2) organic matter containing clay mineral particles, (3) 
aggregates of clay minerals, (Fig. 8). The results of 
classifying fifty radioactive particles showed no large 
variations in their abundance. Measurements using a 
γ-ray spectrometer confirmed that the three types of 
radioactive particles in fact contained Cs-134 and  
Cs-137. The three types of particles were also analyzed 
by transmission electron microscopy (TEM). TEM 
analysis of WB from cross sections of the plates showed 
well-developed cleavages inside the grains, with 
kaolinite group minerals (KGMs) and goethite filling the 
cleavage spaces. With respect to the second type, 
dissolution of the organic matter did not reduce the 
radiation, suggesting that the radioactive Cs was sorbed 
into the clay minerals. TEM analysis of the second type 
revealed that clay fragments or particulates of biotite, 
KGM and quartz were embedded in the organic matter. 
TEM analysis of the third type showed that the 
aggregates had porous structures and contained various 
clay minerals such as biotite, chlorite and KGMs.  

Figure 7 

 

 

Fig. 7 Total density of states (DoS) and partial DoS of (a) potassium and (b) cesium. The 

gray areas represent total DoS, and the black areas represent the partial DoS of both (a) 
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that of potassium and the height of the partial DoS peak of cesium is lower than that of 

potassium. 
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a [Å] b [Å] c [Å] α[deg] β[deg] γ[deg]
Exp. 10.35 8.99 10.04 90.00 95.76 90.00
DFT 10.43 9.03 10.18 90.00 95.74 90.00
DFT(Cs) 10.51 9.10 10.91 90.00 95.51 90.00

Table 1   Lattice constants of natural muscovite found by the measurements of Kresse, 
(1993) (represented by “Exp.” in the table) and by density functional 
calculation (this work, represented by “DFT” in the table). Those of cesium-
occupied muscovite are also shown (represented by “DFT(Cs)” in the table)
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The three types of the radioactive particles were 
further analyzed by using a micro-manipulator and 
focused ion beam (FIB) splitting combined with IP 
autoradiography to explore the distribution of Cs in the 
particles and identify the actual Cs-sorbing materials 
(Mukai et al., 2016a). A radioactive WB particle was 
divided into fragments by FIB, and the fragments were 
relocated at some interval to overcome the limited spatial 
resolution of the IP. The IP autoradiography results 
indicated that all the divided fragments were radioactive, 
which meant that the radioactive Cs was distributed 
almost homogeneously throughout the particle. A high-
resolution transmission electron microscopic observation 
of cross sections and synchrotron X-ray diffraction 
commonly indicated that the WB contained many 
vermiculite layers. Komarneni & Roy (1988) reported on 
the superior Cs-sorption properties of weathered mica. In 
weathered mica, low-concentrated Cs has been suggested 
to be strongly and selectively sorbed at frayed edge sites, 
which form around the edges of the plate-like crystal 
during weathering (Mckinley et al., 2004). Although the 

actual sorption sites of radioactive Cs in WB are still 
controversial, the porous structure of WB may be 
responsible for the uniform distribution of Cs. 

Next, a radioactive particle of the second type was 
divided in the same manner as for the WB. The IP 
autoradiography results for the divided sections 
indicated that the radioactivity was localized in only one 
section. Further analysis with SEM and TEM revealed 
that the radioactive section contained WB fragments. 
Thus, it can be speculated that the radioactive Cs was 
concentrated in the WB fragments scattered in the 
organic matter. Lastly, a radioactive aggregate of the 
third type was placed on the IP with microgrids, and 
crushed into several fragments by micro-knife and 
micro-manipulator. The fragments were spread with 
ethanol and their radioactivity was examined using the 
IP. The read-out IP showed many bright spots, and all 
the fragments, except for the very small ones, were 
confirmed to include radioactivity by stereomicroscopic 
observation, which meant that the Cs was widely 
distributed in the aggregate. SEM and TEM analyses of 
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Fig. 9  The read-out images of IPs covering substrates with various clay mineral 
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radioactivity of the solutions is indicated at the top, and the sorption time is 24 hours. The 

figure at the top-right of each image is the percentage of radioactivity that has sorbed into 

the mineral particles overall, as estimated from the IP signal. The IPs were in contact with 

the substrates for 24 hours. The abbreviations at the bottom-right are FB: fresh biotite, 

WB: weathered biotite, K: kaolinite, H: halloysite, Il: illite, M: montmorillonite, A: 

allophane, IM: imogolite.  
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Fig. 8 SEM images (upper) and EDS spectra (lower) of three representative types of 

radioactive particles: (a) weathered biotite, (b) organic matter containing clay mineral 

particulates and (c) aggregates of clay minerals.  

 

 

  

Fig. 8   SEM images (upper) and EDS spectra (lower) of three representative types of radioactive particles: (a) 
weathered biotite, (b) organic matter containing clay mineral particulates and (c) aggregates of clay minerals. 
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the radioactive fragments indicated that the aggregate 
was composed of ferruginous smectite. Smectite is also 
thought to sorb Cs with high selectively, although its 
retention ability is strongly influenced by its layer 
charge, grain size, etc. (e.g., Staunton &  Roubaudo, 
1997).

The above results suggest that WB and ferruginous 
smectite sorb radioactive Cs in Fukushima’s 
contaminated soil. A previous study, however, that 
surveyed the Cs-sorption ability of various clay minerals, 
indicated that vermiculite and smectite are not 
particularly superior to other clay minerals (NIMS 
Database). Therefore, Cs sorption experiments with 
various clay minerals, considering actual contamination 
conditions in Fukushima, were conducted using Cs-137 
solutions with concentrations as low as sub-ppm (Mukai 
et al., 2016b). Four or five particles each of eight mineral 
species (fresh biotite, WB, kaolinite, halloysite, illite, 
montmorillonite, allophane, imogolite) with sizes of  
~ 50 μm, were arranged on an acrylic substrate with 
kapton double stick tape. Then, 50 μl of solutions 
containing 0.185– 18.5 Bq of Cs-137 were dropped to 
cover the particles on the substrates. The sorbed amounts 
of Cs-137 in the minerals were estimated by IP 
autoradiography. The read-out IPs indicated that the 
amount of Cs-137 sorbed by the WB collected from 
Fukushima was much higher than that of the other clay 
minerals (Fig. 9). This result is consistent with the results 
of analyzing actual contaminated soil, that found that 
WB sorbed radioactive Cs, but the montmorillonite used 
to represent the smectite group did not appear to sorb 
Cs-137 at all. Since the smectite group has various kinds 
of mineral species with different compositions, several 
smectite species (montmorillonite, nontronite, saponite, 
ferruginous smectite (Swa-1)) were compared. Cs-137 
sorption experiments with these smectite minerals 
indicated that Swa-1 sorbed the highest amount of Cs-
137. In sorption experiments using Swa-1 instead of 
montmorillonite, it was also found that Swa-1 sorbed 
more Cs-137 than the other clay minerals except for WB. 

Using Cs-137-sorbed particles of WB and Swa-1, 
desorption experiments were also conducted with four 
kinds of electrolyte solutions: CH3COONH4 (1 M), CsCl  
(1 M), Mg(NO3)2 (1 M) and HCl (0.1 M). As conducted in 
the sorption experiments, the particles were immersed in 
50 μl of solution for one day. Changes in the radioactivity 
of the particles before and after the desorption treatments 
were estimated using IP autoradiography. The Cs-137 in 
the WB particles hardly decreased with immersion in 
CH3COONH4 and CsCl solutions, but decreased to about 
half with Mg(NO3)2 and HCl solutions. By contrast, from 
Swa-1, half of the Cs-137 was eluted with CH3COONH4 
and CsCl solutions, and almost completely eluted with 
Mg(NO3)2 and HCl solutions.

In conclusion, these results suggest that WB and 
ferruginous smectite are major sorbents of radioactive 
Cs in Fukushima’s contaminated soil. The results of the 
desorption experiments indicate that radioactive Cs is 
more rigidly fixed to WB than to ferruginous smectite. 

Thus, it can be assumed that the presence or absence of 
WB is a key factor affecting the dynamics and fate of 
radioactive Cs in Fukushima.

7. Summary

This paper discusses the latest information on the 
interaction of Cs with clay minerals, regarding 
identification of sorption sites, incorporation mechanisms 
and stabilization mechanisms, discovered through model 
sorption experiments using synchrotron radiation X-ray 
analysis and molecular orbital calculation method 
analysis. The results suggest the possibility of Cs being 
sorbed into specific clays and concentrated. Furthermore, 
Cs appears to be stabilized by partial bond formation, 
including covalency. From an analysis of actual soil from 
Fukushima using electron microscopy, we observed that 
limited clay minerals such as WB and ferruginous 
smectite, concentrated radioactive Cs. This agrees well 
with results of the model experiment in this study. These 
results provide useful information for developing volume 
reduction methods such as classification and chemical or 
thermal treatments.

This basic knowledge about Cs sorption behavior on 
clay minerals could be utilized in choices of 
decontamination and volume reduction methods for waste 
soil, reducing the amount energy needed for removing Cs 
from wastes. We are also beginning to develop new 
physical, chemical and heat treatment methods based on 
this basic knowledge. Possible reuse after treatment is also 
being discussed. Moreover, the whole series of efforts for 
Fukushima’s environmental recovery is considered useful 
in providing recovery technology for other kinds of 
widespread environmental contamination, and we hope for 
great technical progress, both basic and applied, toward 
Fukushima’s environmental recovery in the near future.
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