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Abstract

In order to determine the chemical states of radioactive cesium ('*’Cs or **Cs) sorbed in
clay minerals, chemical states of cesium as well as the other alkali metals (sodium and
rubidium) sorbed in micaceous oxides have been investigated by X-ray photoelectron
spectroscopy (XPS). Since the number of atoms in radioactive cesium is extremely small, we
specially focused on chemical states of trace-level alkali metals. For this purpose, we have
measured XPS under X-ray total reflection (TR) condition. For cesium, it was shown that ultra-
trace amount of cesium down to about 100 pg-cm™ can be detected by TR-XPS. This amount
corresponds to about 200 Bq of ¥’Cs (t12=30.2 y). It was demonstrated that ultra-trace amount
of cesium corresponding to radioactive cesium level can be measured by TR-XPS. As to the
chemical states, it was found that core-level binding energy in TR-XPS for trace-level cesium
shifted to lower-energy side compared with that for thicker layer. A reverse tendency is observed
in sodium. Based on charge transfer within a simple point-charge model, it is concluded that
chemical bond between alkali metal and micaceous oxide for ultra-thin layer is more polarized

that for thick layer.

*Present address: Japan Atomic Energy Agency, 7-1 Aza-Omachi, Taira, Iwaki-shi, Fukushima

970-8026, Japan



1. Introduction

After the accident of the Fukushima Daiichi Nuclear Power Station, which occurred in
March 2011, various kinds of anthropogenic radionuclides such as '3'I, *°Sr, 3*Cs, 13’Cs and
H0mA g which were formed as common fission products by the nuclear fission of *°U were
released into the environment. Most of the radionuclides are mainly trapped in geological
materials such as soil and clay. At present, the main problem is gamma-rays emitted from *’Cs
(or 13*Cs) that may cause damages to human health. Although the effect of low-level radiation
on human health has not been fully understood, it is important to lower the radiation level in
environment as low as possible. And thus, development of a method for cesium
decontamination from geological materials becomes insisting.

It is well known that radioactive cesium is mainly trapped in clay minerals among
geological materials [1]. It was reported that cesium is strongly trapped at the micaceous oxides
in clay, and its adsorption-desorption behavior has been widely investigated [2-10]. Through
these works, it has become clear that radioactive cesium, once sorbed in the micaceous oxides,
1s hard to be released. Knowledge on structure of cesium sorbed in micaceous oxide is required
to develop an efficient method for the decontamination.

Various spectroscopic methods have been applied to elucidate the structures of cesium in
clay minerals. The coordination number and bond length around cesium in clay have been
clarified by X-ray absorption fine structure (XAFS) [11-14]. Also the crystal structure and
microstructure of cesium in clay have been elucidated by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) [6]. However, the chemical bonding states of cesium,
which is the most important factors concerning the adsorption-desorption behavior of cesium,
have not been clarified by spectroscopic methods.

X-ray photoelectron spectroscopy (XPS) as well as Auger electron spectroscopy (AES) is

one of the suitable methods to elucidate the chemical states of elements adsorbed on solid
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surface. In order to determine the chemical states, XPS is superior to AES because core-level
chemical shifts are more clearly observed due to low electron backgrounds. Up to now, there
have been some XPS investigations on chemical states of cesium sorbed in clay minerals [15-
17]. In these works, however, non-radioactive cesium was used as a sample. It should be noted
that the number of atoms in radioactive cesium (*’Cs or '3*Cs) is extremely small compared
with that of non-radioactive cesium used in the above experiments. For example, the amount of
cesium in 1000 Bq ¥’Cs (t12=30.2 y) is only about 500 pg, which is hard to be detected by
conventional XPS. There are many methods to analyze ultra-trace amount of elements such as
inductively coupled plasma atomic emission spectroscopy (ICP-AES), atomic absorption
spectroscopy (AAS), and X-ray fluorescence spectroscopy (XRF). However these elemental
analysis methods cannot determine chemical states.

It is known that the chemical behavior of such ultra-trace elements is in many cases different
from that of macro quantity. So it is important to analyze the chemical states of ultra-trace
amount of cesium in micaceous oxides in order to clarify the real adsorption states of
radioactive cesium. In a previous paper, we have reported that XPS under total reflection (TR)
shows enhanced surface sensitivity and detects trace amount of cesium adsorbed on oxides [18].

In the present paper, we apply TR-XPS to analyse chemical states of trace-level cesium as
well as the other alkali metals (sodium and rubidium) sorbed in micaceous oxides. The chemical
states observed by TR-XPS core-level binding energy for ultra-trace amount of alkali metals

sorbed in micaceous oxides are discussed on the basis of a simple electrostatic model.

2. Experimental
The micaceous oxide used was a single crystal of artificially synthesized phlogopite
(hereafter micaceous oxide is sometimes simply referred to as “mica”) of 10x10x0.5 mm

purchased from Crystal Base Co., Ltd (Product Code: 3-4959-01). The chemical composition
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of the mica was KMg3;AlISiz00F2, and the density was 2.85 g+ cm™. The sample was cleaved
before adsorption of alkali metals.

Alkali metals (sodium, rubidium, and cesium) were sorbed in mica by aqueous solution.
Potassium was not investigated in this work because mica contains potassium. The mica was
first immersed in 20 mM *dm alkali-metal chloride solution at pH 7 for one month. Then the
mica was dried in air, and introduced into the vacuum chamber for XPS analysis. This sample
is referred to as sample #0.

After the XPS measurements, the alkali-metals sorbed micas (sample #0) were washed by
five steps to simulate decontamination of radioactive cesium from clay; 1) splashed with water
2 times (sample #1), 2) splashed with water 10 times (sample #2), 3) immersed in distilled water
for 30 min (sample #3), 4) immersed in distilled water with supersonic wave for 15 min (sample
#4), and 5) immersed in 1 M *dm™ acetic acid with supersonic wave for 30 min (sample #5).
The washed samples were again measured by XPS.

For XPS measurements, we used soft X-rays emitted from synchrotron light source as an
excitation source. X-rays from synchrotron light source are superior to those from X-ray tube
because of their extremely high intensity, high collimation, and energy-tunability. Especially,
highly collimated nature of synchrotron beam allows us to easily get total reflection condition
by rotating the sample.

XPS measurements were performed at the soft X-ray beamline (BL-27A) of the Photon
Factory in the High Energy Accelerator Research Organization (KEK-PF). The photon energy
was tuned by an InSb(111) double crystal monochromator. The typical photon flux was about

10'% photons*cm™-s! at the sample position. The size of the X-ray beam was 5 mmW X 10

mmH, which was shaped using variable horizontal and vertical slits. The typical photon energy
used was 3000 eV. The energy resolution of the monochromator was 1.4 eV at 3000 eV.

The XPS analysis chamber consisted of a five-axis manipulator, an electron energy analyzer,
-



and an electron flood gun. The base pressure of the analysis chamber was 1x10°8 Pa. The sample
was vertically located, and it was rotated around the vertical axis. XPS spectra were measured
with hemispherical electron energy analyzer (VSW Co. Class-100). The radius of the analyzer
was 100 mm. The pass energy of the spectrometer was set to be 100 eV for wide scan, and 20
eV for narrow scan, respectively. The typical measurement times were 10 min for wide scan
and 1 hr for narrow scan.

The top view of the setup for XPS measurements is schematically shown in Fig.1. For normal
XPS, the X-rays were irradiated at 35° from the surface and the take-off direction of the
photoelectrons was surface normal. In the TR-XPS mode, the incident X-rays were irradiated
at grazing angle and the take-off direction of photoelectrons were 55° from the surface.

Now we will estimate the critical angle of the total reflection in the present system. The

refractive index n of X-ray in a material is given by the following equation [19],

n=1-5+if (D).

The real component J, called the decrement, is a measure of the dispersion. The imaginal

component £ is a measure of the absorption. Generally the value of £ is negligibly small, so the

refractive index is approximated as

n~1-9 Q).

For total reflection, X-rays are irradiated at grazing incidence. In this case, the critical angle &

for total reflection is approximated as [19]

6.~ (29)" ().



The value of 6 is 6.59 X 107 for mica at 3 keV [20], so we obtain & =0.65°. Based on the result,

the incident X-rays were irradiated at 0.2° from the surface, which was certainly lower than the
critical angle of total reflection.

Generally, an XPS measurement of such wide-gap insulator is not possible due to positive
charge accumulated at the surface (space-charge effect). In the present experiment, we were
able to reduce the space-charge effect by 1) using electron flood gun, 2) measuring cleaved thin
film, and 3) using high photon energy (3000 eV). Actually, the XPS spectra were shifted by a
few eV to lower kinetic energy (Ex) due to a slight space-charge effect. But the binding energy
(EB) of XPS peak could be calibrated because the value of Ex shift was constant in all energy
region. As to the Ep reference of mica, the reported values of O 1s and Si 2p in mica or
aluminosilicate are scattered. So in the present study, we tentatively used well established value
of O 1s (Ep=532.6 eV) in silicon dioxide [21] as an energy reference. Accordingly, the Ep of Si
s was set to be 1844.2 eV. The absolute Ep values are not important in this paper. Instead, we

will concentrate on the relative Ep shifts among the samples.

3. Results

Figure 2 shows the XPS wide-scan spectra of Cs-adsorbed mica (sample #0) for two
incident X-ray angles. The solid line shows normal XPS where the X-ray incidence angle was
35° and take-off direction of photoelectrons was surface normal. The dotted line displays TR-
XPS, where the X-ray incidence angle was 0.2° and take-off direction of photoelectrons was
55°. The intensity of the two spectra are normalized at the O 1s peak. The spectra around Cs 3d
region is displayed in small inset as an expanded energy scale. For normal XPS, the
backgrounds around 730 eV, where Cs 3d peaks are located, were in the order of 300 cps due

to the inelastically scattered electrons accompanied by the O ls photoelectron emission. For
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TR-XPS, the background in this region is reduced to be lower than 80 cps. This background
reduction comes from the fact that the incident X-rays were totally reflected, so the amount of
inelastically scattered electrons produced by O ls photoelectron emission decreased. Owing to
the background reduction, trace level cesium down to one-thousandth monolayer could be
detected (detection limit will be discussed later).

Figure 3 shows the TR-XPS semi-wide scans for (a) sodium-, (b) rubidium-, and (c) cesium-
adsorbed mica. Compared with general XPS using Mg Ko (hv=1253.6 eV) or Al Ka
(hv=1486.6 eV) X-rays, high energy photon (hv=3000 eV) was used in this experiment. This
has another advantage for the high sensitivity because photoelectron peaks are not overlapped
with the low kinetic-energy background mainly caused by Auger electrons. This situation is
seen in Fig. 3(a) for Na ls and Fig. 3(c) for Cs 3d. For rubidium, the highest photoelectron peak
in this energy region is Rb 2p3/; as seen in Fig. 3(b). This peak locates a little higher energy side
than that of Si 1s, so the background due to the inelastically scattered Si 1s photoelectron is low.
So we will hereafter concentrate on the analysis of Na 1s for sodium, Rb 2p3, for rubidium and
Cs 3ds» for cesium, respectively.

Next, we will estimate the averaged thickness of adsorbed layer by the intensity of the metal
(Na 1s, Rb 3d32 or Cs 3dsp) and Si 1s peaks. The intensity ratio of the photoelectron peaks,

Imetal/Isi 15, IS expressed as

(4)

| Metal 2 n 1- exp(—d /ﬂMetal inA sin ‘9)
= Ometal * Mveetatin A * Mvetal * .
Isiss Osits * Asitsins * Nsi *€XP(=d / Agi 10 4 - SINO)

where o (barn) is photoionization cross section [22] for the respective photoelectron indicated

as a subscript, A (nm) is inelastic mean free path (IMFP) of photoelectrons in the material


http://www.sciencedirect.com/science/article/pii/S0169433211006568#bib0045

indicated as a subscript [23], n is atomic concentration of an element shown as a subscript, d
(nm) is the thickness of the adsorbed layer, and @ is the exit angle of photoelectrons measured
from the surface (6=55° in TR mode). In the subscripts, A and S represent adsorbate and
substrate, respectively. As a typical example, a plot for lIcs sdas/2/lsi 15 ratio versus thickness d
(nm) calculated by equation (4) for cesium-adsorbed mica is shown in Fig. 4. The lIcs ads/2/lsi 15
value for each sample is marked in the plot. It should be noted that the thickness of the layer
shown in Fig. 4 is averaged number of layers supposing that the layer is homogeneous.

In the present TR-XPS measurements, we can detect the Cs 3ds, peak for ultra-thin film

less than 5 < 10~ nm (0.5 pm). When the thickness of the detection limit is converted to weight,

it was demonstrated that the detection limit of cesium is about 100 pg-cm. If all of the cesium
is composed of ¥'Cs (t12=30.2 y), this weight corresponds to about 200 Bq of *Cs.
Considering that in Japan the standard limits for radionuclides in most of foods are in the order
of 100 Bq-kg™ and those in soil are in the order of 1000 Bq-kg?, it is demonstrated that the
ultra-trace amount of cesium comparable to the radioactive cesium level can be measured by
TR-XPS.

Now we convert the thickness of the layer d (nm) to the number of layers. The definition of
monolayer depends on various factors such as crystal structure, density, and molecular (or
atomic) radius. In order to avoid this difficulty, we adopt the following definition of monolayer.
If the adsorbates have density p (gecm™) and molecular (atomic) weight m, the thickness of the

monolayer a (nm) is expressed as

a=m=+10%"/ (p *n*Ny) (5),

where 7 in the number of atoms in the molecule (n=1 for atom), and N4 is the Avogadro number

[23]. As a result, we obtain ¢=0.35 for sodium, a=0.44 for rubidium, and a=0.47 for cesium,
8-
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respectively.

The thickness in the number of layers for all alkali-metal samples washed with various
conditions is summarized in Fig. 5. For all alkali metals, the number of layers decreases by
washing with water more intensely. For the most intensely washed samples (washed with acetic
acid, sample #5), no alkali metals were observed. For samples #4 (washed in water using
ultrasonic wave), a small amount of alkali metals still remains. The thickness of the layer for
rubidium (#4) and cesium (#4) is less than 1/1000 layers. The thickness of the layer for sodium
(#4) is about ten time thicker than that for rubidium and cesium, indicating that sodium is more
strongly trapped in mica than the other alkali metals.

Figure 6 shows the TR-XPS narrow scans for (a) sodium, (b) rubidium, and (c) cesium for
various washing conditions. The spectra for the sample #4 were shown after smoothing by 5
points because of the low count rates. For rubidium, the Rb 2ps> peak for sample #0 splits into
two structures. Although the averaged thickness of the layer is about 1 monolayer, the higher
binding-energy peaks (marked A) are due to RbCI precipitates, because this peak disappeared
after slight washing. So we will not consider the peak A, but will focus on the lower-energy
peak. In all spectra, the peak energy depends on the layer thickness.

The core-level energy for three alkali metals are summarized in Fig. 7. In this figure, the
chemical shifts are measured from the binding energy for the non-washed samples (sample #0).
For sodium, the Na 1s binding energy shifts to higher binding-energy with the increase in the
degree of washing condition. On the other hand, the tendencies of the energy shifts observed
for rubidium and cesium are reverse to that for sodium. The binding energy of Cs 3ds (Rb
2p32) shifts to lower energy side with the increase in the degree of washing condition.

In Fig. 8, the core-level energy for three alkali metals is plotted as a function of the layer
thickness. For cesium, the core-level energy shifts to lower binding-energy side with the

decrease in the thickness. For the thinnest sample, the Cs 3ds/, energy for 107 layer shifts to 1.5
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eV lower energy side from that for monolayer. On the other hand, the core-level energy of Na
1s for sodium shifts to higher binding-energy side with the decrease in the thickness. The
tendency of the thickness dependence for rubidium is between those for sodium and cesium,
but the energy of Rb 2ps2 line shifts slightly to lower energy side with the decrease in the

thickness.

4. Discussion

Except for the sample #0 for rubidium, the observed peaks for alkali metals are not due to
the alkali metal chloride, because we did not observe any Cl 1s peaks in the XPS spectra. Also
the intensity of the C ls peak is negligibly small, so the carbon contamination does not affect
the peak energy of alkali metals. Another possibility of the observed peak energy is due to the
existence of oxides or hydroxides. We cannot exclude this possibility because large oxygen ls
peak from mica is observed and it interferes the oxygen 1s peaks from oxides and hydroxides.
However, we consider that oxides and hydroxides were desorbed by washing because these
species adsorbed on surface through van-der-Waals forth. So we believe that the trace-level
alkali metals exist at the interlayer of the micaceous oxide in an atomic (ionic) state.

Generally, chemical shifts of core-level binding energy in a metal depend on the valence
states of the metal. The core-level energy shifts to higher energy side with the increase of the
valence charge. However, alkali metals take only mono valence state. So the core-level energy
shift of alkali metals cannot be easily explained because it is caused by the other factors such
as charge transfer within a simple point-charge model, the long-range electrostatic interactions
(Madelung potential), and final-state contributions due to extra-atomic relaxation of the core—
hole (screening effect). But the contributions of the latter two factors are small because thin
films less than monolayer were measured (Madelung potential can be ignored) and the

insulating substrates were used (screening effect is negligible) in the present experiments. We
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will qualitatively discuss the origin of the observed binding-energy shifts on the basis of the
charge transfer within a simple point-charge model.

When we consider a compound M-X (M: metal, X: counter anion), the higher the
polarization of an M-X bond is, the higher the core-level energy of M becomes. Namely, when
the ovalue in M%-X% bond becomes large, the XPS binding energy of M shifts to higher energy
side. This tendency is commonly observed in most of the metals. Actually in the case of sodium,
the Na 1s binding energy shifts to higher energy sides with the increase in the electronegativity
of the counter anion [21,24,25]. However, this general tendency does not hold for cesium. In
the case of cesium, which has a large atomic radius, shows reverse tendency compared with
most of the other metals [21,24]. Actually, it was reported that when metallic cesium is oxidized,
the binding energy of the Cs 3ds2 line shifts to lower energy, in contrast to the other light alkali
metals [25-28].

Then, let’s go back to Fig. 8. For sodium, the core-level energy of Na 1s shifts to higher
binding-energy side with the decrease in the thickness. This means that the chemical bond
between sodium and micaceous oxides for thin layer is more polarized than that for thick layer.
In other words, the trace amount of sodium sorbed in micaceous oxides is more ionically bonded
with the substrate compared with thick layer. For cesium, on the other hand, the core-level
energy shifts to lower binding-energy side with the decrease in the thickness. Considering the
difference in the tendency of the energy shifts between sodium and cesium as discussed above,
the similar nature of the chemical bond between cesium and substrate is deduced. It has been
reported that cesium trapped in the interlayer of muscovite is covalently bonded with oxygen
by the theoretical calculation using first-principles study based on density-functional theory
[29]. For thick layer (thicker than 0.1 monolayer), almost constant binding energy shown in Fig.
8 shows that polarization between cesium and micaceous oxides is weak as reported in ref [29].

For thin layer, on the other hand, the Fig. 8 shows that the chemical bond between ultra-trace
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level cesium and micaceous oxides is more polarized than that for thick layer. This means that
the ultra-trace amount of cesium sorbed in micaceous oxides is more ionically bonded with the
substrate compared with thick layer.

A question may be raised as to why ultra-trace amount of cesium is ionically bonded with
the micaceous oxides. At present, we cannot give a definite answer to this phenomenon.
However, one plausible reason is as follows. It is well established that the cesium is trapped at
the interlayer of micaceous oxides as an ionic state. But for thick layer, the polarization of the
chemical bond between cesium and oxides is relaxed and weakened due to the surrounding
cesium ions. For ultra-thin layer, on the other hand, adjacent cesium ions are located far away
from a cesium ion. Therefore, the relaxation of the polarizability by the surrounding ions is
weak, so ionically bonded nature remains only for ultra-thin layer.

Although more detailed analysis of the chemical bonding states is needed from both
experimental and theoretical viewpoints, it is suggested that the ionically bonded state of ultra-
trace amount of cesium with micaceous oxides is one of the reasons that the radioactive cesium
is hard to be released from clay minerals. As to the detection limit of TR-XPS, the present
experiments were done using X-rays emitted from bending magnet of synchrotron light source.
If we use more highly collimated and intense X-rays such as those from undulator, we can

possibly measure further trace level alkali metals.

4. Summary

In order to elucidate the chemical states of radioactive cesium (!*’Cs or '**Cs) trapped in
clay minerals, chemical states of trace amount of cesium as well as the other alkali metals
(sodium and rubidium) sorbed in micaceous oxides have been investigated by TR-XPS. For
cesium, it was shown that ultra-trace amount of cesium down to about 100 pg-cm (equal to

200 Bq of 1¥’Cs) can be detected by TR-XPS, demonstrating that the ultra-trace amount of
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cesium corresponding to the radioactive cesium level can be measured by TR-XPS. As to the
chemical states, it was found that the TR-XPS core-level binding energy for trace-level cesium
shifts to lower-energy side compared with that for thicker layer, which is reverse to that
observed in sodium. On the basis of the charge transfer within a simple point-charge model, it
Is concluded that the chemical bond between alkali metals and micaceous oxide for ultra-thin

layer is more polarized than that for thick layer.
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Figure captions

Fig. 1  Top view of setup for XPS measurements.

Fig. 2 XPS wide scan spectra for cesium-adsorbed micaceous oxide. Solid line shows the
normal XPS, and dotted line represents the TR-XPS. Photon energy was 3000 eV.
Intensity of the two spectra are normalized at the O 1s peaks. In the small inset, semi-

wide scan spectra around Cs 3d region are shown in an expanded energy scale.

Fig. 3 TR-XPS wide scan spectra for (a) sodium-adsorbed, (b) rubidium-adsorbed, and (c)

cesium-adsorbed micaceous oxide. Photon energy was 3000 eV.

Fig. 4 Relation between photoelectron intensity ratio (Icssas2/Isitis) and thickness of the
layer for cesium-adsorbed micaceous oxide. Solid line represents the calculated value
on the basis of the equation (1). The experimental values for cesium-adsorbed

micaceous oxide before washing (#0) and after various washing procedures (#1~

#4) are indicated in the figure.

Fig. 5  Thickness of layer for sodium, rubidium, and cesium adsorbed on mica before

washing (#0) and after various washing procedures (#1 ~ #4). The washing

procedures are described in the experimental section in the text.

Fig. 6 TR-XPS narrow scan spectra for (a) sodium, (b) rubidium, and (c¢) cesium, adsorbed

on mic before washing (#0) and after various washing procedures (#2~#4). The

washing procedures are described in the experimental section in the text. Photon
17-



energy was 3000 eV. The spectra of #4 samples are shown after smoothing.

Fig.7  Core-level binding energy shifts (Eg shift) for sodium, rubidium, and cesium adsorbed
on mica before washing (#0) and after various washing procedures (#1~#4). The
washing procedures are described in the experimental section in the text. The Eg

shifts were measured from the Ep values for the sample #0 of respective metals, i.e.,

1071.8 eV for Na 1s, 1804.6 eV for Rb 2p3,, and 725.3 eV for Cs 3ds)».

Fig. 8  Core-level binding energy shifts (Eg shift) for sodium, rubidium, and cesium adsorbed
on mica as a function of the thickness. The Eg shifts were measured from the Eg
values for the sample #0 of respective metals, i.e., 1071.8 eV for Na 1s, 1804.6 eV

for Rb 2p32, and 725.3 eV for Cs 3ds),.
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