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Mechanism of Strong Affinity of Clay Minerals to Radioactive Cesium:
First-Principles Calculation Study for Adsorption of Cesium at Frayed Edge Sites in
Muscovite
Masahiko O ∗ , Hiroki N, and Masahiko M
CCSE, Japan Atomic Energy Agency, Kashiwa, Chiba 277–8587, Japan
The present first-principles study based on density-functional theory confirms that frayed edge sites (FESs) formed
in micaceous clays have a crucial role in the long-term stability of radioisotopes of Cs on the topsoil surface. An FES
is modeled according to the weathering scenario of muscovite, and the substitution of originally occupied K with Cs is
virtually simulated. The calculation results clearly demonstrate that such a replacement is strongly promoted only when
the stack structure is loosely expanded at the clay edges. This is the first atomic-scale confirmation of the strong affinity
of FESs to Cs, which may shed new light on the decontamination engineering of soil materials.
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K+

Mica

Clay is one of the most widely abundant materials on the
earth.1) Their physicochemical properties are so rich that humans cleverly utilize their flexible plasticity, annealing sinterability, ion-exchange ability, water expansibility, etc., in daily
life as well as in industry. Among their various useful features,
the ion-exchange ability is of great importance, since soil retains several essential minerals including potassium, calcium,
and magnesium for plants and other organisms to feed and
grow. In this paper, we study a typical characteristic of clays,
i.e., the retention mechanism of a specific mineral, Cs, in spite
of its lack of use by living creatures.
A trace amount of Cs is well known to be strongly adsorbed
by clay materials.2–4) So far, the reason for this has been puzzling. From the 1950s to 1980s, the global fallout from atmospheric nuclear weapon testing5) and the release of large
amounts of radionuclides by the Chernobyl nuclear power
plant accident6) caused the worldwide deposition of radioactive Cs on topsoil.7, 8) The fallout radioisotopes of Cs have
continued to remain on the top surface for a long time even
to the present day. The radioisotopes of Cs released from the
Fukushima Dai-ichi nuclear power plant accident9, 10) also exhibit the above notable characteristic.11)
The adsorption of radioactive Cs by clay minerals has been
mainly studied by experimental ways. Consequently, mica, a
type of 2:1 phyllosilicate, is well known to tightly adsorb Cs
by the substitution of an interlayer cation with Cs.2–4) Figure 1 schematically displays the crystalline structure of mica,
in which the 2:1 unit layer comprises an octahedral sheet
sandwiched by two tetrahedral sheets and the 2:1 layers are
bounded by cations, resulting in a periodic stacked structure
along the c-axis. The central elements of the tetrahedron and
octahedron are silicon and aluminum, respectively, and silicon is partly substituted with aluminum. Thus, the substituted
tetrahedron is negatively charged, requiring cations to compensate the emerging charges. An example of the substitution
is displayed in the bottom-left panel of Fig. 1, where K ions
slip into the interlayer sites and stabilize the mica structure.
Octohedral sheets are classified into two types: dioctahedral
sheets constructed from trivalent cations, Al3+ or Fe3+ , and
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Fig. 1. (Color online) Schematic structure of 2:1 phyllosilicates.

trioctahedral sheets made of divalent cations, Mg2+ or Fe2+ .
So far, some experimental measurements have revealed that
mica has three types of adsorption sites for Cs.12, 13) They are
called types I, II, and III. Among these three types, the type I
and II sites show low cation exchange capacity compared with
that of type III, while their selectivity and retention stability
for Cs is quite high compared with these of type III. Moreover, the populations of the type I and II sites are considerably smaller than that of the type III site. These peculiarities
of types I and II have led to widespread acceptance of the fact
that a trace amount of radioactive Cs is selectively and irreversibly adsorbed in mica, while the adsorbed Cs becomes
exchangeable only when its amount is large. Indeed, several
experiments testing the elution characteristics of radioactive
Cs in Fukushima natural soils demonstrate that most of the
trace amount of Cs cannot be changed into a soluble form.14)
Thus, the roles of the type I and II sites are of great importance
for the volume reduction of waste materials left over from decontamination processes. In this paper, we concentrate on the
type I and II sites in mica.
Figure 2(a) schematically displays the proposed adsorption
sites in mica4, 13) at the atomic scale. These sites are classi-

address: okumura.masahiko@jaea.go.jp
1

(i)Planar site

(a)

(ii)Edge site (b)

(iii)Interlayer site
(iv)Frayed edge site
(v)Hydrated interlayer site

Si

(b)
Al

Si

Al

1.4 nm

2:1 layer

1 nm

(a)

d0

Al

Al
Si

H2 O

Si

(c)

Fixed in
c-direction

Fixed

Fig. 2. (Color online) (a) Adsorption sites in micaceous minerals. (b)
Structure of a frayed edge site.
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fied into (i) planar, (ii) edge, (iii) interlayer, (iv) frayed edge,
and (v) hydrated interlayer sites depending on their locations.
Among them, the frayed edge site (FES) and hydrated interlayer site are regarded as being related to disordered structure
formed by weathering as shown in Fig. 2. These sites are composed of three regions, one of which is characterized by the
normal muscovite structure whose interlayer distance is about
1 nm, another of which is considered to be partly expanded by
the insertion of cations accompanying water molecules, resulting in the interlayer expansion to about 1.4 nm, and the
other of which is a wedge-shaped region between the above
two regions as shown in Fig. 2(b).4) The atomic scale structure of the type I and II sites was suggested to be related to
the FES,12, 13) while the type III site is considered to be ubiquitously spread on nonspecific edges and wide planar surfaces
whose affinity to Cs is not selective and irreversible.12, 13)
These ideas are based on the results of batch experiments, although no direct atomic scale confirmation has been reported.
On the basis of the FES image in Fig. 2(b), an index to estimate the quantity of radioisotopes of Cs adsorbed by FESs
per unit soil volume has been suggested. It is called the “radiocesium interception potential” (RIP),15, 16) whose value can
be obtained by covering all other sites with sufficiently dense
AgTU or Ca2+ and measuring the selectivity of radioactive
Cs for K on the uncovered FESs. The RIP value is known
to be about 0.006 mol/kg in kaolinite, one of the 1:1 phyllosilicates, while that in mica reaches 11.8 mol/kg, indicating
the strong and selective affinities of Cs to FESs.17) Indeed,
scanning electron microscopy and X-ray microprobe measurements roughly confirmed that radioactive Cs is fixed only
around the edge of micas. These results strongly support the
selective affinity for Cs of FESs.18)
As schematically shown in Fig. 2, FESs correspond to local structural distortions inside a clay grain. The direct atomic
scale confirmation is too difficult for current experimental
techniques owing to their fine atomic scale and rare structure.
On the other hand, computational methods to explore atomic
scale physics are promising alternatives, for which numerical techniques have been fully developed in the last decade
together with the rapid invention of hardware. In particular,
density functional theory (DFT)19, 20) and molecular dynamics have been frequently employed for clay minerals.21–27)
However, no direct work toward clarifying the mechanism
of the strong affinity of Cs in FESs has been published yet.
In this paper, we employ a first-principles calculation scheme
based on DFT and microscopically examine the strong selective affinity of FES to Cs.

Fig. 3. (Color online) Model of FES employed in this paper. The yellow
circles stand for the positions of Al replaced by Si in the present separated
FES model. The orange dotted line indicates the location of the energy surface plane depicted in Fig. 5.
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Fig. 4. (Color online) Ē(A, B+aq : ∆d) versus ∆d. For the definitions of Ē
and ∆d, see the text.

Now, let us present the simulation scheme and modeling.
The simulation target is an atomic-scale unresolved structure requiring DFT-based analysis. Note that the number of
atoms in DFT is restricted to within a few hundred atoms owing to computational resource limitations. Then, we create a
model of an FES and carry out analysis using the model. The
employed calculation program is the Vienna Ab initio Simulation Package (VASP),28, 29) which supports the projected
augmented wave method30, 31) and generalized gradient approximation,32) which are also employed in this work similar to several previous works on clays.25, 26) The cutoff energy is 1600 eV, and 3×1×1 sampling points are used on kpoint grids. Structural relaxation is repeated until the gradient
forces on atoms are less than 2.0 × 10−2 eV/Å.
The modeling of the FES is as follows. i) First, we obtain
the ground state of the bulk mica and select a part of it to make
an edge as shown in Fig. 3(a). The distribution of substituted
Al atoms in the bulk system follows that in ref.26) (see the leftbottom panel in Fig. 1 and the left panel of Fig. 2 in ref.26) ).
To maintain the charge neutrality of the separated system, we
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substitute Al with Si on the outer tetrahedral sheets, shown by
yellow circles in Figs. 3(a) and 3(b), and also attach H onto
O at the cut edges. ii) Al and Si atoms at the left-hand edge
are fixed to maintain an interlayer distance of approximately
1 nm, as shown in Fig. 3(c), and the atoms at the opposite
edge are gradually shifted to expand the interlayer distance
to ∼ 1.4 nm (∆d ∼ 0.4 nm). After each stepwise shift, the
structural relaxation is always executed, and subsequently the
outermost K is virtually replaced by Cs in every shift step.
The energies before and after the replacement, respectively
defined as E(K : ∆d) and E(Cs : ∆d), are calculated for each
shift. In addition to the energies, the hydration energies for
+
) and E(Cs+aq ), respectively, are
K and Cs, expressed as E(Kaq
taken into account, and the energies before and after the ion
exchange with water molecules are calculated as

100

Fig. 5. (Color online) Ē(r : A, B+aq : ∆d) for (a) A = K and B = Cs when
∆d = 0, (b) A = Cs and B = K when ∆d = 0, (c) A = K and B = Cs when
∆d = 0.3 nm, and (d) A = Cs and B = K when ∆d = 0.3 nm. The definition
of Ē(r : A, B+aq : ∆d) is given in the text.

Here, we employ the experimental value33) for each hydration
+
)/E(Cs+aq ) according to ref.25) Setting the energy
energy E(Kaq
bottom at E(K, Cs+aq : ∆d = 0), we introduce the energy value
+
from the energy bottom, Ē(Cs, Kaq
: ∆d), as

sorbed cation inside the slice plane perpendicular to Fig. 3(c)
and calculate the r-dependent energy, defined as

Ē(A, B+aq : ∆d) = E(A, B+aq : ∆d) − E(K, Cs+aq : ∆d = 0) , (3)

Ē(r : A, B+aq : ∆d) = E(r : A, B+aq : ∆d)−E(K, Cs+aq : ∆d = 0) ,
(4)
where A and B are K and Cs or Cs and K, respectively. Figures
5(a) and 5(b) exhibit the calculated energy surface for each
cation when ∆d = 0. One easily finds that the energy well for
K is deeper than that for Cs although both minimum points
are located at the center between the 2:1 layers. In contrast,
when ∆d = 0.3 nm, the surfaces drastically change, as shown
in Figs. 5(c) and 5(d). The minimum value for K is higher than
that for Cs, as shown in Fig. 5(c), and the minimum positions
of K and Cs are different as shown in Figs. 5(c) and 5(d).
These results (∆d = 0.3 nm) can be explained as follows. Firstly, the negatively charged tetrahedral layers attract
a cation, as shown in Figs. 6(b), 6(e), 7(b), and 7(e). Since the
electrostatic attraction acts on the cation from both the upper and lower layers, the potential minimum becomes deepest
when the energy potentials from the upper and lower layers
overlap. Such a superimposed situation occurs for K at ∆d ∼ 0
[Fig. 6(c)], while the same situation occurs for Cs at ∆d ∼ 0.3
nm [Fig. 7(f)]. On the other hand, the nonsuperimposed situation occurs for Cs at ∆d = 0, as shown in Fig. 6(f), and
for K at ∆d = 0.3 nm, as shown in Fig. 7(c). The origin of
the difference in the energy potential shapes for K and Cs is
the cation radius. The distance of the minimum point of the
Lennard–Jones type potential from the sheet surface becomes
larger as the cation radius increases. This is why the conditions for the superimposed situation are different for K and Cs.
In terms of the above simple analysis based on the ion radius,
it should be mentioned that the energy surface for K shown
in Fig. 5(c) actually has a single minimum, although the corresponding situation shown in Fig. 7(c) has multiple minima.
This is because of the position of K next to the outermost K
at the edge. As shown in Fig. 7(a), the neighboring K drifts
from the center between two 2:1 layers when ∆d is increased
from 0. This is because the replacement of Si by Al occurs
in an imbalanced manner in the upper and lower sheets as

where A and B represent the cations involved in the exchange.
Now, let us present the calculation results. One easily finds
+
that Ē(K, Cs+aq : ∆d = 0) < Ē(Cs, Kaq
: ∆d = 0) and that
+
+
Ē(K, Csaq : ∆d = 0) is never larger than Ē(Cs, Kaq
: ∆d = 0)
until ∆d ∼ 0.1. These results indicate that the substitution
of K with Cs is energetically unfavorable in the non-frayed
edges of mica, i.e., mica does not naturally adsorb Cs if not all
of the edges are expanded. This is consistent with the results
of virtual equivalent replacement in the bulk periodic system
reported in ref.25) These findings clearly suggest the importance of frayed structures emerging at surfaces and edges for
Cs replacement.
Next, we examine the frayed cases by increasing ∆d. Figure 4 shows the inversion between Ē(K, Cs+aq : ∆d) and
+
: ∆d), which indicates that the ion exchange of K
Ē(Cs, Kaq
with Cs naturally tends to occur at the FES. Namely, a free Cs
ion can be fixed at an FES together with the release of K when
the interlayer distance is increased to more than ∆d ∼ 0.1 nm.
If such expanded FESs still retaining K exist on mica grains,
then the ion exchange naturally occurs when radioisotopes
of Cs accidentally come into the area. The result in Fig. 4
strongly supports the scenario of the high affinity of FESs to
Cs. Although the FES scenario has been widely accepted by
nuclear waste management scientists and engineers as well as
geologists and agriculturists, there has so far been no atomicscale confirmation of the scenario. We believe that the present
DFT result is the first scientific confirmation of the scenario.
Here, we discuss the reason why FES has such strong affinity for Cs. We compare the cases of ∆d = 0 and ∆d = 0.3
nm, because the former is simply the non-frayed case while
the latter exhibits the largest energy difference upon the exchange with Cs as shown in Fig. 4. In order to clarify the inner spheres of the cations adsorbed at FESs, we examine the
energy surfaces on a fixed slice whose location is indicated
by the orange dotted line shown in Fig. 3(c). We move the ad3

(a)

(b) Upper layer

(d)

(e) Upper layer

Lower layer

(c)

(f)

Potential
from the
lower layer

Potential
from the
upper layer

molecules at the hydrated interlayer site, the exchange energy,
Cs selectivity of FESs, etc., will be directly accessible. In addition, to complete the analysis in this paper, the exchange
energy dependence on substitution patterns in the tetrahedral
sheet should be evaluated. These advanced issues will be reported elsewhere.
In conclusion, we performed first-principles calculations in
order to clarify why FES adsorbs and strongly retain a trace
amount of radioactive Cs. Using the FES model based on the
weathering scenario, the interlayer distance at one side of a
crystalline edge was gradually expanded, and the substitution
of K with Cs was simulated while measuring the energy difference. We found that the sign of the energy difference obtained by the exchange is inverted from positive to negative
above a constant expansion distance, and the inversion mechanism is attributed to the cation-radius dependent superimposed effect of electrostatic potentials from upper and lower
layers. In addition, we discussed some methods of removing
Cs from FESs on the basis of the mechanism.
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Fig. 6. (Color online) Structure of FES model before expanding the edge
(∆d = 0) with (a) K and (d) Cs at the edge. Schematic configuration of negatively charged 2:1 layer with (b) K and (e) Cs. Total potential and superposition of potentials from the layers to (c) K and (f) Cs.
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Fig. 7. (Color online) Structure of FES model after expanding the edge
(∆d = 0.3 nm) with (a) K and (d) Cs at the edge. Schematic configuration
of negatively charged 2:1 layer with (b) K and (e) Cs. Total potential and
superposition of potentials from the layers to (c) K and (f) Cs.

shown in Fig. 3. Then, the upwardly shifted K screens the upper sheet charge and weakens the force from the upper sheet.
This makes the energy surface on the slice deviate from the
expected simple situation as shown in Fig. 7(c). From these
results, it is found that the exchange energy at an FES also
varies with the chemical characteristics of both sheets.
From the above discussion, it is found that weathered mica
clearly supplies strong retention sites for radioisotopes of Cs.
Then, the next important issue is how to extract radioisotopes
of Cs from FES. A physically possible scheme is simply to
induce further weathering, i.e., further increase the interlayer
distance, which enables the substitution of Cs with other elements or molecules having a larger radius than Cs. In contrast,
possible chemical scheme is to cut the stabilized bonds between the mica 2:1 sheets and Cs. An effective way to achieve
this is to use acids to induce protonation of the mica 2:1 layer
and subsequently erosion of Al, Si, and Cs. Although the effectiveness of this chemical scheme has been experimentally
confirmed, the damage to soils has to be minimized. The issue
still remains unsolved. Further studies are required to establish the best way to remove Cs.
Finally, we note that the present calculations employ the
experimental value of the cation hydration energy as ref.25)
This hydration energy is given in “bulk” water. This simplification is useful for clarifying the mechanism of Cs exchange
in FES. However, we can improve the evaluation by modeling the situation in a more realistic manner. For example, if
one can simulate the dynamics of both the cations and water
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