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ABSTRACT 
 
It is well known that biotite exists with flake form in actual underground environment, dominating 
sorption of cationic radionuclides in a geological disposal system consisting of crystalline rock. The 
behavior of sorption of radionuclides will differ depending on the difference in shape, while most of the 
previous studies have used powder biotite. This study focused on the influence of flake structure of 
phyllosilicate minerals such as biotite on the diffusion and sorption processes of radionuclides, examining 
the sorption behaviors of Eu on biotite, phlogopite and muscovite in flake form.  
 
These flakes (5 mm × 6 mm) were prepared for the sorption experiments and the initial concentrations of 
the Eu ions were set to 1 mM. The sorption experiments were conducted by mixing 0.4 g of biotite flakes 
and 4 mL at pH 5 for 7 days. As a result, the sorption amount of Eu increased little by little with internal 
diffusion in all minerals, respectively. The diffusion process of Eu into the layer structure could be also 
observed by secondary ion-microprobe mass spectrometry (SIMS) analysis. The apparent diffusion 
coefficient of Eu into each flake was estimated by fitting a 2-D diffusion model to the sorption data. The 
estimated diffusion values were clearly smaller than that of matrix diffusion in granite. Hence it was 
suggested that the so-called Kd-model, which is a local equilibrium model, is not always applicable to the 
estimation of the retardation effect (i.e., migration rate) of radionuclides in rock matrix. In other words, 
the migration rate might depend also on the diffusion process of radionuclide in the inside of 
phyllosilicate minerals in addition of the macro diffusion process in rock matrix. Besides, sorption 
amount and diffusion coefficient of biotite, phlogopite and muscovite were largely different. Not only the 
tetrahedral structure adjacent to the potassium but also the octahedral structure might affect the restraint 
of the interlayer ion (K ions) and the sorption behavior. 
 
 
INTRODUCTION 
 
In Japan, high-level radioactive wastes will be disposed at the depth of more than 300 meters in 
underground as geological disposal [1]. For the estimation of the migration of radionuclides leaching from 
the waste, it is important to clarify the interaction of radionuclides with a solid phase in the underground 
environment. Host rocks around the repository, specifically granite, is expected to restrict the migration of 
radionuclides as the natural barrier of the geological disposal system. As reported by the previous studies, 
biotite, which is contained in granite and strongly adsorbs cationic radionuclides, is the most predominant 
mineral for the sorption performance of granite [2, 3]. However, most of the previous studies have 
estimated the sorption distribution coefficients for the performance assessment of the repository by the 
sorption experiments using biotite powder. In general, biotite in granite exists not as a powder form but as 
a flake form [4]. Because biotite has an anisotropic structure with unidirectional cleavage, radionuclides 
may not only adsorb on the edges and surfaces of biotite flakes but may also gradually diffuse into their 
interlayer [5]. Therefore, it might be necessary, for a more reliable safety assessment of the repository, to 
estimate the sorption properties of biotite in consideration with both the diffusion process of cationic 
nuclides into the layer structure of the biotite flakes and the macro diffusion process in rock matrix. 
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Sasaki et al. [6] and Chida [7] reported that the sorption of cationic nuclides to biotite is mainly due to the 
ion exchange with cations in the interlayer and depends on the pH condition. This present study examined 
the influence of the layer structure of phyllosilicate minerals including biotite on the diffusion and 
sorption processes of radionuclides. Furthermore, as a fundamental research, the sorption properties of 
some phyllosilicate flakes, phlogopite (trioctahedral type) and muscovite (dioctahedral type) along with 
biotite (trioctahedral type), were compared by the sorption experiments using europium (Eu). 
 
 
EXPERIMENTAL  
 
(a) Samples 
As phyllosilicate mineral (mica), three minerals, i.e., biotite, phlogopite and muscovite were prepared 
with a flake form, which were purchased from NICHIKA Inc. in Japan. The sample of biotite was 
produced in Nellore (India), the phlogopite was in Huddersfiels Township (Canada), and the muscovite 
was in Koderma district (India). The chemical composition of biotite is K(Mg,Fe,Al)3(Si,Al)4O10(OH)2 , 
phlogopite is KMg3(Si3,Al)O10(OH)2, and muscovite is KAl3(Si3,Al)O10(OH)2. These mica minerals 
have the same structure with tetrahedron sheets and octahedron sheets. However, as can be seen from 
their chemical formula, the elements composing each sheet are different. Table I shows the chemical 
components contained in three mica minerals. As for the sample of phlogopite, the analysis value was 
unknown and it is not shown in the TABLE I. This difference in isomorphic substitutions of the 
tetrahedrons and the octahedrons strongly affects the layer electric charge and interlayer distance [8]. The 
purchased mica flakes were manually made a uniform size (5 mm × 6 mm) for the sorption experiment 
described later. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Sorption experiments 
The stable isotopes of Eu were used in the batch-type sorption experiment. The initial concentration of 
Eu(NO3)3 were set to 1.0 mM by HNO3 solution. The pH value in the tracer solution was adjusted to 5 
and the buffer solution mixed MES (2-morpholin-4-ylethanesulfonic acid) and THAM 
(2-amino-2-hydroxymethyl-1,3-propanediol). The sorption experiment for each mineral was conducted by 
mixing 0.4 g of the mica flakes and 4 mL of the Eu(NO3)3 solution in a glove bag kept at a nitrogen 
atmosphere. The blank experiment without adding mica flakes was also conducted at the same time for 
comparison.  

component amount [%] 
biotite muscovite 

SiO2 34.92 45.57 
TiO2 1.86 - 

Al2O3 20.9 36.72 
Fe2O3 0.8 0.95 
FeO 24.55 1.28 
MnO 0.22 - 
MgO 4.38 0.38 
CaO 0.01 0.21 
K2O 8.46 8.81 
Na2O 0.28 0.62 
P2O5 0.01 - 
H2O 2.47 5.05 

TABLE I. Component elements of each sample. 
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By a thermostat shaker, these samples were shaken at 120 strokes/min and kept in 298 K ± 0.5 K for 7 
days with sampling 5 times in the experimental period. After that, the liquid phase and solid phase of the 
samples were separated by using 0.45 µm membrane filter. The concentration of cations (Eu, potassium 
(K), magnesium (Mg), aluminum (Al), iron (Fe) and silicon (Si)) in the sample solution was measured by 
inductively-coupled plasma-atomic emission spectrometry (ICP-AES, SPS7800, Seiko Instruments Inc.). 
Based on the experimental results, the apparent diffusion coefficients of Eu ions in mica flakes were 
calculated by a two-dimensional diffusion model coupled with a film between the solid phase and the 
liquid phase. 
 
For the solid phase of 7 days of the sorption time period, the elemental distribution in mica flakes was 
analyzed by time of flight-secondary ion mass spectroscopy (TOF-SIMS, ION-TOF GmbH, Germany). 
SIMS analyzes the distribution of atoms in the solid sample by detecting secondary ions released with the 
irradiation of ion beams which are used O2+ as sputter ions and Bi+ as the primary ions (Fig. 1). To reduce 
damage to the sample surface and simultaneous measurement of multiple elements, a static type and a 
TOF type mass spectrometer were used for reducing the damage of the sample and the multi-element 
simultaneous analysis. Kyllonen et al. [9] indicated that the amounts of cations adsorbing to a biotite flake 
differ depending on measured points such as defective parts, edge or plane, cleavage on planes, and so on. 
In this study, the sorption amounts were compared at three points of a mica flake: the center of a plane, 
the edge of the flake (edge 1), and the corner of the flake (edge 2) as shown in Fig. 2. 
 

      

          
 
RESULTS AND DISCUSSION 
 
(a) Sorption of Eu into mica flakes 
Fig. 3 shows the sorption behavior of Eu ions to mica minerals and the leaching of K ions. As shown in 
Fig. 3, the concentration of Eu ions in the liquid phase gradually decreased with the shaking time for all 
mica flakes. The authors’ previous studies showed that the sorption of Eu ions on biotite in a powder form 
immediately reached the sorption equilibrium under the same experimental conditions. Therefore, the 
results in the present study suggest the continuous diffusion-process of Eu ions into the layer structure of 
mica flakes, following the sorption at the edge of flakes.  
 
In the comparison of mica minerals, the largest sorption effect for Eu ions was biotite, and followed by 
phlogopite. In the case of these minerals, the leaching of K ions from mica flakes was also observed as 
shown in Fig. 3. Fig. 4 shows the relationship of the leaching amount of K ions and the sorption amount 
of Eu ions. If the sorption of Eu ions to mica flakes causes an ion exchange reaction, K ions, which are 
the exchangeable ions in the interlayer, are leached from the flakes in response to the amount and valence 

Fig. 1. Principle of SIMS Measurement.  Fig. 2. Measurement points of each 
flake sample by SIMS. 

Edge 2 Edge 1 

Center 
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of Eu ions, more specifically,  
the molar ratio of adsorbed Eu ions (trivalent cation) and leached K ions (monovalent cation) will be 
estimated to be 1: 3. Since the sorption amount of Eu ions correlated with the leaching of K ions, the 
sorption of Eu ions to biotite and phlogopite would be mainly due to the ion exchange reaction. On the 
other hand, Eu ions hardly adsorbed on muscovite as shown in Fig. 5(c) which the Eu concentration 
hardly decreased and the K concentration did not increase so much. That is, the sorption effect with the 
ion exchange reaction of muscovite was limited.  
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Fig. 3. Sorption behavior of Eu ions to mica minerals and the leaching of K ions 
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(b) Diffusion of Eu into mica flakes 
Fig. 5 shows the SIMS analysis results after a 7-day experiment, which represents the distribution of Eu in 
the mica flakes. Mica flakes before the sorption experiments were also analyzed as background data 
shown in Fig. 5. The vertical axis is the relative intensity. In general, the amount of secondary ions 
sputtered by the ion beam depends on the sputter amount changing with the sputter conditions 
continuously. In order to compare each SIMS data, the measured intensity of Eu was normalized by the 
intensity of Si which exists homogeneously in the flake samples. The horizontal axis in Fig. 5 is the depth 
sputtered by the ion beams of SIMS, and these SIMS data should be compared at a certain sputtered depth 
for discussing the diffusion behavior of Eu ions into the mica flakes. In Fig. 5, the Eu distributions in the 
mica flakes after the sorption experiments were obviously larger than those of the background date.  
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Fig. 4. Relationship of the leaching amount of K ions and the sorption amount of Eu ions.  
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In addition, the relative intensity of Eu at the edges of the mica flakes exceeded that at the center for all 
samples. These SIMS results indicate that Eu ions diffuse into the internal layer of the flakes from their 
edges. 
 

 

              
            

 

 

 
 
 
(c) Estimation of apparent diffusion coefficients of Eu in mica flakes  
Sasaki et al. [6] reported the estimation of the apparent diffusion coefficients of cationic ions in biotite 
flakes by using a two-dimensional (2D) diffusion model coupled with a film between the solid phase and 
the liquid phase. This study also estimated the apparent diffusion coefficients for Eu in each mica flake by 
using the same 2D model as done in the previous work by Sasaki et al. The mass diffusion in the 
two-dimensional space is generally represented as the following equation,  
 

2 2

2 2x y
c c cD D
t x y

∂ ∂ ∂
= +

∂ ∂ ∂
                       （Eq.1） 

 
where c is the concentration of cations diffusing into the flakes (mol/m3), and Di is the diffusion 
coefficient to the direction “i” (m2/s). This study assumed that the values of diffusion coefficient are 
uniformly distributed, i.e. 𝐷𝑥 = 𝐷𝑦 = 𝐷𝑒, where De is the effective diffusion coefficient (mol/m3) 
(including the retardation effect of the interlayer surface in a strict sense).  

(a) Biotite 
 

    
 

(b) Phlogopite 
 

    
 

(c) Mucovite 
 

 
    

 

Fig. 5. Distributtion of Eu in mica flakes by SIMS analysis. 
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In the calculation, this two-dimensional diffusion equation for the mass-transfer in the mica flakes was 
translated to the non-dimensional form, as follows,   

2 2

2 2

C C C
T X Y
∂ ∂ ∂

= +
∂ ∂ ∂

  ,                              (Eq.2) 

 
where C is the non-dimensional concentration (= c/cB0, c is the concentration (mol/m3) and cB0 is the 
initial bulk concentration (mol/m3) of the solution), T is the non-dimensional time (= t/t*, t is the time (s) 
and t* is the characteristic time (= L2/De) (s)), X is x/L and Y=y/L, where x is x-direction length (m), y is 
y-direction length (m), and, L is the characteristic length to define the size of the flake sample (m). 
 
Eq. 3 is the mass balance equation concerning the liquid phase, written in the non-dimensional form,  
 

( )B
h B edgeS

dC S C C d S
dT

g− = −∫
ur

    ,  ( h
e

kLS
D

=  ,  
2L

V
ωg =   )          （Eq.3） 

 
where Sh is the Sherwood number, γ is the constant, k is the mass-transfer coefficient of the film (m/s), ω 
is the sum of the thickness of the interlayer of the flakes added to the sample solution (m), and V is the 
volume of the Eu solution (m3). Additionally, CB is the non-dimensional bulk concentration (= cB/cB0, cB 
is the bulk concentration (mol/m3)), Cedge is the non-dimensional concentration at the edge (= cedge/cB0, 
cedge is the concentration at each edge point obtained from the two-dimensional diffusion equation 
(mol/m3)), and S indicates the integration path with non-dimensional form, where S = s/L is the 
integration path length (m) along the edges of the flake sample. By numerically solving Eqs. 2 and 3 
simultaneously, the diffusion behavior of Eu ions in the mica flakes was estimated with relating both the 
mass-transfer in the flakes and the change of the Eu concentration in the bulk concentration of the 
solution. 
 
Fig. 6 shows the fitting result of the 2-D diffusion model to the experimental data for biotite shown in Fig. 
3(a). The apparent diffusion coefficients of Eu ions in the mica flakes were estimated to be 5.5×10-14 m2/s 
(γ = 0.7, k = 2.18×10-9, Sh = 60) for biotite, 5.5×10-14 m2/s (γ = 0.2, k = 2.18×10-9, Sh = 100) for phlogopite, 
and 3.7×10-14 m2/s (γ = 0.05, k = 2.18×10-9, Sh = 150) for muscovite. In the model, ω including γ is 
expressed by the product of the thickness of the flake, d, the number, n, and the correction coefficient, ε. 
Since the thickness of a flake, d, was about 0.5 mm, V was 4×10-6 and n was 1.2×102 in the experiments. 
Therefore, the correction coefficient, ε was estimated to be 0.025 for biotite, 0.008 for phlogopite and 
0.003 for muscovite. While the interlayer distance of mica mineral is generally about 10 Å [3] and 
numerous interlayers exist in this flakes, the value of ε less than 1.0 means that the dominant diffusible 
layers of mica exist in the flake sample of mica. This value may be an important parameter in considering 
the sorption behavior of cationic ions of each mineral. 
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Furthermore, for the present assessment of the migration of radionuclides in Japan, the effective diffusion 
coefficient for the matrix diffusion in granite is assumed to be 8.0 × 10−12 m2/s [1]. Obviously, the 
diffusion coefficient estimated for the biotite flakes was much smaller than this value. This means that the 
sorption of radionuclides in the granite matrix will be significantly controlled by the diffusion into the 
biotite flakes. In other words, the sorption effect of the granite matrix, which the present assessment as 
reaching the sorption equilibrium quickly, may be overestimated in comparison with the practical one.  
 
Additionally, we focus on the influence of the structure of the mica minerals on the sorption of Eu ions.  
Considering the structure of phlogopite and muscovite, while they have the same tetrahedral sheets, their 
octahedral sheets are different: phlogopite has a trioctahedral type and muscovite has a dioctahedral type. 
In the results of this study, phlogopite with the trioctahedral type showed the higher sorption effect for Eu 
ions in comparison with muscovite with the dioctahedral type. These suggest that the sorption behavior of 
cations to the mica flakes is seriously influenced not only by the tetrahedral sheets contacting directly 
with the exchangeable ions in the interlayer but also by the octahedral sheet separated from them. 
Furthermore, although the octahedral sheets of biotite is the trioctahedral type at the same as phlogopite, 
the sorption effect of the biotite exceeded that of phlogopite as shown in Fig. 3. The octahedral sheets of 
biotite contains three kinds of metal elements (Mg, Fe and Al) with the isomorphous substitution, whereas 
those of phlogopite (and muscovite) contains just one kind of metal element. Causing the heterogeneous 
distribution of electric charge in the interlayer with such complex structure of biotite, the binding force on 
K ions in the interlayer will be weaker than phlogopite and muscovite, that is to say, K ions in the biotite 
flakes may be relatively easy to exchange with other cations.  
 
As a future work for clarifying these sorption mechanism of mica minerals, it will be necessary to 
investigate the micro structure. Moreover, the sorption and diffusion of cations at high pH values, such as 
pH 8 for natural groundwater, should be taken into consideration for practical assessment of the 
radionuclide migration in underground. 
 
 
CONCLUSIONS 
 
This study examined the sorption behavior of Eu ions into the three mica minerals in a flake form: biotite, 
phogopite and muscovite. In the results of the sorption experiments and SIMS analysis, the sorption 
amount of Eu ions on the mica flakes gradually increased during the experimental period, with diffusing 
into the interlayers. The largest sorption effect for Eu ions was shown by biotite, followed by phlogopite, 
and the smallest one was muscovite. Such differences in the sorption behavior to three kinds of mica 
flakes may cause the structure of the sheets. Moreover, K ions leached from the mica flakes with the 
sorption of Eu ions. This means that the mica minerals adsorb cations by the ion exchange reactions with 
K ions. By the numerical analysis, the apparent diffusion coefficients of Eu ions in the mica flakes were 
estimated to be the order of 10-14 m2/s. In general, it is said that the cation diffusion coefficient into granite 
is 10-12 m2/s [1].The diffusion coefficient for the biotite flakes were smaller than the value using for the 
granite matrix in the present assessments of radionuclide migration in Japan. This suggests that the 
sorption effect of cationic radionuclides in the granite matrix may be limited by the diffusion process into 
the biotite flakes. More specifically, for the practical assessment of the sorption effect in the granite 
matrix, it will be necessary to consider the apparent sorption rate based on the diffusion rate in the biotite 
flakes.  
 
 
 
 

Fig. 6. Fitting result of the numerical model to the experimental data for biotite. 
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