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Selective Adsorptioil Behavior of Cesium Ions onto Granite'

Akira Kltamura"r Tadashi Yamamoto'", Hirotake Moriyama'™" and Sataro lehlkawa”"

The adsorption behavior of Cs* onto granite was investigated. The distribution coefficient (K) of Cs* onto granite was
determined in the solution of which pH was ranged from 2.3 to 10.9 and ionic strength was set at 10? and 10, It is found that
the K, values for granite were larger than those for quartz, and the K, values were found to increase with increasing pH and with
decreasing ionic strength. ~ The obtained data were successfully analyzed by an electrical double layer model and the optimum
parameter values of the double layer electrostatics and adsorption reactions were obtained. The selective adsorption behavior of

Cs* onto the mineral components was discussed, and Cs* were considered to be mainly adsorbed onto feldspars in the granite.
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1.Introduction

An understandmg of radionuclide migration behavior is
meortant for the safety assessment of geologic disposal of
radioactive wastes. Many studies have been extensively
performed to obtain data for adsorption and diffusion of various
radionuclides in soils .and rocks. However, the experimental
data are usually described by empirical means, and the
empirical parameters, e.g. distribution coefficient (K, are
highly dependent on the chemical conditions of the
experimental systems and considered unsatisfactory for a
mechanistic modeling of adsorption isotherms[1-3].
Thermodynamic data are required to provide for the safety
assessment instead of the empirical parameters.

There are many studies about a solid-solution interface
. by using an electrical double layer model. In the model, it is
assumed that adsorbent surface has specific acid-base
characteristics due to hydrolysis. This approach has been
coupled with aqueous speciation models in computer codes,
and has been successfully applied to describe the equilibrium
distributions of some radionucﬁdes between groundwater and
mineral surface[4-6]. = .For its usefulness to determine
thermodynamic data, the model may be applied to the other
adsorption systems and improved as required[7, 8].

In our previous study, the adsorption behavior of Cs*
onto quartz was successfully analyzed by using an electrical
double layer model[9]. The study has obtained parameters
such as an inner layer electrostatic capacitance and equilibrinm
constants and discussed the adsorption mechanism of Cs* onto
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quartz. The same method may be applied to other rock
samples or minerals.

The present study is an extension of our previous study,
and deals with the adsorption behavior of Cs* onto granite
powders. Granite is noted as one of the bedrocks proposed for
a disposal site of radioactive wastes. There are many studies
for the adsorption of Cs* onto rock samples such as granite{10-
12]. In some literatures it has been shown that Cs*
selectively adsorbed onto biotite in a biotite granite sample[13-
17]. However, these studies discuss only a comparison of the
distribution coefficient among rock samples or mineral
components, then the adsorption mechanism has not been
described clearly yet. In the present study, distribution
coefficients of Cs* and acidity constants of Na* were measured
for the granite and its component minerals of microcline and
biotite. Then the selective adsorption behavior of Cs* onto
granite and the component minerals was analyzed by the
similar model to that of Davis et al.[1]

2.Experimental

2.1 Determination of distribution coefficient of Cs onto
granite and microcline

Distribution coefficient (K of Cs* onto granite was
determined by a batch method. The granite sample was
biotite granite, from Inada, Ibaraki, Japan. The granite sample
was crushed to the mesh size of 32 ~ 60, and the specific
surface area was determined to be 0.11 m%g by the BET
method. In a polypropylene tube, 0.1 g of granite powder was
added into 4.0 ml of NaClO, solution containing Cs*. The

- electrolyte concentration was set at 102 mol/l or 10" mol/L
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The concentration of Cs* in the solution was set at 2.5 x 10
mol/l including a radioactive tracer of Cs. The pH of the
solution was adjusted by either HCIO,-or NaOH. The sample
was gently contacted with shaking for 7 days at 24 = 3 °C to
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attain the equilibrium.  After centrifugation at 5,000 rpin for
10 min, the pH values were measured. The 604.7 keV 7 1ay
radioactivity of ‘Cs in the solution was measured. The
experiments were performed in an argon filled glove box to
avoid the contamination of carbonate.

A batch method was also applied to the determination
of the K, of Cs* onto microcline. The experimental setting is
same as that of granite except for the concentration of Cs*, 1.6
x 107 mol/L.

2.2 Determination of acidity constant of minerals contained
in granite .
To determine the acidity constant of minerals contained
in granite, such as quartz, feldspar and mica, a batch method or

a titration method was used. The method of the dctcrmination_

of acidity constant of quartz has been described elsewhere[9].
For the determination of acidity constant of microcline,
a representative of the potassium feldspars, a batch method was
used because diffusion effect is expected to be retarded to attain
the equilibrium. The crushed microcline sample was obtained
from Nihon Chikagaku Co., and the specific surface area was
measured to be 0.83 m?/g by the BET method. In order to
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Fig. 1 Distribution coefficient of Cs* jons for granite
powders as a function of pH. Marks are the
experimental data and curves represent the least-
squares fit of the data by using electrical double
Iayer model.
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wash out any exchangeable cations before starting the batch
experiment, the microcline sample was contacted with 0.5
mol/l HCI for 1 week, then washed with distilled water and
dried at 70 °C. In a polypropylene tube, 0.1 g of microcline

- was added into 5.0 ml of NaCl solution. The electrolyte

concentration was set at 10" mol/l or 1 mol/l. Then a NaOH
solution of 5 x 10 mol/l solution was added to each sample.
The sample was gently contacted with shaking for 7 days at 20
% 3 °C to aftain the equilibrium. After equilibration, the pH
values of each sample were measured.

A titration method was used to determine the acidity
constant of biotite, a representative of micas in this study. The
biotite sample was obtained from Nihon Chikagaku Co., and
the sample sieved into 32 ~ 60 mesh. In a polypropylene
beaker, 1 g of biotite was mixed with 250 ml of NaCl solution.
The electrolyte concentration was set at 107 mol/l or 1 mol/lL
A NaOH solution of 1.0 x 10 mol/l was used as a titrant, and
the titrant was added at 20 + 3 °C with monitoring pH value.
The pH values were ranged from 8.2 to 9.2, in each ionic
strength sample.

All of the experiments were performed in an argon
filled glove box to avoid the contamination of carbonate and to
avoid any effects of carbonate on the pH of the solution and the
surface properties of the adsorbents.

3.Results and Discussion

3.1 Experimental results
The K, (ml/g) value was calculated by the following
equation ;

K;=A:-A) VAW, 6y

where A, (cps/ml) and A, (cps/ml) denote the counting rates
before and after equilibration, V (ml) the volume of the solution
and W (g) the weight of the dried granite sample, respectively.
Figure 1 shows the K, values for granite as a function
of pH. As seen in this figure, the K, values increases with
increasing pH and with decreasing ionic strength of the

_ electrolyte solution. By comparing the present results with
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those for quartzf9], it is found that the K, values for granite are
larger than those for quartz.

The surface charge density, o, (WC/cm?), is obtained
from the following equation[18];

0,=-965041/S,, )

where A denotes the amount of surface hydroxyl ions (meq./g
of quartz, microcline or biotite) and S, the specific surface area
(m¥g). The calculated surface charge densities of microcline
and biotite are plotted against pH in Figs 2 and 3, respectively.
It is observed that theo , value increases with iricreasing pH and
ionic strength.

The K, values are calculated by equation (1). Figure4 -
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Fig. 2 Surface charge density of microcline as a function
of pH. Marks are the experimental data obtained
from the measurement of Na* adsorption isotherms
and curves represent the least-squares fit of the
data to the electrical double layer model. Dashed
and dotted curves denote the contribution of the
species on the compact Stern layer and in the
diffuse layer, respectively, and solid ones the total.

shows the K, values of microcline as a function of pH. The X
value increases with increasing pH and with decreasing ionic

strength of the electrolyte solution, similarly to the K, of Cs for
granite (Fig. 1).

3.2 Electrical double layer model

Adsorption is considered to the accumulation of
solution species at the solid-liquid interface and several
adsorption sites are expected to be present at the surface of
minerals containing in the granite. In the present study,
however, any adsorption site in the minerals is represented by
S-OH for simplicity. The hydroxylated surface is mainly
responsible for the surface charge as

Kalim

S-OH,'= S-OH +H}*, 3)
K,zi'"

S-OH = S-O+H,', @

where S denotes the metal ions at the surface, K™, K,,™ are
the intrinsic acidity constants of reactions (3) and (4), and the

subscript s denotes the surface. In the minerals of quartz,
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Fig. 3 Surface charge density of biotite as a function of pH.
Marks are the experimental data and curves
represent the least-squares fit of the data by using
electrical double layer model. See the caption in
Figure 2 for curves.

microcline and biotite, the points of zero charge, which are pH
values where the net surface charge is zero, is around 2[19, 20].
Thus the surface is negatively charged at near-neutral and basic
conditions. By considering the electrostatic nature of the
interactions, the adsorption data of Na* and Cs* onto granite or
its component minerals may be -analyzed by an electrical
double layer model[21]. A similar model to that of Davis et
al.[1] is thus applied to the presently obtained data.

In their model, it is assumed that the adsorbent surface
has specific acid-base characteristics, and that the adsorbate ion
is subject to the double layer electrostatics. In addition to the
diffuse layer, the compact Stern layer is composed of an inner
layer and an outer layer with their own electrostaticcapaci-
tances, C, and C,, respectively. Together with reaction (4), the
following surface reaction for Na* and Cs* is considered in the
present study:

K™

S-0"+Nag'= S-O-Na*, 5)
K™

S0 +Cs;'= S-0-Cs*, )

where the subscript/S denotes the plane of counter-ions closest
to the surface, i.e., the compact Stern layer. Reactions (5) and
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Fig. 4 Distribution coefficient of Cs* ions for microcline
powders as a function of pH. = Marks are the
-experimental data and. curves represent the least-
squares fit of the data by using electrical double
layer model.

(6) may compete with each other in the present system at

equilibrium. Equations used in the analysis are thus given as
follows:

K., = [S-OH"], expl(-ey J/KTV[S-OH],

)]
Ky = [S-0™-Na'] expl(ew, YKTI([S-OH][Na*],), ®
K™ = [S-0-Cs*] expl(ey; YETI/([S-OHJ[Cs*],), &)
N, = B([S-OHJ+{S-O+{S-O-Na*+[S-O"-Cs*]), - (10)
o, =-B(S-O+[S-O-Na*}+[S-0-Cs*)), (11
05 =B([S-O-Na‘}+[S-0-Cs*]), (12)
0, =-11.74c"*sinh(ay JKT), (13
g +05+0=0, (14)
Y-V,=0,/C, (15)
Yr¥r—0.C, (16)
B = 10°FVIS,, a7
K;=105,{ B[S-O-Cs"}+0 JCs*]/(ICs*],+[Na’],) (N,€lCs*],) ,
(18)

where Ky,™ and K™ are the intrinsic constants of local
equilibrium reactions (5) and (6), respectively, e: the electronic
charge; ¥ : the variable electrostatic potential in the double
layer; k: the Boltzmann constant; T: the absolute temperature;
N;: the surface site density; o : the charge density; c: the ionic

strength; F: the Faraday constant; V: the liquid volume; S
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the surface area; N: the Avogadro number, and the subscripts b
and d denote the bulk and the diffuse layer, respectively. For
the variable electrostatic potential in the electrical double layer,
the concentration of each species X in the layer can be related
to its bulk solution concentration by the exponential Boltzmann
factor as given by [X]; = [X],exp (-ew /kT), where i =s,8 or d.

Usually, solute ions in the compact Stern layer are only
regarded as adsorbed ions. In the present study, however, not
only the solute ions in the compact Stern layer but also those in
the diffuse layer are regarded as adsorbed ions. In such a
batch type experiment as for the charge density measurement,
the Na* ions in both the layers are considered to contribute and
to give more reasonable fits to the measured values[9].

33 Analyéis of charge density data

In the model of Davis et al.[1], a number of parameters
are contained in the equations. Those are N, K, C,, G,
Ky and K™ Because of some uncertainties in the
measured values, the surface area S, is also treated as a
parameter in the analysis of microcline and biotite. Some of
the parameters may be considered to compete with each other,
and it is necessary to reduce the number of free parameters for
a proper convergence. Before the analysis of Cs adsorption,
the intrinsic acidity constant of the -quartz, K™, was
determined with the titration data of the surface charge density.

In the analysis, the surface site density of 5 sites/nm®
[22] was assumed, and the parameters C, and C, were also
assumed as 125 pF/cm? and 20 pF/em?, respectively. The C,
value of 20 LlF/émz is used in several literatures[1, 2, 23] since
this is a reasonable value for compact layer capacitance on Hg
and Agl24, 25]. The C, value of 125 pF/cm? is also used in
some ﬁtcratnrcs[l, 2] for the analysis of K* adsorption onto
silica. Though. the C; value is considered to depend on the
condition of hydration, a proper convergence of the calculation
for Na* adsorption has been obtained with this value:; no
significant improvement has been attained by treating the C,
value as a free parameter. .

Figures 2 and 3 show the results of the least squares fits
of the experimental data for microcline and biotite, respectively.
It can be seen that the pH and jonic strength dependencies of
the surface charge density data are reasonably modeled. In
the adsorption for biotite, the Na* ions in the diffuse layer are
significantly contributing to the experimental data (Fig. 3).
The obtained values of K,,™, Ky, ™ and S, from the fittings are
summarized in Table 1. The parameters of quartz have been
obtained in our previous study[9]. Due to its sheet structure,
the surface area S, of biotite is much larger than those of other
minerals.

In the case of microcline, no proper convergence has
been obtainéd with the measured S, value of 0.83 m¥g. Then
the S, has been treated as a free parameter by taking the
estimated Ky,™ value of 10°**%, which is an average value of the

two for quartz and biotite. It is interesting to note here that
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Table1 Optimum parameter values derived from the least-squares fit of the electrical double layer model to the
experimental data of surface charge density of minerals

minerals quartz microcline biotite

log K, -6.57 =031 -212x1.72 -119 +0.1

log Ky, ™ -0.72 £ 0.35 -0.56™ - 0.44+ 0.04

S, (m¥g) 051 9.1%35 (2.8 £05)x10°
xZ 0.021 0.23 0.006

*The y 2value denotes a variance between experimental data and calculated values.
** The Ky,™ value determined for Na* adsorption onito microcline was used in the a.nalyses of quartz and biotite.

See text for details.

Table 2 Optimum parameter values derived from the least-squares fit of the electrical double layer model to the
experimental data of distribution coefficient of Cs onto rock samples

samples granite microcline
Cy(uF/cm?) 4.65 +0.36 143 19
log K,,™ 2.12° <212

log K™ 0.62+0.13 -1.01 +0.16
log K¢, ™ 496 +0.12 4.1? +0.18
S, (m/g) 11 9.1

2t 0.12 0.079

The K, and S, values determined for Na* adsorption onto microcline were used in the analysis of Cs* adsorption.

See text for details.

the Ky,™ values of both minerals are almost the same as shown
in Table 1. It may be due to the electrostatic nature of the
interaction between the Na* and the surface, and no specific
interaction is considered in this case.

3.4 Analysis of Cs adsorption

The parameters determined for the Na* adsorption have
been used for the analysis of the Cs* adsorption. In the
analysis, the surface site density of 5. sites/nm? and the C, value
of 20 pF/cm?® are assumed in the calculations.
C, value of 125 pF/cm?® and the K values have not been
found to be consistent with the experimental data of Fig. 1 and
the calculation has not properly converged with these values.
They are thus treated as free parameters for a . proper
convergence in the present study.

The least square fitting has been examined by using the
acidity constant K, derived from the results for quartz (log
K, = -6.57), microcline (-2.12) and biotite (-11.9). Only the

However, the
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calculation using log K, = -2.12 has properly converged to
the experimental result of Fig. 1. Figure 1 shows the result of
the least square fits of the experimental data to the model. It
can be seen that the pH and ionic strength dependencies of the
adsorption data are well modeled. It may be noted that, in the
case of Cs*, the contribution of the jons in the diffuse layer is
negligibly small while the Na* ions in the diffuse layer are
significantly contributing to the experimental data for quartz
and those for biotite. The obtained parameter values C,, K,™,
Ky,™ and K™ are summarized in Table 2. In the analysis the
S, value of granite is assumed to be 1.1 m%g, which is 10 times
larger than the measured value of 0.11 m*g, by considering the
similar difference in the S, value of microcline (Table 1).

To confirm the acidity constant K, of 102'2, the least

" square fitting has been also applied to the adsorption data of

Cs* onto microcline. Figure 4 shows the result of the least
square fits of the experimental data to the model, and the

obtained parameter values C,, K,,™, Ky,™ and K., are
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Table 3 Distribution coefficients (K;) of Cs onfo quartz,
microcline and biotite[26].
{Aqueous phases synthetic groundwater, pH 8.2;
nuclide concentration < 10 mol/)

minerals K, (ml/g)
quartz 1
microcline 177
biotite 650

summarized in Table 2. The parameter values are the same as
The fitting has been
properly converged, and the acidity constant of microcline of
102" is considered to be acceptable for microcline.

in the analysis of Cs* onto granite.

3.5 Adsorption mechanism of Cs onto granite

There are some literatures dealing with the adsorption
of Cs onto granite. The distribution coefficient of Cs onto
biotite has been reported to be relatively large compared with
those onto feldspars and quartz[16], and Cs* ions are observed
to be adsorbed onto biotite selectively by using auto-
radiography and color image technique[17]. Distribution
coefficients of Cs onto quartz, microcline and biotite are
summarized in Table 3[26]. However, the specific surface
area of biotite is expected to be so large that there are many
adsorption sites in a unit of weight, and there is no evidence
whether the Coulomb interaction between the Cs* ion and the
adsorption site of biotite is so strong.
mechanism of granite will be discussed here.

As mentioned above, only the calculation using log
K™ = 2.12 has properly converged. This result suggests that
the adsorption behavior of Cs onto granite is similar to those
onto microcline. In fact, the obtained parameters in the
analysis of granite are very similar to those of microcline.

As shown in Table 2, the C, value has been obtained to
be 4.65 % 0.36 in the analysis of granite and to be 14.3 £ 1.9 in
that of microcline. Both values are found to be smaller than
those of such alkali metal ions as Na* in the literatures[1,2].
The reason why the C, value in the analysis of Cs* adsorption
is smaller than that of Na* has been reported already[9] ; the C,
value for the adsorption of differently hydrated ions will be
different because of different positions of the compact Stern
layers.

The adsorption

Also, the K™ values obtained from granite and
microcline are similar to each other as well as the K, values.
This suggests that the adsorption mechanism of Cs* onto
granite and microcline may be similar to each other. In the
present case, Cs ions seem to be mainly adsorbed onto the
feldspar of granite.

The present results are somewhat different from the
literature ones in which the Cs ions have been suggested to be
selectively adsorbed onto the biotite of granite. For this
difference, however, a possible explanation may be given as

“biotite in granite.
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follows. In the case of the study of Akiba et al.[16], the
distribution coefficient, K, of Cs* for biotite was.found to be
much larger than that for feldspar. The large difference in the
distribution coefficient is due to a large difference in the
specific surface area between both minerals (Table 1), although
it was not measured-in their study. A similar explanation
might be applied to the radiographic study ‘of Tsukamoto and
Ohe[17] who observed that Cs* was selectively distributed onto
In spite of the larger specific area of biotite,
its abundance is usually very low in granite compared with that
of feldspar. They have observed a selective distribution of Cs*
onto biotite. However, it does not necessarily mean that Cs*
ions are mainly adsorbed onto biotite in granite. Due to large
specific surface area, the amount of Cs* onto biotite is
apparently larger than that onto feldspar. The enrichment of
Cs* onto biotite is not due to highly selective adsorption of Cs
but its large specific surface area. The present results are thus
consistent with the “observations in the literatures. = For
confirmation, further studies are necessary to understand the
relationship between the amount of Cs* and the specific surface
area of each component mineral in granite.

4. Conclusions

The distribution coefficient (K) of Cs onto granite and
the surface charge densities of microcline and biotite was
determined by a batch method. The K, values are highly
dependent on pH and ionic strength. The obtained data were
successfully analyzed by an electrical double layer model and
the optimum parameter values of the double layer electrostatics
and adsorption reactions were obtained. The parameter values
for granite were found to be very similar to those for
microcline, and Cs* were considered to be ma.mly adsorbed
onto feldspars in the granite. -
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