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ABSTRACT

Adsorption behavior of cations onto granite was investigated. The distribution
coefficient (Kd) of Sr and Ba onto granite was determined in the solution of which pH
was ranged from 3.5 to 11.3 and ionic strength was set at 10" and 10" . The K<j values were
found to increase with increasing pH and with decreasing ionic strength. The obtained data
were successfully analyzed by applying an electrical double layer model. The optimum
parameter values of the double layer electrostatics and adsorption reactions were obtained,
and the mechanism of adsorption of cations onto granite was discussed. Feldspar was found
to play an important role in their adsorption.

INTRODUCTION

Understanding of radionuclide migration behavior is important for the safety
assessment of geologic disposal of radioactive wastes. Extensive studies have been
performed to obtain the data of adsorption of various radionuclides onto solids and rocks.
However, the experimental adsorption data are usually described by empirical means,
including distribution coefficients and isotherm equations. These empirical relationships and
parameters are highly dependent on the chemical conditions of the experimental system and
are considered unsatisfactory from a scientific point of view. A thorough and mechanistic
understanding of the adsorption-desorption reactions is needed for understanding and
predicting their role in the migration behavior of radionuclides [1,2].

There are many studies dealing with a solid-liquid interface by using an electrical
double layer model [3,4]. In the model, it is assumed that the adsorbent surface has specific
acid-base characters due to hydrolysis. This approach has been coupled with suitable
speciation models for chemical species in computer codes and has been successfully applied
to describe the equilibrium distributions of some radionuclides at a solid-liquid interface, e.g.,
between groundwater and mineral surface [5-7]. Because of its usefulness, the model may be
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applied to the other adsorption systems and improved as required [8].
In our previous study, the adsorption behavior of various cations onto quartz was

discussed [9]. The measured distribution coefficients and surface charge densities were
successfully analyzed by using the electrical double layer model, and optimum parameter
values were obtained. It was found that the parameter values for the electrostatic
capacitance and then the dielectric constant in the electrical double layer are much dependent
on the distance from the surface because of electrical saturation of water molecules near the
surface. Also, the intrinsic adsorption equilibrium constants of the adsorbate cations were
found to be simply related with the Coulomb potential differences resulting from their
adsorption.

The present study is an extension of our previous study and deals with the adsorption
behavior of various cations onto granite. Granite is noted as one of the bedrocks proposed
for a disposal site of radioactive wastes. In this study, the distribution coefficient of Sr
and Ba + onto granite was determined by a batch method, and the pH and ionic strength
dependencies of the obtained data were analyzed by the model of Davis et al. [3, 10].
Together with the results for Cs+ [11] and Am3+ [12], the optimum parameter values of
double layer electrostatics and intrinsic adsorption equilibrium constants for Sr + and Ba +

were discussed for some details of the adsorption mechanism.

EXPERIMENTAL

Distribution coefficient (K<j) of Sr2+ and Ba2+ onto granite was determined by a batch
method. The granite sample was a biotite granite obtained from Inada, Ibaraki, Japan
(Nichika Co). The granite sample was crushed to the mesh size of 32-60 and washed with
0.5 mol dm" HC1. The specific surface area was determined to be 0.11 m g" by a BET
method. In a polypropylene tube, 0.1 g of granite powder was added into 4.0 ml of NaClCvt
solution. The electrolyte concentration was set at 10" mol dm" or 10" mol dm" . The
initial concentration of Sr + or Ba + in the solution was 2.0x10" mol dm" . The pH of the
solution was adjusted by either HCIO4 or NaOH. The sample was gently contacted with
shaking for 7 days at 24±3 °C to attain adsorption equilibrium. After centrifugation at 3,000
rpm for 10 min, the pH values were determined by using a pH meter, HM-30V (TOA
Electronics Co.), and the concentration of Sr + or Ba + in the solution was measured by
inductively coupled plasma atomic emission spectroscopy, ICPS-1000TR (Shimadzu Co.).
The experiments were performed in a glove box filled with argon to avoid the contamination
and complexation by carbonate.

RESULTS AND DISCUSSION

Distribution Coefficient

The IQ (ml g" ) value was calculated by the following equation
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([Mz+]0-[Mz+] f)V

[M2+]fW
(1)

where [Mz+]o (mol dm"3) and [Mz+]f (mol dm'3) denote the concentrations of the adsorbate
ion before and after equilibration, respectively, V (ml) the volume of the solutions and W (g)
the weight of the dried granite sample.

The obtained K<j values of Sr + and Ba + are shown as a function of pH in Figures 1
and 2, respectively. As seen in these figures, the Kd values increase with increasing pH and
with decreasing ionic strength of the electrolyte solution.
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2+Fig. 1 Distribution coefficient of Sr onto granite.
Marks are experimental and curves represent
the least-squares fit of the experimental data
to the electrical double layer model.

Fig. 2 Distribution coefficient of Ba + onto granite.
Marks are experimental and curves represent
the least-squares fit of the experimental data
to the electircal double layer model.

Electrical Double Layer Model

Granite is composed of many mineral components, and different kinds of adsorption
sites are expected to be present at the surface of granite. In the present study, however, any
adsorption sites in the mineral components are represented by SOH for simplicity. The
hydroxylated surface is mainly responsible for the surface charge as
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SOH2

SOH
SOH + Hs

SO"+ Hs
+

(2)
(3)

where S denotes the metal ions at the mineral surface, Kai'n , Ka2
int are the intrinsic acidity

constants of reactions (2) and (3), respectively, and the subscript s denotes the surface. In
the present study, the adsorption of anions is assumed to be negligibly small in the case of
mineral components of granite considering that the points of zero charge are around 2 - 4 [13,
14]. Similarly to the case of quartz [14], the adsorption data of cations onto granite are
analyzed by the electrical double layer model of Davis et al. [3, 10]

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 electrostatic capacitances, Q and C2, respectively. Together with
reaction (3), the following surface reactions for cations (Mz+) is considered in the present
study :

SO"-Na+

SO'+Mpz+
SO"-MrZ+

(4)

(5)

where the subscript p denotes the plane of counter ions closest to the surface, i.e., the
Helmholtz plane. Reactions (4) and (5) may compete with each other in equilibrium at the
present system. Equations used in the analysis are thus given as follows [9]:

K i n t _

[SOH]

Kint_ [SO'-Na+]
Na [SO][Na+]b

K[n;=

exp

[SO][Mz+]
*Z+1

Ns = B([SOH]+[SO']+[SO"-Na ]+[SO"-M'])
os=-B([SO"]+[SO"-Na+]+[SO'-Mz+])
op = B([SO"-Na+]+ z[SO"-Mz+])

i— (etyd
od(Na) = -0.1174Vc sinh

^ (2kT

od(M) = (z [Mz+]b / [Na+]b) od(Na)
os + op + od(Na) + od(M) = 0

IC2
= 10"3FV/S0W"3

K d = 1 0 3 S 0 x
B[SO-M z +] + ad(M)

NAe[Mz+]b

(6)

(7)

(8)

(9)
(10)

(11)

(12)

(13)
(14)
(15)
(16)
(17)

(18)
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where KNa'nt and KM'"1 are the intrinsic constants of local equilibrium reactions (4) and (5),
respectively, z the number of charge, e the electronic charge (1.60xl0~19 C), r|> the variable
electrostatic potential in the double layer, k the Boltzmann constant (1.38xlO'23 J K"1), T
the absolute temperature (K), N s the surface site density (C m~ ), o the charge density (C
m" ), c the electrolyte concentration (M), B the conversion factor from mol dm" to C m" , F
the Faraday constant (9.65 xlO4 C mol"1), V the liquid volume (m3), So the surface area (m
g" ), NA the Avogadro number (6.02x10 mol" ), 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 Boltzmann factor as given by [X]; = [X]b exp (-ze^ / kT),
where i=s, p or d. The K<j value which is experimentally determined are obtained by
equation (18) from the surface charge density.

Not only the ions existing in the compact Stern layer but also those in the diffuse layer
should be regarded as adsorbed ions as observed for Na+ ions [15]. The contribution of Mz+

in the difiuse layer is thus assumed to be expressed by equation (13) [9]. In the present
case, however, the contribution of the adsorbate ions in the diffuse layer to the measured
distribution coefficient has been found to be negligibly small since the concentration ratio of
[Mz ]/[Na ] in the diffuse layer is as small as that in the bulk solution. Only the
contribution of the adsorbate ions in the compact Stern layer is important in the present
analysis.

Obtained Parameter Values

In the model, a number of parameters are contained in the equations. Those are Ns,
Ka2

int, Ci, C2, KNa'nt and KM'"1. 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. In the analysis, the surface site density of 5 sites ran" for silica [16] was
assumed because of the lack of data for other mineral components, and the C2 value of 0.20
F m" was also assumed which was used in several literatures [1-4, 17-19]. In the previous
study of Am +, the surface area So was treated as one of free parameters and found to be
almost the same as the value of 0.11 m s" measured by a BET method [12]. Then the
surface area So was set at 0.11 m s" in the present analysis. The intrinsic acidity constant,
Ka2

int, was derived from the titration data for quartz (log Ka2'nt = -6.57), microcline as a
representative of feldspars (-2.12) and biotite (-11.9) [11].

The obtained parameter values are summarized in Table 1, where the x value denotes
a variance between the experimental and calculated values. In the analysis of the data for
granite, only the calculation using Ka2

int = -2.12 has properly converged for the analysis of
Cs+, Sr2+ and Ba2+, and the Ka2'nt = -3.6 ± 0.6 was obtained in the analysis of Am3+ [12]. It
follows that these ions may be mainly adsorbed onto feldspar of granite.

The results of the least squares fittings of the experimental data are shown as curves in
Figures 1 and 2. It can be seen that the pH and ionic strength dependencies of the
experimental data are reasonably described by the model.
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Table 1 Optimum parameter values derived from the least-squares fit of the Kj values of Cs+,
Sr2+, Ba2+ and Am3+ for granite to the electrical double layer model.

adsorbate ions

C, (F m'2)

l o g K ^

log K N ^

logK, /*

x2

Cs+1>

0.19 ±0.01

-2.123>

0.72 ±0.16

5.41 ±0.15

0.108

Sr2+

2.43 ± 0.49

-2.12 3)

-0.21 ±0.29

0.23 ± 0.59

0.390

Ba2+

2.64 ± 0.81

-2.12 «

-0.96 ± 0.54

0.78 ±1.11

0.284

Am 3 + 2 '

0.06 ± 0.03

-3.6 ± 0.6

-0.6

4.8 ± 1.0

1.21

1) The data in Ref. [11] were reanalyzed by using the SovalueofO.il m2 g"1.
2) Ref. [12].
3) The Ka2

Ult value of 10'2- *2 determined for the Na+ adsorption onto microcline was used in the
analysis [11]. See text for details.

There are some differences between the experimental and calculated values at higher
pH values. Around pH 10, the calculated values show some saturation behaviors possibly
because of saturated surface charge density of feldspars while the experimental values still
increase. This difference may be explained by considering additional contribution of biotite
of which the content is expected to be a few percent in the granite [20]. The Ka2

int of biotite
119

is known to be 10" ' , and then its surface charge density increases in this pH region. For
more detailed analysis, such a two-site model may be required.

Relationship between the Electrostatic Capacitance and Dielectric Constant

The electrostatic capacitance Q per unit area (F m" ) is given as

C i = e O e i / d i , (19)

where di (m) denotes the distance between the adsorbent surface and the Helmholtz plane,
eo the vacuum permittivity (8.854x10" F m" ) and ei the relative dielectric constant. As
shown in Figure 3, the ei values have been evaluated by taking the Stokes radii for di in our
previous study [9]. It was found that the ej values decrease with decreasing distance from
the surface because of the electrical saturation of water molecules near the surface as
suggested by Grahame [21]. A similar situation is found to hold for the presently obtained
E 1 values in the case of Sr and Ba for granite. Then it is considered that these cations are
adsorbed onto the mineral surface in the form of fully hydrated ions.

In the case of Cs and Am of which the concentrations are much lower than those of
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Na+ as an ionic strength controlling agent, on the other hand, the obtained E I values are found
to be much smaller than those for Sr2+ and Ba2+. Following our previous study [9], a
possible explanation may be given by considering very low concentration of adsorbate
cations and by considering the effect of heterogeneous surface structures on the ei values.
There may be a variety of the surface structures resulting in different ej values and some of
the surface structures may be very effective for adsorption with smaller ej values. In the
case of the Kd determination, the concentration of the adsorbate cations of interest is usually
much lower than that of Na+ and the adsorbate ions are preferably adsorbed on the surface of
smaller e i values.

Intrinsic Adsorption Equilibrium Constants

In our previous study [9], the log KM'"* values were found to be related with the
difference in the Coulomb potentials, AEc, between the adsorbate ions at the Helmholtz
plane and those at the start of the diffuse layer, which is given by

A E ^ e 2 aZMe2 _ aZMe2 aZMe2

c eo^d, " eoe'd' C.d, " Cd1 '

where a denotes a constant, ZM the valence of the adsorbate ions, C (F m'2) and d1 (m) the
capacitance and the distance between the surface and the start of the diffuse layer,
respectively. Considering that the compact Stern layer is composed of an inner layer and an
outer layer with their own electrostatic capacitances, Ci and C2, respectively, the C and d'
values are obtained by

d1 = di + d2 (22)
d2 = e0 e2 / C2 , (23)

where d2 (m) and e2 denote the distance and relative dielectric constant between the
Helmholtz plane and the start of the diffuse layer, respectively. In the calculation, the e2

value is assumed to be of water, that is 78.5.
Figure 4 shows the log KM'" 1 values as a function of AE .̂ AS shown by dashed line, a

simple relationship may be found not only for quartz but also for feldspar in granite. Thus
it is concluded that no particular difference exists in the adsorption mechanisms between
both adsorbents. This kind of relationship is useful not only for checking the experimental
data but also for predicting the unknown values since the AEc values are estimated from the
Stokes radii and the Ci values which are easily obtained from the EI values following such a
relationship shown in Figure 3.
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100

Fig. 3 Relative dielectric constant £j as a function of the distance di between the mineral
surface and the center of cations. Marks are the analytical data of titration experiment for
quartz (A) , of Kj measurement for quartz ( • ) and of Kj meausrement for granite ( • ) .
Dashed curve represents the relative dielectric constant of water as a function of di [21].
The crystal ionic radius of Cs+ (1.67xlCr10 m) is used for di instead of the Stokes
radius (1.16xl0-10m).
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Fig. 4 Intrinsic adsorption equilibrium constant K M
t e for quartz as a function of the potential

difference AE .̂ Marks are the analytical data of titration for quartz (A) , of Kj
measurement for quartz (A.) and of K<j measurement for granite ( • ) . See text for detail.
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CONCLUSIONS

Distribution coefficient of cations onto granite was found to increase with increasing
pH and with decreasing ionic strength. An electrical double layer model was applied to the
analysis of the experimental data, and optimum parameter values were obtained. From the
analysis, feldspar was found to play an important role in the adsorption up to pH 10, and
biotite to additionally contribute above pH 10. Similarly to the case of quartz, it was found
that the parameter values for the electrostatic capacitance and then the dielectric constant in
the electrical double layer are much dependent on the distance from the surface because of
electrical saturation of water molecules near the surface. Also, the intrinsic adsorption
equilibrium constants of the adsorbate cations were found to be simply related with the
Coulomb potential differences resulting from their adsorption. Comparing feldspar with
quartz, no particular difference was found in the adsorption mechanisms.
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