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Abstract

For performance assessment of bentonite buffer material in geological disposal of high-level radioactive waste, the
particle size of bentonite and its effect on the diffusion behavior of radionuclides in compacted bentonite were studied.
Bentonite samples with different particle sizes were prepared, and characterized by the BET and EGME methods for
specific surface areas, by the laser diffraction/scattering particle size analysis for particle size distribution, and by SEM
observations. Apparent and effective diffusion coefficients of tritiated water (HTO), Cl~ ions and Cs™ ions in compacted
bentonite were also determined using bentonite samples with different particle sizes. With HTO and CI~ ions, there were
higher diffusion coefficients in fine grained samples, but opposite particle size effects were observed with Cs* ions. These
findings cannot be explained by the conventional pore water diffusion model, and suggest a different diffusion process

for Cs™ ions and also at higher dry density region. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Compacted bentonite is a candidate for buffer ma-
terial in geological disposals of high-level radioactive
waste [1,2]. An important function of the compacted
bentonite is to retard the transport of radionuclides
from the waste forms to the surrounding host rock in a
repository. It is therefore necessary to study the migra-
tion behavior of radionuclides in compacted bentonite,
especially the diffusion behavior of radionuclides in
compacted bentonite, since compacted bentonite has
very low permeability and the diffusion governs the
transport of radionuclides in the system.

Based on the extensive studies of the diffusion be-
havior, a pore water diffusion model has been widely
adopted to interpret the experimental results of the dif-
fusion of radionuclides in compacted bentonite [3-5]. In
this model, it is considered that the radionuclides diffuse
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in the pore water, and both the geometrical structure of
pores and sorption of radionuclides on bentonite can
affect their diffusion coefficients. However, some reports
[6-11] have noted discrepancies between the experi-
mental data and model calculations, and have attributed
the discrepancies to the contribution of surface diffusion,
which would mean that radionuclides sorbed on clay
migrate on the clay surfaces. Oscarson et al. [12] have
pointed out that the discrepancies can be attributed to
decreases in distribution coefficients at high dry densities
and that surface diffusion is not predominant for clay
with dry densities below 1.6 Mg m~3. The authors here
studied the activation energies for diffusion and sug-
gested the possible contribution of several diffusion
processes in the system [13-16]. At the present time,
however, diffusion phenomena are not fully understood.

The geometrical structure of pores is important to
understand diffusion phenomena. Although the effective
size of pores in compacted bentonite has been theoreti-
cally estimated by introducing the electrical double layer
theory to the gaps between bentonite particles [17-19],
there are no reports available on the relationship be-
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tween the particle size of clay minerals and the forma-
tion factor in the compacted bentonite. In this study, we
focused on the particle size of bentonite, which is con-
sidered to be closely related to the formation factor in
the pore water diffusion model. Two bentonite samples
with different particle sizes were prepared and charac-
terized by several methods. In addition, diffusion coef-
ficients of tritiated water (HTO), Cl~ ions, and Cs* ions
in water-saturated, compacted bentonite were deter-
mined, and the effect of the particle size on the diffusion
behavior was discussed.

2. Experimental
2.1. Preparation and characterization of sample

The bentonite sample used in this study was Kunipia-
F, a product of Kunimine Industries. The montmo-
rillonite content of Kunipia-F is over 95 wt% [5]. The
bentonite was purified by both agitation in NaCl solu-
tion and settlement: ten grams of Kunipia-F were added
to 1 dm® of 1 M NaCl solution and agitated for 24 h.
The montmorillonite suspension was then allowed to
settle for 24 h and the supernatant was exchanged with
new NaCl solution. Both agitation and settlement were
repeated three times. Excess salt was removed with a
dialysis tube (Viskase Sales, UC36-32-100) in distilled
water. The distilled water was renewed every two or
three days until no chloride was detected with AgNO;.
The purified montmorillonite was dried in an oven at
378 K and then mortared with a pestle and sieved to
obtain samples with coarse (particle size 75-150 pm) and
with fine particle sizes (particle size <45 pm).

Specific surface areas were measured for both sam-
ples by the BET (N, gas adsorption) method using
Quantasorb (Yuasa Ionics), and by the EGME (ethyl-
eneglycolmonoethylether) method [20]. The bentonite
particles were observed by scanning electron microscopy
(JEOL, JSM-T20), and particle size distributions were
determined by laser diffraction/scattering particle size
analysis (Cilas, type-1064). The bentonite samples for
the particle size analyzer were prepared by dispersing
them either in ethanol alone or in water with sodium
hexametaphosphate, Nag(PO;)s, using ultrasonic vibra-
tions for 60 min. The solid/liquid ratio of the dispersed
samples was 0.01 g cm™.

2.2. Diffusion experiments

2.2.1. Non-steady diffusion experiment

In one-dimensional non-steady diffusion experi-
ments, the bentonite powder was compacted in an
acrylic resin cell (20-mm diameter by 20-mm thickness)
to a dry density of 1.0 or 1.8 Mg m~3, and saturated with
distilled water by contact through sintered stainless steel

filters at room temperature for about 30 d. A small
amount of tracer solution (HTO, *Cl or '*Cs) was
applied to one end of the bentonite specimen after the
water-saturation. The tracer was allowed to diffuse in
the bentonite sample at 298 K for a given period from 6
to 1346 h by placing two bentonite specimens in contact,
as shown in Fig. 1. After diffusion, the cell was disas-
sembled and the bentonite specimen was sectioned into
0.5-mm-thick slices as the specimen was extruded from
the cell in steps. The thickness of the slices had been
previously confirmed to be same by weighing dried slices
in another experiment under same condition. The ra-
dioactivity of the tracer in each slice was measured with
a liquid scintillation counter (Aloka Model, LSC-3500)
for HTO and 3°Cl, or with an Nal scintillation counter
(Aloka Model, ARC-380) for '**Cs. Radioactive tracers,
HTO and *Cl, were obtained from the Japan Radio-
isotope Association, and '3*Cs was prepared by neutron-
irradiation of CsCl powder at the Kyoto University
Research Reactor (KUR).

2.2.2. Steady-state diffusion experiment

Steady-state diffusion experiments were carried out
for tracers of HTO and "*’Cs (total Cs concentration
was 1 mM), separately, using the diffusion apparatus
illustrated in Fig. 2. The bentonite sample was 20-mm
diameter by 20-mm thick for HTO and 5-mm thick for
137Cs, and was placed between two solution cells to al-
low tracer in a cell to diffuse through the bentonite
sample to the other cell. The volume of solution in both
cells, tracer and tracer-free, was 100 cm®. The tempera-
ture of the apparatus was kept at 298 K during diffusion.
The tracer concentrations in the cells were periodically
measured by sampling 0.5 cm? of solutions. The tracer
concentration in the tracer cell was controlled to be
within £15% of initial value at the early stage of the
experiment, but less than £10% after steady-state diffu-
sion was established. On the other hand, there was no
need to control the concentration in the tracer-free cell
since it did not reach to 10% of the initial values in the
tracer cell at the end of experiments. When the addi-
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Fig. 1. Schematic outline of the non-steady state diffusion ex-
periment.
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Fig. 2. Schematic outline of the steady-state diffusion experi-
ment.

tional tracer solution was introduced into the tracer cell,
same volume of distilled water was added into tracer-
free cell to keep the same water levels in both cells. A
Radioactive tracer, '*’Cs, was obtained from the Japan
Radioisotope Association.

3. Results and discussion
3.1. Characteristics of bentonite

Bentonite particles consist of largely continuous
stacks of montmorillonite flakes, of which unit structure
is 2:1 layer of silicate with about 1 nm thickness. Ex-
changeable cations exist between stacking unit layers to
compensate excess electrical charge on the layers.
Therefore, in addition to the external surfaces, bentonite
particles have the inner surfaces in interlayer where the
flakes sandwich exchangeable cations.

Specific surface areas of the two different particle size
samples determined by the BET and the EGME meth-
ods are listed in Table 1. The specific surface area ob-
tained by the EGME method was more than ten times
larger than that by the BET method, since the EGME
method can measure the inner surface areas in addition

Table 1
Specific surface areas of bentonite samples with different par-
ticle sizes determined by BET and EGME

Particle size BET method EGME method
(um) (m’g™") (m*g™")

75-150 45 7.0 x 10?

<45 62 7.0 x 10?

to the external surface areas, while the BET method can
measure only the external surface areas. It is remarkable
that the BET method gave a higher specific surface area
for the fine grained sample than for the coarse sample,
whereas same values for the specific surface areas were
obtained by the EGME method. It may therefore be
assumed that the montmorillonite layers, which com-
pose the bentonite particles, have substantially similar
sizes in this study, even if the particle size of the samples
was different.

Fig. 3 shows the particle size distribution of the
bentonite samples determined with the particle size an-
alyzer using ethanol as dispersion medium. The particle
size of the coarse grained sample mainly distributes
around 150 pm, while that of the fine grained sample
mainly distributes around 20 and 40 pm. The differences
in particle size agree well with the SEM observations as
shown in Figs. 4 and 5. Very similar particle size dis-
tributions were obtained for the samples dispersed in
water with Nag(POs)s, as shown in Fig. 6. It can be
considered that the bentonite particles kept their ge-
ometry when dispersed in ethanol, although they de-
composed when dispersed in water with Nag(PO;)s. This
observation supports the above assumption that the size

100 . . . 1.0
E 80} coarse grained sample ALY -~
% (75 - 150 pm) =
3 60} 063
5 || 5
2 40 l\ || 0.4 ;-;
% 20 | | 0.2 =
% | |
ST I o) lo.0
0.1 1 10 100
Particle size / um
100 T T T 1.0
= fine grained sample
(0] 80 [~ T 0.8 ~~
N (<45 pm) O
% 60f 1065
i Q
© 40t Mt {04 &
B ! o
E V" LLi
2 20 10.2
A lﬂ |
O 0 -"'dllllliiil”l““ h!n 0.0
0.1 1 10 100

Particle size / pm

Fig. 3. Particle size distribution of bentonite samples dispersed
in ethanol.
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Fig. 5. SEM micrograph of fine grained bentonite sample.

of the montmorillonite layers are the same even when
the particle size of the samples are different.

3.2. Diffusion coefficients

A typical concentration profile obtained in the non-
steady-state diffusion experiments is shown in Fig. 7.
Apparent diffusion coefficients were determined from
the concentration profiles by using the following equa-
tion [21]:

C(x,1) (1)

M x2
~2/mDy P ( - W) !
where D, is the apparent diffusion coefficient of the
tracer in the compacted bentonite (m? s~'), C the con-
centration of the diffusing tracer (count m~—3), M the
amount of the applied tracer per unit area (count m=2), ¢
the diffusion time (s), x the distance from the bentonite
surface on which the tracer is spiked (m).

To establish the reproducibility of the measurements,
the experiments were carried out repeatedly under the
same conditions for each of the tracers, HTO, **Cl, and
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Fig. 6. Particle size distribution of bentonite samples dispersed
in water with Nag(POs)e.

134Cs. Fig. 8 shows the apparent diffusion coefficients of
HTO, Cl- ions, and Cs* ions determined for the two
bentonite samples with different particle sizes with dry
densities of 1.0 and 1.8 Mg. The average values of the
apparent diffusion coefficients and the confidence inter-
vals (calculated from n measurements for each case with
the confidence limit of 95%) are all listed in Table 2. The
apparent diffusion coefficients of HTO and Cl~ ions for
the fine grained sample were higher than those for the
coarse grained sample. According to the pore water
diffusion model, the apparent diffusion coefficient can be
expressed by the following equation [5]:

Dye _ D,

= - ) (2)
e+ pKy e+ pKy

a

where D, is the diffusion coefficient in pore water (m?
s, ¢ the porosity (—), p the dry density of bentonite
(Mg m™3), Ky the distribution coefficient (Mg m~—3), D,
the effective diffusion coefficient (m? s~1).

With non-sorbing nuclides such as HTO and Cl-
ions, distribution coefficients are considered negligible
(K4 can be assumed to be zero), and the following
equations are obtained from Eq. (2):
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Fig. 7. Concentration profile of '*Cs in compacted bento-
nite(coarse grained) in the non-steady diffusion experiment; dry
density: 1.8 Mg m~3, diffusion temperature: 298 K, diffusion

duration: 477 h, apparent diffusion coefficient: 1.38 x 1072 m?
-1
s7h.

Da:Dp:DO.f7 (3)

D, = Dpe =Dy f& = eD,, (4)

where D, is the diffusion coefficient in free water (m?
s7), f the formation factor (—).

From Eq. (3), the formation factor for HTO and Cl~
ions can be calculated using D, (2.44 x 10~ m? s~! for
HTO [22] and 2.03 x 10~ m? s~! for Cl~ ions [23]) and
the measured D,. Table 3 lists the formation factors
obtained in this study. The smaller values of formation
factor were obtained for Cl~ ions as compared to HTO
at both dry densities. In conventional diffusion model,
these smaller values of the formation factors for Cl~ ions
are explained by effect of ‘anion exclusion’; anions were
repelled by electrostatic force from montmorillonite
surface where negatively charged, and diffusion pathway
only for anions comes to be limited [17].

The formation factors of the fine grained samples are
larger than those of the coarse samples at dry densities
of 1.0 and 1.8 Mg m~3. After the water saturation of the
sample, montmorillonite particles expand and come to
contact each other, and also some particles could be
dispersed in pore water as smaller particle. In this study,
however, there is a particle size effect on the formation
factor in the compacted bentonite even after the bento-
nite was saturated with water. This experimental result
can mean that many particles substantially kept their
original size [24], and support the pore water diffusion
model.

In the steady-state diffusion experiments, the effective
diffusion coefficients were determined from the time
dependence of the total amount of tracer passing
through the bentonite sample, using the following
equation [7]:

_ALGy {De oc]

Vo2 6

1 (5)
where C; is the concentration of diffusing tracer in
measurement tank (kg m~*), Cy the concentration of
diffusing tracer in tracer tank (kg m~3), ¥ the volume of
solution (m?), L the thickness of bentonite sample (m), 4
the cross section of bentonite sample (m?), « the sorption
capacity factor=¢ + (1 — ¢)p Ky (—).

As an example, the total amount of tracer passing
through the bentonite sample is shown in Fig. 9 as a
function of time. The measured effective diffusion coef-
ficients of HTO and Cs™ ions obtained in this study are
listed in Table 4. The measured effective diffusion coef-
ficients in the fine grained samples were slightly higher
than those in the coarse grained samples for HTO. The
effective diffusion coeflicients of HTO were also inde-
pendently calculated from the apparent diffusion coeffi-
cients of HTO using Eq. (4). The results of the
calculations are also listed in Table 4. The measured and
calculated values of the effective diffusion coefficients
agree well at the dry density of 1.0 Mg m~3, but are very
different at the dry density of 1.8 Mg m~3. This suggests
that the pore water diffusion model is only valid for the
dry density of 1.0 Mg m~>. Torikai et al. [25] studied the
thermodynamic properties of water in compacted ben-
tonite, and reported that there was no free water, like
pore water, at high dry densities of 1.2 Mg m~* and
above. It is possible that the differences in the effective
diffusion coefficients at the dry density of 1.8 Mg m~3
can be attributed to the disappearance of the pore water,
that would result in change of predominant diffusion
pathway from pore water into external or internal sur-
faces. If this were the case, the effective diffusion coeffi-
cient, which is based on the pore water diffusion model,
is not adequate for description of diffusion behavior at
this dry density.

With Cs™ ions, the particle size effect was opposite to
the results with HTO and Cl~ ions; both the apparent
and the effective diffusion coefficients for the fine grained
sample were slightly lower than those for the coarse
sample. According to the pore water diffusion model,
both the apparent and the effective diffusion coefficients
of Cs* ions are affected by changes in the formation
factor by Egs. (3) and (4). On the other hand, the radii
of the chemical species of tracers could have influence on
the formation factor when the tracers diffuse in a narrow
tortuous path. Here we obtain almost same values of
stokes radii, 120 pm, for Cs* ions and CI~ ions from
calculation using Stokes-Einstein equation with D, val-
ues of 2.11 x 107 and 2.03 x 10~ m? s~! for Cs* ions
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Fig. 8. Apparent diffusion coefficients of HTO, CI~ ions, and Cs* ions determined for two particle sizes in bentonite samples with dry

densities of 1.0 and 1.8 Mg m™3.

Table 2

Average values of apparent diffusion coefficients and confidence intervals for HTO, Cl~, and Cs* in compacted bentonite with different

particle sizes and dry densities

Dry density (Mg m™?) Particle size (um)

Average of apparent diffusion coefficient and confidence interval

HTO (m? s7") Cl- (m?s7™") Cs™ (m? s71)

1.0 75-150 2.07 £0.25x%x 10710 1.65 £ 0.16 x 10710 8.04 £ 0.67 x 10712
(n=06) n=3) (n=3)

1.0 <45 2.94 + 0.46 x 10710 2.14 £0.10 x 10710 6.72 £ 0.71 x 10712
(n=6) (n=9) (n=12)

1.8 75-150 5.09 £ 0.44 x 10~ 1.90 £ 0.16 x 10! 1.38 £0.32x 10712
(n=06) (n=3) n=17)

1.8 <45 791 £ 0.76 x 10" 2.50 £ 0.33 x 107! 9.38 £ 1.59 x 10713

(n=06)

(n=06)

(n=1)

(n: data number).

[23] and CI™ ions, respectively. In addition, considering
the anion exclusion effect for Cl~ ions, Cl~ ions may
behave as ions with largest radius among tracers used in
this study. Therefore, it could be expected that the for-
mation factor for Cs™ ions in the fine grained sample is
larger than that in the coarse sample as the case of Cl~

ions, and the diffusion coefficients increase with the
formation factor when the particle size changes from
coarse to fine. Contrary to this expectation, both the
apparent and the effective diffusion coefficients of Cs*
ions decreased in this study. For the apparent diffusion
coefficients, the opposite particle size effect for Cs™ ions
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Table 3
The formation factors of bentonite samples calculated from the apparent diffusion coefficients of HTO and Cl~
Dry density Particle size Porosity Formation factor Formation factor
(Mg m™) (pm) -) (HTO) () (C) )
1.0 75-150 0.653 0.085 0.081
1.0 <45 0.653 0.120 0.105
1.8 75-150 0.375 0.021 0.009
1.8 <45 0.375 0.032 0.012
. . : . it became higher than that in free water at dry density of
20+ . ° | 1.8 Mg m~3. In the case of Cs*, although the activation
N Tracer: ~'Cs ° energy were higher than that in free water even at the
i Montmorillonite: coarse dry density of 1.0 Mg m~3, it increased markedly at the
S 15 Dry density: 1.0 Mg m® i 1 dry densities of 1.4 Mg m~ and above. These findings
E D:26x10" " m?s" ° suggested the changes in the predominant diffusion
= 10l ¢ ° | process at the high dry density, and also suggested a
< contribution of additional diffusion processes such as
c i diffusion on external surfaces and in interlayer. For Cs™
5t .. . ions, Berry and Bond reported an absence of surface
L diffusion, and suggested that the strong sorbing force of
0o ® ] Cs™ ions could provide strong resistance to surface dif-
00 560 10100 1500 2000 fusion [9]. It has also been reported that the diffusion
Time / h coefficients of Cs* ions and their activation energies

Fig. 9. Total amount of tracer passed through bentonite sample
(coarse grained) as a function of time.

can be attributed to an increase in a distribution coeffi-
cient of Cs™ ions on the bentonite, which may be caused
by the increase of the BET specific surface area. How-
ever, for the effective diffusion coefficient that is inde-
pendent of the distribution coefficient, there is no way to
explain these findings by the pore water diffusion model.

The activation energy for diffusion is a promising
parameter to clarify the diffusion process. The authors
here have investigated the activation energies for the
diffusion of Cs* [13], Sr?* [14], Na* [15] and CI~ [16], all
as a function of the dry density. In the cases of Na*, Sr>*
and Cl-, lower activation energies than that in free water
were obtained at the dry density of 1.0 Mg m~3, whereas

Table 4
Effective diffusion coefficients of HTO and Cs™ ions

were remarkably affected by exchangeable cations of
Ca?* ions in compacted Na- and Ca-montmorillonite
mixtures, and the diffusion in interlayer was considered
as the most probable explanation for the findings [26].
These new concepts for the diffusion process seem to
be compatible with the experimental results that were
obtained in this study and cannot be explained by the
pore water diffusion model; the discrepancy between the
measured and the calculated effective diffusion coeffi-
cients of HTO at high dry density, and the opposite
particle size effect on the formation factor of Cs* ions.
Further investigation on this point is in progress.

4. Conclusion

The specific surface areas of bentonite samples with
different particle sizes were determined by the BET and

Dry density Particle size

Effective diffusion coefficient

(Mg m™) (m) Measured (HTO) Measured Calculated from D, (HTO)
(m? s71) (Cs*™) (m? s7") (m? s71)

1.0 75-150 1.2x 10710 2.6 x 10711 1.4 x 10710

1.0 <45 2.0 x 10710 1.5x 107" 1.9 x 10710

1.8 75-150 7.3 x 1071 — 1.9 x 1071

1.8 <45 8.2x 1071 — 3.0x 1071
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the EGME methods, and the particle size distributions
of each sample were analyzed by laser diffraction/scat-
tering particle size analysis and scanning electron mi-
croscopy. The BET method gave a higher specific
surface area of the fine grained sample than of the coarse
sample, while the EGME method gave similar values for
both samples. The laser diffraction/scattering particle
size analysis using ethanol as a dispersion medium gave
different particle size distributions, but when the samples
were dispersed in water with Nag(POs)s, the particle size
distributions were similar. This indicates that the mon-
tmorillonite layers, which compose the montmorillonite
particles, have the same size, even if the particle sizes of
the samples are different.

The apparent and effective diffusion coefficients of
HTO, CI- ions, and Cs* ions in compacted clays were
determined using bentonite samples with different par-
ticle sizes and dry densities. It was found that the ap-
parent diffusion coefficients of HTO and CI~ for the fine
grained sample were higher than for the coarse grained
sample at two dry densities, 1.0 and 1.8 Mg m~3, while
the opposite particle size effect was observed for Cs*
ions. These findings cannot be explained by changes in
the distribution coefficients, as the effective diffusion
coefficient, which is independent of the distribution
factor, was also affected by the grain size of bentonite.

The new concepts for diffusion process, including the
diffusion on external surfaces and interlayer, are needed
for accounting the experimental results that were ob-
tained in this study and cannot be explained by the pore
water diffusion model.
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