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Measurements of Apparent Diffusion Coefficients
(Da) for Cs(I), Ni(II) and Se(IV) in Bentonite with
Silica Sand

Harud Sato*
Abstract

Apparent diffusion coefficients (Da) of Cs (Cs*), Ni (Ni**) and Se (Se0;>) in a Na-bentonite
(Kunigel-'V1®) were measured for a dry density of 1.8 M g'm™ with silica sand of 30 wt% at
room temperature by in-diffusion method to evaluate the effect of the mixture of silica sand on
Da in bentonite. The experiments for Cs and Ni were carried out under acrobic condition, but
those for Se which is redox sensitive were carried out in an Ar glove-box (O, concentration <
0.1 ppm). Consequently, no significant effect of silica sand mixture to the bentonite on Da
values of Cs and Se was found, and the obtained Da values were approximately the same as
those in the system without silica sand reported so far. On the other hand, Da values of Ni in
bentonite with silica sand were 2 orders of magnitude lower than those in bentonite without
silica sand obtained to date. The Da values of Ni reported so far were obtained using stable
isotopic tracer and a tracer solution with fairly high Ni concentration compared with
concentration used in this study was introduced. Additionally, it is known that distribution
coefficient (Kd) of Ni on Na-montmorillonite which is the major constituent clay mineral of
Kunigel-V1® decreases with increasing Ni concentration. Based on this, the abrupt decrease n
Da values of Ni for bentonite with silica sand is considered to be due to the difference of
sorption caused by the difference of Ni concentration in the porewater of bentonite.

* Radiochemistry Group, Waste Isolation Research Division,
Waste Management and Fuel Cycle Research Center, Tokai Works,
Japan Nuclear Cycle Development Institute
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1. INTRODUCTION

In performance assessment of the geological disposal of high—level radioactive waste (HLW),
the diffusion of radionuclides in bentonite composing the multibarrier system is one of the
important parameters to quantitatively evaluate the nuclide migration. Particularly since
apparent diffusion coefficient (Da) also includes retardation, it is important to derive distribution
coefficient (Kd) of nuclide in compacted state.

For Da of nuclide in compacted bentonite, much data have been reported for Na-bentonites
(KunigelV1® and Kunipia-F®) so farfe.g. 1-5]. However, these data were all obtained in the
sy stem without silica sand and the effect of the mixture of silica sand in bentonite is unclear. For
the effect of the mixture of silica sand in bentonite, Da values of U and Fe in Kunigel- V1® have 5
been reported for a composition of 40 wi% by Idemitsu et al. and no effect of the mixture of |
silica sand is found[6, 7]. Additionally Da values of HTO in Kunigel-V 1% have been reported for
a composition range of 30 to 50 wt% and it is reported that no effect of the mixture of silica sand |
in bentonite for this range is found[8]. For the effect of the mixture of silica sand in bentonite on ‘
effective diffusion coefficient (De), De values of 11 (I7), *%C1 (CI), C (CO3*+HCO0;7)[9] and |
HTO[10] in Kunigel-V1® have been reported as a function of the composition of silica sand for a |
dry density of 1.6 Mgm” by Kato et al. The De values showed a tendency to increase with :
increasing the composition of silica sand in the bentonite, but it was insignificant up to the
composition 70 wt%. This indicates there is a possibility that the composition of silica sand in
bentonite insignificantly affects pore structural parameters in diffusion.

As described above, it is predicted that the effect of the mixture of silica sand in bentonite on
diffusion is insignificant. However, for the effect of that on Da which includes also the effect of
sorption, not so much data have been reported so far.

In this study, Da values of Cs, Ni and Se in bentonite with silica sand which no datum exists,
were obtained and the effect of the mixture of silica sand in the bentonite on these Da values was
discussed. -

2. EXPERIMENTAL

- 2.1 Experimental Table I Experimental conditions for the diffusion

Conditions experiments
Bentonite Kunigel-V1® (composition of Na-smectite, 46~49wt%)
Table I shows Dry density 1.8 Mgem~
. . ’ Composition of 30 wt% (mixture of silica sand with particle sizes of
Summarizing silica sand 1~5 mm and 0.1~1 mm)
experimental Temperature room temperature
conditions for the Tracer Cs : 5x104 BqsmH1137CsCl solution
diffusion experiments Ni : 5x104 Bqemi! 3NiCk solution
of Cs, Ni and Se. All Se : 1M Na2SeOs solution
Introducted 137Cs : 1.25 kBq - 63Ni:1.25kBq

Ieasurements have tracer quantity  Se : 2.5x10-5 mol

been czfrned out fo? 2  Atmosphere Cs, Ni : aerobic conditions

bentonite dry density Se : anaerobic conditions (Ar atmosphere)
of 1.8 Mgm™ with (O2 concentration < 0.1 ppm}

silica sand of 30 wt%. Producibility =~ n=2
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The experiments for Se were all carried out using stable isotopic tracer.
2.2 Diffusion Experiments for Cs and Ni

Apparent diffusion coefficients of Cs and Ni in a Na-bentonite (Kunigel- V1®) were measured
for adry density of 1.8 Mg=m™ with silica sand of 30 wt% at room temperature by in-diffusion
method[e.g 2]. The bentonite was dried at 110 °C more than 24 hours and filled in the cylindrical
space of a diffusion column together with silica sand to obtain a dry density of 1.8 Mgsm™ with
the size of $20x20 mm. The column with bentonite was saturated with distilled water more than
10 days under atmospheric pressure after degassed a half hour in a vacuum chamber.

Figure 1 shows the sectional view of a pair of difusion columns. The diffusion column is
made of stainless steel and a cylindrical space of 20 mm in diameter and 20 mm in thickness is
cored inside of the diffusion column so that bentonite can be filled in it. A small amount of tracer
(25 pl: 125 kBq) with a

. -1

cc‘mcentrailon of 30 kBgeml™ was Diffusion column Half column
pipetted on the surface of one end of  (sainfess steel) -
each bentonite and 2 columns were Tracer SOhm_on
connected at the surface of the —Bentonite
bentonite where the tracer was
pipetted as shown in Figure 1 and
allowed to diffuse for 25 to 56 days
(2-5 days for Cs, 48 and 56 days for ¢20mmI
Ni).

At the end of all experiments, the
cylindrical bentonite was pushed out
and cut with a knife into 1 mm
pitched slices. Each slice was
immediately weighed and dried at
110 °C over 24 hours to obtain water
content and to calculate accurately
distance sliced. The slices were
immersed in a 2 ml - sodium
hexametaphosphate solution for 3
hours shaking to extract tracer from
the slices and then a liquid
scintillator  (PICO-FLOUR 40,
PACKARD) of 18 ml was added.
The concentrations of Cs-137 and
Ni-63 were analyzed with a liquid
scintillation counter and the Bentonite
concentration profiless in  the y
bentonite were determined based on
the analyzed data.

Although the slicing of bentonite

$70mm

Figure 1 Sectional view of a pair of diffusion
columns
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is carried out by pushing out using a pushing tool with gauge, it is difficult to accurately slice
with constant thickness due to pushing error. Therefore, depth sliced from the surface of
bentonite was determined based on each slice weight in this study. In this case, distance from the
surface of bentonite where tracer was pipetted, was calculated by the following equation.

Xi =Xi—1+Mﬁ'L (1)

n

2)° W,
i=1

Where Xi is the distance from the surface of bentonite where tracer was pipetted for the i-th
slice (mm), Wi is the weight before dried for the i-th slice (g), L is the thickness of the bentonite
specimen (mm), and n is the number of total slice (-).

2.3 Diffusion Experiments for Se

Since Se is sensitive to redox condition, diffusion experiments for Se were carried out under
anaerobic conditions to keep Se(IV) (species: SeO3>). Selenium is found in oxidation states
between —II and VI. In the pH range of natural waters, Se042 is predominant under strongly
oxidising conditions, while HSe~ dominates under reducing conditions[11]. For Se, all
experiments were carried out in an Ar glove-box, in which oxygen concentration was kept < 0.1
ppm. In this condition, Se is considered to take Se0;2 in the porewater of bentonite. The drying
and filling of bentonite were carried out in the same procedure as that of Cs and Ni. Diffusion
column filled bentonite and silica sand was removed for air by exchanging with Ar gas in a

Sintered metal
filier _
Tracer solution E
Hole ~ Bentonite Blind lid
- 'r‘ v . : 1 v
p— e =
Degassed distilled Diffusion column Hole | Sintered metal
water filter

Figure 2 An image of the saturation of bentonite (left side) and diffusion
experiment (right side)
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vacuum chamber and then transferred into the glove-box. The column with bentonite was then
saturated with degassed distilled water more than 10 days under atmospheric pressure after
degassed a half hour in a vacuum chamber. The degassed distilled water was prepared by
bubbling with atmospheric gas in the glove-box.

Figure 2 shows an image of the saturation of bentonite (left side) and diffusion experiment
(right side). The saturation of bentonite and introduction of tracer were carried out in the same
way as that in diffusion experiments of Se(—II} for reducing condtions[11]. Where no reductant is
added in this study, because the experiment is not under reducing condition. After the saturation
of the bentonite, a small amount of a 1M Na,SeO; solution (25 pl: 2.5x107° mol) was pipetted
on the surface of one end of each bentonite and a blind lid was then sealed shut. The other end of
the column remained in contact with the degassed distilled water via a sintered metal filter as
shown in Figure 2 (right side) and allowed to diffuse for about 13 days. At the end of the
experiment, the bentonite in the column was pushed out and cut with a knife into 1 mm pitched
slices. Each slice was immediately weighed and dried at 110 °C over 24 hours similarly to
procedure of Cs and Ni. The distance from the surface of bentonite where tracer was pipetted,
was determined similarly to that for Cs and Ni. The slices were immersed in distilled water of a
volume of 80 ml over 7 days to extract Se from the slices. The extracted solutions were then
passed through a 10000 MWCO (Molecular Weight Cut Off) ultrafilter and analyzed for Se
concentration using atomic adsorption spectroscopy (AAS).

3. DIFFUSION THEORY

The calculations of Da values were based on Fickian law[12]. The diffusion equation for a
one-dimensional non-steady state is generally expressed by the following equation.

aC_ 3 (.. ac
Pt 9x [Da'ﬂj @

Assuming that Da is independent of position, equation (2) is rewritten as the following
equation.

9C 32(3
at ax2

@3)

Where C is the concentration of the tracer in the bentonite (kgemi ™), t is the diffusing time (s), Da
is the apparent diffusion coefficient (m?ss™), and x is the distance from the source (m).

For soluble elements, the analytical solution in case of an instantaneous planar source can be
applied for the calculation of Da, On the other hand, for elements which solubilities in the
porewater of bentonite are low, there is a possibility that precipitation occurs on the surface of
the bentonite after the tracer solution was pipetted. In this case, the boundary concentration is
presumed to be controlled by the solubility of the tracer.

For one-dimensional diffusion of a planar source consisting of a limited amount of substance
in a cylinder of infinite length, the analytical solution for equation (3), based on initial and
boundary conditions, is given by the following equation[12].
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Initial condition
Cit,x)=0,t=0,x#0
Boundary condition
Ct,x)=0,t>0,x=%

M= {C ds
C= M exp| - x 4
2nDa -t 4Da -t

Where M is the total amount of tracer added per unit aera (kgem?). This analytical equation is
applied for diffusion in 2 directions from one source.

From equation (4), taking log C and ¥ as the vertical and honzontal axes, respectively, the
slope can be used to derive Da at the measurement time. The Da values for Cs and Se were
determined by a least squares fitting based on this method.

If bentonite sample is assumed to be a semi-infinite medium, the analytical solution for the
boundary condition of constant concentration is derived as the following equation on the basis of
initial and boundary conditions{12].

Initial condition
Ct,x=0,t=0,x>0
Boundary condition
Ct,x)=Co,t>0,x=0

C X X

C ok =1—erf[——J ®)

Co [ZJDa -t ] 2+/Da-t '

Where Co is the boundary concentration (kgm™>), erf is the error function, and efe is the

complementary error function.
The error function is defined by the following equation.

ef(2)=1-erfele) = T [em(-7) ®

- The Da values for Ni were calculated by fitting equation (5) to the concentration profiles of
Ni in bentonite.

4. RESULTS AND DISCUSSION
4.1 Diffusion Behaviour of Cs and Se

The concentrations of Cs and Se in bentonite gradually decreased with increasing distance
from the surface of bentonite where those tracer solutions were pipetted (see Appendices I and
1I for Cs and Se, respectively). Figure 3 shows Da values of Cs and Se as a function of

_5_
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bentonite dry density and the composition of silica sand in the bentonite. Table X shows Da
values of Cs and Se obtained for a bentonite dry density of 1.8 Mg'm™ with silica sand of 30
wt%. The plots simultaneously show also Da data obtained in the system without silica sand so
far to compare[5]. Incidentally Da values quoted from the literature of [5] were also obtained in
the same condition. Therefore, the dominant species of Se in the porewater of bentonite is
presumed to be SeO;>. Although Da values of Se for the system with silica sand of 30 wt% are
a little lower than those for the system without silica sand, significant effect of the mixture of

silica snad to KunigelV1® on
Da was not found.

Similar  tendency is
reported also for the diffusion
of HTO[8]. Namely Da values
for HTO in bentonite were
obtained as a function of
bentonite dry density and the
composition of silica sand in
the bentonite. No effect of the
composition of silica sand
{0~50 wt%) on Da of HTO in
bentonite was found over the
density. Since HTO is a non-
sorbing nuclide, the results
described above show that the
pore structure of compacted
bentonite is not significantly
affected by the mixture of
silica sand to bentonite.

Additionally Da values of
U and Fe in KunigelV1® are
reported for a silica sand
composition of 40 wt% in a
bentonite dry density range of
1.6 to 1.8 Mgm™ by Idemitsu
et al.[6, 7]. These both studies
were carried out for
acrobic and reducing
conditions, and no
effect of the mixture of

Da [m?-s™]

O owt%:Cs:Da(m2/s)

107 Er T [M] 30wt%:Cs:Da(m2/s)
: A Owt%:Se:Da(m2/s)
! O 30wt%:Se:Da(m2/s)
1071 .
E A
10 ]
' A
ol © ]
O 0 E
10-12 _ !
103 L e
0 0.5 1 1.5 2 2.5

Dry density of bentonite [Mg*m 3]

Figure 3 Da values of Cs and Se as a function of
bentonite dry density and the composition
of silica sand in the bentonite

O, A:[5], O, <: this work

Table I1 Da values of Cs and Se obtained for a bentonite

dry density of 1.8 Mgem™ with silica sand of

silica sand to bentonite
on Da values of U and

Fe was found over the
dry density and redox
condition. Since the
effect of the mixture of

30 wt%
Element (nuclide) Species Atmosphere Diffusing Da [m2es!]
time[day]
Cs-137 Cst aerobic 249 2,7E-12
Cs-137 Cst aerobic 25.0 6.6E~12
Se Se0y2~  anaerobic 13.1 1.L1E-11
Se SeO,2- anaerobic 13.1 1.2E~11

silica sand in bentonite
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on the pore structure of compacted bentonite is insignificant from the results of diffusion
experiments of HTO{8], it is presumed that no effect of silica sand mixture on Da values of U
and Fe was found is because the effect of the mixture of silica sand on the sorption of U and Fe
was small. Similarly, since no effect of silica sand mixture to bentonite on Da values of Cs and Se
was found, it is presumed that the effect of the mixture of silica sand on the sorption of Cs and
Se is also small.

4.2 Diffusion Behaviour of Ni

The concentrations of Ni in
bentonite abruptly decreased
with increasing distance from
the surface of bentonite where
tracer was pipetted (see 10°°
Appendix III). Nickel scarcely '
diffused in the bentonite and the
concentrations of Ni
approximately became
background level around 3 mm
deep from the surface of the
bentonite. Duplicate
experiments were carried out for 10712
the same condition and similar
profiles were obtained. Figure 10713 B
4 shows Da values of Ni as a
function of bentonite dry
density and the composition of ‘ L
silica sand in the bentonite. 0 0.5 1 1.5 2 2.5
Table I shows Da values of : : crn—3
Ni obtained for a bentonito dry Dry density of bentonite [Mg-m™]
density of 1.8 Mgm™> with

O Oowt%:Ni:Da(m2/s}

1078

[] 30wt%:Ni:Da(m2/s)

10-10

107 e g8 ©

Da [m?-s™']

Figure 4 Da values of Ni as a function of bentonite

silica. sand of 30 wt%. The dry density and the composition of silica
plots simultaneously show also sand in the bentonite

Da data for Ni (N*) obtained O:[4], O: this work
in the system without silica B ’

sand so far to compare both[4].

The Da values of Ni . . .
Table I11 Da values of Ni obtained for a bentonite dry

quoted from  the ¢ ined tor a
literature of [4] were density of 1.8 Mgem™ with silica sand of 30

. 0

also obtained in the wiYe

same condition. Where  Element (nuclide) Species Atmosphere Diffusing Da [mPes™']
although  radioactive time[day]

tracer _(Ni'63) was used Ni-63 Ni2+ aerobic 48.0 1.9E-13
in this study, stable Ni-63 Ni2+ aerobic 56.0 1.3E-13

isotopic tracer (NiCl,
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solution) was used in the literature of [4].

As shown in Figure 4, Da values of Ni in bentonite with silica sand are much lower than
those in bentonite without silica sand. The gap between Da values of Ni for both bentonites is
about 2 orders of magnitude, being quite large. It can not be seen that silica sand of 30 wit%
added to bentonite causes such large gap. Since the pore structure of compacted bentonite is not
affected by the mixture of silica sand of 30 wt%, it is presumed that Da values of Ni abruptly
decreased is because the sorption of Ni on bentonite was drastically affected.

For the diffusion experiments of Ni in bentonite without silica sand described above[4], a
tracer solution with relatively high Ni concentration (0.01 M NiCL) was introduced on the
surface of bentonite specimen, because stable isotopic tracer was used. For the sorption of Ni,
concentration dependencies (sorption isotherms) for Kd on Na-montmorillonite which is the.
major constituent clay mineral of Kunigel-V1®, are reported for various pH and Kd values of Ni
decrease from around 107® M with increasing Ni equilibrium concentration[13]. Although the
sorption behaviour of Ni depends on pH, Kd values decrease by approximately one order of
magnitude while Ni equilibrium concentration increases by 3 orders of magnitude. In the
diffusion experiments in the literature of [4], 107° mol Ni per sample was pipetted on the surface
of bentonite specimen. On the other hand, 2.9x1072 mol Nj per sample was introduced in this
study. It is clear from each quantity of Ni tracer pipetted on the surface of bentonite specimen
that the difference between both Ni concentrations in the porewater of bentonite is very large.
From this matter, such large gap between Da values of Ni in both bentonites (Kunigel-V1°®,
Kunigel-V1® with silica sand of 30 wt%) is considered to be not due to the mixture of silica sand
and due to the difference of sorption caused by the difference of Ni concentration in the
porewater of bentonite. For this problem, it will be experimentally studied in the future.

5. CONCLUSIONS

Apparent diffusion coefficients of Cs (Cs™), Ni (Ni**) and Se (Se0;%") in bentonite (Kunigei-
V1®) with silica sand of 30 wt% were obtained for a dry density of 1.8 Mg'm™. Consequently,
no significant effect of silica sand mixture to the bentonite on Da values of Cs and Se was found.
To the contrary, Da values of Ni were 2 orders of magnitude lower than those in the bentonite
without silica sand. Since it is reported that Kd of Ni on Na-montmorillonite which is the major
constituent clay mineral of Kunigel'V1® decreases with increasing Ni concentration, the abrupt
decrease in Da values of Ni is considered to be due to the differednce of sorption caused by the
difference of Ni concentration in the porewater of bentonite.
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Appendix I

Sample A

Density:1.8Mg-m 2 |

Silica sand:30wt%;
Time:24.9d

Da=7.0E-12m?-s™"

:
10 O
100 MEPIEEPI I BT BT
0 100 200 300 400
Depth squared X [mm?]
105 | LD L A B B N B S B e S e ey
Sample B

10*

Density:1.8Mg-m™3

Silica sand:30wt%
Time:25.0d

Da=6.6E-12m?2:s!

- 1n3

w 10°}

£ f

£

5

O 10% E
101} >
100...1. Ll A NV
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Correlations between the concentrations of Cs-137 in bentonite with silica sand
of 30 wt% and depth squared from the surface of the bentonite where tracer

was pipetted for a dry density of 1.8 Mgem—3
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Appendix 11
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Correlations between the concentrations of Se in bentonite with silica sand of
30 wt% and depth squared from the surface of the bentonite where tracer was

pipetted for a dry density of 1.8 Mgem=3
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Appendix III
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Correlations between the concentrations of Ni-63 in bentonite with silica sand
of 30 wt% and depth from the surface of the bentonite where tracer was

pipetted for a dry density of 1.8 Mgem™3





