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A Study on Diffusion and Migration of Lead in Compacted Bentonite
—The Effects of Dry Density, Silica Sand Content and Temperature on
Diffusion and Migration of Pb-210 in Sodium Bentonite—

Haruo SATO#*, Shinya MIYAMOTO*

Abstract

We have studied performance as a diffusion barrier of bentonite which is one of the
candidate buffer materials for geological disposal of high-level radioactive waste. Various functions
are expected for bentonite and a retardation function in diffusion process of radionuclides released
from vitrified waste is also one of them. In this study, diffusion and migration of Pb in bentonite,
particularly for the effects of bentonite dry density, silica sand content and temperature on apparent
diffusion coefficients (Da) were experimentally studied from the viewpoints of (1) database
development and expansion for important nuclides in dose evaluation, (2) confirmation of the validity
or conservativity of distribution coefficient (Kd) used in the second progress report, and (3)
understanding the mechanism of diffusion and migration behaviour in bentonite.

In diffusion experiments, a Na-bentonite, Kunigel-V1® (Na-smectite, 46-49wt%) was used
and the experiments were carried out at dry densities of 0.8, 1.4, 1.6 and 1.8Mg/m’ and temperatures
of 22.512.5 and 60£0.1°C by in-diffusion method. The experiments in the systems with silica sand
of 30 and 50wt% were also carried out only at a bentonite dry density of 1.6Mg/m>. Since Pb is much
contained in the bentonite, *'°Pb which is radioactive, was used as a tracer in all experiments and
analysed by a liquid scintillation counter. All experiments were performed in a N, atmospheric glove-
box (O, concentration < 1ppm). Additionally, the background of *'°Pb in the bentonite was measured
to obtain reliable data. The measurements were carried out as a function of bentonite dry density (0.8,
1.6, 1.8Mg/m’), saturation period (40-71d) and bentonite slice thickness (0.2-2mm). Furthermore, a
HNO, solution used for removal of *'°Pb from bentonite slices, liquid scintillator and an empty
polyethylene vial were also analyzed. '

Consequently, no significant difference in counts per minute (cpm) between bentonite dry
density, saturation period and slice thickness was found in the background measurements and it was
approximately constant between 2 and 4cpm over the experimental conditions. The cpm values for
HNO,, liquid scintillator and an empty polyethylene vial were also approximately the same degree as
those for bentonite. This indicates that obtained cpm is neither originated from bentonite nor HNO,.
The diffusion of *'°Pb is quite slow and the distance penetrated in the diffusing period (~210d) was
several mm at the maximum. The obtained Da values, in a range of 107"7 to 10~"*m?/s order at 22.5°C,
decreased with increasing bentonite dry density and showed a tendency to increase with increasing
silica sand content in bentonite and temperature. Furthermore, Da values were well correlative with
smectite partial density which was defined by the density of only smectite part in bentonite. This
indicates that Pb diffusion is predominantly controlled by the properties in part of smectite. The
conservativity of Kd for Pb used for the reference case in the second progress report was confirmed
from comparison between Kd calculated from obtained Da and that used in the second progress
report. ‘ :

* Radiochemistry Group/Barrier Performance 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

The second progress report for a technical feasibility of the geological disposal of high-
level radioactive waste (HLW) [1] was submitted to the government on November 26 in 1999 and
areview by the government also simultaneously started. And the review by the government also
finished in October, 2000. Since various analysis cases for variety of geological environmental
condition, groundwater and design condition have been considered for safety analysis of
geological disposal system in the second progress report, those input data have been determined
based on a lot of data and information accumulated so far. Particularly, since data for radionuclide
diffusion and migration in buffer material and rocks which are considered to finally affect also
dose evaluation play important role on the safety analysis, thermodynamic database (TDB) [2],
sorption database (SDB) [3] and diffusivity database (DDB) [4] which measured data reported to
date were summarized, were developed and input datasets have been conservatively determined,
considered uncertainty based on those measurement data.

However, it became clear from the database development that measured data for all
analysis cases do not exist. Thereon, cases that no measurement datum exists and those that the
reliability of data is controversial, are based on chemical analogy and existing knowledge, and
some future studies remain from the viewpoint of reliability and data accumulation. For example,
Kd values for Pb, Ac, Th, Paand Cm onto bentonite, of which measured Da values do not exist,
have been determined based on chemical analogy and the similarity of species in porewater {1].
For the effect of silica sand mixture to bentonite on diffusion, particularly, on Da, has been taken
into account based on measured data reported to date. Also with respect to the effect of
temperature on diffusion (effective diffusion coefficient (De) in the second progress report) has
been corrected based on an activation energy for average diffusion coefficient in free water (Dw)
which is shown by the following differential equation [5].

dinD _ AE,
dT RT?

(1-1)

Where D is the diffusion coefficient (m?%s), T is the absolute temperature (K}, AEa is the activation
energy (J/mol), and R is the gas constant (8.314 J/mol/K).

In the second progress report, an activation energy of 15.05 kJ/mol (3.60 kcal/mol) as an
average value has been adopted to coirect temperature on De, because it is said that the activation
energy for all electrically conductive processes in water except the processes that involve H* or
OH" is approximately 15.05 kJ/mol [6]. In this case, the temperature correction of De was carried
out based on the following equation which is the analytical solution of equation (1-1).

D=Df-exp[—AEa] (1-2)

RT

Where Df is the frequency factor.

Sorption-diffusion behaviour of Pb in bentonite is one of the elements, of which
behaviours are not familiar and is presently unclear. In the second progress report, Kd of Pb onto
bentonite has been determined, based on analogue data of Ni which is one of the transition
elements and takes the same valence as that of Pb.

With respect to diffusion on Pb in compacted bentonite, although studies on leaching-
diffusion coupling experiments of Pb from a container, into which pure Pb was cast and then
sealed with a screw lid in bentonite at a bentonite dry density of 1.5 Mg/m®, have been reported,
the width of variation in the obtained Da values is quite large in a range of 107'° to 10™"! m%/s order
and the reliability of those data is low [7, 8). In addition, since much Pb is contained in bentonite
and also exists in natural environment, it is difficult to obtain diffusion data by using a stable
isotope.

Thereon, in this study, Da values of Pb in compacted bentonite were measured as a
function of bentonite dry density, silica sand content in bentonite and temperature using *'°Pb as a
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tracer to confirm the validity or conservativity of Kd on the bentonite and to make progress in
addtional data accumulation as a link in the chain of a follow-up of the second progress report.

2. EXPERIMENTAL

2.1 Experimental Conditions

The diffusion experiments were carried out by in-diffusion method [e.g. 9, 10]. Tables
I and I show experimental conditions for the diffusion experiments of Pb in bentonite and
experimental matrix for the diffusion experiments, respectively. Although Pb is not sensitive to
redox condition, all experiments were carried out in a N, glove-box, in which oxygen
concentration was kept < 1 ppm to reproduce a disposal condition (an anaerobic condition). A
sodium bentonite, Kunigel-V1® (Kunimine Industries Co. Ltd.), which a lot of data regarding
fundamental properties and diffusion have been reported and has been used as a reference for the
reference case in the second progress report, was used as a bentonite sample in this study. The
experiments were carried out at bentonite dry densities of 0.8, 1.4, 1.6 and 1.8 Mg/m®. In
addition, the experiments in the systems with silica sand of 30 and 50 wt% were also carried out at
a bentonite dry density of 1.6 Mg/m’. The degassed distilled water was prepared by bubbling
more than 24 hours with atmospheric gas in the glove-box. The tracer solution containing '°Pb
(purchased from AEA Technology plc) was neutralized at around pH7 by 1N NaOH before the
experiments, because original solvent was 1.2M HNO, and possible to damage the surface of
bentonite when the tracer solution is pipetted, although described in detail later. All experiments
were carried out at room temperature (22.5+2.5 °C) and 60+0.1 °C (oven) to obtain the
temperature dependencies of Da values and the effect of temperature on Da values.

Table I Experimental conditions for the diffusion experiments of Pb in bentonite

Bentonite ; Kunigel-V1® (composition of Na-smectite, 46-49wt%)
Dry density : 0.8, 14, 1.6, 1.8 Mg/m?3
Composition of 30, 50wt% (mixed silica sand with particle sizes of
silica sand : 1-5mm and 0.1-1mm at a mixture ratio of 1:1)
: (only at a dry density of 1.6 Mg/m3)
Tracer : 210Pb (B- decay, half-life: 22.3y (17keV(84%),

63.5keV(16%)): 200kBg/5ml
1.2MHNOs3 solution — neutralization treatment
carrier: 20ppm Pb(NO3)2, Bi(NO3)3

Introduced tracer
quantity : 815 Bg/experiment (0.05ml stock solution, neutralized)
Temperature : room temperature (22.542.5 °C)
6010.1 °C (oven)
Atmosphere : | anaerobic conditions (N2 atmosphere)

(Oz concentration < 1 ppm)
Saturated porewater :  degassed distilled water
Experimental period :  14-210 days (n=1: 14-27 days, n=2: 78-210 days)
Produciblility : n=2
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Table II Experimental matrix for the diffusion
exPeriments of Pb in bentonite

Bentonite dry density 08 1.4 1.6 1.8

(Mg/m?)
rom* ) O O O
0
so0c O O O O
Content of room™® O
silica sand (wt%) 30 60°C O
room* O
50
60°C O

* The temperature was monitored (22.5+2.5°C).
The experiments were carried out in duplicate for
each condition.
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2.2 Neutralization of Tracer Solution

The tracer solution containing *'°Pb was neutralized by 1IN NaOH before diffusion
experiments to prevent around the surface of bentonite from damaging when the tracer solution, of
which solvent is 1.2M HNO, was pipetted, as described in 2.1. Before the neutralization of the
tracer solution, a titration test for neutralization was carried out to determine the volume of 1IN
NaOH to be added. Although the volume of the tracer solution is Sml, it is difficult to carry out the
titration test, because the volume is too little. Therefore, a titration test was carried out with respect
to a solution with a volume of 10 times as much. A 1.2M HNO, solutlon of a volume of 50 ml
was prepared and a titration test by 1N NaOH was then carried out.

Figure 1 shows the result of the titration test (neutralization curve). Based on the result
of this titration test, a volume of IN NaOH to be added to the actual tracer solution was
determined. In this case, buffer index which is the parameter to quantitatively express the pH
change when a pH adJustment agent was added to the solution near the neufralization point, is
defined as the following equation.

AN

= 2.2-1
AoH 22-1)

Where & is the buffer index,
expressing the amount of agent -
to be needed to Change unit PH, 1 2 — 71 T T T 17
ApH is the pH change when [ Initial solution volume: 50 mI
the pH adjustment agent was Soiutlon 1 2M HNO ; :
added by AN, and AN is the ‘]0 | Buffer'lndex 255 .................... _ ........... -

amount of the pH adjustment
agent added to the solution
(mgeq/l). | A L - I
When the 8 is large, 8 - : R B RS-

the pH adjustment of the I .
solution is easy, but when the i Qgggt(edegeéJTt; ahzed &
d is small, the pH adjustment L
difficult. The &  was DL B
approximately estimated to be : 3 : : :
25.5 from neutralization curve : : ; :
means that a 1IN NaOH i ? : ' % y
solution of 25.5 mg is needed
to raise unit pH around neutral - : i
Although a 1IN NaOH L
solution of 65.75 ml was
totally added to a 1.2M HNO, I
solution of a volume of 50 ml 00— .
fi tralizati
e o O ] 0 10 20 30 40 50 60 70 80

volume of the tracer solution is

/10 of the HNO, solution Volume of added TN NaOH [ml]
prepared for the titration test.

Therefore, a IN NaOH _ .
solution of 6.575 ml which is Figure 1 A Correlation between measured pH and

equivalent to 1/10 of solution : solution volume of added 1N NaOH in the
volume used in the titration test - titration test (neutralization curve)

o

pH
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was added for actual neutralization. The pH of the solution in the case was 6.87.

2.3 Diffusion Experiments

The diffusion experiments were carried out by in-diffusion method as described in 2. 1.
Figures 2 and 3 show a sectional view of a diffusion column and the diffusion test flow,
respectively. The diffusion column is made of acrylic resin and a cylindrical space of 20 mm in
diameter and 20 mm in thickness, in which bentonite is filled, is cored inside of the diffusion
column. Throughout the saturation of the bentonite, the bentonite contacted with degassed distilled

water through alumina ceramic filters (alumina sintered filter) with a pore size of 2 pum used to
prevent the bentonite from the swelling, as shown in Flgure 2.

The bentonite powder was firstly dried at 110 °C more than 24 hours in'an oven and
filled into the cylindrical space of the diffusion column together with silica sand to obtain contents
of 30 and 50 wt% after being mixed enough with an agate mortar. The filling of the bentonite with
high density such as samples higher than 1.4 Mg/m’ was carried out by using a hydraulic press
f11]. The diffusion column filled with bentonite and silica sand was removed. for air by
exchanging with N, gas several times in a vacuum chamber and then transferred to the glove-box
[12]. The d]ffusmn column with bentonite was then saturated with: degassed distilled water for 23
or 24 days under atmospheric pressure after being degassed a half hour in a vacuum chamber.

After the saturation of the bentonite, a small amount of a tracer solution (50ul: 815 Bq),
which was neutralized by 1N NaOH in advance based on the result of titration test, 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 was also similarly closed up with a blind lid to get air tightness and allowed to diffuse
for 14 to 210 days at room temperature (22.5£2.5 °C) and 60£0.1 °C (in an oven).

At the end of the experiment the smaller blind lid was taken off and a pushing tool with
gauge was connected. The cylindrical bentonite in the diffusion column was pushed out by the
pushing tool and cut with a knife into 0.2 to 4 mm pitched slices. Each slice was immediately
weighed to calculate accurately the thickness of the slice and distance sliced from the surface of
bentonite where tracer solution was pipetted. The slices were immersed in a 5 ml IM HNOQO,
solution in a polyethylene boitle for 1 to 8 days to extract tracer (Pb) from the slices and then a
sample of 1 ml was taken from the supernatant of the suspension. The sampled solution was
mixed enough with a liquid scintillator (mixture of alkyl-naphthalenes, ULTIMA GOLD™ XR,
PACKARD) of 3 ml in a polyethylene vial (hl%h density polyethylene, Pico Pro Vial-4ml))
(PACKARD 6000252) and the concentration of “'®Pb was analyzed with a liquid scintillation
counter (PACKARD TRI-CARB 2770TR/SL) for a half hour in an energy range of 0to 20 keV.
The concentration profiles in the bentonite were determined based on the analyzed data.

In this study, the slicing of bentonite was carried out by a pushing tool with counter
gauge. However, 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. This explanation to determine the depth from the surface of bentonite will be made
later.
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Acrylic diffusion column body
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(pore size: 2ppm)
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Figure 2 A sectional view of a diffusion column (left column shows an image of
diffusion column under saturation and right column shows an image of
the diffusion column under diffusion)

The saturation and diffusion experiments were carried out in a N,
atmospheric glove-box.
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Diffusion column Bentonite/silica sand
(110°C)

Washing

Mixture of bentonite/silica sand by

Filling of bentonite and silica sand into column
an agate mortar

N2z.atmosphere — .
(O2<1ppm) <—| Degassed distilled water | (Bubbling by N3)

[Saturation of bentonite by degassed distilled water | (23~24 d)

Inside of G.B. a@={Preparation of tracer solution | Neutralization of stock
solution by 1N NaOH (pH6.87)

[ Addition of tracer solution to bentonite | (S0ul/sample)
(Start of experiment)

| Settlement of column (diffusion in progress) | (Room temperature/60°C)

| Slice of bentonite - | (Thickness; 0.2~4mm,
I weighing of each slice)
| Addition of 1M HNO3 I (5ml/slice)
|
{ Extraction of Pb from slice |(1~8 d)
|
------ ] Sampling (1ml from suspension) - - Open port box

<—| Addition of liquid scintillator|
(mixture of 3ml alkyl-naphthalenes)

| Analysis | Liquid scintillation counter (30 min)

Figure 3 Diffusion test flow for *°Pb in bentonite

Figure 4 shows an image of a model to calculate distance from the surface of bentonite
where tracer solution was pipetted. If the length of the bentonite specimen is L and the weight for
the i-th slice from the surface of bentonite where tracer solution was pipetted, the thickness for the
i-th slice is calculated by the following equation.

L= _.p (2.3-1)

£

i=1

Where Li is the thickness for the i-th bentonite slice (mm), Wi is the weight for the i-th bentonite
slice (g), n is the number of total slice (—), and L is the length of the bentonite specimen (mm).

Distance from the surface of bentonite where tracer solution was pipetted for the i-th
bentonite slice, Xi, is calculated as follows:
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X; =X+ (%] | (2.3-2)

Where X is the distance from the surface of bentonite where tracer solution was pipetted for the i-

th bentonite slice (mm).
From equations (2.3-1) and (2.3-2), distance from the surface of bentonite where tracer

was pipetted, is derived as follows.

Xi= Xi—l"""“_—wi—l_ W, -L (2.3-3)

£8

i=1

Surface of bentonite where
tracer was pipetted

L
}4 . ®|  Bentonite

-t specimen
'd

W‘} W2 - 2 & B B W|—-‘|

W] a & & 8 B
I
I
A x
> . o
Bentonite slice : It bemtonits lce from

Figure 4 An image of a model to calculate distance from the surface of
bentonite where tracer was pipetted

2.4 Background Measurements of ?°Pb in Bentonite

The background measurments of *'°Pb in bentonite were carried out as a function of
bentonite dry density (0.8, 1.6, 1.8 Mg/m’), saturation (immersion) (40-71 d) period and
bentonite slice thickness (0.2-2 mm). Tables III and IV show experimental conditions for the
background measurments of 2'°Pb in the bentonite and experimental matrix for the background
measurments, respectively.
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The same type of  Table III Experimental conditions for the

acrylic diffusion colummn was 210p, :
used in the  background background measurements of “"Pb in

measurements. ‘The drying bentonite
and filling of bentonite were  Bentonite : Kunigel- VI®
carried out in the same way as

Y 3
diffusion  experiments  of Dry density : 0.8, 1.6, 1.8 Mg/m
210ph The diffusion columm  Temperature : room temperature
with bentonite were immersed  Ammosphere : anaerobic conditions (N2 atmosphere)

with degassed distilled water .
for 40 to 71 days in a N, {O2 concentration < 1 ppm)

atmospheric glove-box. Atthe Saturated porewater : degassed distilled water
end of each immersion period,  Saturation period: 40, 50, 71 days

the cylindrical bentonite in the . . .
column was sliced into 0.2 to Slice thikness : 0.2,0.5,1.0,2 mm

2 mm and weighed to

calculate accurately slice thickness. The . : ;
immersion of the slices in a 5 ml 1M HNO, ~ T'able IV Experimental matrix for the
solution, sampling from the suspension and background measurments of
analysis were carried out in the same as 21%b in bentonite

diffusion experiments of *'°Pb. Additionally,

Bentonite dry density

a HNO, solution used for removal of Pb 08 16 18
from bentonite slices, a high purity HNO, (Mg/m?3)

solution with liquid scintillator, liquid

scintillator and an empty polyethylene vial 90 O O O
were also analyzed to identify the cause of

backgroud. Saturation period (d) 50 o O QO
2.5 Standard Sample Preparation n O O O

of *°Pb

A standard sample loaded 2'°Pb was prepared to determine the energy range for analysis
and detection efficiency. The standard solution was prepared by adding a 3 ml liquid scintillator to
a 1 ml 1M HNO, solution with a radioactivity of 815 Bq.

3. DIFFUSION THEORY

The calculations of Da values were based on the Fickian law [13]. The diffusion equation
for one-dimensional non-steady state considered decay term is generally expressed by the
following equation.

aC_ o o C
3t —ax[Daax)—K-C (3-1)

Assuming that Da is independent of distance and the half-life is long enough compared
with experimental period, equation (3-1) is approximately arranged as the following equation.

2 2
d C=Daa_C=(De)8 C 32

2t ox \a/ox?
Where C is the radioactivity concentration of the tracer in the bentonite (cpm/m?®), t is the diffusing
time (s), X is the distance from the source (m), Da is the apparent diffusion coefficient (m’/s), A is
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the decay constant (1/s), De is the effective diffusion coefficient (m%s), a is the rock capacity
factor (= e+pdKd)(-), pd is the bentonite dry density (Mg/m’), Kd is the distribution coefficient

(m’/Mg), and ¢ is the porosity (m*/m®).

With respect to soluble elements, the analytical solution in case of an instantaneous planar
source can be applied for the calculations of Da values. On the other hand, with respect to
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 condition is presumed to be controlled by the solubility of the tracer.

With respect to 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 (3-2),
based on initial and boundary conditions, is given by the following equation [13].

Initial condition
Ct,x)=0,t=0,x=0
Boundary condition
Cit,x)=0,t>0, Ixl=

M=J.Cdx

M x*
- 33
wDat T ( 4Da-tJ -3

Where M is the total amount of tracer added per unit aera of the bentonite (cpm/m?). This analytical
equation is applied for diffusion in one direction from one source.

With respect to diffusion in 2 directions from one source, the following analytical
equation is applied.

Initial condition
Clt,x)=0,t=0,x=0

Boundary condition
C(t, x) t>0 Xl= oo

J.Cdx ICdx +ICdx ZJ.Cdx

_ M exn| — x>
2mDat P\ 4Dat

(3-4)

From equation (3-4), taking InC and x* as the vertical and horizontal axes, respectively,
the slope can be used to derive Da at the diffusing time.

If bentonite sample is assumed to be a semi-infinite medium, the analytical solution for
the boundary condition of a constant concentration is derived as the following equation on the
basis of initial and boundary conditions [13].

Initial condition
Cit,x)=0,t=0, xl#0
Boundary condition
Ct,x)=Co,t20,x=0
Cit,x)=0,t>0, Ixl=
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x|

SIUNpY G . I T . )
Co_e’fC(Z\/Da-tj_l erf(Z-\/Da-t) (3-5)

Where Co is the boundary concentration (cpm/m®), erf is the error function, and erfc is the
complementary error function.
The error function is here defined by the following equations.

24/Da-t

X Y. x| )_ 2 2 ]
erf[zﬁ)—l erfc(zm =Tz '!exp( z )dz (3-6)
And

x|
2~/ Da-t
: lim J.exp(—zz)dz=l/_§_ (3-7)

x| =0 0 : Cee Ty

Analytical method to determine Da was discussed from the concentration profiles of
219pp in bentonite obtained in this series of experiments. Comparing the concentrations near the
surface of bentonite where tracer solution was pipetted, no concentration gap with time or
temperature for the same bentonite density was found. This indicates that boundary concentration
is constant. In addition, the solubility of Pb in the porewater of bentonite was predicted to be
2x107° M (solubility limiting solid phase: PbCQ,) [I, 5]. This solubility was proved also from
preliminary tests conducted for the same condition in the past and it is considered to be reliable.
The tracer solution used for the experiments includes 20 ppm Pb(NO,), (equivalent to 6.0x107
M) as a carrier and bentonite also contains much Pb. Therefore, it is considered that Pb
precipitates at the surface of bentonite when tracer solution was introduced and boundary
concentration is controlled bg the solubility of Pb.

The Da values for *!°Pb were determined by a least squares fitting to the concentration
profiles of 2!?Pb in bentonite based on equation (3-5) in this study. Since equation (3-5) is the
infinite arithmetrical series, it is difficult to determine Da values by directly fitting to equation (3-5).
Therefore, Da values for 2'°Pb were determined by discretizing equation (3-2) in this study.

4. NUMERICAL ANALYSES BASED ON FINITE DIFFERENCE
METHOD |
In this study, Da values were determined by a least squares fitting based on a finite
_ difference method (FDM) [13]. The details is described as follows. Analytical method by explicit

difference method which can be forwardly calculated is here briefly explained among finite
difference methods.

4.1 Difference Approximation for Derivative

When a function f(x) and the derivative are both the finite continuous functions, we can
express as follows based on the Taylor’s principle. '
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f(x+Ax)=f(x)+Ax-f'(x)+%Ax2-f"(x)+%Ax3-f'"(x)+ -----

. (4.1-1)
..... +-—Ax" .f(n)(x)+.....
n! '
And
f(x—Ax)= f(x)—Ax-f(x)+le2-f'(x)—1Ax3-f'“ (X) 4+
2 6
- . (4.1-2)
..... S Ay
n!
Adding equations (4.1-1) and (4.1-2),
£(x + Ax)+£(x — Ax) = 26(x) + Ax? - £ (x) + O(Ax*) (4.1-3)

Where O(Ax*) signifies the term including the terms higher than the 4th order for Ax.
If O(Ax®) is small enough to be able to neglect compared with the terms lower than the
4th order for Ax, equation (4.1-3) is re-arranged as follows.

(4.1-4)

v EE)) (x4 Ax) = 2f(x) + f(x — Ax)
rw-(4) - 2

The leading error for the light side of equation in this equation depends on the degree of
Ax?, By subtracting equation (4.1-2) from equation (4.1-1) and neglecting the terms higher than
the 3rd order for Ax, '

d f(x)] o fx+Ax) - f(x - Ax) (4.1-5)

Fx)= (—K 2Ax

is derived. The leading error in this equation depends on the degree of Ax.

Figure 5 shows a conceptual model for difference approximation. Equation (4.1-5)
approximates the slope of tangent at a point P by the slope of chord AB and is called a central
difference approximation. Besides, the slope of tangent at the point P can be expressed also by a
forward difference approximation formula approximating by chord PB or a backward difference
approximation formula approximating by chord AP as follows.

f(x + Ax)—f(x)

f (Js) = . (4.1-6)
f(x)= fx)- fA(: —Ax) (4.1-7)

It is clear that the leading error for equations (4.1-6) and (4.1-7) are O{Ax*).
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| A
f(x)
f(x+Ax)
f(x+Ax)-f(x-Ax)
fx-Ax)| 1)
AX Ax
| e g
» X
0 x-Ax X X+Ax
£(x)= lil'l’l f(x+Ax)-f(x-Ax)= im f(x+Ax)-1(x)
AxP 0 2Ax Ax—p 0 Ax
_lim f(x)-f(x-Ax)
Ax-p» 0 Ax

Figure 5 A conceptual model for difference approximation by f(x)-x graph
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4.2 Governing Equations

The Fickian first law for one-dimensional diffusion equation is expressed by the
following equation.

L 8Cp)_ De(aC]__ (a_C) ]
J= De(ax " \ax )" Da % (4.1-8)

Where J is the diffusional mass flux gcpm/mzls), and Cp is the radioactivity concentration of tracer
in the porewater of bentonite (cpm/m°).

The concentration profile of tracer in bentonite is calculated by equation (3-2). Initial and
boundary conditions in this computation are given as follows.

Initial condition
Ct,x)=0,t=0,IxIz0
Boundary condition
C{t,x)=Co,t20,x=0
Cit,x)=0,t>0, Ixl =00

4.3 Discretization and Simulation by Explicit Difference Method

- Figure 6 shows a conceptual model for non-steady state diffusion simulation by the
explicit difference method. Let consider AX and At as a thickness in the direction of the depth of
bentonite divided equally and a width of time, respectively. Both distance and time step are
numbered as shown in Figure 6, and each node expresses concentration at a distance and a time
step.

The discreted equations for equations (3-2), (4.1-8) and initial and boundary conditions
by the explicit difference method are expressed as follows.
Defininig as C(t, x)=Ci, j, equation (3-2) is written as the following difference equations.

Ci+1,j _Ci,j —Da Ci. j+l "Ci,j _ Ci.j _Ci,j—l AX
At AX AX

C ...—2C . +C. .
=Da[ 1, j+!1 A}{l.zj x.j——lj

(4.2-1)

We therefore have the following difference equation, arranging equation (4.2-1).

At :
= Ci.j + Daﬁ(ci, T 2"Ci..i +C;, j‘_l) (4.2-2)

(i=1,2,3, -, j=2,3,4, - n,)

C

i+, j

Where nx is the number of divisions in the direction of the thichﬁess of bentonite. Where input
condition of Da-AVAX? in the numerical analysis method adopted in this analysis must be
constantly < 1/2 not to cause numerical dispersion [14]. This is due to that rewriting equation
(4.2-2) as

At At

since Da *At/Ax* > 0 and C; # Ci ;i and C, .| are also positive, it must be Da sAvAx* > 0 to be
constantly C,,, .> 0.

i+l, §
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The relation between AX and nx is given by the following equation.

H
- _ 4.2-4
n, (4.2-4)

Where H is the distance long enough, which can be regarded as infinite.
The diffusional mass flux in equation (4.1-8) is discreted as follows.

(atx = 0)
C, . —C, . C, -G, .
Ji,j = —Da[M) — Da( »J , j+l J
AX AX (4.2-5)
(i=1,2,3, - j=1)
(at x = H)
J..=-Da M =Da Ci i =Gy
" AX AX (4.2-6)
(i:l, 2, 3’ seene j:nx+l)
(at 0 < x < H)
J. =—Da M =Da Ci’j_l—Ci-j"“l
" 28X 24X (4.2-7)
(i=1,2,3, -+, j=2,3, wee n,

Where Ji, j is the diffusional mass flux at the time step and distance (i, J).
The distance from the starting point and the accumulative time, Xj and ti, respectively,
are calculated by the following equations.

ti = (i-1)-At G=1,2,3, ceerveereen )
Xj=G-1)-AX (j=1,2,3,--mxtl)

Initial and boundary conditions are expressed by the following difference equations.

Initial condition
Ci,j=0,i=1,j#1
Boundary condition
Ci,j=Co,iz1,j=1
Ci,j=0,i#1, j=nx+1

The concentration profile is calculated as parameters Da and Co, and Da and Co mnput

when total sum of the residuals squared between calculated and measured concentrations is the
smallest, were adopted. The calculations were carried out by programming in Fortran language.
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source jon profile
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H
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® ® /
Cpi-,j covse
"o 0o ¢
<Initial
X concentration
AX

j:]_ 2 3 4 oooooooooooonx+1 AX=H/11X
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Z influence area of node (control area)

@ infinite difference node

Figure 6 A conceptual model for non-steady state diffusion simulation by
explicit difference method
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5. RESULTS AND DISCUSSION
5.1 Background of *°Pb in Bentonite

Figures 7(a)-(¢) show correlations between total counts per minute (cpm) and depth
from the surface of bentonite where tracer was pipetted. Even though slice thickness, bentonite
dry density and immersion period are different, no difference in cpm is found and it is
approximately constant in a range of 1.87-3.73 cpm over the experimental conditions. Since the
differences of slice thickness and bentonite dry density mean the quantity of Pb in bentonite, the
obtained results indicate that the effect of *'°Pb in bentonite is quite small. Figure 8 shows cpm
measured for a HNO, solution used for removal of Pb from bentonite slices with liquid scintillator,
a high purity HNO, solution (Ulira Analytical Reagent, TAMA CHEMICAL Co., LTD.) with
liquid scintillator, liquid scintillator only and an empty polyethylene vial. The cpm values for the
HNO, solutions with liquid scintillator, liquid scintillator and the empty polyethylene vial were
also approximately the same degree as those for bentonite in a range of 1.83-2.93 cpm.

This indicates that the obtained cpm values are neither originated from bentonite nor
HNO, solutions. Since the similar degree of cpm values were obtained over the experimental
conditions for the background measurements, it is clear that obtained cpm values are the
mechanical noise from analytical instrument which can not be eliminated. Based on this, the
background of the degree of 1.83-3.73 cpm can not be avoided. '

In this study, 3.73 cpm which is the highest of the measured background, was used for
the calculations of the concentration profiles of >'°Pb in bentonite.

F T ; ¥ T O CPM:40d
 Dry density, 08Mg/m3 | § S

:
i ] b i
! : : :

0 0.002 0.004 0.006 0.008 0.01 0.012
Depth from bentonite surface [m]

Figure 7(a) Correlations between cpm and depth from bentonite surface at a
dry density of 0.8 Mg/m”® after 40, 50 and 71 days (O: 40d, [
50d, A:714d) '

The width of error bar shows twice as large as standard
deviation.
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10 . O CPM:40d I

Dry dens1ty 16Mg/m3 B et

LEe £h0 . : . £

S

0 0.002 0.004 0.006 0.008 0.01 0.012
Depth from bentonite surface [m]

Figure 7(b) Correlations between cpm and depth from bentonite surface at a
dry density of 1.6 Mg/m? after 40, 50 and 71 days ((: 40d, O:
50d, A:714d)

The width of error bar shows twice as large as standard
deviation.

10— : —1 O CPM:40d
| Dry density 1.8Mg/m*® | LI ¢PM:0d

A CPM:T1d

[N S P ———c

I EFRINE S

0" 0.002 0.004 0.006 0.008 0,01 0.012
Depth from bentonite surface [m]

Figure 7(c) Correlations between cpm and depth from bentonite surface at a

dry density of 1.8 Mg/m® after 40, 50 and 71 days (O: 40d, [J:
50d, A:714)

The width of error bar shows twice as large as standard
deviation.
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10 _I O 1MHNO3+scintillator
i 1 ] 1M high purity HNO3+scintillator
8L .| < liquid scintillator
! | A\ empty vial
6L R
O I SR U 5 ! ]

lM-HNlO3 1M high liquid empty vial
+ purity HNO, scintillator
liquid +
scintillator  liquid
scintillator

Figure 8 Counts per minute (cpm) for a HNO, solution+liquid scintillator, a
high purity HNO, solution+liquid scintillator, liquid scintillator
and an empty polyethylene vial

The width of error bar shows twice as large as standard
deviation.

5.2 Detection Efficiency in Analysis of *Pb, Concentration Profiles of
2pp in Bentonite and Da Values

Figures 9(a)-(f) show the obtained concentration profiles of *°Pb in bentonite
together with fitting curves. The diffusion of *'°Pb is quite slow and the distance penetrated in the
diffusiong period (78-210 d) was several mm at the maximum for both temperature conditions.
The experiment was carried out in duplicate changing diffusing time for the same condition, but
concentration profile could not be obtained for short diffusing pericd (14-27 d), because *'°Pb did
not penetrate in such short periods. The detection efficiency in analysis by liquid scintillation
counter was approximately 95% in this study. As shown in each Figures 9(a)-(f), *°Pb
diffused at 60 °C deeper than at room temperature from the surface of bentonite. Table V shows a
summary of Da values obtained as a function of bentonite dry density, silica sand content and
temperature in this study.

The obtained Da values, in a range of 1077 to 107> m%/s order at 22.5 °C, decreased with
increasing bentonite dry density and showed a tendency to increase with increasing silica sand
content in the bentonite and temperature. The Da values obtained at 60 °C were in a range of 107"
to 10°'* m?/s order and showed a tendency to decrease with increasing bentonite dry density, but
only Da at 1.8 Mg/m® showed a different tendency from the other densities. Figure 10 shows a
dependency of bentonite dry density on Da obtained in this study. The effects of bentonite dry
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density, silica sand content and of temperature are summarized as follows.

(1) Although Da values increase with increasing temperature, the degree depends on dry density
and silica sand content.

(2) Although Da values at room temperature decrease with increasing bentonite dry density, those
at 60 °C show a different dependency.

(3) Da values increase with increasing silica sand content.

1012
' Pb-210 ;
1011 ( E | 3
Density:0.8Mg/m”
10" Time:78days :
o8 : :
8 108 = i { ;
; T é
107 | B WSS S
10° , N % I
10° L | ]

0 0001 0002 0.003 0004 0.005
X [m]

Figure 9(a) Concentration profiles of *°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 0.8 Mg/m® without
silica sand (O: room temperature, [J: 60 °C)

The width of error bar shows twice as large as standard
deviation.
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10"

o! ; Pb—210 | :

s Den3|ty1 4Mg/ m® 3

10" E Time:90(room)/

™ : § 3

E e - E N 91(60 C)days :

& 3 = 607 -;C

Q A8 \ @ :

GO N B

105:.,..i..\.i...|....§i,.,._

O 0.001 0.002 0.003 0.004 0.005

Figure 9(b) Concentration profiles of *°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 1.4 Mg/m® without

X [m]

silica sand (O: room temperature, [1: 60 °C)

The width of error bar shows twice as large as standard

deviation.
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Figure 9(c¢) Concentration profiles of *'°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 1.6 Mg/m> without
silica sand (O: room temperature, [J: 60 °C)

The width of error bar shows twice as large as standard
deviation.
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Figure 9(d) Concentration profiles of *°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 1.6 Mg/m® with
' silica sand of 30 wt% (O: room temperature, [1: 60 °C)
The width of error bar shows twice as large as standard
deviation.

o
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Figure 9(e) Concentration profiles of *°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 1.6 Mg/m® with
silica sand of 50 wt% (O: room temperature, [J: 60 °C)

The width of error bar shows twice as large as standard
deviation.
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Figure 9(f) Concentration profiles of *°Pb in bentonite and least squares
fitting curves at a bentonite dry density of 1.8 Mg/m’ without

silica sand (O: room temperature, [1: 60 °C)
The width of error bar shows twice as large as standard
deviation.
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Table V A summary of Da values obtained as a function of bentonite dry density,
silica sand content and {emperature

Sample Temperature Dry density Silica sand Smectite = Time Da Co

No. [°C] of bentonite content  partial [d] [m%s] [cpm/m’]
ps Mg/m®’] [wt%]  density py,
[Mg/m’]
2 22.5 0.8 0 0.47 78.0 1.0E-15 1.0E12
4 60 0.8 0 0.47 78.0 2.0E-14 1.0E12
6 22.5 1.4 0 0.95 90.0 5.0E-16 1.0E12
8 60 1.4 0 0.95 91.0 2.0E-15 4.0E1l
10 225 1.6 0 1.14 2090 5.0E-17 1.0E12
12 60 1.6 0 1.14 2090 1.5E-15 S.0Ell
14 225 1.6 30 0.91 1480 2.0E-16 1.0Ell
16 60 1.6 30 091 1480 1.0E-15 2.0EI2
18 225 1.6 50 072 1150 6.0E-16 2.0E12
20 60 1.6 50 072 1150 2.0E-15 1.0E12
2 225 1.8 0 135 2100 5.0E-17 2.0E12

24 60 1.8 0 1.35 208.0 6.0E-15 5.0E11
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Figure 10 The effects of bentonite dry density, silica sand content and of
temperature on Da for *°Pb
The Da values showed a tendency to decrease with
increasing dry density of bentonite and to increase with
increasing the content of silica sand in bentonite. In addition, Da
values increased with a tendency of increase in temperature.
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Figure 11 shows dependencies of Da reported to date for various elements in Kunigel-
V1® on bentonite dry density (HTO, Fe, Tc, Se, Cs, Np, Zr, Am, Ni, Sm, U, Pu) [15-22]
together with data for Pb. The Da values for 2'°Pb are smaller than those of the other elements. It
is quite small compared with data of Ni [19] which chemically takes similar behaviour. With
respect to diffusion of Ni in bentonite, Da values quite lower [19] than data previously the authors
reported [12] have been also obtained at similar condition and this discrepancy has been concluded
to be attributed to the concentration dependency of sorption on bentonite, because a study for
equiliblium concentration dependencies of Kd for Ni on Na-montmorillonite at various pH values
had been reported [23]. The Da values for *'°Pb obtained in this study were further low even
though considered those.
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Figure 11 Dependencies of Da for various elements reported to date on bentonite dry
density (for Kunigel-V1®)(HTO, Tc, Se(IV), Cs, Np: [15], Zr: [16], Am:
[15, 17], Ni: [19], Sm: [18], Fe: [20], U: [21, 22], Pu: [17])
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5.3 Correlations between Da Values and Smectite Partial Density

Figure 12 shows an image of the micropore structure for bentonite. Bentonite is
composed of smectite which is major clay mineral and impurities such as chalcedony, quartz,
plagioclase, calcite, dolomite and pyrite. The detailed mineralogy of bentonite used in this study is
described in the literatures [24, 25]. As shown in Figure 12, smectite, which is major clay
mineral of bentonite, is considered to compensate spaces between impurities. In this case, it is
presumed that nuclides diffuse in smectite compensating the spaces between the impurities,
because nuclides can not pass through each mineral composing the impurities. It is well known
from many literatures reported to date that the diffusion of nuclides in smectite depends on the dry
density.

Here we consider a density focused on smectite part only, so called the “smectite partial
density”. This parameter is the same meaning as montmorillonite density proposed by Kuroda et al.
[26]. In the case of Kuroda et al., the montmorillonite density is defined only for Kunigel-V1®,
while the smectite partial density, which we defined, is more generalized than that, because the
parameter, which we proposed, covers also the montmorillonite density for KunigeI-Vl® which
Kuroda et al. proposed [26].

The montmorillonite density, which was deﬁned by Kuroda et al [26], is glven by the
following equation.

_ fm-py

Pam = 1 [1 _fmJ .
- d
Pim

'(5".3_4'1)

Furthermore the smectite partial dens1ty for a bentomte added sﬂlca sand is generally
calculated by the following equation (see appendix 1: detailed denvahon)

(1 —fs)-fm- Pa
Pdm =
{(1-fs) (1-fm) fs}
1- +—tPa
Pim Ps

(5.3-2)

Where pdm is the smectite partial density (Mg/m®), pdis the bentonite dry density (Mg/m’), pim is

the average pure density of impurities (Mg/m®), ps is the pure density of silica sand (Mg/m’), fs is
the silica sand content in bentonite (= silica sand weight/(silica sand-+bentonite weight})(Mg/Mg),
and fm is the smectite content in bentonite (= smectite weight/(smectite+impurities weight))
(Mg/Mg).

With respect to the calculations of pdm, a density of 2.7 Mg/m® was used for both pim
and ps in this study. Moreover, fm for Kunigel-V1® was assumed as 0.5 in the calculations of

pdm. Figure 13 shows correlations between smectite partial density and bentonite dry density
with respect to various kinds of bentonites calculated based on equation (5.3-2). In the
calculations, fm values for Kunigel-V1®, Kunipia-F®, MX-80, Avonlea bentonite and Korean
bentonite were assumed as 0.5, 1.0, 0.75 [27, 28], 0.8 [29] and 0.87 [30], respectively.
Furthermore, the calculated results are shown in appendix 2.

The detailed mineralogy of MX-80, Avonlea bentonite and Korean bentonite is described
in the literatures [28], [29] and [30], respectively. The MX-80 is a product of the American
Colloid Co [27] and its content of montmorillonite is about 75 wt%. In addtion, impurities such as
quartz, feldspar and some micas, sulphides and oxides are contained in MX-80 [28]. The Avonlea
bentonite is from the Bearpaw Formation of Upper Cretaceous age in southern Saskatchewan,
Canada and contains about 80 wt% smectite (montmorillonite), 10 wt% illite, 5 wt% quartz and
minor arnounts of gypsum, feldspar and carbonate [29]. The Korean bentonite is Ca-bentonite
from Younil, Kyungsangbukdo, Korea and consists of 87 wt% montmorillonite and small
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amounts of feldspar, quartz, zeolite, biotite and Kaolinite [30].

Figure 14 shows a dependency of Da for ?'°Pb in bentonite on smectite partial density.
The Da values decrease with increasing smectite partial density and are well correlative with
smectite partial density at room temperature (22.5 °C). On the other hand, Da values once decrease
with increasing smectite partial density and increase with increasing smectite partial density at a
density of around 0.9 Mg/m® at 60 °C. This indicates a possibility of change in diffusion
mechanism at a density of around 0.9 Mg/m®. Further study and discussion are needed.

Calcedony/quartz

Clay particle(constituted
by some smectite flakes)
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calcite/dolomite/pyrite etc)

Figure 12 An image of the micropore structure for bentonite (e.g.
Kunigel-V1i®) '

When impurities and added silica sand disperse in
bentonite, smectite exists spaces between those impurities and
silica sand particles. In this case, smectite partial density is
defined by the density in part of smectite only actually
contributing for diffusion, because nuclides can diffuse in
smectite only. However, the smectite partial density can not
express up to passway for diffusion considering the orientation
of clay particles.
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Figure 13 Smectite partial density calculated as a function of dry density
with respect to various kinds of bentonites (O: Kunigel-V1®,
[1: Kunipia-F®, A: MX-80, V: Avonlea bentonite, < :
Korean bentonite) : '

The contents of smectite for Kunigel-V1®, Kunipia-F®, MX-
80, Avonlea bentonite and Korean bentonite were assumed as 0.5,

1.0, 0.75, 0.8 and 0.87 , respectively.
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Figure 14 Da values for *°Pb as a function of smectite partial density
The Da values at room temperature uniformally decrease with
increasing smectite partial density and are well correlative with
smectite partial density, but although those at 60 °C decrease with
increasing smectite partial density, those take the smallest value at
a density of around 0.9 Mg/m’ and increase with increasing
smectite partial density again.
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5.4 The Effect of Temperature on Diffusion and Activation Energy
(AEa) for Diffusion :

Figure 15 shows a dependency of Da of *'°Pb at each bentonite dry density on
ternperature. As shown in Figure 15, Da values clearly increase with increasing temperature, but
the tendency is different depending on bentonite dry density and silica sand content. The Da values
show a tendency to decrease with increasing bentonite dry density. Moreover, Da values show a
tendency to increase with increasing silica sand content in bentonite.

Diffusion coefficients for popular ions in free water at 60 °C are about twice as large as
those at 25 °C. However, Da values for *'°Pb at 60 °C are about one order of magnitude higher
than those at room temperature (22.5 °C), showing entirely different temperature dependencies.
Since Da includes also retardation by sorption, the dependency of temperature on Kd is also
important to understand the effect of temperature on diffusion, especially on Da. However, few
studies on temperature dependency of sorption, including Pb have been reported. If there is no
dependency of temperature on Kd for Pb, such big gap is considered to be attributed to the
limitation of passway for diffusion by the micropore structure of bentonite and to the retardation
by that interlayer water and external water between stacks of smectite flakes at comnpacted state are
different from free water.

Activation energies for diffusion (AEa) were calculated from temperature dependencies of
Da values of ?!°Pb in bentonite. Figure 16 shows Da values as a function of the reciprocal

number of absolute temperature (1/T), so called the “Arrhenius plot”. The relation between Da and
temperature is given by the following equations by the Arrhenius plot [31].

~ABa=R-T In [%E-l-] (5.4-1)

f

That is to say,

Da=D; exp[-— "; ?ra] (5.4-2)

Figure 17 shows a correlation between AEa and smectite partial density. For
comparison, AEa values of diffusion coefficient in free water for PbCO;(aq) and self-diffusion

coefficient in ice for water [32] were also shown in Figure 17. The obtained AEa values are in a
range of 26 to 104 kJ/mol and become the lowest value at a smectite partial density of around 0.9
Mg/m®. And AEa values show a tendency to decrease with increasing silica sand content. Similar
tendency that AEa values are nearly equal to that for Dw when silica sand was mixed to Na-
montmorillonite has been reported also for diffusion of Na ion in compacted Na-montmorillonite
[33]. However, a AEa of 104 kJ/mol is quite high also compared with that (56.4 and 65.6 kJ/mol)
for self-diffusion coefficient in ice.

Thereon, AEa of Dw for Pb was calculated and compared with AEa data obtained in this
study. The dominant species of Pb in the porewater of bentonite is predicted to be PbCO,(aq) [1,
5]. However, no Dw of PbCO,(aq) has been reported to date. Thereon, the Dw for PbCO,(aq)
was calculated based on an expression due to the Nernst [34] as shown as follows.

o _ (Zul+[Z DD
2, [D%+[Z_|P°-

(5.4-3)

Where IF is the salt diffusion coefficient at infinite dilution (m%*s), | Z, | and |Z_ | are the

-
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absolute value of the charge of the respective ions (-), and D°, and D°_ are the tracer or self-
diffusion coefficients of the respective ions at infinite dilution (m%/s).
' The D, and D°_ are calculated by the following equation based on the Nernst expression.

0o, - RT-Ay

=284 (5.3-4)
=P (5.3-4)

Where At is the limiting ionic equivalent conductivity (m*«S/mol), and F is the Faraday constant
(96493 Coulombs/mol),

Lead carbonate (PbCO,(aq)) is dissociated into Pb** and CO,* ions. Since IF, and D°_
for Pb® and CO,” at 0, 18 and 25 °C are respectively already known, the D° for PbCO,(aq),
DPp,cos Was calculated at each temperature by substituting D°, and D°_ for Pb** and CO,*" ions into

equation (5.4-3), respectively. Consequently, the AEa for D°;,,, was calculated to be 20.3
kI/mol. This AEa is lower than those (26-104 kJ/mol) of Da values for >'°Pb obtained from

diffusion experiments in this study. However, AEa values for Da values in compacted
montmorillonite added silica sand are approximately the same over the montmorillonite partial
densities [33].

The author has experimentally investigated diffusion direction dependency to compacted
direction on De using tritiated water (HTO) which is a non-sorbing nuclide on bentonite through
Kunipia-F® and Kunigel-V1® at bentonite dry densities of 1.0 and 1.5 Mg/m’® [35]. Through-
diffusion experiments were carried out for 2 kinds of diffusion directions to compacted direction,
axial and perpendicular directions to compacted direction for Kunigel-V1® and Kunipia-F®. In

. addition, scanning electron microscope (SEM) observations for the cross section of sample to
axial and perpendicular directions to compacted direction were also carried out to discuss the effect
of clay particle orientation on De. Consequently, the results of SEM observations showed that no
significant orientation of clay particle was found for Kunigel-V1® over the densities. On the other
hand, the orientation of clay particle was clearly found for Kunipia-F®. Figures 18 (a)-(c¢)
show cross-sectional photographs by SEM for Kunigel-VI® and Kunipia-F® at dry densities of
1.0, 1.6 and 2.0 Mg/m’, which were saturated with synthetic porewater after being compacted.
The chemical composition of the synthetic porewater and detailed procedure for the preparation of
sample are described in the literature [36]. The bentonite samples were prepared by the following
procedure.

(1) The filling of bentonite powder dried 24 h at 50 °C into a diffusion column to obtain desired
densities (1.0, 1.6, 2.0 Mg/m®).

(2) The saturation of bentonite with synthetic porewater.

(3) Pushing out of the cylindrical bentonite from the column, freezing in liquid nitrogen and
drying in a vacuum chamber.

(4) Cutting of the bentonite in the axial and perpendicular directions to compacted direction.

(5) SEM observations for both directions (magnification: 200 times).

This effect by the difference in the orientation of clay particle was found also with respect
to De values for both bentonites. The De values of HTO for perpendicular direction to compacted
direction were several times as large as those for axial direction to compacted direction for
Kunipia-F®. However, De values of HTO for both diffusion directions for Kunigel-VI® were

approximately the same over the densities. Therefore, discrepancy of AEa for Da values between
montmorillonite and montmorillonite added silica sand is considered to be attributed to the
difference of the orientation property of clay particle.

— 34—
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Figure 15 Da values of *°Pb in bentonite as a function of temperature and
bentonite dry density
All Da values at 60 °C are higher than those at room
temperature.
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diffusion coefficient in ice for water, respectively.
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Photograph (a)-1 Photograph (a)-3

Photograph (a)-4

Figure 18(a) Cross-sectional photographs by SEM for Kunigel-V1® and
Kunipia-F® at a dry density of 1.0 Mg/m’
(a)-1 and (a)-2: cross-sectional photographs with respect to
perpendicular and axial directions to compacted direction for
Kunigel-V1, respectively. (a)-3 and (a)-4: cross-sectional
photographs with respect to perpendicular and axial directions to
compacted direction for Kunipia-F, respectively.
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Photograph (b)-4

Figure 18(b) Cross-sectional photographs by SEM for Kunigel-V1® and
Kunipja-F® at a dry density of 1.6 Mg/m’
(b)-1 and (b)-2: cross-sectional photographs with respect to
perpendicular and axial directions to compacted direction for
Kunigel-V1, respectively. (b)-3 and (b)-4: cross-sectional
photographs with respect to perpendicular and axial directions to
compacted direction for Kunipia-F, respectively.
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Photograph (c)-4

Figure 18(c) Cross-sectional photographs by SEM for Kunigel-V1® and
Kunipia-F® at a dry density of 2.0 Mg/m’
(c)-1 and (c)-2: cross-sectional photographs with respect to
perpendicular and axial directions to compacted direction for
Kunigel-V1, respectively. (c)-3 and (c)-4: cross-sectional
photographs with respect to perpendicular and axial directions to
compacted direction for Kunipia-F, respectively.



JNC TN8400 2001-018

5.5 The Conservativity of Kd for Pb Used in the Second Progress Report

The conservativity of Kd for Pb used for the reference case in the second progress report
[1] was discussed. In the second progress report, Kd was determined as follows based on the
relation between Kd, Da and De.

De De

Da = = (5'5_1)
e+(1-€)pgs-Kd e+pg-Kd
Therefore, Kd is calculated as follows.
Kd=i(&—e) (5.5-2)
Pg \Da

Where pds is the pure density of bentonite (Mg/m®), being 2.7 Mg/m® for Kunigel-V1® [37].
The porosity, € is theoretically calculated by the following relation.

g=1-Pd (5.5-3)
Pds

Table VI shows each parameter for the reference case in the second progress report.
The Kd calculated from Da and De based on equation (5.5-2) was 187.5 m*/kg, being quite large
compared with Kd (0.1 m’/kg) used in the second progress report. Based on this, the
conservativity of Kd for Pb used for the reference case in the second progress report was
confirmed.

Table VI Each parameter for the reference case in the second progress report

Bentonite Kunigel-V1®

Dry density 1.6 Mg/my’ (porosity € = 0.41)

Silica sand content 30 wt%

Porewater FRHP (Fresh-Reducing-High pH) groundwater

Da 1.0E-15 m%¥s (60 °C: measured data in this work)
De 3.0E-10 m?%s (60 °C: value determined for elements

except for Cs and Se)
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5.6 Comparisons between Kd Values Calculated from Da Values and
Those Obtained by Batch Experiments

With respect to Pb, Kd values on bentonite (Kunigel-V1®) obtained by batch method
have been reprted by Tachi [38]. The Kd values have been measured as a function of ionic
strength at room temperature and a Kd of about 10* m’/kg has been obtained at 0.01 M NaCl.
Thereon, Kd values were calculated from Da values for Pb obtained in this study and De values
(Depycos) Which were determined from De values for HTO (Deypp), D°pocos and Dw for HTO
(DwWyp,) and were compared with Kd obtained by batch method. In this case, Dep,oo; was
determined by the following equation.

DO
Depcos = (ﬁj De,ro (5.6-1)

HTO

Where De,, oo, is the effective diffusion coefficient for PbCO,(aq) (m?/s), D%y« is the diffusion
coefficient at infinite dilution for PbCO,(aq) (= 9.5x107'° m?s at 25 °C), Dw,, is the self-
diffusion coefficient in free water for HTO (m?%s) (= 2.14x107° m%/s at 25 °C [39]), and Deyo 18
the effective diffusion coefficient for HTO (m?*s [15, 38]). The De,;, values were determined

from the empirical equation De;, = 4.53E-9¢exp(-2.27+p,), which the authors derived based on
De data for HTO as a function of dry density of bentonite reported by Sato etal. [15] and Kato et
al. [40].

The Kd values for Pb were calculated by equation (5.5-2). Figure 19 and Table VII
show Kd values calculated from Da and De at each dry density of bentonite.

104:""!""!“"!"":
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Figure 19 Kd values calculated from Da and De at each dry density of bentonite
The plot on the vertical line shows average Kd obtained by batch
experiments.
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Table VII Kd values calculated at each dry density of bentonite

Dry density Porosity Deypo [M%/S]* Depycos [M7]  Depyeo; [ms]  Kd [m'/kg]
of bentonite & [-]

p, [m%s]
0.8 0.70 7.36E-10 3.27E-10 1.0E-15 408.7
1.4 0.48 1.88E-10 8.35E-11 5.0E-16 119.3
1.6 0.41 1.19E-10 5.28E-11 S5.0E-17 660.0
1.8 0.33 7.59E-11 3.37E-11 5.0E-17 374.4

* The effective diffusivities for HTO, Dey,o were determined by the following
empirical equation which the authors derived based on De data for HTO
reported by Sato et al. [15] and Kato et al. [40].

De o = 4.53x107sexp (-2.27+p,)
r = 0.98276

The plot on the vertical line shows average Kd obtained by batch experiments. The Kd
values calculated from Da and De values are little higher than that obtained by batch method on the
whole, but those are the same order. This discrepancy between Kd obtained by batch method and
those calculated from Da and De values may be atiributed to discrepancy between chemical and
physical conditions in both batch and diffusion experiments. The cause of discrepancy is open
question at the present.
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6. CONCLUSIONS

The Da values of Pb in compacted sodium bentonite, which is a candidate buffer material,
were obtained as a function of bentonite dry density, silica sand content and temperature using
21%Ph as a tracer by in-diffusion method to confirm the validity or conservativity of Kd on the
bentonite and to make progress in additional data accumulation as a link in the chain of a follow-up
of the second progress report. The conclusion is summarized as follows.

(1) The obtained Da values, in a range of 107'7 to 107"° m?/s order at 22.5 °C, decreased with
increasing bentonite dry density and showed a tendency to increase with increasing silica sand
content and temperature. The Da values at 60 °C were in a range of 107" to 10~'* m?%s order
and showed a tendency to decrease with increasing bentonite dry density, but only Da at 1.8
Mg/m® showed a different tendency from the other densities.

(2) The Da values decreased with increasing smectite partial density and were well correlative
with smectite partial density at room temperature. On the other hand, Da values at 60 °C once
decreased with increasing smectiie partial density and increased with increasing smectite
partial density at a density of around 0.9 Mg/m’.

(3) The calculated AEa values are in a range of 26 to 104 kJ/mol and became the lowest value at a

smectite partial density of around 0.9 Mg/m®. And AEa values showed a tendency to decrease
with increasing silica sand content. Although further study and discussion are needed, it was
approximately indicated that Pb was predominantly controlled by the properties in part of
smectite.

(4) The conservativity of Kd for Pb used for the reference case in the second progress report was
confirmed from comparison between Kd calculated from Da and that used in the second
Progress report.

7. FUTURE WORK

Some future studies to be solved were extracted through this study. The future study is
summarized as follows.

(1) Although Da values decreased with increasing smectite partial density and were well
correlative with smectite partial density at room temperature, Da values at 60 °C showed a
different tendency in smectite partial density from those at room temperature. Although this
indicates a possibility of change in diffusion mechanism, further study and discussion are
needed including temperature dependency of sorption.

(2) The obtained AEa values were also relatively high between 26 and 104 kJ/mol. The AEa
values additionally showed a tendency to decrease with increasing smectite partial density and

became the lowest value, which was nearly equal to AEa for D%, .o, (20.3 klJ/mol) at a

smectite partial density of around 0.9 Mg/m®. The AEa values then increased with increasing
smectite partial density again. This may be concerned with the orientation property of clay

particle and further discussion with respect to correlation between AEa and the orientation of
clay particle.

(3) Itis general that Kd obtained by batch method does not agree with that calculated from Da and
De and such discrepancy in Kd was found also in this study. This is called the “inconsistency
of batch-compacted system” and is quite important problem. This is open question to be
solved at the present.
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APPENDIX 1

The Derivation of Generalized Equation Used in order to Calcalate
Smectite Partial Density

Figure App.1-1 shows components of bentonite added silica sand with an arbitrary
content. The bentonite with silica sand is composed of pore, smectite, impurity and silica sand

added with an arbitrary content. The dry density of bentonite p, in this case is calculated by the
following equations.

D _Wm+Wim+Ws_ Wm+Wim+Ws
a- Vo Vot Vit Vi Ve

(App.1-1)

Where Wm is the weight of smectite contained, Wim is the weight of impurities contained, Ws is
the weight of silica sand added, VT is the total volume of bentonite containing pore, Vp is the pore
volume, Vm is the smectite solid volume, Vim is the volume of impurities, and Vs is the silica
sand volume.

The smectite content in bentonite fm is expressed as follows.

W,
f =—"20 App.1-2
m W+ Wi, (App )
The silica sand content in bentonite is calculated as follows.

—_ WS
S Wyt Wi+ W,

(App.1-3)

The smectite partial density p,,, is calculated from the next equation.

Wm Wm
= = ' App.1-4
Pdm Vot Vg V- Vip— Vs (App.1-4)
The average pure density of impurities p,, is calculated as follows.
W
Pim = ——V““ (App.1-5)
im
The pure density of silica sand p, is calculated as follows.
WS
=— App.1-6
Ps =, (App.1-6)

Substituting equations (App.1-1), (App.1-5) and (App. 1-6) into equation (App.1-4), the
following relation can be obtained.

— Wm
Pam =W W v W, Wiy W, (App-1-7)

Pa Pim Ps
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Equation (App.1-2) can be reartanged as follows.
fm(Wm+ Wim) =Wp,

- (App.1-8
W =(%me pp.1-8)

m
m
Equation (App.1-3) can be rearranged as follows.

W, = fy( W+ Wi, + W)
f (App.1-9)
W, =4 —S5
: {(I_fs)fm}wm '

Substituting equations (App.1-8) and (App.1-9) into equation (App.1-7), we have the
following equations. '

Win

W, _( 1-fn, me_&
fs0d  \Pim*fm

Pdm =

£- W,y _(l—fmJ _ feWy
(I_fs)fm‘pd'fs pim°fm " (l"fs)fm'ps
1
Ps *Pim _(l ""fm)(l _fs)pd Ps — L5 Pd *Pim
(1= £ )fm P - Ps * Pim
( (1 ;(fs ) fm)‘ Pd
1-1f,, )(1-1 f
1__.__.up __Sp
Pim d Ps d

- 1_{(1 _‘fm)(l_fs)+£5—}pd

Pim Ps
Thus, the following relation (equation (5.3-2)) can be finally derived.

— (1 _fs)fm'pd

Pam = 1_{(1—fm)(1‘fs)+—f-i}pd

Pim 5
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Figure App.1-1 Components of bentonite added silica sand with an
arbitrary content
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APPENDIX 2

Calculated Results of Smectite Partial Density as a Function of Dry
Density of Various Kinds of Bentonites

Table App.2-1 shows the calculated results for smectite partial density as a function of
dry density of bentonite with respect to various kinds of bentonites.

Table App.2-1 Calculated results for smectite partial density (p,,) with
respect to various kinds of bentonites

Dry P fOT Py fOT . P4m fOT Py fOr Pun fOr

density =~ Kunipia-F =~ Kunigel-V1 MX-80 Avonlea Korean

[Mg/m’] bentonite bentonite
0.1 0.1 0.05 0.076 0.081 0.087
0.2 0.2 0.10 0.15 0.16 0.18
0.3 0.3 0.16 0.23 0.25 0.26
0.4 0.4 0.22 0.31 0.33 0.35
0.5 - 0.5 0.28 0.39 0.42 0.45
0.6 0.6 0.33 0.48 0.50 0.54
0.7 0.7 0.40 0.56 0.59 0.63
0.8 0.8 0.47 0.65 0.68 0.72
0.9 0.9 0.54 0.74 0.77 0.82
1.0 1.0 0.61 0.83 0.86 0.91
1.1 1.1 0.69 0.92 0.96 1.01
1.2 1.2 0.77 1.0 1.05 1.11
1.3 1.3 - 0.86 1.11 1.15 1.21
1.4 1.4 0.95 1.21 1.25 1.31
1.5 1.5 1.0 1.31 1.35 1.41
1.6 1.6 1.14 1.41 1.45 1.51
1.7 1.7 1.24 1.51 1.56 1.61
1.8 1.8 1.35 1.62 1.66 1.71
1.9 1.9 1.47 1.73 1.77 1.82

2.0 2.0 1.59 1.84 1.88 1.93






