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Abstract

A literature review of diffusion and sorption properties of mainly ionic species in water
saturated compacted bentonite has been made. Experimental methods used to determine
diffusivities have been critically reviewed and sources of error analysed. The diffusion of
charged species in narrow pores with charged surfaces and ion exclusion and surface
diffusion effects are discussed. A detailed compilation of all found data is included.

Recommended values for use in a performance assessment and the rationale for choosing

them is given.

Kort sammanfattning

En litteraturundersdkning rérande diffusion och sorption av frimst smé joner i
vattenmiittad bentonit har gjorts. Experimentella metoder som anvénds for
diffusionsmétningar har granskats och felkéllor har beskrivits och analyserats. Diffusion
av joner i tringa porer med laddade ytor och ddrav orsakad jonuttrangning och ytdiffusion
diskuteras. En stor méngd litteraturdata redovisas. Rekommenderade sorptions- och
diffusionsdata for anvindning i en sikerhetsanalys ges och skilen till hur data valts

presenteras.
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SUMMARY

In this report, recent studies on sorption and diffusion of radionuclides in compacted
bentonite have been reviewed. The sorption distribution coefficient and diffusion
coefficient data obtained from experiments in the literature have been compiled. Based on
these experimental data and the report SKB TR 91-16 (Brandberg and Skagius, 1991),
this report proposes a set of sorption distribution coefficient and diffusion coefficient

values for modelling purpose for safety analysis of nuclear waste repositories.

The variability and uncertainty of the diffusivity data span somewhat more than an order

of magnitude up and down. Most of the nuclides have an effective diffusivity in around

10-10 m2/s.

Ton exclusion effects are observed for C, Cl and for Tc in oxidizing waters. Effective
diffusivities are nearly two orders of magnityde lower for these elements and of the order
of 10-12 m2/s. Surface diffusion effects are found for Cs, Ni, Pa, Pb, Ra, Sn, Sr and Zr.
Effective diffusivities for these elements are of the order of 10-8 m2/s. The surface
diffusion effect should decrease in saline waters which is seen for Cs and Sr where there
are data available. It is also deemed that Ra will have this effect because of its similarity

with Sr. The other nuclides should also show this decrease but no data are available.

Sorption and diffusion mechanisms in compacted bentonite are discussed in the report. In
highly compacted bentonite, sorption and hence its distribution coefficient is not well-
defined, and a pore diffusion coefficient or a surface diffusion coefficient is not well-
defined either. Therefore, an apparent diffusion coefficient and a total concentration

gradient should be more relevant in describing the diffusion process in compacted

bentonite.

Different methods for diffusion coefficient measurements are discussed in the report.



1 INTRODUCTION

Compacted bentonite has been considered to be a back-fill material in repositories of
nuclear waste. Bentonite is a good barrier for containment of radionuclides due to its
sorption capability and low permeability. Safety analysis of the repository involves
modelling of the radionuclide transport from the spent fuel to the environment around the
repository, which requires the understanding of the diffusion and sorption processes of
the nuclides in the compacted bentonite and reliable data for diffusion coefficients and
sorption equilibria. In the technical report SKB TRI1-16 (Brandberg and Skagius,
1991), diffusion and sorption data were provided for many radionuclides in bentonite.
Since then, more studies have been conducted on this subject. The purpose of this report
is to collect data from recent studies by literature review and to incorporate the new

information with the contents in SKB TR91-16.

The parameters considered in this report are the sorption distribution coefficient Ky, the
apparent diffusion coefficient D,, and the effective diffusion coefficient De. The elements
included in this report are Am, C, Ce, Cl, Cs, I, Nb, Ni, Np, Pa, Pb, Pd, Pu, Ra, Rn,
Se, Sm, Sn, Sr, Tc, Th, U, and Zr.

Bentonite is a swelling clay due to its content of the smectite clay mineral montmorillonite.
Montmorillonite has a considerable cation exchange capacity with generally sodium and/or
calcium in the exchange positions. Bentonite also contains small amounts of other

minerals, such as quartz, feldspars, other clay minerals, and trace amounts of pyrite and

organic carbon (Wiborgh, 1995).

Two commercial bentonites, Wyoming MX-80 and Avonlea, are described below as

examples.

The Wyoming MX-80 bentonite is a sodium bentonite. It consists to a large extent (85%)
of a small size fraction that is smaller than 2 pm (Wiborgh, 1995). The average mineral

composition of MX-80 bentonite is given in Table 1.

The water content of a 100% saturated Wyoming MX-80 bentonite with a bulk density of
2000-2100 kg/m3 is 20-25% (Brandberg and Skagius, 1991). Muurinen et al. (1987)
reported a water content of 40% in MX-80 bentonite for a wet density of 2000 kg/m3, and
25% for a dry density of 2100 kg/m3, which corresponds to a bulk density of 2350

kg/m3.



Table 1. Mineral composition of MX-80 Bentonite (Lehikoinen et al., 1996).

Mineral Content (wt%)
Montmorillonite 65 - 80
Quartz 15.2
Feldspar 5-8
Mica <1
Kaolinite <1
Carbonate 1.4
Sulphate 0.34-0.8
Sulphide 0.1-03
Phosphate 0.1
Fluoride 0.1
Organic Matter 0.3-04

The Avonlea bentonite is from the Bearpaw Formation of Late Cretaceous age in southern
Saskatchewan, Canada. The clay contains ~80 wt% montmorillonite, ~10 wt% illite, ~5
wt% quartz, and minor amounts of gypsum, feldspar and carbonate (Choi and Oscarson,
1996). It has a cation-exchange capacity of ~60 cmol/kg and a specific surface area of 430

m?2/g. Na+ is the predominant exchangeable cation in the Avonlea bentonite (Oscarson et
al., 1994).

The characteristic features of compacted bentonite are its large surface area, small pore
size, the negative surface charge, exchangeable cations which balance the negative charge,
the hydration of exchangeable cations, and the formation of a double layer on the
surfaces. One special feature is the strong exclusion of anions due to the negative surface
charge and the narrow interlamellar space. As a consequence of the anion exclusion, the

accessible porosity of anions is much less than the water porosity (Muurinen et al.,
1994).

The surface area of bentonite depends on the degree of packing. It was reported that,
when non-compacted, the Wyoming bentonite had a specific surface area of 54 m?/g. The
same material, compressed to form a plug with a porosity of 0.25, indicated an apparent
specific surface area of 20 m?/g. The adsorption of nitrogen on water-dried aggregates
with a porosity of 0.15 was found to be negligible and the specific surface area was less

than 1 m?/g (Muurinen et al., 1994).



The microstructure of compacted bentonite is characterised by a domain-type arrangement
of the clay platelets, which tends to become increasingly homogeneous in the course of

the water saturation process (Pusch, 1992).

Na-bentonite consists of 10 A elementary flakes forming stacks with a thickness of 50-
200um depending on the bulk density and porewater chemistry. The interlamellar space,
the voids between the flakes within a stack, hosts "internal”, ordered water forming three
hydrates at maximum, while the voids separating the stacks contain water in various
physical conditions ("external water") (Pusch and Hokmark, 1990). X-ray diffraction
(XRD) analysis showed that the interlayer spacing of Na-bentonite was 0.30 nm (Kozai et
al., 1993). After contacting with a solution of pH 2.5 at 20°C for 10 days, the interlayer
spacing became larger (5.3 nm). Smectite's interlayer surfaces exert an influence on the
water molecules within a 10-A distance from the layers. Beyond that, water molecules
behave just like in liquid water. The interlamellar water does not possess a rigid "ice-like"
structure but a dynamic one. Water molecules interact with smectite's basal surfaces and
with the interlayer cations within the interlayer space in a dynamic manner (Giiven,
1990). Pusch and Hokmark (1990) proposed a basic model to describe the microstructure
of compacted bentonite. The key feature of the microstructural model is that the dense
grains constitute a basic network with continuous "external" voids of varying size. The
grains contain internal space. At hydration of the system under confined conditions the
grains expand and reduce the porosity, and the remaining voids become filled by soft clay

gels that emanate from the dense grains.

The distribution of internal and external water is naturally determined by the bulk density.
A rough estimation of the ratio of internal to external water in compacted bentonite was
made on the basis of anion concentration in the diffusion measurements (Muurinen et al.,
1994). The fraction of internal water of the total water content evaluated was 51% at a dry
density of 1200 kg/m3 and 77% at a dry density of 1800 kg/m3. A theoretical relationship
between the dry bulk density and the content of internal water was presented by Pusch et
al. (1990). At a dry density of 1600 kg/m3, the content of internal water may reach 94%

of the total water content for Na-bentonite and 84% for Ca-bentonite.

The sorption and diffusion behaviour of radionuclides in compacted bentonite depend on
the water that is in contact with the bentonite. Table 2 gives the groundwater composition

in the Finnsjon area in Sweden.



Table 2 Groundwater composition at some sites in Sweden.

Site Aspd Finnsjon Finnsjén Gide

Bore hole KAS02 BFIO1 KFI07 KGI07

pH 7.7 7.0 7.9 9.3

Eh mV -308 - -250 202
mg/l mg/l mg/l mg/l

Nat 2100 1700 275 105

K+ 8 13 2 2

Cat+ 1890 1650 142 21

Mgt+ 42 110 17 1

Srt+ 35 21

Fet+ 1.8

Mn*+ 0,8

HCO3" 10 47 278 18

SO 42— 560 370 49

cr 6410 5500 555 178

Br 40 32

F 1.5 1.2 1.5 3.2

Tonic 0.247 0.215 0.028 0.006

strength

In granitic rock at depths where a potential nuclear fuel waste disposal vault would be
located, groundwater generally has a relatively low redox potential (-100 to -200 mV) due
to the absence of dissolved O, and the presence of reduced Fe, S, and Mn species
(Sawatsky and Oscarson, 1991a). On the other hand, impurities in the clay barrier

material and radiolysis effects may make the environment in a disposal vault more

oxidizing.

Bentonite is likely to buffer a water solution, at 25°C, to a pH-value within the range of 8-
10, and to an Eh-value in the range of -0.3 to -0.2V (Albinsson et al., 1996). The low Eh
value may be attributed to the content of pyrite and organic matter (Wiborgh, 1995).

Bentonite was elsewhere reported to exhibit a rather wide range of pH buffering effects,

from pH 3 to pH 12 (Liang et al., 1993)

The hydrothermal stability of smectites ranges from 50°C to 850°C. Stability is not
restricted to the chemical and structural survival of the smectite mineral in the repository
environment but its continued performance of the buffer functions for a few million years.
Temperature in such an environment may range probably from 200°C at the clay/waste
container interface to the ambient temperature in the host rock/clay contact. Fe-rich
smectites are known to be more easily altered and thermally less stable than the magnesian

and aluminian varieties. Interlayer cations like Na+*, Li*, Ca?+, and Mg2+, on the other



hand, enhance the stability of aluminous smectite above 300°C. Na* is well-known for its

role in greatly improving various physical properties of bentonites (Giiven, 1990).



2 SORPTION PHENOMENA

Sorption mechanisms in bentonite

It is well-known that the surfaces of smectite clays carry a permanent negative charge,
which is mainly a result of isomorphous substitution of lower-valency atoms for higher-
valency atoms within the clay lattice. This charge deficiency is manifested at the surface of
clay platelets where charge neutralisation takes place by exchangeable cations. When clay
is water-saturated, the exchangeable cations are hydrated and may form electric double

layers at the water-solid interface (Muurinen and Lehikoinen, 1995).

The charge-neutralising cations are readily exchangeable, which means that they can be
replaced by other cationic species in the solution in contact with the clay surface. The
sorption reactions of cations in montmorillonite can, to a reasonable extent, be described
by ion-exchange reactions and modelled by thermodynamic equilibrium constants or
selectivity coefficients (Muurinen and Lehikoinen, 1995). In the experiments by Abou-
Jamous (1992), the sorption for Cs and Sr increased with pH, as would be expected by
an ion exchange process. The strong ionic strength dependence of sorption was more
effective for Sr than Cs, which also indicated that ion exchange was a dominating
sorption mechanism (Abou-Jamous, 1992). However, the sorption data obtained from
experiments often seem to be somewhat less than the idealized ion-exchange model would
predict. Many complexing agents, e.g., CO52, in the water-bentonite system can form
anionic complexes with cations to decrease their sorption. In equilibrium modelling, the

major competing reactions should thus be considered (Muurinen and Lehikoinen, 1995).

Radionuclides may also be sorbed by reactions with surface functional groups. A surface
functional group is a chemically reactive molecular unit which is in such a place in a
structure that it can be reached by a molecule in solution. Because the functional groups
are fixed to the solid structure, their reactivity is a cooperative property which depends on
the neighbouring groups and their reaction state. When a surface functional group reacts
with a molecule dissolved in a surrounding solution to form a stable unit, a surface
complex is said to exist and the formation reaction is termed surface complexation. Two
categories of surface complexes can be distinguished. If there is no water molecule
between the surface functional group and the bound molecule, the complex is called an
inner-sphere complex. If at least one water molecule is between the functional group and
the bound molecule, the complex is called an outer-sphere complex. As a rule, outer-
sphere surface complexes involve electrostatic bonding mechanisms and therefore are less

stable than inner-sphere surface complexes, which necessarily involve either ionic or



covalent bonding. The principal kinds of surface functional groups found in clays are

siloxane ditrigonal cavities and the hydroxyl groups (Muurinen et al., 1994).

Physical adsorption occurs when the species attach to the clay surfaces by van der Waals
forces (e.g., a dispersion or a dipolar interaction). Van der Waals interactions have a long
range but are weak. Physical adsorption is reversible. The energy released when a species
is physically adsorbed is small, which is insufficient to lead to bond breaking, and so a
physically adsorbed species retains its identity, although it might be distorted by the

presence of the surface.

Factors influencing sorption in compacted bentonite

Various experiments have shown that the sorption of cations on bentonite depends on the

concentration of the competing ions in the solution (Muurinen and Lehikoinen, 1995).

Competitions of sorption among the ions on bentonite have been investigated (Horyna
and Dlouhy, 1988). For the sorption from the water solution containing 0.001 M Na,
0.002 M Ca, and 0.001 M Mg, the K4 values of Sr are one to two orders of magnitude
lower than those of Cs. This was believed to be due to low selectivity of the bentonite for
Sr2+ in the presence of its chemical analogue - Ca?* due to its chemical similarity. From
the results of Horyna and Dlouhy (1988), it was evident that the most competitive ion for

Co2+ and Sr2+ is H+, while for Cs*, the most competitive ion is K*.

Experiments have shown that easily soluble compounds in bentonite can readily dissolve
upon saturation with water leading to an increase in the ionic strength of the porewater
and being a potential reason for the decreased sorption of radionuclides by ion exchange
(Lehikoinen et al., 1996). Pusch et al. (1989) indicated that protons of exposed lattice
hydroxyls are exchangeable, which may yield considerable changes in the pH of
porewater. Speciation in the porewater, sorption and diffusion will influence each other.

If one species preferably diffuses or is sorbed, the speciation in the porewater is re-
established.

Sorption properties are closely related to the surface charge of bentonite, which varies
with the exchangeable cations. Giingdr and Tulun (1994) measured the zeta potential of
both Na-bentonite and Ca-bentonite. Ca-bentonite was found to have lower zeta potential
than Na-bentonite. The zeta potential of Na-bentonite ranged from -4.24 mV to -4.67 mV,
while the zeta potential of Ca-bentonite ranged from -3.54 mV to -3.72 mV.
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In many studies, only ion exchange arising from the layer charge has been considered,
where displacement by the proton is negligible at pH > 4 (Wanner et al., 1992).
However, the edge surface, which consists of hydrolysed AIOH and SiOH functional
groups, also carries charges which depend on pH and can be positive or negative. In the
alkaline pH range, deprotonation of the OH groups at the edge face of a montmorillonite
platelet will cause negative charge and the edge surface is considered to constitute 10 to
15% of the total montmorillonite surface charge (Wanner et al., 1992). Cations, including

protons, compete for these negatively charged edge sites.

Experimental results showed that compacted clays preferred monovalent over divalent
cations while in loose clays the situation was just the opposite. This kind of selectivity
could be due to the difference in the structure of the tactoids. In compacted clays, the

tactoids cannot open because of the lack of space (Muurinen and Lehikoinen, 1995).

The nuclear waste will contain certain amounts of organic material, such as ion exchange
resins, plastic, rubber, and cellulose, etc. The degradation of the organic components
under the conditions in the repository will generate a fraction of soluble organic
components that may influence the solubility and adsorption behaviour of the
radionuclides and thereby their releases and migration out of the repository. The
conclusion from a number of studies (Wiborgh, 1995) is, nevertheless, that the
degradation products from ion-exchange resins, various natural and synthetic polymers,
plasticizers, and hydrocarbons would have only a minor influence on the releases of
radionuclides from the repository, with the exception of certain categories of extremely
strong complexing agents like the aminopolycarboxylic acids (NTA, EDTA, DTPA).
However, these complexing agents are expected to be present in very limited quantities in

the nuclear waste.

The influence of irradiation on the sorption capacity of bentonite was studied by
Nikiforov et al. (1991). The results showed that irradiation of the bentonite specimen at
300 K up to absorbed doses in the range 108 - 109 Gy altered the sorption capacity a little
with respect to cesium, while a combination of irradiation and raised temperature to 473 -
573 K resulted in a rapid decrease in the amount of sorbed cesium. After the most severe
radiation-thermal stresses, the sorption capacity of bentonite with respect to cesium
diminished by more than 70%, and the sorption of Cs occurred only by ion exchange and
physical adsorption mechanisms, i.e. without fixation at all. This was attributed to the
decrease in the negative charge on the layer and of the concentration of OH groups on the
edges of the crystals (subject to the most intensive radiolysis) as a result of the
rearrangement of the structure with the transfer of some of the cations from the exchange

to the non-exchange positions under the radiation-thermal conditions. The decrease in the
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negative charge would cause the irreversible compression of the aluminosilicate layers and
hence decrease the accessibility of the interlayer gaps of the bentonite to cesium
(Nikiforov et al., 1991).

Sorption in compacted bentonite depends also on the density of the bentonite. Oscarson et
al. (1994) measured the sorption of cesium on compacted Na-bentonite. Over the clay
density range from 500 to 1500 kg/m?3, K values for Cs* with compacted bentonite were

about one-half to one-third the value of those with loose bentonite.

Sorption equilibrium modelling

Tn most studies concerning radionuclide transport in the nuclear waste repositories, the
sorption equilibrium is commonly described by a linear relation between the concentration
in the sorbed phase and the concentration in the solution phase, characterised with a
distribution coefficient Ky, which is defined as:

K,=—21 M

where q is the concentration in the sorbed phase and Cy is the concentration in the
solution phase. At low concentrations of the species in the solution, this linear
approximation should describe the sorption equilibrium satisfactorily. Recently, attempts
have been made to describe the sorption equilibrium with multiparameter models, e.g.,

the Freundlich isotherm, the Langmuir isotherm, and the ion-exchange model.

Sorption data from the literature show that Ky varies with the salt concentration in the
solution. Ky also varies with the concentration of the radionuclide itself. This indicates
that the sorption equilibrium cannot always be represented by a single K. Non-linear,

multicomponent sorption equilibrium models may give better results.

Puigdoménech and Bergstrom (1994) proposed that, to reflect the correct dependence on
chemical parameters like pH, etc., plausible K4 may be estimated by surface complexation

models when the complexation equilibrium constants in the model are obtained under

well-controlled laboratory conditions on well determined minerals.

As some Ky values vary at different conditions, when one uses the Ky value under the
condition outside the experimental scope, one should see if the sorption is overestimated
because in such cases the retardation effect of the sorption will also be overestimated.
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Especially when one uses a Ky value obtained from a low concentration experiment for

high concentration conditions, one would probably overestimate the sorption.

The sorption isotherm of Tc in bentonite under reducing condition showed a remarkable
change in the slope (Ito and Kanno, 1988), which could suggest the precipitation of Tc.
To model the partition between the solution phase and the surface phase under such
conditions, it could be important to consider describing mathematically the sorption and
the precipitation separately, because the former has a continuous isotherm while the latter

has a discontinuity in the equilibrium relation.

Diffusion measurements, whose primary goal is to determine apparent diffusion
coefficients, are not suitable to determine reliable K4 values because a couple of uncertain
parameters (Dp and ) are involved (Wanner et al., 1994).

It has been stated that care should be taken when applying sorption data to compacted
bentonite. Most of the water content in compacted bentonite is the internal water. The
interlamellar space would contain maximum 3 water layers (Pusch and Hokmark, 1990)
and therefore no distinct solution phase and sorbed phase would exist. Consequently, the
sorption equilibrium relation established in the batch experiments would no longer apply
to the interlamellar space, where Ky is not well-defined. Nevertheless, in some carefully
conducted experiments (Eriksen and Jansson 1996) no differences were found between
Sr and Cs Kg-values in batch experiments with suspended bentonite particles and in
compacted bentonite with a dry density of 1800 kg/m3. The authors of the present report
suspect that in many cases where differences are found this may be due to errors in

measurement techniques. See the below section on measurement techniques especially the

discussion of "Method I".
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3 DIFFUSION PHENOMENA

Diffusion equations

The diffusion process in a porous medium is described as follows, according to Fick's

first law:

dc,
J=-D,e— ®)

where J is the diffusive flux, Dy, is the diffusion coefficient in the pore solution, € is the

porosity of the porous medium, Cp is the concentration of the diffusing substance in the

solution, and x is the spatial coordinate.

The pore diffusion coefficient, Dy, is less than the diffusion coefficient in an unconfined
solution, Dy,. This is because of the tortuous winding of the pores, which increases the
length of the diffusion path, and because the pores may be constricted in some parts. The

relation between D;, and Dy, is:

o)
D,=D,— 3)

where § is the constrictivity and 12 is the tortuosity of the pores.

For sorbing species, there are experimental indications of an additional diffusion
mechanism, surface diffusion. The cause of surface diffusion could be that the tracer
cations, which are sorbed among the exchangeable cations, are hydrated in the water
saturated clay, and can change place by diffusion. They are, however, bound to the
proximity of the bentonite surface, and in that sense are sorbed by ion exchange
(Muurinen and Lehikoinen, 1995).

Fick's second law, or the diffusion equation, describes the concentration of a diffusing
species as a function of time and space. For diffusion of a sorbing species in a porous
material, this is mathematically given by:

2
oC, dq o' C 2 q

o1 Eng” ax2p+pD‘ @

&
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where p is the bulk density of the material, and Dy is the surface diffusion coefficient. If

the linear sorption isotherm is assumed, the equation can be written as:

P 4

2 2
o6c, b, &¢,__ ¢
ot e+Kp 9x * ox*

)

where D, is the effective diffusion coefficient, and D, is the apparent diffusion coefficient,

which are defined as:

D, =¢D,+K pD, (6)
and
e @
E+K,p

As the linear sorption isotherm is assumed, the solution concentration in Equation 5 can

even be replaced by the total concentration in the porous material by multiplying
¢ + Kgp on the both sides of the equation, which leads to:

aC 2°C
— P (8)

Where C is the total concentration. Equation 8 is the diffusion equation widely used in
diffusion studies for radionuclides in bentonite. For the diffusion of non-sorbing species

in bentonite, D, is equal to Dy,

In the compacted bentonite, most of the water content is the internal water. As indicated
previously, no distinct solution phase and sorbed phase would exist and Ky is not well-
defined in the interlamellar space in the compacted bentonite. Therefore, it is appropriate,
in our opinion, to use Equation 8 for diffusion in the compacted bentonite with the

apparent diffusion coefficient and the total concentration instead of Equation 5.

Surface diffusion

In many studies, contradictions between the apparent diffusion coefficients of cations and
their distribution coefficients have been considered. The measured diffusion coefficients

have been greater than what the sorption values would suggest on the basis of the
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traditional diffusion-sorption theory. Two principal reasons have been offered as
explanations for the obtained contradiction: surface diffusion and a decrease in the
distribution coefficient in compacted bentonite compared to that in batch experiments
(Muurinen and Lehikoinen, 1995).

Surface diffusion has been suggested to be an important migration mechanism
(Neretnieks, 1982; Rasmuson and Neretnieks, 1983). Lehikoinen et al. (1996) compiled
the information available from the open literature and concluded based on the compiled
data that surface diffusion most probably plays a significant role in the transport of cations
in bentonite clays. Pusch et al. (1989) concluded that uranium migrates in bentonite by

both pore diffusion and surface diffusion. The latter mechanism is dominant, especially in

dense clay.

Surface diffusion can be explained by cationic diffusion in the electric double layer.
Unlike in the solution phase where the migration of the ions is decreased by the ionic
atmosphere, in the double layer, the lack of anions diminishes the effect of the ionic
atmosphere on cations, which may partly compensate the interaction from the mineral
surface and hence allow the cations to migrate quite freely in the double layer. The
electrostatic field from the negatively charged surface gives the cations a force
perpendicular to moving direction along the surface, while the effect of the ionic
atmosphere is always against the migration of the ions. The sorbed but mobile species
form an additional route with a much higher concentration gradient than in pore water,

although the diffusion coefficient near the surface can be lower than in the pores.

The measurements on the apparent diffusion coefficients of cations in compacted
bentonite and the sorption measurements with loose and compacted samples have shown
that the effect of solution ionic strength on the apparent diffusion coefficient is small. This
means that although the ionic strength changes due to dissolving compounds in bentonite,
the effect on the apparent diffusion coefficient is small and cannot explain the high
diffusion coefficients obtained. Through-diffusion measurements and electrical
conductance measurements in clays offer further evidence for the surface diffusion
(Muurinen and Lehikoinen, 1995).

Cheung (1989) discussed the time dependence of the apparent diffusion coefficient and
attributed this to the difference in diffusion coefficients of pore diffusion and surface
diffusion. It was found that in the diffusion experiments for Na* in bentonite, D,
decreased with time during the first 12 hours and then remained constant. The results of

anion I- diffusion in compacted bentonite also indicated the effect of the heterogeneous
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diffusion. However, in the study of Miyahara et al. (1991), the diffusion time did not

have a significant effect on the apparent diffusion coefficient of Cs.

Kim et al. (1993) concluded from their Cs, Sr and CI diffusion experiments that migration
of cations through the compacted Na-bentonite was controlled by the surface diffusion
due to the sorption. Kim et al. (1993) observed that, although Kq4 values of Sr and Cs
cations sorbing onto Na-bentonite were rarely different, the diffusion coefficient of Sr
obtained from their diffusion experiment was up to 30 times larger than that of Cs with
increasing bentonite density. Kim et al. (1993) further indicated that it cannot be
concluded that the cation having a higher Ky value always migrates through the compacted

clay slower than the cation having a lower K4 value.

It has been emphasised (Eriksen and Jacobsson, 1984) that for compacted bentonite the
water content corresponds roughly to 2-4 water molecule layers. There is therefore really
no "free water” and the measured diffusion coefficient can be regarded as corresponding

approximately to the diffusion coefficient within the sorbed phase (Eriksen and

Jacobsson, 1984).

There are very few systematic studies on surface diffusion. One notable exception is that
by Eriksen and Jansson (1996). They studied diffusion and sorption of Cs and Sr in
bentonite compacted to 1800 kg/m?3 in through diffusion experiments. Two different ionic
strengths were used, 0.218 and 0.018. In addition, sorption was measured in batch
experiments over a large concentration range. Concentration profiles in the compacted
bentonite samples as well as the flux of tracer through the samples were used to evaluate
diffusivities and sorption coefficients. No difference in sorption capacity was found
between clay in suspension and compacted clay. Their own data, those of Muurinen
(1994) and Oscarson (1992) clearly showed that surface diffusion was very important at
high Kg:s. The D, and D values vary considerably with Kq as this changes with the ionic
strength of the solution. These data were used to evaluate the pore and the surface
diffusion coefficients by curve fitting. This is equivalent to plotting De vs. Kq as can be
seen in Equation 6. The Dp and Ds values so obtained were constant in the studied range.

Sorption effect on diffusion

An alternative way to explain the excess diffusion coefficients of the cations is that the
distribution coefficient in the compacted bentonite is less than that obtained from batch
experiments for loose bentonite (Muurinen and Lehikoinen, 1995). One possible

explanation for this phenomenon is that all the surfaces in the compacted clay are not
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accessible to the cations and therefore the distribution coefficient decreases (Oscarson,
1994). Another explanation is that the actual ionic strength in the compacted clay is higher
than that in the batch experiments with loose bentonite, which decreases the sorption
(Muurinen and Lehikoinen, 1995).

The D, values for the diffusants were reported to be inversely proportional to Kq (Choi
and Oscarson, 1996), while Miyahara et al. (1991) concluded that Ky determined from
batch experiments with high solution/bentonite ratio is not applicable to predict D,.

The batch K4's of Cs* and Sr2+ determined for compacted MX-80 bentonite in contact
with NaCl solutions of varying concentrations (0.001-1.2 M) were more or less equal to
those for loose samples and, thus, cannot explain the high apparent diffusion coefficients
obtained (Lehikoinen et al., 1996).

Impact of compaction of bentonite on diffusion

The transport rate of radionuclides through compacted bentonite is influenced by the
degree of compaction. Whether this is due to variation in porosity or variation in sorption

is uncertain (Wanner et al., 1994).

The diffusion coefficients of carbon in Avonlea bentonite tended to decrease with an
increase in clay density (Oscarson and Hume, 1994). The decrease in D, of iodide with
increasing density of bentonite was also observed, which was attributed to an increase in
the tortuosity as the density increased. For iodide, there appeared to be a critical dry
density value for Avonlea bentonite of about 1400 kg/m3, beyond which the flux of
jodide from the clay could be markedly decreased (Oscarson et al., 1992).

The apparent diffusion coefficients were reported to decrease with increasing dry density
of bentonite for 3H, 90Sr, 99Tc, 1291, 137Cs, 237Np, and 24!Am (Sato et al., 1992). The
decrease in D, of Tc with an increase in clay density was largely attributed to an increase
in the anion exclusion volume in the clay with increasing clay density, which would likely

decrease the effective size of the pores (Sawatsky and Oscarson, 1991a).

The amount of external water depends on the compaction of the bentonite. With
increasing compaction the amount of external water decreases, and so the water volume,

where the diffusion of anions can occur, decreases (Muurinen, 1994).
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Ramebick et al. (1994) correlated the apparent diffusion coefficient of Sr in Na-bentonite
Wyoming MX-80 to the clay dry density with an exponential relation, which correlated
their measured data well. Relyea et al. (1986) correlated the effective diffusion coefficient
of Cl to the clay bulk density and the temperature. The relation between the effective
diffusion coefficient and the bulk density was also exponential. An exponential correlation
between the apparent diffusion coefficient of Tc and the dry density of bentonite was

presented by Sawatsky and Oscarson (1991a).

Kim et al. (1993) compared the dependency of the diffusion coefficients of Cs and Sr on
the bentonite density. With increasing bentonite density, the diffusion coefficient of Cs
decreased more rapidly than that of Sr. This phenomenon may be explained by the
increase in the fraction of immobile unhydrated cation adsorbed on the clay surface with
the increase in the density of the bentonite. Using the electric double layer theory, it was
verified that the fraction of immobile unhydrated cation specifically adsorbed on the clay
surface increased rapidly with increasing clay density. The fraction of mobile hydrated
cation decreased considerably (Kim et al., 1993). This effect was greater when the cation
has a lower valence and a larger ionic radius. Therefore, it was thought that Cs, which is
a monovalent cation and has an ionic radius larger than that of Sr, may respond to the
increase in clay density more than Sr which is a divalent cation. Kim et al. (1993)
concluded that it is important to consider the hydration status of cation sorbed on the

surface of clay rather than the distribution coefficient.

The effective porosities (e.=De/D,) calculated from the diffusion measurements for tritium
by Kato et al. (1994) were found to be very similar to the theoretical total porosities,
which implies that all the pores in compacted bentonite are actually available for mass

transfer of neutral species (Muurinen and Lehikoinen, 1995).

Ion exclusion

As noted by Muurinen (1992), it seems likely that there are different diffusion and
sorption mechanisms and also different diffusion routes in compacted bentonite
depending on the speciation of the diffusing element. The ion exclusion arises when the
compaction of a clay suspension induces an overlap of double layers of adjacent platelets
or particles (Lehikoinen et al., 1996). Anions cannot squeeze into the narrow interlamellar
pores of compacted bentonite due to the electrostatic forces between the negatively
charged bentonite surfaces and the anion. This ion-exclusion decreases the porosity
available for diffusion, especially in compacted bentonite. In saline conditions the effect
of ion-exclusion is smaller and diffusion rates will be higher. In sand-bentonite mixture,
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the effect of ion-exclusion has been evaluated to be of smaller importance and is neglected

(Muurinen, 1992).

Cheung (1989) conducted the diffusion experiments for Cs* and I in compacted bentonite
by using Method III (described later). It was observed that the flux for I- was much less

than that for Cs*.

The anion-exclusion volume is affected by the salinity of the pore solution of the
bentonite: the greater the salinity, the thinner the electric double layer, and hence the less
the anion-exclusion volume. The effective diffusion coefficient for anions should,
therefore, increase with increasing salinity (Oscarson et al., 1992). With highly
compacted bentonite, however, the salinity would have little effect on anion-exclusion
volume because most of the anions are already excluded due to the compressed interlayer

space. This is not born out by experiments. See below.

Cho et al. (1993) indicated that in clay-water systems, electroneutrality must be
maintained in any macroscopic region and so no ionic species can move independently.
The flux of ions with one sign of charge must be comparable to the flux of the opposite
charge (Cho et al., 1993). However in diffusion experiments usually only one mobile ion
is monitored and there is no information on how the other ions in the system move to
maintain the electroneutrality. Eriksen and Jansson (1996) found that the effective
porosity for I~ diffusion decreased from between 0.06-0.11 for a high ionic strength
water (0.218) to 0.006 for an ionic strength of 0.018 in a compacted bentonite with a dry
density of 1800 kg/m3. The real porosity then was 0.32.

Influence of exchangeable ions

The interlamellar space varies with the exchangeable cations. Sodium bentonite flakes
may be completely separated and the distance between the platelets is then determined by
diffuse double layer interaction. Calcium montmorillonite exists in stacks consisting of 3-
9 lamellae with a 4-5 A hydrate in each interlamellar space (Muurinen et al., 1994). The
calcium bentonite does not have the swelling ability of the sodium form (Albinsson et al.,

1996).

Choi and Oscarson (1996) examined the effect of exchangeable cation Na* and CaZ+ on
the diffusive transport of I-, Sr2+ and 3H in compacted bentonite using a through-
diffusion method. They observed that the effective diffusion coefficients determined by

concentration profiles for all diffusants were 2 to 6 times higher in the Ca- than Na-
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bentonite. They attributed this to the larger quasicrystal, or particle, size of Ca- compared
to Na-bentonite. Hence, Ca-bentonite had a greater proportion of relatively large pores.
This was confirmed by Hg intrusion porosimetry. This meant that the diffusion pathways
in Ca-bentonite were less tortuous than those in Na-bentonite (Choi and Oscarson, 1996).

As Ca2+ gradually replaces Na+ on the exchange complex of bentonite in a disposal vault,
the diffusion coefficients for radionuclides in a bentonite barrier would be expected to
increase accordingly. The increase, though, would only be about a factor of 5, at most
(Choi and Oscarson, 1996). On the other hand, when compacted, clay layers have
restricted mobility. Hence they may be unable to assume other arrangements, for
example, more unit layers per quasicrystal as the proportion of CaZ*+ on the exchange
complex increases. If so, compacted clay would likely maintain the diffusivity of that
initially emplaced in a disposal vault regardless of how the exchangeable cation

composition evolves (Choi and Oscarson, 1996).

Dependence on the diffusant

Different species of the same element may have different diffusion coefficients.
Christiansen and Torstenfelt (1988) found two diffusion coefficients for Ni, one probably
as Ni(OH), (or possibly as NiOH¥) and the other as N i2+. Also Sr was found to migrate
with two diffusion coefficients, one probably as SrCOs; and the other as Sr2+
(Christiansen and Torstenfelt, 1988). This behaviour with two diffusion coefficients was
not observed for strontium diffusion in a neutral aqueous phase, as in groundwater
(Torstenfelt, 1986a). The reason for the much lower diffusion coefficient of part of Sr in
the high pH was probably the formation of neutral SrCO3 (Christiansen and Torstenfelt,

1988).

The apparent diffusion coefficients for I, Cl- and TcOs were found to be similar
(Oscarson et al., 1992). The fact that the apparent diffusion coefficients for these
monovalent anions are similar is not surprising given that they are not strongly sorbed on
bentonite and that their effective hydrated radii are all essentially the same: 0.331 nm for
I, 0.332 nm for Cl-, and ~0.35 nm for TcO4 (Oscarson et al., 1992).

The diffusion coefficients of different cations deviate from each other (Muurinen and
Lehikoinen, 1995), although the effective hydrated radii of most common inorganic ionic
species are similar - ranging from 0.33 to 0.45 nm (Cho et al., 1993). The probable
explanation for this could be that only part of the sorbed cations are in the diffuse layer
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and are mobile, while the rest of the sorbed cations are in the Stern layer and immobile

(Muurinen and Lehikoinen, 1995).

Redox-dependence of diffusion

Albinsson et al. (1990b) measured the apparent diffusion coefficients of U, Pu, Np, and
Tc in compacted bentonite mixed with 1% Fe(0), Fe(II), Cu(0) or Cu(Il) and for Np and
Tc with 1 or 10% respectively of vivianite (Fe3(POy);), magnetite or fracture fillings
(mainly epidot and chlorite) in a nitrogen atmosphere. The results indicated, especially in
the case of Fe(0) or Fe(II), reduction from the higher oxidation states Np(V), U(VI) and
Tc(VID) to lower oxidation states probably Np(IV), U(IV) and Tc(IV). The apparent
diffusion coefficients decreased by several orders of magnitude. For Tc with Fe(0)
addition, no migration could be measured, while with Cu(l) addition, the effect was not
so pronounced. Albinsson et al. (1990b) concluded that the material for a canister
containing nuclear waste would, for Tc, U and Np, give a significant decrease of the
transport through the bentonite barrier and with elementary iron in the bentonite barrier it

would be sufficient to completely retain Tc in the bentonite buffer.

Interaction between the diffusing species and the clay matrix, possibly by hydrogen
bonding, caused by OH-groups, was demonstrated in Tc diffusion experiments (Eriksen
and Jacobsson, 1984). Under oxic conditions the dominating species was the heptavalent
TcO,4 having a high diffusion coefficient whereas on reduction of TcOy the dominating
soluble species would be TcO(OH),. The diffusion coefficient of TcO(OH), was found to

be at least two orders of magnitude lower than that of TcO4 (Eriksen and Jacobsson,

1984).

Experimental methods

In choosing experimental methods great care must be taken in defining the experimental
constraints. When measuring the diffusive transport through a clay section one must
consider the effect of two clay-solution interfaces. If the clay is confined by metallic
 filters, the diffusive resistance of these may quite often be the limiting factor (Eriksen and

Jacobsson, 1984).

The methods used to determine apparent diffusion coefficients in compacted bentonite-
water systems were assessed by Cheung (1989). The measured apparent diffusion

coefficient could vary between the methods. The measured diffusion coefficients would
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often vary by several orders of magnitude (Cheung, 1990). It was noted (Cheung, 1989)

that the measured apparent diffusion coefficient under transient conditions was not

numerically the same as that at steady-state conditions.

Three fundamentally different tracer methods have been frequently used in various studies

to determine the apparent diffusion coefficient in compacted bentonite-water systems.

Method [

This method is a transient method, sometimes called in-diffusion method. In this method,
air-dried, tracer-free bentonite is compacted in a stainless-steel ring prior to being placed
in a cylindrical diffusion cell. The bentonite is then subjected to a selected water solution
for saturation for a certain period. After this period of time, a solution with a tracer is
circulated through a metallic filter, which is in contact with the bentonite specimen (Figure
1). The tracer concentration of solution is adjusted to keep constant during the diffusion
experiment. After a predetermined diffusion period, the bentonite is removed from the

diffusion cell, and sectioned into thin slices. The tracer concentration profile in the

bentonite specimen is then determined.

Metallic filter Compacted bentonite
\ \
\ \
\ =
Tracer @—

solution —p

Figure 1. Diffusion cell for Method L.

The solution to the diffusion equation for the initial and boundary conditions in this
method has been given (Crank, 1975), provided that the tracer does not penetrate through

the bentonite specimen:

£ o= )
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where C is the tracer concentration at a distance x from the solution-bentonite interface at
time t, C, is the concentration at the interface, and erfc denotes the complementary error

function. C, is generally considered by using the measured average concentration in the

bentonite slice adjacent to the tracer solution (Cheung, 1990)

In this method, the requirement of a constant tracer concentration at the solution-bentonite
interface is probably not satisfied for cationic diffusion due to the high sorption capacity
in the bentonite (Cheung, 1989) and the mass transfer resistance in the metallic filter. For
the radionuclide with high sorption on bentonite, the resistance in the filter could result in

erroneous measured parameters. This can be shown in the following calculations.

The boundary condition for the diffusion equation in bentonite in Method I is:

dC

e
aaxx

k. (c,-C,)==D (10)

where k; is the mass transfer coefficient for the filter, Cy, and Cyyp are the tracer
concentrations in the bulk water solution and in the pore water solution at the filter-
bentonite boundary respectively, and C is the total concentration in the bentonite. These

concentrations are illustrated in Figure 2.

“A

Cy
total concentration profile
in the bentonite
Cwo
C wb
0 > <
solution-filter boundary filter-bentonite boundary

Figure 2. Tllustration of the concentration profiles in diffusion experiments by Method L
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The mass transfer coefficient for the filter is related to the diffusion coefficient in the bulk
solution, the porosity of the filter and the thickness of the filter approximately by the

following equation:

k, =—2+L (11

where Dy, is the diffusion coefficient in the bulk solution, & the porosity of the filter and
L¢ the thickness of the filter. At equilibrium the total concentration in the bentonite, C, is
related to the concentration in the solution phase by the distribution coefficient Kg:
C=KppC, (12)

where p is the density of the bentonite and Cy, is the concentration in the solution phase.

With this boundary condition (Equation 10) and the initial condition C = 0 at t = 0, the
diffusion equation (Equation 8) has an analytical solution (Carslaw and Jaeger, 1959):

<= LI 2 X
Cn—l ed{z Dat] exp(hx +h Daz)eﬁc(2@+h@] (13)

where C, is the concentration in equilibrium with Cy, according to Equation 12, 1.e. Co =

KgpCwo» and h is defined here as

L (14)
deDa

The following three cases demonstrate the deviations of this solution from the solution

without filter resistance (Equation 9).

Case 1. The bentonite thickness is 0.1 m, Dy = 3-10-° m?/s, gr = 0.333, Ly = 0.002 m,
K4 = 0.2 m3/kg, p = 2000 kg/m3, D, = 1-10-11 m?/s. The concentration profiles obtained

with and without consideration to the filter resistance att = 365 d are shown in Figure 3.
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Figure 3. Concentration profiles in the bentonite at 365 d in Case 1. A: C/C,, profile
accounting for filter resistance; B: C/Cp, profile accounting for filter resistance,
normalized with Cp; C: profile neglecting filter resistance; D: dotted line, profile

neglecting filter resistance with D, = 8-10-12 m?/s.

From Figure 3, we can see that the concentration profile considering the filter resistance
(Curve A) and the concentration profile disregarding the filter resistance (Curve C) are
different. The concentration profile normalised by the filter-bentonite boundary
concentration Cp (Curve B) still deviates from Curve C. If the apparent diffusion

coefficient would be determined by fitting Equation 9 to Curve B, the obtained value
would be about 8-10-12 m2/s instead of 1-10-11 m?/s, a 20% deviation. If K4 would be

determined by the measured Cy, and Cyy, 1.€., neglecting the filter resistance, the obtained

value would be over 20% less than the real value.

Case 2. K4 = 0.5 m3/kg, the other parameters are the same as in Case 1. The
concentration profiles obtained with and without consideration to the filter resistance at t

= 365 d are shown in Figure 4.
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Figure 4. Concentration profiles in the bentonite at 365 d in Case 2. A: C/C,, profile
accounting for filter resistance; B: C/Cyp, profile accounting for filter resistance,
normalized with Cp; C: profile neglecting filter resistance; D: dotted line, profile

neglecting filter resistance with D, = 7-10-12 m?s.

From Figure 4, we can find more discrepancy between the concentration profile
considering the filter resistance (Curve A) and the concentration profile disregarding the
filter resistance (Curve C). The concentration profile normalised by the filter-bentonite
boundary concentration Cy, (Curve B) also deviates more from Curve C. If the apparent

diffusion coefficient would be determined by fitting Equation 9 to Curve B, the obtained
value would be about 7-10-12 m?/s instead of 1-10-1! m2/s, a 30% deviation. If K4 would

be determined by the measured Cp and Cy,, the obtained value would be over 40% less

than the real value.

Case 3. The bentonite thickness is 0.02 m, Kg = 1 m3/kg, the other parameters are the
same as in Case 1. The concentration profiles obtained with and without consideration to

the filter resistance at t =40 d are shown in Figure 5.
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Figure 5. Concentration profiles in the bentonite at 40 d in Case 3. A: C/C,, profile
accounting for filter resistance; B: C/Cyp, profile accounting for filter resistance,
normalized with Cp; C: profile neglecting filter resistance; D: dotted line, profile

neglecting filter resistance with D, = 6.5-1012 m?/s.

From Figure 5, we can find that for shorter length of bentonite specimen and higher
sorption effect, the deviation becomes larger. The apparent diffusion coefficient obtained
from fitting Equation 9 to Curve B would be about 6.5-10-12 m%s instead of 1-10-1!
m2/s, resulting in a 35% deviation. If K4 would be determined by the measured Cy and
Cuwo, the obtained value would be reduced by a factor of 5 due to the filter resistance.

From the above demonstration, it is advisable to try to avoid the error caused by the filter
mass transfer resistance when using this method for apparent diffusion coefficient

measurement, especially where the values of the sorption distribution coefficient and the

apparent diffusion coefficient are high.

Method 1T

This method is also a transient method in which the tracer source is introduced to the
tracer-free bentonite either as a thin layer or as an extended section of tracer-tagged

bentonite. Thus the method is commonly divided into two methods.
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Method Ila, impulse source

In this method a thin layer of tracer source is placed between two compacted bentonite
sections (Figure 6). The bentonite is initially tracer-free and saturated with a selected
water solution. After a predetermined diffusion period, the bentonite specimen is removed
from diffusion cell and sectioned into slices. Subsequently the concentration profile in the

bentonite is determined (Torstenfelt, 1986a).

thin layer of tracer source

tracer-free bentonite

Figure 6. Diffusion cell for Method Ila

For the initial and boundary conditions in this method, the diffusion equation (Equation 8)
has the following solution provided that the tracer does not penetrate the bentonite
specimen (Crank, 1975, Torstenfelt, 1986a).

C 1 —x?
<. . 15
M 2JaD.r Xp[zwaz) (1)

where M is the total amount of tracer added to the source layer per unit area and X is the

distance from the interface.

In this method, the filter mass transfer resistance in Method I is avoided. However, care
must be taken with the placing angle and the shape of the clay plate initially containing all
activity. If the plate is not placed at right angle to the axis of the measuring cell, the slices
near the center will contain fractions of the initial radioactive plate and this will give a
positive bias to the measured activity (Albinsson and Engkvist, 1989), which thus
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questions the validity of the diffusion coefficient values obtained for the almost immobile

radionuclides, especially plutonium.

Method I1b, extended source

In this method, two sections of bentonite are saturated with a selected water solution. The
tracer is added to one of the bentonite sections. These two specimens are compacted to the
same density and brought into contact with each other in the diffusion cell, as shown in
Figure 7. After a predetermined diffusion period, the bentonite specimens are removed
from the diffusion cell and sectioned into slices. Subsequently, the concentration profile

in the bentonite is determined (Robin et al., 1987).

0/ h/ L

tracer-added bentonite tracer-free bentonite

Figure 7. Diffusion cell for Method IIb.

For the initial and boundary conditions in this method, the diffusion equation (Equation 8)
has the following solution (Robin et al., 1987). This is useful for the "long" times i.e.

when the profile reaches the bottom of the cell.

C _h 2301 6°n’D t (Gﬂx) , (Gnhj

—=—4— ) —exp| — “— Icos sin 16
c 1z 25 p( L j L 2 (16)

where C, is the initial tracer concentration in the tagged bentonite, h the thickness of the
tageed bentonite, L the total length of the diffusion cell, 8 the water content of the

bentonite, and x the distance from the tracer end of the diffusion cell.

Equation 8 has also the solution (Crank, 1975) useful for "short" times:
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Another solution is given in the literature (Muurinen et al., 1994)

T2

_CG‘: = 2 ferf{2(h - 0)Dz ]+ erff2(h+ x)yD .1} (18)

This method also avoids the filter mass transfer resistance in Method 1.

It is generally observed in diffusion experiments of this type that there is significantly
more variability in the tracer concentration in the initially tagged clay section relative to the
untagged clay section (Sawatsky and Oscarson, 1991b). This could be attributed to

insufficient mixing preparation of the initially tagged clay section.

Method II1

This method is often referred to as through-diffusion method or steady-state method,
which means that the tracer will penetrate the bentonite specimen and the concentration
profile and thereby the diffusion flux will reach a steady state. In this method, a water
solution containing tracer with constant concentration is circulated through a filter which
is in contact with one end of the bentonite specimen. Another water solution which is
initially free of tracer is circulated through a filter in contact with the other end of the
bentonite specimen, as shown in Figure 8. The bentonite is initially saturated with a
selected water solution and compacted to a certain density before being placed in the
diffusion cell. The transient tracer concentration in initially tracer-free solution is
monitored. This provides a cumulative amount of tracer diffused through the bentonite
specimen. After a predetermined diffusion period, the bentonite specimen is removed
from the diffusion cell and sectioned into slices. Subsequently the concentration profile in

the bentonite is determined (Eriksen and Jacobsson, 1984).
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Figure 8. Diffusion cell for Method III.

When steady-state has been reached the apparent diffusion coefficient can be calculated by

the equation (Eriksen and Jacobsson, 1984):

__ oL
A -c) o

where Q is the total amount of tracer diffused through the specimen per unit time, L the

thickness of the bentonite specimen, A the surface area perpendicular to the diffusion
flux, C; is the total tracer concentration in the bentonite at the interface to the tracer

source solution and C, is the total tracer concentration in the bentonite at the interface to

the initially tracer-free solution.

Care should be taken in evaluating Cy and C,. If C; and C, are calculated from the tracer
concentrations in the bulk solutions circulating through the filters based on the sorption
distribution coefficient, the values thus obtained would deviate from those directly
obtained from the profile in the bentonite specimen because of the filter mass transfer
resistance, as demonstrated in Method I, even though the deviation in the steady-state case

would be less than that in the transient case. The D, value thus obtained would be

underestimated.

The concentration monitored in the initially tracer-free solution gives a breakthrough
curve. When a steady state is reached, the breakthrough curve becomes linear. The
intercept of the asymptote of the breakthrough curve at the time axis gives the time lag,
which can also be used to calculate D, (Eriksen and Jacobsson, 1984):
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p =L (20)

where t; is the time lag.

This method has also been used to calculate the effective diffusion coefficient by the

equation (Eriksen and Jacobsson, 1984):

_ oL
De_A(C -C,,) @b

wl

where C,,; and C,,, are the tracer concentrations in the tracer source solution and in the

initially tracer-free solution respectively.
Again, when using this equation, caution should be taken regarding the filter resistance.

Lehikoinen et al. (1996) pointed out that the interference caused by the filter plates
appeared difficult but could be avoidable through the use of bentonite samples long
enough to minimise the contribution of filter resistance to the overall diffusion resistance.

The extension of the bentonite sample is, however, limited by the experimental time.

In the experiments of uranium diffusion in compacted bentonite (Muurinen, 1990), the
steady state was clearly reached in the samples where the density was 600 to 900 kg/m3.
With higher densities the steady state was not so obvious. The apparent diffusion
coefficients obtained from the concentration profile were systematically higher by a factor
of 5 to 10 than those obtained by the time-lag method. The apparent diffusion coefficients
obtained from the concentration profile and obtained by time-lag were also found to vary
by less than a factor of four in the diffusion measurement of carbon in compacted
bentonite. This degree of variability is not uncommon in diffusion experiments of this
type (Oscarson and Hume, 1994). Helfferich (1962) has noted that the time-lag technique

is not particularly accurate.

Summary on how we view diffusion in compacted bentonite

Equations (1-8) are based on the assumption that there is a pore water concentration that
can be defined. Because of the narrow pore spaces and the electrical double layer near the
surfaces of the clay particles this is not a viable concept for charged diffusing species.
Nevertheless the basic ideas can be applied on a macroscopic scale if the concentration Cp
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in the equations instead is thought of as that in a free bulk water outside the clay that
would be in local equilibrium with a point in the compacted clay, Cy. Such a
concentration would e.g. result if equilibrium would be attained in the experiment in
Figure 1. The effective diffusivity, De is now seen as that defined by a gradient in Cy,.
The total equilibrium concentration in the compacted bentonite is C which is related to Cy,
by C=Cy-(e+Kgp). In this way the relation between the effective and apparent

D, . As will be found and
E+K,p

described later in chapter 5, Discussion and Conclusions, the effective diffusivity De is

diffusivities, Equation (7) becomes well defined. D, =

the entity that is most invariant for the nuclides that do not have the surface diffusion or
jon exclusion effects. For very high salinity waters this would apply to all nuclides
because the electrical double layer then is much suppressed. The apparent diffusivity Dy
on the other hand is commonly the most direct entity evaluated from the experiments
when concentration profiles are observed. We therefore give recommended D, values for
the individual nuclides. These must be taken together with the recommended value for the
sorption coefficient Kg. The D, value thus is bound to one specific Kgq value. The
"invariant” De is used to obtain D, values for other sorption coefficients by Equation (7).
The effects of ion exclusion and surface diffusion are accounted for specifically. This is
described in detail later together with the discussion of the recommended procedure and
data. Somewhat simplified it may be stated that in high ionic strength waters these effects
are not important and all species have similar effective diffusivities. In low ionic strength

waters on the other hand ion exclusion and surface diffusion effects become quite

important for some species.

For nuclides where no experimental diffusion data have been found the recommended

data have been selected with some bias to the high side in order not to underestimate the

rate of transport.
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4 SORPTION EQUILIBRIUM DATA AND DIFFUSION
COEFFICIENTS OF RADIONUCLIDES IN COMPACTED

BENTONITE

In this section literature data on the different radionuclides are compiled in tables. The
data for every nuclide is commented upon and recommended K 3 and Da-values are given

for all the nuclides. p, and p4 indicate the compacted clay densities for bulk wet and bulk

dry density respectively. Where there is no subscript it has not been possible to ascertain

which of the cases is meant.

The recommended data for K are chosen from Jower end of the observed span. This is

done to ensure that the transport rate through the buffer is not underestimated.

We have found that the methods to determine Da are more reliable than those used to

determine De. The latter, if and when needed, are determined by Equation (7). Ion

exclusion effects are seen in the decrease in apparent porosity e for the compacted clay.

As will be seen in the tables of diffusion data there are very large variations in data from
different investigations and also, but somewhat less within one and the same
investigation. Often it has not been possible to determine what the authors mean by dry
compacted bentonite, if it means air dry then the powder has an unknown amount of
adsorbed water already. An increased compaction will decrease the diffusivity but in the
range of interest, 1600-2000kg/m’, the variations are so large that a value is chosen that 1s

representative of the whole range.

Americium

Americium is expected to be present only in the Am(IIT) oxidation state in aerated solution
and the most abundant complexes formed in ground water and pH 8.2 are Am(OH),*,
Am(OH)2+, AmCOs3*, and Am(CO3),- (Eriksen and Jacobsson, 1984). If, as expected,
the pH in the clay is higher (~9.5) and the CO3?- concentration is lower than in the ground
water Am(OH)3 will be the dominating species.

The speciation of Am was calculated for the Am-carbonate system at an jonic strength of
0.1 M and at a CO, partial pressure of 10-45 atm (Nagasaki et al., 1994). Am3* is
dominant at pH < 7. The monohydroxo complex AmOH?2* begins forming at pH < 4.5.
The bis-hydroxo complex Am(OH),* and the monocarbonate complex AmCO3* begin to
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form at pH = 6.5. The bis- and tris-carbonate complexes Am(CO3)," and Am(CO3)33 are

dominant at pH > 9.

In the compilation of sorption data for bentonite made by Oscarson et al. (1984), Ky~
values for Am in the system montmorillonite and groundwater were reported as 0.16
m3/kg at pH 5 and pH 8, and 1.4 and 9.2 m3/kg at pH 9.9 in Na-montmorillonite and Ca-

montmorillonite, respectively.

Nagasaki et al. (1994) observed that, in the solution equilibrated with the sodium
bentonite Kunigel V1, a great part of Am formed Am-bearing colloids, which suggested
that the water-bentonite interaction could not be appropriately described by K4 alone.

Experimentally determined sorption and diffusion coefficient data of Am are given in

Table 3.

No new experimental sorption data have been found since SKB TR 91-16 (Brandberg
and Skagius, 1991). A realistic K4-value of 3 m3/kg is proposed and a conservative value

of 1 m3/kg is proposed, as proposed in SKB TR 91-16.

On the basis of the experimentally obtained diffusion data a Dy-value of 1-10-14 m?/s is

proposed for Am in compacted bentonite.
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Table 3. Experimentally determined diffusion coefficient and sorption data for

americium from the literature.

Material and
condition

Density
(kg/m3)

D,
{m?/s)

D,
(m?/s)

Kyq
(m3/ke)

Measuring
method

Reference

Wyoming
MX-80
Na-bentonite,
SGW

Na-bentonite pH
13.3

bentonite, DW,
pH 2.0

bentonite, DW,
pH 6.0

bentonite, SGW,
pH 2.0

Na-bentonite DW

Wyoming
MX-80
Na-bentonite,
SGW

Wyoming
MX-80
Na-bentonite,
SGW

Wyoming
MX-80
Na-bentonite,
SGW 600 ppm
HCO?,'

Wyoming
MX-80
Na-bentonite,
SGW

Wyoming
MX-80
Na-bentonite,
SGW 600 ppm
HCOy

04200
Pa 600

04 1900 -
2000

P4 1900 -
2300

p4 2000

2.7-10°10

7.2:10°14
1.9-10°14
9.0-10°16

410°15
1.4-10°14

2-10°15
7.3-10°15

2.8-10°13
9.5-10°1>

1.3-10°14

2.8-10°16

62-6.6

6.8

23

3.8

batch sorption

Ta

batch sorption

Allard et al., 1982

Christiansen and
Torstenfelt, 1988

Konishi et al., 1988

Torstenfelt et al.,
1982

Torstenfelt et al.,
1983

Torstenfelt and
Allard, 1986
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Carbon

Dissolved inorganic carbon occurs in groundwater in the carbon-bicarbonate-carbonate
system. The speciation of carbon is related to the pH (Hakanen and Holttd, 1992).

A K-value of 0 for inorganic carbon (HCOj3") in Na-montmorillonite was given by Allard
et al. (1981). The effective diffusion coefficient of dissolved CHy in bentonite saturated

with synthetic groundwater was reported by Neretnieks and Skagius (1978). The
bentonite was compacted to a density of 2350 kg/m3, and the measurement was
performed at 50°C. The effective diffusion coefficient, D,, was determined to be 3.9-10-

11 m2?/s.

Oscarson and Hume (1994) indicated that to ensure a slow migration of 14C through a
clay-based barrier material, the barrier must remain saturated. If the barrier becomes
unsaturated and interconnected air-filled pores are formed, the transport rate of 14C would
be expected to increase markedly because of the migration of 14CO, in the gas phase -

gaseous diffusion is generally about four orders of magnitude greater than that in aqueous

solution (Oscarson and Hume, 1994).
Experimentally determined diffusion coefficient data of carbon are given in Table 4.

No new experimental sorption data have been found since SKB TR 91-16 (Brandberg
and Skagius, 1991). A Kg4-value of 0 is proposed, as proposed in SKB TR 91-16.

On the basis of the experimentally obtained diffusion data, a D,-value of 5-10-12 m%/s is

proposed for C in compacted bentonite.
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Table 4. Experimentally determined diffusion coefficient data for carbon from the

literature.

Material and
condition

Density
(kg/m3)

D,
(m%/s)

D.
(m?/s)

Ky
(m%/kg)

Measuring
method

Reference

Avonlea
Na-bentonite,
SGW

pg 960

Pd 890

[oF] 920

pg 1250

pq 1430

pg 1610

3.8-10°11
(1.7-10°11
time-lag)
4.2-10°11
(2.1-10°1
time-lag)
6.5-10-11
(1.9-10°11
time-lag)
7.1-10°12
(1.7-10°'1
time-lag)
1.2-10°11
(1.7-10°11
time-lag)
7.2:10°12
(541012
time-lag)
6.6-10°12
(5.7-10°12
time-lag)
2.6-10°12
(8.2:10°12
time-lag)
2.4-10°12
(5.5-10°12
time-lag)
1.3-1012
(5.9-10°12
time-lag)
2.2:10°12
(5.1-10'12
time-lag)

1.1-10°1

9.6-10°12

1.10°1

3.0-10°12

8.0-10°12

1.3-10°12

471012

5.5-10°13

2.7-10°13

4.9-10°13

6.5-10°13

I

Oscarson and
Hume, 1994
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Cerium

Cerium will probably be hydrolysed in the bentonite porewater and thus strongly sorbed
onto the material (Brandberg and Skagius, 1991).

Sorption data for cerium in bentonite were given in a compilation of sorption data made
by Oscarson et al. (1984). Ky-values reported ranged from 0.3 to 2.0 m3/kg in bentonite

saturated with a solution containing sodium, calcium, chloride, and carbonate with an
jonic strength of 0.0055 M and pH 8.5. No diffusion coefficient data have been found.

No new experimental sorption data have been found since SKB TR 91-16 (Brandberg
and Skagius, 1991). Ce is a tanthamide and can be expected to behave similarly to Am. A
realistic K4-value of 1 m3/kg is proposed and a conservative value of 0.2 md/kg is

proposed, as proposed in SKB TR 91-16.

A D,-value of 1-10-13 m%/s is proposed for Ce in compacted bentonite.

Cesium

Cesium is largely present as unhydrated Cs+ ion under most groundwater conditions (Cho

et al., 1993). Sorption and diffusion behaviour of Cs in bentonite have been extensively

studied.

Hsu and Chang (1994) conducted sorption and desorption experiments for Cs on Ca-
saturated Wyoming Bentonite. The water in contact with the bentonite was initially
deionized water. Cs was rapidly sorbed by the bentonite, reaching equilibrium within 24
h. The K4 obtained in the sorption experiment was 2.97 m3/kg, while the K4 obtained in
the desorption experiment was 19.4 m3/kg, indicating that Cs has, to a large extent, been
sorbed to the interlayer sites of the bentonite in an irreversible manner (Hsu and Chang,
1994). Nikiforov et al. (1991) concluded that the main factor determining the fixation of

cesium cations was the low hydration energy.

Sorption of Cs on bentonite was studied by Khan et al. by using batch technique (1994).
It was found that K varied with the Cs concentration, the concentration of other cations,
and the pH value in the solution as well as the solution to bentonite ratios. Sorption data
were well interpreted in terms of Freundlich, Langmuir and Dubinin-Radushkevich
isotherms. The mean free energy (~14.5 kJ/mol) for cesium sorption showed that ion-

exchange is the predominant mode of sorption at 0.01-0.5 molar cesium concentration.
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The desorption studies with 0.01 M CaCl, and ground water at low cesium loading on
bentonite showed that about 95% of the element is irreversibly sorbed probably due to the
fixation of the cesium by isomorphous replacement in the crystal lattice of the bentonite.
The results of Khan et al. (1994) showed that the rate of sorption of cesium on bentonite
was rapid and equilibrium was reached instantly after mixing. The instantaneous uptake
of cesium by the bentonite also indicated that ion exchange may be the main sorption
mechanism (Khan et al., 1994). The presence of other cations was found to be able to

depress the sorption of cesium in the following order:
K+ > Ca?+ > Mg+ > Na*

Muurinen et al. (1985, 1987) measured Kg-values and apparent diffusion coefficients in
Wyoming MX-80 bentonite contacted with solutions of different salinity. The Kg-values
obtained decreased with increasing sodium concentration in the solution. This was
attributed to that the sorption mechanism for cesium under the experimental condition was

mainly ion exchange.

Kawaguchi et al. (1989) measured Kg-values for Cs in Na-bentonite contacted with
solutions containing sodium concentrations from 1.45-10-3 M to 0.446 M. The K4-values
decreased from 2.12 to 0.007 m3/kg with the increase in sodium concentration. They also

measured sorption of Cs in Na-bentonite contacted with distilled water and obtained Ky4-

values between 1.72 and 2.12 m3/kg.

Liang et al. (1993) measured the sorption of Cs on Wyoming MX-90 bentonite. A
modified Freundlich isotherm was used to describe the sorption equilibrium. It was
observed that the exponent in the Freundlich isotherm was near unity when the initial

radionuclide concentration was <0.01 M, suggesting a linear isotherm.

Oscarson et al. (1994) measured the sorption of cesium on compacted Na-bentonite. Over
the clay density range from 500 to 1500 kg/m3, Ky values for Cs* with compacted
bentonite were about one-half to one-third the value of those with loose bentonite. The
lower sorption on compacted bentonite was largely attributed to that Cs* could not enter
the small and occluded pores and thus it could not access the entire volume, or all the
sorption sites, of the compacted bentonite. Oscarson et al. (1994) concluded that
differences in solution composition was not the main reason for lower sorption In

compacted bentonite.
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Miyahara et al. (1991) measured the apparent diffusion coefficient of Cs in Funipia F
bentonite by using Method Ila. D, decreased with increasing dry density in the range of

200 to 2000 kg/m3.

Low surface diffusivity of cesium was observed. An explanation was that a significant
fraction of the Cs* ions was irreversibly sorbed in the Stern layer and immobile
(Lehikoinen et al., 1996).

Recently Eriksen and Jansson (1996) measured the apparent diffusivity and sorption of
Cesium in compacted clay at different ionic strengths and cesium concentrations. They
used the through diffusion method. Their experimental technique permitted them to
separately evaluate the surface diffusion coefficient and the pore diffusion coefficient.
They found that the lower the jonic strength was, the higher was the sorption and also the
transport in the sorbed phase. In summary the apparent diffusion coefficient D, in low

ionic strength water was 1.0-10-12 m2/s and 2.3-10-12 m?/s in saline water respectively.
The effective diffusivities De were 6.4-10-10 m2/s and 3.5-10-10 m?/s in low ionic

strenght and saline water respectively.

Experimentally determined sorption and diffusion coefficient data of Cs are given in Tabie
5.

Many new sorption data have been reported since SKB TR 91-16 (Brandberg and
Skagius, 1991). However, the K4-values reported vary quite much from investigation to
investigation. A realistic K4-value of 0.5 m3/kg is proposed and a conservative value of
0.2 m3/kg is proposed for sorption in fresh groundwater. A realistic Kg4-value of 0.05
m3/kg is proposed and a conservative value of 0.005 m3/kg is proposed for sorption in

saline water, as proposed in SKB TR 91-16.

On the basis of the experimentally obtained diffusion data, a Dy-value of 5-10-12 m?%s is

proposed for Cs in compacted bentonite.

Chlorine

Chlorine occurs in groundwater as chloride ion Cl-. In many waters it is the most

abundant anion.
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Muurinen et al. (1989) performed measurements of the sorption and diffusion of chloride
in Wyoming MX-80 bentonite in contact with a synthetic groundwater. No sorption of

chloride was measured in the experiments.
Experimentally determined diffusion coefficient data of chlorine are given in Table 6.

No new experimental sorption data have been found since SKB TR 91-16 (Brandberg
and Skagius, 1991). A Kg4-value of 0 is proposed, as proposed in SKB TR 91-16.

On the basis of the experimentally obtained diffusion data, a Dy-value of 2-10-11 m?%s is
proposed for Cl in compacted bentonite. An effective porosity of 0.05 is proposed

accounting for ion exclusion effects.
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature.

Material and Density D, D, K4 Measuring Reference
condition (kg/m?) (m?%5s) (m?s) (m3/kg) method
Na-bentonite p4 2000 3.10°12 Ila Albinsson et al.,
1993
—— —n= 5-10°13 IIa Albinsson et al.,
1990a
Na-bentonite + - 5-10°13 — —n—
0.5% Cu
Na-bentonite + —— 5-10°13 —n - -
0.5% Fe
Na-bentonite + — 1-10-12 - —n
1% vivianite
Na-bentonite pg4 2000 3.10°12 b Albinsson et al.,
SGW 1996
Avonlea 1250 2-10°11 1 Cheung et al.,
Na-bentonite 1986
- 1500 1.5-10°11 _— o
- = 1750 3.10°1 —n_ -
Avonlea pg 1250 1-10°1! 1| Cheung, 1989
Na-bentonite
low- and high-
salinity water
Avonlea pg 1750 1-10°10 — -
Na-bentonite
Iow-salinity water
Avonlea oy, 1360 5.4-10°13 1.3-10°1 0.1 m Cho et al., 1993
Na-bentonite batch sorption
SGW
Ca-bentonite pq 1520 6.7-10°13 8.998 Ia Choi et al., 1992
batch sorption
— - pq 1780 1.7-10°13 10.538 - -
Ca-bentonite pg 1590  8.5-10°13 12.487 — - -
heat treated at 100
°C
Ca-bentonite pg 1670 6.0-10°13 17.116 - —v—
heat treated at 150
°C
Na-bentonite pH  pg4 1100 1.3-10°1 Ila Christiansen and

13.3

Torstenfelt, 1988
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Density D, D,
(kg/m?) (m%/s) (m?s)

Material and
condition

K¢
(m/kg)

Measuring
method

Reference

Na-bentonite 25
°C

Na-bentonite 25
°C

Na-bentonite 70 —n
°C

Ca-bentonite -
25°C

Ca-bentonite —n—
70°C

Na-bentonite

p, 2100  7.5-10°12

4.0-10°1!
3.4-10°12
4.0-10°12

21012
2.8-1012

1.5-10°12

6-10°13-

7.5-10°13
6-10°13

1.0-10-12

Py 2100

—_ " —_

Ca-bentonite py 1600

"

pg 1800 6.4-10°10

Na-bentonite
MX-80

Ionic Str. 0.018

Na-bentonite pq 1800  2.3-10°12 3.5-10°10
MX-80

Tonic Str. 0.218

montmorillonite
GW

bentonite,
water
0.001M Na, 0.002
M Ca, 0.001 M
Mg

Ca-saturated
Wyoming
bentonite

1"

Na-bentonite
0 mmol/l Na

Na-bentonite
1.45 mmol/l Na
pH 8.6

Na-bentonite
1.54 mmol/l Na
pH 8.6

1.37 -
1.46

0.36

0.085

35

2.1-65
(med. 15)

2.97
sorption

194
desorp.
1.72-2.12

2.12

1.72

batch sorption

transient diff.

batch sorption

batch sorption

batch sorption
and desorption

Eriksen et al.,
1981

Eriksen and
Jacobsson, 1981

Eriksen & Jansson

1996

Erten et al., 1988

Horyna and
Dlouhy, 1988

Hsu and Chang,
1994

Kawaguchi et al.,,
1989
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D, Ky Measuring Reference
condition (kg/m3) (m?/s) (m¥s) (m3/ke) method
Na-bentonite 1.94 batch sorption ~ Kawaguchi et al.,
2.01 mmol/l Na 1989
pH 9.3

Na-bentonite 3.36 1.56 — o
mmol/l Na pH 9.0

Na-bentonite 5.11 0.83 _ T
mmol/l Na pH 8.8

Na-bentonite 13.6 0.54 e e
mmol/l Na pH 8.7

Na-bentonite 44.4 0.26 —_ —
mmol/l Na pH 8.8

Na-bentonite 152 0.14 —n_ o
mmol/l Na pH 9.5

Na-bentonite 439 0.1 — o
mmol/l Na pH 6.3

Na-bentonite 466 0.07 —n —n_
mmol/l Na pH 9.2

Na-bentonite 1000 1.62-10°1 transient diff.  — v —

- - 1.33-10°11 _n —

- 1200 1.45-10°11 o o

- 1400 1.18-10°1 _ -

- 1850 6.5-10°12 —n_ T

- - - 6.6-1012 - —_n

Wyoming Na- 0.662 batch sorption  Kim et al., 1993
bentonite, DW
- pg 1060 1-10°1 Ia -
9.13-10°12
- — pq 1270 7.15-10°12 —_n —n_
6.87-10°12
- - Pa 1580 2.57'10'12 —_n —_

3.24-10°12
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D, Ky Measuring
condition (kg/m?) (m%s) (m?/s) (m3/kg) method

Reference

Wyoming Na- py 1780  3.5-10°13 Ia

bentonite, DW 4.7-10°13
"= Pd 1960 1.13‘10-13 —n

bentonite, 0.14 batch sorption
DWpH24

bentonite, 1.5
DW pH 9.3

bentonite, SGW 0.16 —n
pH 2.4

bentonite, SGW 1.1 —n_
pH 9.3

Na-bentonite ionic 34 batch sorption
strength 103 M,
pH 8.5

Kunipia F pq 200 1.5-101 Ila
Na-bentonite

e 0,400  1.1-10°11 e
e ps 600  7.9-10°12 e
- 0,800  5.9-10°12 -
- 0, 1000  4.4.1012 -
—e pg 1200  3.7-10°12 e
- py 1400 221012 -
- ps 1600 141012 .
- py 1800  7.9-1012 -
"— pg2000  3.9:10°3 e

Na-bentonite p42030  6.5-1013 0.05 transient diff.

1.2 M NaCl diff.exp batch sorption
aerobic

Na-bentonite pg 1980 6.9-10°13 0.09 - —

aerobic

Kim et al., 1993

—_

Konishi et al.,
1988

Miyahara et al.,
1991

Muurinen et al.,
1985
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D, K4 Measuring Reference
condition (kg/m3) (m?/s) (m?/s) (m3/kg) method
Na-bentonite pq 1870 8.5-10°13 0.21 transient diff. =~ Muurinen et al.,
0.2 M Na(Cl diff.exp batch sorption 1985
aerobic
Na-bentonite pg 1910 3.5-10°13 0.85 —-— —n =
0.02 M NaCl diff.exp
aerobic
Na-bentonite pg 1940 251083 1.8 - -
0.003 M NaCl diff.exp
aerobic
Na-bentonite pg 2000 8-10°13 0.393 - -
gw salt 10 g/l diff.exp
aerobic
Na-bentonite 2.66 batch sorption ~ Muurinen et al,,
0.001 M NaCl 1987
Na-bentonite 1.025 —n— —_
0.01 M NaCl
Na-bentonite 0.334 —n— —-—
0.1 M NaCl
Na-bentonite 0.11 - -
0.5 M Na(Cl
Na-bentonite 0.073 - -
1 M NaCl
Na-bentonite pgq 1750 4.173 sorption on -
0.01 M Na(Cl compacted
bentonite
Na-bentonite - = 4-10°12 4.5-10° 0.834 il -
0.1 M NaCl (1-10°12 sorption on
time-lag) compacted
bentonite
Na-bentonite - 4.5-10°12 1.5-10° 0.198 - —n —ne
0.5 M NaCl (1.1-10°12 0.33
time-lag)
bentonite, SGW 0.34 batch sorption  Neretnieks and
Skagius, 1978
bentonite, SGW  py 2350 5.4-10°1 —n
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D, K4 Measuring Reference
condition (kg/m3) (m?/s) (m?/s) (m3/ke) method
Na-Ca- 0.021 batch sorption  Oscarson et al.,
montmorillonite (init. Cs 1987
SGW 10° M)
55400 ppm salt
25°C
- - 0.0356 - - —
(init. Cs
105 M)
- 0.0605 - -
(init. Cs
107 M)
- 0.103 - = - =
(init. Cs
108 M)
Na-Ca- 0.0098 - = -
montmorillonite (init. Cs
SGW 105 M)
55400 ppm salt
80°C
- 0.0167 - - -
(init. Cs
106 M)
- = 0.0284 —— -
(init. Cs
107 M)
- 0.0482 - = -
{(init. Cs
108 M)
Na-Ca- 0.0481 - -
montmorillonite (init. Cs
SGW 10° M)
11700 ppm salt
25°C
- 0.078 - -
(init. Cs
105 M)
- 0.127 - - -
(init. Cs

107 M)
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D. Ky Measuring Reference
condition (kg/m?3) (m?/s) (m?/s) (m3/ke) method
Na-Ca- 0.205 batch sorption  Oscarson et al,,
montmorillonite (init. Cs 1987
SGW 108 M)
11700 ppm salt
25°C
Na-Ca- 0.0131 —-n— ——
montmorillonite (init. Cs
SGW 105 M)
11700 ppm salt
80°C
- 0.0218 - = —-—
(init. Cs
10 M)
—r— 0.0362 - -
(init. Cs
107 M)
- 0.060 - -
(init. Cs
108 M)
Avonlea pg 500 1.04 sorption on Oscarson et al.,
Na-bentonite, 0.92 compacted 1994
SGW, L/S 0.385 bentonite
m3/kg
Avonlea pq 700 0.79 - - =
Na-bentonite, 0.81
SGW, L/S 0.274
m3/kg
Avonlea pq 900 0.52 - - -
Na-bentonite, 0.52
SGW, L/S 0.0822 0.52
m3/kg
Avonlea pq 1250 0.49 - - -
Na-bentonite, 0.49
SGW, L/S 0.0595 0.44
m3/kg
Avonlea pg 1500 0.45 - - =
Na-bentonite, 0.42
0.43

SGW, L/S 0.0495
m3/kg
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Table 5. Experimentally determined diffusion coefficient and sorption data for Cs

from the literature (continued).

Material and Density D, D, K4 Measuring Reference
condition (kg/m?) (m?%s) (m?/s) (m3/kg) method
Avonlea 1.88 batch sorption  Oscarson et al.,
Na-bentonite, 1.8 1994
SGW, L/S 0.405
m3/kg
Avonlea 1.71 - —n =
Na-bentonite, 1.69
SGW, L/S 0.289
m3/kg
Avonlea 1.38 -~ —n
Na-bentonite, 141
SGW, L/S 0.0891 1.38
m3/kg
Avonlea 1.28 - - =
Na-bentonite, 1.26
SGW, L/S 0.0600 1.32
m3/kg
Avonlea 1.19 — —_
Na-bentonite, 1.2
SGW, L/S 0.0537 1.22
m3/kg
Na-bentonite DW pg 200 1.6-10°11 a Sato et al., 1992

—ne pg400  12-101 e e
. 0,600  8.1-1012 e e
. pg800  6.6:1012 e .
- py 1000  4.8-10°12 e e
" - py 1200 3.2:10°12 e .
- 0s 1400 221012 e e
" 0s1600  1.3-10712 e e
- py 1800  7.9-10°13 -

e ps2000  4.0-10°13 - —n

Na-bentonite, 2000 2.4.10°12 14 transient diff.  Torstenfelt, 1986a
SGW ~10 % batch sorption
1700 ppm salt water
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Table 6. Experimentally determined diffusion coefficient data for chlorine from the

literature.
Material and Density D, D. K4 Measuring Reference
condition (kg/m3) (m?/s) (m?/s) (m3/ke) method
Ca-bentonite pg 1570 9.5-10°11 Iia Choi et al., 1992
Na-bentonite py 2100 6-10°12 transient diff. Eriksen and
Jacobsson, 1981
- e 3.1-10°13 il — e
— — 6-10°12 Ib Eriksen, 1982
- - 9.2:10-11 MM time-lag - " -
e . 31013 i -
Ca-bentonite _ 1-10-12 transient diff. Eriksen et al., 1981
25°C
bentonite 400 1-10°° b Gillham et al,,
2 g/l cation 1984
Wyoming Na- pg 1160 2.09-10°10 Ila Kim et al., 1993
bentonite, DW 1.82-10°10
- - Pa 1360 1.38'10-10 —n —
1.29-10°10
e 01580  7.57-10°!1 Cee oo
7.58-10°11
—" P4 1820 6.21'10'12 _ —n
5.71-10°12
e 041900  5.68:10°12 e e
4.95.1012
Na-bentonite 1200 7-10-11 7.7-10-12 m Muurinen et al.,
0.01 M NaCl (1.4-10°10 1989
time-lag)
Na-bentonite - 2.8.10-10  2.9.10°1 — — -
0.1 M NaCl (2-10°10
time-lag)
Na-bentonite - = 5.1-10°10 1.2-10°10 - = -
1 M NaCl (3.2-10°10
time-lag)
Na-bentonite 1800 2-10°1 3.3-1013 - -
0.01 M Na(Cl (5-10°11

time-lag)
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Table 6. Experimentally determined diffusion coefficient data for chlorine from the

literature (continued).

Material and Density D, D, Ky Measuring Reference
condition (kg/m3) (m%s) (m?/s) (m3/kg) method
Na-bentonite 1800 3.1-10°1 4.8-10°13 m Muurinen et al.,
0.1 M NaCl (5.4-10°11 1989
time-lag)
Na-bentonite —n— 5.2-10°1 4.10°12 e e
1 M NaCl (7.7-10°11
time-lag)
Na-bentonite SGW  pg4 1200 2-10°10 1.1-10°1 - —n
1056 ppm salt 600 (1.5-10°10
ppm HCO5" time-lag)
- pg 1500 9.4-10-11 2.8-1012 - —" -
(7-10°'11
time-lag)
—— pg 1800 5.1-10°11 2-1013 - —n
(5.2-10°11
time-lag)
- = pq 2100 3-10°1! 8.5-10°14 - —_——
0.75/0.25 py 1640 3.22:10°10 Ib Relyea et al., 1986
basalt/bentoniteSG
W

- py, 1590 3.25-10°10 ol e
- o, 1680  2.86:10°10 e -
- o, 1810 2.36-10°10 e .
- o, 1630 3.32:10°10 e e
- oy 1810 1.14-10°1° e e
—ne o, 1860 3.70-10°10 e o
- 0, 1630 5.14-10°1° e -
e o, 1630 5.99-10°10 e .
e py, 1630 5.99-10°10 el e
"o p, 1710 5.14-10°10 e e
—ne py 1750 3.95-10°10 e e
- 0, 1810  2.89:10°10 e e
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Table 6. Experimentally determined diffusion coefficient data for chlorine from the

literature (continued).

Material and Density D, D, K4 Measuring Reference
condition (kg/m3) (m?/s) (m?/s) (m3/kg) method
0.75/0.25 pp 1570 8.80-10°10 b Relyea et al., 1986
basalt/bentoniteSG
W
-" - Pu 1570 8.17'10'10 — T
- pp 1590 9.01-10°10 e e
. oy 1770 3.71-10°1° - e
- " - Py 1810 7.35‘10'10 P [ —
. 0, 1900  3.07-10°10 . e
90 wt% tonalite + 1.4-10°10 6.9-10°13 m Uusheimo et al.,
10 wt% Na- 1.8-10°10 3.7-10°13 1993
bentonite GW
60 wt% granite + 1.6-10°10 1.6-10°1! - -
40 wt% Na- 2.6-10-10 1.3-10-11

bentonite GW
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Todine

Todine has the two valence states -1 and +5 in groundwater, with the corresponding
chemical forms I and 105~ (Hakanen and Holtt4, 1992). In the 