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ABSTRACT

Diffusion of Inorganic Contaminants In Dense Clay

Wihel Al-Tai

To assess the safety of the waste disposal site, a knowledge of the molecular diffusion
coefficients through the liner is required. The methods commonly used in the laboratory to
determine these coefficients are very time consuming. Because of the large number of species, the
changing environmenta! factors, the different clay types generally encountered in the field, and the
long time required to determine the diffusion coefficient, it is not feasible to cover the whole
range of diffusion coefficients required. Hence, developing a mathematical model that is capable
to predict the diffusion coefficient based on simple parameters is needed. In this study, the
diffusion mechanism in clay is presented and the diffusion parameters are analysed. A model that
allows the diffusion coefficients to be predicted in dense clay is presented. The model showed that
diffusion coefficient depends on the charge nature and size of the diffusing species, water
chemistry, soil structure, and temperature. The predicted diffusion coefficients for some species

are shown to be in good agreement with those measured in dense bentonite.
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CHAPTER 1

Introduction

1.1 Problem

A major environmental problem facing the world these days is the intrusion of
toxic and hazardous wastes from landfill disposal sites to the groundwater supply system
and the surrounding environment. These wastes can be grouped under three main

categories: (1) household wastes, (2) industrial wastes and (3) nuclear wastes.

The problem of contaminant migration has been known since ancient times, but the
effect of this problem was not significantly noticed because the human population was low
and dispersed. However, this problem now poses a serious threat to the quality of
groundwater because of the recent industrial revolution and the big growth in human
population. As a result, a number of methods have been utilized in an attempt to minimize
contaminant migration. One of these methods is the use of clay liners. A clay liner, which
is mainly composed of clay materials, is increasingly used as a sealant in the engineering
design of waste disposal sites to limit and inhibit the migration of contaminants to the
groundwater and the surrounding environment. A good example is the use of a compacted

mixture of bentonite and sand to surround the waste containers in the disposal vaults for

1




the Canadian nuclear fuel waste ( Cheung 1989 ). Figure 1.1 shows schematic view of a

landfill site and a nuclear waste disposal site.

The problem of contaminant migration remains in our limited knowledge of where
and how much contaminants will transport from the disposal site to the surrounding
environment. Knowing how the contaminants migrate will enable us to make intelligent
decisions about the disposal of these wastes and the remedial actions that should be taken

if the waste is improperly disposed.

1.2 Need

Contaminant migration through the clay liner and the underlying material is a
combination of the advection and the diffusion processes. The migration due to
groundwater flow is termed as advection, whereas, the migration due to the difference in
concentration, i.e. chemical potential, is termed as diffusion. Since clay material has a very
low hydraulic conductivity ( <10 m/sec ), the principle mechanism of mass transport
through the liner and the underlying clay soil will be by the diffusion process Therefore,
the diffusion coefficients are critical parameters for predicting the migration rates and the

fluxes through these materials

Several methods have been developed and used to measure the diffusion
coefficients. These values are found to vary by order of magnitude for the same species

under the same conditions and when using different methods ( Oscarson et al. 1992 ). The

(3%
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cause of these variations are due to our limited knowledge about soil structure and to the
improper use of the terminology used in describing the diffusion coefficients. To explain
the reasons for the discrepancies in these data a clear understanding of the diffusion
process is needed. The diffusion coefficients are also found to depend on several factors,
such as: type of diffusing species, clay density and type, and other environmental factors,
like temperature, groundwater chemistry, density of the underlying material, etc. ( Cheung
1989 ). Because of the large number of species, the changing environmental factors, the
different clay types generally encountered in the field, and the long time required to
determine the diffusion coefficient, it is not feasible to cover the whole range of diffusion
coefficients required. Hence, developing a mathematical model that is capable to predict

the diffusion coefficients based on simple parameters is needed.

A model based on free water in the soil has been developed and is referred to as
the free-water model. This model has been used to predict the diffusion coefficients; it is
found to be valid for sandy soil ( Gillham et. al 1984 ), but not valid for clay ( Cheung

1989 ). Therefore, a model that is suitable for clay soil is required.

1.3 Objectives

The objectives of this study are:
1) To provide a comprehensive understanding of the migration process and the

terminology commonly used to describe the diffusion process.
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2) To give a brief review of the different methodologies used to determine the
diffusion coefficients and its application to field condition.

3) To improve the existing model to predict the diffusion coefficients for clay
soils based on simple parameters.

4) To explain the discrepancy in the diffusion data obtained from the various

methods.

1.4 Organization of the Thesis

The thesis is organized as follow:

Ilntroduction

| Literature Review|

Migration Processes Diffusion in Pure Liquid] | Diffusion in Porous Media|

Methodologies To Determine The Diffusion Coefficient

[ Free-Water Modell

[Clay-Water-Interaction Modell

Parametric-Analysis And Relationship

l Conclusions And Recommendationsl




CHAPTER 2

Literature Review

2.1 Migration Processes

Landfill disposal sites are mainly designed to prevent waste components from
being in contact with living things, in other words to prevent waste leakage. Since there
isn't any facility that is totally free of leakage, the migration of contaminants is inevitable;
it is therefore desirable that we have the ability to analyze how and where contaminants
will migrate. In order to accomplish this, a general understanding of the migration
processes is required. Waste migration can be described by the mass balance equation and

it is expressed by the following ( Freeze and Cherry, 1979 ).

Change inmass =  Fluxout - Fluxin * Loss orGain (2.1)
of contaminants in contaminants

The processes that control the flux in and flux out of an elemental volume are: advection
and hydrodynamic dispersion. The loss or gain of contaminants in the volume can occur as
a result of chemical, biochemical reactions, and / or radioactive decay. These processes are
illustrated in Figure 2.1. Some of these processes are briefly introduced in the following

sections.
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Migration Processes
| |
Advection Hydrodynamic Process
[ ]
Mechanical dispersion Diffusion

Retardation Processes

Adsorption-Desorption

Distribution of ions in clay-water system

Precipitation-Dissolution

Oxidation-Reduction Acid-Base

-

Radiouctive decay

Complex formation Chelation

Biological activity

Figure 2.1 Physical and chemical processes involved in

contaminant
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2.1.1 Advection Process

The advection process occurs when contaminants move through a medium as a
result of groundwater flow. Species under this process will be transported at an average
groundwater velocity V, . According to Darcy's law, the rate of transport can be

calculated from ( Craig 1987 ).

V=1 )
where V= average velocity.

K = Hydraulic conductivity.

i = Hydraulic gradient.

0 = Porosity.

The above equation shows that groundwater velocity is directly related to both the
hydraulic conductivity and the hydraulic gradient. Because of the very low hydraulic
conductivity and the low hydraulic gradient of the clay soil commonly encountered in the

field advection process is not likely to be the major mechanism.

2.1.2 Hydrodynamic Process

The hydrodynamic process occurs due to the mechanical mixing during fluid
advection and results in the spreading of contaminants. Two processes contribute to the
hydrodynamic process: (1) mechanical dispersion, which is advection dependent, and

(2) diffusion, which is concentration dependent.




2.1.2.1 Mechanical Dispersion

Mechanical dispersion is a mixing process due to velocity variations within a

|

‘ .

| porous medium. These variations are caused by the following reasons, see Figure 2.2,
|

\

( Freeze and Cherry 1979 ):

(1) Variation due to the drag force exerted on the fluid by the size and
roughness of the pore surface, i.e. the geometry of the pore.
(2) Variation due to the difference in viscosity of flowing fluid through a pore.

(3) Variation due to tortuosity, branching and interfingering of pore channel.

Mechanical dispersion is usually characterized by the term dispersivity and it is
represented by the symbol ot , sometimes referred to as dynamic dispersivity. Dispersivity
has two components:

o, = Longitudinal dispersivity in the direction of flowing fluid.
o, = Transverse dispersivity in the direction perpendicular to the direction of

flowing fluid.

According to Freeze and Cherry ( 1979 ) longitudinal dispersion is normally much

stronger than transverse dispersion.



Clay

—'———>. Clay
=
— ‘

(2)

Figure 2.2 Microscopic components of mechanical dispersion

(1) effect of pore size and roughness.
(2) effect of viscosity.

(3) effect of pathway.
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2.1.2.2 Diffusion

Diffusion occurs due to the difference in contaminant concentration, which results
in a net flux of contaminant toward the zone of lower concentration. According to Fick's

first law, diffusion of contaminant in one direction can be calculated from:

¥
@]

J==D 3% (2.3)
where ] = Flux

D = Diffusion coefficient

C = Concentration

X = Distance

dC/oX = Concentration gradient
The usual practice in determining the hydrodynamic dispersion is by combining both
mechanical dispersion and diffusion in one term, known as the hydrodynamic dispersion

coefficient and defined as:

Dy=oaV,y+D (2.4)
where D, = Hydrodynamic dispersion coefficient.
o = Dispersivity ( longitudinal or transverse ).
V,, = Darcian velocity.

D = Diffusion coefficient.

11




Since hydraulic conductivity and hydraulic gradient in compacted clay materials are
very low, advection and mechanical dispersion processes are not likely to be the
mechanisms by which contaminant will transport through compacted clay soil. As a result,
contaminant movement through this type of soil will be dominated by the diffusion
process. In order to better understand the diffusion process, the remainder contains a
general and brief discussion of the mechanisms of diffusion and the retardation processes.
This is followed by a detailed discussion about the diffusion of contaminants in both pure

liquid and porous media.

2.1.3 Mechanism of Diffusion

One of the most interesting aspects of the diffusion process is the mechanism of
this movement. Under diffusion mechanism, contaminants can be transported over a
relatively large distance. What is desirable here is a clear picture of the trajectory of the
species as they move through the media. In porous media contaminants will diffuse
through both solids and liquids The simplest type of this mechanism is shown in
Figure 2.3; it mainly occurs in solid state. Figure 2.3(a) shows the first stage of the
diffusion process, where a contaminant atom is surrounded by the host media atoms. The
size of these atoms are small when compared to those of the host atoms. The movement of
the contaminant through the host media is done by pushing some of the host atoms
surrounding it and jumping into a new position near the original one. This process is
illustrated in Figures 2.3(b) and Figure 2.3(c). In Figure 2.3(b) the contaminant atom is

midway between the original and the final position, this is called the activated state. At this

12




stage, the contaminant atom encounters a strong repulsive force; therefore, a considerable
amount of energy is required to enable the contaminant to push and pass its neighbors.

The source of this energy is the thermal vibration of the atoms themselves. Figure 2.3(c)

shows the contaminant atom in its new position after completing the jump. Since this

mechanism requires high thermal energy, solid diffusion is not likely to occur in landfill

disposal sites and it can be neglected. However, solid diffusion could be important in the

fuel bundle in nuclear reactor, where large amount of thermal energy may generated.

Figure 2.3 (a) Contaminant atoms before an atomic jump.
(b) Contaminant atoms in activated state.
(c¢) Contaminant atoms after an atomic jump.

13



In pure liquid media the movement of atoms is called self-diffusion. Self-diffusion
occurs by exchanging the position of atoms without changing the original structure The
simplest way in which self-diffusion can take place is by direct interchange between two
adjacent atoms, as shown in Figure 2 4 (a). In Figure 2.4 (a), atom A moves to replace
atom B position, and atom B replaces atom A position This type of motion will cause
large distortion to the surrounding atoms, therefore it is not likely to occur. There are
other types of such mechanism, one of them is the ring mechanism in which a number of
atoms moves simultaneously to replace each other position in a ring motion as shown in
Figure 2.4 (b). In the four atoms ring mechanism, atom A moves to atom B position, atom
B moves to atom C position, atom C moves to atom D position, and finally atom D moves
to atom A position. While the local distortion caused by this mechanism is less than that in
the direct mechanism, the ring mechanism requires a cooperative action where all
members of the ring must move at once. This cooperative motion has a lower probability

of occurrence than the direct interaction. Therefore, this type of diffusion mechanism

O
O@QO Qo@é)O
O
O O

O~ @-
OO O

(a) (b)

Figure 2.4 (a) Direct interaction mechanism for self - diffusion
(b) Four - ring mechanism for self diffusion
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depends on the balance between the energy required to overcome the repulsion force of
the surrounding atoms while they are being displaced by the moving atoms and on the
probability that the proper cooperative motion takes place. Theoretical calculation
strongly suggested that the ring mechanism is favored over the direct interaction

( Girifalco 1964 ).

There are other types of diffusion mectiinisms that may occur for different
systems, such as diffusion by interstitially mechanism and by vacancy mechanism. Since
the aim of this study is to understand the diffusion process itself rather than understanding
the mechanism of diffusion, detailed understanding of the diffusion mechanism is beyond

the scope of this study.

2.1.4 Retardation Processes

A number of processes may occur in clay which can 1esult in retardation of
contaminant migration. These processes could be physical, chemical, and/or biological, see
Figure 2.1. The physical and the biological processes are not within the scope of this

study, hence, they are not discussed here.

In the chemical reaction process, more attention is given to the reactions between
clay particles and contaminant species. Chemical reactions usually occur between the
surface of the clay particles and the diffusing species; these reactions depends on: the

composition of the clay materials, the type of the diffusing species and the distribution of
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the species in the soil-solution media. Such interactions will usually be associated with two

mechanisms ( Dunn 1983 ): (1) adsorption-desorption, and (2) distribution of ions in the

clay water system.

2.1.4.1 Adsorption-desorption

Adsorption-desorption in clay minerals is the result of two mechanisms: ion

exchange, and adsorption process these processes are discussed below.

2.1.4.1.1 lIon-Exchange

Different clays have different charge deficiencies and thus have different tendencies in
adsorbing certain anions and cations; these ions are retained in an exchangeable state. The
exchangeable ions are held around the outer side of the clay unit cell and the exchange

reaction does not affect the structure of the unit cell.

Cation Exchange

Clay particles usually carry a net negative charge on their surface which is mainly due
to isomorphous substitution, broken bonds and the replacement of hydrogen of an
exposed hydroxyl ( Mitchell 1976 ). These negatively charged particles are balanced or
neutralized by exchangeable cations attracted to their surface. These cations are termed
exchangeable because one cation can be replaced by another cation of equal valance, or by
two cations of one-half the valance of the original one. The quantity of exchangeable

cations required to balance the charge deficiency of a clay is termed the cation exchange
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capacity ( CEC ) and it is usually expressed in milliequivalents' per 100 grams of dry clay.

The range of cation exchange capacity of the commonly used clay minerals are listed in
Table 2.1.

Cation exchange is a reversible process that is governed by two main properties:
(1) the vatence of the cation and (2) the size of the cation. The valence of the cation has
the dominant influence: the higher the valence, the greater the replacing power or the
harder to replace if the cation of higher valance is at the surface. For ions of the same
valance, increasing cation size gives greater replacing power ( Yong et al. 1966 ).

A typical replaceability series of exchangeable cations is shown in Table 2.1.

Cation exchange is a diffusion process, i.e. it is a time-dependent mechanism and
the rates vary between clay minerals. In kaolinite the exchange occurs instantaneously,
whereas in illite and chlorite the exchange requires a few hours. In montmorillonite, a
longer time is required because of its large specific surface area and the cations must

diffuse between the mineral layers

Anion Exchange

Although little is known about this process, anion exchange may occur in clay
minerals. This is due to either the replacement of hydroxyl ions or the adsorption of ions
with similar shapes to the edge of the silica tetrahedral sheet, such as phosphate ( Dunn
1983 ). Some clay minerals, like kaolinite, at low pH level their edges are positively
charged, thus anion exchange would be expected ( Mitchell 1976 ).

Equivalent weight = atomic weight / valence.
17




Table 2.1

Cation Exchange Capacity of the commonly

used clay minerals
(in milliequivalent per 100 grams )

Clay Mineral Range of CEC
Kaolinite 3 -15

Illite 10 - 40
Chlorite 10 - 40
Montmorillonite 80 - 150

( after Grim 1962 )

Typical Series

Na' < Li* <K' <Rb* < Cs" < Mg*" < Ca™ < Sr"* < Ba"

<Cu” < Al” <Fe™ < Th"

( after Mitchell 1976 )
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2.1.4.1.2 Adsorption Process

Adsorption quantitatively expresses the relation between the amount of species
sorbed by clay particles and the equilibrium concentration of this species in a bulk liquid.
Adsorption can be determined by performing batch-equilibrium tests in the laboratory. The

tests are carried out by mixing a known amount of soil and chemical solution in a

predetermined mixing ratio for a specific period of time at a constant temperature. The
mixing ratio can be used as 1:4 soil to solution ratio by weight, and the mixing time is
often ranged between 24 to 48 hours at room temperature 20°C to 25°C. The initial
concentration of the chemical species is measured before the solution is added to the soil
and the equilibrium concentration is measured after the mixing is completed. The amount
of sorbed species is determined by taking the difference between the two measured
concentrations. The above procedure is repeated several times with different initial solute
concentrations in order to establish the relationship between the sorbed species and the
equilibrium concentration. The resulting relationship is known as an adsorption isotherms,

the term isotherms is used because the test is performed at a constant temperature.

The relationship between the sorbed species and the equilibrium concentration can
be either linear or non-linear ( concave up or concave down ), as shown in Figure 2.5.
Approximating the retardation factor by using non-linear adsorption isotherms are much
more difficult to develop, therefore, linear adsorption isotherms are often used. The
different types of adsorption isotherms and adsorption isotherms equations are discussed

in more detail in the following sections.
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Sorbed Species

Sorbed Species

(a)

Kd=Kp

Equilibrium Concentration

(b) (¢)

Sorbed Species

Equilibrium Concentration

Figure 2.5 Adsorption isotherms curves
(a) linear relation
(b) non - linear ( concave up )
(c) non - linear ( concave down )
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2.1.4.1.2.1 Adsorption Isotherm Equations

Adsorption of contaminant species by clay particles occurs because of the various
interaction forces that exist between the surface of the active clay particles and the
contaminant species. These interactions play an important role in determining the type of
adsorption isotherm relation. The classical typical set of adsorption isotherms are shown in

Figure 2.6.

There are mainly two types of adsorption isotherms: linear and non-linear. The
general equation used to define adsorption isotherms is expressed by the following relation

(Yongetal 1992):

S=K,C (2.5)

where S is the amount of contaminant species that has been sorbed by the clay particles
per unit mass of the clay specimen, C is the equilibium concentration and K is the
partition coefficient. For non-linear adsorption isotherm, the partition coefficient K is
used. For linear adsorption isotherm, the distribution coefficient K, rather than K is used

and Equation 2.5 will be written as:

S=Ky4C (2.6)
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These coefficients represent the slope of the adsorption isotherm curve and can be

determined by differentiating Equation 2.5 with respect to the equilibrium concentration as

follows:
_ 38
Kp orKgy 3C 2.7

Equation 2.7 represents the slope of a line that is tangent to the adsorption
isotherm curve at a certain concentration value. As a result, it can be seen that the value of
the partition coefficient will change by changing the equilibrium concentration, while the
distribution coefficient will maintain a constant value through out the test. That is why the

linear adsorption isotherm relation is always used.

q High affinity type

= Langmuir type

Figure 2.6 Classical typical set of adsorption isotherms
(where q is the amount of sorbed species and C is the equilibrium concentration)
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For the non-linear adsorption isotherms several relations have been developed, the
most common adsorption isotherm equations are: the Freundlich and the Langmuir

equations ( Yong et al. 1992).

The Freundlich adsorption isotherm equation is given by the following relation:
S=K,CN 2.8)

where Kf and N are the parameters used to best fit the Freundlich adsorption isotherm

equation. The values of Kf and N can be determined by plotting the experimental data as

§ versus C on a logarithmic scale, or by using the logarithmic form of Equation 2.8, which

is expressed as follow:
Log S=Log Ks+ N Log C 2.9)

Equation 2.9 shows that N represents the value of the slope of the best fitted curve, and

Log K, represents the y-intercept.

The Langmuir adsorption isotherm equation is given by the following relation:

KL.MC
s=X.

1+K,.C (2.10)
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where K, and M are the parameters used to best fit the Langmuir adsorption isotherm
equation. The values of K, and M can be determined by plotting the experimental data as
C versus C/S and fitting the Equation 2.10 by using the following relation:

c_1 .C
SR M 2.11)

The Freundlich adsorption isotherm equation is used more frequently because of

its ease of use. When the parameter N is equal to one, the Kfparameter will become equal

to the distribution coefficient K.

2.1.5 Distribution of ions in clay water system

In dry clay, adsorbed cations are clustered on the surface of the clay particles and
the excess of those needed to neutralize the surface of the clay particle are present as
precipitated salt. When water is added to the clay the cations and a small number of anions
will float around the clay particles The concentration of the adsorbed cations are found to
be maximum near the surface and tend to decrease away from the surface of the clay
particle. Anions are repelled from the surface of the clay and its concentration is found to
be minimum near the surface and have the tendency to increase in concentration away
from surface of the particle. This distribution of cations and anions together is
termed diffuse double layer; this is illustrated in Figure 2.7. This process ( of diffusing
ions ) effects mainly the viscosity of the diffusing media, as will be discussed in later

chapters.
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Several theories have been proposed for the description of ion distributions, but
the Gouy-Chapman theory received the greatest attention. The Gouy-Chapman theory
assumes the negative charges are distributed uniformly over the surface of the clay
particles and the cations and the anions are dispersed in the liquid layer adjacent to the
clay particles. In this theory, the attraction between the surface of the clay particles and
the adsorbed cations result in a layer of cations at the surface, termed stern layer, and a
diffuse layer of cations in solution, termed Gouy layer or double layer. The thickness of
the stern layer is fixed and equal to the hydrated radius of the adsorbed cations and the

thickness of the double layer can be calculated from ( Mitchell 1976 ):

_ / ¢ kT
H= P— (2.12)

where H = thickness of the double layer.

{ = dielectric constant of the media.

k = Boltzman constant.

T = temperature in degrees Kelvin.

n_ = electrolyte concentration in bulk liquid.

€ = unit electric charge.

Z = charge valance.
Based on the Gouy-Chapman theory, the thickness of the double layer varies by changing
some of the variables such as: electrolyte concentration, charge valance, dielectric

constant and temperature. The effect of these variables are illustrated in Figure 2.8.
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Effect of valence
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Temperature, T
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Figure 2.8. Effect of changes in system properties on
Diffuse Double Layer
( Mitchell 1970)
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2.2 Diffusion In Pure Liquid

In porous media contaminants can diffuse in both solids and liquid. Solid diffusion
was neglected from this study (see section 2.1.3) thus liquid diffusion will only be
considered. This section will proceed in discussing deeply the diffusion process of
contaminants in pure liquid media, i.e. no solid matrix. The discussion begins by
introducing the basic relationships for diffusion, “en, the more fundamental equations that

describes the diffusion in different solutions are presented and discussed.

2.2.1 Basic Relationships For Diffusion

The diffusion of contaminants in a solution is usually assumed to occur due to the
difference in concentration. Suppose that Q represents the amount of contaminants that
pass through a perpendicular cross sectional area A, as shown in Figure 2.9. Then, the rate

of change in Q/A per unit time is called flux, J, and it is defined as:

>0
N

e
I
(=%
(=% LN
—

(2.13)

The migration of contaminants through an aqueous media or free solution ( i.e. no
solid matrix ) is assumed to take place in accordance with Fick's first law, and it is

expressed mathematically in 3-dimensions, as follows ( Jost 1960):
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J=—Do(gc+ac+ac) (2 14)

X OJdy 0Z
J=—D, grad C
J=-D, VC

where J is the flux, which is the mass of contaminant species passing through a
perpendicular cross sectional area per unit time, D, is the molecular or the free-solution
diffusion coefficient, C is the concentration of contaminant at this particular distance, and
grad C or VC is the concentration gradient in the direction of flow, i.e. the change in
concentration per unit distance. The negative sign in Equation 2.14 indicates that the
diffusion process occurs in the direction of decreasing concentration, as illustrated in
Figure 2.10. Fick's first law applies to a steady state transport and the molecular diffusion

coefficient is assumed to be constant and isotropic.

If it is assumed that the diffusion coefficient of contaminant species occurs in one

direction, say the X direction, then Fick's first law can be written as follows ( Jost 1960 ):

@)

J=_Doa

(2.15)

S
<

where X is the direction of the concentration gradient. Equation 2.15 represents the one
dimensional form of Fick's first law of diffusion and it will be used through out the

remainder of this study.
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Figure 2.10 Decreasing concentration profile
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The flux equation can be described in so many ways. For example, the flux can be
described by the mean velocity of the diffusing species V,, where V,, is not the velocity of
individual species but it is the sum of the transport rates of all the species that exist in a
certain volume divided by the number of species. If the whole liquid is at rest, then the flux

equation can be expressed as follows ( Erdey-Gruz 1974 ):

J=Cx*Vp (2.16)

2.2.1.1 Diffusion In Ideal Solution

In an ideal solution ( i.e. microscopic scale, infinite dilution ), the hydrodynamic
theory of diffusion considers the liquid to be a continuum, and the diffusion flux is
determined by equating the driving force and the frictional resistance force. According to
Sutherland and Einstein ( 1951 ), the osmotic pressure is regarded as the driving force. As
a result, the change of the chemical potential ( gradient potential ) can be taken here as the
driving force. The change in the chemical potential can be determined from the change in

concentration gradient as follows ( Erdey-Gruz 1974 ):
¥; =¥; + RT In g 217

where y° is the standard state chemical potential of the ith species, R is the universal gas
constant, and a is the activity of the ith species. The activity and the concentration of the

ith species are linked together by the following relation ( Jost 1960 ): a =¥ * C ,
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where =%, is the activity coefficient of the ith specie at a given point in the mixture. As the
concentration of the ith species becomes more diluted, the activity coefficient approaches
unity, i.e. o, = 1 and a, = C . Therefore, the change of the chemical potential in an

ideal solution ( in one dimension ) is:

d¥;=RTadIlnC; (2.18)

and the total driving force F, per mole of species can be written as ( Erdey-Gruz 1974 ):
(2.19)
The absolute mobility of the particles is often used instead of the frictional

resistance. The absolute mobility of a particular species U is defined as the limiting

velocity V under a unit force f ( Robinson and Stokes 1959 ) and it is expressed as

follows:
U= lf’- (2.20)
rearranging the above equation for f, the unit force will become:
NV
F,= N U (2.21)

where F, is the required force per unit mole of species ( Nf ) and N is the avogadro's

number. The diffusive flux was previously defined as J = V*C, thus, by combining this
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equation with Equations 2.19 and Equation 2.21 a more fundamental form for the flux

equation is produced ( Jost 1960 ):

@]

J=_URT9

2 (2.22)

=5}

X

By comparing Equation 2.22 with Fick's first law, one can see that the free-solution

diffusion coefficient D, is given by:

— URT
Do=+=UKT (2.23)
where k is the Boltzman constant ( R/N ). Equation 2.23 is known as the Nemst-Einstein
equation ( Jost 1960 ), it shows that D, is directly proportional to the absolute
temperature of the solution, i.e. the free-solution diffusion coefficient will increase as the

temperature of the solution increases as is shown in Table 2.2

The frictional resistance is found to be extremely difficult to be calculated. This
difficulty is mainly attributed to the lack of knowledge of the liquid structure. Therefore, in
the calculation of the free-solution diffusion coefficient the assumption applied regarding
the frictional resistance is approximate and of limited validity ( Erdey-Gruz 1974 ). One of
the approximated methods has been suggested by Stokes ( 1850 ), where he calculated the
frictional resistance acting on a spherical body moving in a continuum solution. This

frictional resistance was found to be dependent on the radius r of the sphere, the viscosity
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 of the solvent, and on the sliding frictional coefficient B between the sphere and the

liquid. The frictional resistance was then defined ( according to Stokes 1850 ) as:

fs = 6mMuUr ——— (2.24)

If the liquid is entirely wetting the sphere particles moving through it, then 8 = oo,

and the frictional resistance equation becomes:
f; = 6mur (2.25)

If the liquid does not completely wet the sphere particles moving through it, then the

frictional resistance equation becomes ( Erdey-Gruz 1974 ).
fs = 4nur (2.26)

Sutherland suggested that § = e for the large spherical symmetrical species in a
solvent with small species, under these condition Equation 2.25 holds for the frictional
resistance f. The mobility of a particle can also be defined in terms of the frictional
resistance force due to the viscosity of a solution, as follows: U =1 / fs .Therefore,

according to Nernist-Einestine expression, Equation 2 23, the free-solution diffusion

coefhicient can be written as:
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Table 2.2 Free solution diffusion coefficient
for some cations and anions at finite dilution in water’

DO Do
10 cm? / sec 10° cm® / sec
Cations 0°C 18°C 25°C Anions 0°C 18°C | 25C
H 36.1 817 931 OH 756 339 337
L 372 869 103 —F 171 136
Na' 6.27 13 33 CT 101 71 703
K 986 16.7 196 Br | 105 76 701
RE" 106 7% 306 T 103 72 70
Cs 106 7.7 307 10; 505 879 106
NH; 98 638 9% Bs k] 138 73
Ag 835 T3 166 b5 695
T 06 T7 20T H30; 33
[ Cu(OHy 33 S0, 3 89 0.7
Zn(OH)’ 853 507 313 8§45 9.46
Bc™ 363 533 NO; 133 191
Mg~ 736 503 705 NO; 578 161 9
Ca™ 373 673 793 HCO; 118
SF 372 67 7.9% CO,” 739 T8 933
Ba~ 303 AK 8 a8 HPO, AL 836
R T02 735 889 HPO,~ 733
M 305 375 688 PO 612
Fe~ KR TR 719 H,ASO, 903
o™ 31 572 6.99 HI60, 813
Ni™ 311 381 679 CrO,.” LA P) 936 W)
(§TE 341 588 733 MoO,” 99]
Zn" 335 613 713 WO, 327 | 767 973
(o i 331 6.03 717
23 3755 795 9.45
TO." 376
o 573
Y™ 76 53
2™ 776 313 6.17
5" 583
CF 39 593
Fe~ 736 578 607
Al 336 —359
Th™ 33
: From Lerman 1979
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D,=-XT (2.27)

Equation 2.27 is known as Stokes-Einstein equation. Although Stokes-Einstein
equation is restricted by several assumptions ( such as spherical particles and ideal
continuum solvent ) it shows that the free-solution diffusion coefficient D, is affected by
the temperature, viscosity and species size. The smaller the radius of the contaminant

species the faster it will transport or diffuse through the aqueous media.

The absolute mobility of particular species is also found to be related to the

equivalent ionic conductivity A by the following relation ( Robinson and Stokes 1959 ):

NA
U=—=% 2.28
ZI F (2.28)
where F is the Faraday, | Z | is the absolute charge valance and A is the ionic equivalent
conductivity. In an ideal solution, at infinite dilution, A approaches A°. If A° is substituted

in Equation 2.28 instead of A and combined with Equations 2.23, the following equation is

obtained ( Jost 1960 ):

RTA°
|Z| F2

D, (2.29)
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Equation 2.29 is known as Nemst equation. Nemnst equation shows that the free

solution diffusion coefficient can be calculated if the ionic equivalent conductivity A° is

known. D_ values calculated according to Equation 2.29 are represented in Table A.2.

Effect of viscosity
The frictional resistance can also be related to the viscosity by the following

relation ( Robinson and Stocks 1959 ).
fi=cqn (2.30)

where G is a parameter with a dimension of length which does not depend on the

concentration. Therefore the free-solution diffusion coefficient will become:

=RT _KT
D, Nep ¢ (231)

Equation 2.31 shows that the free-solution diffusion coefficient is inversely related to the
viscosity of the solution, i.e. as the viscosity of the solution increases, the free-solution

diffusion coefficient decreases and vica versa.
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Effect of Pressure
Changing the pressure can effect the measured value of the free-solution diffusion
coefficient. The effect of the pressure can be determined from the changes in the viscosity

by using the following relation, while other parameters are fixed ( Erdey-Gruz 1974 ).

Dp2 _ Bro

Do Hr2 (232)

where Ji is the viscosity. However, the effect of pressure on the measured value of the
diffusion coefficient is found to be small. For exemple, the self-diffusion coefficient of
water at 30°C is decreased by a factor of 2% when the pressure is raised from 1 to

1000 atm ( Lerman 1979 ).

2.2.1.2 Diffusion In Non-1deal Solutions

The equations that have been discussed in the previous sections are valid for ideal
and diluted solutions. In ideal solutions, the change in the chemical potential is taken to
represent the driving force. This change in the chemical potential has been determined not
only by the concentration difference, but also by the activity of the mixture a , and the
activity coefficient =%/ . Since the activity coefficient changes when the composition of the

mixture changes, the relationship between the activity and the concentration also changes.

For non-ideal solutions, the change in the chemical potential of a solution, i.e. the

driving force, can be calculated from the following relation ( Erdey-Gruz 1974 ).
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(grad ¥);, = ]—%I(l + (g::’é)T ) ) grad C

where the terms T,P means at constant temperature and pressure respectively. Thus, the

diffusion coefficient can be calculated from the following;

D

Kf—T B=D,B (2.34)
S
where D, is the free-solution diffusion coefficient calculated from the ideal behavior of the

solution and B is a dummy variable.

When two species are allowed to diffuse, they will diffuse in opposing directions
(i.e. the solution diffuses in the opposite direction of the solute ). This movement should
now be considered since the parameter ¢ in Equation 2.30 ( which describes the frictional
resistance ) is no longer similar for both components. According to this, the relationship
between the diffusion coefficient and the mole fraction’ m,, and m,, of the two components

can be expressed as follows:

The mole fraction of a component defined as the ration of the number of moles of

a given solute species to the total number of moles of all the components in the

solution, and it is expressed as follows: m;=m, /Z m,
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_ KT dlnAd; mg; mpy my)
Do u( 3 1nm;s )Tp(sz 3 ) (2.35)

where A,, and A, are the activity coefficients for the first and second component

respectively. If ¢, and G, are independent of the concentration the above equation

becomnes:

dlndam
Do u= (—ﬁ)—f_n;g) (mﬂu1D1+mmu2D2) (2.36)
TP

Therefore, the D_ value reported in Table 2.2 represents the maximum value that
could be attained under ideal conditions, but this is not the case under non-ideal
conditions. Under non-ideal conditions several of the negligible ideal condition factors
become important. This is due to (Robinson and Stocks 1959 ). (1) the effect of

electronutrality and (2) the effect of concentration.

2.2.1.2.1 Effect of Electroneutrality

Both diffusion and electrical conductance are involved in the movement of ions in

a solution. The main difference between these two processes are:
1) In the conductance process the positive and the negative ions move in opposite
directions, whereas in the diffusion process the positive and the negative ions

move in the same direction.
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2) In the conductance process the ions move independently of one another, while
in the diffusion process the ions move at the same speed.
3) In the conductance process the electrical field is the driving force, but in the

diffusion process the concentration gradient is the driving force.

It is known that the diffusion coefficient of mobile ions is greater than that for less
mobile or immobile ions. This results in increasing the speed of the slower ions and
decreasing the speed of the faster ions. Therefore, the diffusion of a single electrolyte,
which requires the anions and the cations to diffuse at the same speed or rate, will result in
exerting another force due to the gradient in the electrical potential between the motion of
the oppositely charged particles ( in addition to the force that is due to the chemical
gradient ). Therefore, the free-solution diffusion coefficient D, should be modified to
account for this additional force. This modification has been done by Robinson and Stokes

( 1959 ) by the following equation:

Z|+lZ MA
D, _RT (Z;+|Z5]) MA,

F2  |Z1Z3] M+ (237)

where D, ), is the free-solution diffusion coefficient for a single electrolyte diffusing in one
direction in a finite dilution. The free-solution diffusion coefficient for two different ions
with the same valance and the same concentration gradient, diffusing against each other

can be calculated as follows ( Jost 1960 ):
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_.(CI+C2)D01D02
Do Do C. D02 (2.38)

where D,, and D, are the free-solution diffusion coefficients of the respective ions in a
finite dilution. But, if the two ions have different valances then the free-solution diffusion

coefficient is calculated from ( Robinson and Stocks 1959 ):

Z11C1+1Z51C>)D1 D
Dl_(|1|||2|2)01 02

|Z1|Do; C l+|Zle02C2 (2.39)

where C, and C, are the concentrations of the respective ions as equivalent per liter of
solution, and Z, and Z, are the valances of the respective ions. The above free-solution
diffusion coefficient, D,, , is often termed as the inter diffusion or the counter diffusion

coefficient.

If more than two jons are present, a general equation can be developed. But this is
a difficult process due to the fact that ions will diffuse in an infinite number of ways to
satisfy the electronutrality condition. The effect of the electronutrality condition on the
individual mobility or diffusivity of the ions is shown by comparing the limiting
free-solution diffusion coefficient values obtained from Table 2.3 with the free-solution

diffusion coefficient values obtained from Table 2.2.
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Table 2.3 Free-solution diffusion coefficient of selected aqueous electrolyte
solutions at 25°C *

Electrolyte D, * 10" cm?/sec

HCI 33.36

HBr 34

LiCl 13.66

LiBr 13.77
NaCl 16.1
NaBr 1625

Nal 16.14

KCl 19.93

KBr 20.16

K 19.99
CsCl 2044
CaCl, 1335
BaCl, 13.85
LaCl, 12.93

*" FromRobinson and Stokes 1959. o
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2.2.1.2.2 Effect of Concentration

As the concentration of the solution increases, a number of effects negligible for
the diluted solutions become more important. These effects are ( Erdey-Gruz 1974 ):
(1) The diffusion of the solvent in the opposite direction of the solutes can no
longer be neglected, since the concentration of the solvent is changing too.
(2) Some of the ions may carry with them a permanently attached layer of solvent
molecules, which acts as a part of the diffusion solute entity.
(3) The viscous forces may be considerably modified by the presence of a large

number of ions.

In case of diluted solutions, the solvents are assumed to be approximately
stationary, but this is not the case for concentrated solutions. As the concentration of the
solution increases more solute-solute reactions will occur, these reactions were previously
described by the activity coefficient =7, ( a = 2o C ). In concentrated solutions, the
activity coefficient is no longer equal to unity, thus the concentration is no longer equal to
the activity value. Therefore, the potential gradient in Equation 2.18 and Equation 2 19
should be modified to account for -/ C instead of C. As a result, the diffusion coefficient
of electrolytes should also be modified. The diffusion coefficient of concentrated

electrolytes has been modified as follows ( Robinson and Stokes 1959 ):

D,,=RI (1Zy]+1Z,]) 7»112( _Lalnlmlz)

F2 1Zy]|1Z2] M+ 9InCyy (2.40)
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Equation 2.40 is called Nernst-Hartley equation and can be reduced to a much

simpler form as follows:

dinA
D12=D012( l+-5—hT"‘]’22-) (2.41)

where D,, is the diffusion coefficient of the concentrated electrolyte, D , is the
free-solution diffusion coefficient of a single electrolyte ( see Equation 2.37), C,, is the

concentration of the single electrolyte and A _, is the mean ionic conductivity coefficient

mi2
on molarity scale. Figure 2.11 shows the effect of solution concentration on the value of

the diffusion coefficient in non-ideal solutions.
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Figure 2.11 Concentration dependence of diffusion coefficient in diluted solution at
25°C for sum electrolytes (where D is the diffusion coefficient and C is the
concentration of electrolytes)
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2.2.2 Fick's Second Law

Fick's first law can not be used to measure the contaminant diffusion coefficient
with respect to time. Fick's first law is sufficient to describe only the steady-state diffusion,
i.e. d C/ d t = 0. For transient-state diffusion, i.e. @ C/ d t = 0, Fick's first law need to be

modified.

If the species concentration changes with a zone of constant cross-sectional
area, A, which has a length of AX ( as shown in Figure 2.12 ), then any changes in the

amount of species in this zone will equal to:

AQ=Qin—Qout =(Jin — Jout)A At (2.42)

AQ is also equal to the product of the volume of the zone and the change in concentration
in the zone, i.e. AQ = A AX AC. By equating this equation and Equation 2.42 and

substituting Fick's first law, the following relation is obtained:

D= [(g%)xw;g(g—%))@m] = 12? (2.43)

By integrating the above equation with respect to distance and time and taking the limit of

AX and At approaches to zero, Equation 2.43 reduces to:
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a C— div (D, grad C) (2.44)

where t is the time. The above equation is known as Fick's second law and it applies to the
transient-state diffusion coefficient of ionic species at infinite dilution in three dimensions.

For one dimensional diffusion coefficient ( say X - direction ) Equation 2.44 reduces to:

dC _ o dC
ot —'a'sz( DOF)")Z) 243)

For constant cross-sectional area A, and assuming that D, is independent on the

concentration of the species, Equation 2.45 becomes:

9% C
D°a = (2.46)

X=0 X=AX
Ci1>QC2

Figure 2.12 Cross-sectional area of a unit volume
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-The above equation is a differential equation whose solution describes the
concentration of a system as a function of time and distance. The solution of this equation

depends on the boundary condition and the free-solution diffusion coefficient.

2.2.3 Types of Diffusion

There are mainly four different types of free-solution diffusion coefficient which
may be measured, they are ( Shackelford et al. 1991 ):
1) Self-diffusion.
2) Tracer-diffusion.
3) Salt-diffusion.

4) Counter-diffusion or interdiffusion.

Figure 2.13 schematically illustrates the four different types of systems that is used
to describe the four different types of diffusion coefficients. The type of diffusion
coefficient which is to be measured depends on the system used to measure it. A brief

description of each type of the diffusion system follows.

2.2.3.1 Self-Diffusion

Figure 2.13 (a) shows a schematic illustration of the self-diffusion system. A true
self-diffusion system is initially composed of two half cells containing equal concentrations
of sodium chloride. The movement of the species in this system would be truly random,

but this motion can not be traced. Therefore, an isotope has been introduced in one of the
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Figure 2.13 Schematic illustration of the four different types of the diffusion
coefficients
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half cells in order to simulate the movement of the isotope species in the self-diffusion
system. This simulation is done by replacing a small amount of the sodium Na’ in one of
the half cells by an equal amount of its isotope “Na’ . After connecting the two half cells,
diffusion of both Na™ and its isotope *“Na" will occur. Their movements are in opposite
direction of each other. This type of diffusion occurs due to the small concentration
gradients that exists for each type of the species ( Na” and **Na™ ). Since the concentration
gradient is very small, the movement of the tracer “Na and the solute Na" is not effected
by the movement of the ions of the opposite charge CI". The tracer in this system can be
considered to be diffusing in a stationary background of non-diffusing ions. This
movement of ions is termed as self-diffusion and the diffusion described in this system

referred to as the self-diffusion coefficient.

2.2.3.2 Tracer-Diffusion

The tracer-diffusion system is similar to the self-diffusion system, except the
isotope species here are composed of different species. Figure 2.13 (b) illustrates
schematically the tracer-diffusion system. In this system a small amount of the Na“ in one
of the half cells has been replaced by an equal amount of a different isotope, such as *K".
After connecting the two half cells, the isotope K" will move from the region of higher
concentration to the region of lower concentration ( left to right ), while the solution Na’
will move in the opposite direction. This type of diffusion occurs due to the difference in
the concentration gradient for each type of species ( Na" and “*K” ). The movements of

these ions in this system are referred to as the tracer-diffusion and the diffusion coefficient

50




described in this system is termed tracer-diffusion coefficient. At an infinite dilution the

value obtained from the tracer-diffusion and the self-diffusion is equal.

2.2.3.3 Salt-Diffusion

A schematic illustration for the salt-diffusion system is shown in figure 2.13 (c). In
this system one of the half cells contains sodium chloride while the other half contains the
solvent only. After connecting the two half cells, both Na' and CI' will diffuse in the same
direction until an equilibrium condition is reached. In this type of diffusing system the
electronutrality condition becomes important. The movement in this system is referred to
as salt-diffusion and the diffusion coefficient described in this system is termed

salt-diffusion coefficient.

2.2.3.4 Counter-diffusion or Interdiffusion

Counter-diffusion or interdiffusion describes the process where by different ions of
the same charge are diffusing against each other, or diffusing in the opposite direction of
each other. Figure 2.13 (d) shows a schematic illustration for the counter-diffusion system.
This svstem is composed of two half cells contairing the same concentration of sodium
chloride NaCl and potassium chloride KC1. After connecting the two half cells together,
the sodium Na’ will diffuse in the opposite direction of the potassium K*. This diffusion
process occurs due to the difference in their concentration gradients. The movement of

species in this system is referred to as counter-diffusion or interdiffusion and the diffusion
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coefficient described in this system is termed counter-diffusion or interdiffusion

coefficient.

In landfill disposal sites, the practical field problems are best represented by both
salt-diffusion and tracer-diffusion; whereas, tracer-diffusion best represents most of the
practical field problems in nuclear waste disposal vault because the groundwater's
chemical composition is likely to be the same and the concentration of contaminants is

low.
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2.3 Diffusion In Porous Media

Fick's ( 1855 ) theory showed that the diffusional transport of substances through
solutions obeys the same mathematical law that Fourier had derived for the conduction of
heat in solids . Since that time, several theoretical and experimental aspects of diffusion

have been undergone for both single and multi-phase systems. Single systems are mainly

composed of liquids, while multi-phase systems are composed of liquid and soil particles.

In multi-phase systems the diffusion process usually takes place through the liquid media.

Diffusion of contaminant species in a soil matrix is found to be slower than that in
pure liquid. This difference can be attributed to the following reasons:
(1) reduction in the cross-sectional area of diffusing flow.
(2) diffusion pathway is more tortuous due to the presence of the solid matiix and
the nature of the porous media.
(3) there may be a reduction in the mobility of the species in the soil matrix due to

the interaction between the diffusing species and the soil matrix.

Figure 2.14 illustrates the effect of the porous media on the diffusion process and it
gives a brief explanation for the first two reasons. The third reason is usually associated
with the adsorption-desorption reactions between the diffusing species and the clay

particles ( soil particle ), as was discussed in section 2.1.4.1.
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(b)

Figure 2.14 Effect of porous media on the Diffusion process:
(a) Diffusion in homogeneous solution
(b) Diffusion in porous media
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Due to the reasons pointed out, Fick's first and second law of diffusion in free

solution can not be used in porous media. These laws should be modified to describe the
diffusion of contaminant species in soil or porous media. The modifications of Fick's laws
that allow the description of diffusion in porous media are discussed in the following

sections.

2.3.1 Modifying Fick's First law

Fick's first law of diffusion should be modified in several ways to account for the

diffusion process in porous media. These modifications are discussed below.

2.3.1.1 Reduction in The Cross-Sectional Area of Flow

In the steady-state condition, when the concentration distribution is assumed to be

linear with distance, the diffusive flux is expressed as follows:
— dC
J=-Do5% (2.47)

where D, is the free-solution diffusion coefficient and C is the concentration of the
diffusing species in the aqueous phase of the pore space. The flux was previously defined
as the rate of transport of species per unit cross-sectional area of flow. Therefore, the flux
should also be modified to account for this reduction in the cross-sectional area. The

modification can be done as follows ( Jost 1960 ):
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J==Dgon i% (2.48)

where 1 is the volumetric water content. The volumetric water content is defined as the

volume of water per unit volume of soil and is expressed as: } = 0 S, , where 8 is the

total porosity (which is defined as the total volume of voids over the total volume of soil
specimen) and S_is the degree of saturation. By substituting this into Equation 2.48, the

following equation results:
= 0C
J=—=D, 0 Srﬁ (2.49)

The above equation shows that the diffusive flux will be at its maximum when the
degree of saturation S, is equal to unity ( saturated soil ) while the remaining parameters

are fixed.

2.3.1.2 Effect of Diffusion Pathway

The tortuosity factor has two effects on the diffusion process, they are:
1) Effect on the cross-sectional area that is perpendicular to direction of the
diffusion flow.
2) Effect on the driving force ( concentration gradient ) due to the long

diffusion pathway rather than the actual pathway.
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Each of these effects are illustrated in Figure 2.15 and Figure 2.16. In order to
describe the diffusion process in porous media Equation 2.49 should also be modified to

account for these effects. The modification can be proceeded as follows:
J= —DoeeSr (2.50)
d Xe

where 0, is the effective porosity ( actual or real porosity not the total ) and X, is the

effective diffusion pathway ( actual diffusion pathway). From Figure 2.16

6. = f: 6 and X, = % X , thus Equation 2.50 can be written as follows:

J= —DoLe( ) 0 Sr (2.51)

2
In Equation 251 the factor (L%) is termed the tortuosity factor and is

represented by the symbol T. The tortuosity factor T has been defined in so many different

ways. No matter how the tortuosity factor is defined, care should be taken to ensure that

the proper tortuosity factor has been chosen for the correct diffusion expression. The

2
tortuosity factor t in this study is chosen to be equal to: T= ( ‘i ) . Thus

Equation 2.51 can be expressed as:

J=-D,10 Srg—% (2.52)
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Figure 2.15 Effective Length in Porous Media
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Cross Sectional Area

T

Porosity Effect. Concentration Gradient Effect:
0=al/A AX=L=X2-Xi

a2 = (L/Le)*al AX,=Le

0.=a2/A AX /Le= AX/L

6, =(L/Le)*6 AX, = (Le/L)*AX

AC/AX, = AC [(Le/L) AX]
AC/AX, = (L/Le) AC/AX
A, al, a2 = areas
L. Le, AX, AX_ = lengths
C = concentration
0 = total porosity 8, = effective porosity

Figure 2.16 Effect of tortuous pathway on diffusion process
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2.3.2 Pore Diffusion Coefficient

At present, the tortuosity factor can not be measured independently. Therefore,
some researchers preferred to group the tortuosity factor with other factors in a single
term. This term is defined as the pore diffusion coefficient and it is represented by D, . In

this study, the pore diffusion coefficient is defined as:
D, =Dt (2.53)
By substituting Equation 2.53 into Equation 2.52, the diffusive flux equation becomes:
— dC
J=—Dy0S5% (2.54)

There are several other definitions for the pore diffusion coefficient D,, some of
these definitions are reported in Table 2.4. No matter which of the pore diffusion
coefficient is selected, care should be taken to ensure that the appropriate definition has
been chosen. In this study the degree of saturation is assumed to be equal to unity;

therefore, the diffusive flux is equal to:

ac
J=—Dyb55 (2.55)
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Table 2.4 Definitions of the pore diffusion coefficient D,
( Shckelford 1988 )

Definition
D=Dt
D=D, o/(1/7)

D=D, 6/(1/1)

Reference

Gillham et al. 1984
Li and Gregory 1974

Bemer 1971, and Drever 1982

D =D, tay® Kemper et al. 1964, Olsen and
Kemper 1968, and Nye 1979

D=D, ty Porter et al. 1960

D=D, taf Van Schaik and Kemper 1966

D, = pore diffusion coefficient

D, = free - solution diffusion coefficient

T = tortuosity factor (L /L,)’

L = straight line length

L. = effective length

o = fluidity factor

Y = negative adsorption or anion exclusion factor

6 = volumetric water content
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2.3.3 Modifying Fick's Second Law

Fick's first law of diffusion can not be used to measure the diffusion coefficient of
contaminant species with respect to time and distance. Therefore, Fick's second law of
diffusion, which is the differential equation of Fick's first law with respect to distance, can
be used to describe the transient or the time dependent diffusion process. The general
relation that describes the rate of change of mass of species for an elemental volume

described as follows ( Freeze and Cherry 1979 ).

net rate of flux of flux of loss or gain

change of mass solute solute of solute mass

of solute within = outof - into *+ dueto (2.56)
an elemental the the reaction

The above equation shows that the transport mechanism of the diffusing species in
a porous medium depends on whether the species are conservative ( non-reactive, i.e. the
diffusing species does not undergoes chemical or biochemical or radioactive reaction ) or
non-conservative ( reactive, i.e. the diffusing species reacts chemically, biochemically or
decays radioactively ). The chemical and the biochemical reactions that alter the
contaminant species concentration during the diffusion process are grouped together into

nine categories and are illustrated previously in Figure 2.1.
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2.3.3.1 Diffusion of Conservative Species
Since the conservative species are not reactive, the time dependent diffusion
equation can be determined by appiying the mass balance equation and neglecting any

other reactions. This is done as follows ( Freeze and Cherry 1979 ):

net change in
the concentration 2.57)
of the diffused species | = [(flux)in |- Kflux)out
per unit time

If it is assumed that the concentration of the contaminant species changes within a zone of
constant cross-sectional area A which has a length of AX ( as shown in Figure 2.12 ), then

any change in the amount of the contaminant species in this zone will be equal to:

AQ=Q, - Q. =[(])y- (1) ]AAL (2.58)

AQ is also equal to the product of the volume of the zone element and the change in the

concentration ."contaminant that occurs in this zone; it is expressed as follows:

AQ=AAX AC (2.59)

63

T Ut T




By equating Equation 2.58 and Equation 2.59, and by using Equation 2.55 as a base, the

following relation can be written;

136, (55,0

AX

D 0 (2.60)

By integrating the above equation with respect to distance and time, taking the limit of AX

and At approaches to zero, and assuming that D, and © are constant, the time dependent

diffusion equation can be written as:
0C__ 9% C
W_D P 9;;{'5 (2.61)

2.3.3.2 Diffusion of Non-Conservative Species

For non-conservative species, different types of chemical and/or biochemical
reactions may occur during the transport of contaminants in the soil ( as described
previously ). The time dependent diffusion equation for non-conservative species can be
determined by mcdifying Equation 2.61 to account for these reactions. The modifications

are as follows ( Robinson and Stocks 1959 ):

d C—D Ga L =+ 3R RC; (2.62)
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where R is a rate constant used to describe the reaction ( radioactive or biological decay )

and R, is a general term used to describe other chemical or biological reactions. The
positive ( + ) sign denotes a gain in the concentration ( e.g. chemical dissolution ) and the
negative ( - ) sign denotes a loss in the concentration ( e.g. radioactive decay, adsorption,

precipitation ).

The non-conservative species, which diffuse through the soil specimen, have the
ability to interact with the surface of the individual soil particle by two mechanisms: (1)
ion exchange and (2) adsorption process ( see section 2.1.4 ). Adsorption and radioactive
decay are the only types of reactions that can be modeled. Thus, the time dependent

diffusion equation can be modified to:

2
9C D G (2.63)
t a X?
. . . . . D P .
where D, is the apparent diffusion coefficient and is equal to R Chapter 4 contains a

detailed discussion of how this equation was achieved.

2.3.4 Summary

The steady-state diffusion in both free solution and porous media are described by
Fick's first law. This law was supported by a number of fundamental expressions, such as

the Nernst-Einstein, the Nerst and the Einstein-Stokes expressions. The transient-state
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diffusion in both free solution and porous media are described by Fick's second law, which

is the derivation of Fick's first law to time.

There are mainly four different types of free-solution diffusion coefficients
depending on the system being used to measure them. They are: (1) self-diffusion
coefficient, (2) tracer-diffusion coefficient, (3) salt-diffusion coefficient and 4)
counter-diffusion coefficient. The migration of contaminants from the disposal sites 10 the

surrounding environment is shown to be best represented by tracer-diffusion.
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CHAPTER 3

Methodologies To Determine The

Diffusion Coefficient

The fundamental equations used to define the diffusion coefficients have been
discussed in previous sections. Before considering the theoretical interpretation of
diffusion data, the various experimental methods available for measuring these coefficients
will be discussed. These methods can be grouped in several ways, perhaps the most
common division is: steady-state methods, which are based on Fick's first law of diffusion,

and transient-state methods, which are based on Fick's second law of diffusion.

Fick's first and second laws are known to be applied to homogenous, isotropic and
isothermal media. In clay-water system, the diffusion process depends not only on the
molecular diffusion in the liquid phase and on the physiochemical processes, such as
sorption, precipitation and ionic exchange, but it also depends on the pore size that restrict
diffusion, the diffusion pathway and the tortuosity ( Cheung et al. 1989 ). Therefore, the
measured values of the contaminant diffusion coefficients are not the same as those of the

free-solution diffusion coefficients. These measured values are referred to as the apparent
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diffusion coefficients. There are mainly two values for the apparent diffusion coefficient,

one for the steady-state D', and the other for the transient-state D, .

There are basically three different tracer methods, one for the steady-state and two
for the transient-state. These methods are the most commonly used in the laboratory to
measure the apparent diffusion coefficients in compacted bentonite; they are described in

the following sections.

3.1 Transient-State Diffusion Coefficient

3.1.1 Through-Diffusion Method

In the through-diffusion method a stainless steel cell is used. Figure 3.1 illustrate a
diagram of the diffusion cell The cell is designed to accommodate the swelling pressure
which may be generated by wetting the clay sample. The diffusion experiment is
conducted by compacting air-dried clay sample in the stainless steel ring to the required
density, the steel ring usually has a diameter of 4.12 cm and a height of 1.28 cm (Oscarson
et al. 1992). The cell is then assembled and allowed to saturate with a certain solution for
a period of at least 3 to 6 weeks. This period is found to be sufficient for saturating the
clay soil (Cheung et al. 1989). After this time, one end of the clay sample is brought in
contact with a solution that is spiked with a tracer (source reservoir) and the other end is
brought in contact with an unspiked solution (collection reservoir). The tracer
concentration in the collection reservoir is maintained at zero, while the tracer

concentration in the source reservoir is maintained at a constant concentration. When the
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Stainless steel plate
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Saturated soil

Figure 3.1 Diagram of the diffusion cell
used in the through-diffusion
experiments ( Cheung et al. 1988 )
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activity of the tracer at the collection reservoir becomes constant the cell is disassembled
and sectioned into thin slices, 1 to 2 mm in thickness (Oscarson et al. 1992). The tracer
concentration and the moisture content in each section are then determined. By assuming

that contaminant migration is in x-direction only, the constant diffusive flux can be

determined by using Fick's first law of diffusion,ie. J = -D-g% :

Two diffusion coefficients can be calculated from this method depending on the
technique used to measure the concentration gradient. If the tracer concentration is
measured in each slice, then the apparent diffusion coefficient at the transient-state

condition is determined, it is represented by D, and is defined as:

Dp=-=%— 3.1

where AX / AC is the inverse of the concentration gradient. D, can also be related to the

free-solution diffusion coefficient and the tortuosity factor as ( Oscarson et al. 1992 ):

_ Dot
Da = R (32)
For the initial and boundary conditions, the tracer concentration profile given by
Fick's second law can be determined by using the following relation ( Crank 1975,
Cheung et al. 1988 ):
i __ X
G = erfe 22— (3.3)

Co 2/Dat
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provided that the tracer does not completely penetrate through the clay specimen. There
are number of problems associated with this method, especially when bentonite is used.
These problems are ( Cheung et al. 1989, and Oscarson et al. 1992 ):

1) It is difficult to maintain a constant concentration for cationic diffusion at the
source reservoir due to the high cation exchange capacity, especially at the
early stage of the diffusion experiment.

2) The tracer concentration in the end slice of the clay sample may be altered due
to the uptake of solution by the clay from the porous plates during
disassembling of the diffusion cell.

3) The diffusion process may be effected by the diffusion of solutes ( not tracers )

from the soil to the external solution.

3.1.2 In-Diffusion Method

In this method the tracer-free soil is brought in contact with either a planar tracer

source or an impulse tracer source. This is shown in Figure 3.2 and Figure 3.3,

3.1.2.1 Planar Source

The saturated tracer-free soil is prepared in a similar way to that of the
through-diffusion method. The planar source is prepared by making a clay slurry first and
placing several drops of this slurry on a glass plate and allowing it to dry. Drops of the
solution containing the tracer is then placed on the dried clay slurry and allowed to

evaporate until dryness. This stage results in a dry layer of clay containing the tracer.
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Finally, the dried clay layer is removed from the glass plate and is placed in the middle of
the diffusion cell, separating the two identical tracer-free clay specimen. This is illustrated
in Figure 3.2. At this stage, the entire diffusion cell is submerged in the tracer-free solution
for diffusion. The cell is left for a predetermined period of time to allow diffusion to take
place. After the predetermined period of time elapsed, the diffusion cell is then
disassembled and the clay specimen is sectioned into thin slices, 1 to 2 mm in thick and the
tracer concentration and the moisture content are determined for each slice

(Cheung et al. 1992).

For the initial and boundary conditions’, the tracer concentration profile given by
Fick's second law can be determined by using the following relation (Crank 1975,

Torstenfelt 1986, Cheung et al. 1989):

= 22 e(;’é‘—j;) (3.4)

1/ﬂIDA t

Z|0

provided that the tracer does not completely penetrate the clay specimen. M is the total

amount of tracer added to the dried clay layer per unit area.

The initial and boundary conditions are:

C(X,0)=C, X=X,
C(X,0)=0 X=0and X=L
9C/ 39X =0 X=0and X=L

where X, is the distance or the point at the mid section ( tracer clay layer)

T2




This method can also be used to study the effect of additives on the diffusion
process under the same experimental conditions by introducing the additives in one of the

tracer-free clay specimen (Cheung et al. 1989),

The possible solute (not tracer) transport across the source-soil interface that

occurs in the through-diffusion method is eliminated in this method.

Soil
Tracer soil

- § ::::1!'7.'.‘1 XY gy S priret=e

|

N

Porous plates

Figure 3.2 Diagram of the in diffusion method
Planar Source
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3.1.2.2 Impulse Source

In this method, a stainless steel or Plexiglas diffusion cell can be used as illustrated
in Figure 3.3. The diffusion experiment is conducted by saturating two half cells, one of
the half cells saturated with a tracer-free solution, while the other saturated with the
solution plus a tracer. Both half cells are then compacted to the same density. The
compacted clay specimen are then allowed to equilibrate in a watertight cell for a period of
at least one week (Robin et al. 1987). After the equilibration period, the two cells are
brought in contact with each other and left for a predetermined period of time to allow the
diffusion to take place. When the predetermined period of time has elapsed, the diffusion
cell is then disassembled and the clay specimen is sectioned into thin slices 1 to 2 mm

thick. The tracer concentration and the moisture content in each slice are then determined.

For the initial and boundary conditions’, provided that the tracer does not
completely penetrate the clay specimen, the tracer concentration profile given by Fick's
second law can be determined by using the following relation (Crank 1975, Gillham et al.

1984):

The initial and boundary conditions are

C(X,0)=C, X<0
C(X,0)=0 X>0
Cl-oo,t) = C,
C(tee,1) =0

74




where X is the distance starting from the interface point. If the tracer does penetrate the

clay specimen, then the tracer concentration profile given by Fick's second law can be

determined by using the following relation (Crank 1975, Gillham et al. 1984) ":

Eiz_)_(_‘l+.2_2°° exp _DAGZﬂZt
Co L T 0 LZ

onX . onX,
COS (T )Sln ( L ) (3.6)

where X, is the location of the interface section of the clay specimen in the diffusion cell

overall length L.

In this method, diffusion takes place only within the soil, i.e. no solution-soil
interface transport is involved. It is noted that the diffusion process may be complicated by
water movement in the unsaturated soil specimen due to clay water potential gradient.
This effect is small in nearly saturated soil specimen with low hydraulic conductivity.
However, the diffusion cell should be perfectly sealed to prevent water from evaporating

during the experiment (Cheung et al. 1989).

! The initial and boundary conditions are
C(X,00=C, 0<X<X
C=0 X <X<L
dC/dX =0 X,=0and X=L
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Figure 3.3 Diagram of the in - diffusion method
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By using this preparation technique, the soil will be less saturated and less
homogeneous than the through-diffusion method (Oscarson et al. 1992,

Cheung et al. 1992, Cheung et al. 1989).

3.2 Steady-State Diffusion Coefficient

3.2.1 Through-Diffusion Method

In this method, the preparation of the tracer-free clay specimen and the experiment
is proceeded in a similar manner as the through-diffusion method in transient-state. In this
method, the concentration gradient is measured between the source and the collection
reservoirs; the apparent diffusion coefficient D, at steady state condition is then

determined (discussed in more detail in the following section ) and it is expressed as:

= -Z'C- m 3.7)

where L is the length of the clay sample, A is the cross-sectional area of the sample, AC is
the difference in the tracer concentration between the source and the collection reservoir,
and AQ is the change in the amount of the diffusing species that passes through the clay

sample during a period of time D, can also be written in terms of the free-solution

diffusion coefficient and the tortuosity factor ( Oscarson et al. 1992 ):

D, =D,t6 (3.8)
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If the change in the tracer concentration in the tracer-free solution or in the
collection reservoir is measured, the cumulative amount of the tracer species, Q, that
passes through the clay specimen can be estimated. For the initial and boundary
conditions, the tracer concentration profile given by Fick's first law can be determined by

using the following relation (Eriksen and Jacobsson 1982):

comc(3) B en ot (3) |

sin (“’;X )] (3.9)

where d is the thickness of the soil specimen and D, is the apparent diffusion coefficient at
steady-state. By integrating the flux at X=d, the amount of species diffused through the

clay specimen can be determined from the following equation:

Q _Dxt | 2+ [ [Dytnmt
AdC, 4% 6% Z} { n? "XP[ 42 (3.10)
n:

where A is the area of the specimen As t —» e , the above equation reduces to:

Kal
i
>0
1l
@)
o
@,
>

-Co$ G.11)

C, D, .
the slope of the above equation is ( : d 2 ) and intercepts the time axis at a time lag, t_,

equal to:
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le = —— (3.12)

as shown in Figure 3.4.

3.3 Summary

Different types of methods often used in the laboratory to measure the apparent
diffusion coefficients at steady-state, D', , and at transient-state, D, , were presented and
deeply examined. The advantages and the disadvantages of each of these methods were
discussed and their applicability to soil were outlined. In-diffusion methods can be used to
obtain the high and the average pore diffusivity by varying the diffusion time; whereas, the
through-diffusion method used to determine the mobility of the absorbed species and the
amount of water available for diffusion. For clear understanding of the diffusion process,

the through-diffusion method must be supplemented by in-diffusion methods.
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Figure 3.4 Schematic diagram illustrating
the cumulative flux q, vs. diffusion time T,
curve and its related parameters
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CHAPTER 4

Free-Water Model

It has been mentioned previously that clay minerals are being increasingly used as a
sealing material in the engineering design of waste disposal sites to limit and inhibit the
migration of contaminants to the surrounding environment. It was also mentioned that the
principle mechanism of contaminants to transport through these materials is dominated by
diffusion. Thus, the diffusion coefficients are critical parameters for predicting migration

rates and fluxes, and for assessing the safety of the disposal sites.

Several methods have been developed to measure and predict the diffusion
coefficients, such as those discussed in the previous chapter, but these methods are found
to be expensive and very time consuming. The diffusion coefficients are found to depend
on several factors, such as: type of diffusing species, clay density and type, and other
environmental factors, like temperature, groundwater chemistry ( Cheung et al. 1989 ).
Because of the large number of species, the changing environmental factors, the different
clay types generally encountered in the field, and the long time required to determine the

diffusion coefficient, it is not feasible to cover the whole range of diffusion coefficients
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required. Hence, developing a mathematical model that is capable to predict the diffusion

coefficient based on simple parameters is needed.

The free-water model was used by several researchers and investigators to predict
the diffusion coefficients of a number of contaminants through different types of systems.
For example, Gillham et al. ( 1984 ) used the free-water model to predict the diffusion
coefficients of species passing through a loose mixture of clay and sand. They found that
the predicted and the measured values are in a reasonable agreement. On the other hand,
the free-water model failed to predict the diffusion coefficients of contaminants passing
through compacted clay soil. Therefore, there was a need to develop a model that can
predict the migration of contaminants through this type of soil. As a result, the free-water
model was first modified by Cheung et al. 1989. The new model is named the
clay-water-interaction model. This model showed a better predicted values of these
coefficient in clay soil. The free-water model is discussed first and the

clay-water-interaction model will then be discussed in chapter 5.

4.1 Free-water model

The most fundamental coefficient that describes the diffusion of species in free

solution is the free-solution diffusion coefficient. This coefficient links the steady-state
diffusive flux, J. , to the concentration in free water, VC, , by using Fick's first law as

follows:
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Je=~D, VCs (4.1)

In porous media, contaminants diffuse at a slower rate than those in free-solution
because the diffusive pathways are longer and the cross sectional area available for
diffusion is smaller. This is due to the presence of the solid matrix in the free solution ( as
discussed in chapter 2 ). Therefore, the above equation needs to be modified to account

for this reduction in the diffusion coefficients. By using Fick's first law as a base, the

diffusive flux in the pore water per unit surface area of soil, J, , instead of the diffusive

flux per unit surface area of bulk water, J, is linked to the concentration gradient of such

contaminant species by using the following relation:

where D, is the pore diffusion coefficient, 0 is the water saturated porosity which accounts
for the reduced cross sectional area of flow, VC, is the concentration gradient of the
diffusing species. The pore diffusion coefficient D, can be expressed as a function of the
free-solution diffusion coefficient, D_, and the tortuosity factor, t , by using the following

relation:

D,=Do1 (4.3)

83




where T is the tortuosity factor which accounts for the effect of tortuous diffusive

pathway.

By assuming that the sorbed species are immobile, the time dependent equation
used to describe the diffusion process is the result of the combination of a mass balance
equation and of a tracer flux equation, and it is described by the following relation

( Gillham et al. 1984 ):

dC dS __
Gat + Yd T \Y (DPGVCf) (4.4)
where ¥, is the dry density of soil, and S is the amount of species that has been sorbed or
settled per unit mass of dry soil. In the free-water model, the species sorption process is
assumed to occur instantaneously. Thus, the relation between the amount of sorbed
species and the concentration of such species can be assumed to be linear. The linear

sorption process can be expressed as:

S= Kd Cf (4.5)
where C, is the equilibium or the final concentration of the species and K, is the

distribution coefficient. The distribution coefficient, K, , is defined as the ratio of the

amount of sorbed species per unit mass of dry soil to the concentration of species

84




remaining in the solution, C, . The assumption of Equation 4.5 is valid only if ( Gillham et

al. 1984 ).

(1) the reaction is instantaneous.

(2) sorption process is a function of concentration only; that is, other factors that
may affect the diffusion process remains unchanged in the course of the
reaction.

(3) the sorption process is a linear function of the concentration, that is the
distribution coefficient, K, , is constant.

(4) the sorption process is a unique function of concentration, that is, the reaction

is fully reversible and non-hysteretic.

Substituting Equation 4.5 into Equation 4.4 and dividing both sides by 6 , the time

dependent equation can be reduced to:

9Cr  Kyya 9Cr _
e+t 5 37— Y (DpVCy) 46)

by using Fick's second law of diffusion as a base, the time dependent equation can be

written as:

aC_p, 2¢€

where D, is the apparent diffusion coefficient of the diffusing species and it is related to

the pore diffusion coefficient, D, as follow :
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Dp=—2 4.8)

The apparent diffusion coefficient in Equation 4.8 has been retarded by the term

K4 Ya L . .
1+ 8 , which is known as the retardation factor and it is denoted by the

symbol R.

Clay water system in this model is treated as a free-water and the diffusion process
occurs in the free-water only. The tortuosity factor in this model can be assumed to be
equal to the porosity © for some type of soils ( Manheim, 1970 ). By using the Free-water
model, the measured apparent diffusi~: coefficients obtained from the previously
discussed methods, i.e. in-diffusion and through-diffusion, can be interpreted by

Equation 4.2 and Equation 4.7 as follows:

D
Da=< (4.9)

and
D’A=D, 6 (4.10)

The free-water model assumes the following:
1) The sorption process is assumed to occur instantaneously.
2) The sorbed species are assumed to be immobile.
3) Interstitial water is treated as free-water.

4) The diffusion of the contaminant species occur in the free water only.
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In order for the free-water model to be valid the following experimental results
would be expected:

1) D, does not depend on diffusion time and initial concentration, since
sorption is assumed to be constant and the interstitial water is treated as
free water.

2) D, should be smaller for species with greater K, , i.e. D, for cations is
greater than that for anions .

3) The ratio of D', / D, for non sorbed species, i.e. anions, should be equal to
0 according to Equations 4.9 and 4.10.

4) D, should be the same for both cations and anions, for species having the

same D_, since t1=0.

4.2 Application of Model to Soil

The apparent diffusion coefficient at steady-state, D', , and at transient-state, D, ,
have been measured by several studies and experiments. Most of these studies and
experiments interpreted their results based on the free-water model. The free-water model
is found to be valid for sandy soil and for loose non-active cohesive soil, like Kaolinite.
However, for compacted active cohesive soil, like montmorillonite®, the free water model

is not valid as illustrated by the following results.

® For a thorough information about the main type of clay mineral the reader is

referred to appendix C.
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Microstructure studies on several soil materials showed that heterogeneous
diffusion may occur, i.e. the apparent diffusion coefficients may vary with time as shown
in Figure 4.1 and Figure 4.2. Figure 4.1 shows the relation between the apparent diffusion
coefficients and the diffusion time period in similar compacted clay specimens for different
types of diffusing species ( Cheung et al. 1989, Oscarson et al. 1993, Cho et al. 1993 ).
The values of the apparent diffusion coefficients are found to decrease as the diffusion
time increases. This indicates that D, is a time dependent parameter and heterogeneous
diffusion does occur in the diffusion process. Similar findings have been reported by
Lai ( 1967 ) and Torstenfelt 1986. The results obtained from Lai are presented in Figure
4.2. Figure 4.2 shows that the apparent diffusion coefficients, D, , for both Sodium, Na',
and Potassium, K’ , in saturated Kaolinite have not changed with time; whereas, the
apparent diffusion coefficients, D, , for the same species in saturated bentonite have been
decreased with time. However, the variation of D, with time is not clear and further
studies are required. The results obtained from Figure 4.1 and Figure 4.2 indicates that
heterogeneous diffusion does occur, i.e. the apparent diffusion coefficients are time

dependent parameters. This result does not agree with the first expected result.

Several diffusion studies and experiments have been performed using the
through-diffusion test ( Cheung et al. 1989, Oscarson et al. 1992 ). Some of these studies
showed that the apparent diffusion coefficient at steady-state, D', , for cations are greater
than those for anions. Table 4.1 presents some of the results obtained from experiments

performed on Na-montmorillonite. These results did not agree with the third and the
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Figure 4.1 Relationship between apparent
diffusion coefficient D, and diffusion time T
for Cesium Cs”, Strontium Sr'?, and
lodine I" through Avonlea Bentonite
at y=1.75Mg/m’

( Cheung 1989, Oscarson et a. 1993, Cho et. al 1993 )
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fourth assumption.

Table 4.1 also shows that the measured values of D', for Cs' are much greater than
those of I' and CI'. This result does not agree with the fourth expected result. In addition
to that, the significant change in the measured values of D', for Cs" indicates that the

diffusing species could be mobile. This result does not agree with the second assumption.

4.3 Summary

The free-water model was introduced and discussed in this chapter. This model
was found to be suitable for sandy soil but for the case of clay soil and especially
compacted clay this model was found to be inadequate. This is because :e properties of
water due to clay water interaction was not considered. Therefore, there is a need for
developing a new model that has the ability to interpret the diffusion results based on clay
water species interaction. The new is model named the clay-water-interaction model and is

discussed in the following chapter.
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Table 4.1 Measured diffusion coefficient D', for different

types of species and various densities’

Ya D', * 10" K, Kim
Mg/m* m?/ sec L/Kg L/Kg
Cs~ 1.25 45.00 21.00 20.00
1.75 2.00 700.00 3.60
Cl- 1.25 <0.1-1
=0 =0
1.75 <0.1-1
= () =0
I 1.25 <0.1-15
=) =0
1.75 <0.1-0.2
~0 =0
? After Cheung et al. ( 1989)
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CHAPTER §

Clay-Water-Interaction Model

The free-water model was introduced and analyzed in the previous chapter, where
it was found to be valid for sandy soil but for clay based materials the model was found
not to be valid. Therefore, there is a need to find a new model that has the ability to
predict the diffusion coefficients of species migrating through clay based materials. As a
result, the clay-water-interaction model was first developed by Cheung et al. ( 1989 ).

Cheung's model will be further developed below.

3.1 Clay-Water-Interaction Model

In this model, the diffusion of contaminant species in clay is considered to be
heterogeneous. Heterogeneous diffusion arises from the electrochemical forces that exist
between clay particles, clay water and dissolved species. This results in a non-uniform
distribution in ionic concentration an’ water viscosity around the clay particles
(Cheung 1989 ). The distribution of diffusing species in clay soil depends on the
clay-water-species interaction. Clay-species interactions arises from various processes
including chemisorption ( specific sorption ) and ion-exchange ( non-specific sorption ). In

the ion-exchange process, the electrochemical forces between the soil particles and the
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diffusing species are generally weak; the adsorbed species may be shared under a driving
concentration gradient and thereby become mobile. The ion-exchange interaction depends
on the ionic strength of the pore solution: the higher the ionic strength, the less the
sorption by ion-exchange of a given species. On the other hand, in the chemisorption
process, the forces holding the diffusing species to the soil particles are very strong and

they can hardly be mobilized under a driving concentration gradient ( Cheung 1993 ).

Clay particles usually carry a net negative charge on their surface. Therefore,
cations are attracted to the surface of the clay, whereas, anions are repelled from the
surface of the clay. As a result of this attraction and repulsion process, the ionic
concentration gradient along the surface of the clay particles is higher for cations and
smaller for anions. The diffusivity flux is found to be directly related to the concentration
gradient, i.e. the diffusivity flux increases by increasing the concentration gradient. In
addition to that, the viscosity of the solution plays a noticeable role in the diffusion
process. The viscosity of the water in the first two layers adjacent to the surface of the
clay particles is much higher than the rest of the water, which is not significantly different
from the free water ( Low 1961, Cheung 1993 ). The diffusivity flux is found to be
inversely related to water viscosity, i.e. the diffusivity flux reduces by increasing water

viscosity.
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In accordance with its physical and chemical properties, clay water can be
classified here into three types: Surface water, Interlayer water and Interstitial water.
Surface water, is the first two layers of water ( = 1 nm in thickness ) adjacent to the
surface of the clay particle. The properties of this layer are strongly influenced by the
properties of the clay particle. Interlayer water is the water that lies beyond the surface
water between parallel clay particles. The influence of this layer on the diffusion process is
much lower than that of the surface water. This layer is relatively large in loose
montmorillonite with low salinity solution, but it is relatively small in highly compacted
montmorillonite and in loose montmorilionite with high salinity solution. Interstitial water
is the water that lies beyond the interlayer water in large soil pores. It is considered to
have similar properties to those of free water ( Low 1961, Cheung et al. 1989 ). For the
purpose of this model, surface and interstitial water are the only types considered. This is
because interlayer water has little effect on the diffusion process. Thus, this layer can be
neglected. Figure 5.1 is a diagram that illustrates the types of water in the

clay-water-interaction model.

The diffusive flux for the two types of clay water is given by the following relation:

where J, is the steady state flux in the pore water per unit surface area of the soil, D ¢ and

D, are the pore diffusion coefficients of contaminant species in the interstitial and surface



water respectively, 6, and @, are the fractional volume of water for interstitial and surface

water respectively, and VC, and VC, are the ionic concentration for each type of water

interstitial and surface water.
Assuming;
Ka7Yd0
Cs=—%5—Cr (5.2)

where 8 is the fraction of the surface water that is available for diffusion to account for

the size factor of the surface pore and the diffusive species, and K, is the distribution

coefficient. Equation 5.1 can then be written as:

In the development of the above equation, the diffusion in each type of water is

assumed to be isotropic and isothermal and the pores are assumed to be interconnected.
For small diffusing species J; can be taken as 1, as the interstitial water are relatively large.
However, for large diffusing species, some of the interstitial water may not be large
enough to allow the species to penetrate through. Thus, &, needs to be investigated.
Equation 5.3 shows that for §, = 0, the predominant diffusion pathway for cations and
anions is expected to be in the interstitial water, where as, for large values of O, the

predominant diffusion pathways is expected to be dependent on the charge of the diffusing
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species. It also shows that the predominant diffusion pathway for cations such as Cs’ and
Sr” (where K, >> 1) is expected to be in the surface water because of the attraction forces
that exist between the cations and the clay particles. On the other hand, the diffusion
pathway for anions (K, = 0), such as CI" and I', is expected to be in the interstitial water

because of the repulsion forces that exist between the anions and the clay particles.

If the dominant diffusion pathway for small species is considered to be in
interstitial water, which is the case of anions and cations with a value of 8 =0, the

diffusive flux J, will become:

Jo=-Dr 08¢ VCs (5.4)

and

De=D, 1¢ (5.5)

where 1, is the tortuosity factor in the interstitial water. The time dependent equation
derived from Equation 5.4 can be written as:

® For non sorbed species (K, = 0)

0C
-5-5 = D¢ V2Cy (5.6)

* For immobile sorbed species (K, > 0)

0Cr D¢ 2
ot ]+Kd7d v Cf G
0
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In Equation 5.7 the value of D, is retarded by a factor of 1 + —%E , known as the

retardation factor. This retardation process occurs due to the transfer of ions from the
interstitial water to the surface water. Theoretically, the retardation factor is expected to
depend on the diffusion time and the distribution of the interstitial water. Therefore, this
factor is expected to be large for longer diffusion times and for uniform sstribution of
interstitial water. However, for short diffusion time the retardation factor can be

neglected, since the transfer is very small.

For non-reactive species such as I ( K, = 0 ), the measured apparent diffusion

coefficients can be interpreted as follows:

D, =D, (5.8)

and

D', =D, 6, (5.9)

Figure 5.2 illustrates the effect of anion extrusion that is demonstrated by the ratio
of 0,/0. The values of 6, can be obtained experimentally by dividing the value of D', by
D, ( according to Equation 5.8 and Equation 5.9 ). A value of 6,/0 < 1 suggests that
anion exclusion plays an important role in the system. The effect of anion exclusion
increases as the value of 6./6 decreases. For the measured values of 6,/0 to be

appropriate, the concentration gradient within the clay plug obtained from the
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through-diffusion experiment must be linear. Furthermore, the measured value of 6,/6

should be equal to the ratio of the bulk concentration, C, to the source reservoir

concentration, C_, at the interface on the clay plug and the source reservoir.

If the dominant diffusion pathway is considered to be in surface water, which is the
case for cations and neutral species, where 6, &, is much greater than 6, , the diffusive flux

can be written as:

J,=-D; 0,6, VC; (5 10)

and

D; =D, Ts Us (5.11)

where |1, is the viscosity of the pore solution in the surface water, and 1, is the tortuosity
factor in the surface water. In Equation 5.11, the upper and the lower values of the
viscosity M, are 0.2 and 0.9 respectively ( Cheung 1993 ). The value of 8, in Equation 5.10
can be estimated from the bulk concentration profile after performing the
through-diffusion experiment. Since the steady state condition is established in this
experiment, the bulk concentration, C, can be approximated by 8, ( 8 + K, v, )C, . For
adsorbed species K, is much greater than 8 , thus, the bulk concentration, C, can be
further approximated by §, K, Y, C,. Since C, is equal to C, , the source reservoir
concentration at the interface of the clay plug and the source reservoir, &, can be

calculated from the following relation ( Cheung 1993 ):
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o = 9s Ka ¥4 (5.12)
where C/C_| is the value obtained from the bulk concentration profile at the interface of the
clay plug and the source reservoir. In order for Equation 5.12 to be valid, the bulk

concentration profile should be linear.

Since the mobility of the sorbed species depends on the type of interaction that
exists between the clay particles and the diffusing species, the mobility of the sorbed
species is considered for the following :

® If the sorbed species are considered to be mobile, VC, can be related to VC, by

the following Equation:

K
VC,= g:d VCs (5.13)

substituting Equation 5.4 for VC, into Equation 5.10 , the diffusive flux equation will

become:

Js =-Ds 0s Kqv4 VCs (5.14)

where K, &, is a factor accounts for the increase in the concentration gradient due to
cation exchange of mobile species. The time dependent equation derived from

Equation 5.14 can be written as:
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0Cy 23Cs

ST D X (5.15)

For this condition, the apparent diffusion coefficients obtained from the previously

discussed methods can be interpreted as follows:

D, =D, (5.16)

and

D', =D, d K,7v, (5.17)

If all the adsorbed species are mobile, then the following results are expected:
1) The D, value obtained from the measured D', should be equal to the measured

D, , according to Equation 5.16 and Equation 5.17 .
2) The measured D', value for cations should be greater than that of anions, 6, is

much greater than 6, in compacted clay materials.

¢ If the adsorbed species are considered to be immobile, VC, is equal to VC; since

the gradient of the sorbed species in the surface water does not contribute to the diffusion

process. The diffusive flux can be written as:

Js =-Ds 0 6 VCy (5.18)
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and the time dependent equation derive from Equation 5.18 can be written as:

o Cr _ D, 22C

5T - T kg 3% (5.19)
0

For this condition, the apparent diffusion coefficients obtained from the previously

discussed methods can be interpreted as follows:

Dja= Y (5.20)

and

D’A = Ds 95 85 (5.21)

For the clay-water-interaction model to be valid the following results are expected:
1) D, may vary with time
2) D, depends on the predominant diffusion pathway, charge of species, soil
fabric, diffusion time, and initial concentration.
3) D, can be smaller for cations than anions due to higher viscosity.
4) D, for mobile cations should not be affected by the K, value.

5) D, for mobile cations can be greater than that of anions.

— Fs * - . . v
6) When D, = 8. 5. K, 7. VG, I8 constant, then this spices is mobile.
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3.3 Summary

A model that can predict the diffusion coefficients of contaminants migrating
through clay based materials has been developed and termed the clay-water-interaction
model. The apparent diffusion coefficients obtained showed to be dependent on clay type,
clay density, type of contaminant species, and other environmental conditions, like
temperature, groundwater chemistry, density of the underlying materials, and the mobility
of contaminants. A parametric analysis for selected parameters are proceeded to study the
extent of the effect of these parameters on the diffusion coefficient. These analysis are

discussed in the following chapter.
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CHAPTER 6

Parametric Analysis and Relationship

The measured diffusion coefficients are found to be dependent on clay density and
structure, clay type, and other environmental factor such as pH level, temperature,
chemistry of the solution etc. The effect of these factors on the diffusion process can be
assessed by studying each of them separately. A parametric analysis of some of these

factors which directly effect the diffusion process are discussed in the following sections.

6.1 Clay Density

Clay density affects the apparent diffusion coefficient in two main parts. The first
part remains in the effect of clay density on the pore magnitude and size. As the density of
a soil sample increases the pore size decreases, hence the apparent diffusion coefficient
reduces. This reduction in the D, value occurred because many species with hydrated
radius greater than the pore size can no longer pass through, thus this process acts as a
sinking source. Because there is no single method available to predict the size of the pores
between soil particles, this part has not been discussed in this study. The second part
remains in the effect of clay density on the tortuosity factor, i.e. the length of the diffusion

pathway. As the clay density changes, the diffusion path-length will also changes, hence,
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the apparent diffusion coefficient is altered by these changes. A detailed analysis of the

effect of the clay density on the tortuosity factor is proceeded in the following section.

6.1.1 Tortuosity Factor

The tortuosity factor can be experimentally calculated for anions by dividing the
apparent diffusion coefficient D, by the free-solution diffusion coefficient D, and the

viscosity factor £, '° ; it is expressed as follows:

Da
Do fv

Some of the selected values of the experimental apparent diffusion coefficients obtained

T= 6.1)
from literature, their free-solution diffusion coefficient D, and the calculated tortuosity
factor are presented in Table 6.1. The range of the T values listed in Table 6.1 is highly

variable but it is always less than one.

Several researchers have related the apparent diffusion coefficient with the
volumetric moisture content, i.e. the porosity of the soil. For example, Manheim ( 1970 )

and Lerman ( 1978 ) assumed the following relationship to be valid between the apparent

diffusion coefficient D, and the total porosity of the soil © :

Da =D, 0" (6.2)

0 Viscosity factor discussed in a later section.
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This suggests that the tortuosity factor can be represented by the total porosity. Based on
the results obtained from plotting the values of D, for NaCl versus the corresponding 0 on

a log-log scale, the exponent n is best estimated to be equal to 2, Shackelford ( 1989 ).

Others, such as Myrand et al. ( 1987 ) reported that Desaulniers ( 1986 ) found the
following relation to be valid for diffusion in saturated, unconsolidated fine-grained

geologic materials:

DA =D, n? (6.3)

where n is the total porosity of the soil. For saturated soil 8 = n, hence the assumption of

Desaulniers ( 1986 ) agree with those of Manheim ( 1970 ) and Lerman ( 1978 ).

This study represents the tortuosity factor by another factor termed the effective
porosity, which is related to the porosity of the soil but less in magnitude than the total
porosity. The total porosity term was defined in many soil mechanics text books as the
ratio of the volume of voids over the total volume of the soil. For fully saturated soil this

term can be expressed as:

0=0,+ 06 (6.4)

where O = total volume of water and is referred to as the total porosity.
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total volume of surface water and is referred to as the surface porosity.

ef

total volume of interstitial water and is referred to as the free porosity.

Experimentally it was found that not all of the above volumes are available for diffusion,
this is related here to the presence of dead-end pore volume. The dead-end pore volume
defined here as the volume which contains the diffusing species and acts as a source of
sink during transient diffusion; these pores could be cavities ( i.e. pores with only one
opening ) and/or small pore size compared to the size of the diffusing species. As a result,

the effective porosity is used here instead of the total porosity.

Assuming a unit volume, the effective porosity can be estimated as follows:
For species diffusing in interstitial water, the total porosity is equal to the dead-end
pore volume plus the free porosity, and Figure 6.1 illustrates this. The following

calculation proceeds with reference to Figure 6.1:

edead-end —
5 1- 6¢

thus

Odead-end = (] - ef) )

Since the species are diffusing in the interstitial water, the surface water pore volume

should be excluded. Hence, the dead-free pore volume in interstitial water is equal to:

Odead-free = {(] - ef) 9} -0
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since ef = ecf + 9dead-free

thus, the effective free porosity can be calculated from:

O  =8-{[(1-6,)0]-6,}

=6,-[(1-6,)0]+8,

Substituting Equation 6.4 into the above equation, the effective porosity can be written as:

0. =0, * 0 (6.5)

For species diffusing in surface water, the porosity will be equal to the dead-end
pore volume plus the surface water pore volume; and Figure 6.2 illustrates this. The
calculation proceeds in a similar manner to that of the interstitial water. Hence, the

effective surface porosity can be estimated from:

0, =0,+0 (©6)
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Figure 6.1 Diagram illustrates pore volume distributions
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Figure 6.2 Diagram illustrates pore volume distributions
for species diffusing in surface water
per unit volume
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6.1.2 Comparison with Literature

A comparison between the measured apparent diffusion coefficients obtained from
literature and those calculated according to the previous hypothesis are presented in

Table 6.1 for anions and Table 6.2 for cations. The data shown in Table 6.1 indicates that

the calculated value of D, using T = 0, are in better agreement with the measured values

than those using T = 0. This is also illustrated in Figure 6.3 and Figure 6.4. In addition, a

comparison between the measured tortuosity factor and the total and the effective porosity

was also made in this study. Table 6.1 also shows that , for compacted clay, the calculated
tortuosity factors base on Equation 6.1 are better represented by 0, than by 0, see Figure

6.5 and Figure 6.6. On the other hand, for the case of sandy soil and loose clay 1 is better

represented by 6, , , see section 6.2.

Another point should also be considered when calculating D, , is the thickness of
the double layer ( surface water ). A better relation noticed between the measured and the
calculated D, when assuming the thickness of the double layer at a clay density less than
1.25Mg/m’ to be equal to 5 A ( two layers )", and at clay density greater than
1.25 Mg/m’ to be equal to 2.5 A ( one layer ). This relation is illustrated in Figure 6.7 and
Figure 6.8. Further investigations and experiments in estimating the thickness of the

double layer is required.

The thickness of a single liquid layer is assumed to be approximately equal to 2.5

A
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In case of cations, several variables that effect the diffusion process had to be

assumed in order to calculate the value of D, . This is because the literature lacks a
detailed analysis of the obtained results for D, which are required to determine the values
of these variables. The calculated values of D, based on the assumptions made in
Table 6.2 show that Cadium Cd"* | Zinc Zn" , and Strontium Sr” are all diffusing in surface
water and they are mobile. The data listed in Table 6.3 also shows a reasonable agreement

between the calculated and the measured values of D,. From the above, it is clear that the

tortuosity facto T is better represented by the effective porosity, 6, . Further

€s
investigations and detailed experiments are required to validate this hypothesis and to
model the assumed variables. Once this is done, one can easily model the apparent

diffusion coefficient for cations.

The effect of anion extrusion should also be considered when studying the
diffusion process. Chapter 5 showed that anion extrusion plays an important role in the
diffusion process. This effect can be demonstrated by dividing the experimental value of 0,
by the total porosity 6 . Selected values of 6, and 6, / © (obtained from literature) are
presented in Table 6.3. The values of ©,/ © are found to be decrease as the density of clay
increases. The smaller values of 6,/ © indicates a greater effect of anion extrusion on the
diffusion process. Furthermore, the measured values of some of the 6,/ © are found to be

similar to those of C / C, (the concentration value obtained from the bulk concentration
profile at the interface of the clay plug and the source reservoir) and the concentration

profile for those experiments are found to be linear. These results prove the validation of
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the anion extrusion. The effect of anion extrusion has also been demonstrated here by the

estimated value of 6./ © . A reasonable agreement between the experimentally measured
6,/ 6 and the calculated 6,/ 6 is found, see Table 6.3 and Figure 6.9. This indicates that

the effect of anion extrusion can be estimated by 6,/ 6 .

In conclusion, the study found that the assumption of T = 0 and the

effective
thickness of the double layer to be equal to 2.5 A at clay density greater than 1.25 Mg/m’
and equal to 5 A at clay density less than 1.25 Mg/m’ resulted in better predicted values of

D, when compared to the measured values.
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Figure 6.3 Comparison between the measured and the calculated D, values
for Todine
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6.2 Clay Content

In the previous section it was mentioned that the geometry of the soil sample
greatly effects the apparent diffusion coefficient values. The literature contains several
diffusion studies and experiments that were performed on different clay to sand ratios. The
data presented by Gillham et al. and others illustrates the effect of the clay content on the
apparent diffusion coefficient is listed in Table 6.4 and in Table 6.5. Gillham et al. ( 1984 )
performed a series of diffusion experiments on seven mixtures of bentonite and silica sand
ranging from O to 100 percent of bentonite by weight. The results of their experiments
demonstrated that the porosity and the bulk density considerably influenced the measured
apparent diffusion coefficients. They also suggested that a small amount of bentonite
ranging between 5 to 10 percent mixed with sand was found to be more effective in
retarding contaminants or diffusing species than either sand alone or sand-bentonite
mixtures containing a large portion of clay ( see Figure 6.10 and Figure 6.11 ). They
commented that, at this range of sand-bentonite mixture ( 5 - 10 % ) all the pores between
the sand particles are almost completely filled by the clay particles. Thus the porosity term
reached its minimum value at this range of clay content ( 5 - 10% sand-bentonite mixture
), as shown in Figure 6.12. This would be true if nonreactive soil such as sand or a soil
sample that contains a large percentage of sand, or loss cohesive soil was used, hence, the
porosity would be the main factor that influences the measured value of D, . Since clay
minerals are always active, sand particles will only act as a filler. Therefore, it is expected
that the apparent diffusion coefficient is considerably influenced by the clay content

portion rather than the sand content.
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In order to study the effect of the clay content on the apparent diffusion
coefficient, a comparison between the measured values of D, and the calculated values
depending on the bulk density and the clay density was performed. The measured values
of D, obtained from literature and the calculated values are listed in Table 6.4 for anions
and Table 6.5 for cations. The data presented in Table 6.4 shows that the measured
apparent diffusion coefficient at high sand content are better represented by using the bulk
density; whereas, at low sand content D, values are better represented by using the clay
density ( with the exception of iodine ). In case of iodine, it is expected that either a
mistake occurred during the measurement of D, or some variables which effect D, were
not noted or detected ( such as the organic content in the soil ). In case of cations, the
calculated values of D, based on the assumption listed in Table 6.5 shows that Strontium
Sr™* diffuses in surface water and is mobile. The data presented in Table 6.5 also shows
that the measured apparent diffusion coefficient values at high sand content are better
represented by using the bulk density as a base; whereas, at low sand content D, values

are better represented by using the clay density as a base.

In conclusion, the clay density should always be used as a base when attempting to
model the migration of contaminants through compacted active materials, such as clay,
and the bulk density might be used when attempting to model the migration of
contaminants through loose nonreactive materials, such as sand. In case of loose active

materials further studies are needed.
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6.3 Clay Type

The previous section showed that the tortuosity factor can be represented by the
effective porosity, i.e. the geometry of the soil sample. Hence, soil properties are expected
to have a considerable effect on the rate of diffusion of contaminant species. Table 6.6
presents experimental results obtained from literature for different types of clay soil and
different types of diffusing species. A single relation between the apparent diffusion
coefficient and the type of soil could not been found due to the fact that there are a
number of variables acting simultaneously which effect the measured values of D, . For
the given ions and soil types, the measured D, values listed in Table 6.6 are found to be
inversely related to the specific surface area, i.e. the apparent diffusion coefficient
increases as the specific surface area of a soil sample decreases ( where other variables are
held constant ). The relation between the specific surface area and the apparent diffusion

coefficient can be explained as follows: in case of anions, as the specific surface area

increases the thickness of the surface water increases; thus, the effective porosity 0, in the

interstitial water decreases. This reduction in 0, means that the diffusion pathway for

anions increases. Thus, the tortuosity factor decreases. As a result, the apparent diffusion
coefficient D, value decreases. In case of cations, as the specific surface area increases the
surface water available for diffusion increases. This means that more species will have the
probability to be sorbed on the surface of the clay particles, i.e. the adsorption coefficient

factor K, increases. Depending on whether the species diffusing through surface water are
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mobile or immobile, the apparent diffusion coefficient will either increase or decrease, see

chapter 5.

A comparison between the measured and the calculated values of D, are presented
in Table 6.6. In case of anions, a reasonable agreement was found between the measured
and the calculated values of D, for all types of clay, with the exception of Lake Agassiz
clay. The presence of a large amount of organic content in Lake Agassiz clay resulted in
the adsorption of the diffusing anions, this process acted as a sinking source. As a result of
this sorption, the measured value of D, in Lake Agassiz clay was much smaller than the
calculated D,. In case of cations, the effect of specific surface area on the diffusion
process is clear. Cations diffusing in clay having a small specific surface area, like
Kaolinite, are found to diffuse in interstitial water; this is because the surface water is not
thick enough to allow cation species to pass through. On the other hand, cations diffusing
in clay having a large specific surface area, like Lufkin, are found to be mobile and
diffusing in the surface water. This is because the thickness of the surface water is greater,
hence, more species are allowed to pass through. This clearly explains the points made in

the previous paragraph.

Intensive studies and experiments are required in order to thoroughly understand

the effect of clay type on the diffusing species. Once this is done a reasonable relation

between the clay type and the apparent diffusion coefficient can be found.

128




0I-40£9 | o1-F8El | 900 | 95¥ | L1 6€ | ordmyt | Ll 0l

o1-48¢'9 o1-4Tr't 900 |§% 4 L1 6t 11-301¢v 91l ot

01-489'9 | 01-dgs'1 90 (134 L 6t 11-30¢ ¢ el ol

01-38€ 9 118514 A1 %00 1sv L'l 6'€ 11406 € ort 01 1 urjowy

Ol-d.8¢ | OI-4Tb € 910 th 1 70 'L 01-409 1 rAN 6T

01-4L8 ¢ DI-4Z¢ € 91'0 |3 | o0 YL 01-305°1 it 62

o384 | oldve | 9to | el | zzo | L |o1-d00T | Tl 6z

o1-1¢€°d 0I-4s6 T 910 Lyl 0 v'L o1-408 Z sttt T6T ! suitl

0-IvL't 1146z 1 z1 L6 8T 4 I'e €1-30Z 1 +vZ'l tOg

o1-36¢ € -4l Z1 LT 0E 41 vL €1-4oL’§ LTl €0t

0l-4L8 € 1140z i i £8 67 Zl |2 €1-402°9 9z1 £0€ sissedy

o1-3iv € -4t Tl (FA U al A £1-4089 8Tt t0€ l L2 08 §

-d€8°¢ 01-109C 1€0 iyl (Y4 €L or-do01'¢ o't [11:14

01-4¢9°¢ | 01-1s+ T €0 8y i $sT0 tL 0i-40Tt i 08¢%

Ol1-dps £ 01-ZILE'T 1€0 6’1 sT0 €L 01-300 € et [¢2:14 1 eIpuoAY
{qourunt {qourux {qow {qow 1 sospw |\ w@BW | 8w
* 6 =T} < T=r} o=} | =} | (ed) (‘1e9) 20 d Py Hd | (sow) | Ausuaqg eue | saodg [ odfg
(e)'a | (e)¥a | (e)*a |(e)¥a] ‘a | ¥'a a ey | ooppng Ked

suone)) suory

SuoIuE pue SUONED Y10q JOj ¥(J JO sanfeA
Pale[nNo[Ed aY) pue painseaws ay} uo 3dAy Aepd Jo 13yT 9'9 JqeL

129



-390 1 €1-39¢°T (481404 ¢-dILy § O-delT [4 01-30T°¢ o'l 0l
T1-4L0°1 €1-4LE°T THIEIT er-deLy | 01-3107 4 01-305°t Tl 01
T-AL0°1 £1-38€°T v’z €1-dSL'y o1-406 1 4 01-30T°¢ 8T1 o1
FARCI N ti-die'T TI-980T | €1-429¢ | O1-debT [4 01-90¢ € or't (H]
Z1-4z0°1 €1-3LTT 130T €i-dvs v 01-3€9°C T 01-30T v o'l 01 PO
oI-4¢l9 01-308¢ o'l ]|
oI-3d6L°¢ o1-30t°9 vTl 1]
01-49v°¢ 01-308°¢ 8Tl 11
01-420°L 01-100'9 or't 01
DI-48§°L 01-305°9 0! 01 I
0t-4109 ot-dov'y 0Tt 01
01-489°¢ 01-30¢ ¢ Tt [}
01-39¢°¢ 01-30¢ ¢ 3Tl ol
01-488 9 01-40s € or't ol
O1-4d¢v'L 01-4009 $0°'1 01 10
{qownut ousuI {qow w 3 3
.A_M.n& ”.nm.ua .H& .MM& () | () | DO | ¥ wm,_ Hd Nw_____“ ».,___m\w& Nm_” saadg | adAy
(1)¥%a | (e)¥a | (ed)Va () ¥al ‘a ¥'a *a Aery | aoepmg Led
suone) mﬁos

panunuod 9'9 JqeL

130



1I-Aes ¢ =110t 1i-4L6'6 H-4TT 11-39¢ £ [ 4 01-40s 1 24! (11,14
11-49¢ ¢ =310 01-300 1 11-3¢TT 1-4pLdv Tt 01-308°C 6¢'1 (1234 uz
AL 6 -4907 01-420'1 =443 11-4v9t Il 01700 ¢ [ A 08y
-dit o Z1-4L0T 01-420°1 11-98C°T 1-9¢8 ¢ I 01-300% 6t (2.3 4 P
01-4¢0°1 01-45°1 vl (13,14
01-4L¢ 1 o1-38°1 6¢ | 08y 1> upprry]
cl-Ast'y €1-365°1 CI-4L07 £I-d19¢ 01-480C 67 01-30¢ ¢ ot (111
£1-461°L £1-409 1 4807 £EHE9t | 01-196 1 67 01-908°t [ g1 111
tI-HITL t1-309 1 T1-460°7 €159 (118 (3.3 6¢ oI-10s v 371 11}
£I-410L £1-495°1 Z1-de0T £1-4I¢y | OI-H8ET 67 01-408°v ol 1}
€1-1889 £1-4¢8°1 T1-100 7 ety | 01-ALST 6T 01-30T v 0’1 01 74
{qowwt | {qowun | {qow | {qow 3w s | wBN | 8w
t6'=N} cg=t} | te=m} ["T=M} | (@®o) | (®0) ;| ™ Hd | (sow) | &psuog | eare | sowodg | adif
(e)¥a | (®)v¥a | (e)va jce)¥a)]  Ya w'a Ya Ae]) | soeymg L&D
suoue) suowy

panunuod 99 Jqe

131




6.4 Temperature

The effect of temperature on the apparent diffusion coefficient attracted the
attention of a number of researchers since the early stages of diffusion study. In 1965
Gardner mentioned that the diffusion coefficient for anions may vary with temperature, but
there was no data to support this statement at that iime. In recent literature, a large
percentage of diffusion experiments were performed at 25°C ( Cheung et al. 1989,
Oscarson et al. 1992, Cho et al. 1993 and Gillham et al. 1984). Some experiments were

also performed at different elevated temperatures ( Robin <t al. 1987).

The effect of temperature on the apparent diffusion coefficient should be examined
in order to:
1) Determine the effect of temperature on the apparent diffusion coefficient
and on soil properties.
2) Find a coefficient which can be used to improve the modeling of the
measured apparent diffusion coefficient.
In order to investigate the effect of temperature on the diffusion process, other factors
suspected to effect this process must be held constant. Therefore, clay density, ionic
strength, type of clay and the concentration of the diffusing species are held constant.
Diffusion values were taken from literature at three different elevated temperatures 25°C,

60°C and 90°C. These values are listed in Table 6.7 and Table 6.8.




The apparent diffusion coefficient is found to be linearly related to the
temperature, i.e. the diffusion coefficient increases as the temperature increases. This
relation was illustrated in Figure 6.13 to Figure 6.16. The variation between the
temperature and the apparent diffusion coefficient is most likely due to:

1) The effect of temperature on the viscosity of the pore solution.
2) The effect of temperature on the geometry of the soil specimen.

3) The effect of temperature on the thickness of the diffuse double layer.

6.4.1 Viscosity

The viscosity of water is known to decrease with increasing temperatures ( see
appendix A ), hence, the apparent diffusion coefficient is inversely linearly related to the
viscosity of water ( po . solution). Therefore, the viscosity factor is inversely related to
the viscosity of the pore solution. The viscosity factor is defined as the viscosity of the

pore solution at 25°C divided by the viscosity at the target temperature and it is expressed

as follows:
fo=tEo ©7
Y Koc) |
where f, = viscosity factor.
Hos, = viscosity of the pore solution at 25°C.
Wr = viscosity of the pore solution at the target temperature.
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Hence, the modeling diffusion equation for anions can be modified to:

where D, ' is the free - solution diffusion coefficient at 25°C.

A comparison between the measured apparent diffusion coefficient values obtained

from literature and those calculated according to above equation is presented in Table 6.7
and plotted in Figure 6.13 to Figure 6.16. The calculated value of D, obtained from
Equation 6.8 shows a better agreement with the measured D, than those obtained from
Equation 5.5. This study models the diffusion process for anions with Equation 6.8 rather
than Equation 5.5; this is because Equation 6.8 uses the viscosity of the pore solution
when calculating the viscosity factor whereas Equation 5.5 uses the viscosity of the water
when calculating the viscosity factor. Further studies and experiments should be

performed on different pore solutions to validate Equation 6.8.

In case of cations, a linear relationship was found between the temperature and the
apparent diffusion coefficient, i.e. as the temperature increases the apparent diffusion
coefficient is also increases ( see Table 6.8 ). This variation is thought to be related to the

viscosity of the pore solution. However, a definite relation between the temperature and

12 D, values are always taken from literature, and they do not represent the actual

value.
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the apparent diffusion coefficient could not be achieved at this point because the literature
lacks a detail analysis of the obtained results for D,. Thus, several assumptions have to be
made in order to calculate D, . The calculated value of D, based on the assumptions made
in section 5.1 shows that Strontium diffuses in surface water and is mobile. The data listed
in Table 6.8 also shows a reasonable accordance between the calculated and the measured
values of D,. Therefore, it is not necessary to carry out further investigations and analysis
to validate this hypothesis. Accordingly, further studies and detailed experiments are
required to model these assumed variables; at which point one can draw a clear relation

between the temperature and the measured D,

6.4.2 Soil Geometry
The effect of temperature on the geometry of the soil is also investigated in this
section. This is achieved by dividing the measured value of D, by the free-solution

diffusion coefficient D, and the viscosity factor f, . The relation between the temperature

and the geometry of the soil specimen is found to be almost constant, as shown in
Figure 6.17. This indicates that the temperature does not have a significant effect on the

geometry of the soil.

6.4.3 Diffuse Double Layer

The diffuse double layer is known to be linearly related to the temperature, i.e. the

thickness of the double layer increases as the temperature increases ( see section 2.1.5 ).
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The data presented in Table 6.7 shows that temperature does not have a significant effect
on changing the thickness of the double layer. This can be related to the fact that the clay
samples are compacted at high densities (greater than 1.1 Mg/m®). At this density the pore
space between particles are extremely small and the double layer is compressed to its
maximum and can not easily expand; hence, the temperature has an insignificant effect on

changing the thickness of the diffuse double layer.

In conclusion, in compacted clay the temperature mainly effects the viscosity of the
pore solution whereas the geometry of the soil specimen and the thickness of the diffuse
double layer are not considerably affected by the variation of the temperature. In loose

clay further experiments and studies in required.
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6.5 Solution Concentration

To investigate the effect of solution concentration (i.e. ionic strength of the
solution) on the diffusion process, other factors suspected to effect this process must be
held constant. Therefore, clay density, temperature, type of clay, and the type and the
concentration of diffusing species are held constant. The measured D, values obtained
from literature were taken at three elevated temperatures 25, 60, and 90°C for three
different ionic strengths of 0, 0.27, and 1.40. These values are presented in Table 6.9 for
anions and Table 6.10 for cations. For the given ions and soil, the measured D, values
listed in Table 6.9 and Table 6.10 are found to be linearly related to the ionic strength, i.e.
the apparent diffusion coeflicient increases as the ionic strength of the solution increases (
see Figure 6.18 and Figure 6.19 ). The variation of the measured values of D, can be
related to two parts: the first part is due to the effect of the ionic strength on the thickness
of the double layer. The higher the value of ionic strength, the smaller the thickness of the
double layer. The second part is due to the effect of the ionic strength on the distribution
coefficient, K, . The distribution coefficient is always determined experimentally when
performing diffusion tests for any cation Oscarson et al. (1984) presented a tabular paper
where they listed the measured K, values for different diffusing species at different
environmental conditions ( pH level, clay type and temperature ). For the given cations,
the measured values of K, are found to be inversely related to the ionic strength of the
solution until a certain ionic strength. After this value, K, is not significantly effected by
the increase in the ionic strength. This is illustrated in Figure 6.20 and Figure 6.21. The

relation between K, and ionic strength can be explained by the following: as the ionic
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strength of the solution increases, the competition between the diffusing species and the
solution cations on the available sites decreases. This reduction will continue until it
reaches a time where all available sites are being filled by the solution cations, i.e. no sites

are available for the diffusing species.

A comparison between the measured apparent diffusion coefficients obtained from
literature and the calculated ones for anions are presented in Table 6.9. The calculated
values of D, are in reasonable agreement with the measured D, . The data listed in
Table 6.9 shows that the ionic strength does not have a significant effect on changing the
thickness of the double layer. This is because the clay specimen are highly compacted
(density > 1.0 Mg/m’ ). At this density the pore space between clay particles are
extremely small and the double layer is nearly compressed to its maximum. The calculated
values of D, for cations are varied; this is because some of the variables should have been
experimentally determined and they were not available at the time of the study. Hence,
these variables were assumed within a reasonable range. The data presented in Table 6.10
shows that the adsorption coefficient K, values are significantly effected by the ionic

strength of the solution.

Concluding this section, the distribution coefficient, K, , values are significantly
effected by the ionic strength of the solution, while the thickness of the double layer are
not. Hence the effect of ionic strength on the double layer can be neglected for compacted

clay.
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6.6 Summary

A parametric analysis for some selected parameters was discussed and thoroughly
examined. The analysis showed that the viscosity of the pore solution and the distribution
coefficient are affected by temperature and ionic strength respectively. It also showed that
the porosity of dead-end pores is an important parameter to be included in predicting the
diffusion coefficient. Based on the above results, the apparent diffusion coefficient at

steady-state, D',, and at transient-state, D,, can be simplified as follows:

D,=D,=D, T,

D,=D,0=D,ty 3 0i
where i represents the diffusive pathway (surface or interstitial water). The term i_ is the

gradient factor and it is expressed as follows:

_ Kava

lg - 0 m|
where m is the mobility factor and it is expressed as the percentage of mobile species. For
non-sorbed species and totally immobile species i_ is equal to 1, whereas, for totally mobile
species i_ is equal to K, ¥,/ 8 and for partially sorbed mabile species i, falls between 1 and

K, v,/ 6. Replacing t and § 0 by 0, , the diffusion coefficient can be written as:

DA=Dp=Doeci ui

and

D,=D 6=D,6, Wi,
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CHAPTER 7

Conclusions and Recommendations

7.1 Conclusions

The following conclusions can be drawn from this study are:
1) The diffusion mechanism is thoroughly investigated and the parameters

affecting the diffusion coefficient are identified and evaluated.

2) A clay-water-interaction model has been developed which allow the
diffusion coefficient of contaminants as a function of clay minerals, clay
density, and environmental factors to be predicted using simple

parameters.

3) The clay-water-interaction model can be applied to a clay-sand mixture
as the diffusion coefficient is shown to be controlled mainly by the clay

content.

4) The tortuosity factor can be better approximated by the effective
porosity than the total porosity used in the past. A relationship between

the tortuosity factor and effective porosity has been established.
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5) The methodologies commonly used to determine the apparent diffusion

coefTicients are assessed. The diffusion coefficients from these methods

are interpreted to address the discrepancies of data existing in

literature.

7.2 Recommendations

Further work is recommended in the following areas:
1) To identify the factors ( such as clay type, clay density, pore water

salinity, and temperature ) affecting the distribution coefficient.

2) To investigated the mobility of the adsorbed species. This work is

required for further development of the clay-water-interaction madel.

3) To further investigate the clay-water-interaction model for loose clay

with various water salinities.

150



References

Barone F.S. , Rowe RK. , and Quigley RM. ( 1992 ) " Estimation Of Chloride Diffusion
Coefficient And Tortuosity Factor For Mudstone ", Journal of Geotechnical

Engineering, vol. 118, no. 7, pp: 1031 - 1046.

Bear J. and Verruiit A. ( 1987 ) " Modeling Groundwater Flow And Pollution " ,

D. Reidel Publishing Company

Bear J and Bachmat Y. ( 1990 ) " Introduction To Modeling Of Transport Phenomena In

Porous Media ", Kluwer Academic Publishers

Berner R.A. ( 1980 ) " Early Diagenesis ", Princeton University Press, New Jersey, U.S.A.

Bowman R.S. ( 1984 ) * Evaluation Of Some New Tracers For Soil Water Studies ", Soil

Science Society of America Journal, vol. 48, pp: 987 - 992.

Cheung S.C.H. , Oscarson D.W. , and Lopez R.S. ( 1983 ) " Factors Influencing Mass
Diffusion In Bentonite And Mixtures Of Bentonite And Sand ", In Scientific Basis
for Nuclear Waste Management. Proceedings of the Matrials Research Society

Meeting, vol. 26, pp: 711 - 718.

151



X T o

Cheung S.C.H. , Oscarson D.W. , and Gray M.N. ( 1986 ) " Diffusion Of Cs* And I' In
Compacted Bentonite-Based Materials ", Proceedings of the Canadian Nuclear
Society 2nd International Conference on Radioactive Waste Management,

Winnipeg, Man., pp: 217 - 220.

Cheung S.C.H. and Chan T. ( 1988 ) " Parameter-Sensitivity Analysis Of Near-Field
Radionuclide Transport Through Engineered Barriers ", International Journal of

Energy Systems, vol. 8, no. 1, pp: 37 - 43.

Cheung S.C.H. ( 1989 ) " Methods To Measure Apparent Diffusion Coefficients In
Comacted Bentonite Clays And Data Interpretation ", Canadian Civil Engineering

Journal 16, pp: 434 - 443.

Cheung S.C.H. ( 1989 ) " The Effects Of Clay-Species-Water Interaction On Diffusion ",

Chinese Experts Radwaste Symposium, pp: 370 - 379.

Cheung S.C.H. and Gray M.N. ( 1989 ) " Modelling Of Ionic Diffusion In Clays ",

CANCAM Conference.

Cheung S.CH. and Gray M.N. ( 1989 ) " Mechanism Of lonic Diffusion In Dense
Bentonite ", Scientific Basis for Nuclear Waste Management, Proc. Mtls. Res.

Society 127, pp: 677 - 681.

152




Cheung S.C.H. (1990 ) " A New Interpretation Of Measured Ionic Diffusion Coefficient
In Compacted Bentonite-Based Materials ", Engineering Geology 28,

pp: 369 - 378.

Cheung S.C.H. , Mouradian A. , and Lee C.F. ( 1992 ) " Modelling Of Molecular
Diffusion Coefficient In Dense Bentonite ", Proc. 11th Symposium on Engineering

Applications of Mechanics, University of Regina, Regina, Saskatchewan.

Cheung S.C.H. ( 1993 ) " Modelling Of Inorganic Contaminant Transport In Dense

Bentonite ", American Soil Contamination Journal ( in press ).

Cho W.J. , Cheung S.C H. , Oscarson D.W. , and Gray M.N. ( 1993 ) " Influence Of
Diffusant Concentration On Diffusion Coefficients In Clay ", Radiochemica

Acta 60, pp: 159 - 163.

Cho W.J. , Oscarson D.W. , and Hahn P.S. ( 1993 ) " The Measurement Of Apparent
Diffusion Coefficient In Compacted Clays: An Assessment Of Methods ", Applied

Clay Sciences ( in press ).
Cho W.J. , Osacrson D.W. , Gray M.N. , and Cheung S.C.H. ( 1993 ) " Influence Of
Diffusant Concentration On Diffusion Coefficients In Clay ". Radiochemica

Acta 60, pp: 159 - 163.

153




Craig R F. ( 1987 ) " Soil Mechanics ", Fourth Edition, Chapman and Hall Press, U.S A.

Crank J. ( 1975 ) " The Mathematics Of Diffusion ", Oxford University Press, London,

UK.

Das B. ( 1983 )" Advanced Soil Mechanics " McGraw-Hill Book Company

Davis S.N. , Thompson G.M. , Bentley HW. and Stiles G. ( 1980 ) " Ground-Water

Tracers - A Short Review ", Groung Water Journal, vol. 18, no. 1, pp: 14-23.

De Wiest R. ( 1969 ) " Flow Through Porous Media " Academic Press, New York,

US.A

Dunn RJ. ( 1983 ) " Hydraulic Conductivity Of Soils In Relation To The Subsurface
Movement Of Hazardous Wastes ". Ph.D. Thesis, University of California,

Berkely, U.S.A.

Erdey-Gruz T. ( 1974 ) " Transport Pkenomena In Aqueous Solutions ". John Wiley &

Sons, US.A.

Eriksen T.E. and Jacobsson A. ( 1982 ) " Diffusion Of Hydrogen, Hydrogen Sulfide And

Large Molecular Weight Anions In Bentonite ", KBS-report 82-17

154




Fraser J.L. and Jarvis R.G. ( 1985 ) " A Mathematical Model, And Code Hades, For
Migration Of Radionuclides From Shallo Repository ", Automic Energy of Canada

Limited.

Freeze R. and Cherry J. ( 1979 ) " Groundwater ", Prentic-Hall Inc., Englewoods Cliffs,

New Jersey, U.S.A.

Freifelder D. ( 1982 ) " Physical Chemistry For Students Of Biology And Chemistry ",

Science Books International Inc, U.S.A.

Gainer J.L.. ( 1964 ) Diffusion In Viscous Liquids ", Ph.D. Thesis, University of Delaware,

US.A

Gillham R.W. , Robin M.J.L. , and Dytynyshyn D.J. ( 1984 ) " Diffusion Of Nonreactive
And Reactive Solutes Through Fine-Grained Barrier Materials ", Canadian

Geotechnical Journal 21, pp: 541 - 550.

Ginfalco L.A. ( 1964 ) " Automic Migration In Crystals ", Blaisdell Publishing Company

Goldman L.J. , GreenField L.I. , Damel A.S. , Kingsbury G.L. , Northeim C.M. and

Truesdale R.S. ( 1990 ) " Clay Liners For Waste Management Facilities, Design,

Construction and Evaluation ", Noyes Data Corporation, New Jersey, U.S.A.

155




Government of Canada ( 1991 ) * The State Of Canada's Environment ",

Gravel , Hall , Madras ( 1969 ) " Basic Modern Chemistry ",

GrimR.E. (1962 )" Applied Clay Minerology ", McGraw-Hill Book Company Inc,

Grim RE. (1968 ) " Clay Mineralogy ", McGraw-Hill Book Company.

Gurrey R.W. ( 1962 ) " Ions In Solution ", Dover Publications Inc., New York, U.S.A.

Hamed H.S. and Owen BB. ( 1958 ) " The Physical Chemistry Of Electrolytic

Solutions ", Reinhold Publishing Corporation, New York, U.S.A.

Helfferich F. ( 1962 ) " lon Exchange ", McGraw-Hill Book Company Inc.

Hiemenz P.C. ( 1977 ) " Principles of Colloid And Surface Chemistry ".

Higgo J.J.W. ( 1987 ) " Clay As A Barrier To Radionuclide Migration ". Progress in

Nuclear Energy, vol. 19, no. 2, pp: 173 - 207.

Hladik J. ( 1972 ) " Physics Of Electrolytes Vol.1 *, Avademic Press, New York, U.S.A.

156




Holder G.D. ( 1977 ) " Effect Of Temperature, Bulk Density, And Drying On The
Apparent Diffusion Coefficient Of *Cl ". M.Sc. Thesis McGill University,

Montreal, Quebec.

Holtz R. and Kovacs W. ( 1981 ) " An Introduction To Geotechnical Engineering ",

Prentic-Hall inc.

Hosterman J.W. ( 1984 ) " Ball Clay And Bentonitic Deposits Of The Central And
Western Gulf Of Mexico Costal Plain, United States ", U.S.Geological Survey

Bulletin 1558-c, UsGs, Alexandria, Verginia, U.S.A.

Jost W. ( 1960 ) " Difusion In Soilds, Liquids, Gases ", Academic Press Inc., New York,

USA.

Lai TM. ( 1967 ) " Pathways of Cationic Diffusion in Clay Minerals ", Ph.D. Thesis,

Michigan State University, East Lansing, MI, U.S. A

Lamb T.W. ( 1958 ) " The Structure Of Compacted Clay ". Journal of the Soil Mechanics

and Foundation Division, ASCE, vol. 84, no. SM2, pp: 1654-1 to 1654-34.

Lerman A. ( 1979 ) " Geochemical Processes Water And Sediment Environments ". John

Willey & Sons.

157




Low P.F. (1961 ) " Physical Chemistry of Clay Water Interaction ", Advances in

Agronomy, 13, pp: 269 - 327.

Manheim F.T. ( 1970 ) " The Diffusion Of Ions In The Unconsolidated Sediments ". Earth

Plant Science Letters 9, pp: 307 - 309.

Mitchell J. ( 1976 ) " Fundamental Of Soil Behaviour ", John Wiley and Sons Inc.

Moeller T. , Bailar J. , Kleinberg J. , Guss C. , Castellion M. and Metz C. ( 1989 ) "
Chemistry With Inorganic Qualitative Analysis ", Harcourt Brace Jovanovich,

Publishers and its Subsidiary, Academic Press, New York, U.S.A.

Muarinen A. , Rantanen J. , Penttila-Hiltunen P. ( 1985 ) " Diffusion Mechanisms Of
Strontium, Cesium, and Cobalt In Compacted Sodium Bentonite ". In W. Lutze
and R.C.Ewing ( ED ) Scientific Basis for Nuclear Waste Management XII.

Material Research Society, Pittsburgh, P.A , pp: 743 - 748.

Nye P.H. ( 1979 ) " Diffusion Of lons And Uncharged Solutes In Soils And Soil Clays ".

Advances in Agronomy, vol. 31, pp: 225 - 270.

158



Oscarson D.W. , Watson R.L. , and LeNeveu D.M. ( 1984 ) " A Compilation Of
Distribution Coefficients For Radioactive And Other Toxic Contaminants With

Bentonite For Use In SYVAC ", Automic Energy of Canada Limited.

Oscarson D.W. , Watson R.L. , and Miller HG. ( 1987 ) " The Interaction Of Tracer
Levels Of Cesium With Montmorillonite And Illite-Rich Clays ",Applied Clay

Science, 2, pp; 29 - 39.

Oscarson D.W. , Hume H.B. , Sawatasky N.G. , and Cheung S.C.H. ( 1992 ) " Diffusion
Of Iodine In Compacted Bentonite ", Soil Science Society of American Journal,

vol. 56, no. 5, pp: 1400 - 1406.
Oscarson DW. and Hume H.B. ( 1993 ) " Behavior Of Radioiodine In Compacted
Clays ". Proc. Conf. Physical Chemistry and Mass-Exchange Processes in Soil,

Pushchino, Russia ( in press ).

Oscarson D.W. and Hume H.B. ( 1993 ) " Diffusion Of "C In Dense Saturated Bentonite

Under Steady-State Conditions ". Transport in Porous Media ( in press).

Pearson C. ( 1986 ) " Numerical Methods In Engineering And Science " Van Nostrand

Reinhold Company, New York, U.S.A.

159




Raudkivi A.J. and Callander R.A. ( 1976 ) " Analysis Of Groundwater Flow ", Edward

Arnold

Robin M.J L. , Gillham R.W. , and Oscarson D.W. ( 1987 ) " The Diffusion Of Sr And CI

In Compacted Clay-Based Materials ". Soil Science Society of American Journal 5,

pp: 1102 - 1107.

Robinson R.A. & Stokes RF ( 1959 ) " Electrolyte Solutions " Butterworths Scientific

Publications, London, U.K.

Sawatsky N.G. and Oscarson D.W. ( 1991 ) " Diffusion Of Technetium In Dense

Bentonite ". Water Air and Soil Pollution 57 - 58, pp: 449 - 456.

Shackelford C.D. ( 1988 ) " Diffusion Of Inorganic Chemical Wastes In Compacted

Clay ". Ph.D. Thesis, University of Texas at Austin, Texas, U.S.A.

Shackelford C.D. and Daniel D.E. ( 1991 ) " Diffusion In Saturated Soil. 1. Background ".

Journal of Geotechnical Engineering, vol. 117, no. 3, pp: 467 - 484,

Shackelford C.D. and Daniel D.E. ( 1991 ) " Diffusion In Saturated Soil. II: Results For

Compacted Clay "“. Journal of Geotechnical Engineering, vol. 117, no. 3,

pp: 485 - 506.

160



Soong K. ( 198 ) " Adsorption Behavior Of Montmonrillonite - Its Impact To The

Nuclide Migration In Geological Medium ". Cihese Experts Radwaste Symposium,

pp: 348 - 367.

Sparks D. ( 1988 ) " Soil Physical Chemistry " CRC Press

Tan K. ( 1982 ) " Principles Of Soil Chemistry ", Marcel Dekker Inc., New York, U.S.A.

Thibodeaux L. ( 1979 ) " Environmental Movement Of Chemicals In Air, Water and

Scil ", John Wiely & Sons, New York, U.S.A.

Torstenfelt B. ( 1986 ) " Migration of Fission Products Strontium, Technetium, Iodine and

Secium in Clay ", Radiochim. Acta 39, pp:97 - 104.

Tyrrell H.J. and Harris K.R. ( 1984 ) " Diffusion In Liquids ", Butterworths Scientific

Publications, London, U K.

Yaron B. , Dagan G. and Goldshmid J. ( 1984 ) " Polluants In Porous Media ",

Springer-Verlag

Yong R. , Warkentin B.P. ( 1966 ) " Introduction to Soil Behaviour", The Macmillan

Company, New York, New York, U.S.A.

161



Yong R. , Warkentin B.P. ( 1975 ) " Soil Properties And Behaviour", Elsevier Scientific

Publishing Co., New York, U.S.A.

Yong R. , Mohamed AM. , Warkentin BP. ( 1992 ) " Principles Of Contaminant

Transport In Soils “. Elsevier Scientific Publishing Co., New York, U.S.A.

162




APPENDIX A

Table A.1 Physical properties of water"

Temperature Density Dielectric Viscosity

°C g/ml constant

0 0.99987 87.74 1.7870
5 0.99990 85.76 1.5160
10 0.99730 83.83 1.3060
15 0.99130 81.94 1.1380
18 0.99862 80.83 1.0580
20 0.99823 80.10 1.0020
25 099707 78.30 0.8903
30 0.99568 76.54 0.7975
35 0.99406 74.82 0.7194
38 0.99299 73 .81 0.6783
40 0.99224 73.15 06531 |
45 0.99024 71 51 0.5963 ~
50 0.98807 69.91 0.5467
55 0.98573 98.34 0.5044
60 098324 66.81 0.4666
65 0.98059 65.31 0.4342
70 097781 63.85 0.4049
75 0.97489 62.42 0.3788
80 097183 61.02 0.3554
85 0.96865 59.65 0.3345
90 0.96534 58.31 0.3156
95 0.96192 57.00 0.2985
100 | 095838 55.72 0.2829

B Data from Robinson and Stokes 1959
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Table A.2 Physical and chemical properties
of inorganic ions"

Ion A D_ m/sec lon A D_ m/sec
Ag 61.90 1.65E-09 | Au(CN). 50.00 1.33E-09
Al* 61.00 541E-10 | Au(CN); 36.00 9.57E-10
Ba™ 63.90 8.49E-10 | B(C6HS5), 2100 5.58E-10
Be™ 45 00 5.98E-10 Br 78.10 2.08E-09
Ca™ 59.50 7.91E-10 Br, 43.00 1.14E-09
Cd™ 54 00 7.18E-10 BrO, 55.80 1.48E-09
Ce” 70 00 6.20E-10 Cr 76.35 2.03E-~09
Co™ 53 00 7.05E-10 Clo; 52.00 1.38E-09
Co(NH3),* 100 00 8 86E-10 Clo; 64 60 1.72E-09
Co(en),” 74.70 6.62E-10 Clo, 67.90 1.81E-09
Ccrr 67.00 5.94E-10 Cn 78.00 2.07E-09
Cs' 77.30 2.06E-09 CO,” 72.00 9.57E-10
Cu” 55.00 7.31E-10 | Co(CN)} 98 90 8.77E-10
D’ 213.70 5.68E-09 CrO; 85.00 1 13E-09
Dy 65.70 5 82E-10 F 54.40 1.45E-09
Er* 66 00 S.8SE-10 | Fe(CN).* 111.00 7.38E-10
Ev’ 67.90 6 02E-10 | Fe(CN).* 101.00 8.95E-10
Fe” 54.00 7.18E-10 H2As0, 34.00 9.04E-10
Fe’ 68.00 6 03E-10 HCO, 44.50 1.18E-09
Gd* 67.40 5.97E-10 HF, 7500 1 99E-09
H 349.82 9 30E-09 HPO; 57.00 7.58E-10
Hg* 53.00 7.05E-10 H2PO; 33.00 8.77E-10
Ho' 66 30 5.88E-10 H2PO, 46 00 1 22E-09
K 73.50 1 95E-09 HS 65.00 1.73E-09
La* 69.60 6.17E-10 HSO; 50.00 1.33E-09
Li’ 38 69 1 03E-09 HSO, 50.00 1.33E-09
Mg 53.06 7 0SE-10 H,SbO, 31.00 8.24E-10
Mn’ 53.50 7.11E-10 I 76.80 2.04E-09
NH, 73.50 1.95E-09 10, 40.50 1.08E-09
N.H, 59.00 1.57E-09 10, 54.50 1.45E-09
Na’ 50 11 1 33E-09 N(CN). 54 50 1 45E-09

1 Data from Robenson and Stokes 1959, and Dean 1992
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Table A.2 Continued

Ton A D, m*/sec Ion A D, m¥/sec
Nd* 69.60 6.17E-10 NO, 71.80 1.91E-09
Ni* 50.00 6.65E-10 NO, 71.40 1.90E-09
Pb™ 71.00 9.44E-10 NH,SO, 48.60 1.29E-09
Prv 69.60 6.17E-10 N, 69.00 1 83E-09
Ra* 66.80 8 88E-10 OCN' 64.60 1.72E-09
Rb’ 77.80 2.07E-09 OH 198.60 5.28E-09
Sc* 64.70 5.73E-10 PF, 56.90 1.51E-09
Sm” 68.50 6.07E-10 PO F* 63.30 8.41E-10
Sr* 59.46 7.90E-10 PO, 69.00 6.12E-10
TP’ 76.00 2.02E-09 PO, 81.40 541E-10
Tm" 65 50 5.80E-10 P,0> 83.60 7.41E-10
vuo,” 32.00 4.25E-10 P,0* 109.00 5.80E-10
Y 62.00 5.49E-10 ReO; 54 70 1.45E-09
Yb* 65.20 5.78E-10 SCN- 66.00 1.75E-09
Zn™ 62 80 8.35E-10 SeCN- 64 70 1.72E-09
Se0,” 75.70 1.01E-09

SO.” 79.90 1.06E-09

SO~ 80.00 1.06E-09

.07 85.00 1.13E-09

S.0.” 66.50 8.84E-10

S,0,” 93.00 1.24E-09

S.0,” 86.00 1.14E-09

wO,* 69.00 9.17E-10
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APPENDIX B

B.1 Calculation of the Porosity Terms

a) Total porosity 0 :

—_ Yd
6 Gs
where © = total porosity.

Ys; = clay density.

Gs =  specific gravity

b) Surface porosity 8, :
_ HxSA
W 10000
es =W * Yd
where w = water content.
H = thickness of the diffuse double layer.

SA specific surface area.
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¢) Free or interstitial porosity 0,

ef:e""es

EXAMPLE"

g, = 092Mgm'

SA= 480 mYg
Gs= 265
H= 5A

0 =1-(092/265)=0653
w =5%480/10000 = 0.24

6,=024*%0.92 =0.221

0,=0.653-0221 =0432

" The values are taken from table 6.1.
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B.2 Calculation of the Clay Density

Weight of sand = sand content % * v,

Weight of clay clay content % * y,

Volume of sand = weight of sand / Gs

Volume of clay 1 - volume of sand

Clay density = weight of clay / volume of clay
EXAMPLE'

Yo = 1.25 Mg/m’

clay content = 25%

Gs = 2.65

weigth of sand = 75 *%1.25 = 09375¢g

weight of clay = 25*%1.25 = 03125¢g

volume of sand = 0.9375/265 = 0.354cc

volume of clay = 1-0.354 = 0.646 cc

Clay Density = 0.3125/0.646=  0.48 Mg/m’

The values are taken from table 6.4
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APPENDIX C

Clay Mineralogy

Clay liners are composed of cohesive soil, engineered and compacted to prevent
contaminant migration, i.e to act as a sealant. From an engineering point of view the term
clay can be defined in several ways, but from a geotechnical and environmental point of
view there are two main definitions: (1) clay soil, which refers to all soil particles that have
a size of less than 0.002 mm ( Mitchell 1976 ) and (2) clay mineral, which refers to soils
that contain an appreciable amount of clay minerals and has plasticity and cohesive. Clay
minerals are usually formed from the chemical weathering of certain rocks; they are
hydrous alumino silicates. In this study the term clay mineral is used to describe the soil
used.

It is known that the characteristics of fine grained materials such as grain size,
distribution and grain shape has significant effects on the engineering behavior of the soil,
whereas the presence of water does not. On the other hand, the presence of water has
significant effects on the engineering behavior of clay minerals. Moreover, the presence of
small amounts of clay minerals in a soil mass can markedly effect the behavior of that
mass. This influence can be illustrated by the addition of bentonite to a fine grain soil;

bentonite is a clay mineral which is mainly composed of sodium montmorillonite. An
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addition of 2 to 3 weight percent of bentonite can reduce the soil permeability by 2 to 3
percent and thus reduce the contaminant migration. The influence of clay minerals on a

soil's behavior increases by increasing the clay content to a range of 33 to 50 percent, at

which point the nonclay particles are essentially floating in a clay matrix and has little

effect on the engineering behavior of the soil ( Mitchell 1976, Holtz and Kovacs 1981 ).

It is useful to have a general understanding of ihe clay that is used as a sealant in
most of the recently designed landfill disposal sites. This chapter briefly describes the
structure of important clay minerals which is fundamentally important for a good
understanding of how they interact with water and each other. For a more thorough

understanding of clay mineralogy, the reader is refereed to Grim 1962, and Mitchell 1976.

C.1 Clay Mineral Structure

The structure of clay minerals consists of stacking of two fundamental crystal
sheets, the tetrahedral or silica sheet and the octahedral or aluminum sheet. The particular
way in which these sheets are stacked together with different binding and different metallic

ions in the crystal results in different types of clay niinerals.

The tetrahedral sheet consist of a silicon atom, Si, surrounded by four oxygen
atoms, O, equidistance from the silicon, as shown in Figure C.1(a). The oxygen are
arranged in tetrahedral coordinates and the ones at the base are shared by two silicones of

adjacent sheets, see Figure C.1(b). Since silicon has a positive valance of 4 and oxygen has
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a negative valance of 2, this sharing will result in a negative charge of 1 on the tetrahedral
sheet. If the top oxygen reacts with hydrogen having a positive charge of 1, the sheet will
be neutral. Figure C.1(d) shows how these sheets are joined together to form a hexagonal
network with a hexagonal hole, it also shows that the oxygens at the base of the sheet are
in one plane and the tip ones all pointed in the same direction A common schematic used

to represent the tetrahedral sheet is shown in Figure C 1(c).

The octahedral sheet consists of an aluminum or magnesium atom surrounded by
six oxygen or hydroxyl atoms The oxygens and the hydroxyls are arranged in octahedral
coordinates and they are equidistance from the aluminum or the magnesium atom, as
shown in Figure C 2(a). Figure C 2(b) shows that each of the oxygens and hydroxyls are
shared by the neighboring octahedral to form a sheet structure. A common schematic used
to represent the octahedral sheet is shown in Figure C 2(c). The substitution of different
cations in the octahedral sheet is common and leads to different clay minerals Since this
substitution does not change the crystal structure, it is called isomorphous substitution'’. If
all oxygens are replaced by hydroxyls and aluminum is the cation, then only two-third of
the possible positions are filled to balance the structure and the resulting mineral is called
Gibbsite If magnesium is substituted for the aluminum, then all the cctahedral positions

are filled and the mineral is called Brucite

"7 Isomorphous substitution: is the substitution of similar size cation with similar or
different valance for those presented in the ideal crystal structure without causing changes
in the structure. Common cation substitution in clay minerals includes aluminum ( Al” )
for silicon ( Si™* ), magnesium { Mg™® ) for aluminum ( Al"* ), and ferrous ( Fe™* ) for
magnesium ( Mg'® ). Isomorphous substitution in clay minerals results in a charge
deficiency in the crystal structure and a net negative charge on the mineral's surface
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Clay minerals can be roughly categorized into four main groups based on the

height of the unit cell, the composition of the sheeis and the kind of intersheet bonding
that forms the layers of unit cells. These groups are: kaolinite, illite, chlorite and smectite.
The following sections briefly describes these groups discussing the engineering behavior

of one sample of each group.

C.1.1 Kaolinite Group

Kaolinite is the most common mineral in this group. The basic structure of this
mineral is composed of stacks of 1:1 unit cells. Each unit cell consists of a sheet of silica
tetrahedral and a sheet of aluminum octahedral. The two sheets are held together in such a
way that the tips of the tetrahedral all point toward the center of the unit cell where they
share the oxygen atom to form a single plane The remaining atoms in the plain are
hydroxyls ( OH ) and are located so that each atom is directly below the hexagonal hole in
the silica network, as shown in Figure C.3. Successive layers of the basic structure are
held together by Van deer Waals force and by hydrogen bonds between the hydroxyls of
the octahedral sheet and the oxygen of the tetrahedral sheet. Since the hydrogen bond is
very strong, it prevents hydration ( penetration of water between successive layers ) and
allows the layers to stack up to make a rather large crystal A typical kaolinite crystal can
be 70 to 100 layers thick ( Mitchell 1976, Young 1966, Grim 1962, Holtz and Kovacs
1981 ). The height of the kaolinite unit cell is 7.2 A and the specific surface area is on the

order of 10 to 20 m*/g of dry clay.
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A small net negative charge exists on the surface of kaolinite minerals. This charge
results from the small amount of isomorphous substitution that takes place in the silica or
the gibbsite sheet and has the ability to exchange cations with a capacity of 3 to 15

meq/100g.

Kaolinite is usually stacked in a blocky form and usually exists in larger size and
lower surface to volume ratio compared to other clay minerals. This lower surface area,
combined with the relatively small negative surface charge, results in kaolinite being the

least electrochemically active and the least plastic clay mineral.

Compared with other clay minerals, kaolinite has a lower affinity for water, lower
dispersivity, and does not achieve low permeability upon compaction On the other hand,
because it is not electrochemically active, its behavior may be less affected by chemicals
than other clay minerals. Thus, kaolinite minerals may have a higher permeability than
other clay minerals, but its permeability may not be as sensitive to change in moisture

content or to chemicals attack compared to other clays ( Goldman 1990 ).

C.1.2 Illite Group

Illite minerals are also known as mica-like clay minerals because their basic
structural unit is similar to that of hydrous mica. Illite is the common mineral in this group
and it is composed of a stack of 2:1 unit cells The basic unit structure of illite consists of a

sheet of aluminum octahedral sandwiched between two sheets of silica tetrahedral. As

175



shown in Figure C.4 the sheets are arranged so that the tips of the tetrahedral sheet all
pointed toward the center and the oxygen forming the tips of the tetrahedral are shared
with the octahedral sheet. Illite layers are bonded together with a potassium atom resulted
from the isomorphous substitution of aluminum for silicon in the tetrahedral sheet ( to
balance the negative charge ). The potassium atom fits tightly in the hexagonal hole in the
silica sheet ( see Figure C.4 ) and it is not exchangeable. As a result, a strong bond exists

between the layers. The height of the illite layer ranges from 10A to 144.

Compared with other clay minerals, illite has an intermediate surface to volume
ratio ( 65 to 100 m*/g ), a medium cation exchange capacity ( 10 to 40 meq/100g ) and a
medium reaction to chemicals Because of the strength of the interlayer potassium bond, it
effectively prevents hydration and intercalation of organic liquids and other cations ( Holtz

and Kovacs 1981, Goldman 1990 ).

C.1.3 Chlorite Group

Chlorite mineral usually exists in nature combined with other minerals. The
structure of this mineral is composed of a stack of 2:1:1 unit cells Each unit cell consists
of a gibbsite or a brucite sheet sandwiched between two silica tetrahedral sheets, with
another brucite sheet sandwiched between the two layers, as shown in Figure C.5. The

height of the unit cell is 1 4 nm.
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Fig. 4.4 Atomic structixe of kaoknite (after Grim, 1989).

Figure C.3 Kaolinite structure

O Onveem @ Hyeronvis .MWM. . Potassum

O ana @ Sicom (One Fourth Resiacsd by Aluminums)

Figure C.4 lllite structure

177




Compared with other clay minerals, chlorite is less active than smectite, their
cation exchange capacity ranges from 10 to 40 meq/100g and their engineering behavior
may be similar to the illite minerals. Isomorphous substitution do exist and this results in a
net negative charge on the surface of the chlorite mineral. Therefore, water will be

adsorbed between the layers to balance the negative charge.

C.1.4 Smectite Group

The smectite may be divided into two groups, based on the composition of the
octahedral sheet: the montmoritlonite, which has a dioctahedral ( gibbsite sheet ), and the
saponites, which has a trioctahedral ( brucite sheet ). In this study only the

montmorillonite will be looked at.

Montmorillonite

The basic structure of the montmorillonite minerals is composed of a stack of 2:1
unit cells. Each unit cell consists of a dioctahedral sheet ( gibbsite ) sandwiched between
two silica tetrahedral sheets. These sheets are arranged so that all the tips of the
tetrahedral point toward the center of the unit cell. The oxygen atoms forming the tips of
the tetrahedral are shared with the octahedral sheet and the remaining atoms are
hydroxyls. These hydroxyls are arranged so that they are directly above and below the
hexagonal hole formed by the silica tetrahedral sheets. Figure C.6 illustrate the basic

structure of montmorillonite.
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Extensive isomorphous substitution often occurs in the montmorillonite minerals,

such as the substitution of magnesium and other cations ( called exchangeable cations, like
Fe, Cr, Zn, Li ) for aluminum and sometimes aluminum for silicon ( Mitchell 1976 ). The
substitution of higher positive valance for that of lower valance results in charge a
deficiency, in other words, a net negative charge will result on the surface of the
montmorillonite minerals. This charge deficiency is usually balanced by exchangeable
cations that are positioned between the layers and on the surface of particles. These
minerals exhibit high cation exchange capacity { usually around 80 to 150 meq/100g,

Mitchell 1976 ) due to the large amount of substitution that occurs.

In montmorillonite stacking, the oxygen plane of each layer is adjacent to another
oxygen plane of a neighboring layer. This arrangement results in a weak bonding between
the layers; therefore, water molecules and polar fluids can easily penetrate the unit layers.
The penetrated water is adsorbed on the oxygen plane by establishing hydrogen bonds;
since this is a strong bond, water can not be easily separated from the montmorillonite
mineral. As a result, montmorillonite particles are very small and can be dispersed to
sheets of unit layer thickness of 10A in water. This dispersion results in a very high
specific surface area with a primary surface area of 50 to 120 m%/g and a secondary

surface area of 700 to 840 m*/g ( Goldman 1990 ).

The type of the exchangeable cations strongly influences the behavior of

montmorillonite. The most commonly occurring cations are calcium and sodium. When
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Figure C.6 Montmorillonite structure
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calcium is the exchangeable cation, the amount of interlayer water is limited and the
maximum height of the unit layer of calcium montmorillonite is 19A ( Goldman 1991).
However, if sodium is the exchangeable cation, the amount of interlayer water is not
limited and the height of the unit layer of sodium montmorillonite can range from 10A to
complete separation. This results in high swelling, which is the main characteristic of

sodium montmorillonite.

Compared with other clay minerals, montmorillonite has weak bonds between its
unit layers a very high specific surface area and a large degrec of swelling. The large
degree of swelling is due to the hydration of the interlayer cations and also because the
large hydration energy involved is able to overcome the attractive forces between the
layers. Because of the high specific surface area, montmorillonite is the most active clay

mineral to chemical attack ( i.e. react with chemicals ).

Bentonite

Bentonite is not a clay mineral. It is a commercial name for rocks or clay deposits
composed largely of the clay mineral montmorillonite. The swelling and dispersive
properties of this mineral gives bentonite the ability to lower the permeability of a soil,
even when added in a small quantities. The swelling capacity of bentonite depends on its
soduim-montmorillonite content. Low-swelling bentonite has significant quantities of
calicum-montmorillonite, which, because of limited interlayer water uptake, does not swell

to the extent of sodium-montmorillonite. High-sweeling sodium bentonite has a liquid limit
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of 500 percent or more and can swell 15 to 20 times in volume ( Grim 1962). Calcium
bentonite will increase in volume from 0 to 5 times when wetted with water, this swelling
capacity has been reported to increase 700 to 1000 percent by treating calcium bentonite

with a 0.25 percent solution of Na,Co, ( Goldman 1990).

C.2 Clay water interaction

It has been mentioned previously that the presence of water does not have much
effect on the engincering behavior of fine grain soil Whereas, the presence of water in clay
minerals, specially montmorillonite, have a significant effect on their engineering behavior.
The importance of water in clay arises from the net negative charge that exists on clay
surface and from the large specific surface area which clay has. The previous section
showed that as the size of clay particles reduces the specific surface area increases, thus

the activity of the particle will increase, i.e. the surface will be more active'®.

The negative charges are unevenly distributed on the surface of the clay particle,
while the edges have positive and negative charges. As a result of this charge distribution
clay particles repel each other, unless edge-to-surface contact. Because of the large net
negative charge, clay particles attract cations, such as potassium, sodium, calcium, to

obtain an electrically balanced or equilibrium condition

18 The activity of clay can be defined as : A= Pl/clay fraction, where the clay fraction

is usually taken as the particles less than 2 um. Therefore, the smaller the particle,

the more active its surface will be.
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Cations are positively charged particles; in turn they attract negatively charged

particles to their surface. As a result of this, water molecules will be attracted to these
particles. A water molecule is known to be neutral by itself, but its oxygen and hydrogen
atoms are arranged in such a manner that the center of gravity of the positive and negative
charges do not coincide. The resulting molecule has a plus charge acting on one end and a
negative charge acting on the other end Thus, a water molecule can be considered as a
polar molecule, see Figure C.7. The negatively charged end of the water molecule is
attracted to the cation, which in turn is held by the clay particle. Other water molecules
may directly attracted to the surface of the clay particles. The resulting effect is that a
significant amount of water will become bonded to the surface of the clay particle, see

Figure C 8.

As a result of the above, clay particles are always hydrated, i.e. surrounded by
layers of water called adsorbed water Since the movement of contaminants or any species
through these minerals are strongly influenced by the adsorbed water layers, these water
layers should be considered part of the clay mineral when studying the migration process.
Along with that, the engineering behavior of clay minerals will change as the thickness of
this hydration shell increases. The attraction force between clay and water arises from
both: the negative charge that exists on the surface of the clay particles, and from the
structure of the water molecule. As a result of this attraction, hydrogen bonds between
clay and water ions will develop. Since hydrogen bonds are extremely strong, adsorbed

water can not be easily separated from the surface of clay particles. Cations in water are
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always hydrated and they are exchangeable. Therefore, the exchangeable cations held near
the negatively charged surface hooked in some of the water at the surface as water of
hydration of ions Since species are hydrated to different degrees, the hydration of the clay

surface would vary depending upon the species present.

It is incorrect to picture adsorbed water as a dipole moleculars lined up uniformly
at the surface with positive ends on the clay and negative ends away from it The surface
density of negative charges on the clay is too small to let water molecules to arrange in
this way. The first layer of water is held by hydrogen bonding to the clay surface and the
second layer of water is held again by hydrogen bonding to the first layer but the bonding
force become weaker. Each successive layer is held less strongly and the bonding quickly
"..-2ases to that of free water. The properties of the water layer close to the clay surface
differ from those of free water. For example, the density of adsorbed water is higher than
that of free water. Some studies showed that values of up to 1.4 g/cc have been measured
for the first layer The density is found to decrease away from the surface of clay particles,
dropping to 0.97 g/cc at about the fourth water layer, and then increases to 1 g/cc for free
water. This difference in water density will strongly effect the migration of contaminant in
these layers, as the density of water increases the migration process decreases.

From the above it is clear that the viscosity of water decreases away from the
surface of clay particles and it will continue until it become free water. The rate of this
decrease requires further studies, therefore. two types of water has been considered in this

study: surface water and free water.
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Figure C.7 (a) Model of water molecule (b) relative location of atoms in
the water molecule (c) polar representation of water molecule
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