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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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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.






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







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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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

16




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 )

18




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.

19




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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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)

22






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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- Concentration, C
Concentration, 4C

X
Effect of concentration

Valence, Z
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X
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Figure 2.8. Effect of changes in system properties on
Diffuse Double Layer
( Mitchell 1970)
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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 2.9 Cross sectional area
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Figure 2.10 Decreasing concentration profile
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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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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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_ 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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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.

0.5

0.4} T
P
v el
= 03 7
* // LaCl3
= 02}/ -
) ,/ /’,,:';’—-__ -—____1(:?2804
0.1 -'/’/”,_, ————— 1442504
(o2 l-——=TTT7TKCl
0 /1 1 1 1
01 2 3 45

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)

45




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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Before Diffusion After Diffusion

22
NaCl| nac (a) .
NaCl
Self-Diffusion
42
KCl NaCl | (b)
NaCl q

Tracer-Diffusion

NaCl | Water| (©)

Salt-Diffusion

NaCl | KC1 | (d) I:

Counter-diffusion or Interdiffusion

Figure 2.13 Schematic illustration of the four different types of the diffusion
coefficients
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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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(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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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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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)
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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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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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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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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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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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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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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)
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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
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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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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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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



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

97






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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C _

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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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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Figure 5.2 Diagram illustrate the effect of anion exclusion
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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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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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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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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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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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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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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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Figure 6.16 Effect of temperature on D, for Iodine
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Figure 6.17 Effect of temperature on the geometry of the soil
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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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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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¢) 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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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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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
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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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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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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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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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