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ABSTRACT

The sorption of radionuclides on mineral surfaces is an important mechanism for retarding the
movement of radionuclides from a geological nuclear fuel disposal vault, through the
geosphere, to the biosphere. Sorption processes are known to increase the travel times for
some radionuclides by 103 to 106 times relative to the groundwater flow, and this delay can
provide the opportunity for radioactive decay before the radionuclide enters the biosphere.
Sorption models are, or can be, used as a means of including the effects of sorption in the
transport equations which describe the movement of radionuclides through the geosphere.

Sorption models are, or could be, based on sorption isotherms, such as the Langmuir and
Freundlich isotherms, ion-exchange models, surface-complexation models, or parametric
models that are, essentially, interpolated databases. All national nuclear fuel waste disposal
programs currently assume the linear adsorption isotherm, which states that the degree of
sorption on a surface is a linear function of the concentration of sorbing ion in solution.

The sorption models that are, or could be, applied to the movement of radionuclides in the
geosphere are reviewed. It is concluded that, at the present state of knowledge, no single
model has been demonstrated to provide an adequate description of radionuclide sorption.
Reasons for this inadequacy vary, ranging from lack of data, through restricted ability to
describe sorption under a variety of conditions, to current levels of development of the models.
It is concluded that a parametric model, associated with a linear sorption isotherm, is currently
the most practical choice that can be made.

Following the completion of an earlier draft of this report, a new approach to surface
complexation modelling, the 'discrete-log-K-spectrum' model, was published. This model
appears to have the potential to achieve a synthesis of many of the concepts used in sorption
modelling. For this reason, a description of the model is included here as a separate section.

In the context of the Canadian Nuclear Fuel Waste Management Program, a number of
recommendations are made. These recommendations are, principally:

1. That development of the parametric model and its associated database continue.
2. That more information be gathered on the effects of irreversible sorption, and on

behaviour during the multiple sorption of several radionuclides on the same surface.



3. That an effort be made to determine if and how the principles of surface-complexation
modelling could be applied to sorption in complex groundwater compositions and to
heterogeneous surfaces such as granite, in particular by use of the discrete-log-K-
spectrum model.

4. That whereas no basis has been found for recommending a particular sorption model as
suitable for incorporation into performance assessment codes, other than on the grounds
of convenience and simplicity, the inclusion of the existing parametric kd sorption model
in the SYVAC performance assessment code be continued while the development of
alternative models is examined.
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RESUME

La sorption des radionucleides a la surface des mineraux constitue un mecanisme important
de retardement de la migration des radionucleides d'une installation de stockage geologique
de combustible nucleaire a la biosphere en passant par la geosphere. On sait que les
phenomenes de sorption augmentent le temps de parcours de certains radionucleides par des
facteurs de 103 a 106 par rapport a I'ecoulement des eaux souterraines, et ce retard peut
permettre la decroissance radioactive des radionucleides avant qu'ils n'atteignent la biosphere.
Les modeles de sorption sont utilises, ou peuvent I'etre, comme moyen d'incorporer les effets
de sorption dans les equations de transport qui represented la migration des radionucleides
dans la geosphere.

Les modeles de sorption sont, ou pourraient etre, fondes sur des isothermes de sorption,
comme les isothermes de Langmuir et Freundlich, les modeles d'echange d'ions, les modeles
complexation-surface, ou les modeles parametriques qui sont essentiellement des bases de
donnees interpolees. Tous les programmes de stockage permanent des d^chets de
combustible nucleaire nationaux sont actuellement etablis sur I'hypothese de Pisotherme
d'adsorption lineaire, qui enonce que le degre de sorption sur une surface est une fonction
lineaire de la concentration de I'ion sorbant en solution.

On examine dans la presente communication les modeles de sorption qui sont, ou pourraient
etre, appliques a la migration des radionucleides dans la geosphere. On en conclut que,
dans I'etat actuel des connaissances, aucun modele n'a donne la preuve de son aptitude a
representer convenablement la sorption des radionucleides. Les raisons de cette inaptitude
comprennent entre autres un manque de donn§es, une capacite restreinte de representer la
sorption dans diverses conditions, et les niveaux actuels d'6laboration des modeles. On en
deduit qu'un modele parametrique, associe a une isotherme de sorption lineaire, constitue
pour le moment le choix le plus pratique que Ton puisse faire.

Apres la redaction d'une version anterieure du present rapport, une nouvelle methode de
modelisation de la complexation de surface, le modele du «spectre K logarithmique discret», a
ete publiee. Ce modele semble presenter la possibility de realiser une synthese d'un grand
nombre des concepts employes en modelisation de la sorption. Pour cette raison, une
description de ce modele fait I'objet d'une partie distincte.



Dans le contexte du Programme canadien de gestion des dechets de combustible nucleaire,
on fait un certain nombre de recommandations. Celles-ci sont principalement:

1. Que Ton poursuive I'elaboration du modele parameitrique et de sa base de donnees
associee.

2. Que Ton recueille plus d'information sur les effets de la sorption irreversible, et sur le
comportement pendant la sorption multiple de plusieurs radionucleides sur la meme
surface.

3. Que Ton s'efforce de determiner si, et comment, on peut appliquer les principes de
moderation de complexation-surface a la sorption dans les compositions complexes
d'eau souterraine et a des surfaces heterogenes comme le granite, en particulier par
I'utilisation du modele du spectre K logarithmique discret.

4. Que I'on continue - bien qu'aucun fondement n'ait ete trouve pour recommander un
modele de sorption particulier comme etant apte a etre incorpore dans les codes de calcul
d'evaluation du comportement, en dehors de leur cote pratique ou de leur simplicity -
d'incorporer le modele parametrique de sorption kd existant dans le programme
d'evaluation du comportement du SYVAC pendant que I'on etudie la mise au point de
modeles de rechange.
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1. INTRODUCTION

Most environmental and safety assessments of concepts for geologic disposal of nuclear fuel
wastes consider the possibility that groundwater will eventually mobilize radionuclides from the
engineered disposal vault and transport them through the geosphere towards the biosphere.
The extent and rate of radionuclide transport through the geosphere is an important
consideration.

In a geologic disposal environment, groundwater will flow either through the interconnected
pore space of a porous medium, or through fractures in consolidated media such as igneous
rock. Contaminants, including radionuclides, can be adsorbed onto the surface of the solid
medium. This can be visualised as a dynamic process in which a species remains attached
(sorbed) for a period of time before being released again into the groundwater. The effective
velocity at which a radionuclide moves through a fractured or porous medium depends on the
rate of groundwater flow and on the affinity of that particular radionuclide for the solid surface
in contact with the groundwater. If the radionuclide has no affinity for the surface it will move
at the same velocity as the groundwater. If the radionuclide has a high affinity for the surface,
and is sorbed onto it, it will be removed - at least temporarily - from the groundwater, and its
movement relative to that of the groundwater will have been retarded over time. This leads
to the concept of a Retardation Factor, Rf, which can be defined (Relyea 1982) as

Rf = J j r Equation (1.1)

where

Vw = velocity of groundwater
Vr = migration velocity of radionuclide

Sorption processes are known to increase the travel times for some radionuclides by 103 to
106 times relative to the groundwater (Seme 1992). For many radionuclides, the delay due to
sorption provides sufficient time for radioactive decay to occur before the radionuclide can
enter the biosphere.

In the performance assessment of concepts and hypothetical sites for the disposal of nuclear
fuel wastes, the movement of radionuclides in the groundwater flow is described by a
transport equation. The transport equation is a differential equation which describes the rate
of change of concentration of a particular radionuclide at a particular location in terms of
concentration, groundwater flow, time, radioactive decay, and sorption. Including a sorption
term in a transport equation not only requires choosing a model to describe sorption, but it
also must be possible to incorporate that model into the transport equation.

A number of models have been proposed to describe the sorption and desorption of chemical
species on solid substrates. These models can range from a simple linear sorption isotherm
to surface complexation models. There are relatively few sorption models that are basically
different from one another. There are a relatively large number of modifications to those basic
models that have been proposed in response to specific needs, particularly in the area of soil
science. The purposes of this report are to describe the basic types of sorption model that
are available, to assess their applicability to performance assessment, and to suggest
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priorities for further work on sorption and sorption model development within the Canadian
Nuclear Fuel Waste Management Program.

2. INTERACTIONS BETWEEN DISSOLVED SPECIES AND GEOLOGICAL SURFACES

Interactions between dissolved species and geological surfaces were recently reviewed by
Serne (1992). The following section has been abstracted in its entirety from his
paper, and due acknowledgment is given.

'Several years ago, at a Nuclear Energy Agency (NEA) Workshop on sorption modelling and
measurement (Nuclear Energy Agency, 1983), participants suggested a distinction between
the types of sorption processes. There is no clear, practical way to distinguish among the
processes in complex natural systems, because many systems exhibit intermediate or hybrid
behaviour. Nevertheless, idealized sorption processes were divided into four categories:

(1) Physical Adsorption

Physical adsorption is due to nonspecific, long-range forces of attraction involving the entire
electron shells of the radioelement in solution and of the adsorbing substrate (e.g., Van der
Wahl's forces). This process is rapid, reversible, largely independent of temperature and of
the chemical composition of the sorbent, and of the ionic strength and composition of the
solution (as long as the solute of interest's solution concentration is well below saturation).
The presence of complexing ligands and the pH of the solution have strong influences on
physical adsorption. An example of a process controlled by physical adsorption is the uptake
of neutral metal hydroxide complexes on surfaces that are also neutral following adsorption.
The may be the principal mechanism for the sorption of trivalent and tetravaient actinide
complexes on metal oxide surfaces with nearly neutral pH.

(2) Electrostatic Adsorption

Electrostatic sorption is due to short-range coulombic forces of attraction between charged
solute species and the adsorbing substrate. This process is rapid, largely reversible,
somewhat dependent on temperature, and strongly dependent on the composition of the
sorbent and on the ionic strength and composition of the solution. This type of adsorption is
also called chemisorption, and it is thought to allow only one layer of adsorbed species on the
solid. In contrast, physical adsorption may accumulate several layers of adsorbate on the
surface. An example of a process controlled by electrostatic sorption is ion exchange. The
adsorption of Cs+ on clays is controlled by such a process.

(3) Specific Adsorption

Specific adsorption is either due to the sorbed ion inducing the formation of surface sites of
opposite charge when adsorbed, or due to the sorbate ion, as a trace species, occupying
some of the small number of sites of opposite charge that exist on a surface regardless of its
net surface charge. This process may be either slow or rapid. Specific adsorption of cationic
species can appear highly irreversible as long as the system pH is not lowered significantly.
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The process is temperature-dependent and also highly dependent on the composition of the
sorbent and the concentrations of solutes. An example of specific adsorption is the nearly
complete adsorption of UO2(OH)+ on a ferric oxyhydroxide surface at a pH below the point of
zero charge of the oxyhydroxide, where the solid has a net positive surface charge.

(4) Chemical Substitution

Chemical substitution is the incorporation of minor elemental constituents into the structure of
crystalline phases (solid solution). This process may be slow, and only partly reversible. It is
temperature-dependent, highly solute-selective, and highly dependent on the composition of
the substrate as well as on the concentrations of solute. Chemical substitution controls the
uptake of ions on a solid containing counter-ions that can form a sparingly-soluble compound
on the surface. Although this is not truly a form of adsorption, it is difficult to distinguish from
adsorption under experimental conditions. Nevertheless, it will not be discussed in detail in
this report. It can be considered as a special case of precipitation. Americium interacting
with the surface of phosphate minerals and iodine interacting with Cu(l) or Pb minerals are
examples of this process.

The sensitivity of each true type of sorption to changes in the physiochemical environment is
summarized in Table 1. All three types of sorption are highly dependent on the chemical form
of the sorbate in solution (i.e., on speciation). Many of the parameters listed in the table
(e.g., Eh, pH, and concentrations of complexing species) influence adsorption by controlling
speciation. The sorption behaviour of a radioelement is therefore largely dependent on its
aqueous chemical state, because this determines its availability for adsorption onto the
geological substrate.'

End of quote.

Equally important to the understanding of sorption processes are the properties and behaviour
of the sorbing mineral phases. It is assumed that a sorbing species is sorbed at a specific
surface site. At the atomic level, on any solid, there are three types of surface sites: on the
undisturbed surface, at an edge, and at a corner. Each of these three sites will have a
different electrical field and a different geometry. In a crystalline solid, the fields and the
geometry both will be affected by the crystal plane along which the surface is located. The
ratio of undisturbed surface sites to edge sites to corner sites will differ with differing particle
sizes of the mineral. Minerals composed of two elements (i.e., SiO2) can have sites with
charges of different sign, and minerals with ionic substitutions (i.e., Al3+ in an SiO2 structure)
may have permanent charge anomalies in otherwise undisturbed surfaces. Therefore, even a
single, simple mineral may have a spectrum of sorbing sites, each having a different response
to a single type of sorbing ion (Seitz et al. 1980). Equally, the response of a single type of
sorbing site may not be the same to different sorbing species, depending on the size, shape,
charge, and charge distribution of the species.

In sorption modelling, sorption is assumed to be rapid and reversible, and no account is taken
as to the precise mechanism of sorption. The more advanced models allow for the possibility
of precipitation.
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DEPENDENCE

TABLE 1

! OF TYPES OF SORPTION ON ENVIRONMENT

PHYSICOCHEMICAL PARAMETERS

Hydrogen ion availability (pH)

Free electron availability (Eh)

Temperature

Speciation of sorbate

Concentration of sorbate

Concentration of complexing
or competing solutes

Ionic strength of solution

Properties of the sorbent

Time

Physical
Sorption

variable1

variable2

small

large

small3

large

small

small

small4

Electrostatic
Sorption

appreciable5

large6

appreciable

large

large

large

large

large7

small

Specific
Sorption

appreciable

large6

appreciable

large

large

large

variable

large

variable

1 Dependent on charge of species, effectively zero for uncharged species
2 Dependent on electroactivity of species
3 At concentrations well below saturation
4 Slow alteration of sorbed species, (e.g., dehydration of hydroxides)
5 Large > appreciable > small
6 If redox sensitive elements involved
7 e.g., ion exchange capacity from Serne (1992)

3. THE TRANSPORT EQUATION

3.1 THE BASIC TRANSPORT EQUATION

The transport equation for the movement of a chemical species (in the present context, a
radionuclide) in groundwater in a porous or fractured sorbing medium contains terms that
describe advective-dispersive flow of the groundwater through the medium, sorption of the
chemical species, and radioactive decay. Neglecting radioactive decay, Relyea (1982),
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following Boast (1973), writes the transport equation for one-dimensional flow in a porous
medium as:

§£ = n
dt dx2

-v d£ -£* Mw' dx e " dt
Equation (3.1)

where

S = radionuclide concentration sorbed on the solid (ug/g)
c = radionuclide concentration in solution (ug/cm3)
D = the dispersion coefficient (cm2/sec)
x = distance along the flow path (cm)
Vw = groundwater velocity (cm/sec)
pb = bulk density of the porous medium (g/cm3)
e = porosity of the medium (cm3/cm3)
t = time (sec)

By making the substitution

dS _ dS dc
dt dc' dt

Equation (3.1) can be rewritten as:

L Pi ds\ dc = d2c _v dc
1 ""dx

Equation (3.2)

or

dc _ D d2c
dt dx2 w' dx

Equation (3.2a)

where

i + f*. i?
e dc

Equation (3.3)

Rf is the Retardation Factor (Melnyk 1985, Jakob et al. 1990).
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3.2 kd AND k3

If a radionuclide is sorbed from a solution onto a mineral surface, it is convenient to define two
distribution coefficients, kd and ka, where:

, _ amount of radionuclide soibed per unit mass of solid
d amount of radionuclide per unit volume of solution

jc = amount of radionuclide sorbed per unit area of surface
a amount of radionuclide per unit volume of solution

kd and ka are defined for conditions of a true reversible equilibrium. Two similar functions,
termed distribution ratios, with Rd and Ra substituted for kd and ka, have been defined for
use in real situations, in recognition of the possibility that a true reversible equilibrium may not
exist. The terms kd and Rd, and ka and Rg, tend to be used interchangeably in discussion.

3.3 THE INCLUSION OF RADIOACTIVE DECAY

The effect of radioactive decay can be factored into the transport equation by the inclusion of
the term A . c, so that:

| £ = _£ . *£ - I ? . | £ -A . c Equation (3.4)
3t Rf dx2 Rf dx

where
A = radioactive decay constant of the radionuclide

Equation (3.4) is the form of the transport equation used in the vault and geosphere
submodels of SYVAC (SYstems Variability Analysis Code), the performance assessment code
developed as a part of the Canadian Nuclear Fuel Waste Management Program (Goodwin
etal. 1994).

4. TYPES OF SORPTION MODELS

A number of attempts have been made to model sorption processes in forms that can be
applied to the sorption or release of fertilizers and pesticides to (from) soils, to the movement
of contamination plumes in soils, and to the migration of nuclear wastes as a part of
performance assessment models.

There is an extensive literature on the sorption of ionic species, particularly onto soils, in
which mathematical sorption models are used to interpret the data, and some excellent fits
have been reported. However, with the simpler models, there is usually no associated
discussion as to why a particular model was chosen to fit a particular set of data. The
phenomenon of stating a model and then attempting to demonstrate its general validity by
fitting to experimental data appears to be associated with the development of the more
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advanced mass-action and surface-complexation models. Some common modelling
approaches, in increasing order of complexity, are (Allard 1992):

Single values (the linear sorption isotherm)
Non-linear isotherms
Parametric models
Mass action models
Surface-complexation models

NOTE: [The examples of applications of the linear, Langmuir, and Freundlich isotherms in
the following sections include substantial extracts from the review paper 'A survey of sorption
relationships for reactive solutes in soil', by Travis and Etnier (1981), to whom due
acknowledgment is given.]

4.1 SINGLE VALUES (THE LINEAR SORPTIQN ISOTHERMS

The linear sorption isotherm is defined as:

S = kd.c Equation (4.1)

where kd is a constant

The linear sorption isotherm assumes that the value for kd is unaffected by concentration,
temperature, pH, Eh, and the presence or absence of other species. The linear sorption
isotherm can be differentiated, and the result substituted in Equation (3.3) to give:

R, = i + K ^ d Equation (4.2)
f 6

which is the form of the Retardation Factor for a porous medium. According to Freeze and
Cherry (1979), Equation (4.2) was originally developed on an empirical basis for use in
chemical engineering by Vermeulen and Hiester (1952), and first applied to groundwater
problems by Higgins (1959), and Baetsle (1967).

In Equation (4.2), the term pb/e is the mass of material in contact with unit volume of pore
water. For flow through a fracture of width b, the surface area associated with unit volume of
fluid is 2/b. Substituting 2/b for (pb/e) in Equation (4.2):

„ _„ . 2 T. Equation (4.3)
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4.1.1 Application

The linear sorption isotherm has been used in the modelling of contaminant transport and also
in safety assessment calculations for the disposal of nuclear wastes.

Duguid and Reeves (1976) modelled radioactive contaminant transport from a seepage pond,
and Van de Pol et al. (1977) modelled the rate of movement of tritium in a soil column under
field conditions. Selim et al. (1977) used the linear sorption isotherm to describe the
movement of 2,4-D through a two-layer soil column, and Elrick et al. (1966), Davidson et al.
(1968), and Scott and Phillips (1972) used the same approach for other herbicides. Begovich
and Jackson (1975) used a linear sorption isotherm to simulate the 6-year buildup of Pb, Cd,
Zn, and Cu around a lead smelter. Overman et al. (1976) assumed linear sorption in their
study of P transport through a packed bed reactor of soil, as did Lai and Jurinak (1972) and
Lai et al. (1978) for the sorption of Na+ and Mg2+ on soils.

Equations (4.2) and (4.3) are the retardation factors frequently quoted in discussions of the
sorption of radionuclides on geologic media, and the linear sorption isotherm has been used in
several national nuclear waste management programs, including the Canadian program
(Goodwin et al. 1994), the Swedish program (Elert et al. 1992), the Japanese program
(Yamato et al. 1993), the Swiss program (NAGRA 1985, McKinley and Grogan 1991), and the
Finnish program (Hakanen and Holtta 1992).

4.2 NON-LINEAR SORPTION ISOTHERMS

Non-linear sorption isotherms are based on the assumption that the concentration (S) of the
species sorbed on the solid is a function of the concentration (c) of the species in solution,
and is otherwise independent of temperature, pH, Eh, and generally of the presence or
absence of other species. Under these conditions, in general and to a first approximation, the
behaviour of non-interacting solute species in dilute solution can be described by equations
originally derived to describe the behaviour of ideal gases. Both the Langmuir and the
Freundlich isotherms were originally discussed in the context of the surface sorption of gases.

4.2.1 The Langmuir Model

Langmuir (1918) postulated that a surface might contain a number of sites at which a gas
molecule might 'condense', and remain there for a certain time before evaporating again. For
equilibrium, Langmuir derived an equation relating gas pressure and the amount of gas
adsorbed on the surface which, in the current context, states that

S = A' c Equation (4.4)
(B+c)

where
A = the maximum sorptive capacity of the surface, and
B = a constant term related to the energy of sorption

It can be seen that, for small values of ct Equation (4.4) reduces to the linear isotherm
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where A/B can be identified with ka

while at large values of c,

S = A, independent of c.

The use of the Langmuir model has been criticized as being appropriate only to a single
sorbing species on one type of surface site. In fact, Langmuir's original paper also discussed
sorption on surfaces with several different types of sorption site as well as competitive
sorption of several species on the same surface.

4.2.1.1 Application

The Langmuir sorption isotherm has been used both in descriptions of the sorption of
contaminants by solids, and their movement in soils. John (1972), Levi-Minzi et al. (1976),
and Cavallaro and McBride (1978) found that the Langmuir isotherm adequately described Cd
sorption over a wide range of soil types. Harter (1979) used it to describe the sorption of Cu
and Pb on thirty soils in the northeastern United States. Singh and Sekhon (1977a)
investigated the sorption, desorption, and solubility relationships of Pb and Cd in alkaline soils,
and they analyzed the results using the Langmuir equation. Udo et al. (1970), Singh and
Sekhon (1977b), Sidhu et al. (1977), and Shukla and Mittal (1979) also found the sorption of
Zn to follow the Langmuir equation. Colombera et al. (1971) found that the sorption of
aluminium from perchlorate solutions onto clay minerals could be described by the Langmuir
isotherm. The Langmuir isotherm has also been used by Olsen and Watanabe (1957),
Rennie and McKercher (1959), Weir and Soper (1962), Pissarides et al. (1968), Humphreys
and Pritchett (1971), Obihara and Russell (1972), Weir (1972), Rajan and Watkinson (1976)
and Ryden et al. (1977) to describe P sorption on soils. Enfield and Bledsoe (1975) and
Novak et al. (1975) used the Langmuir isotherm in modelling the movement of P in soils.

Several workers have also suggested modifications of the Langmuir isotherm, such as the
Langmuir two-surface isotherm and the Competitive Langmuir isotherm, to better describe the
sorption of anions and cations on clays. These modifications have been discussed by Travis
and Etnier (1981). Polzer and Fuentes (1991) used a modified Langmuir isotherm to fit data
from batch sorption experiments for radionuclides on tuffs, and Mecherri et al. (1992) found
that, in pure water, neodymium shows Langmuir-type sorption on orthoclase.

4.2.2 The Freundlich Model

In the present context, the Freundlich model is represented by the general parabolic equation

S = A.c1/n Equation (4.5)

where A and n are constants, with n greater than 1.
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Freundlich (1926) regarded the above relationship as empirical, but it has since been derived
theoretically (Section 4.2.4).

4.2.2.1 Application

The Freundlich isotherm has been used principally to model sorption of contaminants in soils.
Very recently, the Freundlich isotherm has been used in environmental assessment
calculations.

Chao et al. (1963) and Bornemisza and Llanos (1967) used the Freundlich isotherm to model
sulphate sorption on soils. Garcia-Miragaya and Page (1976), Levi-Minzi et al. (1976), and
Street et al. (1977) found that the sorption of Cd on soils could be described by the Freundlich
isotherm, as could the sorption of Cu, Zn, and Cd by a forest soil (Sidle et al. 1977). Jarrell
and Dawson (1978) and Karimian and Cox (1978) found that molybdenum sorption on several
U.S. soils could be fitted by the Freundlich isotherm. The equilibrium distribution of benzene,
toluene, o-xylene, and n-hexadecane between the liquid phase and the sorbed phase in soils,
for the concentration range 1 to 100 ppm, has been reported to follow the Freundlich isotherm
(Nathwani and Phillips 1977). Hunter and Alexander (1963), Fitter and Sutton (1975), and
White and Taylor (1977) fitted P sorption data for soils to the Freundlich isotherm. Harter and
Foster (1976), and Shayan and Davey (1978) found that modifications of the Freundlich
isotherm provided a better fit to the sorption of P on soils. Mecherri et al. (1992) have shown
that, in pure water, neodymium shows Freundlich-type sorption on calcite and smectite.
Geissbuhler et al. (1963), Harris (1966, 1967), Hance (1967), Kay and Elrick (1967),
Lindstrom et al. (1967, 1970, 1971), Haque and Sexton (1968), Haque et al. (1968), Bailey
and White (1970), Oddson et al. (1970), Davidson and Chang (1972), Davidson and
McDougal (1973), Hornsby and Davidson (1973), Swanson and Dutt (1973), van Genuchten
et al. (1974), Bowman and Sans (1977), Van Bladel and Moreale (1977), and Yaron (1978) all
proposed the use of the Freundlich isotherm in descriptions of the movement of herbicides
and pesticides in the soil.

Zuidema et al. (1993) have reported the use of the Freundlich isotherm to model the sorption
of caesium on granite in a comparison of long-term performance assessments of HLW
disposal in granite.

4.2.3 The Dubinin-Radushkevich Model

The Dubinin-Radushkevich (DR) model was developed by Dubinin and Radushkevich (1947)
to describe the sorption of gaseous carbon dioxide and ethyl alcohol vapour on activated
charcoal, and since has been used frequently to describe sorption from aqueous and
non-aqueous solvents, and of gases, onto a range of activated carbons, and organic chars.
The DR model avoids the alleged shortcomings of the Langmuir model in that it does not
require either homogenous adsorption or a constant adsorption potential. The isotherm takes
the form
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S = A. exp (-K. e2) Equation (4.6)

where
A = the maximum adsorptive capacity of the surface
K = a constant
e = RT.In(1 + 1/c)

4.2.3.1 Application

The DR equation has been applied to the sorption of phosphorus on soils (Sokolowska 1989,
Sokolowska et al. 1988, Dalai 1979); barium on kaolinite, montmorillonite, and chlorite-illite
clays (Eyiem et al. 1990); uranium on basalt and associated smectites (Ames et al. 1982);
water on sepiolite (Bellat and Simonot-Grange 1992); uranium on amorphous ferric
oxyhydroxide (Ames et al. 1983); nitrogen on polycrystalline nickel films (Potoczna-Petru
1979), and argon and krypton on barium films (Rosai and Giorgi 1975).

4.2.4 The Model of Sokolowska et al.

A number of workers have noted that the sorption of the same ion on the same substrate
could be best described by different isotherms over different concentration ranges (e.g.,
Goldberg and Glaubig 1986), or that the sorption of different ions on the same substrate could
be best described by different isotherms (e.g., Salter et al. 1981, Ames et al. 1983, Smith
1990). Observations such as these, together with the range of models and modifications of
models, that have been cited to interpret experimental results (Travis and Etnier 1981), have
led to some effort to discover a 'universal' non-linear isotherm. Several workers have
contributed to this endeavour; Cerofolini 1975, Hsu et al. 1975, lonescu 1976, Sposito 1980,
1984, Iniguez and Val 1984, but the synthesis appears to have been made by Sokolowska
and Szczypa (1980), and Sokolowska et al. (1988). A common factor in all of these studies is
the assumption of Langmuir sorption for any specific type of site, followed by an attempt to
describe the spectrum of sites available on any specific substrate, and to sum the total of the
sorptions over these sites.

Sokolowska and Szczypa (1980), and Sokolowska et al. (1988), described a general sorption
isotherm of the form

6 t(a) = J61(a /£)x(e)de Equation (4.7)

where d1 ( a , e) is a local sorption isotherm that describes the sorption equilibrium on a
given kind of sorption site, a is the molar ionic activity, and x (£) 's a function describing the
distribution of sorption centres with respect to a (dimensionless) energy parameter e.

If all of the sorbing sites are the same, then Equation (4.7) reduces to the Langmuir isotherm.
Hsu et al. (1975) showed that a quasi-gaussian distribution of site energies led to the
Dubinin-Radushkevich isotherm, and Sokolowska and Szczypa (1980) showed further that the
choice of an exponential distribution of site energies leads to the Freundlich isotherm.
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4.2.4.1 Application

Sokolowska (1989), Sokolowska and Szczypa (1980) and Sokolowska et al. (1988) have
applied their results to the sorption of phosphate ions and of water vapour onto soils.

4.3 PARAMETRIC kd MODELS

In the absence of a mechanistic model to describe kd, or R(, a parametric model may be used.
To create a parametric model, measurements of (in this case) kd are made under conditions in
which possible controlling parameters are varied within the required range. Controlling
parameters might be the concentration in solution of the species of interest, the presence and
concentration of other chemical species, pH, Eh, temperature, and the type of sorbing surface.
The resulting dataset is then analyzed, usually by a multiple regression technique, to provide
an expression for kd. Seme (1992) gives an illustrative example for Rd(Sr):

Rd(Sr) = a(Ca2+) + b(Na+) + c(K+) + d(Ca2+)(Na+)
+ e(Ca2+)(K+) + f(Na+)(K+) + g(Ca2+)(Na+)(K+) + h Equation (4.8)

where a...h are the regression coefficients, and (Ca2+), etc., are the molar solution
concentrations of the other cations present.

4.3.1 Application

The PERCOL model was developed by Routson and Serne (1972) to describe the movement
of Cs and Sr through soils at Hanford in groundwater that contained significant concentrations
of Na+, K+, and Ca2+. kd values for Cs and Sr were found to be dependent on pH and on the
concentrations of the major cations present. kd values for use in the PERCOL model were
obtained from a 24 factorial, batch system, sorption experiment with pH and Na+, K+, and Ca2+

as the independent variables, and using multiple linear regression to obtain values for kd as a
function of groundwater composition. This work was extended by Routson et al. (1981) to
include Co, and to cover sorption on 21 soil and sediment types.

Under the WISAP (Waste Isolation Safety Assessment Program), Mucciardi and Orr (1977)
and Mucciardi et al. (1978) made a statistical investigation of radionuclide sorption, using a
database generated at Battelle Pacific Northwest Laboratories (PNL). They studied the
sorption of seven radionuclides (Tc, Sr, Cs, Np, Am, I, Pu) on sixteen mineral substrates
contacted by four groundwaters, and analyzed the data using either multi-variable linear
regression or an Adaptive Learning Network (ALN)1 technique. Mucciardi and Orr (1977)
found that the ALN technique was more efficient at describing sorption than was linear
regression, and they concluded that non-linear relationships were present. Mucciardi et al.
(1980) found it necessary to state a separate relationship for each radionuclide/
surface/groundwater combination. For Sr and Tc, Mucciardi et al. (1980) attempted to
synthesize group sorbent models for rocks from the individual sorbent models for the mineral
constituents, assuming that mixtures of minerals and/or mineral groups would react linearly
when combined in a rock. They found that this assumption generally held for Sr but not for

1 The Adaptive Learning Network was an early application of a neural-network artificial
intelligence program.
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Tc, and suggested that, for Tc, it may be necessary to assume a non-linear combination and
use an ALN model.

As a part of the generic study of waste disposal in the Canadian Nuclear Fuel Waste
Management Program (CNFWMP), Vandergraaf et al. (1993) used a parametric model to
describe the sorption of 39 radionuclides on 15 rock and mineral types found in the Whiteshell
Research Area in Manitoba. Groundwater in the Whiteshell Research Area is saline, and the
pH varies only over a narrow range. For each particular combination of radionuclide and rock
or mineral type, sorption was described using the three parameters - radionuclide
concentration (RN), total dissolved solids (TDS) in the groundwater, and Eh. Rd was
expressed as a quadratic in log(RN) and log(TDS), while Eh was incorporated as a 'switch'
that designated one of two sets of equations, for oxic and anoxic conditions, respectively.
Vandergraaf et al. (1993) suggested that the sorption coefficient that is assigned for a given
radionuclide for each segment along the geosphere flow path should be a weighted average
of the sorption coefficients for that radionuclide on each of the minerals in that segment,
based on the distribution of the minerals in that segment.

4.4 MASS-ACTION MODELS

Mass-action models use mass-action laws and the concept of an equilibrium constant to
derive predictive equations for the sorption of trace species. The assumed mechanism of
sorption is ion exchange and the binding force is assumed to be electrostatic attraction.

Serne (1992) gives an example which might be typical of (say) caesium sorbing onto a
calcium-saturated clay. The mass-action equilibrium equation is then:

aNb+ + b(MX) * a (NX) + bMa+ Equation (4.9)

where
X = solid sorbent (e.g., clay)
M = macro component in the binary system considered (e.g., calcium)
a = valence of the macro ion
N = trace component (e.g., caesium)
b = valence of trace component

Then

{NX}a. {Ma+}b

{MX}b. {Nb*}a Equation (4.10)

where K is the equilibrium constant, and { } indicates thermodynamic activity.

If the exchange capacity of the sorbent (clay) is assumed to be constant, at C, then for a
fully-saturated surface
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C = (NX) .b + (MX) .a

and if N is very much smaller than C, (i.e., it is present only in trace concentrations)

-^ - (MX")
a

If the thermodynamic activity is expressed as the concentration multiplied by an activity
coefficient, i.e.,

{A} = yA(A)

and also if

, _ (NX)
d~ ~(bT)

where (Nb+) = the solution concentration of the trace component in equilibrium with the
solid, then Equation (4.10) can then be rewritten:

K = [Kd) . KM ) _ y M - Y («•*} Equation (4.11)

If the concentration of N is low both in solution and on the surface, and the activities are
constant, then (for ideal ion-exchange of a trace constituent) the ratio of activities in Equation
(4.11) is also constant. Taking logarithms of Equation (4.11), and rearranging,

log(*d> = - | . l o g ( M O + Equation (4.12)

— .log{ —) +log(K) - log (constant)
a a

A plot of l o g (kd) versus l o g (Ma+) should then yield a straight line of slope -b/a.

Seme and Relyea (1981) have suggested that this approach might be quite useful for such
groundwaters as the NaCI brines that are found associated with bedded salt and domed salt
sites.

Equation (4.11) can be rewritten:
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(C/a)

or

kd = (JO -« . / a -M a +p a_ ( r ) -a Equation (4.13)

where
C = ion-exchange capacity of substrate
Af = macro component in the binary system considered (e.g., calcium)
a = valence of the macro ion
b = valence of trace component
F = ratio of the activity coefficients

That is, in a given system, kd is a function of the concentration of the macro ion.

Meyer et al. (1984) have suggested an empirical modification to Equation (4.11) to include the
effect of pH:

{NX) = (Nb+) .K. (C-b(NX)) (H*)~^ . (Ma+)p E c l u a t i o n (4-14)

where p is a factor that expresses the dependence of sorption of the nuclide on (macro ion)
salt concentration. For alkaline conditions, p appears to lie in the range -0.4 to -0.6. At low
pH, p appears to be small.

4.4.1 Application

Early applications of a mass-action model in the nuclear context were provided by Kraus and
Nelson (1955), who discussed anion sorption on resins in solutions of HCI and LiCI, and by
Kraus et al. (1958), who discussed cation and anion sorption onto a number of hydrous oxide
substrates. They concluded that 'since adsorbabilities closely follow the ideal dependence on
ionic strength and loading, there seems little doubt about the general usefulness of applying
ion-exchange terminology to these adsorption reactions. Of course it must be remembered
that these ideal relationships can be found only with certain simple ions which do not undergo
complexing, polymerization or hydrolytic reactions in the media of interest.' Triolo and Lietzke
(1980) extended the theoretical approach taken by Kraus and Nelson (1955), and by Kraus et
al. (1958) from sorption on single substrates to sorption on mixtures of two or more
substrates, but they did not support their conclusions by experiment.

Rafferty et al. (1981) studied the sorption of Si2* on several clay minerals in contact with
sodium chloride/acetate solutions. They found that their results could generally be
approximated by ideal ion exchange equations, and the distribution coefficients calculated
compared within a factor of two or three with the results of other workers. They noted that, in
4M NaCI, the distribution coefficient for Sr2* was less than unity, which suggested that high
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migration rates of Sr2* relative to water flow are likely through geologic formations whose
sorption behaviour is dominated by clay minerals.

Shiao et al. (1981) measured the sorption of Cs+, Sr2*, Eu3+, Co2+, and Cd2+ from salt solutions
on a well-characterized chromatographic alumina, which they anticipated would differ from
clays in not having a relatively constant ion exchange capacity. In the pH range 5 to 9 they
found sorption to depend strongly on pH and less so on salt concentration. In the pH range
above pH 9, the salt-dependence of the distribution coefficient became important.

In a companion paper, Shiao and Meyer (1981) measured the uptake of sodium and bromide
ions by chromatographic alumina from solutions of NaBr as a function of NaBr concentration
and pH. (NaBr was used as a surrogate for NaCI because of the ease of counting 82Br.) The
question that they addressed was 'whether the behaviour of an adsorbent with respect to
adsorption of an ion at trace concentration could be correlated with the uptake of major ions
present in solution. If this could be done, even approximately, then a solid adsorbent could be
characterized by uptake experiments, and the number of measurements needed to
characterize the adsorption behaviour with respect to ions at trace concentration could be
considerably reduced.' Shiao and Meyer found that such correlations were possible using the
mass-action model. Meyer et al. (1984), using their modification of the mass-action model to
include a pH term, have shown excellent agreement between experimental and calculated
sorption isotherms for Cs+, Sr2*, Eu3+, and TCO4 on alumina. Ticknor et al. (1986a) noted that
the sorption of 90Sr and 137Cs on altered granitic rock was suppressed in saline solutions, and
that this behaviour is consistent with sorption by an ion-exchange mechanism.

Palmer et al. (1981) applied mass-action models to sorption on mixtures of oxides and clays,
and Pabalan (1991a,b; 1993a,b) used mass-action ion exchange models to interpret sorption
behaviour in zeolitic minerals, particularly clinoptilolite found in association with the proposed
high-level nuclear waste repository at Yucca Mountain.

4.4.2 The Power Exchange Function

Routson and Serne (1972) and Langmuir (1981) have suggested an empirical modification of
Equation (4.10) such that

K' = XM J . i H r Equation (4.15)

where
JC' = a pseudo-equilibrium constant
p = an empirical constant

Langmuir (1981) has termed Equation (4.15) the 'Power Exchange Function', and has
demonstrated good agreement for the sorption of alkali and alkaline earth metals on pure
clays with p = 1, and for heavy metals with 0.8 < p < 2.0.
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4.5 SURFACE-COMPLEXATION MODELS

Surface-complexation models assume that most solid materials will, in general, acquire a
surface charge when placed in contact with a polar solvent such as water. The net charge
may be positive, negative, or neutral, depending on the nature of the solid and the properties
of the solution, particularly the pH. The most common way for a surface to obtain a net
electrical charge is through uptake or release of potential-determining ions (e.g., H+ or OH) on
the surface. Charged surfaces tend to adsorb ions of opposite charge to maintain electrical
neutrality and thus develop an electrical double layer (Serne and Relyea 1981). Permanently
charged sites can also be present on solid surfaces resulting from isomorphous substitution
in a crystal structure (e.g., when Al3+ substitutes for Si4+, and Mg2+ for Al3+).

Surface complexation adsorption models treat the sorbent surface as a plane of hydroxyl
groups, X-OH, where X represents structural Al, Fe, Mn, Si, or other atoms in the surface.
Figure 1(a) depicts the surface of a metal oxide (XO) as a plane array of (in this case,
divalent) metal (X) and oxygen (O) atoms. Because the metal and oxygen atoms at the
surface are not completely surrounded by other atoms, as they would be in the interior of the
oxide, they have residual charges which can attract water molecules. Figures 1(b) and 1(c)
suggest how a water molecule might be attracted to the surface and then be decomposed to
provide the -OH groups. The -OH groups are thought of as ligands that are acid/base-
sensitive and can form complexes with solutes in solution (Serne 1992), thus attaching
(adsorbing) those solutes to the surface. In Figure 1(c) two types of OH groups can be
distinguished, the first in which the oxygen is bound to one metal ion, and the second in which
the oxygen is bound to two metal ions. Boehm (1971) has suggested that the singly-bound
groups should be basic in character, and the doubly-bound groups acidic. From this
description of the surface as a plane containing two types of hydroxyl groups, it is immediately
possible to visualize how the net electrostatic charge of the surface might be affected by
solution pH, which is an excess or shortage of hydrogen ions, and thus how the ability to
attract charged species might also be affected.

In the 'double-layer' model, some or all of the -OH groups can be replaced by groups from the
surrounding solution. For instance, in Figure 2(a), M could represent a divalent cation, A a
divalent anion, and OH2 a sorbed water molecule. From the viewpoint of the solution, the
surface layer of sorbed groups will itself appear to be charged; the charge shown by ions or
groups such as M and A will be the difference between their own charge and the charge
imbalance that they satisfy on the surface while, for an initially neutral water molecule, the
charge will be the electrostatic charge induced on the molecule by the charge on the oxide
surface.

The surrounding solution was originally electrically neutral. After sorption has taken place, the
solution will still contain the original counter-ions of the groups that have been sorbed. These
ions in solution will tend to be attracted to the residual charges on the adsorbed layer and
cluster in a cloud above it. The attraction to the sorbed layer, together with the mutual
electrostatic interaction among the counter-ions in solution, and thermal Brownian motion, will
tend to distribute the counter-ions so that they are most concentrated adjacent to the
adsorbed layer and become steadily less concentrated with distance out into the solution.
This cloud of counter-ions is termed the diffuse layer and its properties and density distribution
are assumed to follow the Gouy-Chapman model (Section 4.5.1).
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FIGURE 1: Schematic Cross Section of the Surface Layer of a Metal Oxide:

(a): Surface Ions Are Not Fully Coordinated;
(b): Surface Metal Ions Coordinate H2O Molecules in the Presence of Water;
(c): Protons Dissociate From the Sorbed H20 Molecules, Leading to the

Formation of a Uniformly Hydroxylated Surface, (from Dzombak and
Morel 1990).
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FIGURE 2(a): Schematic Representation of Ion Binding on an Oxide Surface;
(b): Schematic Representation of Charge Density (a) and Its Associated Potential

{¥) on the Surface and in the Diffuse Layer. According to the Gouy-
Chapman model, the charge density and the potential in the diffuse layer
decay exponentially with distance (d) from the surface, t is the separation
between the sorbed surface layer and the inner face of the diffuse layer; it is
assumed to be zero in the development of the Gouy-Chapman model.
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Three-layer and four-layer models have also been described. The three-layer model is similar
to the double-layer model, except that the oxide surface is considered to remain covered by a
bound layer of water-derived species and other solute species are sorbed onto the outer
surface of that bound layer. The three-layer model has been applied to the interpretation of a
range of experimental data, principally because of a mathematical treatment by Davis et al.
(1978), and Davis and Leckie (1978, 1980), which allowed its early integration with the
MINEQL speciation code (Westall et al. 1976). Four-layer models have also been proposed
(Barrow et al. 1980, Bousse and Meindl 1986), but have not been widely adopted.

Westall and Hohl (1980) have reviewed five mathematical descriptions that are associated
with the double-layer and triple-layer models. These are:

(i) the diffuse double-layer model
(ii) the basic Stern (Agl) model
(iii) the basic Stern (Hg) model
(iv) the constant capacitance model
(v) the triple-layer model

Of these models, the constant-capacitance model refers to a situation where the cloud of
counter-ions is compressed into a thin layer, and this, together with sorbed surface layer, can
be regarded as equivalent to a parallel-plate capacitor, with the plates separated by a distance
t (Figure 2(b)). The constant-capacitance model is appropriate to solutions of high ionic
strength. The Stern (Agl) and Stern (Hg) models refer to specific experimental configurations,
and are outside the scope of this general discussion.

Westall and Hohl (1980) found 'that a wide range of parameter values yield optimal fit, i.e.,
that it is very difficult to separate adsorption energy unambiguously into electrostatic and
chemical components. All models can represent the experimental data equally well, but the
values of the corresponding parameters in different models are not the same. Hence, the
models must be viewed as being of the correct mathematical form to represent the data, but
not necessarily an accurate physical description of the interface'.

Sposito (1984), discussing sorption in soils, put it a little more succinctly: The adherence of
experimental sorption data to an adsorption isotherm equation provides no evidence as to the
actual mechanism of a sorption process1.

More recently, Dzombak and Morel (1990) have proposed a generalized two-layer model that
they feel is less complex but nevertheless adequate to fit all available data examined by them.
They have applied this model specifically to the case of sorption on hydrous ferric oxide
(HFO), and plan to expand the database to include other oxide and mineral sorbents in the
future2.

2 Dzombak and Morel note that the properties of HFO, as typified by changes in the pH of HFO
suspensions in water, and the pristine point of zero charge (PPZC) as established by titration, change
over the first twenty-four hours. They suggest an HFO -* goethite transformation as the explanation.
Data from "overaged" systems was excluded from Dzombak and Morel's analysis.
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In view of the opinions expressed by Westall and Hohl (1980), Sposito (1984), and Dzombak
and Morel (1990) regarding the lack of differentiation between surface-complexation models
when applied to the interpretation of data, discussion in this report is limited to the generalized
two-layer model of Dzombak and Morel (1990), as typical of the genre.

4.5.1 The Generalized Two-Layer Model

The published work of Dzombak and Morel (1990), Bradbury and Baeyens (1992) and Stumm
(1992), make it possible to give a fairly concise summary of the main features of the
generalized two-layer model.

It is possible to write a series of linear equations for the generalized two-layer model that can
be solved simultaneously. These equations describe the charge density on a surface which
has sorbed species, the relationship between surface charge and surface potential, the mass
law equations relating the species in the system, and the mole balance equations relating the
species in solution and sorbed on the surface. The simplest case to consider is the 'surface
acidity' case, in which no foreign cations or anions are present, and the sorbed species (H+

and OH) are derived wholly from the surrounding water.

(1) Surface Charge Density

Referring to Figure 1, the initial state of the surface can be thought of as being electrically
neutral, and covered with similar sites at which an OH' group is attached to a metal ion. Each
of these sites can then be represented as =X0H°. If an H+ reacts with this site, then

=X0H° + H* = =X0Hz Equation (4.16a)

If an OH" reacts with this site, then

=X0H° + OH~ = XO~+H20 Equation (4.16b)

Thus, in equilibrium, the surface can be considered to be covered with =X0H°, =XOH.l, and

=XO~ groups. The net charge density on the surface can be written as:

op = F. [ (r=X0H2) - {T=XQ-) ] Equation (4.17)

or

ap = F.[ (TH+) - (T0H-) ] Equation (4.18)
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where
ap = net surface charge (coulombs/m2)
F = Faraday constant (96490 coulombs/mol)

YH* = sorption density of H+ ion (mol/m2)

TOH~ = sorption density of OH" ion (mol/m2)

Since (mol/m2) = (mol/kg)-(kg/m2), Equation 4.18 can also be written for a solid rather than a
single surface as

Op = -I. [<FH+)-<FOH-)] Equation (4.19)

where
S = specific surface area of solid (m2/kg)
0 = sorption density of ion in mol/kg

(2) Relationship Between Surface Charge and Surface Potential

The surface charge density at the inner surface of the diffuse layer (Figure 2), according to
the Gouy-Chapman theory, is

ad = {8RTteQc xlO3) "2 .sinh(ZYF/2i?r) Equation (4.20)

where
R = molar gas constant (8.314 J mol 1 K'1)
T = the absolute temperature (°K)
e = the dielectric constant of water (78.5 at 25°C)
e0 = the permitivity of free space (8.854 x 10'12C2J"1m"1)

c = molar electrolyte concentration [M]
Z = valency
*P = surface potential (volts)

At 25°C in water, Equation 4.20 simplifies to

od = 0.1174c^sinh(Z¥xl9.46) Equation (4.21)

For overall electrical neutrality in the system, the charge due to the surface layer and the
charge due to the diffuse layer must cancel out. Therefore, for unit area:
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Thus the surface potential, ¥ , can be calculated from Equations (4.19) and (4.21).

(3) Mass Law Equations Relating to the Species in the System

The surface ionization reactions responsible for the amphoteric behaviour of oxide surfaces
have been expressed by:

=X0H° + H+ = =X0Hz Equation (4.22)

and

=X0H°+0H~ = =XO'+H2O Equation (4.23)

Equation (4.23) can also be thought of as a decomposition reaction:

=X0H° = =X0-+H* Equation (4.23a)

The mass law equations corresponding to Equations (4.22) and (4.23a) can be written:

(*XOHZ)

and

{=X0~) . {H*} = Equation (4.25)

where K^p and K*fp axe apparent equilibrium constants, () represent concentrations, and {}
represent activities.

In the generalized two-layer model, the activity coefficients of the surface species =
=X0H°, and =XO~ are assumed to be equal (Dzombak and Morel 1990). Therefore, in
expressions such as Equation (4.25), surface species can be represented either as activities
or as concentrations, since the activity coefficients cancel out.
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Apparent equilibrium constants are not constant, but depend on the surface charge, since
energy is required to move ions through potential gradients to and from the surface (Bradbury
and Baeyens 1992). The total free energy change of a surface reaction can be thought of as

being composed of two parts, an intrinsic chemical interaction term (AG°nt) which does not

vary with surface charge, and a variable electrostatic term (^G°oul), which does. The total

free energy change (A.G°ot) of a surface reaction is therefore

t = AG£ t+AGc°oui Equation (4.26)

Morel (1983) derived the following theoretical expression for AG°oul:

AGc°oui = AZFY Equation (4.27)

and since AG can be expressed in the general form Ac? = -RT. lnK, then Equation (4.26)
can be rewritten as:

-RT.lnKapp = -RT.lnK^+AZFV Equation (4.28)

which can be rearranged to give

Kint = KaPpM e x p _^££X Equation (4.29)

Then Equations (4.24) and (4.25) can be written:

K ^ = (^XOH°) {H+} ^ e x p (_Fjp /RT) Equation (4.30)

and

Kint = (-XO-) {H+} ^ {_Fy/R T ) Equation (4.31)
2 {=XOH°)

= - l since the surface site loses a positive charge as it decomposes).



- 2 5 -

(4) Mole Balance Equations

It is possible to write two mole balance equations, the first referring to the total of hydrogen
ions in the system, and the second referring to the total of surface sites.

For the total hydrogen ion content of the system (TOTH):

TOTH = (H*) - (Off") + (=XOHz) - (=XO~) Equation (4.32)

For the total of surface sites, TOT{=XOH) :

TOT(=XOH) = (sxOHz ) + (=XOH°) + (=XO ") Equation (4.33)

(5) The Inclusion of Additional Ionic Species

The inclusion of additional ionic species involves writing, and solving, a series of equations
similar to those for H+ and OH', but more extensive. Table 2, from Dzombak and Morel
(1990), lists the appropriate equations for the adsorption of an anionic species A3". Table 3,
from Dzombak and Morel (1990), lists the appropriate equations for the adsorption of a
cationic species, M2+. In contrast to anion adsorption, where the assumption of one type of
adsorption site has been found adequate for modelling purposes, for cations it has been found
necessary to assume the presence of two types of adsorbing site, a limited number of 'strong'
(Xs) sites, and a larger number of 'weak' (Xw) sites.

(6) Basis of Calculation

Dzombak and Morel (1990) have suggested a general iterative method of solving the model
calculations in which they replace the coulo/nbic correction factor exp(-AZFxP/RT) by a
variable, P. An initial estimate is made for the value of P, Pinitial, which is used to perform a
calculation which results in a calculated value for P, Pcal0. A revised value for P, Pnaw, is then
obtained from the expression

logPnew = (logPcalc + logPinitial)/2

and the calculation is repeated until the values of Pca(c and Pnew converge. An example of the
calculation, following Dzombak and Morel, is given in Appendix A, and also serves to highlight
some of the inherent assumptions of the model.
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TABLE 2

ANION SURFACE COMPLEXATION

Species

H+, OH', H3A, H2A~, HA2', A3"

=XOH, = 2

Mass Law Equations

(OH")

(H3A)

(H2A")

(HA2")

(,XOH2
+)

HCO-)

(=XA2-)

O*HA-)

Mole Balance

=(H+)3

=(H+)2

=(H+)

=(H+)

=(H+)"1

=(H+)

=(H+)2

Equations

(A3")

(A3")

(A3')

(A3")

(A3')

exp(-FWRT)

(sXOH0) exp(+2F¥/RT)

(=XOH°)

TOT(^XOH) = (H+)-((OH-)+3(H3A)+2(H2A")+(HA2')+(=XOH2
+)

X O > 2 ( X H A > ( X A 2 - )

TOTA

Surface Charge

CT = (F/AS)TOTP = (F/AS)[(=XOH2
+)-(=XOy(=XHA>2(=XA20]

Charge Potential Relationship

a = 0.1174c1/2sinh(ZvP x 19.46)

Dzombak and Morel (1990), Table 2.3
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TABLE 3

CATION SURFACE COMPLEXATION

Species

H*,OH-,M2+,MOH+,M{OH) °2,

=XSOH°, =XSOH2\ =xscr,
=XWOH°, =XWOH2* ,=XWO~,

=XSOM+,=XWOM+

Mass Law Equations

(OH)

(MOH+)

(M(OH)2°)

(M2+)

(M2+)

=(H+)

(Mz+)

(=XWOH2+) =(H+)

=(HT

(M2+)

exp(-F¥/RT

(sXsOH°) exp(+F4//RT)

(E=XSOH°) exp(-FWRT)

(sXwOH°) exp(-FvP/RT)

(=XWOH°) exp(+F47RT)

(=XWOH°) exp(-F»F/RT)

Mole Balance Equations

TOTH = (H

TOTM
TOT(=XSOH)

W

-(OH) - (MOH+) - 2(M(OH)2°) + (=XSOH2
+) - (=>

(=XWOH2
+) - (=XWO) - (=XWOM+)( ) ( 2 ) )

= (M2+) + (MOH+) + (M(OH)2°) + (=
( ) ( ) (
(=XWOH°) + (=XWO) + (=XW

Surface Charge

o = (F/AS)TOTP

= (F/AS)[(=XSOH2
+) + (=

Charge-Potential Relationship

a = 0.1174c1/2sinh(Z*F x 19.46)

(XWOM+)]

Yi2xl0"1 4

Yx

- l
Yl

v
Y2

Dzombak and Morel (1990), Table 2.8
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4.5.1.1 Application

As was shown previously (Section 4.5.1), certain key physicochemical parameters of a
sorbent need to be known in order to apply the generalized two-layer model to sorption on
that sorbent. These parameters are the specific surface area, the density of sites on the solid

phase, and the surface acidity constants, K*int, K~int (Bradbury and Baeyens 1992). It is not
clear, however, if particles that have different sizes or aspect ratios have the same density of
sites, and therefore behave in an identical manner.

Dzombak and Morel (1990) used information from the literature to estimate the specific
surface area and the site density of hydrous ferric oxide (HFO). They then used their
generalized two-layer model to analyze published data for the sorption of twelve cations and
nine anions from a range of ammonium and sodium salt solutions onto HFO in order to obtain
the surface complexation constants, Kint. They showed strong linear correlations between
their calculated values for Kint and values for the first and second hydrolysis constants, as
obtained principally from Baes and Mesmer (1976). In their discussion, Dzombak and Morel
concluded that 'the good correlations obtained in this survey indicate that the available
sorption data for HFO are largely consistent with one another and with what is known about
the reactivity of the various ions in solution. In addition to verifying the consistency of the
data, this analysis also provides a measure of the adequacy of the generalized two-layer
model for uniform interpretation of sorption data covering a wide range of chemical conditions.1

From the linear correlations found, Dzombak and Morel were able to estimate values of Kint

for anions and cations for which they had no independent information.

Bradbury and Baeyens (1992) used Dzombak and Morel's generalized two-layer model to
calculate the sorption of Np (as NpOj) at trace concentrations under oxidizing conditions, on a
series of minerals relevant to granite formations. They calculated log (Rd) as a function of pH
in a calcium-saturated groundwater and compared their results with the experimental data of
Allard (1982), who had measured neptunium sorption on some 32 minerals and rocks. In their
discussion of the results, Bradbury and Baeyens (1992) noted that 'If envelopes are drawn ...
which encompass all the measured values then the predicted curves almost invariably lie
within these envelopes.' It would be equally true to say that the measured values almost
invariably lay within an order of magnitude from the predicted curves within the range pH 6 to
pH 10.

In making this comparison, Bradbury and Baeyens (1992) took as a working hypothesis that
the surface complexation constants for HFO would also be applicable to the other mineral
systems considered. Jenne (1977) suggested that, in nature, adsorption rarely takes place on
a pristine mineral surface, and that'... the most significant role of clay-sized aluminosilicate
minerals in trace element sorption by soils and sediments ... is as a mechanical substrate for
the precipitation and flocculation of secondary minerals.' Bradbury and Baeyens (1992)
extended the argument, again as a working hypothesis, to suggest that the mechanical
substrate hypothesis was generally true for mineral surfaces as a whole, and that the
substrates would be covered by thin coatings of thermodynamically metastable amorphous
and microcrystalline oxides of manganese, iron, and aluminium. They then cited evidence
that there is a similarity in surface complexation constants that have been measured in the
iron oxide and aluminium oxide systems, and that Goldberg and Glaubig (1986) were able to
use Kint values for sorption on aluminium oxide to successfully model the sorption of boron
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on various samples of kaolinite. (Fits were apparently less successful for montmorillonite and
illite.) Bradbury and Baeyens (1992) concluded: 'Thus there is a body of evidence available
which suggests that the sorption of elements at trace concentrations may, in many cases, be
controlled by small quantities of metal (hydr)oxides present as thin coatings on mineral
surfaces.'

Bradbury and Baeyens' (1992) unstated assumption is that the sorption behaviour of those
metal (hydroxides in general can be adequately described by the sorption behaviour of HFO
in particular. This assumption may be justified if the sorption behaviour of a mineral surface is
primarily defined by the layer of hydroxide radicals in contact with the solution and is only
secondarily affected by the nature of the solid substrate beneath it.

Examination of the diagrams which compare Bradbury and Baeyens' (1992) calculations with
Allard (1982) data show that the calculated pH-sorption curves are all similar, but are found at
different positions on the sorption axis. This is consistent with Bradbury and Baeyens' (1992)
statement that the only parameter that was varied from mineral to mineral during the
calculations was the surface area, using the values quoted by Allard (1982). Since no fitting
of the curves to the data took place, it is noteworthy that the measured values almost
invariably plotted within an order of magnitude from the predicted curves. However, the
trends in the data bore little resemblance to the trends of the predicted curves.

Westall (1994) notes that the diffuse-double-layer model is not able to adequately describe
behaviour at a mercury-aqueous NaF interface, which is one of the more simple cases, both
theoretically and experimentally.

4.5.2 The Constant-Capacitance Model

The constant-capacitance model is a simplification of the generalized two-layer model in that
the counter-ions are assumed to lie in a single plane adjacent to the sorbed ions rather than
in a Gouy-Chapman diffuse cloud. The relationship between the surface charge and the
surface potential then reduces to (Ewart et al. 1992):

o = c.H Equation (4.34)

where C is a constant with the units of capacitance.

The relationship between the surface charge and the surface potential is thus independent of
the ionic strength of the solution (c.f. Equation 4.21). Stumm (1992) notes that the constant
capacitance model is particularly appropriate to conditions of high ionic strength.
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5. APPLICABILITY OF MODELS TO PERFORMANCE ASSESSMENT CALCULATIONS

The three objectives of this report are to describe the basic types of sorption model that are
available, to assess their suitability for use in performance assessment calculations as applied
to the geological disposal of radioactive wastes, and to suggest priorities for further work on
sorption, and on sorption model development. The types of models that are available and
their areas of application have been discussed in Section 4.

For the purposes of a performance assessment calculation, it is necessary to evaluate a
retardation factor, Rf, where:

„ _ - + Pt dS
1 € dc

Essentially this means that the differential term dS/dc must be evaluated under the
geochemical conditions at any point in the transport path.

There are several possible approaches to obtaining the retardation factor. For instance:

(1) Develop a 'theory of everything', which will account for all significant variables.

(2) Demonstrate that the variability introduced by factors other than concentration does
not adversely affect an overall performance assessment calculation.

(3) Demonstrate that dS/dc is constant, irrespective of the values of S, c, and other
variables.

(4) Demonstrate that conditions are such that factors other than concentration are
constant.

(5) Generate a parametric model that will supply values for Rf or dS/dc within a
given range of variables. (This is the current approach.)

(6) Generate a look-up table that will supply values for Rf or dS/dc within a given
range of variables.

(7) Choose a single value for dS/dc that will satisfactorily represent the effect of
sorption in a performance assessment calculation.

Each of these approaches requires access to an extensive experimental database and such a
database would exist as a result of developing the database for a parametric model.
Approaches (3) and (7) result in the 'constant kd" model.
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5.1 SURFACE-COMPLEXATION MODELS

Surface-complexation models are the current candidates for a 'theory of everything". They are
the most complex and general of the sorption models that are available, and thus potentially
the most powerful. They have the advantage that they are based on well-established
thermodynamic principles, and they incorporate parameters that can be measured in other
areas of solution and surface chemistry independently of the model. The weaknesses of the
models derive from the same factors as their strengths. The complexity of the models means
that some assumptions have to be introduced in order to make them solvable. These
assumptions are not always chemically sound, or fully justified (Allard 1992). For example,
surface-complexation models assume that the solutions from which sorption takes place
consist of the sorbing ions dispersed in an 'inert' electrolyte such as KCI or NaCIO4, the
strength of which enters into the calculation (in the charge-potential relationship), but the ions
of which do not interact with the sorbing ions or affect their sorption on the surface. Also,
although two types of sorbing site ('strong' and 'weak') are found necessary to account for
observed cation sorption behaviour, both the activity coefficients and the equilibrium constants
for these sites are assumed to be equal.

A practical difficulty with the surface-complexation models is the large body of data required in
terms of constants and parameters, and the relative dearth of existing information that is
specifically relevant. This situation has led to a number of extrapolations from available data
that have not been adequately justified, such as the assumption by Bradbury and Baeyens
(1992) that sorption on a freshly-prepared finely-divided precipitated hydrous ferric oxide
(HFO) can be regarded as typical of sorption on minerals as a whole.

Using this (HFO) assumption, Bradbury and Baeyens (1992) have modelled the results of
Allard (1982) on Np sorption (as Npof) as a function of pH on some 32 minerals and rocks.
Given the assumptions summarized above, the only adjustable parameter in all of the
calculations was the specific surface areas of the minerals, which were set at the values
quoted by Allard (1982). In the pH range used (6 to 10.5) the experimental results, with very
few exceptions, lay within an order of magnitude of the calculated curves, but the shape of the
calculated curves bore little resemblance to the trend of the experimental data. Three differing
conclusions might be drawn from these results: that, because of the order-of-magnitude
agreement between theory and experiment, the (HFO) assumption is justified, or, that
sorption (of NpOg ions at least) is not primarily controlled by the solid surface, and thus that
detailed consideration of the surface in surface-complexation modelling of these systems is
unnecessary, or, that, because of the lack of correlation between the calculated curves and
the trends of the experimental data, surface-complexation modelling is an inappropriate tool in
this case.

WestalPs observation (1994), that the diffuse-double-layer model is not able to adequately
describe behaviour at a mercury-aqueous NaF interface, which is one of the more simple
cases, both theoretically and experimentally, has been previously noted.

For direct use in the probabilistic calculations associated with waste disposal scenarios, it
would be necessary to incorporate the surface-complexation model into the transport code. In
this case, Serne (1992) notes that the transport model must track other species and
conditions besides the radionuclides of interest, and that the solution algorithms must be very
robust to accommodate the highly non-linear nature of the sorption equations. He has
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indicated a number of potential problems, principally in the areas of convergence, memory
storage limitations, and run times. He concludes that '...the linking of detailed chemical
reaction codes with hydrologic codes in order to simulate radionuclide transport is not practical
at the present time for most safety assessment exercises. The linking necessitates large
computer storage, excessive run times and robust numerical solution algorithms I suggest
that less detailed chemical reaction models can be effectively used.'

On the other hand, Mariner and Jackson (1993) have examined the use of the surface-
complexation model as a means of developing 'geochemically robust kd data bases for
systems models.1 They conclude that '...the SCM approach has much more potential than the
direct kd measurement approach for providing an understanding of adsorption at the molecular
level. Thus we recommend that SCM be used to guide experimentation. With continued use,
SCM should improve and the confidence in SCM kd predictions should increase.'

In a disposal geology such as granite, a problem arises in reconciling the assumptions of
single values for activity coefficients and equilibrium constants with a complex mineralogy. It
is possible that 'granite' could be defined as a single substance, and 'effective' values
assumed for activity coefficients and equilibrium constants rather than the distribution of
values that would be actually encountered. Given these, together with the other assumptions
inherent in the surface-complexation model (see Appendix), it is difficult to see use of these
models, at their present state of development, as other than sophisticated curve-fitting
exercises.

However, even at its present stage of development, the SCM approach may be a useful
technique for obtaining estimates for Kint from published data on hydrolysis constants.

5.2 MASS-ACTION MODELS

Mass-action models are considerably less detailed than surface-complexation models, but can
be appropriate to describe the sorption of trace elements under saline conditions. This is of
interest to the CNFWMP because of the saline conditions that are present in groundwaters at
depth in the Canadian Shield (Gascoyne and Kamineni 1992). Ticknor et al. (1986a) noted
that the sorption of 90Sr and 137Cs on altered granitic rock was suppressed in saline solutions,
and that this behaviour was consistent with sorption by an ion-exchange mechanism.

As developed by Shiao et al. (1981), the mass-action model for use in saline conditions does
not incorporate a pH term. Meyer et al. (1984) have extended the model to include a pH
term, and have shown excellent agreement between the experimental and calculated
adsorption isotherms for Cs+, Sr2*, Eu3+, and TCO4" on alumina.

In a realistic geological environment, the surfaces involved in sorption are likely to be complex
and heterogeneous, and a range of ion-exchange capacities would be encountered. Such
complications would hinder the use of mass-action models in performance assessment
calculations, much as similar concerns would affect the application of surface-complexation
models to natural systems. However, since the concepts involved in formulating the
mass-action model are simpler than those in the case of the surface-complexation models,
mass-action models would be more amenable to experiment and analysis.
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Shiao and Meyer (1981) have suggested that, considering the correlations that are possible
using the mass-action model, the more complex double-layer theories 'may be needlessly
complicated to explain equilibrium properties such as adsorption.' However, Seme (1992)
concludes that mass-action models, like surface-complexation models, cannot be included
practically into safety assessment codes at the present time.

5.3 NON-LINEAR SORPTION ISOTHERMS

A sorption isotherm model is one of the simpler models to apply to disposal scenarios
because the only input variable is sorbing ion concentration.

Three basic sorption isotherms are commonly used; the Langmuir isotherm, the Freundlich
isotherm, and the Dubinin-Radushkevich isotherm. Sokolowska and Szczypa (1980) have
shown that each of these isotherms can be reproduced by assuming Langmuir sorption at any
individual site, and specifying a particular mathematical distribution for the site energies of the
surface as a whole. This is a useful and satisfying result, since it provides a logical
explanation for the many differing 'best fits' observed experimentally (for instance, Travis and
Etnier 1981), i.e., that they are a consequence of differences in the surface properties of the
particular sorbing substrates used, and also for the frequent observation that different sorption
behaviour can occur for different types of ion on the same surface. It also suggests that a
legitimate concentration-based sorption isotherm can exist for any surface, whether or not [it
happens to be that] it can be described mathematically. Thus, for a complex geological
system in which it may not be possible to specify the surface properties to any degree of
certainty, an arbitrary 'best fit' equation for sorption (S) as a function of concentration (c) may
represent a legitimate sorption isotherm, and its use could be justified on those grounds.

5.4 PARAMETRIC MODELS

A parametric model is probably the most accurate but least intellectually satisfying of all the
adsorption models. The advantage of a parametric model is that it assumes nothing and,
given sufficient data points and the correct choice of fitting model, it can reproduce the input
data to any desired degree of accuracy. The parametric model has the advantage that it is
(or should be) smaller than its database, but a disadvantage is that fitting introduces a degree
of smoothing into the output.

The choice and use of fitting model requires care, to prevent the introduction of unintended
biases. Mucciardi and Orr (1977) found that the use of an Adaptive Learning Network (ALN)
technique was more efficient at interpreting their sorption data than was linear regression.
This suggests that current artificial intelligence programs might be investigated as an
alternative to the use of any specific parametric model.

A parametric sorption model should be the first sorption model developed in any disposal
assessment program. It is sufficient in itself, but the database it requires can provide the
basis upon which any more advanced models can be evaluated. Vandergraaf et al. (1993)
describe the development of a parametric model relevant to sorption behaviour in saline
groundwaters in granitic rocks in a particular area of the Canadian Shield formation.
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A parametric model shares the disadvantages of the surface-complexation and mass-action
models in the number of parameters that must be carried or calculated by the transport
equation.

5.5 SINGLE VALUES (THE LINEAR SORPTION ISOTHERM)

Single values for ka or kd represent the simplest method of incorporating sorption into the
transport equation. The assumption inherent in the adoption of a single value is that the
effect on an overall performance assessment calculation, or on any specific segment of that
calculation, falls within an acceptable deviation from the result of the best available
calculation, or from observation. In practice this means that either (i) a best available
calculation or observation is available, and the justification for using a single value is
convenience, or, (ii) it must be shown that the value chosen represents the lower
(conservative) limit of the range of possible values.

5.6 LOOK-UP TABLES

Look-up tables can be regarded as a subset of parametric models, consisting of the data set
but lacking the analysis. A look-up table may contain interpolated values, and in this case
would be larger than the data set from which it originated. Look-up tables share the
disadvantages of the surface-complexation, mass-action, and parametric models in the
number of parameters that must be carried or calculated by the transport equation.

6. THE DISCRETE-LOG-K-SPECTRUM MODEL

6.1 INTRODUCTION

All current sorption models, including the linear sorption isotherm, assume that sorption is a
reversible process, and rapid on the timescale of any experimental observation, and also that
the sorbing surface is homogeneous, containing only one or two types of sorbing site.

Another common factor in surface-complexation modelling calculations is the use of mass-
action equations. Westall (1994) has recently noted that a mass-action equation, coupled
with a conservation of mass equation, is equivalent to a Langmuir isotherm, while several
workers (c.f. Hsu et al. 1975, Sokolowska and Szczypa 1980) have shown that the Freundlich
and Dubinin-Radushkevich isotherms can be derived by assuming Langmuir sorption at a
specific site, together with either a quasi-gaussian or an exponential distribution of site
energies. Thus the potential keys to a successful description of a sorption process would
appear to be the use of mass-action equations (or Langmuir isotherms) at specific sites,
together with a knowledge of the spectrum of sorption site energies.

Westall (1994) has directly addressed the problem of sorption from complex solutions onto
heterogeneous surfaces by means of the 'discrete-log-K-spectrum model'.
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6.2 DESCRIPTION OF THE MODEL3

The discrete-log-K-spectrum model, which is currently under development, assumes that a
surface contains a distribution of sorbing sites with differing binding energies, and that
Langmuir sorption takes place at any particular site. Westall treats a sorbing site X as a
chemical species in the mass-action and mass balance equations. Assuming the presence of
sorbing sites of type i, j , k,... etc., for a particular site (i) Westall writes the appropriate mass-
action and mass balance equations (as an example, in the case of the sorption of a hydrogen
ion):

x" s L ^ i J = j r_ Equation (6.1)
f W . V 1 ^ * £

and

T7^ = [ X j + [HXj] Equation (6.2)

where

{H+} = the activity of the hydrogen ion in solution4

[XJ = the concentration of free binding sites of type /
KHXi = the stability constant
[HX,] = the concentration of the bound (sorbed) hydrogen (ion)
TX| = the total analytical concentration of binding sites of type /

The model is implemented by dividing the spectrum of sorption site binding energies into a
number of bands, and defining the values of the binding energies for those bands as a series
of integral values for log(KHXi) that spans the range of concentration of H+ in solution, and differ
by a f ixed amount (Alog(KHXj)). For example, in an acid-base titration, if the pH range of the
titration is pH4 to pH10, then values could be chosen for log(KHX() of 4, 6, 8, and 10, i.e., that
is, Alog(KHXi) = 2. Westal l notes that the selection of Alog(KHXi) = 2 has proven to be
satisfactory for many datasets, and helps to maintain a 'small and orderly' set of adjustable
parameters.

6.2.1 The Relationship Between Mass-Action and Mass-Balance Equations and the
Langmuir Isotherm

The term [XJ can be eliminated between Equations (6.1) and (6.2), to give:

3 The description of the model and its application given here differs from that given by Westall.
For the purposes of an initial discussion, it is believed that the description given here is more
straightforward.

4 Either concentrations [] or activities {} can be used in writing Equation (6.1). Equation (6.2) must
be written in terms of concentrations.
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{H+}. [TXi-HX±]

which can be rearranged to:

[HXA - —2L Equation (6.3)
1 K+iH*}

which is a Langmuir isotherm having the same form as Equation (4.4).

6.3 APPLICATION OF THE MODEL

Westall (1994) gave an example of the discrete-log-K-spectrum model applied to the analysis
of the sorption of Co2+ on a Leonardite humic acid (LHA), in a system containing NaCIO4 as a
background electrolyte.

The experiment was in two parts, of which the first part consisted of acid-base titrations of the
humic acid at two levels (0.01 M and 0.1 M) of concentration of the background electrolyte.
Both H+ ions and Na+ ions (from the background electrolyte) were assumed to sorb on the
humic acid, so that it was first necessary to write the competitive Langmuir isotherm, as
follows:

Similarly to Equation (6.1), the mass action equation for sodium at a site type /can be written:

£ & * *—«"»
where

{Na+} = the activity of the sodium ion in solution
[Xj] = the concentration of free binding sites of type /
KNaXi = the stability constant

Because both hydrogen and sodium ions are in competition for the sorbing sites, the mass
balance equation for a site of type / on the sorbing surface is now:

T± = [HXj] + [Xj) + [NaXj] Equation (6.5)

The terms [X,] and [NaX,] can be eliminated between Equations (6.1), (6.4), and (6.5), and the
resulting expression rearranged to give:
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Equation (6.6) is a competitive Langmuir isotherm, where KNaXi and T, are unknowns.

The acid-base titrations were made (using HCIO4 and NaOH) between the limits of pH4.5 and
pH9.5. The surface was assumed to contain four types of sorbing sites, with binding energies
KHX(i,j,k,o- A 4-term fit was made to the experimental data, with pKHX = 4, 6, 8, and 10. The
numerical results of this fit are summarised in Table 4, and the calculated curves of solution pH
as a function of acid (or base) added are compared with the experimental data points in
Figure (3).

Cobalt ions were then added (as CoCI2 spiked with 57Co) to the system to give a concentration
of approximately 1uM, and the acid-base titration step repeated. From previous work, Westali
assumed that the Co2* was attached to the surface sites by means of only a single bond,
forming the complex CoX*. Because now hydrogen, sodium, and cobalt ions are in
competition for the sorbing sites, the competitive Langmuir isotherm becomes:

{Co2*} ^

[Coxr] = _ _ _ ^ _ _ _ _ Equation (6.7)

In Equation (6.7) the only unknown is KCoXi.

The values found for KCoXI are shown in Table 4, and the calculated curves of the distribution
ratio (kd) of the cobalt between the solution and the humic acid are compared with the
experimental data points in Figure (4).

TABLE 4

CONSTANTS FOR THE Co2* - HUMIC ACID (LHA) - NaCIO, SYSTEM

Site Type KHXi TX i ( u M ) KNaXi* KCoX(

IV

1x10"4

1x10"6

1x108

1x10"10

190
88
58
79

0.02
0.02
0.02
0.02

-
4x106

4x10'7

* Westall (1994) reported that values found for KNaXi all fell, in the current context, within the
range 0.016 to 0.025, and were set to 0.02 for the subsequent calculation of KCoXi.
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FIGURE 3: Acid-Base Titration of Humic Acid (LHA), at Two Levels of NaCIO4 Background
Electrolyte, Together With Model Fitting Curves (from Westall 1994)
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FIGURE 4: Distribution Ratio (kd) of Cobalt on Humic Acid (LHA) as a Function of pH, at Two
Levels of NaCIO4 Background Electrolyte, With Model Fitting Curves (from
Westall 1994)
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6.4 DISCUSSION OF THE DISCRETE-LOG-K-SPECTRUM SORPTION MODEL

Equations (6.1) and (6.4) are written in the form that smaller values for the binding energy
term, K, lead to greater concentrations of bound surface species. This is counter-intuitive, but
it leads to a more straightforward initial discussion.

The correspondence in Figures 3 and 4, between the experimental data point and the fitting
curves derived from the model, suggest that the discrete-log-K-spectrum sorption model has
the ability to describe sorption in a relatively complex sorbing system relatively simply. From
the data in Table 4, the binding energy terms suggest that, relative to H+, sodium ions are
weakly bound to the humic acid, consistent with NaCIO4 being regarded as a background
electrolyte, and were subsequently to have been displaced by Co2+ at site types II and III.

These results suggest how this model might be applied in the interpretation of a number of
simple experiments, not only to study the mechanisms of sorption, competitive sorption, and
non-reversible sorption, but also to obtain values for some of the constants necessary for the
wider evaluation of surface-complexation models. For instance, consider a series of
experiments in which the sorption of species A, B, and C, singly and in combination, is studied.
For the species singly, an acid-base titration should allow estimates of Txi and KMXi to be made.
Assume that Kcxi<KBXi<KAXi. For species in combination, if species A was found to be sorbed
at a particular site when alone, but displaced by species B, then this would be a case of
competitive sorption by B. If B could not subsequently be displaced by C, then the sorption of
B would be non-reversible. Conversely, the prior sorption of C should affect or even prevent
the sorption of A. The different sites, i, j , k, ... need not behave in the same way, but it is
clear that it should be possible to build up a rational picture of sorption interactions between
increasingly complex solutions and heterogeneous surfaces.

As previously noted, the discrete-log-K-spectrum sorption model is currently under development
and, from published information to date, several aspects of the experimental method and
subsequent calculation are not clear. However, it appears that the model is able to rationalize
several previously-published concepts, and the potential applicability of the model is clear:

(1) The model addresses directly the basic requirements of considering Langmuir
sorption at specific sites, together with a knowledge of the spectrum of sorption site
energies.

(2) The model is appropriate for the study of sorption on heterogeneous surfaces,
because of the explicit assumption of a spectrum of sorbing surface sites.

(3) The model is appropriate for the study of sorption from multi-component solutions,
because of the ability to build up and model such solutions in a series of steps,
adding components one by one.

(4) The model is appropriate to the study of slow or non-reversible sorption/desorption,
and of competitive sorption.

(5) The model is capable of producing values for system constants that could
subsequently be applied to more complex models, such as diffuse-double-layer
models.
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(6) The model can accept the presence of background electrolytes. Conventionally,
these electrolytes have been chlorides or chlorates of sodium or potassium, but in
Performance Assessment work, these might be replaced by chlorides of sodium or
calcium, or mixtures of the two.

7. DISCUSSION. CONCLUSIONS. AND RECOMMENDATIONS

The objectives of this review were to describe the basic types of sorption model that are
available, to assess their applicability and suitability for use in performance assessment, and to
suggest priorities for further work on sorption and sorption model development within the
context of the Canadian Nuclear Fuel Waste Management Program.

The types of sorption model that are available, including the recently-introduced discrete-log-K-
spectrum model, have been described. The suitability of a retardation model is a subjective
term. In the context of the Canadian Nuclear Fuel Waste Management Program, the choice of
a suitable model is affected by such criteria as the ability of the model to describe sorption
behaviour under disposal conditions, its support by the more general concepts of
thermodynamics and chemistry, and the ease with which it can be integrated into existing
performance assessment codes. These criteria might not all be available in a single model.
The most satisfactory research approach may be to investigate two models in parallel,
incorporating one of the relatively simple models into the performance code, and developing
the second model to furnish conceptual understanding and to provide benchmarking for the first
model. The first model might then be a parametric or simple isotherm model, and the second
a mass-action or surface-complexation model.

7.1 DATABASE DEVELOPMENT

To implement this approach successfully, it is necessary to establish a database from which to
work. From the database, once established, it can be determined whether there are situations
in which factors such as pH and temperature can be neglected and then whether models such
as adsorption isotherm and mass-action models can be used to approximate the behaviour of
particular radionuclide/surface combinations to an acceptable degree of accuracy.

For practical reasons, it is probably useful to limit the database to sorption data that are most
likely to be required by the CNFWMP, including:

(1) The radionuclides identified as being of concern in the Canadian concept for the
disposal of used fuel.

(2) The range of minerals anticipated as being found in the groundwater flow path.

(3) The range of radionuclide concentrations anticipated between the vault/geosphere and
the geosphere/biosphere boundaries.

(4) The groundwater compositions anticipated in the Canadian Shield.

(5) The range of temperature, pH, and Eh anticipated within the geosphere flow path.
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These requirements are currently being met by the database developed by Vandergraaf et al.
(1993). Goodwin and Mehta (1994) give a complete listing (their Table 9) of radionuclides of
concern under disposal conditions appropriate to the Canadian Nuclear Fuel Waste
Management Program, together with a shorter listing of those of most concern5.

The work of Sokolowska et al. (1988), discussed in Section 4.2.4, has two implications in the
generation of a database for radionuclide sorption on mineral surfaces: Firstly, for a given
sorbing surface, the distribution of sorbing sites, and therefore the shape of the sorption
isotherm, may be different for each radionuclide, or each different aqueous species type.
Secondly, the shape of the sorption isotherm for the mixed surface will be different from the
isotherm for each individual surface, and they need not necessarily be related by any simple
additive function. This conclusion is consistent with the observations of Palmer et al. (1981)
and Torstenfelt et al. (1981). These problems mean that, at least initially, a separate database
must be created for each radionuclide/mineral surface combination.

In a recent assessment of the AECL concept for the disposal of nuclear fuel wastes, Goodwin
et al. (1994) have assumed the disposal vault to be surrounded by a zone of intact rock,
termed the 'exclusion zone'. The movement of radionuclides from the disposal vault to the
biosphere is assumed to be first by diffusion through pristine granite of the exclusion zone,
followed by transport by flowing groundwater along preexisting fractures. These fractures
commonly are filled or coated with alteration minerals, or with minerals deposited from solution.
In the Whiteshell Research Area (WRA) of the Canadian Shield, Gascoyne and Kamineni
(1992) have identified the major minerals coating or filling fractures as chlorite, muscovite, illite,
iron oxides, calcite, biotite, plagioclase, microcline, and quartz. Table 5 shows a selection of
Rd (kd) values for the sorption of Cs, Sr, C, Am, I, and Tc on these minerals under oxic
conditions in groundwaters typical of the WRA (Vandergraaf et al. 1993). It can be seen that
sorption is highly dependent on the particular combination of mineral and radionuclide. Calcite
generally is the least efficient and biotite the most efficient sorbing surface.

Table 5 summarizes much more extensive data tables in Vandergraaf et al. (1993). These
latter data tables indicate that sorption information is available for all the radionuclides
identified as being 'of concern' or 'significant' in the Canadian program. However, Vandergraaf
et al. emphasize that these data are from diverse sources and that much more work is
necessary in a program focussed on Canadian disposal conditions.

7.2 EXPERIMENTAL AND MODELLING STUDIES

7.2.1 Interactions Among Sorbing Ions

Except for mass-action models, sorption models assume that the sorption behaviour of the ion
of interest is independent of the presence or absence of other ions. Most sorption experiments
appear to have been performed using solutions containing a single radionuclide when, for a
given suite of sorbing sites, there may be competition among the ions for available sites
(Kelmers et al. 1987). This effect has been observed not only for the displacement of a trace
ion by a macro ion (Ticknor et al. 1986a) but also between ions that were both present in trace
amounts (Skagius et al. 1982). It would be useful to perform a number of experiments in which
the sorption of radionuclide ions from a single solution is compared with sorption from mixed
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TABLE 5

kd VALUES FOR SELECTED ELEMENTS UNDER OXIC CONDITIONS

(Vanderaraaf et al. 1993)

Cs Sr Am Tc

chlorite

muscovite

illite

iron oxides
hematite
goethite

calcite

biotite

plagioclase

microcline

quartz

granite

altered granite

Aerobic, pH = 7.8

2.3

74

990

0
0

0

3000

2

21

0

3

3

±0.5

4

4

2

1
1

0

50

0

4

0

30

30

0

0

0

0
0

83

0

0

0

0

0

0

650

650

500

500
900

300

14,000

500

8,000

500

8,000

8,000

0

0

0

0
0

0

0

0

0

0

0

0

1

4

4

6.7
5

0

1

0

0.5

3

0.5

0.5

solutions. This work should include consideration of sorption behaviour in saline groundwaters,
that may contain significant concentrations of sorbing ions, such as Ca2+ and Mg2+.

Another possible interaction among ionic species might be the enhanced adsorption of anions,
such as "Tc and 1 2 9 I , at surfaces upon which polyvalent cations are already sorbed.

7.2.2 Determination of Effective kd. and Possible Implications

A number of workers have commented on the difficulty of separating the effects of reversible
sorption from the effects of irreversible surface sorption and diffusion into the bulk material (for
example, Jakob and Hadermann 1991). A number of sorption-desorption experiments have
been performed, but they do not seem to have been designed with the intention of separating
the effects, by, for instance, observing changes in sorption-desorption behaviour over a number
of cycles. Ticknor et al. (1986b) have reported an experiment in which Sr, Cs, Ce, and Am
were sorbed onto granite coupons, and then desorbed over long periods. Sorption took place
very rapidly, after which all of the Cs, Ce, and Am, and the majority of the Sr appeared to be
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permanently attached to the surface, possibly as a result of low-temperature mineralization.
Vandergraaf and Sampson (1980) had previously reported 'at least partially irreversible
sorption' for Sr, Cs, Ce, and Pu on similar material. The permanent attachment of isotopes to
the surface may have implications for the sorption of other ions, and re-enforces the need for
sorption experiments in which several components are simultaneously or successively present.
If the permanent attachment of isotopes to surfaces is found to be a widespread phenomenon,
this may have implications for the assumptions made in performance assessment modelling.

7.3 DEVELOPMENT OF ALTERNATIVE SORPTION MODELS

It is recommended that sorption models are investigated that are more advanced than the
parametric model, both as a means of understanding the sorption process, and also with a
view to possible future implementation. In the context of nuclear waste disposal, where use of
a model has a specific purpose, a staged development is probably acceptable where it is first
used as a fitting algorithm, and understanding is gained at a later date. In recognition of the
saline groundwater conditions that are likely to be encountered at depth in the Canadian
Shield, it is recommended that the models chosen for further consideration are the
ion-exchange model, the constant-capacitance model, and the discrete-log-K-spectrum model,
each of which are surface-complexation models.

7.4 CONCLUSIONS

The general conclusions arising from this current review are that, at the present level of
application to disposal scenarios, it is possible to apply the linear isotherm ('constant kd')
model, together with values of kd for the radionuclides of interest, in a manner that can be
demonstrated and defended as being conservative. In the context of the CNFWMP, if this
leads to a repository design that fulfills regulatory requirements within acceptable technical and
economic parameters, then no further work is necessary, other than that to gain understanding,
or for the purposes of optimization. If it is felt that it is desirable to gain a better understanding
of sorption processes and the refinement of their application to disposal modelling, in order to
be able to make a critical comparison of radionuclide retardation models and to be able to
make recommendations on their suitability for application to the performance assessment of
disposal sites, then further work is necessary. A better understanding and application of
radionuclide retardation models could potentially lead to reductions in disposal costs,
reductions in radionuclide release to the biosphere, improvements in safety and, particularly,
methods to retard the release of specific, high risk, radionuclides.

At their present stage of development, surface-complexation models do not appear to be in a
form suitable for general application to the sorption of a multiphase system of radionuclides in
a relatively complex geological environment, or for incorporation into performance codes. The
models assume idealized and restricted properties for the sorbing surfaces, and they assume
that the equilibrium constants of individual radionuclide/surface combinations are known
independently of the sorption experiment. It is possible that an 'average surface' could be
assumed, but application of the model would then require iteration to optimize at least two
adjustable constants, at which point it would become no better than an elaborate curve-fitting
exercise, with potential for the problems of convergence cited by Seme (1992). Westall
(1994) concludes that 'interactions at complex environmental materials are too complicated to
be represented by a detailed mechanistic description of fundamental processes, and ... semi-
empirical models are more appropriate.'
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Furthermore, application of surface-complexation models to sorption on mineral surfaces to
date has assumed that the sorbing properties of any surface can be adequately represented by
the properties of freshly-prepared hydrous ferric oxides (HFO). The arguments in support of
this assumption are tenuous, and have yet to be demonstrated.

These remarks do not detract from the potential of surface-complexation models as tools or
concepts for understanding the processes of solution-surface interactions. Mariner and
Jackson (1993) have examined the use of the surface-complexation model as a means of
developing 'geochemically robust kd data bases for systems models.1 They conclude that'...
the SCM approach has much more potential than the direct kd measurement approach for
providing an understanding of adsorption at the molecular level. Thus we recommend that
SCM be used to guide experimentation. With continued use, SCM should improve and the
confidence in SCM kd predictions should increase.'

It is possible that the discrete-log-K-spectrum model approach, as described by Westall (1994),
may overcome many of the current reservations concerning surface-complexation modelling.

The generation and use of a parametric model has the advantages that it does not depend on
any additional levels of understanding, and it also supplies the database necessary for any
further work on alternative models. A realistic approach to the needs of the CNFWMP would,
therefore, be a continuation with and refinement of the existing parametric model, together with
an extension of the existing experimental studies of sorption on mixed mineral surfaces (such
as granite), in saline groundwaters, with the eventual aim of their interpretation in terms of a
surface complexation model.

7.5 RECOMMENDATIONS

7.5.1 Database Development

It is recommended that development of the CNFWMP sorption database continues.

7.5.2 Study of Complex Systems

It is recommended that more attention is paid to the sorption of radionuclides from complex
groundwater compositions onto heterogeneous surfaces, such as granite, as more closely
approaching realistic disposal conditions.

7.5.3 Development of Alternative Sorption Models

It is recommended that surface-complexation models are investigated as an alternative to the
current AECL parametric kd models as a means of describing radionuclide sorption under
disposal conditions. Among the available surface-complexation models, particular attention
should be given to the discrete-logK-spectrum model.

7.5.4 The Suitability of Sorption Models for Incorporation Into
Performance Assessment Codes

No basis has been found for recommending a particular sorption model as suitable for
incorporation into performance assessment codes, other than on the grounds of convenience
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and simplicity. On these grounds, it is recommended that the inclusion of the constant kd

sorption model in the SYVAC performance assessment code is continued while the
development of alternative models is examined.
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APPENDIX A

EXAMPLE CALCULATION; ACID-BASE BEHAVIOUR OF A

HYDROUS FERRIC OXIDE SUSPENSION IN AN INERT 1:1 ELECTROLYTE

NEXT PAQE(S)
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This calculation is based on information and data used in Chapter 8 of Dzombak and Morel
(1990). It is presented to show how a calculation using the diffuse two-layer model is set up,
how the variable, P, is introduced, and to indicate some of the assumptions inherent in the
calculation. It would, if completed, calculate the number of surface sites on the HFO which
are occupied by H6 and OH" ions. More extensive examples are given by Dzombak and Morel
(1990).

A.1 DEFINITIONS OF PARAMETERS USED

A = Specific surface area, m2/g
S = solid concentration, g/L
c = electrolyte concentration, mol/L
F = Faraday constant, 9.6485 x 104 C/mol
R = molar gas constant, 8.3144 V.C/mol.K
T = absolute temperature, K
F/RT = 38.92 V1 (at 25°C)
TOT = total analytical concentration of sorbing sites, mol/L
Z = valence of ions in the symmetrical background electrolyte
AZ = change in the charge number of the surface species

involved in a surface complexation reaction
a = net surface charge density, C/m2

¥ = surface potential, V

A.1.1 PARAMETER VALUES USED IN THE PROBLEM*

Specific surface area:
Solid concentration:
Electrolyte: 0.001 M NaCI
TOTFe: 103M7

Site concentrations: weak

A
S

(Few)

= 600 m2/g
= 0.09 g/L

= 0.2 mol/molFe
= 2 x 104 M
= 10"3-7 M

strong (Fes) = 0.005 mol/molFe
= 5 x 10"6M
= 10"5-3M

HFO acidity constants:

logKa1
int = -7.298

logKj"' = -8.93

6 For source or derivation, see Dzombak and Morel (1990)

7 For HFO, Dzombak and Morel (1990) assumed stoichiometric Fe2O3.H2O. Thus, 1 mol Fe = 89g
HFO, and 0.09 g/L HFO = 10"3 M Fe

8 These acidity constants are for solutions of zero ionic strength
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Activity coefficients: Activity coefficients for all surface species were assumed to be equal at a
particular ionic strength; hence they divide out in the mass law expressions. The activity
coefficient of the hydrogen ion (yH) was assumed to be 1.

Solution pH: Assume pH = 7.

A.1.2 MASS LAW AND MOLE BALANCE EQUATIONS

The appropriate mass law and mole balance equations for this problem are summarized (after
Dzombak and Morel 1990) in Table A.1.

If it is assumed that the neutral state of the HFO surface in water (Figure 1) is =FeOH°, then it is
possible to write two reactions, which correspond, respectively, to the addition and subtraction of
a hydrogen ion:

=FeOH° + H+ = =FeOH2
+

sFeOH0 - H+ = s

These can be rearranged as surface ionization reactions, with the appropriate acidity constants:

sFeOH2
+= sFeOH0 + H+ ; Ka1

app (A.1)

=FeOH° = =FeO' + H+ ; Ka2
app (A.2)

The mass law equations corresponding to these reactions are

_ (^FeOH){H}
K «i " (=FeOH+

2)
 ( A"3 )

and

Kapp = (•Fe(r){H«> ( A 4 )

2
32

where () represent concentrations and {} represent activities. (The activity coefficients for the
surface species were assumed to be equal, and divided out.)
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TABLE A.1

MASS LAW AND MOLE BALANCE EQUATIONS FOR SURFACE

PROTON EXCHANGE ON HFO

Species

H+, OH", FesOH° =FesOH2\ =FesO-, =FewOH°, =FewOH2
+, =FewO'

Mass Law Equations

(OH") =(H+)"1

(=FesOH2
+) =(H+) (sFesOH°)

(=FesOH°)

(sFew0H°)

(sFew0H°)

P

P"1

P

p - i

(=FewOH2
+) (sFew0H°) P Yi (

Coulombic Correction

Kapp _ Kint e X p (_ A Z p i7 R T )

Mole Balance Equation

TOTH=(H+)-(OH)+(sFesOH2
+)-(=FesO)+(=FewOH2

+)-(sFewO)
=CA - CB

TOT(=FesOH)=(=FesOH2
+)+(=FesOH°)+(sFesO) =1053 M

TOT(sFewOH)=(=FewOH2
+)+(=FewOH°)+(sFewO>10a7 M

Surface Charge

a = (F/AS)TOTP=(F/AS)[(=FesOH2
+)+(=FewOH2

+)-(=FesO>(=FewO-)]

Charge-Potential Relationship

a = 0.1174c1/2sinh(Z¥ x 19.46)

From Dzombak and Morel (1990)

"1 K int

1 a2
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Now, since

Kint _ Kapp.exp(AZPF/RT) (A.5)

substituting in Equations (A.3) and (A.4),

int
YH(H*) • P

K a i - ( s FeOH2
+)

and

int _ (5FeQ-)yH(H+) • P

where P = exp(-PF/RT), since AZ = -1 (the surface has lost a unit charge in each case).

A.1.4 CALCULATION

(1) Assume a value for P

Put P = 0.1.

(2) Calculate concentrations of strong adsorption sites

(sFesOH2
+, =FesOH°, =FesO)

Combining Equations (A.6) and (A.7) to eliminate (=FesOH°),

Kin. _ YH(H+) • P (sFesO-)YH(H+) • P
* a 1 ~ (=FesOH2

+) ' K^f

rearranging

(KLn{) • ( O • (=FesOH2
+)

(YH)2-(H+)2-(P)2
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(1Q-729)(1Q-8-93)(=FesOH/)
2 7 2 2

= 10a22(=FesOH2
+) (A.8)

Substitute this value for (=Fes0) in Equation (A.7)

Kin, ^FesO)YH(H+) • P
**2 - (=FesOH°)

10.8.93 _ 10-022NFesOH,+)(1)(1Q-7)(0.1)
1 U " (=FesOH°)

so that

822 +\

= 10a71(=FesOH2
+) (A.9)

From Table A.1 we have:

TOT(sFesOH) = (sFesOH2
+)+(sFesOH°)+(=FesO) = 10 5 3 M (A.10)

Thus,

(=FesOH2
+) + 10071(=FesOH2

+) + 10°22(=FesOH2
+) = 10 5 3 M (A. 11)

or

(=FesOH2
+) = 10'6-13

From Equation (A.8)

(=FesO) = 10022(=FesOH2
+)

= 10-a22(10"613)
= 10"6-35

From Equation (A.9)

(=FesOH°) =10 0 7 1 (sFesOH2
+)

= 10071 (10613)
= 10"5-42
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(3) Calculate concentrations of weak adsorption sites
(sFewOH2

+, FewOH°, FewO)

Remembering that Ka1'
nl and K^"1' are assumed to be the same for both strong and weak

sites, the calculation is identical to that in (b) above until Equation (A.11) is reached, when

TOT(sFewOH) = 1 0 3 7 M

Then

(sFewOH2
+)+ 10071(=FewOH2

+)+ 10022(s=FewOH2
+) = 10 3 7 M (A.12)

or

(=FewOH2
+) = 104-53

From Equation (A.8)

(=FewO") = 10a22(=FewOH2
+)

= 10-a22(10-453)
= 10"4-75

From Equation (A.9)

(=FewOH°) = 10a71(=FewOH2
+)

= 10071(10-4-53)

= icr3-82

(4) Calculate surface charge density, o.

From Table A.1

a = (F/AS)[(=FesOH2
+) + (=FewOH2

+) - (=FesO") - (=FewO")] (A.13)

From (a) and (b) above

0 = (9.6485 x 104/(600x0.09)[10613 + 10 4 5 3 - 1fJ635 - 10475]
= (1.79x 103)[104-92]
= 10"1-67

(5) Calculate surface potential, x¥.

From Table A.1 we have

o- = 0.1174(c)05.sinh(ZxF x 19.46)

then, since c = 0.001 M and Z = 1,

10 1 6 7 = 0.1174(0.001 )O5.sinh0F x 19.46)
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or

sinh(19.46xF) = 5.812

The number whose sinh is 5.812 is 2.446, approximately.

Therefore

19.46^ =2.446

*F =0.126 volts

(6) Calculate corresponding value for P

we know
P = exp(-PF/RT)

= exp(-38.92 x 0.126) at 25°C
= exp(-4.90)
= 7.42 x 103

(7) Estimate new initial value for P

Estimate a new initial value for P according to

log(PneJ = [log(Pcal0) + log(Pinjtial)]/2
= [-2.13-1]/2
= -1.565

Pnew = 0.03

(8) Repeat the calculat ion using P = 0.03 as the new initial
est imate, and cont inue repeating the calculation until the
initial and calculated values converge
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