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ABSTRACT. Within the context of the clay barrier concept for underground nuclear
waste disposal, montmorillonite and bentonite have been widely used as reference
materials for sorption. In some cases, accompanying modeling work aims at understand-
ing and predicting sorption in complex natural systems where clays are assumed to be
representative of the most reactive phases. This bottom-up approach relies heavily on
good confidence in the mechanistic understanding of sorption phenomena. The
present study aims at reviewing experimental and modeling work on montmorillonite
with a focus on divalent metals experiencing pH dependent specific sorption. Current
knowledge points out distinct sorption mechanisms on three types of sites: cation
exchange on basal planes and surface complexation on edge surfaces with two types of
sites: high energy (or strong) sites (HES) with high affinity for metals but low site
density and low energy (or weak) sites (LES) with lower affinity for metals but high site
density. Based on this current knowledge, criteria are given to select data relevant for
surface complexation model calibration (especially ionic strength, pH, clay prepara-
tion and characterization, metal to clay ratio and solubility limits), with an emphasis on
data uncertainties and reproducibility. Problematic experimental features are high-
lighted, especially those related to the reversibility of sorption and to the effect of the
solid to liquid ratio (RSL) on sorption distribution coefficients. Guidelines for data
acquisition and selection are proposed.

Surface complexation models available in the literature are then tested in terms of
efficiency (data fit) and mechanistic likelihood. None of the currently available models
is able to satisfy both aspects. Models directly adapted from oxide surface complex-
ation models fail in both aspects. The most efficient model (in terms of simplicity and
accuracy) is a non-electrostatic model. It is the only one that reproduces pH dependent
specific sorption data at a low metal clay ratio (<0.001 mol/kgclay; HES) in all selected
experimental conditions, as well as data obtained at medium metal to clay ratio
(�0.01-0.05 mol/kgclay; low energy sites). To account for physical mechanisms, an
electrostatic surface complexation model has been developed. It takes into account the
spill-over effect of negatively charged basal surfaces over edge surfaces, a typical
feature of montmorillonite, and is able to reproduce sorption data for LES but not for
HES. The reasons for this failure are explained through the mathematical derivations
of model equations. This approach shows that it is impossible to reconcile HES
properties with an oxide-like surface complexation electrostatic model. Amongst other
alternatives, a successful electrostatic surface substitution model, which is compatible
with current knowledge on HES structural properties, is proposed.
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introduction

Context
With the rise of the clay barrier concept for underground nuclear waste disposal,

many studies have, since the 1990s, conducted sorption (that is absorption and
adsorption) experiments of radionuclides (or their stable isotopes) on clay materials.
Montmorillonite and bentonite have been widely used as reference materials for these
studies, since they are assumed to be representative of the most reactive natural phases
in the potential underground disposal sites (ANDRA, 2005). Over time, the studied
systems have grown in complexity in order to take into account the complex mineral
assemblages encountered in clay-rich rocks (Wolthers and others, 2006) as well as the
competition effect between cations (Bradbury and Baeyens, 2005a) or the effects of
natural humic and fulvic acids (Glaus and others, 2005; Bellenger and Staunton, 2008;
Xu and others, 2008b). Last but not least, the effect of compaction on sorption
properties is currently being explored in order to assess whether retention experi-
ments performed on suspended powdered materials are representative of in situ
conditions (Montavon and others, 2006; Van Loon and Glaus, 2008; Miller and Wang,
2012). The interpretation of these sorption experiments, conducted with complex
systems, often relies on the use of numerical “mechanistic” modeling (Bradbury and
Baeyens, 1997b; Kraepiel and others, 1999; Kulik, 2002a, 2002b; Ikhsan and others,
2005; Grambow and others, 2006; Montavon and others, 2006; Marcussen and others,
2009; Tertre and others, 2009). However, a clear mechanistic understanding of the
sorption phenomena occurring in complex systems should rely on a sound comprehen-
sion of the phenomena involved in simple systems, for example with “pure” montmoril-
lonite.

A survey of the literature available on pure montmorillonite systems demonstrates
that all of the published models reproduce quite satisfactorily accompanying data.
However, studies that test one of these models on a large dataset originating from
different literature sources are very rare. Most often, all of the modeled data originates
from the laboratory of the model’s authors, with rare but notable exceptions (Brad-
bury and Baeyens, 2005b; Grambow and others, 2006). Discrepancies between existing
models lie in their representation of clay surface reactivity and not all of their features
are necessarily physically correct, although the models can successfully reproduce the
data.

This article reviews main clay sorption models and experimental data. Among the
various sorption/uptake processes, this review focuses on pH dependent specific
sorption mechanisms. Nonetheless, other uptake processes will also be presented in
order to discuss data available in the literature and identify those that could be used for
model calibration.

Article Outline
The first section aims to provide an overview of (i) sorption processes taking place

at montmorillonite surfaces and (ii) modeling approaches that are available to
quantify sorption properties. In so doing, we highlight fundamental differences
between montmorillonite and (oxyhydr-)oxides, for which surface complexation
modeling approaches were initially developed following the reference works of Stumm,
Schindler and co-workers (Stumm and others, 1970; Schindler and Gamsjager, 1972;
Schindler and Stumm, 1987), Sposito (1984), Dzombak and Morel (1990), Sverjensky
(1993), or Hiemstra and Van Riemsdijk (1989, 1996). It is demonstrated that these
oxide models must not be applied to montmorillonite. In the second section, we
provide a detailed analysis of the input parameters needed for a mechanistic surface
complexation model, again emphasizing the peculiarity of the montmorillonite mate-
rial as compared to oxides. In a third section, sorption data is reviewed with special
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attention paid to the experimental conditions that enable a maximum of information
on pH dependent specific sorption mechanisms to be obtained. We propose a
selection of reliable sorption data that are relevant for our purposes and we highlight
some pitfalls frequently encountered in the literature. In addition, some problematic
experimental features are addressed that could not be solved on the basis of available
reported results (for example, sorption reversibility). We also provide some guidelines
for using relevant parameters and identifying missing information that cannot be
constrained by currently available experimental approaches. In the last section, two
modeling approaches are presented. The first modeling approach relies on simplicity
and efficiency, following a parsimony rule with regard to fitting parameters, while the
second relies as closely as possible on a physically correct description of the system. The
limitations and strengths of both approaches are discussed. In the conclusions section,
important messages (from our point of view) related to experimental procedures,
input parameter constraints and model features are summarized in an attempt to
provide a guideline for future studies.

sorption processes and modeling approaches for montmorillonite surfaces

Sorption Basics

Sorption results rely on knowledge of an initial added concentration (Cinit) for the
metal (Me) tracer and its concentration measurement at the end of the equilibration
period (Ceq). The extent of sorption is usually evaluated in terms of (i) sorption
percentage (%sorption, dimensionless), (ii) surface coverage (Csorb, in mol kg�1) and
(iii) distribution coefficient (Rd or Kd, in L kg�1) according to, respectively:

%sorption � 100 �
Cinit � Ceq

Cinit
(1)

Csorb �
Cinit � Ceq

RSL
(2)

Rd �
Cinit � Ceq

CeqRSL
(3)

where RSL is the solid to liquid ratio of the experiment (kg L�1). These three sorption
quantification modes are usually plotted (i) as a function of pH with a constant total
Me concentration and a constant ionic strength or (ii) as a function of equilibrium Me
concentration with a constant pH and ionic strength. In the following, non-
dimensional ionic strength will be used (Solomon, 2001):

I � 0.5 �
i

zi
2

mi

mi
0 (4)

where zi is the charge number of ion i, mi is the molality of i and mi
0 is the standard state

(1 mol/kgH2O).

Overview of Sorption Processes on Montmorillonite

Montmorillonite is a 2:1 clay type mineral and its structure is composed of a sheet
of aluminium cations in octahedral conformation (“O” layer), sandwiched between
two sheets of Si cations in tetrahedral conformation (“T” layer). The layers formed by
this assemblage are separated from the adjacent ones by an interlayer space containing
water molecules. Substitutions of octahedral Al3� or tetrahedral Si4� by cations of lower
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valences provide this mineral with a layer charge, compensated by interlayer cations in
the interlayer space (Sposito, 1984, fig. 1). In the case of montmorillonite, the
expandable interlayer space can accommodate a varying amount of water molecules
(Ferrage and others, 2005a).

Oxygen atoms at TOT layer edges have fewer metal neighbors than in the bulk
(White and Zelazny, 1988). This results in an edge charge that is dependent on
physical and chemical conditions (mostly pH and ionic strength). Oxygen atoms at the
edge can gain or lose protons to form surface hydroxyl groups and thus exhibit pH
dependent surface charge and electrostatic potential.

The understanding of cation retention processes at clay surfaces has been a matter
of considerable research effort over several decades. Following earlier work on clay
cation exchange properties (from Thomson, 1850), identification of clay material
properties with respect to trace metal retention was achieved through the measure-
ment of sorbed amounts of zinc (Zn) that were not exchangeable by neutral salts
(Jones and others, 1936; Hibbard, 1940; Brown, 1950) whereas they were extracted
with salt solutions of increasing acidity (Brown, 1950). Similar findings were also made
for copper (Cu–De Mumbrum and Jackson, 1956) and cobalt (Co–Spencer and
Gieseking, 1954). Tiller and Hodgson (1960) further demonstrated, by means of
sorption experiments, that specifically bound Co (as opposed to non-specifically
bound metal, which can be exchanged by other cations such as ammonium) can be
split into two forms. A dominant part of Co is extracted by moderate acid extraction
(dilute acetic acid) and a very minor part is not. This last reservoir was assigned to trace
metal cations having entered the TOT layer. Following these earliest works, non-
specific and specific sorption processes, corresponding to sorption on, respectively,
basal and edge surfaces of clay TOT layers, have been identified (Peigneur and others,
1975). Spectroscopic methods have shown that sorption on basal surfaces is mainly
governed by cation exchange processes with outer-sphere complexes and thus strongly
depends on ionic strength and on the ionic background composition (for example Na
versus Ca). Sorption of divalent metallic cations also takes place through the formation
of inner-sphere complexes. This mechanism is cation specific and depends mainly on
pH. (Polarized) extended X-ray absorption fine structure (P-EXAFS) studies have
demonstrated that these inner-sphere mononuclear surface complexes are present on
the edges of tri- and di-octahedral smectites (Papelis and Hayes, 1996; Schlegel and
others, 1999b; Schlegel and others, 2001a; Dähn and others, 2003). Increasing pH, Si
concentration and/or ageing time (with subsequent dissolution of the clay and Si
release in solution) initiates surface precipitate formation, including neo-formed
phyllosilicates (Scheidegger and others, 1997; Schlegel and others, 2001b; Dähn and
others, 2002; Lee and others, 2004; Schlegel and Manceau, 2006). Finally, Dähn and
others (2011) and Churakov and Dähn (2012) demonstrated with P-EXAFS coupled to
ab initio modeling the existence of two distinct groups of edge surface binding sites.
This finding gave rise to the concept of high energy (or strong) sites (HES hereafter)
and low energy (or weak) sites (LES hereafter) for surface complexation on clay edge
surfaces that was introduced by Bradbury and Baeyens (1997b) for montmorillonite on
the basis of sorption isotherm modeling.

Table 1 summarizes important spectroscopic results obtained as a function of
experimental conditions and figure 2 shows how the different sorption processes on
montmorillonite surfaces take place as a function of pH at constant Me concentration.
At low pH, sorption is dominated by cation exchange on basal/interlayer surfaces.
With increasing pH, sorption takes place first on HES whose affinity for divalent metals
is high. If the metal to clay ratio is sufficiently high (that is compatible with a saturation
of HES), a further increase in pH leads to sorption on LES whose affinity for divalent
metal cations is lower than HES but whose site density is higher. At even higher pH
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and/or metal concentration, co-precipitation phenomena can occur. At constant pH
value and high ionic strength, HES contribution to sorption is predominant at low Me
equilibrium concentration (fig. 3, top). When Me concentration increases, HES
become saturated and LES, with lower Rd, become predominant in the overall
sorption. Finally, at higher concentration, HES and LES are saturated and cation
exchange becomes the dominant process, if no precipitation occurs. At low ionic
strength, cation exchange can be the dominant process in all conditions (fig. 3,
bottom). This schematic view of sorption processes highlights the need to choose
carefully the experimental conditions and thus the datasets to test the various models
available in the literature. For instance, HES properties can be probed only with (i)
high ionic strength conditions (otherwise the contribution of HES to sorption can be
masked by the contribution of cation exchange sites), (ii) a low ratio of total metal
concentration over clay content (otherwise, the LES contribution can mask the HES
contribution) and (iii) an adequate pH.

Clay surfaces exhibit some features similar to oxides but also notable differences.
On the one hand, the concept of strong and weak sites is also used in models for oxide
surfaces in order to describe differences in surface reactivity at low and high surface
coverage of sorbing species. On the other hand, the permanent surface charge in the
montmorillonite TOT layer has no equivalent in “conventional” oxide materials and
the duality of sorption mechanisms on two types of surfaces having very different
shapes and positions is a feature that is typical of clay minerals.

An Overview of Surface Complexation Modeling on Montmorillonite

Cation exchange reaction modeling must be taken into account as part of the
overall sorption process (figs. 2 and 3). However, this review focuses on pH dependent
specific sorption processes. Thus, the cation exchange reaction modeling approach is
presented in Appendix 1.

pH dependent specific sorption on montmorillonite has been modeled by numer-
ous authors using surface complexation models derived from oxides. In surface
complexation models, sorbed species react chemically with surface hydroxyl groups
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Table 1

Summary of spectroscopic results for discriminating divalent metal sorption processes at the
montmorillonite surface
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after coming through the interfacial electric field at the surface. The sorption of a
divalent metal at a surface hydroxyl group is described by analogy to the formation of a
soluble complex (reaction 1 is one of many possible reactions to form a surface
complex):
�SOH � Me2�º �SOMe� � H� KMe

int Reaction 1
with:

K Me
int �

��SOMe�)�H��

��SOH)�Me2��
(5)

where terms in parentheses refer to activities. The definition of surface species activity
is problematic. In early versions of surface complexation models, surface species
activities were related to their concentrations on the surface and to the surface
potential (�i) experienced by the species i, by taking into account the electrostatic
work necessary for the transport of ions through the electrostatic potential gradient
from the bulk solution to the surface. The electrostatic potential is derived from the
mean field approximation.

��SOMe�) � [�SOMe�]exp�2F �Me

RT � (6)

��SOH) � [�SOH]exp�F �H

RT � (7)

where terms in square brackets refer to concentrations, F is the Faraday constant
(96 485 C mol�1), R the gas constant (8.314 J mol�1 K�1) and T the temperature (in
K). This molarity convention leads however to thermodynamically unsatisfactory
results for site/metal stoichiometries different from one. As an example, let us
consider the following reaction:

2 �SOH � Me2�º (�SO)2Me � 2H� KMe,heter
int Reaction 2
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The use of the molarity convention leads to:

KMe,heter
int �

[��SO)2Me]�H��2

[�SOH]2�Me2��
. (8)

Equation (8) implies that, keeping constant solution conditions, that is with constant
�H��2

�Me2��
ratio, if the solid/liquid ratio changes, then the composition of the surface will
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change. It is as if, for the analogous partitioning in gas-water systems, Henry’s constant
is dependent on the volume of the gas phase (Di Toro and others, 1986). This is not
thermodynamically correct. This problem has been acknowledged for years (for
instance, it is discussed in the PHREEQC manual–Parkhurst and Appelo, 1999) and
has been addressed very thoroughly in Sverjensky (2003) and Kulik (2009). Still, there
is no unifying theory to calculate the activity coefficients of surface species. In the
following, we will rely on the mole ratio form of activity in surface complexation theory,
where activity is related to the site molar ratio that is occupied by the metal, a non
electrostatic surface activity coefficient (	surf) and an electrostatic surface coefficient
term:

� �SOMe�) � 	 surf
�SOMe �

[�SOMe � ]

�
i

[�SOAi
zi � 1]

exp�2F �Me

RT � (9)

��SOH) � 	 surf
�SOH

[�SOH]

�
i

[�SOAi
zi � 1]

exp�F �H

RT � (10)

where Ai refers to chemical species with charge zi. The non-electrostatic surface activity
coefficient is set at an arbitrary value of 1 in the absence of theoretical methods to
calculate it (and of an experimental method to measure it). The surface electrostatic
potential term depends (i) on the location of the sorbed species (inner-sphere,
outer-sphere, diffuse layer) and/or (ii) on the electrostatic interface model used to
calculate it. For example, early work on montmorillonite by Stadler and Schindler
(1993) and Charlet and others (1993), on Cu and Al sorption respectively, were
performed using a constant capacitance model (CCM). Zachara and Smith (1994)
used a triple layer model (TLM) to fit Cd sorption. Marcussen and others (2009) used
a double layer model (DLM) and Bradbury and Baeyens (1997b) have applied a
simplified non-electrostatic model (NEM). The electrostatic double layer structures of
these models are depicted in figure 4 together with equations relating the surface
charge density to the electrostatic potential. The parameters that are necessary for
model computations are given in table 2. All of these modeling approaches were
adapted from surface complexation models that were developed successfully for oxides
and hydroxides and can be currently implemented in speciation codes.
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All of the cited models were able to reproduce successfully sorption data on
montmorillonite, although they did not consider the same hypotheses. It should also
be noticed that all but one of them (the NEM) were applied to only one set of data
without any attempt to reproduce data from other sources. Moreover, electrostatic
model parameters were rather loosely constrained. For instance, some authors derived
their electrostatic model and related parameters from only one titration curve ob-
tained at a single ionic strength (Stadler and Schindler, 1993; Ikhsan and others, 2005;
Bogolepov, 2009). In some other studies, edge surface properties are described to be
equivalent to a mix between silica (quartz or amorphous silica) and alumina (gibbsite)
surfaces without any further comparison to experimental titration data (for example,
Zachara and Smith, 1994). Consequently, these models must be evaluated in the
following section in terms of representativeness of their hypotheses with regard to what
is known about montmorillonite surface properties and metal speciation on these
surfaces. Accordingly, the next section depicts the pre-requisites for an “ideal” mecha-
nistic model for pH dependent specific sorption on montmorillonite edge surfaces.

prerequisites for an “ideal” mechanistic model for ph dependent specific sorption
on montmorillonite edge surfaces

Overview of the Section
In this section, we discuss the parameters that are necessary for the development

of a surface complexation model for montmorillonite edge surfaces, that is, (i) the
surface potential and the related parameters given in table 2, (ii) the protonation/
deprotonation constants for each reaction site and (iii) the reaction stoichiometries
for divalent metal surface complexation. Specificities of montmorillonite are high-
lighted as well as unresolved issues.

A Representative Surface Area
The surface area is mandatory to calculate the surface potential as a function of

pH for electrostatic models. It can also be used to constrain the amount of reactive sites
based on crystallographic considerations. It has been emphasized in the first section
that cations can sorb at different crystallographic positions (basal, interlayer and edge
surfaces) and that surface complexation occurs only on edge surfaces. Logically, only
the edge surface area should be considered for modeling surface complexation on
montmorillonite edges, which is not the case in many studies (for example, Stadler and
Schindler, 1993; Barbier and others, 2000; Ikhsan and others, 2005; Marcussen and

Table 2

Parameters needed for NEM, CCM, DLM, and TLM computation
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others, 2009; Gu and others, 2010). The main reason is that many authors measure the
specific surface area with the Brunauer-Emmett-Teller (BET) technique. They apply it
to their surface complexation models without considering that BET does not probe the
reactive surface of interest, but the whole external surface of montmorillonite particles
(that is, in case of a perfectly stacked particle, the edge surface of all TOT layers from
the particles, plus at least the two exposed basal surfaces). This is dubious because (i)
the measured areas cannot be relevant to dilute suspensions where TOT layers are
almost completely dispersed (Sposito, 1992), given that BET measurements are
performed on dry samples and (ii) outer montmorillonite basal surfaces are never
negligible compared to edge surfaces. Two main techniques allow the measurement of
montmorillonite specific edge surface area: (i) atomic force microscopy (AFM–
Bickmore and others, 1999; Tournassat and others, 2003; Yokoyama and others, 2005)
and (ii) low pressure gas adsorption using the Derivative Isotherm Summation (DIS)
procedure (Villiéras and others, 1997; Tournassat and others, 2003; Perronnet and
others, 2007; Le Forestier and others, 2010). Table 3 gives an overview of published
montmorillonite specific surface area values obtained from AFM and DIS methods.
When available, edge, basal (that is surface of particle aggregates minus edge surface)
and total area are given. Specific edge surface area ranges from 5 to 30 m2 g�1. It
demonstrates that results from BET measurements should not be used, since the
surface probed is often as much as four times higher than the reactive edge surface.
The use of BET surface area instead of edge surface area results in a drastic decrease in
the surface charge density and so in the absolute value of the surface potential term.
This problem is very specific to clay mineral surface reaction modeling and is a direct
consequence of the presence of, at least, two types of reactive surfaces with very

Table 3

Edge and basal specific surface areas for montmorillonite according to AFM and DIS
measurements. Total (using ethylene glycol adsorption measurements) and BET specific

surface area are given for comparison when available.

a Value from Wanner and others (1994).
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different properties (edge and basal/interlayer surfaces), a feature that is not present
in “classically” investigated oxides where BET area is often a good approximation for
the reactive surface area.

A Reliable Surface Electrostatic Potential
Electrostatic surface potentials cannot be measured in aqueous solutions (Stumm

and others, 1976) and must consequently originate from a model (Sposito, 2004). The
various existing models for clays, depicted in figure 4, link the surface potential to the
surface charge and the ionic strength. The surface charge is usually obtained from
titration measurements, where the consumption or release of a proton by/from the
surface is measured as a function of acid/base additions at various salt background
concentrations (potentiometric measurements). If the initial charge of the titrated
system is known, these measurements make it possible to obtain the point of zero net
proton charge (p.z.n.p.c., where 
H � 0 C m�2 is the net proton charge) by identifying
the crossover point of two or more titration curves. In the case of solids with no
structural charge (
0 � 0 C m�2), the p.z.n.p.c. is equal to the point of zero net charge
(p.z.n.c.) and the titration curve is directly related to the intrinsic charge of the surface
(
in) (Sposito, 1998). Additional macroscopic information is usually acquired from the
isoelectric point (i.e.p.) obtained by electrophoretic mobility measurements. A model
is then constructed to reproduce all of these macroscopic measurements with the
adjustable parameters listed in table 2. Structural information and data obtained from
simulation at the molecular scale (for example molecular dynamics, density functional
theory) can help to constrain these parameters. Even with “simple” systems, this
procedure often fails to obtain a unique successful model for data description (Leroy
and others, 2011). For montmorillonite surfaces, the task is even more difficult:

(i) Titration curves do not exhibit any crossover point due to the presence of a
permanent structural charge (Duc and others, 2005a). The p.z.n.p.c. cannot be
determined with this method. Moreover, the permanent structural charge is
ten times higher than the variable proton charge and thus the electrophoretic
mobility is largely dominated by the properties of basal surfaces; for this reason,
montmorillonite has neither isoelectric point nor p.z.n.c. in the [1-13] pH
domain.

(ii) Titration curves are highly sensitive to the pre-conditioning of the clay and to
the measurement procedure (Duc and others, 2005b). This makes the calibra-
tion of a model very difficult, since there is a large uncertainty regarding the
titration data values.

(iii) The models illustrated in figure 4 were initially developed for metal or oxide
surfaces with the underlying hypothesis that the charge is homogeneously
distributed on a flat and infinite surface. For montmorillonite surfaces, this is
not the case: permanent structural charge is distributed on the basal surfaces
while variable charge is localized on the edges (see fig. 1).

Several authors have attempted to tackle the problem corresponding to point
(iii). Secor and Radke (1985) and Chang and Sposito (1994, 1996) studied the
interplay of permanent charge and edge charge on the electrostatic potential develop-
ing at the edge surface. They demonstrated that the permanent negative potential at
the basal surface may spill over to dominate a positively charged edge surface at low
electrolyte concentrations and that the spill-over effect diminishes with an increase in
electrolyte concentration. Kraepiel and others (1998, 1999) represented the clay
particle as a semi-infinite homogeneous porous solid immersed in an aqueous solu-
tion. In this representation, the distribution of permanent charges is smeared over the
layers and interlayers instead of being localized on the layers. More recently, Bourg
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and others (2007) were able to reproduce best available titration curves by solving the
two dimensional Poisson-Boltzmann equation and by adjusting protonation/deproto-
nation constants of four functional surface groups whose surface densities were
obtained from crystallographic considerations. The authors considered a diffuse layer
model in a geometry in which TOT layers were completely dispersed in suspension (no
stacking), thus corresponding to a dilute suspension of montmorillonite in a Li or Na
salt background (Sposito, 1992). They also gave a calculation procedure to tackle the
problem of point (i) where the titration curve is corrected from the initial charge of
the clay suspension by means of an iterative procedure, provided that the exact
pre-conditioning of the clay is known, a condition that is seldom fulfilled. Within this
model and considering a montmorillonite permanent charge of �0.109 C m�2, the
edge surface potential (�edge) is related to the edge charge (Qedge) through the
following empirical expression:

F �edge

RT
� A1 asinh�A2�Q edge � A3� (11)

where A1 � 1.4 � 1.3 log I, and A2 � 11 � log I and A3 � �0.02 � (�log I)1.46. The
considered geometry is depicted in figure 5. Calculations have been performed in a
box with a maximum distance from the basal surface zmax � 18.3 nm and a maximum
distance from the edge xmax � 15.2 nm, together with a zero potential boundary
condition for these two limits. At I � 0.001, zmax and xmax are lower than two Debye
lengths (19.2 nm) and the potential calculation is thus strongly truncated. We
re-performed these calculations by considering zmax � xmax � 50 nm, that is more than
five Debye lengths for the lowest considered ionic strength (0.001) in order to avoid a
truncation effect. Moreover, we considered symmetry boundary conditions at zmax and
xmax. Our calculations (fig. 5) show that the approximation made in Bourg and others
(2007) has little effect on the calculated potential at high ionic strength (0.1), where
the potential truncation is low (two Debye lengths � 1.92 nm �� zmax) and is more
pronounced at low ionic strength (0.001) where the potential truncation is large (2
Debye lengths � 19.2 nm � zmax). Equation (11) is efficient in predicting the edge
potential as a function of edge charge but a slightly better agreement between our
predictions and equation (11) can be achieved by changing A1, A2 and A3 to the following
values: A1 � 1.4 � 1.2 log I, and A2 � 11 � log I and A3 � �0.02 � (�log I)1.60.

Clay TOT layers are almost completely dispersed in dilute suspension with NaCl
solute background but they can stack to form particles containing up to 10 to 20 TOT
layers at high ionic strength, compaction and/or with different salt backgrounds
(Schramm and Kwak, 1982). We investigated the effect of the spatial arrangement of
TOT layers on the edge potential with two idealized cases: (i) an infinite and regular
stacking of TOT layers with a perfect alignment of edge surfaces and (ii) a stack of only
two platelets without alignment of edge surfaces. An infinite and regular stacking of
TOT layers can be modeled using the same geometry as described above for the
isolated TOT layer by setting the zmax value to half of the desired interlayer distance,
taken here at 0.94 nm, that is an interlayer space made of three water layers. For I � 0.1
and 0.01, the edge potential of the stacked arrangement and of an isolated lamella are
comparable (fig. 5). For I � 0.001, there is almost no effect of stacking for negative
edge charge but there is a significant effect for positive edge charge. The effect of
stacking is more pronounced when edge surfaces are not perfectly aligned: while the
stacking effect is negligible at I � 0.1, the edge potential is systematically and
significantly lower in that configuration than in the dispersed configuration for I �
0.01 and I � 0.001. Other spatial arrangements could also be tested. In particular, as a
function of pH and ionic strength, TOT layers or particles can form edge-to-face
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hetero-coagulated assemblies (Tombacz and Szekeres, 2004) where negatively charged
basal surfaces can interact with positively charged edge surfaces.

According to the above discussion, the estimation of a reliable surface potential as
a function of surface charge is difficult for montmorillonite edges because of the large
uncertainty regarding the particles’ spatial arrangement. At least the model from
Bourg and others (2007) seems to appropriately estimate the edge potential at I � 0.1,
where little effect of the spatial arrangement on the potential was found (fig. 5). Figure
6 compares the relationships between the edge surface potential at I � 0.1, obtained
with this model and other potential models conventionally used for surface complex-
ation models (CCM and DLM, see fig. 4). Clearly, none of these “conventional” models
is able to reproduce the peculiar relationship found for the montmorillonite edges. In
particular, all of these models predict a zero potential for an edge charge of zero. This
is clearly in disagreement with the spill-over effect of basal surfaces over edge surfaces.
Consequently, electrostatic surface complexation models using these surface potential
models should not be seen as more mechanistic than a non-electrostatic model.
Delhorme and others (2010) went even further in their criticism of surface complex-
ation models for clays. They performed Monte Carlo titration simulations in a
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results from calculations. Lines correspond to the empirical formula given in equation (11) with parameters
from Bourg and others (2007) (plain lines) or from the present study (dashed lines).
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geometry similar to that explored by Bourg and others (2007) and demonstrated that
the mean field approximation is inappropriate to reproduce correctly the acid-base
properties of their aluminol sites because of the discrete nature of titrating surface
sites. This statement is unfortunately based on a rapid description of the differences
between the two surface potential model outcomes rather than on a real quantification
of the deviation as a function of experimental conditions. The largest discrepancies
were observed in non-physical domains, namely the domain where 10�pH exceeds
their ionic strength values. The authors did not test either if it was possible to reduce
the remaining discrepancy in physically correct domains by slightly changing the
protonation/deprotonation constants in order to compensate the mean field approxi-
mation.

Constrained Values for Sorption Site Densities, Protonation/Deprotonation Constants and
Reaction Stoichiometries

Sorption site densities are usually obtained from (i) potentiometric titration curve
fitting (for example, Stadler and Schindler, 1993; Bradbury and Baeyens, 1997b;
Ikhsan and others, 2005; Gu and others, 2010) and/or (ii) structural/geometrical
considerations combined with specific surface area determination (for example,
Zachara and Smith, 1994). The first method also makes it possible to obtain the
protonation/deprotonation constants during the same fitting procedure. It also
implies that all sites (or subset of sites) reactive with H� are also reactive with the
considered divalent metal cation according to reaction 1. HES only represent a minor
subset of the total sites (1-2 mmol kg�1). Given the uncertainty on titration data (�1
mmol kg�1 on each point) and titration models emphasized in the previous para-
graph, the determination of density and protonation/deprotonation constants from
potentiometric titrations is impossible for HES. This method is thus relevant for LES
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Fig. 6. Edge charge/edge potential relationship according to CCM (with a capacitance value of 2 F m�2,
dotted line), DLM (dashed line) and model from Bourg and others (2007, solid line) at I � 0.1.
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only. The second method is based on knowledge of the specific site density gained
from crystallographic considerations (White and Zelazny, 1988). Site protonation/
deprotonation constants can be obtained independently from two types of approaches:
(i) either by fixing them at the values usually considered for simple constitutive oxides,
namely silica and alumina (Zachara and Smith, 1994) or (ii) by calculating them from
either a bond-valence model (Avena and others, 2003; Bickmore and others, 2003;
Tournassat and others, 2004a) or from molecular simulations (for example, Churakov,
2006; Tazi and others, 2012). Until recently, none of these methods gave reliable pKa
values as demonstrated by Bourg and others (2007) and Delhorme and others (2010).
However, Tazi and others (2012) could obtain recently relevant pKa values for some of
the sites present on the edges by taking into account natural electronic polarization
effects. Although these approaches are promising, the determination of protonation/
deprotonation constants currently relies on potentiometric titration data fitting be-
cause pKa values obtained from atomistic simulations must be themselves compared
with measurements. Moreover, not all the types of sites present on clay edges are
usually investigated. For instance, model structures usually contain only Al and Si
cations because these structures are derived from a pyrophyllite structure that is
chemically different from montmorillonite, containing at least Mg and Fe in its
octahedral sheet. As a direct consequence, pKa of HES could not be predicted with the
present state of the art even if their exact crystallographic configurations were known.

The same remarks also apply for the determination of the true stoichiometry of
the reactions. Almost all modeling studies consider the “one site/one H�/one Me2�”
stoichiometry given in reaction 1, with, if appropriate, additional contributions from
hydroxylated species (Stadler and Schindler, 1993; Zachara and Smith, 1994; Bradbury
and Baeyens, 2005b; Ikhsan and others, 2005; Gu and others, 2010):

�SOH � Me2� � H2Oº SOMeOH � 2H� Reaction 3

�SOH � Me2� � 2H2Oº SOMe(OH)2
– � 3H� Reaction 4

The exact H�/Me2� stoichiometry can be obtained, in theory, from a comparison
between potentiometric measurements in the presence and in the absence of added
Me2�. This type of experiment is seldom reported (Charlet and others, 1993; Ikhsan
and others, 2005). In these two cases, the H�/Me2�/3� stoichiometry differs from
unity. This method is also restricted to the characterization of LES for the same reason
as explained above: HES are not present in sufficient amounts to be probed by this
method.

Implications
The above paragraphs highlight experimental and theoretical difficulties for

obtaining reliable parameters in the framework of a mechanistic surface complexation
model in the mean field theory approach. Some of these parameters cannot be
constrained from available data but could be obtained with additional experimental
work using currently available techniques (for example surface area, H�/Me2�

stoichiometry for LES). Others cannot, such as reaction stoichiometry or pKa for HES.
These are necessarily a priori or fitting parameters. Additional spectroscopic work and
molecular scale simulations are needed to overcome these problems.

Very little information is available for high energy site properties. Contrastingly,
most low energy site properties can be probed experimentally and constrained by
crystallographic considerations and molecular simulations. Linking the two sorption
processes in a single model with the same underlying hypotheses and mechanisms is
thus not supported by available data. Table 4 summarizes the requirements for the
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building of a mechanistic surface complexation model for high and low energy sites,
which were highlighted in this section.

criteria for sorption data selection, data representation, and remaining
experimental open issues

Overview of the Section
In this section, we propose guidelines for selecting experimental conditions in

order to calibrate a model for pH dependent specific sorption on high and low energy
sites. Only data acquired at (25 � 5) °C are considered. Firstly, the data selection made
is based on the availability and on the relevance of experimental conditions. Secondly,
we discuss why some of the selected data should be discarded for the calibration of a

Table 4

Summary of requirements and proposed guidelines for edge surface complexation model and
parameters selection

* See Bourg and others (2007).
** Churakov and others (2012) proposed a method based on crystallographic considerations developed

by comparison with Zn sorption data on Swy-1 montmorillonite. However, this promising method deserves
further verifications using other metals and/or other montmorillonite materials.
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surface complexation model, due to possible (surface) precipitation problems. Finally,
we give some insights into unresolved issues that could prevent the interpretation of
the data through a surface complexation model, that is, the reversibility problem and
the effect of solid to liquid ratio.

Material Preparation and Control of Experimental Conditions
Composition of the equilibrium solution (salt background) and pH are needed

for modeling cation exchange and pH dependent specific sorption. Some studies,
often focused on engineering applications for heavy metal removal from polluted
water, do not report both experimental conditions (table 5, “not suitable”). The
procedure for starting material preparation is also of importance. A pure montmoril-
lonite sample should be preferred to calibrate a mechanistic model since its use
prevents, in principle, side mechanisms linked to the reactivity of other compounds
present in the initial material [for example carbonate minerals, oxy(hydr)oxides and
organic matter] or due to reagents added to the system (for instance, complexing
organic compounds). At least twenty published studies report data obtained on a �2
�m fraction, but few of them applied additional treatments, such as acidification for
carbonate removal, to prevent side mechanisms (table 5). Moreover, Me/clay ratio and
the ionic strength conditions must be carefully selected to obtain data relevant for a
given mechanism: cation exchange, high energy site sorption, low energy site sorption
or surface (co-)precipitation (see second section). Briefly, HES can only be probed
with experiments conducted at high ionic strength and for a metal/clay ratio of the
order of 1 mmol kg�1 or below. A low metal/clay ratio is necessary to obtain a sorption
behavior dominated by HES. A high ionic strength must be chosen for the same reason
with regards to cation exchange: at low ionic strength cation exchange can dominate
the retention mechanism, leading to a very weak dependence of the extent of
retention with pH and consequently little information on HES reactivity. For pH �7.5,
LES can be probed for metal clay loading as high as 50 mmol kg�1 without formation
of metal pairs at the surface for Ni but not for Cu (40 mmol kg�1, table 1). Above this
value, precipitation occurs if silica is added to the suspension. The transition between
LES sorption and precipitation dramatically changes if the pH value is raised to 8:
Ni-Ni pairs can be observed for metal loading as low as 25 mmol kg�1 and neo-
formation of phyllosilicate is evidenced for metal loading of 45 mmol kg�1. The
surface coverage condition considerably reduces the range of data for mechanistic
surface complexation model calibration.

Tracer Solubility Limits and Thermodynamic Database Considerations
At high pH, divalent metals precipitate in oxide or hydroxide forms even at low

concentrations. Data interpretation with an adsorption model therefore needs to be
restricted to the pH domain where such precipitations do not occur. Data selected for
Zn and Cd sorption at ionic strength equal to �0.1 fulfil this condition (figs. 7 and 8).
Ni sorption data are more problematic. Ni aqueous speciation and solubility are
ill-defined (Thoenen, 1999; Hummel and Curti, 2003). According to the uncertainty
on log K values for theophrastite (given in table 1 of Hummel and Curti, 2003),
sorption data at high pH are potentially blurred by hydroxide precipitation, even at
trace Ni concentration. The same remark applies for sorption data at pH 8 with
equilibrium Ni concentration higher than 10�6 mol L�1 (fig. 9). Moreover, a catalytic
effect of clay surface on Ni precipitation kinetics is expected (Scheidegger and others,
1997; Dähn and others, 2002). Consequently, experimental points that are oversatu-
rated with regards to the minimum solubility limit should be disregarded for Ni
sorption model calibration since the contribution of precipitation cannot be reliably
estimated. This problem of tracer solubility is little addressed in the literature. When it
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is considered, conflicting results are often available, as depicted by Appendix 2 for the
Ni case.

Stability of the Sorbing Phase and its Surfaces
A strong but hidden hypothesis of sorption models is that the solid phase remains

stable over the whole pH domain without alteration of the surface other than
protonation/deprotonation and sorption processes. This is wrong: for instance, silica
concentration increases significantly when pH is increased above 8.5 in a montmoril-
lonite suspension (Tertre and others, 2005). Partial clay dissolution could alter sites
such as HES that are present in small amounts at the clay surface. Spectroscopic
investigations similar to those performed by Dähn and others (2011) performed at two
pH values (for example 7 and 10) could probe if HES exist at high pH values. In the
following, we will consider that the nature of the surface is not altered in the range of
explored conditions (as in all currently reported clay sorption models), although there
is no evidence for this.

Problematic Experimental Features for Mechanistic Surface Complexation Model Concepts
The reversibility problem.—Numerical sorption models based on surface complex-

ation formalism make the assumption of fully reversible processes. To date, few studies
have focused on the problem of clay sorption reversibility and the difficulty in data
comparison is reinforced by the diversity in the cations tested and in the experimental
conditions employed (pH, ionic strength, Me/clay ratio, et cetera). Table 6 gives an
overview of available results on metal sorption reversibility. It indicates that distribu-
tion coefficients reported in the literature are not necessarily representative of
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recommended log K and associated uncertainty by Hummel and Curti (2003): \ \ \ \ � minimum solubility;
//// � maximum solubility.
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equilibrium between the solution and the surface and that some reversibility tests are
more successful than others: for instance, decreasing the pH seems to be more
efficient than decreasing Me concentration in the solution. If irreversibility could be
further assessed and proven to contribute significantly to overall retention processes,
the surface complexation approach could not help to model experimental results
reliably. Fortunately, the irreversible part of sorption appears to be a very minor part of
the overall sorption in the timescale explored by experimentalists. We will consider, as
a working hypothesis, that specific sorption on clay edges is a reversible process.

Effect of solid to liquid ratio.—The influence of the solid to liquid ratio on the
distribution ratio is a common issue in soil science. The distribution ratio is most often
observed to decrease with the solid concentration. This phenomenon is called the
“particle concentration effect” or “solid effect” (Limousin and others, 2007). Di Toro
and others (1986) demonstrated this effect in the case of pure montmorillonite
samples. After adding Ni radiotracer to a clay suspension sample, they measured the

Table 6

Overview of results on metal sorption reversibility

Reversibility / 
Irreversibility 

Experimental 
conditions 

Remark 

Inskeep and 
Baham, 1983 

Reversibility Desorption by 
decreasing pH. 

Experiments conducted 
at low ionic strength  
(I = 0.01). 

Di Toro and 
others, 1986 

Partial irreversibility Desorption at constant 
pH by removing and 
replacing the 
supernatant solution. 

Experiments conducted 
at low ionic strength  
(I = 0.01).  

Hodgson, 1960 Partial irreversibility 
for interaction time 
above 3 days 

Displacement of Co 
radiotracer by Cu, Zn 
or additional stable Co.

Tiller and 
Hodgson, 1960 

Partial irreversibility Desorption by dilute 
acetic acid. 

Irreversibly bound Co 
quantity increases with 
time. 

Lothenbach and 
others, 1999 

Reversibility after 
less than 4 weeks of 
reaction. 
Partial irreversibility 
after 60 weeks of 
interaction. 

Acidification at pH 3. Possible precipitation of 
CdCO3 in long term 
experiments could 
explain the apparent 
irreversibility. 

Baeyens and 
Bradbury, 1995 

Tested but not shown Part of retention seemed 
to be irreversible. 

Morton and 
others, 2001 

Partial irreversibility Desorption by 
replacement of the 
supernatant solution by 
a Cu-free solution. 

Part of irreversibility 
increase at high Me/clay 
ratio.  
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remaining radiotracer concentration (Ca) in the supernatant after equilibration and
centrifugation. Then, they removed part of the supernatant, re-suspended the solid, let
it equilibrate, centrifuged it and again measured the remaining radiotracer concentra-
tion (Cra). Surprisingly, Cra � Ca (by a factor �1.2), meaning that Rd was lower in the
final suspension than in the initial one. Thus, part of the radiotracer desorbed from
the solid when the solid to liquid ratio (RSL) increased, all other parameters being kept
constant. At most the difference represented a decrease in the Rd value from 10,000 to
7,100 L kg�1 while RSL increased from 0.1 g L�1 to 0.24 g L�1. This difference in
sorption could hardly be attributed to a kinetic problem because (i) the authors
performed a control experiment and (ii) if so, sorption would have increased between
measurement of Ca and Cra. Inskeep and Baham (1983) also observed a “solid effect”
for Cd sorption at I � 0.01 in NaClO4. Interestingly the extent of the “solid effect”
decreases with increasing ionic strength (Di Toro and others, 1986). This is in
agreement with the results of Baeyens and Bradbury (1997) who noticed no difference
for Ni sorption at I � 0.01 between RSL of 0.24 (used for pH sorption edges) and RSL of
1.1 g L�1 (used for concentration isotherms). Consequently, we must conclude that a
“solid effect” takes place in clay sorption experiments at least for ionic strengths below
0.01 in sodium salt background and in suspension conditions. Only one study is
available at high RSL values that are representative of compacted systems: in Montavon
and others (2006), the Ni Rd at pH � 7 decreased dramatically when RSL increased
from 10 g L�1 to 1000 g L�1 despite an ionic strength value higher than 0.01. A
dependency of Rd value on RSL would imply the necessity of using an activity
coefficient correction for surface species that depends on the solid concentration in
the suspension, as suggested by Voice and others (1983). To our knowledge, this type
of approach has never been applied to surface complexation models for clay minerals.
In the following, we will consider that there is no RSL effect on the distribution
coefficient for well-dispersed systems at ionic strengths above 0.01. However, this
problem certainly merits further studies.

Effect of material source and heterogeneity.—At a given pH and given salt background
concentration, the distribution coefficient should decrease as a function of increasing
concentration due to the decrease in the relative contribution of HES on the overall
sorption (fig. 3). Comparison of data points originating from different studies is
problematic with regard to this aspect (fig. 10). For instance, Lothenbach and others
(1997) and Baeyens and Bradbury (1997) obtained contrasting results even though
they used the same starting material. The data point from Lothenbach and others, in
figure 10, is at the limit of the Ni(OH)2(s) solubility domain according to the lowest
solubility hypothesis (fig. 9). This data point could then be discarded due to a
suspected additional (co-)precipitation process. The data point from Gu and others
(2010) obtained on Upton montmorillonite is more problematic. It does not lie within
the possible Ni(OH)2(s) solubility domain (fig. 9) and has a Rd value higher by one
order of magnitude than corresponding data points from Baeyens and Bradbury
(1997). Such a high Rd value cannot be explained by a data digitization error. Indeed,
reducing Rd from �5000 to �4000 would mean that the percentage of Ni sorbed is not
�99 percent, as our data digitization indicates, but rather �94 percent, which is far
above the digitization error. Thus, this corresponds either to contrasted properties of
Upton and Swy-1 montmorillonite surfaces or to experimental artefacts/differences
leading to (co-)precipitation in Gu and others’ experiments. Indeed, two experimental
differences are notable. Firstly, Baeyens and Bradbury’s experiments were carried out
in a glove-box, preventing any artefact due to CO2 solubilization in the system, which is
not the case for Gu and others. The precipitation of a nickel carbonate phase could
thus be suspected, but is actually irrelevant, because of the very high solubility product
of the hydrated Ni carbonate phase [hellyerite, NiCO3(H2O)6, Hummel and Curti,

421divalent metals on montmorillonite surfaces



2003]. The second difference comes from Ni stock solution preparation and injection.
Baeyens and Bradbury (1997) performed their sorption isotherm experiment by
equilibrating a Ni solution at the desired pH and at constant salt background
concentration. These solutions were labeled with a radiotracer and then added to the
pre-equilibrated montmorillonite suspension. In contrast, Gu and others directly
spiked 10 mL of montmorillonite suspension with 0.05 mL of Ni stock solution in order
to reach a final metal concentration of 4.88 10�5 mol L�1. This means that their
spiking stock solution concentration was as high as 10�2 mol L�1. This high concentra-
tion could have led to a rapid (co-)precipitation of Ni when entering into contact with
the clay suspension at pH � 8, thus resulting in a very high final Rd value, because Ni
precipitation would be irreversible at the timescale of the experiment. A similar
problem could have been encountered in the study of Marcussen and others (2009) on
Ni sorption at near neutral pH. Surprisingly, Zn sorption data from Ikhsan and others
(2005) do not seem to suffer from the same problem even though their procedure of
metal addition into the vessels was similar (stock solution at 0.01 mol L�1). Additional
data would be necessary to assess or discard this possible experimental artefact.
Nonetheless, we decided to discard literature data exhibiting similar types of problems
(see table 5).
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Fig. 10. Comparison of datasets for Ni retention on montmorillonite as a function of Ni equilibrium
concentration at I � 0.1 and pH 7.9–8.2 (upper figure) or as a function of pH at I � 0.025–0.03 with trace
concentration of Ni (bottom figure). Open squares: data from Baeyens and Bradbury (1997) obtained on
Swy-1 montmorillonite. Black circle: data from Lothenbach and others (1997) obtained on Swy-1 montmoril-
lonite. Black star: data from Gu and others (2010) obtained on Upton montmorillonite. Black diamonds:
data from Tertre and others (2005) obtained on MX80 montmorillonite.
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Even at trace metal concentration, two different montmorillonite materials (MX80
and Swy-1), studied by two different research groups, have contrasting sorption
behaviors: the Ni sorption edge of MX80 is shifted by more than one pH unit
compared to that of Swy-1 (fig. 10). Although sample preparation did slightly differ in
the two experiments [Tertre and others (2005) discarded the �0.5 �m clay fraction
while Baeyens and Bradbury (1997) did not], this difference in reactivity amongst clay
samples cannot be ignored when calibrating and comparing sorption models.

Data Uncertainties and Pitfalls in Data Representation
Error calculation is crucial for data/model comparisons. However, the estimation

of uncertainties associated with published sorption data is tricky, since the methods
used for calculation are often not disclosed by authors and information relative to
uncertainties associated with each step of the experimental procedure is scarce. If
estimated, the uncertainty is often reported as an error band having a symmetrical
and/or constant extent, whatever the experimental conditions and sorption results.
However, error bands should be asymmetrical when the y-axis is in log scale, and error
propagation calculation indicates that experimental points at high sorption values
should have lower relative uncertainty than experimental points at low sorption values.
Appendix 3 gives some insights into this problem, taking examples from the literature.

Implications
Table 7 summarizes identified requirements for data selection and highlights

problems linked to their interpretation with a surface complexation model. Some of
them are obvious but are not always respected. A selection of data is proposed in table 5
according to the criteria given in this section. Accordingly:

(i) There is little relevant data available in the literature. Only two studies (coming
from the same team of scientists) are sufficiently precise and complete to probe
sorption on HES, LES and cation exchange. Other studies often focus on a
narrow range of pH or Me/clay ratios or on a single ionic strength condition.

(ii) A larger set of data is available for sorption concerning HES (metal to clay ratio
of the order of 1 mmol kg�1 or less) than for LES.

surface complexation models for divalent metal sorption on
montmorillonite surfaces

Methodology
Most of the available data can only be used to constrain HES reactivity and cation

exchange. There is far less data to constrain LES reactivity. Therefore, model develop-
ment for HES is presented first. HES properties are very ill-defined and are mostly
fitting parameters. Consequently, we first apply the method referred to as Ockham’s
Razor (or the rule of parsimony), which states that, when choosing among rival
hypotheses, all of which explain the observed facts, the simplest is preferred (McBride,
1997). The first modeling approach explored in this section is thus a “minimalist”
modeling approach, which attempts to minimize the number of adjustable parameters
for modeling the largest number of sorption data on HES. In so doing, we show that a
surface complexation electrostatic model is not efficient at reproducing the data
although it should represent more correctly the physical nature of the metal/clay
surface interactions. Then, an alternative electrostatic sorption model is proposed in
an attempt to solve this problem. Finally, we show that an electrostatic model can be
used successfully for LES modeling.
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Table 7

Overview of experimental requirements for data selection and interpretation by a surface
complexation model. Some guidelines are given for future data acquisition

Requirements Additional remarks 

Data 
representation  

In most cases, Rd representation 
must be preferred to % 
representation. Data uncertainties 
and their estimation/calculation 
method should be provided. 

pH 
Plots of Me sorption as a function 
of pH over a wide pH range (3-10) 
are necessary. 

Ideally, it would be necessary to 
check changes in the nature of 
surface sites at high and low pH (is 
there site disappearance – or 
appearance – due  to edge surface 
dissolution?).  

Ionic strengths 
High ionic strengths are necessary 
to probe the presence of high (and 
low) energy sites. 

Salt background concentrations 
must be known for modelling 
purposes.  

Sample 
preparation 

Removal of non-clay minerals is 
required to avoid side effects from 
accessory mineral sorption or 
dissolution. 

Me 
concentration 

Concentrations must be below 
solubility limits. Exploring a range 
of concentrations provides 
information on site densities. 

Spiking the tracer from a 
concentrated solution must be 
avoided in order to prevent over-
concentration effects and non-
reversible rapid (co-) precipitation 
of the tracer upon introduction in 
the vessels.  

Me/Clay ratio 
The ratio must not exceed ~1 mol 
kg-1 for HES detection and ~30 
mmol kg-1 for LES detection. 

Above 30 mmol kg-1, surface 
condensation and precipitation 
may occur that cannot be modelled 
by surface complexation models 

Solid to liquid 
ratio 

Rd values should not depend on 
RSL if sorption site saturation is not 
attained (otherwise the dependence 
must be an increase in Rd with an 
increase in RSL). 

This requirement is not met at least 
for (i) low ionic strengths at low 
RSL and (ii) high ionic strengths at 
high RSL.   

Montmorillonite 
samples 

If a general model is desired (with 
possible extrapolation to other 
materials), the Rd values should not 
depend on the chosen 
montmorillonite sample.  

Most of the available selected data 
were obtained on Swy-1. Data 
obtained on the MX80 
montmorillonite fraction are 
different. 

Reversibility 
Sorption must be reversible for 
interpretation through surface 
complexation modelling.  
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Building An Efficient Surface Complexation Model For HES. Why Are Non-Electrostatic Models
So Successful?

Equations and constraints.—A generalized version of reaction 1 can be written:

�SOHn � Me2�º SOHn-xMe2-x � xH� Reaction 5

where n and x are positive integers and KMe
HES is defined as an equilibrium constant

according to:

K Me
HES �

[�SOHn�xMe2�x]
[�SOHn]

�H��x

�Me2��
exp��2 � x�F �0

RT �. (12)

We assume here that only one site is responsible for the high energy site sorption
behavior. In that case, and neglecting retention by cation exchange (that is, working at
high ionic strength), it is possible to relate the measured Rd value to the concentration
of sites occupied by Me, [�SOHn�xMe2�x]:

Rd �
[�SOHn�xMe2�x]

CMeRSL
. (13)

The activity of Me2� in solution, (Me2�), is related to the concentration of the free
cation in solution, [Me2�], and its activity coefficient 	Me: (Me2�) � 	div [Me2�].
Divalent metal cations are hydrolysed as a function of pH and thus [Me2�] is not equal
to CMe. Neglecting Me2� complexation by other solute species, it ensues that:

�Me2� � �MeOH� � �Me�OH�2 � CMe (14)

with MeOH� and Me(OH)2 being formed with the following reaction:

Me2� � H2OºMeOH� � H� KMeOH Reaction 6

MeOH� � H2OºMe(OH)2 � H� KMe(OH)2 Reaction 7

Combining equations (12) and (14):

log Rd � x pH

� log� KMe
HES

Me[�SOHn]

RSL� 1
	Me

�
KMeOH

	MeOH10 � pH �
KMe�OH�2KMeOH

10 � 2pH �� � ��2 � x�F �0

RT ln 10 �. (15)

The three terms of equation (15) are related to the pH: x pH is linearly related to
the pH; the second one depends on the terms related to Me speciation in solution,

� 1
	Me

�
KMeOH

	MeOH10 � pH �
KMe �OH�2KMeOH

10 � 2pH �, but also on the surface term [�SOHn] because of

the possible protonation and/or deprotonation of the sorbing site and Me sorption as
a function of pH: ���ST � ��SOHn�xMe2�x] � �

j�0

[�SOHj
�j�n��], where [�ST] is the total

concentration of sites); finally, the third term, ���2 � x�F �0

RT ln 10 � is related to the pH

according to the relationships between the surface charge, and the surface potential,
�0. Since HES represent only a very minor part of the total surface site concentration,
the surface potential should not be influenced by Me sorption on the surface and is
only dependent on ionic strength and pH. The slope of log Rd versus pH is equal to or
less than one, for Zn, Ni and Cd sorption on HES (fig. 11). These elements are present
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in their free Me2� form in solution in the pH range of increasing sorption (pH �3 to
�7). In these conditions, the simplest way to reproduce the observed slope is to
consider a stoichiometry value x equal to 1 and to neglect the electrostatic term,
leading to:

log Rd � pH � log�	MeKMe
HES

Me[�SOHn]
RSL

�. (16)

These modeling hypotheses, introduced by Bradbury and Baeyens (1997b), enabled
these authors to model a large range of sorption data with a small number of adjustable
parameters: sorption site density, association constant KMe

HES for various elements and
protonation/deprotonation constants for HES. The sorption site density was itself
constrained by a change in the slope of log Csorb versus log Ceq in sorption isotherms.
The protonation/deprotonation properties of the HES were arbitrarily chosen at
values identical to those of LES. Equation (16) implies that the linear part of the

sorption edge must be obtained in the pH domain where log�	MeKMe
HES

Me[�SOHn]
RSL

� is

almost constant, that is where [�SOHn] � [�ST] (all other terms being constant). For
this reason, the linear part of the Zn sorption edge between pH 4 and pH 7 implies that
the deprotonation pKa value must be, at least, greater than 7 and the protonation pKa
value must be lower than 4. The sorption edge levels off at pH values greater than 7.
This is indicative either of a deprotonation of the sorption site and/or the hydrolysis of
the metallic cation in solution following reaction 6 and reaction 7. The consideration
of solute Me hydrolysis only is not sufficient to reproduce Zn sorption edge data (fig.
12) and site deprotonation is necessary. No additional parameter is needed to
reproduce the data. With the approach described above, it is then possible to define a
“minimalist” approach for the sorption of each divalent metallic cation, following
Ockham’s Razor rule.

Comparison with 2SPNE SC/CE Models (2 site protolysis non-electrostatic surface complex-
ation and cation exchange model).—Bradbury and Baeyens (1997a) pointed out that the
real modeling challenge is to find a minimal set of parameters that reproduces both
sorption data for all divalent metallic cations in all tested conditions and the clay
titration curve. However, HES properties are not constrained by titration data for site
protonation/deprotonation constants. The only remaining challenge is thus to repro-
duce the sorption data set for various cations with a unique set of parameters for HES
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Fig. 11. Left figure: sorption edge for Zn, Ni (Baeyens and Bradury, 1997) and Cd (Zachara and others,
1993) on Na-montmorillonite at I � 0.1. Dashed red lines correspond to 1:1 log Rd/pH slopes. Right figure:
relative abundance of the free divalent cation, Me2�, in solution according to the Thermoddem database
(http://thermoddem.brgm.fr/) for Zn and Cd and Hummel and Curti (2003) for Ni.
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properties. The underlying hypothesis is that all of these cations compete for the same
type of site. Its validity was demonstrated experimentally with Co/Ni/Zn competition
experiments (Bradbury and Baeyens, 2005a). Surprisingly, this competition was not
considered in the revised 2SPNE SC/CE model (Bradbury and Baeyens, 2005b). Note
that metals with dissimilar chemistries (for example different valence states, such as Co
and Eu) do not compete: their high energy sorption sites are different and their site
density, protonation/deprotonation constants might be different. The parameters of
the two versions of Bradbury and Baeyens’ models are summarized in table 8. For
comparison, we fitted the same set of data as that used for 2SPNE SC/CE model
calibration with the above described “minimalist” approach. We considered sorption
competition with Zn and Mn, also present in the Swy-1 Na-montmorillonite. We also
considered the uncertainty regarding the thermodynamic database for Ni data (fig.
13). Surface affinity constants of non-hydrolyzed species are very close to those of the
2SPNE SC/CE model. The fitted deprotonation constant for the high energy site is
also close to the value for the weak site of the 2SPNE SC/CE model (however, this
result must be seen as being fortuitous according to the analysis made in the previous
section). Conversely, the site protonation constant and the surface affinity constants
for the hydrolyzed species (�SOMeOH� and �SOMe(OH)2) are not needed for data
simulation. This means that some of the 2SPNE SC/CE parameters are unconstrained.
This is especially true for sorption of Ni, Mn and Zn hydroxylated species (table 8).

Application to the available range of literature data.—The applicability of the minimal-
ist approach was further tested with data covering a range of analytical conditions, such
as the effect of ionic strength and the replacement of Na by Ca on Ni sorption, or the
impact of pH and ionic strength on Cd sorption (figs. 14 and 15 and references

Fig. 12. Symbols: Zn sorption edge at I � 0.1 (data from Baeyens and Bradbury, 1997). Lines: models
assuming: (1) only sorption reaction �SOH � Zn2� º �SOZn� � H�, (2) sorption reaction and Me
hydrolysis in solution Zn2� � H2Oº ZnOH� � H� and ZnOH� � H2Oº Zn(OH)2 � H�, (3) sorption
reaction and deprotonation of sorption site �SOH º �SO� � H�, and (4) all above processes taken into
account.
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Table 8

Parameters for the two versions of the Na-montmorillonite non-electrostatic model from
Bradbury and Baeyens (1997b and 2005b) and comparison with the proposed “minimalist”
model calibrated with data obtained at I � 0.1 in NaClO4 salt background (Ni and Zn:

Baeyens and Bradbury, 1997; Cd: Zachara and others, 1993). HES density is 2 mmol kg�1

for the three models
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therein). Ni sorption data from Baeyens and Bradbury (1997) are well predicted at low
ionic strength in Na salt background (fig. 14). This result was expected according of
the similarities between the 2SPNE-CE and the proposed approach. Results from
Tertre and others (2005) are not so well reproduced (fig. 15A). These authors studied
Ni sorption on a different clay material than Swy-1, namely a montmorillonite
originating from MX80 bentonite. From the low pH part of the curve, the Ni exchange
selectivity coefficient might be lower for MX80 than for Swy-1. The variability of cation
exchange selectivity coefficients for various montmorillonite materials is assessed by
data available from the literature, and the fitted selectivity coefficient value (�0.4 in
log10 scale) is in agreement with the value found for Na-Ca exchange data obtained by
Tournassat and others (2011) on the same material at low Ca surface loading. The
sorption edge is well described at I � 0.025 if the corrected selectivity coefficient is
considered (not shown), but the prediction at I � 0.5 remains inaccurate with a pH
shift of more than one pH unit. This could be due either to (i) an absence of high
energy sorption sites on MX80, (ii) a saturation of these sites by competing cations in
greater amounts than in Swy-1 or (iii) a difference in affinity for these sites between
MX80 and Swy-1. The last two hypotheses are not mutually exclusive. There is not
enough available data to conclude about the exact reason for the observed discrep-
ancy. For Cd, results from Zachara and others (1993) are very well predicted (fig. 15B).
Surprisingly, results from Inskeep and Baham (1983) are not well predicted although
their clay material was the same as in Zachara and others (1993) and the preparation
procedures were similar (fig. 15C). Their reported ionic strength conditions might be
in error: they prepared their vials by mixing ten milliliters of dilute Cd(ClO4), 0.02 mol
L�1 in NaClO4 with a given volume of their 10 g L�1, 0.01 mol L�1 in NaClO4 clay stock
suspension in order to obtain a final solid concentration of 2 g L�1 and an ionic

Table 8

(continued)

* Assuming competition with natural Zn and Mn present in the Na-montmorillonite (Swy-1).
** Assuming no competition with natural Zn and Mn present in the Na-montmorillonite (Swy-1).
‡ From Hummel and Curti (2003).
‡‡ From the Thermoddem database (http://thermoddem.brgm.fr/).
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strong sites (and cation exchange) of Swy-1 montmorillonite at I � 0.1 in NaClO4 salt background (table 8).
For Ni, the dashed line corresponds to the fit with maximum values for solute Ni hydrolysis constant while
the solid line corresponds to minimum values. Squares correspond to data with probable (surface)
precipitation.
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strength of 0.01. This procedure should however end up with a solution having an
ionic strength of 0.0192. With this value, a good agreement is obtained between
modelled and measured Cd sorption values without changing the model parameters
(fig. 15D). Results from Garcia-Miragaya and Page (1976) were also not well repro-
duced (fig. 15E), but these authors used a different clay material (Upton montmoril-
lonite), with competing Zn and Mn contents that should in principle be different.
Figure 15F shows that setting these competing cations at a concentration value of zero
makes it possible to reproduce the data satisfactorily (an intermediate value making it
possible to reproduce even better the experimental values; not shown). The remaining
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discrepancy at lowest ionic strength (0.01 and 0.03) may be due to slightly different
cation exchange selectivity coefficients of Upton and Swy-1 montmorillonites (see
above for MX80 material). Also, slight changes in pH values with increasing Cd
concentration could explain the observed discrepancies between model and data, as
only an indicative pH range of 6.75 � 0.25 is given by the authors.

Sorption prediction is also good for Ca salt background (fig. 16) when adding the
effect of Ca competition for cation exchange sites (set here at a log K value of 0.8). No
adjustment of the high energy site parameters is needed for Zn sorption. Ni sorption is
slightly overestimated for high concentration of Ca. Cd sorption is also slightly
overestimated by the model. In their revised model for Ca-montmorillonite, Bradbury
and Baeyens (1999, 2005b) considered a decrease of affinity of Zn, Ni and Cd for HES
in the presence of Ca in order to better fit the data but did not give any explanation for
this change. In the Zn sorption curve (fig. 16B), two data points at pH � 10 are above
the modeling curve for experiments in Ca salt background. Two affinity constants (for
the formation of �SOZnOH and �SOZn(OH)2

�) were added in the 2SPNE SC/CE
model in order to reproduce these two data points. These two parameters are thus very
weakly constrained and it is not clear why these surface species would exist in Ca and
not in Na salt backgrounds. This result could also be explained by side reactions: Zn
co-precipitation with C-S-H-like phases could be promoted in the presence of Ca at
high pH values with enhanced dissolution of clay or quartz. This type of artefact has
already been observed by Tournassat and others (2004b) with an apparent increase in
Ca sorption at high pH, which was due to C-S-H precipitation (Ferrage and others,
2005b). The same feature is also visible for the Cd sorption curve (fig. 16C). In this
case, data in Na salt background are missing for comparison and the formation of the
hydrolysed sorbed species might be justified.

Implications.—The non-electrostatic 2SPNE SC/CE modeling approach is very
efficient and almost fulfils the requirements of the parsimony rule. Nonetheless,
despite its simplicity, some of its parameters are not (or are very weakly) constrained by
available data, namely the high energy site (de)protonation constants and the affinity
constants for hydrolyzed MeOH� and Me(OH)2 species. Although this has no influ-
ence on the prediction ability of the model for the metal (Zn, Ni, Cd) and clay (Swy-1)
tested, it calls into question the validity of the LFER derived by Bradbury and Baeyens
(2005b). This LFER is constrained only by modeled points that are not or are very
weakly constrained by available data (log KHES of ZnOH�, NiOH�, MnOH� et cetera,
see table 8 and fig. 17). Although LFER relationships of this kind have been proven to
be successful for oxides or hydroxides (Dzombak and Morel, 1990; Mathur and
Dzombak, 2006), it is not the case for montmorillonite, according to our proposed
minimalist approach.

Electrostatic Models: Some Reasons for Observed Failures
Although the minimalist approach is successful at describing Me sorption at HES

(on Swy-1), it fails to take into account the electrostatic field effect on clay surfaces and
therefore the physical reasons for its success remain unknown. A mechanistic surface
complexation model must include an electrostatic term in order to agree with titration
experiments.

In the general sorption equation (15), the electrostatic potential term,

���2 � x�F �0

RT ln 10 �, depends on pH, and the surface potential �0 decreases with increas-

ing pH (its absolute value increases). If the term relative to surface and solute

speciation log�KMeRLS��SOHn) � log� 1
	div

�
KMeOH

	mon10 � pH �
KMe�OH�2KMeOH

10 � 2pH � is constant,

then this change of �0 with pH results in a slope of log Rd versus pH higher than x. If
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x � 1, the slope value is higher than one, in disagreement with sorption data (fig. 11).
An agreement with the data can be found only by compensating the effect of the
potential term by the effect of the surface speciation term.

Fig. 16. Model prediction (lines) obtained with the “minimalist” approach for trace Zn, Cd and Ni
sorption as a function of pH and ionic strength in Ca(NO3)2 or Ca(ClO4)2 salt background on Swy-1. (A) the
dashed line corresponds to the fit with maximum values for solute Ni hydrolysis constant while the solid line
corresponds to minimum values.
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In the following, the surface charge and potential model of Bourg and others
(2007) will be considered. At I � 0.1, and for pH values between 4 and 8, its predicted
edge surface potential can be approximated by a linear function:

�0 � a � pH � b � �0.04058pH � 0.20009. (17)

Combining equations (15) and (17):

log Rd � �x �
�2 � x�F � a

RT ln 10 �pH � log��SOHn] � log� 1
	div

�
KMeOH

	mon10 � pH �
KMe�OH�2KMeOH

10 � 2pH �
� log�KMeRLS� �

�2 � x�F � b
RT ln 10

. (18)

If the speciation of HES remained constant over the pH range of interest, then the

slope of log Rd versus pH would be �x �
�2 � x�F � a

RT ln 10 � � 1.4 for x � 0, 1.7 for x � 1

and 2 for x � 2, in disagreement with the experimentally determined slope of 1. Site
hydrolysis is thus necessary:
with:

KHyd �
��SOHn�1

� ]�H��

��SOHn]
exp��

F �0

RT �. (19)

At trace metal concentration (low Me surface coverage) [�SOHn] � [�SOHn�1
� ] �

[�Stot] and thus:

log[ �SOHn]�log ��Stot] � log�1 �
KHyd

10�pH exp�F �a � pH � b�

RT ��. (20)

Combining equation (20) with equation (18):

log Rd � �x �
�2 � x�F � a

RT ln 10 �pH � log��Stot] � log�1 �
KHyd

10�pH exp�F �a � pH � b�

RT ��
� log� 1

	div
�

KMeOH

	mon10 � pH �
KMe�OH�2KMeOH

10 � 2pH � � log�KMeRLS� �
�2 � x�F � b

RT ln 10
. (21)
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The linear part of the log Rd versus pH relationship with a slope of 1 implies that in this
pH range:

log Rd � pH � A (22)

where A is a constant. Considering that Me2� is the main Me species in the same pH
range, it implies in turn:

f �x, KHyd� � �x �
�2 � x�F � a

RT ln 10
� 1�pH �

1
ln 10

ln�1 �
KHyd

10�pH exp�F �a � pH � b�

RT ��
� constant. (23)

Therefore, an electrostatic model derived from the chosen surface charge and
potential model can be applied to Me sorption on HES only if there is a couple of
parameters KHyd and x that enables f(x, KHyd) to be constant in the pH range 4 to 8.
This condition cannot be met for x � 1 or x � 2 (fig. 18). However, for x � 0, f(x � 0,
KHyd) is almost constant for log KHyd values above �3. A value x equal to 0 corresponds
to the reaction:

�SOHn � Me2�º SOHnMe2� Reaction 9

This result is in agreement with the results of Kraepiel and others (1999) who also
noticed that this peculiar stoichiometry enabled them to fit Ni sorption data with their
own electrostatic model. The large value of log KHyd means that most of the sorbing
sites would be deprotonated (�SOHn�1

�) in the pH range 4 to 8.
We calculated Zn and Ni sorption (without competition) according to this surface

speciation by solving numerically the full set of equations using equation (12) with x �
0 and using the surface speciation parameters available in Bourg and others (2007).
Activity coefficients were computed using the Davies equation. KHyd and KMe values
were adjusted to match Zn and Ni sorption data at I � 0.1 in NaClO4 background. A
very acceptable fit can be found for KHyd � �2, KNi � 7.4 and KZn � 9.3 (fig. 19).
However, data at I � 0.01 cannot be reproduced: the predicted Rd is far too high.
Kraepiel and others (1999) noticed the same problem with their electrostatic sorption
model. They also observed that this feature is completely masked when the data are
plotted as a percentage of sorbed species as a function of pH, highlighting the need to
work in log Rd representation for accurate modeling of sorption processes.

At high pH, the large increase in the modeled Rd value with decreasing ionic

strength is due to an increased contribution of the potential term
�2 � x�F �0

RT ln 10
in

equation (15). In oxide surface complexation models, the surface potential term
changes very slightly from I � 0.1 to I � 0.01 for pH values between 6 and 10 where
maximum cation sorption is observed. Moreover, the change in surface potential is
weakly affected by the change in the surface charge, leading to an absence of ionic
strength effect on predicted Me2� sorption. Conversely, electrostatic models represen-
tative of montmorillonite surface result in large variations in the edge surface potential
as a function of ionic strength due to the spill-over of basal potential. We calculated the
increase in log Rd from I � 0.1 to I � 0.01 due to the variation in the potential term
(for x � 1) according to the model of Bourg and others (2007). The calculation was
performed for two KHyd values: 10�4 corresponding to a case where most of the
sorption sites are in the form �SOHn�1

�, and 10�7 where most of the sorption sites are
in the form �SOHn. At pH 8, where the sorption plateau is observed, the difference in
log Rd (�log Rd) at I � 0.01 and I � 0.1 is 0.3 L kg�1 due to the surface potential
change. This difference is small but corresponds to x � 1, a stoichiometry value that, in
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Fig. 18. Variation of f(x, KHyd) for x � 0 (top), x � 1 (middle) and x � 2 (bottom) as a function of pH
and log KHyd.
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turn, is inappropriate to reproduce the log Rd versus pH slope value (�1). Using
parameters that led to the best fit of the data (x � 0 and log KHyd � �4, fig. 19), �log
Rd cannot be less than 1 L kg�1 and increases with pH.

The above analysis demonstrates that any surface complexation model based on
(i) the mean field theory for montmorillonite edge surface potential and (ii) the
conventional description of the complexation reaction given by reaction 5 will fail to
correctly describe HES sorption data as a function of pH (linear part of log Rd versus
pH representation) and ionic strength (log Rd plateau at pH � 8). The reasons for this
failure lie either in the relevance of the mean field approximation for these sorption
processes and/or in a lack in the identification of the true sorption mechanism and
stoichiometry. The first point could be explored through molecular dynamics (MD)
studies providing that their force field and surface representation could be proved
adequate. This type of work is available for montmorillonite basal surfaces only and it is
still limited to relatively high ionic strengths and high metal/clay ratios (Greathouse
and Cygan, 2006; Tournassat and others, 2009; Bourg and Sposito, 2011). In the
following, the second point is explored: shall our representation of HES sorption
mechanism be changed?

An Attempt at Reconciling Montmorillonite Sorption Properties and Electrostatic Models
A substitution mechanism for sorption on HES.—The sorption reaction stoichiometry

is an important feature of the model. There is no direct proof of the exact H�/Me2�

stoichiometry for the sorption reaction on HES. Chemical species other than H� and
Me2� could also participate in the uptake reaction. It is worth noting the high number
(from 2 to 5) of Si nearest-neighbors of Zn sorbed on HES sites (Dähn and others,
2011, and fig. 20). According to Churakov and others (2012), Zn is incorporated into
the outermost trans-octahedra on (010) and (110) edges. A substitution of a structural
atom from the edge surface by “sorbed” Zn is thus a preferred mechanism (another
possible reaction is a concomitant sorption of Zn with Si in a kind of surface
precipitation initiation).

In order to model this kind of reaction, we considered a Me-Mg substitution on
the edge termination of the octahedral sheet. This Mg site is linked to an Al atom with
a Mg-O-Al bridging oxygen and also has one or two OH groups in contact with water.
Edge site valences appearing in equations (10)–(14) are obtained with Pauling’s bond
valence principle (Pauling, 1929). The protonation and deprotonation of this site can
be modeled as follows:

�A1MgO2H3
�1.33º �A1MgO2H2

�033 � H� K�MgO2H3
Reaction 10

3 4 5 6 7 8 9 10

2

3

4

5

6

3 4 5 6 7 8 9 10

2

3

4

5

6

3 4 5 6 7 8 9 10

2

3

4

5

6
lo

g 
R

d 
(R

d 
in

 L
 k

g-1
)

pH pH

Ni, I=0.01Ni, I=0.1

pH

Zn, I=0.1

Fig. 19. Model prediction (lines) obtained with an electrostatic model using the mean field approach
developed by Bourg and others (2007) together with Me sorption in the �SOHMe2� form. Zn and Ni
sorption data in NaClO4 background (symbols) are from Baeyens and Bradbury (1997). Left and middle
figures: Zn and Ni sorption data at I � 0.1. Right figure: Ni sorption data at I � 0.01.
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�A1MgO2H2
�0.33º �A1MgO2H�0.67 � H� K�MgO2H2

Reaction 11

Mg2� can be substituted by Me2� as follows:

�A1MgO2H2
�0.33 � Me2�º �A1MeO2H2

�0.33 � Mg2� K�Mg-Me Reaction 12

and this new surface site can deprotonate or protonate according to:

�A1MeO2H3
�1.33º �A1MeO2H2

�0.33 � H� K�MeO2H3
Reaction 13

�A1MeO2H2
�0.33º �A1MeO2H�0.67 � H� K�MeO2H2

Reaction 14

Reaction 12 is not affected by the electrostatic potential because charges of surface and
solution remain identical before and after reaction: this type of reaction should make it
possible to reproduce the sorption plateau region at pH � 8. Reaction 12 alone could
not explain the pH dependency of Me sorption because H� is not part of the reaction
equation. However, the difference in site protonation/deprotonation constants as a
function of the nature of the cation attached to this site could drive the pH depen-
dency of the sorption reaction.

We tested this substitution model using the electrostatic model of Bourg and
others (2007) and a fitted amount of high energy reactive sites. Solute Mg concentra-
tion values were taken from Baeyens and Bradbury (1995). Mg concentration data
were available for I � 0.5 only, and were assumed to be the same at I � 0.1 and I � 0.01.
We approximated Mg concentration by two log-linear functions as a function of pH
(fig. 21). Sorption calculations were performed with PHREEQC v2.18 (Parkhurst and
Appelo, 1999), which does not include equation (11) for the calculation of edge
surface potential as a function of pH and ionic strength. This problem was solved by
defining a hypothetical additional surface charge 
add in the PHREEQC input file in
order to obtain �PHREEQC(
0 � 
add, pH, I) � �Bourg(
0, pH, I). �PHREEQC is the
surface potential calculated by PHREEQC with the DLM model and �Bourg is the
surface potential of interest. The value of 
add was adjusted for each pH and ionic
strength condition. The accuracy of this calculation method is shown in figure 21 in

Zn3 Zn4

Zn2

Zn5

Fig. 20. Illustration of Zn sorbed on HES of montmorillonite edge surfaces, as probed by EXAFS
analysis (after Dähn and others, 2011).
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the absence and in the presence of surface substitution sites. As a simplification of the
model, we considered that (i) K�Mg-Me � 1 for Zn and Ni (no preference for site
substitution), (ii) K�MgO2H3

� K�MgO2H2
and (iii) K�MeO2H3

� K�MeO2H2
for Me � Zn or Ni.

Competition between Zn and Ni for sorption was considered in the calculation. This
model fits the data fairly well with only four fitted parameters: log K�MgO2H3

� �6.5, log
K�ZnO2H3

� �2.2, log K�NiO2H3
� �3.6 and the high energy site surface density (�2

mmol kg�1 for Swy-1 montmorillonite having an edge surface area of 19.2 m2 g�1).
This substitution model is efficient. It is in agreement with an absence of ionic

strength effect on the log Rd value at pH � 8 (the model predicts an even lower Rd at
I � 0.01 than at I � 0.1 for pH � 8) and the 1:1 slope of log Rd versus pH is well
reproduced without the need for a one H�/one Me2� stoichiometry. The competition
effects between cations of similar charge can be taken into account. This model also
predicts that there should be a competition effect of Mg for specific sorption sites.
Hodgson (1960) showed that Mg was not able to displace significantly Co that was
sorbed on HES of montmorillonite, but this observation is not in contradiction with
our model prediction, because Mg concentration was 5 � 10�6 mol L�1, that is in the
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range of the concentration leached by the clay itself through desorption or dissolution.
Our model predicts that a 10�3 mol L�1 Mg concentration should inhibit Zn and Ni
sorption on HES. Available data in the presence of such a high Mg concentration are in
agreement with an absence of high energy site contribution for Ni sorption (Montavon
and others, 2006). However, these data were obtained on a montmorillonite with
different sorption properties to Swy-1. Direct evidence of structural Mg release upon
specific Me sorption does not exist for montmorillonite but is available for hectorite, a
trioctahedral smectite. Addition of Zn to a hectorite suspension at pH 6.5 and at high
ionic strength is followed by a release of Mg while Zn is sorbed (Schlegel and others,
2001a). This suggests a replacement of layer edge-exposed Mg by sorbed Zn. Experi-
ments dedicated to understanding the exact reaction stoichiometry for Me sorption on
montmorillonite HES are necessary to progress further in the modeling of their
properties. For this task, solution composition should be analyzed beyond the conven-
tional determination of pH, ionic strength and concentration of the metal of interest.
We propose Mg as an additional element of interest. This additional element could be,
however, Al3� or another element present in trace amounts in the clay structure. The
proposed model also has the advantage of explaining why reversibility is better
achieved by decreasing pH (promoting dissolution, which is the reverse mechanism)
than by decreasing Me concentration in solution (dilution methods impact the
concentration of the competing structural cation as well). Finally, this surface substitu-
tion model is in line with findings concerning the epitaxial growth of Me-phyllosilicates
upon sorption of larger Me concentrations (Schlegel and others, 1999a, 1999b;
Schlegel and Manceau, 2006).

A state of the art electrostatic surface complexation model for LES.—It is necessary to have
a sorption model for LES that is also coherent with the HES sorption model. The only
mandatory common parameter between the two sorption models is the electrostatic
potential because the sorption surface is the same for the two types of sites. Sorption on
LES was implemented as a surface complexation reaction with aluminol sites, using the
electrostatic model from Bourg and others (2007):

�AlOH�0.5 � Zn2�º �AlOZn�0.5 � H� Klow_Zn Reaction 15

�AlOH�0.5 � Ni2�º �AlONi�0.5 � H� Klow_Ni Reaction 16

Parameters of the complete model were adjusted to fit the data. They are given in table
9. The proposed electrostatic model describes the Zn and Ni sorption isotherm as well
as the 2SPNE SC/CE model (fig. 22). Blind prediction exercises were also performed
successfully on data from Ikhsan and others (2005) that probe low energy site reactivity
(fig. 23). The proposed electrostatic sorption model is as efficient as the 2SPNE SC/CE
or the minimalist non-electrostatic models.

conclusions
Despite the numerous studies dedicated to montmorillonite sorption properties,

no model from the literature is able to reproduce observed pH dependent specific
sorption of divalent metals that also agrees with the electrostatic nature of montmoril-
lonite surfaces. Modelers must avoid applying surface charge–surface potential relation-
ships derived from oxide models directly to montmorillonite materials (and by
extension to other clays): montmorillonite exhibits at least two types of surfaces with
different electrostatic properties and whose properties are interconnected through the
spill-over of basal electrostatic potential field on the edge surface potential. We have
provided some guidance to build clay-specific surface complexation models with a set
of reliable input parameters such as the edge reactive surface area. The latter must be
determined by adequate methods (DIS, AFM) and not by the BET-method, which does
not probe the surface of interest. Even in so doing, modeling divalent metal pH
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dependent specific sorption on clay edges is difficult. We have identified missing
information, which is necessary to model sorption data in a mechanistic manner,
together with experimental features that cast doubt on the ability of clay surface
complexation models to describe adequately the nature of divalent metal sorption on
montmorillonite edge surfaces. Problematic experimental features are mostly related
to (i) the reversibility of sorption and (ii) the effect of the solid to liquid ratio on Rd
measurements. Theoretically, surface complexation modeling is meaningful only in
conditions where sorption is reversible and Rd measurements are independent of RSL.
Missing information includes (i) the exact reaction stoichiometries for sorption on
HES and LES; (ii) reliable values for surface potential and charges as a function of

Table 9

Parameters for the proposed electrostatic model (substitution for HES and surface
complexation for LES). Cation exchange properties are taken identical to those given in the
“minimalist” approach (table 8). All properties, with the exception of Me sorption properties,

are taken from Bourg and others (2007).

* That is 2.5 mmol kg�1 for Swy-1 having an edge surface area of 19.2 m2 g�1.
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ionic strength, pH and ionic background composition; and (iii) knowledge of the
exact mechanism for sorption on HES.

Despite these limitations and assuming that selected data are representative of
true thermodynamic surface/solution equilibriums, we could confirm that Me2� pH
dependent specific sorption mechanisms on HES and LES are different in nature. LES
reactivity can be modeled with a state of the art electrostatic clay surface complexation
model; HES cannot. HES sorption curve properties are not adequately reproduced by
electrostatic surface complexation models because of two peculiar features: (i) a log
Rd versus pH slope of one in the sorption edge region and (ii) a sorption plateau at pH
8 that is independent of ionic strength. These features are remarkably reproduced by
non-electrostatic models, explaining the success of 2SPNE SC/CE models. An even
simpler model than 2SPNE SC/CE models was proposed, following the rule of
parsimony that eliminates unnecessary parameters. In so doing, we demonstrated that
the reported LFER that links Me hydrolysis constants in solution to sorption constants
is very weakly constrained for montmorillonite. Additional data are still needed to
build an accurate LFER.

A change in the considered sorption reaction mechanism is necessary to model
HES reactivity with the same electrostatic model as that used for LES. According to this
approach, sorption on high energy sites would be the result of a structural substitution
instead of a classically reported surface complexation mechanism. This result is in
agreement with most recently reported spectroscopic and molecular modelling investi-
gations. It enables measured sorption data to be reconciled with the electrostatic
nature of clay surfaces. However, this substitution model still needs to be refined,
especially regarding the nature(s) of the substituted cations in the clay layer.

Fig. 23. Blind prediction of Zn sorption data from Ikhsan and others (2005) according to the
parameters listed in table 9. An exchange selectivity coefficient for the Na-K reaction was fixed at a value of
log KNa-K � 0.8 for modeling the low pH region (�7).
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Appendix 1

cation exchange modeling

In the cation exchange theory, negatively charged sites are fully compensated by counter cations in the
vicinity of the sites. In a sodium ionic medium, the reaction is expressed as:

2 NaX�Me2� º MeX2�2 Na� K ex
Na3Me (A-1)

where X� is a cation exchange site (due to the hypothesis given above, the concentration of free X� sites is
set at a value of 0, all of these sites being associated with Na� or other cations), Me2� is a divalent metal
cation and K ex

Na3Me is the thermodynamic constant for the Na3Me exchange reaction:

K ex
Na3Me �

�MeX2��Na��2

�NaX�2�Me2��
(A-2)

where values in round brackets represent activities. Activity terms for the solute part of the equation are
obtained using conventional computing methods for solute activity coefficients (for example Davies,
Debye-Hückel, Pitzer). Conversely, the way to describe the activity of exchanged species is more problematic
and there is no unifying theory to calculate the activity coefficients of exchanged species. They are usually
defined as a fractional occupancy (N or E) of the exchanger times an activity coefficient. This fractional
occupancy can be defined in two different conventions: a molar ratio convention (N, Vanselow convention)
or an equivalent fraction convention (E, Gaines-Thomas convention). The question of the most appropriate
convention has been widely debated in the literature and is not of primary interest for the present review.
Most studies, including the present one, use the Gaines-Thomas convention with activity coefficient terms g
set at 1 for all surface species in all conditions as an additional simplification (see Sposito, 1984 for details).

Appendix 2

example of inconsistent results reported for metal precipitation during a sorption experiment

In order to avoid precipitation, which would lead to an overestimation of sorbed Ni, Baeyens and
Bradbury (1995) conducted preliminary blank tests to determine the experimental pH/concentration
range conditions in batch sorption tests for which no precipitation effects occurred. Following these tests,
they decided to use a maximum Ni(NO3)2 concentration of 5 � 10�5 mol L�1 in isotherm experiments at

Fig. A1. Calculation of error bands with the experimental error propagation method. Application to
data from Baeyens and Bradbury (1997, left figure) with u(Ceq) � 2.5%�Ceq and u(Cinit) � 2.5% � Cinit;
and Tertre and others (2005, right figure) with u(Ceq) � 2.5%�Ceq for Ceq � 5 � 10�8 mol L�1 (10%
otherwise) and u(Cinit) � 2.5%�Cinit.
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pH 8.2, which is only slightly higher than the value determined from calculation. Contrastingly, Dähn and
others (2002) did not detect any precipitation in a pH 8 solution containing 1.1 � 10�3 mol L�1 Ni over a
time period of up to 1 year. Apparently, these two results are in disagreement (our understanding of the
Baeyens and Bradbury experiment was initially that they obtained precipitation at concentrations greater
than 5 � 10�5 mol L�1). However, further examination of the tests carried out by these authors reveals that
precipitation did not occur in their experiment below pH 8 for concentrations up to 10�4 mol L�1, that is
the maximum tested concentration). Losses in solute Ni activity were observed only for pH above pH 8 but
were attributed to tube wall sorption. From these experimental clues, no precipitation occurs in the two
previously cited references at Ni concentrations higher than those predicted by thermodynamic calcula-
tions. Two different hypotheses may be invoked to explain these contrasting results: (i) the solubility of
crystalline Ni(OH)2 is really higher than that recommended in Hummel and Curti (2003); and/or (ii) given
the short equilibration time of Baeyens and Bradbury’s (1997) experiments (2 days), precipitation of a
crystalline Ni(OH)2 product at 25 °C does not happen because of precipitation kinetics considerations. Data
from Lothenbach and others (1997) tends to confirm this latter interpretation. Their Ni concentration is in
remarkable agreement with calculated Ni solubility and their blank experiment showed a significant Ni
concentration decrease after four weeks of equilibrium of an initial 10�4 mol L�1 Ni solution at pH 8, that is
after a longer equilibration time than Baeyens and Bradbury’s (1995) experiments. In turn, this result is also
in contradiction with the above results presented by Dähn and others (2002). Because Lothenbach and
others (1997) only acquired a single experimental data for Ni at pH 8, one could hypothesise that agreement
with theory is fortuitous and that the observed aqueous Ni concentration decrease with time results from
artefacts (for example, tube wall sorption). However, it is worth noting that the same agreement was also
observed for Cd, Cu, Pb, and Zn. Thus, the probability that the observed aqueous Ni concentration decrease
at pH 8 stems from an artefact is rather low. On the other hand, data from Dähn and others (2002) were
acquired for a Ni concentration ten times higher than those of Lothenbach and others (1997). Thus, if Ni
precipitation occurred in their preliminary experiments, the extent of Ni concentration decrease may have
been within measurement uncertainty, a hypothesis reinforced by Ni2� inertness at 25 °C (Hummel and
Curti, 2003). From this analysis, it appears that these conflicting results cannot be solved.

Appendix 3

data uncertainties and pitfalls in data representation

Error calculation is crucial for data comparison. The present section focuses on the way errors are
represented in the literature and compares them to a calculation method based on error propagation. The
error on the percentage of sorbed metal, based on error propagation leads to:

u�%sorption� � 100 � �� 1
Cinit

�2

u�Ceq�
2 � � C eq

C init
2 �2

u�C init�
2 (A-3)

provided that no covariance term applies, that is Ceq and Cinit are measured independently. The uncertainty
U (95.5% confidence, assuming normally distributed values, Danzer, 2007) is given by:

U �%sorption� � 2 � u�%sorption�. (A-4)

For trace metal sorption and especially radionuclide sorption studies, results can be presented in log(Rd)
versus pH or equilibrium concentration. Error propagation (neglecting uncertainty on solid/liquid ratio)
leads to

u�Rd � � ��L
S

1
Ceq
�2

u�Cinit�
2 � �L

S
Cinit

C eq
2 �2

u�Ceq�
2. (A-5)

This representation offers several advantages, including a direct evaluation of the linear or non-linear
characteristics of the sorption process. An additional advantage of this representation is the possibility of
accurately representing sorption data at high (extreme) sorption levels. While percentage sorption represen-
tation would not make it possible to accurately visualize the difference between, for example, 99 and 99.9%
sorption, Rd representation does. Note that measuring such a difference is very significant and relative
uncertainties on measured Rd values are very low in these conditions (since Ceq �� Cinit):

u�Rd �

Rd
� ��u�Cinit�

Cinit
�2

� �u�Ceq �

Ceq
�2

. (A-6)
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Conversely, at low sorption levels, where the measurement error is at a maximum, Rd representation shrinks
the information within a narrow range of values. Moreover, this representation prevents any accurate
analysis of the data when actual associated uncertainties are not clearly indicated.

Rd results are frequently given in log representation. Uncertainties are given by:

U� � log�Rd � 2u�Rd�� � log�Rd� (A-7)

and

U� � log�Rd � � log�Rd � 2u �Rd ��. (A-8)

In that case, error bands are asymmetric and their extents (in log scale) decrease with increasing Rd.
Surprisingly, most authors give symmetric error bands with constant extent, whatever the Rd values. If error
bands are calculated with the error propagation method, it may be observed that the reproducibility of the
measurement often fails to lie within the calculated error band extent, thus pointing to greater result
variability than accounted for in the propagation error calculation. In short, the natural variability of the
system exceeds the measurement repeatability (fig. A1).

These problems of data representation and error band calculation are repetitively addressed in the
literature, especially in soil science (for example, Degryse and others, 2009) but, unfortunately, they are not
taken enough into account in the sorption literature.
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