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Abstract

In environmental studies, we need to be able to predict the behaviour of contaminants in more
or less complex physico-chemical contexts. The improvement of this prediction partly
depends on establishing thermodynamic models that can describe the behaviour of these
contaminants and, in particular, the sorption reactions on mineral surfaces. In this way, based
on the mass action law, it is possible to use surface complexation models and ion exchange
models. Therefore, the aim of this study is i) to develop an ion-exchange model able to
describe the sorption of transition metal onto pure clay minerals and ii) to test the ability of
this approach to predict the sorption of these elements onto natural materials containing clay

minerals (i.e. soils/sediments) under various chemical conditions.

This study is focused on the behaviour of Zn(ll) in the presence of clayey sediments.
Considering that clay minerals are cation exchangers containing multiple sorption sites, it is
possible to interpret the sorption of Zn(ll), as well as competitor cations, by ion-exchange
equilibria with the clay minerals. This approach is applied with success to interpret the
experimental data obtained previously in the Zn(11)-H*-Na'-montmorillonite system
[Baeyens, B., Bradbury, M.H., 1997. A mechanistic description of Ni and Zn sorption on Na-
montmorillonite. Part I: Titration and sorption measurements. J. Contam. Hydrol. 27, 199-
222]. Our research team has already studied the behaviour of Na*, K*, Ca** and Mg®* versus
pH in terms of ion exchange onto pure montmorillonite, leading us to develop a
thermodynamic database including the exchange site concentrations associated with
montmorillonite and the selectivity coefficients of Na*, K*, Ca**, Mg?*, and Zn** versus H".

In the present study, we report experimental isotherms of Zn(11) on two different sediments in
batch reactors at different pH and ionic strengths, using NaCl and CaSO, as electrolytes.
Assuming clay minerals are the main ion-exchanging phases, it is possible to predict Zn(ll)
sorption onto sediments under different experimental conditions, using the previously
obtained data base on montmorillonite. Whatever the physico-chemical conditions tested, we
observe a relatively good agreement between experimental results and the predicted sorption

behaviour.



1- Introduction

Many models have been proposed in the literature to interpret experimental sorption data
obtained with complex mineralogical assemblages, such as sediments and soils (EI Aamrani et
al., 2002; Kurosawa et al., 2006; Vandenhove et al., 2007). However, these models are often
empirical and are not appropriate to cover a wide range of physico-chemical conditions (pH,
ionic strength, initial trace element concentration, solid/solution ratio, etc.). This problem is
particularly relevant when modelling the sorption of trace elements (i.e. metals) onto solid
phases in contact with natural waters in the presence of competitor cations (i.e. Na*, K*, Ca®*
and Mg?"). In this context, authors commonly use thermodynamic models, based on the mass
action law, which simulate the processes of surface complexation and ion exchange.

Surface complexation models require a determination of the surface charge of the solid, the
chemical nature of the sorption sites and, ideally, the stoichiometry of the sorbed species. In
practice, such information was obtained primarily for simple oxides (goethite, alumina,
quartz, calcite, etc.) and, therefore, surface complexation models were widely developed for
these pure phases (Benjamin and Leckie, 1981; Davis et al., 1987; Dzombak and Morel,
1990; Zachara et al., 1991; Villalobos and Leckie, 2001; Appelo et al., 2002; Trivedi et al.,
2004). For argillaceous minerals, some models were developed combining surface
complexation mechanisms with cation exchange reactions (Turner et al., 1996 and 1998;
Bradbury and Baeyens, 1997; Poinssot et al., 1999; Tournassat et al., 2004a and b; Tertre et
al., 2006a and b). Moreover, the additivity of sorption properties has been validated in some
cases, whereby the mineral constituents of a complex assemblage contribute in a linear way to
the bulk behaviour, (Davis et al., 2004; Wolthers et al., 2006). However, in certain other
examples, the surface complexation approach fails to reproduce environmental situations.
This behaviour could be due to the lack of knowledge concerning electrostatic interactions
between mineral phases making up a complex material (see discussions in Davis et al., 1998,
Davis et al., 2004 and Payne et al., 2004).

lon exchanger models have also been developed as an alternative to the surface complexation
approach, being applied to clay minerals (Ly et al., 1991; Gorgeon, 1994; Nolin, 1997,
Motellier et al., 2003; Jacquier et al., 2004) and other phases such as a-alumina (Alliot et al.,
2005). Although these models are not designed to interpret data on a microscopic scale
(surface charge, chemical nature of the sorption sites, etc.), they have the advantage of taking
into account the sorption of major and trace elements present in the system. They can be

easily integrated in water/rock interaction models containing thermodynamic constants for



other reactions, such as aqueous complexation and dissolution/precipitation of minerals. The
present study is primarily concerned with sorption onto multi-phase solids, which quite

naturally leads us to favour the ion exchange approach.

The objective of this study is to develop and test a thermodynamic ion exchange model to
interpret the sorption of zinc (i.e. Zn(1l)) onto sediments made up of argillaceous minerals.
For this purpose, we assume that the minerals controlling the sorption of zinc onto the solid
phase are the clay minerals, and in particular montmorillonite. The choice of montmorillonite
as a reference clay-mineral to describe Zn(ll) sorption onto soils/sediments is discussed later
in section 5.

Initially, we present the methodology used to build the ion exchange model for Zn(ll)
associated with montmorillonite. This is based on experimental sorption data published in the
literature and includes sorption reactions of the competitor elements present as major ions.
Then, in a second step, we test the validity of our model to interpret experimental data
obtained on two different mineralogical assemblages. To achieve this, we compare the
experimental sorption data obtained on a soil and a sediment with the predicted sorption
calculated by the model built initially for montmorillonite. As detailed in section 5, the
models of Zn(ll) sorption onto soil and sediment are based on the data for pure
montmorillonite and take into account the cation exchange capacity (i.e. CEC) measured for
the complex solids as well as their percentages of montmorillonite. Moreover, some
experimental desorption data were obtained on the sediment to check the reversibility of the

ion-exchange process, since such a mechanism assumes reversibility.

2- lon exchanger model

In this study, we assume that clay minerals (mainly montmorillonite) are the main cation
exchangers of the investigated sediment/soil (see section 3). Concerning the other minerals of
sediments, such as quartz, Fe-oxyhydroxides and calcite, several studies show that sorption of
divalent and trivalent metals onto these minerals is not governed solely by ion-
exchange/reversible reactions, but more particularly, the formation of solid-solutions



(carbonates: Davis et al., 1987; Zachara et al., 1991; Tesoriero and Pankow, 1996; Rimstidt et
al., 1998; Curti et al., 2005) or inner-sphere complexes by partially reversible sorption
(quartz, Fe-oxyhydroxides: Tran et al., 2002; Mustafa et al., 2004; Takahashi et al., 2006;
Stumpf et al., 2008).

Formalism of ion exchange

The reader can refer to the detailed formalism presented in Motellier et al. (2003) and
Jacquier et al. (2004). Let us consider a negatively charged site Xi~ present at the clay mineral
surface, which is in equilibrium with an aqueous solution containing only three cations: the
proton H*, the cation Na* of the electrolyte (i.e. NaCl) and the divalent trace metal Zn**. The

cation exchange reactions between these three ions are described below:

X7H" }+Na* & {X; Na* j+H* Reaction 1
20X H* }+Zn? & {(X; ), Zn* |+ 2H" Reaction 2

The pH-dependence of the cation exchange capacity (i.e. CEC) has already been mentioned
(Maes et al., 1976). These authors consider that about 15% of the total clay charge can be
neutralized by protons. Therefore, to interpret ion exchange reactions involving clay minerals,
different authors take into account the sorption of protons onto the X; sites of clays (Fletcher
and Sposito, 1989; Turner et al., 1996; Avena and De Pauli, 1998; Motellier et al., 2003;
Tombacz et al., 2004; Jacquier et al., 2004; Tournassat et al., 2004b; Tertre et al., 2006a and
b; Gu and Evans, 2007). Following Motellier et al. (2003) and Jacquier et al. (2004), we
choose to take the proton as the reference cation, so the equilibrium constants of the two last

reactions can be described by equations 1 and 2:

[X;Na*|-[H*]f

X(Na* ;/HJr (1)

Kiina = [Xi_H+J’lNa+fo;H+7Na+
i _ [(Xii)zznh]'[qu '(f(x()Zan)‘(}/W)z
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where i is the number of the considered type of site, [ ] is the concentration of species in
solution or sorbed at the solid surface, f and y are the activities of the sorbed and aqueous
species, respectively. Since the activity coefficients of the sorbed species are not known, we
assume here that the ratio between these coefficients is constant. We then use apparent

constants, called selectivity coefficients K*, which are defined according to equations 3 and 4.

Ko = etk ©

Ky = (7 )y zn> L1 F -G Y
o xee ] Gl

(4)

lon exchange data are obtained for a wide range of ionic strength conditions (i.e. from 107 to
0.5 M). Therefore, to use a single activity law, aqueous activity coefficients are calculated
with the Davies approximation.

For cations such as transition metals, we must take into account the complexation in solution
by OH" and other anions. Therefore, the concentration of the Zn?* in solution can be expressed

as:
[zn? = [zn(N]/ ay, (5)
where [Zn(Il)] is the total concentration in solution and «,,the Ringbom coefficient

(Ringbom, 1963), taking into account the aqueous complexation of Zn(ll). This coefficient is

calculated from the aqueous complexation constants proposed by Pivovarov (2005).

For each X site, the site concentration CEC; is expressed as the sum of the concentrations of

the adsorbed cations on the i site:
CEC, =|X;H"|+|X;Na*|+2.|(x;),zn? (6)

Combining equations (3), (4), (5) and (6), we obtain the concentration of the sorbed species

(X7 ),zn?:
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Az,

Zn** can be sorbed on i sites of different nature and, consequently, the total concentration of

sorbed Zn can be written lZn“J, which is equal to:

Zn2+]= >[(x; ),z (8)

i=1

For each “X;” sorption site of a given pure mineral, we can define two selectivity

coefficients: "K|,,,, and K3, -
2.1 Characterisation of major sites in pure montmorillonite

The occurrence of multiple types of major sites on a pure mineral is indicated by the sorption
behaviour of each major competitor cation present in the studied system. For each of these
cations (i.e. Na® in our case), saturation curves can be established by plotting the
concentration of the adsorbed cation as a function of pH. In our study, the saturation curves
are obtained on conditioned clayey mineral under homo-ionic form (i.e. Na-montmorillonite
in our case), and under conditions where major sorption sites can be saturated, i.e. with a
slight excess of the cation in solution relative to its possible uptake by the solid (Ly et al.,
1991; Gorgeon, 1994; Nolin, 1997; Gaucher, 1998 and Jacquier et al., 2004). As major
cations were used, no secondary solid can precipitate even if the concentrations are high (i.e.
[Na]=0.1 mol/L). Appendix A gives the experimental protocol used by the above authors to
obtain experimental data satisfying these conditions.

Gorgeon (1994) and Nolin (1997) used the sorption of Na* to characterize the major sites on
the Na-Wyoming montmorillonite. Saturation curves as a function of pH are interpreted either
with a single major site having a concentration of 0.42 mol/kg (Gorgeon, 1994), or with three
major sites (Nolin, 1997), whose total site concentration (0.89 mol/kg) is close to the value
classically measured on montmorillonite (CECto1=0.870 + 0.035 mol/kg measured by
Baeyens and Bradbury, 1997). This difference has been explained by the fact that the
montmorillonite used in the first case was not completely saturated with sodium and that



residual calcium persisted in interlayer spaces. Consequently, we preferred the data obtained
by Nolin (1997). Figure 1 shows a comparison between the experimental saturation curve

obtained by Nolin (1997) and the best fit with data calculated from the model. Table 1 reports

the calculated sorption parameters (i.e. concentration sites and selectivity coefficient” K}, . ).

To calculate the “K},,,. selectivity coefficients associated with the three major sites

previously characterised by Nolin (1997), we used Baeyens and Bradbury’s experimental data
(1997) obtained for the Zn(I11)/Na’/H*-montmorillonite system. Indeed, these authors present a
whole range of consistent experimental data sets, yielding two sorption isotherms at constant
pH (pH=5.6 and pH=7) in 0.1M NaClO,4. These experimental isotherms are reported on
figures 2A and 2B, in terms of logarithms of the distribution coefficient of zinc as a function
of its concentration in solution at equilibrium. According to the results of Nolin (see Table 1),
it appears that the sorption isotherms of Zn(l1) cannot be interpreted satisfactorily on the basis

of only three major sites (see calculated curves in lines on Figures 2A and 2B).

2.2 Characterisation of minor sites in pure montmorillonite

We can clearly see from Fig. 2 that an additional site is required to interpret Kd values
obtained at aqueous zinc concentration lower than 10 mol/L at equilibrium. Given the
experimental data, this site seems to have a strong affinity for Zn but a very low site
concentration. The need to take this type of site into account is frequently mentioned in the
literature to interpret sorption isotherms obtained for trace elements, such as caesium and
divalent transition metals, which have a strong affinity for clay minerals, (Bradbury and
Baeyens, 1997; Poinssot et al., 1999; Steefel et al., 2003; Jacquier et al., 2004; Missana et al.,
2004).

A concentration of 5.10° mol/kg was obtained for the low-capacity site, by means of trial and
error to achieve a satisfactory fit of the two isotherms. We note that this site accounts for only
0.6% of the total measured exchange capacity (i.e. 0.88 mol/kg) and, consequently, it cannot

be quantifiable in a saturation curve. Table 2 reports the "K},,,,, selectivity coefficients for

the 4 sites (3 major sites + site of low capacity), corresponding to the best fit of the
experimental sorption isotherms reported by Baeyens and Bradbury (1997). The results of our
model are reported in Figs. 3A and 3B, along with the experimental points.

Figures 3A and 3B show the contribution of each site to the sorption of zinc onto the Na-
Wyoming montmorillonite. Whatever the isotherm modelled, we can clearly see the



predominance of the site of strong affinity and low capacity (called site “0”) when the zinc
concentration in solution is lower than 10° mol/L. In their surface complexation model,
Bradbury and Baeyens also take into account a site of low capacity to fit their experimental
data as well as possible. These authors (op cit.) proposed a site of low capacity (2.10" mol/kg)
and strong affinity accounting for 0.2% of the total measured cation exchange capacity. Their
site concentration is in agreement with our estimate. Nevertheless, we note that, on the whole,
the nature of this site remains unspecified. Indeed, in terms of crystallography, it cannot be
compared to an “aluminol” or a “silanol” site. For a montmorillonite, the density of these sites
(“aluminol and silanol sites™), which are still called “edge sites”, is approximately equal to
4% of the measured total CEC in the case of an aluminol, or 8% for a silanol (see studies of
Avena and De Pauli, 1998; Tombacz et al., 2004).

Finally, we test whether our model is able to reproduce correctly the sorption data obtained by
Baeyens and Bradbury (1997) for Zn(ll) at trace concentration as a function of pH, in the
same conditions as used for the sorption isotherms (i.e. in 0.1 M NaClO, solution). With the
previously determined parameters given in Table 2, we can see from Fig. 4 that the results of
our model predict very well the experimental data obtained by Baeyens and Bradbury (1997).
The contribution of each of the four sites (three major sites + site “0”) is clearly apparent on
this figure. We note that i) for pH<4, the sorption is interpreted only by considering sites 1
and 2, ii) between pH 4 and 8, the sorption is interpreted by sorption onto sites 1, 2 and 0 and

iii) the contribution of site 3 becomes significant only for pH>9.

The model proposed here (see table 2) accounts relatively well for all the experimental data
reported by Baeyens and Bradbury (two isotherms and Kd versus pH). In the suggested
model, we consider implicitly that only the Zn** species is sorbed, whatever the site
considered. This is supported by the calculations of aqueous speciation performed with the
Phreeqc2® code (Parkhurst and Appelo, 1999) and using the SUPCRT92 data base (Johnson
et al., 1992), supplemented by the specific thermodynamic data proposed by Pivovarov
(2005) for Zn(l1) aqueous species (see appendix B). In 0.1 M NaCl solution having a total
carbonate concentration of 10° mol/L (i.e. average value measured in our solutions), and for
pH ranging from 3 to 8, we find that Zn** is the main Zn(ll) aqueous species, whereas,
between pH 8 and 9, the dominant aqueous species are Zn(OH)2aq and ZnCOs,q. From a total
Zn (1) concentration of 10 M, (to mimic conditions of sorption isotherms at high surface
coverage), solutions having pH>8 are saturated with respect to Zn(OH),s and ZnCOg).



Nevertheless, we assume that, for kinetic reasons, these solids do not precipitate during
sorption isotherm experiments when pH is between 8 and 9. This hypothesis is checked here

by sorption-desorption experiments (see desorption results in section 4).

For the sorption of sodium, we should point out that Nolin (1997) mentions only three sites to
interpret the saturation curve versus pH. In our study, to interpret all the data of Baeyens and
Bradbury (1997), we must take into account the additional site “0” with low capacity and
strong affinity. We also check that modelling with an additional site “0” does not affect the
previously calculated Na* saturation curve (see figure 1). This behaviour is not surprising

since this site corresponds to a maximum of 0.6% of the total CEC, as already mentioned.

3- Materials and experimental methods

The main objective of this study is to test the predictive capacity of the ion exchange model
proposed above for the zinc/montmorillonite system, to understand and model the sorption
behaviour of metal cations (i.e. Zn(ll)) in the natural environment. In order to validate this
model, different experiments were performed in the laboratory to reproduce the sorption
behaviour of zinc under physical and chemical conditions representative of natural systems.
We worked with two different natural solids: a soil and a sediment.

The soil used in our experiments comes from the Pech Rouge plot (near Montpellier, France),
an area already used in previous studies on caesium and strontium migration. Therefore, the
characteristics of this solid material are well known, in particular its mineralogy,
granulometry and chemistry (see Fernandez et al., 2000 and Beaucaire et al., 2005 and 2006
for more information).

The sediment comes from Auby (Pas-de-Calais, France), corresponding to a deposit that is
highly contaminated in transition metals, forming a layer that is sealed off from the
underlying aquifer. The contaminated sediments result from the dredging of the river
channels. Consequently, the characterisation of the sorption properties of this layer is
fundamental to prevent the risks of contamination of the aquifer.

In a first step, we present some physicochemical characteristics of the solids used in the

experiments. Then, we describe the protocol of sorption/desorption.
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Materials
Pech Rouge soil

The main characteristics can be found in Fernandez et al. (2000). In the present study, we
carried out additional measurements such as qualitative analysis by x-ray diffraction and
determination of cation-exchange capacity (see below for the protocol used).

The 80-125 pm granulometric fraction is principally composed of carbonates (18 wt%),
quartz and feldspars (48 wt%) and clay minerals (34 wt%). By specific treatments (ethylene
glycol and heating), Fernandez et al. (2000) found that clay minerals were composed of
about: 62 wt% illite, 16 wt% smectite, 12 wt% kaolinite and 10 wt% chlorite. The precision of
these values is + 5% The cation-exchange capacity was measured by displacement of major
cations (i.e. Na', K*, Ca?* and Mg?*) by CsCl 0.05M at pH=8, yielding an average value of
14.1 + 0.4 meqg/100 g. However, preliminary studies using this method on samples from the
same fraction of soil (Beaucaire et al., 2005 and 2006) showed that the heterogeneity is such
that the CEC is difficult to estimate with a precision better than 30%.

Auby sediment

This sediment has been largely characterized from a chemical, mineralogical and physical
point of view by Lions (2004). The granulometric fraction used in our study is the <50 pm
fraction, which is mainly composed of quartz, calcite and clay minerals (mainly smectite and
illite/smectite). With the same protocol for measuring the displacement of the exchangeable
cations as applied to the used for the soil, we obtained an average measured CEC of 19.9 +
4.3 meq/100g.

A high zinc content of around 250 ppm has been obtained by acid dissolution (HNO3/HF) of
the solid sediment (Lions, 2004). Consequently, before performing sorption experiments, we
quantified the labile Zn concentration by ion-exchange extraction. Therefore, leaching of the
sediment was carried out on the fine fraction (< 50um), at pH 7.5 in a 0.05M CsCl solution.
After one week of leaching, the zinc concentration measured in solution was about 9.10”
mol/L. Taking into account the water/rock ratio used (30g/L), this corresponds to about 4% of

the zinc contained in the solid. Therefore, we assume that 1.5.10° moles of Zn are
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quantitatively exchangeable in 1g of sediment. This contribution of zinc present initially in

the sediment is taken into account in the treatment of the sorption isotherms.

Sorption/desorption experiments

For the “Pech Rouge” soil, three sorption isotherms at constant pH (x 0.1) were determined
using the 80-125 um fraction: one in 0.01M NacCl, one in 0.5M NaCl and one in 0.01M
CaSO,. For the “Auby” sediment, two isotherms were determined with the <50 um fraction:
one in 0.01M NaCl and one in 0.01M CaSO,. The nature and concentration of the electrolyte
used were selected to approach contrasted and realistic compositions of natural waters.

The solid fractions were dispersed in a given electrolyte, using a water/rock ratio of 24 g/L.
The suspensions were placed in closed polycarbonate tubes for three days on a shaking bank,
at 20°C. The experiments were carried out without any CO; control. A known quantity of a
zinc stock solution (CZH(..):3.2.1O'3 mol/L; pH=2.6) was then added to each batch. An
isotherm was determined at constant pH in approximately 8 different batches, by increasing
the zinc concentration from 10~ to 5.10™ mol/L before sorption.

After one week of equilibration, the samples were centrifuged at 15 000 rpm for 30 min.
Depending on the experiment, an aliquot of 100 pL to 1 mL was taken and acidified with 2%
HNO; for the analysis of zinc in solution by ICP-MS, whereas 2 mL were taken for pH
measurement. The pH was measured with a combined Metrohm® electrode calibrated at 20°C
with three NIST buffer solutions (pH=4.01, pH=6.98 and pH=9.18).

For each isotherm, the pH variation between the 8 points is less than 0.1 unit pH. The
detection limit of ICP-MS analysis of zinc in solution is 1 ppb (i.e. 1.5.10°® mol/L) and the
analytical precision is approximately 5%. To take into account the instability of the apparatus
during the analysis, *Y is used as an internal standard.

The value of the distribution coefficient (i.e. Kdags), expressed in L.kg™, is calculated

according to the following equation:

Kd . = l* (Ci _Cfl)
m

ads —
Ch

©)
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where V and m are, respectively, the volume of the solution (in L) and the mass of the solid

(kg), whereas C, and C,, represent the concentrations of zinc in solution before sorption and

at the end of the sorption experiment. Sets of repeat measurements of log Kd indicate an
absolute error of £ 0.3 log units.

To test the reversibility of the Zn(Il) sorption process, some desorption experiments were
performed for the Pech Rouge soil in 0.01M NaCl. Once the sorption equilibrium was
reached, the supernatants were removed and replaced by the same mass of solution, at the
same ionic strength and pH, but not containing zinc. After one week of shaking, the protocol
used for measuring the distribution coefficient from the desorption stage (denoted Kdges) was
the same for the Kd,gs determination. The expression for Kdges, measured from the desorption
stage, is given below:

v,(-c.-C,,)

Kd,. =— 10
des m sz ( )

In addition to the parameters of equation 9, this expression contains the term C,, representing

the aqueous zinc concentration at the end of the desorption stage.

In the case of the “Auby” sediment, additional sorption measurements were performed using
the radioactive isotope ®°Zn, contained in a stable aqueous Zn(ll) solution having a
concentration of [Zn(lI)aq_]TOT:8.5.10'4 mol/L. This method allows us to investigate the
sorption of Zn(ll) at trace concentration (i.e. <10” mol/L at equilibrium). Concerning
conditions of equilibration of the solid with the solution, the experimental protocol used was
the same as described above with stable Zn(Il). At the end of the sorption stage, ®*Zn(ll)
agueous activity was determined by gamma counting (Compugamma, LKB Wallac®). The
distribution coefficients (i.e. Kdags), expressed in L.kg™?, can then be calculated as follows:

- A
Kdads:A0 !
A m

(11)

where Ay is the initial activity of ®zn(11) in solution (Bq), A is the activity of ®Zn(l1) in the
supernatant at equilibrium (Bq), V is the volume of the solution and m the dry weight (60°C)
of the solid (g).

Provided that no isotope fractionation occurs during Zn(ll) sorption, aqueous Zn(ll)

concentration at equilibrium (i.e. [Zn(ll)sq]) can be calculated from Ao, A and the initial

13



Zn(Il) aqueous concentration (i.e. [Zn(Il)a]o) according to the following equation:

[zn(in),, )= 20, ] -% (12)

4- Experimental results

“Pech rouge” soil

Figure 5A presents the logarithms of the distribution coefficients for zinc, measured in the
sorption stage (i.e. Kdags), plotted as a function of the logarithm of the aqueous zinc
concentration and for different background electrolytes (1=10°M NaCl - pH =7.9 + 0.1;
1=0.5M NaCl - pH=8.5 # 0.1; I=10?M CaSO, - pH=7.7+ 0.1). The three sorption isotherms
are obtained at pH values having the same order of magnitude (PHmin=7.7; PHmax=8.5).
Consequently, the differences observed between these isotherms cannot be due to competition
between the proton and Zn(11)aq., but rather to competition between Zn(l1),. and major cations
present in the system (i.e. electrolyte cations). From Figure 5A, we can clearly observe the
strong competition of Ca®* for the sorption sites. Indeed, for the same initial Zn(ll)
concentrations in solution, the Kdags values of Zn(I1) measured in 0.01M CaSOQO, are lower by
a factor of 10 compared with those measured in NaCl 0.01M. To a lesser extent, we also find
evidence for the competition of Na®, since all Kdags values measured for Zn(ll) in 0.5M NacCl
are slightly lower than in 0.01M NaCl.

As already mentioned, we carried out some desorption experiments to check the reversibility
of the sorption reaction. For the isotherm obtained in 10% M NaCl at pH=7.9 + 0.1, Fig. 5B
shows the Kdges measured at the end of the desorption stage compared with values measured
at the end of the sorption stage, as a function of the aqueous Zn(Il) concentration at
equilibrium. By taking into account the uncertainties of the measurements, we note that the
values of desorption Kd (i.e. Kdges) are superimposed on the sorption Kd (i.e. Kdags),

suggesting a good reversibility of the exchange reaction.
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Auby sediment

Figure 6 reports the values of Zn(ll) Kdags obtained with the Auby sediment, plotted as a
function of the logarithm of the aqueous zinc concentration, for isotherms carried out in
0.01M NaCl (pH=7.8+0.1) and 0.01M CaSO, (pH=7.6+0.1). As mentioned previously in the
case of “Pech Rouge”, we also observe a strong competition of Ca** for the sorption sites.
Indeed, for the same initial concentration of zinc in solution, and for comparable pH and zinc
concentration at equilibrium (i.e. <10°® mol/L), the Kdags of Zn(11) is approximately comprised
between 10* and 10° in NaCl, whereas Kdags falls to around 10% in CaSO,. As mentioned in
section 3, some experiments were performed with the radioactive tracer ®Zn(ll) to obtain zinc
aqueous concentrations lower than 10”7 mol/L at equilibrium (see Fig. 6). The Kdags values
obtained with radioactive zinc at trace concentrations (10°<Cznanaq<10" mol/L) are in
agreement with those obtained with stable zinc at higher concentrations (i.e. >10” mol/L).

5- Modelling

In view of the good agreement between sorption and desorption Kd values (see Fig. 5B), we
are justified in applying the ion exchange theory, based onto the mass action law, to interpret
the experimental data. Assuming that the sorption measured on our natural material (soil or
sediment) is only due to clay minerals, the ion exchange model we have developed would be
able to reproduce the experimental data obtained for Zn sorption on sediment/soil under
laboratory conditions.

Even though illite is the most abundant clay-mineral phase, montmorillonite makes a
predominant contribution to the total site concentration of the bulk material. Indeed, the
typical ion-exchange site concentration for illite is 0.22 mol/kg (Poinssot et al., 1999),
whereas it is around 0.88 mol/kg for montmorillonite. Therefore, the contributions of each of
these phases to the total site concentration are 30% for illite and 70% for montmorillonite.

In our model, we assume that the exchange sites of montmorillonite and illite have similar
chemical reactivities. Therefore, the ion exchanger is composed solely of montmorillonite,
whose total site concentration corresponds to the CEC measured for the soils/sediments. For
the Auby sediment, the measured CEC is equivalent to 22% of pure montmorillonite, while
for the Pech Rouge soil, the relative abundance is only 16%. The concentrations of each of the
exchange sites are calculated according to the relative concentration of sites on pure
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montmorillonite. The choice of montmorillonite as a reference clay mineral for Zn(ll)
sorption is supported by the high quality of experimental data reported by Baeyens and
Bradbury (1997), whereas such data are missing or incomplete for other clay minerals.

We used the sorption parameters defined in section 2 (see table 2) for modelling of the Zn(ll)
sorption isotherms obtained for the sediment and soil. Figure 7 shows a comparison of the
experimental Kd obtained for the “Pech Rouge” soil with values predicted by the model, for
experiments performed in 10°M NaCl (Fig. 7A) and 0.5M NaCl (Fig. 7B). Whatever the
NaCl concentration used and the zinc concentration in solution, we obtain a good agreement
between the predicted and measured Kd datasets. However, the model leads to a small
underestimation when the value of the ionic strength is 0.5M (NaCl). In this case, we see that
the contribution of the site “0” to zinc sorption is practically negligible compared to the major
sites (see Fig. 7B). Under these conditions (i.e. 0.5 M NaCl), Na* is the dominant species
sorbed onto the site “0”, despite its lower selectivity coefficient compared to Zn®*, which has
much lower concentration in solution (i.e. from 10” to 4.10™ M).

As comparison, we also tested the Bradbury and Baeyens model (1997). The results of the
two models in the case of sorption of Zn(l1) onto the Pech Rouge soil in 0.5 M NaCl solution
at pH=8.5 are compared on the figure 7B. In this case, the Bradbury and Baeyens model
clearly underestimates the sorption of Zn(ll) for metal concentrations between 10° and 10
M. In presence of high Na’ concentration it appears difficult to describe with a good
agreement the competition between Zn(lIl), Na* and H" with using a single ion-exchange site,
the only one being operational in these conditions. So, since the sorption contribution of edge
sites is not predominant, model with a single ion-exchange site is probably too restrictive.
Besides the fact that protons is explicitly taken into account in the ion-exchange reactions, the
main advantage of our approach is to describe the reactivity of the surface minerals by several
ion-exchange sites with a homogeneous formalism. Therefore, this approach is particularly
well adapted to represent sorption in various chemical conditions, over a wide range of metal

concentrations (10-10® M), and for various pH.

To interpret the experimental data obtained in 0.01M CaSO,, additional data are required to
describe Zn?*/Ca®* competition for sorption sites. Consequently, we used the selectivity
coefficient for the 2H/Ca exchange reaction onto montmorillonite, as determined by Nolin
(1997) (see Table 2). Figure 8 compares the experimental Kd values with results predicted by
the model in the case of the isotherm obtained using 0.01M CaSO, solution. We observe that

the model slightly underestimates Kd values. This behaviour is partly explained by the
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overestimation of the Kynca 10n exchange constant associated with the major sites. Ideally,
modelling of Zn(11) sorption in the presence of Ca®* as a major competitor would be improved
by conducting new sorption experiments on a Ca-conditioned montmorillonite. This would

lead to a better characterization of the 2H/Ca selectivity coefficient for each of the sites.

Figure 9 reports the sorption isotherms obtained with the Auby sediment in 10% M NaCl and
10 M CaS0, aqueous solutions. Calculated Kd values are compared with the measured Kdags
in these different aqueous media. By taking into account uncertainties on the experimental
measurements, there is a relatively good match between predicted and experimental Kdags
values.

Figure 9 also illustrates the contribution of the three major sites and the site low-capacity site
to the sorption of zinc onto the sediment. For aqueous zinc concentrations higher than 107
mol/L at equilibrium, the sorption can be explained solely by the contributions of the major
sites, whatever the nature of the electrolyte considered (i.e. NaCl or CaSO,). For
[Zn(II)]aq,<1O'8 mol/L, we also observe that sorption is strongly influenced by the site having
a low capacity (i.e. site “0”).

Table 2 presents the complete ion-exchange model proposed in this study to interpret the
experimental data. It includes i) site densities used for each mineralogical assemblage, and
whose the sum corresponds to the measured CEC, and ii) the H/Na, 2H/Ca and 2H/Zn

selectivity coefficients obtained previously for montmorillonite.

Conclusion:

The modelling approach we have developed shows that the multi-site ion exchange model is a
good alternative for predicting sorption processes onto pure clay mineral phases or
components of more complex materials such as soil or sediment. Clay minerals can be
considered as multi-site ion-exchangers, in which each of the sites is characterized in terms of
site concentration and affinity for different cations as against protons.

This approach is successfully applied to interpret Zn(ll) sorption experimental data obtained
by Baeyens and Bradbury on pure Na-montmorillonite. Combining the sorption properties

previously determined on pure clay minerals and treating Baeyens and Bradbury’s raw data
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with the same formalism, we can propose a consistent ion exchange thermodynamic database,
including the more common cations encountered in natural environments. In a second step,
this database is successfully used, without any adjustment, to reproduce experimental sorption
data obtained for Zn(ll) on both soil and sediment, and under a wide range of chemical
conditions.

This study represents a first stage towards an application to more complex environmental
contexts. In our view, multiple ion-exchange sites should be taken into account, as well as
their affinity towards protons and the various cations potentially present in the environment,
in order to improve the description of sorption processes in natural systems. Such an approach
would particularly favour our ability to predict the impact of competitor cations on the

mobility of contaminants in the environment.
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Table 1: Site concentrations and selectivity coefficients for the H/Na exchange reaction onto
Wyoming Na-montmorillonite. Values proposed by Nolin (1997). ......cccccceeviviieeceiieneen, 26

Table 2: Site concentrations and selectivity coefficients proposed in this study to interpret i)
experimental data reported by Baeyens and Bradbury (1997) concerning sorption of
Zn(11) onto Wyoming Na-montmorillonite, and ii) sorption Zn(lIl) isotherms obtained in
this study using Pech Rouge soil and Auby Sediment............ccccooeieiiiininenineeeeee, 27
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Site types Site concentrations

>X1 (mol/kg)
>Xy 0.387
>Xz 0.361
0.139

lon exchange reaction log “Kna
>X;H + Na" =>X;Na+ H" -0.32
>X,H + Na" = >X,Na + H' -2.87
>X3H + Na" = >X3Na + H* -8.86

Observations

From Nolin (1997)
The sum of the three site
concentrations (i.e. 0.89

mol/kg) is in good agreement
with the total measured CEC

(i.e. 0.88 mol/kg)

Table 1: Site concentrations and selectivity coefficients for the H/Na exchange reaction onto
Wyoming Na-montmorillonite. VValues proposed by Nolin (1997).
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Site types Site Observations
concentrations
(moI/kag)
Pure Na- >Xo 5.10° Obtained by fitting the
montmorillonite experimental data from
Baeyens and Bradbury (1997)
>Xy 0.387 Nolin (1997)
>Xy 0.361
>X3 0.139
Pech Rouge >Xo 5.10° Total site
soil X1 0387 concentrations=0.142 mol/kg;
zéz- 8‘223 In agreement with the
3 ' measured CEC (i.e. 0.141
mollkg)
Auby sediment >Xo 5.10” Total site
>X, 0.387 concentrations=0.198 mol/kg;
>X2- 0.361 .
>Xy 0.139 In agreement with the
measured CEC (i.e. 0.199
mol/kg)
N EEE————m—Mm§§°
lon-exchange reaction log K (25°C) |Observations
>XoH + Na*" = >XoNa + H” 5.1 Obtained by fitting the
experimental data from
Baeyens and Bradbury (1997)
>X;H + Na"=>X;Na + H" -0.32 Nolin (1997)
>X,H + Na" = >X;Na + H* -2.87
>X3H + Na" =>X3Na + H' -8.86
>2XoH + Zn®" = >(Xo),Zn + 2H* 2.5 Obtained by fitting the
>2X:H + Zn?* = >(X1),Zn + 2H* 0.13 experimental data from
>2X,H + Zn® = >(X,),Zn + 2HY -4.26 Baeyens and Bradbury (1997)
>2X3H + Zn?* = >(X3),Zn + 2H* -10.0

Table 2: Site concentrations and selectivity coefficients proposed in this study to interpret i)
experimental data reported by Baeyens and Bradbury (1997) concerning sorption of Zn(ll)
onto Wyoming Na-montmorillonite, and ii) sorption Zn(ll) isotherms obtained in this study
using Pech Rouge soil and Auby sediment.
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Figure captions:

Figure 1: Concentration of sodium sorbed onto Wyoming Na-montmorillonite as a function of
pH .Comparison between experimental results reported by Nolin (1997) and data
calculated from ion-exchange model using three major sites for sorption (see Table 1 for
parameters). 1=0.1 M NACIO L ...ccuviiiiiiiiice e 29

Figure 2: Logarithm of the distribution coefficients of Zn(ll) between Wyoming
montmorillonite and 0.1 M NaClO, solutions as a function of the aqueous zinc
concentration at equilibrium and for different pH (A: pH=5.6; B: pH=7.0). Symbols
refer to experimental measurements of Baeyens and Bradbury (1997), whereas curves
indicate ion-exchange modelling without considering site “0” (i.e. site having low
density and Strong affinity) .......cccooveiiiii e 30

Figure 3: Logarithm of the distribution coefficients of Zn(ll) between Wyoming
montmorillonite and 0.1 M NaClO,4 solutions as a function of the aqueous zinc
concentration at equilibrium and for different pH (A: pH=5.6; B: pH=7.0). Symbols refer
to experimental measurements of Baeyens and Bradbury (1997), whereas curves indicate
ion-exchange modelling which includes site “0”, the site having low density and strong
ATTINITY. bbbt et enes 31

Figure 4. Comparison between experimental Kd of Zn(ll), measured by Baeyens and
Bradbury (1997) onto a montmorillonite, and values predicted by ion-exchange
modelling versus pH. The model is presented in Table 2. 1=0.1 M NaClOg. ..........ccccuee.ee. 32

Figure 5: Logarithm of the distribution coefficient for zinc sorbed onto Pech Rouge soil as a
function of aqueous zinc concentrations in different background solutions. Experimental
data obtained at the end of the sorption stage (A). Comparison between data obtained at
the end of the sorption and desorption Stages (B) .....cccoveververeiiinieee e 33

Figure 6: Logarithm of the distribution coefficient for zinc sorbed onto Auby sediment as a
function of the aqueous zinc concentrations in different background solutions.................... 34

Figure 7: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(ll), as a function of the aqueous zinc concentration. Case of isotherms obtained
for the “Pech Rouge” soil in (A) 10% M NaCl (pH=7.9+0.1) and (B) 0.5 M NacCl
(PHTB.5E0.1) ettt bbbttt bbbt n s 35

Figure 8: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(ll), as a function of the aqueous zinc concentration. Case of isotherms obtained
with the “Pech Rouge” soil in 102 M CaSO4 (PH=7.7£0.1).....oveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeean, 36

Figure 9: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(ll), as a function of the aqueous zinc concentration. Case of isotherms obtained
with the “Auby” sediment in (A) 102 M NaCl (pH=7.8+0.1) and (B) 10% M CaSO,
(T A0 ) TS 37
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measurements of Baeyens and Bradbury (1997), whereas curves indicate ion-exchange
modelling which includes site “0”, the site having low density and strong affinity.
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Figure 4. Comparison between experimental Kd of Zn(ll), measured by Baeyens and
Bradbury (1997) onto a montmorillonite, and values predicted by ion-exchange modelling
versus pH. The model is presented in Table 2. 1=0.1 M NaClO,.
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A: Sorption onto Pech Rouge soil

—~ O
-
(@))
~
—1
s 4
@)
: i
N’
o ¢ 1=0.01 M NaCl (pH=7.9)
= W 1=0.5 M NaCl (pH=8.5)
o A 1=0.01 M CaSO4 (pH=7.7)
— 0 | | | —
10 -8 6 4 2

log [Zn(Il)]q. at equilibrium (mol/L)

B: Sorption and desorption onto Pech Rouge soil
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Figure 5: Logarithm of the distribution coefficient for zinc sorbed onto Pech Rouge soil as a
function of aqueous zinc concentrations in different background solutions. Experimental data
obtained at the end of the sorption stage (A). Comparison between data obtained at the end of
the sorption and desorption stages (B)

Field of Zn(Il) initial concentration is indicated by grey shaded zone on Fig. 5A.
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Auby sediment
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Figure 6: Logarithm of the distribution coefficient for zinc sorbed onto Auby sediment as a
function of the aqueous zinc concentrations in different background solutions.

Field of Zn(Il) initial concentration is indicated by grey shaded zone.
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A: Pech Rouge
soil -

102 M NaCl
(pH=7.9+0.1)

B: Pech Rouge
soil -

0.5 M NacCl
(pH=8.5+£0.1)
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Figure 7: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(ll), as a function of the aqueous zinc concentration. Case of isotherms obtained for the
“Pech Rouge” soil in (A) 10% M NaCl (pH=7.9+0.1) and (B) 0.5 M NaCl (pH=8.5+0.1)

Both graphs show the contribution of each site to the predicted sorption curve. On Figure B,
the prediction of the data by using the Bradbury and Baeyens (1997) model is shown.
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Figure 8: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(ll), as a function of the aqueous zinc concentration. Case of isotherms obtained with
the “Pech Rouge” soil in 102 M CaSO, (pH=7.7+0.1)

The graph shows the contribution of each site to the predicted sorption curve.

36



A: Auby ~ 8 |
sediment - _5437 . e.xpeorlment Trr.mdlel
10°MNaCl 5 6 S
(pH=7.8£0.1) £

g 4

©

Y 2 - N

o) 3

o

- O \ \ \

-10 -8 -6 -4
log [Zn(I1)],g. at equilibrium (mol/L)

B: Auby —~ 6 |
Sediment- 2 A periment ——mods
10°M CaSO, = = site 2 - -site 3
(pH=7.6+0.1) ~ 4 -

©

< 2

=

A’

COD O \ \ \

log [Zn(l1)],q. at equilibrium
(mol/L)

Figure 9: Comparison between measured (symbols) and predicted (continuous lines) Kd data
for Zn(l1), as a function of the aqueous zinc concentration. Case of isotherms obtained with
the “Auby” sediment in (A) 10% M NaCl (pH=7.8+0.1) and (B) 10 M CaSO, (pH=7.6+0.1).
Both graphs show the contribution of each site to the predicted sorption curve.
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Appendix A : Experimental protocol used to determine major sorption sites of a clay mineral
(from Gorgeon, 1994; Nolin, 1997; Gaucher, 1998 and Jacquier et al., 2004).

In addition to measuring the total cation exchange capacity of a clay mineral (i.e. CEC), we
can discriminate its major sites (i.e. site concentrations >10° mol/100g) by modelling the
adsorbed concentration of one major cation (i.e. Na* for example) as a function of pH. The
experimental curve is also called a “saturation curve”, since data are obtained for a homoionic
clay (i.e. Na-clay here) under saturated conditions, i.e. with a slight cation excess in solution
compared to the quantity sorbed onto the solid.

For Na" sorption, Wyoming Na-montmorillonite suspensions were prepared by dispersing 0.5
g of this standard clay in 20 mL of a solution containing 5.10" mol/L NaCl and 5.10° mol/L
HCI. Then, the pH was adjusted in each tube by adding appropriate amounts of 10 mol/L
NaOH within the pH range from 3 to 11. The suspensions were spiked with ?Na*, adding 500
uL of a neutral NaCl solution (5.10° mol/L) containing this isotope, and shaken for 24 h.
After centrifugation, the supernatants were filtered with 0.22-um pore-size membranes and
analysed by capillary electrophoresis (Capillary lon Analyser, Waters) to obtain Na* aqueous
concentration. ’Na* aqueous activity was determined by gamma counting (Compugamma,
LKB Wallac) and the pH was measured. The total concentration of adsorbed sodium is given

by:

o' |- 2 A Y na],

where Na+J is the total concentration of adsorbed sodium (mol.g™ of solid), [Na+Lq. is the

aqueous concentration of sodium in the supernatant at equilibrium, A is the initial activity of
Na* (Bq) in solution before sorption, A is the activity of ?Na* in the supernatant at
equilibrium (Bq), V is the volume of the solution and m the dry weight (60°C) of the
montmorillonite (g).

Concerning sorption of Na* onto Wyoming Na-montmorillonite under saturation conditions,
Figure 1 reports experimental data obtained by Nolin (1997) using this method, plotted in
terms of adsorbed concentration of sodium versus pH (I=0.1 M NaClO,). Then, the data are
interpreted by the ion-exchange formalism to obtain both concentrations of major sites and
corresponding ion-exchange constants (i.e. Kyna in this case).
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Appendix B: Thermodynamic constants reported from Pivovarov (2005) and used for
calculating the aqueous speciation of zinc. Other constants used for speciation calculations are

those of the default Phreeqc2® data base (i.e. SUPCRT92 from Johnson et al., 1992) and are
not reported here.

Equilibrium log K (25°C) @
Zn”* + OH = ZnOH" 4.95
Zn** + 20H = Zn(OH)z(aq) 9.94
Zn°* + 30H = Zn(OH)s’ 13.6
Zn”* + CI = znClI* -0.3
Zn** + 2CI" = ZnClygaq) 0.0
Zn”* + HCO3 = ZnHCO5" 1.1
Zn** + CO53” = ZnCOs(aq) 4.7
Zn“* + 2C05” = Zn(CO3),” 6.9
Zn”* + CO3” = ZnCOs (smithsonite) 10.79
Zn** + 20H" = Zn(OH)a( (“hydroxyde™) 16.37
@ From Pivovarov (2005)
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