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Abstract 

Multi-site ion exchange modelling permits describing the different adsorption behaviour of 

cations onto clay minerals. Considering several adsorption sites in the clay minerals’ 

structure allows accurately representing the overall variations of adsorption behaviours. For 

a wider applicability in soils and sediments, it appears necessary to build a coherent 

thermodynamic adsorption database for radionuclides. 90Sr and 134,137Cs are major 

radionuclides to be considered in the case of nuclear accidents, but thermodynamic data on 

their adsorption on purified smectites are scarce. Therefore, a detailed study to determine 

Sr2+ and Cs+ adsorption parameter on smectite seems necessary. To provide this kind of 

information, this study is proposing multi-site ion exchange modelling of the adsorption of 

Sr2+ and Cs+ onto a pure Na-MX80 montmorillonite. The intrinsic parameters—site 

concentration and corrected selectivity coefficient for the Na+/H+ exchange—were first fitted 

using an already available Na saturation curve of a purified smectite. The adsorption of Sr2+ 

and Cs+ on a purified Na-MX80 bentonite was explored, including a kinetic study for Sr, as a 

function of pH and equilibrium concentration. The isotherms were modelled to determine 

the corrected selectivity coefficients for the 2Na+/Sr2+ and Na+/Cs+ exchange reactions. This 

study provides a part of a wider databasis that is currently under construction, which can be 

used to predict the adsorption of Sr and Cs in soils and sediments. 

http://doi.org/10.1016/j.apgeochem.2017.10.022
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1. Introduction 

With the use and development of nuclear energy, the knowledge of the behaviour of the 235U 

daughters in the environment is essential and has widely been studied. 90Sr and 137Cs, with 

half-lives of 29 and 30 years, respectively, are amongst the major by-products from the 

fission of 235U (England and Rider, 1993). These isotopes were spread in the environment 

after the fall-out of the different nuclear weapon detonations, and after the nuclear accidents 

at Chernobyl (IAEA, 2006) and Fukushima-Daiichi (Sahoo et al., 2016). Because of its capacity 

to substitute with calcium in the food chain, 90Sr can disturb ecological systems (Comar et al., 

1957). Concerning 137Cs, it is considered as a dangerous element because its high sol to plant 

transfer and radioactive decay includes 137Ba and its gamma radiation. 

Strontium and caesium are known to be greatly adsorbed onto soils, more specifically by clay 

minerals as illite (Bilgin et al., 2001) or kaolinite (Erten et al., 1988; Galamboš et al., 2013). If 

illite and vermiculite are known to be the strongest adsorbents for caesium, particularly due 

to the presence of the low concentration of high affinity frayed edge sites (Brouwer et al., 

1983; Dzene et al., 2015; Sawhney, 1972), montmorillonite could also play an important role 

in the adsorption of Sr and Cs due to its high cationic exchange capacity (CEC). 

The study of the adsorption behaviour of Sr onto pure Na-montmorillonite has been mainly 

led on smectite-rich soils (Galamboš et al., 2010; Kasar et al., 2014) or non-purified bentonite 

(Wang et al., 2004). Studies on purified smectite remain scarce in the literature. Missana and 

García-Gutiérrez (2007) have worked on a purified Na-FEBEX bentonite, which contains 

illite-smectite interstratified layers that provide specific fixation sites for Cs+ or K+. Thereby, 

FEBEX bentonite cannot be considered as a pure smectite. Nevertheless, the similarity of the 

adsorption behaviour of Sr onto illite and smectite (Missana et al., 2008) could permit 

comparing these results with those obtained on purified smectite. 

Only a few papers deal with Cs adsorption onto pure Na-montmorillonite. As for Sr, most of 

these works deal with smectite-rich soils (Vejsada et al., 2005), non-purified (Galamboš et al., 

2010; Montavon et al., 2006; Wang et al., 2010) or not mono-ionic conditioned bentonite (Wu 

et al., 2009). Gorgeon (1994) reported trace Cs+ adsorption onto a pure Na-saturated 

Wyoming montmorillonite in 1 mol per kg of water (mol.kgw-1) NaCl. As the ionic strength is 

well outside the validity domain of the Davies (1962) equation, they will not be included in 

our discussion. As the specific interaction parameter (Cs+,Cl-) is not available, and in view of 

the specific log10±,CsCl vs. mCsCl variation (Hamer and Wu, 1972), a complete refitting using 

the specific interaction theory (Ciavatta, 1980) would be necessary, which is out of the 

framework of this study. This data can only be used as qualitative comparison. Missana et al. 

(2014a) studied the adsorption of caesium onto an Na-FEBEX bentonite, which carries a 

significant part of interstratified illite-smectite (vide ante). The illite part from these 

interstratified is well known to show specific adsorption behaviour towards Cs+ partly due 

to the FES. As explained in Ogasawara et al. (2013), even a slight proportion of illite in clay 

minerals tends to drive the adsorption of Cs+ at trace level and prevents the direct 
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comparison between the results of Missana et al. (2014a) with results that could be obtained 

on purified smectite. Even at high concentration of Cs, illite could dominates the adsorption, 

as shown by Missana et al. (2014b) in San Juan clay (illite, smectite, kaolinite mixture). 

The adsorption onto bentonite, as for many clay minerals (Carroll, 1959), is mainly controlled 

by an ion-exchange mechanism. Semi-empirical approaches of these adsorption mechanisms 

onto bentonite were used (Dyer et al., 2000; Guimarães et al., 2015; Mahoney and Langmuir, 

1991; Rafferty et al., 1981; Shaban and Macášek, 1998), but few works used a mechanistic, or 

semi-mechanistic, approach. Bradbury and Baeyens (1999) have developed a model based 

on a mechanistic description of the cation adsorption between a clay minerals and a liquid 

phase—namely the two-site protolysis non-electrostatic surface complexation and cation 

exchange model or 2SPNE SC/CE. This model is combining both cation exchange reactions 

based on the Gaines and Thomas (1953) formalism—with no account for the Na+/H+ 

exchange—, and non-electrostatic surface complexation terms. Missana et al. (2008) applied 

a model derived from 2SPNE-SC/CE to study the adsorption of Sr2+ onto illite, smectite, and 

illite/smectite mixtures. This approach allows representing the global adsorption behaviour. 

Within the framework of this model, the pH dependency is given by the adsorption on edge 

sites >S-OH—either silanol or aluminols sites. Adsorption onto cation exchange sites is not 

pH dependent. Conversely, adsorption of electrolyte cations only occurs on cation exchange 

sites. From their basic hypotheses these models do not allow modelling the saturation of a 

homo-ionic exchanger by a major cation, e.g. the Na+/H+ exchange all over the pH range. 

Conversely, within the multi-site ion exchange modelling framework the Na+/H+ exchange is 

considered intrinsically, as well as the exchange between a metal cation and Na+ or H+ 

exchange (Gaucher, 1998; Gorgeon, 1994; Motellier et al., 2003; Nolin, 1997; Peynet, 2003; 

Reinoso-Maset and Ly, 2014; Stammose et al., 1992). 

In this study, a multi-site ion exchange modelling has been used. This model is based on the 

ion exchange theory (Tremillon, 1965) and has been developed to represent the adsorption 

processes on clay minerals (Gaucher, 1998; Gorgeon, 1994; Motellier et al., 2003; Nolin, 

1997; Peynet, 2003; Reinoso-Maset and Ly, 2014; Stammose et al., 1992), mixtures of 

minerals (Peynet, 2003), or soils (Jacquier et al., 2004). The model does not aim to describe 

clay minerals at the microscopic scale—nature of adsorption sites, particularly affectation of 

sites defined by the model to the FES sites, surface charge, etc.—but takes into account the 

adsorption behaviour of major and trace elements in order to represent clay mineral 

characteristics. The model considers clay minerals as multi-site ion exchangers that bear 

negative adsorption sites (Xi
−) in contact with the solution. The exchanger(s) and the aqueous 

solution are considered as non-miscible phases. Each site i can potentially adsorb any cation. 

It is defined by a site concentration (SCi in mmol per g of exchanger), and a corrected—of 

adsorbed species activity coefficient—selectivity coefficient for the exchange reaction 

between cations, e.g. KNa+/H+
∗i  for the Na+/H+ exchange. 
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This approach requires a careful and thorough characterisation of adsorption. First, the ion 

exchange properties (SCi and corrected selectivity coefficients) have to be measured in a wide 

parametric domain of pH, ionic strength, and metal concentration (Jacquier et al., 2004; 

Motellier et al., 2003; Reinoso-Maset and Ly, 2014; Robin et al., 2015; Stammose et al., 1992), 

forming a coherent thermodynamic database for adsorption. All the exchange properties are 

experimentally measurable with adsorption isotherms. Afterwards, these properties can be 

used to study the metal adsorption (Tertre et al., 2009), or diffusion (Lu et al., 2014; Savoye 

et al., 2012), in different mineral contexts. 

In order to continue building a coherent database, including Sr and Cs, and in light of the few 

amount of data on the adsorption of these cations onto pure smectite, the aim of this paper is 

first to ascertain the exchange properties of smectite—SCi and corrected selectivity 

coefficient for the Na+/H+ exchange—, and second to acquire experimental data on the 

adsorption of Sr2+ and Cs+ on a homo-ionic pure smectite—here the MX80 bentonite—as a 

function of pH, ionic strength, and initial concentration of cations. Then, the isotherms will 

be fitted using multi-site ion exchange modelling to determine the corrected selectivity 

coefficients for the 2Na+/Sr2+ and Na+/Cs+ exchange reactions. The overall objective is to 

propose a coherent set of data for describing the adsorption behaviour of Na+, H+, Sr2+, and 

Cs+ on a pure smectite. This set of data could then be used to predict the adsorption of Sr and 

Cs in Na-rich soils. 

2. Materials and methods 

2.1. Materials 

Wyoming MX80 bentonite was used as the adsorbent. It was purified to keep only the 

montmorillonite part, and conditioned under Na-saturated form following protocols in 

Gaucher (1998) and Peynet (2003). The organic matter potentially present in the material 

was removed using H2O2 at 80 °C, and calcite was dissolved using 0.1 M HCl solution. The 

montmorillonite was Na-conditioned by several washings using a 1 M NaCl solution. The 

reported CEC for the MX80 varies from 0.71 to 1.03 mmol.g-1 (Alonso and Ledesma, 2005; 

Karnland, 2010; Meier, 1999). This value depends upon the measurement protocol or the 

sample purity. A CEC of 1.03 mmol.g-1 was measured for this MX80, extracting all 

exchangeable cations with a KCl solution at pH ca. 10 (KOH). Supernatant was removed and 

the MX80 was washed with milli-Q water, then with ethanol. The adsorbed K+ cations were 

extracted with a CsCl solution, and analysed by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). This high CEC value tends to confirm the high purity of the 

montmorillonite extracted from the MX80 bentonite. The purity was also confirmed by X-ray 

crystallography (XRG 3000, Inel)—see Fig. A1 of the Appendices. Moreover, the material only 

presents traces of exchangeable K and Mg (less than 1%) and is Na-saturated. 

The chemicals used were at least of analytical grade. Stable Sr solutions were prepared from 

a SrCl26H2O salt (99.995% trace metals basis, Sigma Aldrich). Stable Cs solutions were from 
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CsCl (99.999% trace metals basis, Sigma Aldrich). 85Sr and 137Cs solutions were obtained 

from Cerca LEA. Ionic strength was fixed using NaCl (Analar Normapur, VWR). 

2.2. Adsorption experiments 

2.2.1. Experimental protocols 

All experiments were performed by batch method at room temperature (22 ± 2°C) with the 

same 3.8 g.L-1 solid/solution ratio. Polycarbonate Nalgene centrifuge tube (10 mL, 3138-

0010, Thermo Scientific) were used. All the solutions and suspensions were made by 

weighing. 

In all experiments the MX80 bentonite was first equilibrated under agitation with the NaCl 

electrolyte for 24 h. The pH values were adjusted with 1, 0.1 or 0.01 mol.kgw-1 solutions of 

HCl or NaOH, and suspension were left under agitation for 24 h. A total concentration of 

stable strontium—1.5 10-5 mol.kgw-1 of SrCl2 for the kinetic experiment, 10-6 mol.kgw-1 for the 

adsorption of Sr vs. pH, and from 10-2 to 10-7 mol.kgw-1 for the adsorption of Sr as a function 

of the concentration—or Cs (10-7 mol.kgw-1) was added from the stock solution, and the 

suspensions were then spiked with 85Sr or 137Cs (ca. 3,000 Bq) and left under agitation—1 

day for Sr studies and 2 days for Cs study from the kinetic experiment, vide infra. Finally, the 

suspensions were ultra-centrifuged (70.1 Ti Rotor, Optima LE-80R, Beckman) during 30 

minutes at 9,000 g; 1 mL aliquots of the supernatant were collected, and activity was counted 

by gamma spectrometry. 

A set of kinetic experiments was also prepared without the 85Sr spiking. Mixtures were left 

under agitation from 0 to 4 days and the equilibrium concentrations were analysed by ICP-

AES. 

The initial activities in the spiked experiments were determined using a blank procedure – 

same protocol but without Na-MX80 montmorillonite in batches. The partition coefficients 

RD (L.kg-1) were calculated using: 

𝑅𝐷 = (
𝐶°

𝐶𝑒𝑞
− 1) .

𝑉

𝑚
 (1)  

where C° and Ceq are respectively the initial and equilibrium concentrations (kinetic 

experiments) or activities (pH and concentration isotherms) of either Sr or Cs, V is the total 

volume of solution (L) and m is the total dry mass of solid phase (kg). 

2.2.2. Analytical methods 

The aqueous concentrations of inactive Sr and Na in solutions were measured by ICP-AES 

(Activa, Horiba Jobin Yvon). Samples were diluted with 2% sub-boiling HNO3 (DuoPur, 

Milestone). Measurements were made with five points calibration curves at 407.771 nm for 

strontium and 589.592 nm for sodium. The aqueous concentrations of inactive Cs in solution 
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were determined by inductively coupled plasma mass spectrometry (ICP-MS, Element 2, 

Thermo Scientific). 

Supernatant activities of 85Sr and 137Cs were determined after sampling of 1 mL aliquots 

using a gamma counter (1480 Wizard 3, Perkin Elmer). The pH values were measured with 

a combined microelectrode (pH InLab, Mettler Toledo) by redetermination of the 

potential/pH plot of the electrode, and by calculating the value of the solutions from their 

potentials (buffer solutions 4.01, 7.00, 9.18, Merck). Uncertainties from the linear regression 

are typically in the range of 0.05 units of pH. 

2.3. Modelling 

The competitive adsorption onto clays is described by a multi-site ion exchange model. This 

model is detailed in the Appendices and only the main expressions are recalled here without 

demonstration. First, the adsorption of major cations—Na+ in this study—is studied vs. pH 

on a homoionic conditioned montmorillonite under Na-saturation conditions. The evolution 

of the retention of Na+ as a function of pH is measured in order to describe the exchanger in 

terms of site concentrations and corrected selectivity coefficients for Na+/H+ exchange 

(KNa+/H+
∗i ). In an aqueous solution containing only Na+ and H+, the equilibrium of a given 

negatively charge type of site Xi
− saturated with Na+ from the montmorillonite with the 

solution is described by the following equilibrium. 

Xi
− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + H+ ⇄  Xi

− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + Na+ 

The corresponding corrected selectivity coefficient of this equilibrium can be written as, 

KNa+/H+
∗i =

[Xi
− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]. [Na+]

[Xi
− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]. [H+]

×
γNa+

γH+
 (2)  

where [ ] is the solution (mol.kg-1 of water) concentration, [ ]̅ is the adsorbed concentration 

(mol.kg-1 of solid) of species, and  are the activity coefficient of aqueous species—calculated 

here using Davies (1962) equation. 

Each type of site i is also described by a site concentration SCi in mol.kg-1 of solid. The sum of 

the SCi is equal to the sum of all the adsorbed species concentrations. 

SCi =  [Xi
− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅] + [Xi

− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] (3)  

The methodology to study the saturation of an exchanger with a major cation is detailed 

elsewhere (Motellier et al., 2003; Reinoso-Maset and Ly, 2014; Stammose et al., 1992). 

To determine the corrected selectivity coefficients for the exchange between the trace (Cs+ 

and Sr2+) and major (Na+) cations, the retention is studied on a homoionic sodic conditioned 

montmorillonite vs. the solution pH and the equilibrium concentration of the trace cation. 
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The corrected selectivity coefficient of a cation Mm+ with regards to Na+ can be written as 

follows. 

KmNa+/Mm+
∗i =

[(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]. [Na+]m.  γNa+

m

[Xi
− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]

m
. [Mm+]. γMm+

 (4)  

Determining [(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] permits calculating the experimental partition coefficient using 

the following expression. 

𝑅𝐷 =
[M̅]

[𝑀]
=

∑ [(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]𝑖

[𝑀]
 (5)  

The methodology to study the adsorption of a trace element onto a homo-ionic exchanger is 

also detailed elsewhere (Jacquier et al., 2004; Tertre et al., 2009). 

The different site concentrations and corrected selectivity coefficients were obtained fitting 

the theoretical expression to the experimental data using the MS Excel Solver. The 

uncertainties of these parameters were obtained using the SolverAid macro from De Levie 

(2004). 

3. Results and discussion 

3.1. Preliminary remarks 

In this study, MX80 bentonite was supposed to be fully Na-saturated. Despite their possible 

interactions in the adsorption process, other exchangeable cation, e.g. Ca2+ and K+ present in 

the exchanger (cf. § 2.1), were neglected. Their trace level concentrations were supposed to 

be low enough not to interfere in experimental results. Furthermore, the possible dissolution 

of smectite was not considered either. It is known that pH < 4 or pH > 10 the dissolution of 

clay minerals can be important (Amram and Ganor, 2005; Bradbury and Baeyens, 1997). The 

dissolution can lead to a release of aluminium, silicon, iron, and other structural cations as K+ 

and Mg2+. The release of these ions—mainly Al(OH)n(3-n)+ or Fe(OH)n(3-n)+—could compete 

with the adsorption of Sr2+ and Cs+ in MX80. Then, the account of these phenomena is very 

difficult to manage, see e.g. Bradbury and Baeyens (2005). Hence, one must not forget that 

these phenomena are intrinsically included into the corrected selectivity coefficients. The 

deconvolution of these phenomena would require a dedicated study of the clay minerals’ 

structure with pH, and according modifications of the exchangers. 

3.2. Selection of the adsorption parameters of the exchanger 

The initial parameters of the exchanger (SCi and log10KNa+/H+
∗i ) are determined by fitting the 

saturation curve of a homo-ionic Na-exchanger at varying pH. The saturation of a 

montmorillonite with Na+ has been already studied by Gorgeon (1994), Nolin (1997), and 

Peynet (2003): Gorgeon (1994) considered only one major site S1 with a concentration of 

0.422 mmol.g-1; Peynet (2003) reported two major sites (Σ SCi = 0.605 mmol.g-1); and Nolin 
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(1997) proposed three sites (Σ SCi = 0.886 mmol.g-1). The saturation study from Nolin (1997) 

is the only one that reached a total site concentration close to the typical montmorillonite 

CEC (Bradbury and Baeyens, 1997; Staunton and Roubaud, 1997). The montmorillonite used 

by Gorgeon (1994) was not completely saturated with Na+ and bared remaining Ca2+. It has 

been reported by Nolin (1997), and resumed by Tertre et al. (2009), that the remaining Ca2+ 

could compete with the adsorption of Na+ and distort the Na saturation curve. Compared to 

Gorgeon (1994) and Nolin (1997), the montmorillonite from Peynet (2003) was less pure, 

i.e., 80% for Peynet (2003), 98% for Gorgeon (1994), and 96% for Nolin (1997). Thus, the 

saturation curve obtained by Nolin (1997) was chosen and reinterpreted in the framework 

of the multi-site ion exchange model, as done by others authors (Lu et al., 2014; Robin et al., 

2015; Savoye et al., 2015; Tertre et al., 2009; Tertre et al., 2011; Tertre et al., 2013). 

The saturation curve obtained by Nolin (1997) is presented in Fig. 1. The adsorbed 

concentration of Na+ is increasing with pH until 4.5. Then, the adsorption remains practically 

constant until another increase at pH 9.5. From this saturation curve, three waves are 

observable. These waves can represent the saturation of the different fixation sites of the 

exchanger. As previously explained, in the pH range 2-4, the low adsorption of Na+ is possibly 

due to the competition with H+ but also with other cations released from the smectite 

dissolution. 

 

Fig. 1. Modelling of the saturation of a montmorillonite with Na+ vs. pH at constant I = 0.02 M 

(NaClO4) and solid/liquid ratio (S/L) of 8 g.L-1, and modelling (plain line) with sites S1 (dotted 

line), S2 (dotted line), and S3 (dash-dotted line) from Nolin (1997). 
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Nolin (1997) calculated the corrected selectivity coefficients for the Na+/H+ exchange for his 

smectite, but the reported uncertainties were unexpectedly high (> 40% relative 

uncertainty) compared to the correlation with the saturation curve. As the fitting protocol of 

log10KNa+/H+
∗i  and uncertainties estimations were not given, we propose a new fitting of these 

data in Fig. 1. The site concentrations from Nolin (1997) and the obtained log10KNa+/H+
∗i  are 

summarized in Table 1. The sum of SCi is supposed to be close to the CEC, but in this particular 

case, the ΣSCi is lower than the measured CEC for the MX80. Dissimilarities in used 

materials—SWy-1 in Nolin (1997) vs. MX80 in this study—could explain the differences. 

With the aim of proposing a general database for montmorillonite, the value of 0.886 mmol.g-

1 seems in good agreement with those proposed by different authors for a Wyoming 

montmorillonite (Bradbury and Baeyens, 1997; Staunton and Roubaud, 1997). 

Table 1. Site concentrations and corrected selectivity coefficients for the Na+/H+ exchange onto 

a montmorillonite. 

Site SCi (mmol.g-1) 
ΣSCi (mmol.g-

1) 
log10𝑲𝐍𝐚+/𝐇+

∗𝒊  

S1 0.387 ± 0.038a  0.24 ± 0.04 
S2 0.361 ± 0.068a 0.887 2.62 ± 0.08 

S3 0.139 ± 0.092a  8.45 ± 0.18 
a site concentrations taken from Nolin (1997) 
 

3.3. Strontium adsorption 

Multiple facets of the strontium adsorption onto the Na-saturated MX80 montmorillonite 

were explored in this study. The kinetics of adsorption has been examined to determine the 

necessary equilibrium time. The adsorption behaviour of Sr2+ as a function of the equilibrium 

pH and the Sr concentrations were studied building adsorption isotherms. The role of the 

ionic strength was also examined. With the aim of building a coherent set of data, all corrected 

selectivity coefficients of the 2Na+/Sr2+ exchange reactions were adjusted to match the 

adsorption isotherms as a function of the equilibrium pH, ionic strength, and the Sr 

concentration. 

The Sr2+ cation is the main Sr specie in solution in all these experiments—SrCl+ represents 

3% (I = 0.15 M), 2% (I = 0.1 M) and 1% (I = 0.05 M) of the dissolved species (Sverjensky et 

al., 1997), and SrOH+ is not significantly present in solution below pH 10 (Shock et al., 1997). 

Nevertheless, all the speciation effects are taken into consideration in the modelling (cf. 

Appendix B.2) 

3.3.1. Kinetic experiments 

Fig. 2 shows the adsorption kinetics (RD as a function of the contact time) of Sr onto the Na-

MX80. The equilibrium is reached within minutes. The RD value is constant all through the 

experiment with an average value of RD = (192 ± 35) L.kg-1. 
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In similar experiments Galamboš et al. (2013) have studied the kinetic of adsorption of Sr2+ 

onto three different bentonite samples. They showed that the equilibrium was achieved 

within 10 seconds, and the adsorption remained constant during at least 10 days, which is in 

agreement with our results. In our case, the final equilibrium time between bentonite/NaCl 

mixture and the strontium solution was set at 12 hours to be sure to achieve the equilibrium. 

 

Fig. 2. Kinetic study of the adsorption at [Sr]total = 1.5 10-5 mol.kgw-1, pH = 7, I = 0.1 mol.kgw-1 

(NaCl) and S/L = 3.8 g.L-1—time 0 is corresponding to the centrifugation time (30 min) without 

prior agitation. 

3.3.2. Adsorption experiments and modelling 

Fig. 3 shows the adsorption isotherm of Sr vs. pH onto the Na-MX80 at two ionic strengths, 

i.e. I = 0.1 (Fig. 3a) and 0.05 (Fig. 3c) mol.kgw-1 (NaCl). The contributions of the different 

adsorption sites are also represented. At I = 0.1 mol.kgw-1, the adsorption steadily increases 

with pH. At I = 0.05 mol.kgw-1, the evolution of RD is also influenced by pH. The RD increases 

gradually up to pH 7 then reaches a plateau. It is worthy to note that Sr adsorption is 

decreasing with increasing ionic strength as expected for an ion exchange mechanism. 
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Fig. 3. Adsorption isotherms of [Sr]total = 10-6 mol.kgw-1 as a function of pH, and comparison of 

experimental with modelling results at S/L = 3.8 g.L-1 and I = 0.1 mol.kgw-1 (NaCl) (a, b) and I = 

0.05 mol.kgw-1 (NaCl) (c, d); representation of the contribution of the differents fixation sites, S1 

in dotted lines, S2 in dashed lines, and S3 in dash-dotted lines. 

The concentration isotherm as a function of the equilibrium concentration at 0.15 mol.kgw-1 

NaCl and fixed pH = 6.6 is shown in Fig. 4a. Strontium adsorption weakly depends on initial 

concentrations and does not seem to present any specific behaviour. The isotherm is nearly 

linear in the range [Sr]eq = 10-7 – 10-4 mol.kgw-1 (log10RD = 2.1) then decreases at the highest 

concentrations, due to the saturation of the clay mineral. 
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Fig. 4. Adsorption isotherm in concentration of Sr on MX80 bentonite at I = 0.15 mol.kgw-1 

(NaCl), pH = 6.6 and and S/L = 3.8 g.L-1, and representation of the influence of the differents 

exchange sites (a)—the S3 site does not appear onto the isotherm because of its minor 

contribution—; and comparison of the experimental with the modelling results (b). 
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The site concentrations from Nolin (1997) and log10KNa+/H+
∗i  in Table 1 were chosen to 

interpret the isotherms. The log10K2Na+/Sr2+
∗i  values were adjusted to fit the calculated log10RD 

values to the experimental ones. 

Table 2. Obtained parameters of the corrected selectivity coefficients for 2Na+/Sr2+ and Na+/Cs+ 

exchange. Values from Missana and García-Gutiérrez (2007) are recalculated within the 

framework of the multi-site ion exchange model (see Appendices for details). 

References  SCi (mmol.g-1) ΣSCi (mmol.g-1) 𝐥𝐨𝐠𝟏𝟎𝐊
𝟐𝐍𝐚+/𝐒𝐫𝟐+
∗𝐢  𝐥𝐨𝐠𝟏𝟎𝐊𝐍𝐚+/𝐂𝐬+

∗𝐢  

This study 

S1 0.387 ± 0.038a 

0.886 

0.73 ± 0.03 1.57 ± 0.02 

S2 0.361 ± 0.068a 1.00 ± 0.03 0.98 ± 0.13 

S3 0.139 ± 0.092a 2.92 ± 0.08 0.69 ± 0.32 

Missana and 
García-

Gutiérrez 
(2007) 

S1 

1.02 

0.77 

 S2 0.80 

S3 1.22 

a values from Nolin (1997) 

Modelling of strontium adsorption is represented in Fig. 3 and Fig. 4. The modelling 

represents satisfactorily the pH isotherms at I = 0.1 mol.kgw-1 (r² = 0.82) and at I = 0.05 

mol.kgw-1 (r² = 0.90), and the concentration isotherm (r² = 0.86). As the modelling strongly 

depends on the initial parameters used (SCi and KNa+/H+
i ), modelling results cannot be 

improved without modifying these initial parameters. The choice of adjusting simultaneously 

all isotherms constrained the modelling, but enhances its applicability at different ionic 

strengths. For each isotherm, by using the previously discussed initial parameters, it appears 

that only the first two sites would be influent to describe Sr adsorption in the pH range 2.5-

9, and in the Sr concentration range 10-7-10-2 mol.kgw-1 at pH 6.6. 

The obtained corrected selectivity coefficients for the 2Na+/Sr2+ exchange can be compared 

with existing literature. Missana and García-Gutiérrez (2007) studied the adsorption of Sr 

onto a FEBEX bentonite at different ionic strengths. These experiments were described using 

a model derived from the one proposed by Bradbury and Baeyens (1999). At I = 0.05 and 0.1 

mol.kgw-1 Missana and García-Gutiérrez (2007) obtained slightly higher log10RD values 

compared to our study—log10RD (0.1 M) = 2.16 and log10RD (0.05 M) = 2.82 for Missana and 

García-Gutiérrez (2007) against log10RD (0.1 mol.kgw-1) = 2.12 and log10RD (0.05 mol.kgw-1) = 

2.66 at pH 7 for this study. Nevertheless, they obtained a log10K2Na+/Sr2+  of 0.66. Despite the 

fact that they used a different model, it is possible to compare their selectivity coefficient with 
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the ones obtained here.  If the selectivity coefficients from Missana and García-Gutiérrez 

(2007) are transformed according to our multi-site formalism—see Appendices for details—

, the parameters are comparable (cf. Table 2), except for S3. As this transformation implies 

the site concentrations, and as Missana and García-Gutiérrez (2007) have used a bentonite 

with a CEC higher than our sum of site concentrations, this transformation only serves to 

compare the orders of magnitude. 

As mentioned in the introduction, the slight difference in parameters can come from the 

bentonite used by Missana and García-Gutiérrez (2007), as the FEBEX bentonite includes a 

significant part of illite-smectite mixed layers, and as illite and smectite have comparable but 

yet different selectivity for Sr (Missana et al., 2004). The differences in the selectivity 

coefficients could also arise from the intrinsic properties of used bentonites, as their specific 

surface areas. 

3.4. Caesium adsorption 

The adsorption behaviour of caesium was explored as a function of pH to determine the 

corrected selectivity coefficients KNa+/Cs+
∗i . The adsorption of Cs+ onto montmorillonite seems 

to quickly reach the equilibrium according to Wu et al. (2009) who reported that the 

adsorption equilibrium of Cs onto montmorillonite mineral is achieved after 5 minutes of 

contact time. Therefore, the adsorption kinetics has not been explored in this study. The 

equilibrium time used was the same as for Sr. 

The adsorption of caesium onto the Na-MX80 at I = 0.1 mol.kgw-1 (NaCl) and its modelling are 

shown in Fig. 5. As for Sr2+, the Cs+ adsorption is weakly dependent on the equilibrium pH. 

The adsorption increases up to pH 5, then seems to stay constant. The log10RD value at this 

plateau seems slightly greater than for Sr2+, i.e., ca. 2.30 for Cs+ and 2.10 for Sr2+. Site 

concentrations from Nolin (1997) and corrected selectivity coefficients for the Na+/H+ 

exchange in Table 2 were used to model the isotherm and to determine the corrected 

selectivity coefficients of the Na+/Cs+ exchange. Due to the weak variation in adsorption, the 

S1 and S2 sites seem to mainly drive the variation of Cs+ adsorption in the pH range, while the 

S3 site is only needed at high pH and does not greatly contribute to the representation of the 

adsorption behaviour. This phenomenon explains the high uncertainty of log10KNa+/Cs+
∗3  

(around 50%). 
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Fig. 5. Adsorption isotherms of [Cs]i = 10-7 mol.kgw-1 vs. pH at I = 0.1 mol.kgw-1 (NaCl) and S/L = 

3.8 g.L-1 on a Na-MX80 bentonite and representation of the contribution of the different fixation 

sites (a) and comparison of the experimental to the modelling results  (b). 

As explained earlier, the great variability of protocol in the literature on the adsorption of Cs 

onto montmorillonite impedes comparisons between the different results obtained onto 
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non-purified or not Na-conditioned bentonite (Galamboš et al., 2010; Montavon et al., 2006; 

Vejsada et al., 2005; Wang et al., 2010). Only Missana et al. (2014a) used a purified Na-

conditioned bentonite, but the significant part of interstratified smectite/illite from this 

bentonite prevents the comparison with our study owing to the very strong and specific 

adsorption behaviour of caesium onto illite (Ogasawara et al., 2013). This could explain the 

difference in log10KD between Missana et al. (2014a)—log10KD viz. 3.2 at Ceq ≈ 10-7 M, I = 0.1 

M NaClO4 and pH 6.5—and the log10KD = 2.3 in Fig. 5a. 

4. Conclusions 

The adsorption behaviour of Sr and Cs on a purified Na-MX80 bentonite was studied, with 

the objective to determine the corrected selectivity coefficients of the 2Na+/Sr2+ and Na+/Cs+ 

exchanges using the multi-site ion exchange formalism. The site repartitions and 

concentrations of the Na-MX80 montmorillonite were taken from literature (Nolin, 1997), 

and corrected selectivity coefficients for the Na+/H+ exchange were obtained from a new fit. 

The corrected selectivity coefficients K2Na+/Sr2+
∗i  and KNa+/Cs+

∗i  were obtained from newly 

acquired pH and concentration isotherms onto an Na-MX80 montmorillonite, in coherence 

with the site capacities determined by Nolin (1997), and corrected selectivity coefficient 

KNa+/H+
∗i fitted in this study. 

Some parameters were neglected in this work; traces of exchangeable cations still remains 

in the Na-MX80. Their concentrations were supposed low enough not to impact the 

adsorption of H+, Na+, Cs+, and Sr2+. Moreover, the possible dissolution of smectite at acidic 

or alkaline pH—leading to a release of exchangeable cation K+, Mg2+, Al3+, etc.—was not taken 

into account. These phenomena may affect the adsorption behaviour in different ways: (i) 

decrease of the fixation sites concentrations; (ii) modification of the clay minerals structure; 

and (iii) adsorption competition between the different cations. One can come to the 

conclusion that these three phenomena are contained—and not directly expressed—in the 

corrected selectivity coefficients. Thus, obtained experimental points and associated 

modelling at pH below 4 and above 10 could be taken with caution, and a more dedicated 

study on the account of the clay dissolution, and hence of exchanger properties modifications 

at low and high pH, could be needed. 

Nonetheless, this study can serve as a part of a thermodynamic adsorption database to 

predict the adsorption of radionuclides, including Sr2+ and Cs+, onto mixtures of clay 

minerals. The inclusion of Ca2+ and K+ as other major cations in clayey environments will be 

the next step to more fully describe the adsorption behaviour of these radionuclides onto 

soils or sediments. 
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Appendices 

The appendices contain the XRD diffractogram of the purified Na-MX80 and the development 

of the modelling formalism. 

A. XRD diffractogram of Na-MX80 

 

Fig. A1. XRD powder diffractogram of the purified Na-MX80 

B. Modelling formalism 

B.1 Saturation curves 

The competitive adsorption onto clays is described by a multi-site ion exchange model. The 

exchange reaction between Na+ and H+ in a Na-saturated exchanger can be expressed as 

follows, where Xi
− is a given type of negatively charged site i, 

Xi
− − 𝑁𝑎+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + H+ = Xi

− − 𝐻+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑁𝑎+ (B1)  

with the corresponding equilibrium constant, 

KNa+/H+
i =

[Xi
− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]. [Na+]

[Xi
− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]. [H+]

×
γNa+

γH+
×

(𝑓Xi
−−𝐻+)

(𝑓Xi
−−𝑁𝑎+)

 (B2)  
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where [ ] is the solution (mol.kgw-1) or adsorbed concentration (mol.kg-1 of solid) of species, 

f is the activity coefficient of adsorbed species, and  is the activity coefficient of species in 

solution. 

Since the activity coefficients of adsorbed species f are not known, it is assumed that the ratio 

between these coefficients is constant. Thus, the apparent constants—called corrected 

selectivity coefficients KNa+/H+
∗i —are described as follows. 

KNa+/H+
∗i =

[Xi
− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]. [Na+]

[Xi
− − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]. [H+]

×
γNa+

γH+
 (B3)  

Each type of site i is also described by its site concentration SCi in mol.kg-1 of solid, which is 

equal to the sum of all the adsorbed species concentrations: 

SCi = [(Xi
−) − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] + [(Xi

−) − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅] (B4)  

Combining equations (B3) and (B4), the absorbed concentration of Na can be expressed as 

follows. 

[𝑁𝑎̅̅ ̅̅ ] = ∑[𝑋𝑖
− − 𝑁𝑎+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]

𝑖

= ∑
SCi

1 +
K𝑁𝑎+/H+ 

∗i . 10−𝑝𝐻

[Na+]. γNa+ 

𝑖

  
(B5)  

B.2 Adsorption isotherms of trace elements 

To model the adsorption of trace elements Mm+ on Na-saturated exchangers, one has to 

account both for the Na+/H+ reaction (B1) and the Mm+/mH+ reaction, 

(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + m𝐻+ = m Xi

− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + Mm+ (B6)  

with the corresponding corrected selectivity coefficient. 

KMm+/mH+
∗i =

[𝑋𝑖
− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]

𝑚
. [Mm+]

[(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]. [H+]m

.
γ𝑀𝑚+

 γH+
m  (B7)  

Complexation of cations in solution is taken into account and the concentration of available 

Mm+ is expressed as follows, 

[Mm+] =
[M]

αMm+
 (B8)  

where [M] is the sum of all the M species concentration in solution and αMm+  is the Ringböm 

(1963) coefficient. 
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The equation of the site concentrations is written as follows. 

SCi = [(Xi
−) − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] + [(Xi

−) − Na+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅] + m[(Xi
−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] (B9)  

Combining equations (B3), (B7), and (B9) the site concentration can be expressed as a 

function of the adsorbed concentration [(Xi
−) − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]: 

SCi = [(Xi
−) − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] +

[𝑋𝑖
− − 𝐻+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]. [𝑁𝑎+]. γ𝑁𝑎+

KNa+/H+
∗i . [𝐻+]. γ𝐻+

+ √
[𝑋𝑖

− − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]
𝑚

. [Mm+]. γ𝑀𝑚+

KMm+/mH+
∗i . [H+]m.  γH+

m

𝑚

 (B10)  

Solving this equation leads to determine [(Xi
−) − H+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] then [(Xi

−)m − Mm+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] using equation 

(B7). 

Finally, the distribution coefficient can be recalculated using: 

𝑅𝐷 =
[M̅]

[𝑀]
 (B11)  

B.3 Transformation of selectivity coefficient from Missana and 

García-Gutiérrez (2007) in the multi-site ion exchange formalism 

Missana and García-Gutiérrez (2007) used the Gaines and Thomas (1953) formalism to 

express their selectivity coefficient. In this formalism, the selectivity coefficient is expressed 

as: 

K
2Na+/𝑆𝑟2+
∗,GT =

(𝑁𝑆𝑟2+)

(𝑁𝑁𝑎+)2
.
(𝑎𝑁𝑎+)2

(𝑎𝑆𝑟2+)
 (B12)  

where (𝑁𝑀𝑚+) corresponds to the equivalent fractional occupancy on the exchanger and 

𝑎𝑀𝑚+  is the activity of cations. 

The expression of (𝑁𝑀𝑚+) is written: 

(𝑁𝑀𝑚+) =
𝑚. [(𝑋−)𝑚 − 𝑀𝑚+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]

CEC
 (B13)  

where [(𝑋−)𝑚 − 𝑀𝑚+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅] is the adsorbed concentration of M in mmol.g-1 of solid and CEC is the 

cationic exchange capacity of the exchanger in mmol.g-1. 

The selectivity coefficient can be re-expressed as follows. 
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K
2Na+/𝑆𝑟2+
∗,GT =

(
2. [(𝑋−)2 − 𝑆𝑟2+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]

𝐶𝐸𝐶 ) . [Na+]2

(
[𝑋− − 𝑁𝑎+̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]

𝐶𝐸𝐶 )

2

. [Sr2+]

.
 γNa+

2

γ𝑆𝑟2+
 (B14)  

Finally, combining with equation (B7) and considering the different adsorption sites i, this 

expression becomes: 

K
2Na+/𝑆𝑟2+
∗i,GT = 2. SCi. K2Na+/𝑆𝑟2+

∗i  (B15)  
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