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Abstract

Cesium (137Cs) retention onto three homoionic smectites (Na-, K- and Ca-smectite), obtained from natural Spanish
FEBEX bentonite, was studied. Special emphasis was given to the analysis of non-linear sorption behaviour and the
dependence of selectivity on the ionic strength.

A very large set of experimental sorption data was generated from sorption tests under a wide range of pHs (2–11), ionic
strengths (10�3 to 100 M), and radionuclide concentrations (10�10 to 10�3 M). The aqueous phase, in contact with the clay,
was analysed to quantify the effects of the presence of trace aqueous ions on Cs retention.

For all the exchanged clays, Cs sorption was non-linear and a two-site exchange model approach was adopted to interpret
and model sorption data. Highly selective sites for Cs sorption (Type 1 sites, T1), resembling those present in micaceous mate-
rials, with very low capacity but controlling uptake of Cs at low concentration, were observed. The logarithm value of selec-
tivity coefficients determined for Cs+ in respect to Na+, K+ and Ca2+ in these sites is: LogCs

NaKSELðT1Þ ¼ 7:59
�0:15;LogCs

K KSELðT1Þ ¼ 5:15� 0:15 and LogCs
CaKSELðT1Þ ¼ 14:41� 0:17, respectively.

The exchange sites at the surface of smectite sheets (planar sites), with a capacity approximately equivalent to the cation
exchange capacity (CEC) of the clay, constitute the second type of sorption sites (Type 2 sites, T2). The logarithm of the selec-
tivity coefficients determined for Cs+ with respect to Na+, K+ and Ca2+ is: LogCs

NaKSELðT2Þ ¼ 1:68� 0:15;
LogCs

K KSELðT2Þ ¼ 1:16� 0:15LogCs
CaKSELðT2Þ ¼ 3:02� 0.15, respectively.

The analysis of the dependence of sorption values on the ionic strength clearly indicated that for a correct interpretation of
data, competition effects of trace ions in solution must be always accounted for.

Data obtained in this work and performed analyses are basic to explain the behaviour of raw FEBEX bentonite, and other
smectite-based clay materials, under more complex experimental conditions.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

137Cesium (Cs) is an important fission product of the
irradiation of uranium-based fuels and it is a major compo-
nent of high-level nuclear waste: 135Cs is of concern because
of its very long half-life (�2.3 � 106 years). From both
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nuclear accidents and weapons testing, Cs has been released
into soils and waters; environmentally radiocesium is of
particular concern because it exists always as the highly sol-
uble monovalent cation Cs+; and also because it’s chemi-
cally similar to potassium, an element required for
important functions of all living cells – making it easily
incorporated into living organisms.

Upon environmental release, cesium migration is mostly
controlled by sorption onto mineral surfaces; it is especially
strongly adsorbed onto clays by ionic exchange. For clay,
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Cs uptake is largely dependent on the clay’s cation ex-
change capacity (CEC) and on the presence of mica-like
minerals. These minerals offer sorption sites with high selec-
tivity for alkali cations (Sawhney, 1972; Eberl, 1980).

Smectite and illite are 2:1 clays: their structural unit is
formed by two tetrahedral (T) and one octahedral sheet
(O), present in a T–O–T configuration (Van Olphen,
1977). The characteristic combination of sheets in clay is
called a layer and various stacked layers form the mineral
particle. For T sheets, tetravalent Si is usually replaced by
trivalent elements (such as Al) and, for O sheets, trivalent
Al can be replaced by divalent elements (such as Mg). These
replacements in the clay structure lead to an excess of neg-
ative charge; to compensate for this negative charge and to
maintain electro-neutrality, cations are adsorbed at TOT
layers surfaces (planar sites).

For swelling clays, such as smectite, exchangeable cat-
ions are present both at the surface of the particles and at
the region between layers (interlayer). These cations, how-
ever, can be readily exchanged with other cations present
in solution. The amount of exchangeable cations deter-
mines the CEC of the clay.

The non-expandable illite usually shows a lower CEC
than smectite, because the main cation that compensates
for the structural negative charge is potassium. Potassium
sorption causes the dehydration and collapse of the inter-
layer and, therefore, this collapsed interlayer is not avail-
able for cation exchange (Van Olphen, 1977).

Bentonite, a material envisaged for engineered barriers
of radioactive waste repositories (Pusch, 2006), is a clay
rock with a high smectite content and low permeability,
good plasticity and selling properties, in addition to a high
sorption capability for many cations.

Although Cs sorption onto smectite (as a pure mineral)
or smectite rich clayrocks, such as bentonite, has been
widely studied (Wahlberg and Fishman, 1962; Erten
et al., 1988; Staunton and Roubaud, 1997; Dyer et al.,
2000; Tsai et al., 2001; Krumhansl et al., 2001; Missana
et al., 2004; Tertre et al., 2005; Wu et al., 2009; Galambos
et al., 2010; Yllera de Llano et al., 1998; Galambos et al.,
2012, amongst others), most of these studies described sorp-
tion with the variation of one or several parameters (ionic
strength, pH, temperature, concentration of some ion or
different ligands) – but with no sorption model capable of
comprehensively interpreting Cs uptake.

The comparison of sorption results is obstructed by
semi-empiric approaches to the analysis of experimental
data obtained under different experimental conditions,
above all when sorption is non-linear. These semi-empiric
approaches limit the application of predictive models of
contaminant migration in the environment.

In this study, two controversial points for the interpreta-
tion of some features of Cs sorption onto smectite are
addressed: (1) the (apparent) variation of exchange selectiv-
ity coefficients as a function of the ionic strength and (2) the
(sometimes) observed non-linear sorption.

Sorption is non-linear when distribution coefficients (Kd)
depend on the aqueous Cs concentration (Cornell, 1993).
For clay rocks, this behaviour is generally related to the
existence of different sorption sites, attributed to the
presence of micaceaus minerals, such as illite. Micaceous
minerals, in addition to planar sites, possess frayed edge

sites, FES, arising from the weathering of the clay particlés
edges. Cations including Cs+, Rb+, Li+, NHþ4 , character-
ised by low hydration energy and small dehydrated radius,
can replace K+ at these weathered edges (Sawhney, 1972;
Cornell, 1993). Other monovalent ions, such as Na+, can
access these sites when their concentration is high enough.
Yet at these sites, divalent cations with larger sizes and high
hydration energy are improbably found (Sawhney, 1972).

In spite of the very low density of FES (<1% of the
CEC), they clearly dominate Cs sorption at low concentra-
tions (Sawhney, 1972; Brouwer et al., 1983; Cremers et al.,
1988; Poinssot et al., 1999; Bradbury and Baeyens, 2000).

Smectite’s surface is expected to be nearly uniform
(Gaudette et al., 1966): Kim et al. (1996a) demonstrated,
by spectroscopic techniques, the heterogeneity of sorption
sites for Cs in illite; whereas at the surface of smectite, multi-
ple sites were not found (Kim et al., 1996b). Thus, Cs sorp-
tion on smectite is expected to occur mainly onto planar sites.

Yet non-linear Cs sorption has also been observed, in
several cases, for smectite (Wahlberg and Fishman, 1962;
Eliason, 1966; Staunton and Roubaud, 1997; Missana
et al., 2004). This non-lineal sorption of smectite was attrib-
uted by Staunton and Roubaud (1997) to both changes in
entropy, as Cs occupies an increasing fraction of the ex-
change complex and to the possible partial collapse of clay
layers, but not to the heterogeneity of the exchange sites.
Other authors related these differences in selectivity either
to the possible formation of inner sphere complexes (Spos-
ito, 1984; Xu and Harsh, 1990) or to the existence of a dif-
ferent charge location in external or internal smectite layers
(Staunton and Roubaud, 1997; Onodera et al., 1998, Liu
et al., 2008).

Non-linear sorption has been generally modelled by
Langmuir or Freundlich-like isotherms (Staunton and
Roubaud, 1997; Wu et al., 2009; Galambos et al., 2010;
Tachi et al., 2011; Yildiz et al., 2011), but this approach
is of little value for the understanding of radionuclide reten-
tion mechanisms.

Selectivity coefficients were found to vary with ionic
strength for different clays by several authors (Wahlberg
and Fishman, 1962; McBride, 1979; Staunton and
Roubaud, 1997). Staunton and Roubaud (1997) stated that
purely electrostatic considerations did not explain the
exchange reactions of Cs on clays and Xu and Harsh
(1990) suggested a covalent interaction between Cs and
the clay surface. Wahlberg and Fishman (1962) considered
the possibility that at the lower ionic strengths, the separa-
tion between the solid and the aqueous phase might be not
perfect because of the existence of smaller particles, biasing
Kd values determination; according to their hypothesis, as
the ionic strength increases there might be affects related
to the increase of the size of clay particles.

However, in the absence of a sorption model with the
capability for the description of the variability of Cs sorp-
tion, with its concentration or water chemistry, it is quite
difficult to assess whether these hypothesis are plausible.

Multisite cation exchange models were proposed to ex-
plain Cs sorption for illite: three sites with different affinity
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for Cs were proposed by Brouwer et al. (1983) and Brad-
bury and Baeyens (2000), but two-site models were also
proposed (Zachara et al., 2002; Liu et al., 2004).

Multisite models have not been reported for Cs sorption
onto smectite, but modeling of Cs sorption by surface com-
plexation with the triple layer model has been published
(Gutierrez and Fuentes, 1996).

Thus, the objective of the present study is to analyse and
model Cs sorption on smectite under the widest possible
range of chemical conditions and Cs concentrations; assess-
ing the affects of ionic strength, exchange and solution cat-
ions, and Cs concentration on selectivity coefficients
determination.

For an adequate description of Cs sorption and to test
the modeling approach, a large set of experimental data is
required but such large datasets are quite scarce in the
literature.

Furthermore, competitive cations present in solution
may play a significant role in Cs retention, above all when
high affinity sites are present. Even in purified and homo-
ionic systems, trace elements coming from the dissolution
of the clay exist, and it is impossible to get rid of them
(Baeyens and Bradbury, 2004). Thus, it is strictly necessary
to account for them for the accurate description of the sys-
tem (Baeyens and Bradbury, 2004). This is of special impor-
tance for the determination of selectivity coefficients that
can be biased if solute trace elements are not accounted for.

2. MATERIALS AND METHODS

2.1. Smectite clay

The clay for this study (FEBEX bentonite), was mined
from the Cortijo de Archidona deposit Almeria (Spain).
FEBEX clay has been used as reference material in many
international projects involving radionuclide migration at
geological repositories of radioactive waste: Full-scale

Engineered Barriers EXperiment, FEBEX I and II (Fuen-
tes-Cantillana et al., 1997; Huertas et al., 2000); Colloid

and Radionuclide Retardation, CRR, and Colloid Forma-

tion and Migration, CFM (information of both available
at www.grimsel.com); Fundamentals of Radionuclide

Migration, FUNMIG (Buckau et al., 2009) and Bentonite

Erosion: effects on the long term performance of the engi-

neered barrier and radionuclide transport, BELBAR
(www.skb.se).

The raw FEBEX clay has a 93 ± 2% content of smectite;
its accessory minerals include the following: quartz
(2 ± 1%), plagioclase (3 ± 1%), cristobalite (2 ± 1%), potas-
sic feldspar, calcite, and tridymite. Previous mineralogical
studies showed that the smectite phase is comprised of ran-
domly interstratified illite–smectite mixed layers with 10–
15% of illite layers (Cuadros and Linares, 1996; Huertas
et al., 2000; Leguey et al., 2002; Fernandez et al., 2004);
but illite, as a pure trace mineral, was never detected.

The FEBEX clay cation exchange capacity, CEC, is
102 ± 4 meq/100 g and its N2-BET surface area is
33 m2 g�1. A summary of the main properties of the FEB-
EX clay are shown in Table 1: more details can be found
elsewhere (Huertas et al., 2000; Fernandez et al., 2004).
2.2. Radionuclide

The radionuclide used for this study, was 137Cs (as CsCl in
0.1 HCl, Isotope Products). The half-life of 137Cs is
30.2 years. This radionuclide decays by beta emission to
137mBa, causing the emission of gamma rays (662 keV). Cs
activity in solution was measured by c-counting with a NaI
detector (Packard Autogamma COBRA 2). The detection
limit is 5 � 10�11 M. The counting efficiency for 137Cs is
0.26. A calibrated and certified 137Cs sample was prepared
by CIEMAT’s “Laboratory of ionising radiation metrology”

(Ref: MRC 2008-016, 3/4/2008 CIEMAT, Spain) for the ver-
ification of the efficiency of the counting system. The uncer-
tainty for the counting procedure is less than 2%.

2.3. Preparation of the clay suspensions

Previous to use in sorption experiments, the clay was puri-
fied and homoionised in Na, K or Ca. The raw clay was
washed three times with 1 M NaClO4, KCl or Ca(NO3)2 to
eliminate the soluble salts and to obtain the homoionic smec-
tite (Na-, K- or Ca-smectite). After elimination of the super-
natant from the last washing, the exchanged clay was placed
in centrifuge tubes with deionised water. Smectite particles of
less than 0.5 lm, for use in sorption tests, were separated by
centrifuging the suspensions (2500g, 10 min). For the preven-
tion of extensive dissolution of the clay, this fine fraction was
precipitated in a glass container with 1 M NaClO4, KCl or
Ca(NO3)2, (for Na-, K- or Ca-smectite, respectively). The
clay washing/centrifuging procedure was repeated approxi-
mately 20 times for Na-smectite and approximately 30 times
for Ca-and K-smectite.

When enough of the fine fraction was collected, the clay
suspension was introduced into dialysis bags that were
sealed and placed in 3 L containers filled with the electro-
lyte (NaClO4/KCl/Ca(NO3)2) to bring the suspension to
the desired ionic strength.

The electrolyte was changed two or three times per day
until both the conductivity of the suspension in the bags
and the external electrolyte were the same.

The concentration of the clay material in the suspension,
for later utilisation in sorption experiments, was determined
by gravimetry. The solid to liquid ratio (S), used in these
experiments was 0.5–3.5 g L�1 approximately.

2.4. Analysis of the supernatant

The solution, in equilibrium with the clay suspensions,
was analysed for the detection of cations (other than those
of the main electrolyte used for each case) present in the
equilibrium solution because of the partial dissolution of
the clay or trace minerals. These cations are always present
at trace concentrations but could compete with Cs for sorp-
tion sites, requiring their presence to be evaluated.

After 15 days of contact with the clay, the equilibrium
solution of different samples, coming from different batches
of suspensions at different pH or ionic strengths, was ana-
lysed. The separation of the supernatant from the solid
was carried out by ultracentrifugation (504,000g, 1 h).
The concentration of monovalent cations (K+, Na+ Li+

http://www.skb.se


Table 1
Summary of FEBEX clay main properties needed for sorption modeling.

CEC 30.91 leq/m2

BET 33 m2/g

Na-smectite Ca-smectite K-smectite

T1 sites density 7.0 � 10�4 leq/m2 3.5 � 10�3 leq/m2 1.3 � 10�2 leq/m2

T2 sites density 30.91 leq/m2 30.91 leq/m2 30.91 leq/m2
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and Rb+) and divalent cations (Ca2+ and Mg2+) was deter-
mined to analyse the effects of these trace ions on cesium
sorption for the different tests and for the performance of
sensitivity analyses. Chemical analyses were carried out
by ICP-AES (Inductively Coupled Plasma Atomic Emis-
sion Spectrometry) and FAAS (Flame Atomic Absorption
Spectrometry). The uncertainty of the measurements is less
than 5%.

Table 2 shows the summary of these experiments indi-
cating the range of concentration (min–max) of ions found
in solution after different tests.

2.5. Cesium inventory of the clay

Acid extractions were performed to determine the intrin-
sic Cs inventory (exchangeable Cs) of the raw clay. A suspen-
sion of 7 g/L was brought to pH 0.5 and maintained by
stirring for 1 day; it was then ultra-centrifuged (504,000g,
1 h). The supernatant was analysed by ICP-MS (Inductively
Coupled Plasma Mass Spectrometry); Cs content was always
below the detection limit (<0.2 lg/L, 1.5 � 10�9 M).

2.6. Sorption experiments

Experiments were carried out under atmospheric condi-
tions and at room temperature. Suspensions of Na-, K- and
Ca-smectite, at various electrolyte concentrations (from
1 � 10�3 to 1 mol/L of NaClO4, KCl or CaCl2), were used.

The kinetics of the sorption process was investigated first
to determine the time required for the attainment of the
sorption equilibrium. Kinetic tests were carried out between
pH 6 and 7 and at a salt concentration of 1 � 10�1 M, with
two different (low and high) Cs concentrations (“low” refers
to [Cs] <1 � 10�8 M and “high” to [Cs] >9 � 10�6 M). The
solid to liquid ratio, S, was 1 g/L.
Table 2
Concentration of main trace cations found in the supernatant upon the
obtained after analysing different batches of the suspensions at differen
<1.5 � 10�9 mol/L.

(mol/L) Na-smectite K-smectit

Min Max Min

Na+ – – 1.7 � 10�

K+ <2.6 � 10�6 8.2 � 10�5 –
Li+ <7.5 � 10�8 1.3 � 10�6 nd
Rb+ <9 � 10�9

Ca2+ 9.5 � 10�6 4.2 � 10�4 1.3 � 10�

Mg2+ 2.2 � 10�6 1.5 � 10�5 1.2 � 10�

Sr2+ <2.1 � 10�6
The suspensions, traced with 137Cs, were introduced in
12.4 mL polyallomere Beckman Quick-Seal ultracentrifuge
tubes. The solid and liquid phases were separated by ul-
tra-centrifuging (694,000g, 30 min), with a Beckman
Optimae L-90 K ultracentrifuge with a 90 Ti rotor. This
centrifugation ensures both the deposition of particles lar-
ger than 2 nm in diameter and the correct separation be-
tween the solid and the aqueous phase, under all the
experimental conditions.

After the solid separation, three aliquots of the superna-
tant were extracted from each tube for the analysis of the
final Cs activity. The rest of the solution was used to check
the final pH.

Measurements of pH (±0.10) were made using a com-
bined glass pH electrode (Metrohm) incorporating an Ag/
AgCl reference electrode. The electrode calibration was
made with buffer solutions (Scharlau) at pH 4.00, 7.00,
and 10.00.

Sorption edges, (i.e. sorption curves as a function of pH)
were carried out by varying the pH of the suspensions from
approximately pH 2 to 11 with NaOH or HCl 0.1 or 1 M;
the pH was readjusted, if necessary, after the addition of the
radionuclide.

Sorption isotherms were carried out, at a fixed pH (6–7)
and at a fixed background electrolyte concentration, by
varying the radionuclide concentration from
[Cs] = 1 � 10�10 M to [Cs] = 1 � 10�3 M, approximately.
For the experiment with high Cs concentrations (higher
than 1 � 10�6 M), a non-radioactive chemical of high pur-
ity (CsCl, Merck) was used in addition to the radiotracer.

The separation and counting procedure for sorption
edges and isotherms was the same as that described for
kinetic tests.

The distribution coefficient between the solid and the
liquid phase, Kd (mL g�1), is calculated with this formula:
contact with the clays (15 days). Maximum and minimum values
t ionic strengths and pH. Cs in the aqueous solution was always

e Ca-smectite

Max Min Max

5 5.2 � 10�5 9.1 � 10�6 4.9 � 10�5

– 3.3 � 10�6 5.0 � 10�5

nd <7.5 � 10�8

5 2.6 � 10�5 – –
5 2.1 � 10�5 <2.1 � 10�6 1.4 � 10�5
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Kd ¼
Cin–Cfin

Cfin

� V
m

ðE:1Þ

Cin and Cfin are the initial and final concentrations of Cs in
the liquid phase (Bq mL�1), m the mass of the clay (g) and
V the volume of the liquid (mL).

For the more in-depth analysis of the affects of ionic
strength on Cs retention, single Kd determinations at pH
7 and different ionic strengths were carried out, in addition
to sorption edges and isotherms.

Sorption onto vials and ultracentrifuge tubes was
checked after sorption experiments. Sorption of Cs onto
these vessels was always lower than 2% and therefore it
was not accounted for in Kd calculations.

The maximum experimental uncertainty estimated for
sorption tests is approximately ±0.15 units on the loga-
rithm of the distribution coefficient. This value has been
evaluated considering the maximum uncertainty in the
counting procedure (affecting Cin and Cfin, see (E.1)); and
up to 10% error in the solid to liquid ratio (V/m).

3. SORPTION MODELING

Cesium is adsorbed in clays mainly by cationic ex-
change: the ionic exchange reaction between a cation B,
with charge zB, in the aqueous phase; and a cation A, with
charge zA, at the clay surface (BX) can be defined by:

zBA � X þ zAB() zAB � X þ zBA ðE:2Þ

The cation exchange reactions can be expressed with selec-
tivity coefficients (Gaines and Thomas, 1953):

A
BKSEL ¼

NBð ÞzA

N Að ÞzB

aAð ÞzB

aBð ÞzA
ðE:3Þ

where aA and aB are the activities of the cations A and B;
and NA y NB are the equivalent fractional occupancies.
Selectivity coefficients of a cation, at trace concentrations,
can be determined by sorption measurements (Bradbury
and Baeyens, 1994). If the cation B is present at trace levels,
then NA (E.3) is approximately 1; furthermore if the distri-
bution coefficient of the exchange process (Kd) is known,
then the selectivity coefficient can be determined with the
following relation:

A
BKSEL ¼

Kd � zB

CEC

� �zA czB
A

czA
B

ðAÞzB ðE:4Þ

where cA and cB are the solution activity coefficients of cat-
ions A and B. The activity coefficients (c) at 20 �C, can be
calculated with the Davies’ approximation:

Logci ¼ �0:51 � z2
i

ffiffi
I
p

1þ
ffiffi
I
p � 0:3 � I

 !

where I represents the ionic strength of the solution. For
experiments with Na-smectite or K-smectite, (E.4)
becomes:

Na
CsKSEL ¼

Kd

CEC

� �
cNa

cCs

ðNaÞ ðE:4aÞ

K
CsKSEL ¼

Kd

CEC

� �
cK

cCs

ðKÞ ðE:4bÞ
For experiments with Ca-smectite, (E.4) is:

Ca
CsKSEL ¼

Kd

CEC

� �2 cCa

c2
Cs

ðCaÞ ðE:4cÞ

These analytical expressions, valid for a simple cation
exchange process at a single site, allow the determination
of selectivity coefficients directly from the sorption curves.
However, the parameters, thus determined, might be biased
either by the presence of other ions competing for the sorp-
tion site or by the presence of other sorption sites; the val-
ues determined directly by the experimental sorption data
will therefore be referred to as “apparent” (Table 3).

The verification of the experimentally determined
parameters, in addition to other modeling calculations on
the effects of multiple sites and/or competing ions on Cs
sorption, were performed with the CHESS v 2.4 code
(Van der Lee and de Windt, 1999); the fit of the experimen-
tal curves was obtained with a trial and error procedure.

4. RESULTS AND DISCUSSION

4.1. Sorption kinetics

Kinetic tests, on the three different smectites (Na-, K- and
Ca-smectite), were carried out using two different Cs concen-
trations: [Cs] < 1.0 � 10�8 M (low concentration) and
[Cs] > 9.0 � 10�6 M (high concentration). Although sorp-
tion equilibrium is always reached within hours, for Na-
smectite at low concentrations, a slower kinetic behaviour
is observed, with the sorption equilibrium attained within
3–4 days. Sorption experiments were carried out with a con-
tact time of 1 week. (All the results from kinetic experiments
are shown in the Additional Material, AM, Fig. AM1).

4.2. Sorption edges: affects of pH on sorption

Fig. 1 shows the sorption edges obtained for Na-smec-
tite at high Cs concentration (2.3 � 10�6 M) and at two dif-
ferent electrolyte concentrations (1 � 10�1 and 1 � 10�2 M
NaClO4). Similar tests were carried out with a low Cs con-
centration and with K- and Ca-smectite (Results shown in
AM, Fig. AM2). For all these cases, sorption does not de-
pend on pH – neither at low nor at high Cs concentrations.

In the aqueous phase, cesium exists as an uncomplexed
cation (Cs+); a change of sorption with pH is expected only
with a change of the properties of the solid phase (Hakem
et al., 2004). The small decrease in sorption observed, at
pH lower than 4, might be related to partial dissolution
of the clay and possible ion competition on Cs sorption
(Poinssot et al., 1999).

Summarised in Table 3 are the mean Kd values and stan-
dard deviations that were calculated with all the experimen-
tal points from pH 4 to 11, for all the exchanged clays.

4.3. Sorption isotherms: affects of Cs concentration and ionic

strength on sorption

4.3.1. Cesium concentration

Fig. 2 shows the sorption isotherms obtained at pH 6.5
with Na-, K- and Ca-smectite carried out with suspensions



Table 3
Summary of the main results obtained in experimental tests and apparent selectivity constants directly calculated with Equation 4, as
explained in the test. (**) Not in a lineal zone.

Clay Type
(X)

Test
type

[Cs] (M) pH
(±0.5)

S (g/
L)

I (M) LogKdT1 site
(ml/g)

LogKdT2 site
(ml/g)

Apparent
LogCs

X KSEL(T1)
Apparent
LogCs

X KSEL(T2)

Na- Kinetics 1.1 � 10�9 6.5 1 1.0 � 10�1 3.89 ± 0.10 – 7.51 –
Na- Kinetics 9.7 � 10�6 6.5 1 1.0 � 10�1 – 2.70 ± 0.04 – 1.69

Na- Edge 2.3 � 10�6 Var 1 1.0 � 10�1 – 2.73 ± 0.04 – 1.72

Na- Edge 2.3 � 10�6 Var 1 1.0 � 10�2 – 3.63 ± 0.08 – 1.62

Na- Isotherm Var 6.5 3.75 1.0 � 100 3.16 ± 0.02 1.83 ± 0.07 7.79 1.82

Na- Isotherm Var 6.5 1.0 2.0 � 10�1 3.53 ± 0.04 2.35 ± 0.04 7.51 1.64

Na- Isotherm Var 6.5 1.31 1.0 � 10�1 4.11 ± 0.13 2.74 ± 0.10 7.75 1.73

Na- Isotherm Var 6.5 1.39 1.0 � 10�2 4.22 ± 0.17 3.69 ± 0.05 6.86 1.68

Na- Isotherm Var 6.5 1.39 1.0 � 10�3 4.80 ± 0.15 4.28 ± 0.12 6.44 1.27

Mean 7.64 ± 0.16 Mean 1.70 ± 0.07

K- Kinetics 5.3 � 10�9 6.5 1 1.0 � 10�1 2.80 ± 0.03 – 5.15 –

K- Kinetics 9.5 � 10�6 6.5 1 1.0 � 10�1 – 2.42 ± 0.03 (**) (**)

K- Edge 9.5 � 10�6 Var 1 1.0 � 10�1 – 2.32 ± 0.07 (**) (**)

K- Isotherm Var 6.5 1 1.0 � 10�1 2.76 ± 0.03 2.13 ± 0.10 5.12 1.12

K- Isotherm Var 6.5 1 1.0 � 10�2 3.75 ± 0.02 3.14 ± 0.10 5.10 1.14

K- Single
Kd

5.4 � 10�9 6.5 1 5.0 � 10�1 2.23 ± 0.10 – 5.28 –

K- Single
Kd

5.4 � 10�9 6.5 1 2.0 � 10�1 2.58 ± 0.10 – 5.24 –

K- Single
Kd

5.4 � 10�9 6.5 1 1.0 � 10�1 2.84 ± 0.10 – 5.20 –

K- Single
Kd

5.4 � 10�9 6.5 1 5.0 � 10�2 3.08 ± 0.10 – 5.13 –

K- Single
Kd

5.4 � 10�9 6.5 1 1.0 � 10�2 3.76 ± 0.10 – 5.11 –

K- Single
Kd

5.4 � 10�9 6.5 1 5.0 � 10�3 4.05 ± 0.10 – 5.10 –

K- Single
Kd

5.4 � 10�9 6.5 1 1.0 � 10�3 4.65 ± 0.10 – 5.01 –

Mean 5.14 ± 0.08 Mean 1.13 ± 0.01

Ca- Isotherm Var 6.5 1.0 3.0 � 10�1 3.93 ± 0.07 2.30 ± 0.05 14.46 3.32

Ca- Isotherm Var 6.5 1.0 1.0 � 10�1 4.23 ± 0.06 2.44 ± 0.07 14.64 3.17

Ca- Kinetics 9.7 � 10�6 6.5 1.0 3.0 � 10�1 – 2.13 ± 0.05 2.97

Ca- Kinetics 1.1 � 10�9 6.5 1.0 3.0 � 10�1 3.75 ± 0.10 – 14.10 –

Ca- Edge 4.0 � 10�6 Vv 2.75 3.0 � 10�3 – 3.02 ± 0.08 – 2.97

Ca- Edge 4.0 � 10�6 Vv 3.30 3.0 � 10�1 – 2.46 ± 0.09 – (**)

Ca- Edge 4.9 � 10�9 Vv 3.30 3.0 � 10�1 4.06 ± 0.06 14.72

Ca- Single
Kd

2.5 � 10�6 6.5 1.7 3.0 � 10�2 – 2.74 ± 0.2 – 3.32

Ca- Single
Kd

2.5 � 10�6 6.5 1.7 6.0 � 10�2 – 2.48 ± 0.2 – 3.05

Ca- Single
Kd

2.4 � 10�6 6.5 1.7 1.5 � 10�1 – 2.29 ± 0.2 – 2.99

Ca- Single
Kd

1.1 � 10�9 6.5 0.5 1.5 � 10�1 4.05 ± 0.04 – 14.44 –

Ca- Single
Kd

1.1 � 10�9 6.5 1.0 3.3 � 10�1 3.74 ± 0.03 – 14.12 –

Ca- Single
Kd

1.1 � 10�9 6.5 1.0 4.4 � 10�1 3.66 ± 0.02 – 14.08 –

Ca- Single
Kd

1.1 � 10�9 6.5 1.0 5.7 � 10�1 3.58 ± 0.02 – 14.04 –

Ca- Single
Kd

1.1 � 10�9 6.5 0.4 9.0 � 10�2 4.33 ± 0.10 – 14.80 –

Ca- Single
Kd

1.1 � 10�9 6.5 0.2 4.5 � 10�2 4.45 ± 0.10 – 14.77 –

Ca- Single
Kd

1.1 � 10�9 6.5 0.1 2.3 � 10�2 4.96 ± 0.10 15.55 –

Mean 14.52 ± 0.45 Mean 3.11 ± 0.16

Bold values used for the calculations of the initial mean selectivity coefficients.
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Fig. 1. Cesium adsorption as a function of pH for Na-smectite at
two different ionic strengths (j) 0.1 M and (h) 0.01 M in NaClO4.
The continuous lines correspond to the fit of the curves with the
parameters of Table 6.
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Fig. 2. Comparison of cesium adsorption isotherms obtained at
pH 6.5 and ionic strength 0.1 M for the three exchanged smectites:
(a) data expressed as Log(Cads) vs. Log(Cfin) and (b) data expressed
as Log(Kd) vs. Log(Cfin). The lines correspond to the fit of the
curves with the parameters of Table 6. (j) K-smectite; ( ) Ca-
smectite; ( ) Na-smectite. Inset: costant Kd regions correspond to
sorption onto different sites.
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at an ionic strength of I = 0.1 M. Fig. 2a shows the data
represented as the logarithm of Cs concentration adsorbed
(Log(Cads), mol/g) vs. the logarithm of Cs concentration in
solution at the equilibrium (Log(Cfin), mol/L). In such a
graph, linear sorption would be represented by a unique
straight line with a slope of 1.

Fig. 2b shows the same data represented as the loga-
rithm of the distribution coefficient (Log(Kd), mL/g) vs.

Log(Cfin), to facilitate the comparison of Kd values ob-
tained for the different exchanged smectites.

Fig. 2 shows that in all the exchanged clays, Cs sorption
clearly deviates from linearity. The observed behaviour
seems to be consistent with the existence of two different
sorption sites. The first (Type 1 sites, T1) presents very
low capacity: the saturation of T1 sites is evidenced by
the small plateau observed in sorption data presented in
Fig. 2a. Up to the saturation of these sites, sorption is linear
(constant Kd region in the inset of Fig. 2b). The maximum
Cs adsorbed at T1 sites (marked by an arrow in Fig. 2a),
allows the experimental determination of the concentra-
tions at T1 sites. The maximum Cs adsorbed is within the
same order of magnitude for Na- and Ca-smectite
(2.3 � 10�8 and 5.8 � 10�8 mol/g, respectively); whereas
for K-smectite, this value is approximately one order of
magnitude higher (4.4 � 10�7 mol/g). Similar selective
sorption behaviour is observed for illite FES.

After the saturation of T1 sites, another region of linear
sorption (slope unit in Fig. 2a and constant Kd, in inset of
Fig. 2b) can be clearly observed. This is in agreement with
the existence of a second sorption site (Type 2 sites, T2). Kd

values are higher in T1 sites than in T2 sites; T1 sites, there-
fore, have a low capacity but higher affinity for Cs – and T2
sites have lower affinity but higher capacity.

As mentioned in the Introduction, for smectite, cation
exchange is expected to occur mainly at the planar sites,
where exchangeable cations reside for the maintenance of
the neutrality of the system. The density of T2 sites must,
therefore, roughly correspond to the total CEC of the clay
(Table 1).

For smectite, even if sorption sites heterogeneity is not
expected, non-linear sorption has been previously observed
by different authors. As mentioned in the Introduction, dif-
ferent hypothesis to explain this behaviour were considered
by other authors; our hypothesis is based on the existence
of interstratified mixed-layers.

It is not uncommon for smectite to form interstratified
layers with other phyllosilicate minerals that are often ran-
domly distributed. Interstratified layers are, in fact, very
common in clayrock (Fiore et al., 2010).

Cuadros and Linares (1996), Fernandez et al. (2004) and
Leguey et al. (2002) agree on the existence of randomly int-
erstratified illite/smectite mixed layers in the FEBEX clay,
detected by X-ray diffraction of oriented mounts. For the
bentonite <20 lm fraction, some trace impurities of mica
were sometimes detected (Cuadros and Linares, 1996),
but the <0.5 lm fraction was reported to be almost pure
smectite (Leguey et al., 2002). The illite content found in
the interstratified illite/smectite was similar for the
<20 lm fraction (Cuadros and Linares, 1996, �15%), for
the <2 lm fraction (Fernandez et al., 2004, �11%) and
for the <0.5 lm fraction (Leguey et al., 7–10%).

Therefore, the presence of mixed layers may structurally
lead to the existence of selective sites in smectite, such as
those present in illite (FES-like) – even though their charac-
teristics and properties might not be necessarily equivalent
to those observed for “pure” illite.
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In a “standard” Na-illite (Bradbury and Baeyens, 2000),
the FES density (approximately 2 � 10�7 to 1 � 10�6 eq/g)
is between 0.1% and 0.5 % of the total CEC. The density of
T1 sites estimated in this study from the sorption isotherms
for the Na-smectite is lower, 2.3 � 10�8 eq/g, and represents
only the 0.002% of the CEC (�1 � 10�3 eq/g) of the FEBEX
clay (Table 1). For K- and Ca-smectite the values are
4.3 � 10�7 and 1.2 � 10�7 eq/g, corresponding to 0.042%
and 0.011% of the CEC, respectively. However, in spite of
their low density, these sites clearly dominate Cs sorption
at low loadings and therefore they cannot be neglected

4.3.2. Ionic strength and ion competition

Sorption behaviour, as a function of the ionic strength,
has been analysed in Fig. 3; this figure shows the sorption
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Fig. 3. Cesium adsorption isotherms obtained at pH 6.5 and
different ionic strengths: (a) Na-smectite; (b) K-smectite and (c) Ca-
smectite. The continuous lines correspond to the fit of the curves
with the parameters of Table 6.
isotherms obtained at pH 6.5 and different ionic strengths
for Na-smectite (Fig. 3a); K-smectite (Fig. 3b); and Ca-
smectite (Fig. 3c). Data are expressed as the Log(Kd) vs.

Log(Cfin).
At all ionic strengths, sorption isotherms present two re-

gions, where the distribution coefficient is constant within
the experimental error – supporting the existence of two dif-
ferent sites, as mentioned before. Summarised in Table 3
are the following: the mean values of the distribution coef-
ficients obtained for each of these sites and for each test and
the apparent selectivity coefficients calculated by (E.4).

In regard to the dependence of sorption on ionic
strength (Figs. 1 and 3), Cs sorption always increases as
the ionic strength of the electrolyte decreases, as expected
for ionic exchange processes; the effect being more pro-
nounced for Na- and K-smectite than for Ca-smectite.

For ionic exchange processes, the theoretical depen-
dence on ionic strength or electrolyte concentration, A, de-
rived from (E.4) is the following:

zA � LogðKdÞ ¼ �zBLogðAÞ

þ Log
A

BKSELðCECÞzA czA
B

zZA
B cZB

A

 !
ðE:5Þ

Thus, for a homovalent exchange (Cs–Na or Cs–K), the
dependence of Log(Kd) on Log(A) is represented by a line
with a slope of �1. For Cs–Ca exchange this dependence
should be a line with slope �0.5.

Fig. 4 shows the experimental dependence of Log(Kd) on
Log(A) (E.5): for Na- and K-smectite (Fig. 4a, homovalent
exchange) and for Ca-smectite (Fig. 4b, heterovalant
exchange).

Fig. 4 includes all data for sorption isotherms or edges,
as well as additional data obtained by performing single
Kd-tests at different ionic strengths (Table 3). The slope of
the straight lines of the experimental Log(Kd) vs. Log(A)
and the correlation coefficients are summarised in Table 4.

For K-smectite (Fig. 4a), the experimental sorption
dependence on the ionic strength at both sites compares
well with the theoretical behaviour (for T1, slope �0.92
and for T2, slope �1.01); but for Na-smectite, larger varia-
tions were observed with the theoretical behaviour: the
slope of the curve for T2 sites is �0.85 and for T1 sites is
�0.52.

For Ca-smectite, (Fig. 4b) the slope of the curve for
sorption at T2 sites is �0.39 – also lower than the expected
behaviour (slope �0.5); whereas for T1 sites, the slope is
higher than the expected for a Cs-Ca exchange, with a value
of �0.89.

For Na-smectite, the deviation from the theoretical
behaviour is more pronounced at lower ionic strengths –
where Kd values are generally lower than the predicted
and the experimental data dispersion higher. For calculated
(apparent) selectivity coefficients (Table 3), the effect of io-
nic strength is also observed, with selectivity tending to de-
crease when ionic strength decreases.

As already mentioned in Section 1, other authors ob-
served this anomalous behaviour and attempted to explain
it with several hypotheses as the non-electrostatic character
of Cs-clay interactions or biased Kd determination caused



-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
2

3

4

5

-0.92

-0.51

Lo
g 

(K
d)

 (m
l/g

)

Log[M+]

 Na-smectite (T1)
 Na-smectite (T2)
 K-smectite (T1)
 K-smectite (T2)

Theoretical slope = -1
(a)

-1.01

-0.85

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5
2

3

4

5
-0.89  Ca-smectite (T1)

 Ca-smectite (T2)

Lo
g 

(K
d) (

m
l/g

)

Log[Ca2+]

(b)

Theorethical slope = -0.5

-0.37
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Table 4
Slope determined by linear regression of experimental LogKd vs.
the concentration of the main ion of the electrolyte (Ec.5, Fig. 4).
R = correlation coefficient.

Clay type T1
sites

T2
sites

Theoretical
slope

Measured
slope

R Measured
slope

R

Na-smectite �1 �0.51 ± 0.06 �0.96 �0.85 ± 0.06 �0.99
K-smectite �1 �0.92 ± 0.03 �0.99 �1.01 ± 0.00 –
Ca-smectite �0.5 �0.89 ± 0.07 �0.97 �0.39 ± 0.06 �0.93

Bold values used for the calculations of the initial mean selectivity
coefficients.
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by not appropriated centrifugation (the latter was excluded
by this study).

We hypothesize the deviation from the theoretical
behaviour – leading to lower selectivity coefficients as the
ionic strength decreases – is caused by the competition for
sorption sites of the existing trace ions (especially K+) in
the aqueous solution; this competition, in the literature, of-
ten is not accounted for.

Even after accurate homoionisation and purification
processes, trace elements are always present in solutions
equilibrated with the clay (see Table 2), and their affect can-
not be ruled out (Baeyens and Bradbury, 2004).
Furthermore, the low density of sorption sites enhances
the competition affect. Clearly, for Na-smectite, the
deviation from the theoretical behaviour is much more evi-
dent for T1 than for T2 sites. Small differences in the quan-
tity of K+ in samples with a Na electrolyte concentration of
10�3 M, for T1 sites, may lead to significant differences in
measured Kd and, mainly for this reason, the dispersion
of data is higher under these conditions. Competition effects
are not so evident for K-smectite, in agreement with the
higher selectivity of K+.

These results indicate that it is strictly necessary to ac-
count for the existence of ion competition in Cs sorption
for sorption modeling and consider the range of concentra-
tions of the possibly competitive ions in solution as experi-
mentally measured (Table 2). The verification of this
hypothesis is found in the modeling section.

However, the observed dependence for Ca-smectite at
T1 sites, i.e. the selectivity increase when the ionic strength
decreases, deserves additional analyses because this behav-
iour cannot be explained by ion competition affects. The
presence of Ca, at least up to certain concentrations, might
be the cause of the expansion (de-collapse) of illite layers of
interstratified illite/smectite and increase the accessibility of
sorption sites. Comans and Hockley (1992) and Wauters
et al. (1994) reported that the presence of large cations, such
as Ca2+, improves the process of radiocesium fixation in
micaceous clays by expanding the interlayers. A recent
study (Benedicto and Missana, submitted) shows that the
presence of Ca2+ ions significantly increases Cs sorption
for illite, although this effect is much more evident for pla-
nar sites than for FES sites.

Other possibilities that can explain the observed behav-
iour are the following: a) Cs interaction with Ca-smectite at
these sites is not purely electrostatic, or b) Cs retention
could take place by its exchange with the potassium, pres-
ent in T1 sites, that is not completely displaced by Ca dur-
ing the homoionisation stage. This last hypothesis will be
tested by modeling.

4.4. Modeling approach

Results shown above indicate that Cs sorption for the
three smectites could be mostly explained by a two-site
(T1 and T2) ionic exchange model, in which ion competi-
tion must be accounted for (Fig. 4).

As a first step, based on the hypothesis of the existence
of sorption sites at which Cs is adsorbed by cation ex-
change, the selectivity coefficients were determined using
(E.4), as already mentioned. The mean value of the selectiv-
ity coefficient, obtained with the different tests, was used as
an input value for the initial modeling. The model was then
tuned to consider the competitive effects of other ions in
solution.

Table 3 shows the selectivity coefficients directly calcu-
lated for each experiment (apparent). Because the greatest
deviation from the theoretical behaviour, as a function of
the electrolyte concentration, is observed at the lowest ionic
strengths (Fig. 4), where the data are expected to be more af-
fected by ion competition we considered – for the calculation
of the initial mean selectivity coefficient – only data at higher



Table 5
Initial parameter derived from experimental data of Table 3. The
error on the Log parameters is taken on the basis of the maximum
experimental error (±0.15).

T1 sites (±0.15) T2 Sites (±0.15)

LogNa
CsK (T1) = 7.64 LogNa

CsK(T2) = 1.70
LogK

CsK (T1) = 5.14 LogK
CsK(T2) = 1.13

LogCa
CsK (T1) = 14.52 LogCa

CsK (T2) = 3.11
LogNa

K K (T1) = 2.50 LogNa
K K(T2) = 0.57

LogNa
CaK (T1) = 0.76 LogNa

CaK (T2) = 0.29
LogK

NaK (T1) = �2.50 LogK
NaK(T2) = �0.57

LogK
CaK (T1) = �4.24 LogK

CaK (T2) = �0.85
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ionic strengths (in bold in Table 3).The mean values of the
apparent selectivity coefficients for Na–Cs, K–Cs and Ca–
Cs exchange, at T1 sites, are the following:
LogNa

CsKSELðT1Þ ¼ 7:64 � 0:16;LogK
CsKSELðT1Þ ¼ 5:14 �

0:08 and LogCa
CsKSELðT1Þ ¼ 14:52� 0:45.For the consider-

ation of sorption at the planar sites (T2), especially important
for medium–high Cs concentrations, the mean values of
apparent selectivity coefficients for Na–Cs, K–Cs and Ca–
Cs exchange are the following: LogNa

CsKSELðT2Þ ¼ 1:70 �
0:07;LogK

CsKSELðT2Þ ¼ 1:13� 0:01 and LogCa
CsKSEL

ðT2Þ ¼ 3:31� 0:16.
Starting from the above mentioned experimental initial

values, for the consideration of the competing effects of
the ions present in solution, additional selectivity coeffi-
cients must be calculated.
Table 6
Parameters used for the best fit of the experimental sorption curves presen
in solution is also indicated. The error on these parameters will be cons
deviation obtained in different tests.

Log X
CsKSEL(T1) Log X

Cs

K-smectite

Isotherm 0.01 M (Fig. 3b) 5.14 1.13
Isotherm 0.1 M (Fig. 3b) 5.14 1.13
Kinetics 0.1 M (Fig. AM1a) 5.20 1.30
Kinetics 0.1 (Fig. AM1b) 5.10 1.10
Edge (Fig. AM2a) 5.15 1.15
Mean 5.15 ± 0.04 1.16 ± 0

Na-smectite

Isotherm 1 M (Fig. 3b) 7.70 1.75
Isotherm 0.2 M (Fig. 3b) 7.55 1.60
Isotherm 0.1 M (Fig. 3b) 7.60 1.70
Isotherm 0.01 M (Fig. 3b) 7.50 1.70
Isotherm 0001 M 7.50 1.70
Edge 0.1 M (Fig. 1a) 7.60 1.65
Edge 0.01 M (Fig. 1a) 7.60 1.65
Kinetics 0.1 M (Fig. AM1a) 7.60 1.65
Kinetics 0.1 M (Fig. AM1b) 7.70 1.70
Mean 7.59 ± 0.07 1.68 ± 0

Ca-smectite

Isotherm 0.3 M (Fig. 3c) 14.62 3.10
Isotherm 0.1 M (Fig. 3c) 14.62 3.10
Kinetics 0.1 M (Fig. AM1a) 14.24 3.10
Kinetics 0.1 M (Fig. AM1b) 14.33 2.79
Edge (Fig. AM2b) 14.24 3.10
Edge 2 (Fig. AM2b) 14.30 2.90
Edge 3 (Fig. AM2b) 14.52 2.90
Mean 14.41 ± 0.17 3.02 ± 0
For example, if Na
CsKSEL; K

CsKSEL and Ca
CsKSEL are

known, Na
K KSEL and Na

CaKSEL can be calculated by the fol-
lowing expressions:

Na
K KSEL ¼ Na

CsKSEL

K
CsKSEL

ðE:6aÞ

Na
CaKSEL ¼ Na

CsKSELð Þ2

Ca
CsKSEL

ðE:6bÞ

Table 5 summarises the calculated selectivity coefficients.
Thus, considering the presence of competing ions, within

the experimentally evaluated concentrations, all the experi-
mental data set was fit with a finer tuning of the initial
parameters. All the parameters used for the fit of the exper-
imental data are summarised in Table 6. Model calculations
are superimposed onto the experimental data of Figs. 1–3,
and onto all the additional Figures in AM.

The values of the selectivity coefficients, obtained in this
study for T1 sites, compare well with those found in the lit-
erature for illite clay at FES sites; the values obtained here
for T2 sites are similar to those published (see Table AM1,
AM).

Selectivity coefficients for Cs–Ca, were also determined
for T1 sites, as previously done in other studies; and with
these parameters, the experimental data can be reproduced
quite well (Fig. 3). Yet because the sorption behaviour at
T1 sites of Ca-smectite does not fit with the theoretical
dependence on the ionic strength for an exchange process,
ted in the Figures of the paper. The concentration of competing ions
idered the highest between experimental (±0.15) and the standard

KSEL(T2) [Ca2+](M) [Na+](M) [K+](M)

2 � 10�5 2 � 10�5 0.01
2 � 10�5 2 � 10�5 0.1
1 � 10�5 1 � 10�5 0.1
2 � 10�5 2 � 10�5 0.1
2 � 10�5 2 � 10�5 0.1

.08

1 � 10�5 1 1 � 10�5

2 � 10�4 0.2 7 � 10�5

1 � 10�5 0.1 1 � 10�5

1 � 10�5 0.01 8 � 10�5

1 � 10�4 0.001 8 � 10�5

1 � 10�4 0.1 5 � 10�5

1 � 10�4 0.01 5 � 10�5

1 � 10�4 0.1 5 � 10�5

1 � 10�4 0.1 1 � 10�5

.04

0.1 1 � 10�5 1 � 10�5

0.03 1 � 10�5 1 � 10�5

0.1 5 � 10�5 5 � 10�5

0.1 5 � 10�5 5 � 10�5

0.001 1 � 10�5 1 � 10�5

0.1 1 � 10�5 1 � 10�5

0.1 1 � 10�5 1 � 10�5

.13
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another hypothesis for the analysis of the experimental data
was made. As widely reported in the literature, T1 sites are
especially selective for alkali ions, but it is difficult that they
could be occupied by calcium or other bivalent ions. Thus,
even after the homoionisation process, calcium might not
be able to occupy these sites. It could be then assumed that
Cs retention can occur via exchange with the potassium
present at T1 sites – rather than displaced during the
homoionisation stage. Following this reasoning, a model
was tried and a good fit of the experimental curves could
be obtained (see Fig. AM3, in the Additional Material).
However, this model is not able to reproduce the sorption
behaviour as a function of the ionic strength either
(Fig. 4); thus the hypothesis that in this case, the sorption
mechanism is different from ionic exchange is strengthened.

For the rest of the cases, as can be seen in the Figures,
this approach is quite successful in predicting sorption data,
with different exchanging and competing ions and in a wide
range of Cs concentration. Both the set of selectivity coeffi-
cients obtained in this study and the performed analyses are
very useful to explain Cs sorption behaviour onto smectite-
based clay materials, even under more complex experimen-
tal conditions.

5. SUMMARY AND CONCLUSIONS

The analysis of sorption data from three different ex-
changed smectites (Na-, K- and Ca-smectite) allowed deter-
mining a set of selectivity coefficients essential to model Cs
sorption behaviour under a wide range of chemical
conditions.

Sorption was shown to be not linear, probably because
of the presence of randomly interstratified illite–smectite
mixed layers, providing highly selective sorption sites; a
two-site exchange model was the most adequate to describe
Cs retention.

For Na- and K-smectite, both at planar (T2) sites and
T1 sites, resembling the FES sites observed for illite, sorp-
tion occurs by ionic exchange, in agreement with theoretical
calculations for a 1:1 exchange process, provided one ac-
counts for the competition of trace ions in solution.

For Ca-smectite, ionic exchange also clearly occurred at
T2 sites. The nature of Cs retention at Ca-smectite T1 sites
is not totally clear, because the observed experimental
dependence of sorption with the ionic strength was signifi-
cantly different from the theoretical one, and not explain-
able by the existence of competing ions in solution. The
very low density of T1 sites makes a clear identification
by experimental spectroscopic techniques very difficult,
but future studies should aim at elucidating the interaction
mechanisms between Cs and Ca-smectite at these sites. The
possibility that the presence of large hydrated cations may
cause the expansion of clay layers – making more accessible
sorption sites – should be considered.
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