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� The component additive model pre-
dicts Eu adsorption on 2:1 clay
mixture.

� Sorption modelling included: ion
exchange and competition, and sur-
face complexation.

� In the mixtures, smectite controls Eu
adsorption when ion exchange
predominates.

� Illite controls Eu retention when
surface complexation predominates.

� Uncertainties related to modelling
and to the use thermodynamic data
are outlined.
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This study evaluates the component additive approach for Eu adsorption on mixtures of smectite and
illite, which are the most common clays used as barriers for contaminant retention in waste repositories.
A thorough set of Eu adsorption data for Na-exchanged smectite and illite that encompasses a wide range
of pH values, ionic strengths, and Eu concentrations was provided. This database is likely one of the
largest sorption databases available for Eu in 2:1 clays, making it appropriate for sorption model
calibration.

The main adsorption mechanisms considered were surface complexation, on weak and strong clay
edge sites, and cation exchange. Further, the role of principal ions, which are naturally leached from
clays, as competitive factors for Eu retention, was evaluated in the modelling calculations. The main
uncertainties related to the modelling procedures and the use of different thermodynamic data on
sorption modelling were outlined.

The reactions and parameters successful in modelling Eu adsorption on individual clays were used
without any modification to model Eu adsorption on illite/smectite mixtures, wherein only the relative
mineral proportions were considered. The fit of the sorption data in the mixed clay system was satis-
factory, indicating that, in 2:1 clays, Eu sorption is an additive process, which stresses the predictive
capacity of the component additive approach in these systems. This is an important support for assessing
the performance of barrier materials for contaminant migration under different geochemical conditions.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Adsorption processes are fundamental for the elimination of
undesired ions and molecules from aqueous phases and are thus
relevant in areas related to pollution control, water treatment, and
waste disposal.

Several different materials (clays, oxides, active carbon, zeolites,
and various organic materials), natural or modified, have been
analysed for the treatment of different types of contamination
(Bonilla-Petriciolet et al., 2017). Clayey rocks are commonly
employed as reactive barriers for pollutant containment, and
smectite and illite are considered for use as engineered or natural
barriers in high-level radioactive waste repositories (Norris, 2014;
Sellin and Leupin, 2014). To assess the long-term safety of clayey
barriers, it is necessary to further understand adsorption processes
and develop mechanistic models that predict contaminant migra-
tion in the environment (Payne et al., 2013).

Natural materials are complex, heterogeneous, and their
chemical conditions evolve with time. Thus, mechanistic studies of
contaminant adsorption face several challenges and, consequently,
their application to real systems remains limited. The mechanistic
comprehension of complex systems is inevitably simplified, but it is
important to ensureminimal loss of relevant information. Themain
methodologies proposed to model adsorption processes in com-
plex/natural systems are the generalised composite (GCA) and
component additivity (CAA) approaches (Davis et al., 1998). The
GCA assumes that a complex material can be characterised in
general terms without going in depth on its real nature. It is
assumed that the material has “generic” surface sites, in which
surface complexes are defined. The parameters necessary for
modelling, including the specific surface area, cation exchange ca-
pacity (CEC), and surface acidity constants, are measured for the
entirematerial in order to represent its mean properties. Even if the
GCA can be useful as an operational tool to obtain general infor-
mation on the adsorption properties of the system, it remains to be
an empirical methodology.

Meanwhile, the CAA assumes that a natural material is formed
by different minerals, each one with its own properties, and thus
total adsorption depends on the contributions of each single
component. This implies that the solid must be exhaustively char-
acterised and the solid/contaminant interactions must be described
in detail for each component, which favours a mechanistic under-
standing of the medium (Davis et al., 1998; Landry et al., 2009;
Payne et al., 2013).

The main objective of this study was to analyse the application
of the CAA for Eu adsorption in smectite and illite clay mixtures by
providing a large experimental adsorption dataset that encom-
passes a wide range of pH values (from 3 to 11), ionic strengths (ISs,
from 1 � 10�3 M to 2 � 10�1 M), and Eu concentration (from
5� 10�10 M to 1� 10�3 M), and focusing on the effects produced by
the main ions leached from the clays, which cannot be completely
eliminated in homoionisation and purification processes (Missana
et al., 2014).

Further, this study aims to highlight the main uncertainties
related to modelling work and the importance of the availability of
robust thermodynamic databases for the application of mechanistic
sorption models.

The selected element (152Eu) is a lanthanide, which is often
regarded as a chemical homologue of trivalent actinides, An3þ

(Rabung et al., 2005), which has a rather complex aqueous chem-
istry. 152Eu can be produced by neutron activation in nuclear reactor
control rods, and is a fission product of U and Pu, making it of
special interest for geochemical studies related to radioactive
waste.

Previous studies on Eu retention in single 2:1 clay minerals that
2

combine experimental investigation and modelling exist (Bradbury
and Baeyens, 2002; Rabung et al., 2005; Bradbury et al., 2005;
Tertre et al., 2005; Marques et al., 2008; Sasaki et al., 2016; Verma
et al., 2019); Kumar et al. (2013) analysed adsorption on mont-
morillonite and kaolinite mixtures. However, there are no studies
regarding the application of modelling to analyse Eu adsorption in
2:1 clay mixtures.

Contaminant retention on mixed solids is distinctive, and the
CAA is not always successful, thus, adsorption additivity must not
be taken for granted. The CAA has satisfactorily described Cs
adsorption on mixed illite, smectite, and kaolinite (Cherif et al.,
2017). Conversely, Alessi and Fein (2010) applied the CAA to anal-
yse Cd adsorption in kaolinite mixed with oxy-hydroxides and, in
some mixtures, the adsorption was underestimated. In smectite
and alumina mixtures, the CAA adequately described selenite
adsorption (Mayordomo et al., 2016), but underestimated Sr
adsorption under acidic pH conditions, wherein cation exchanges
dominate (Mayordomo et al., 2019). This effect was attributed to
oxide/clay surface interactions and charge shielding, which hinder
Sr retention. Hurel and Marmier (2010) analysed the CAA for Eu
adsorption on the MX-80 bentonite and found that adsorption
could only be predicted in a limited pH range (5.5e7.5); Bruggeman
et al. (2010) used the CAA to interpret the influence of organic
matter on Eu adsorption by illite. As different systems behave
differently, detailed studies are necessary to guarantee the pre-
dictive capacity of adsorption models in complex environments.

To apply the CAA, it is necessary to develop independent models
for each relevant component under the widest range of experi-
mental conditions. Many studies on Eu adsorption in clays pro-
posedmodels based on data obtained at a single IS or on adsorption
edges at a single Eu concentration. Note that if the data are not
complete enough, it is difficult to guarantee proper extrapolation to
a different IS or contaminant concentration (Schnurr et al., 2015;
Verma et al., 2019).

The materials selected for this study were a Spanish smectite
(FEBEX bentonite, FBX) and French illite (Illite du Puy, IdP), which
were previously exchanged in Na.

The ion exchange and competitive effects, surface complexation,
and precipitation were evaluated to determine the Eu retention in
both clays. A complete set of experimental data for Eu adsorption in
the smectite and illite was required to outline the main processes
involved in contaminant adsorption and to quantify their effects on
the overall retention of the single components.

To check the validity of the CAA, the model parameters (selec-
tivity coefficients and surface complexation constants) determined
for the single clays were used to model the Eu sorption in the
smectite/illite mixtures in two different proportions without any
additional modification while accounting for the relative clay
proportions.

2. Materials and methods

2.1. Adsorbents: smectite and illite clays

In this study, 2 previously well-characterised materials were
used (FBX and IdP). The FBX is a CaeMg clay with a high smectite
content (94% ± 3%). Its comprehensive characterisation is provided
in the literature (Fernandez et al., 2004; Huertas et al., 2006). The
IdP and has a high illite content (93%) with some and kaolinite (7%)
(Gabis, 1958; Bradbury and Baeyens, 2005).

The clays, which were previously crushed and sieved (<64 mm),
were converted to their Na-form by washing three times with 1 M
NaClO4. After the exchange procedure, the clays were distributed in
centrifuge tubes and mixed with ultra-pure water. To obtain the
fine clay fraction (<500 nm) and eliminate largemineral impurities,
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the suspensions were centrifuged (600 g, 10 min) and the super-
natant was collected in polyethylene bottles and flocculated with
1 M NaClO4. The clay remaining in the centrifuge tubes was mixed
with ultra-pure water and centrifuged again. The washing/centri-
fugation/supernatant collection cycle was repeated until enough
solid material was available. There was no additional acid treat-
ment to eliminate less soluble minerals (as carbonates) in order to
prevent extensive clay dissolution.

The IS of the clay suspensions was changed via dialysis (Spectra
Por Dialysis Membranes MWCO 3.5 kD) using NaClO4 at different
concentrations. The final clay concentration was determined via
gravimetry, wherein 50 mL of the suspensions were dried in an
oven for 2 days at 105 �C in triplicate. The clay concentration used
in the sorption experiments ranged from 0.5 g L�1 to 1 g L�1.

The total CECs of the Na-clays were measured using the copper
triethylenetetramine (Cu-Trien or [Cu(trien)]2þ) method (Amman
et al., 2005; Dohrmann and Kaufhold, 2009). The CECs were
100 ± 4 meq/100 g and 24 ± 2 meq/100 g for the Na-FBX and Na-
IdP, respectively, which is consistent with previous studies
(Fernandez et al., 2004; Rabung et al., 2005).

The external surface area was measured using the standard
Brunauer-Emmet-Teller (N2-BET) method with a Micromeritics
ASAP 2020 V3.02H apparatus. The values were 59 ± 3 m2 g�1 and
120 ± 4 m2 g�1 for the Na-FBX and Na-IdP, respectively, which
agrees with previous studies (F�ernandez et al., 2004; Bradbury and
Baeyens, 2005).

2.2. Adsorbate: europium

The isotope of europium used in this study was 152Eu(III), which
is from a carrier-free solution of 152EuCl3, diluted in HCl, as supplied
by Eckert and Ziegler isotope products. 152Eu has a half-life of
approximately 13.5 years, mainly decays by electron capture (72%),
and is a hard gamma emitter. Its activity was measured via g-
counting with a NaI detector (Packard Auto-gamma COBRA 2).

2.3. Contact electrolyte

The electrolytes in equilibrium with the clay at different pH
values (from 3 to 10) and ISs (from 1 � 10�3 M to 2 � 10�1 M) were
analysed by filtering with a syringe filter of 0.2 mm (Millipore).
Calcium and magnesium were analysed using inductively coupled
plasma atomic emission spectrometry (ICP-AES Varian 735 ES).
Sodium and potassium were determined using atomic absorption
spectrometry (Varian AA240 FS), and the carbonates were deter-
mined by potentiometric titration (Metrohm 888 Titroprocessor).

2.4. Sorption experiments

Batch sorption experiments were conducted in a glove box
under a N2 atmosphere at room temperature (23 ± 2 �C). Na-FBX,
Na-IdP, and their suspensions at different ISs were used for the
experiments. The adsorption of the illite-smectite mixtures was
analysed, mixing the smectite and illite suspension at an IS of
5 � 10�2 M at two different Na-FBX/Na-IdP ratios (50%/50% and
75%/25%) with a total clay concentration of 0.5 g L�1.

The kinetics of the sorption process were analysed first to
determine the appropriate experiment time for further sorption
experiments.

Europium sorption as a function of pH was analysed by per-
forming “sorption edges” at pH values of 3e11 at different ISs and
an Eu concentration of 6.9 � 10�9 e 9.9 � 10�9 M. The pH was
changed by adding NaOH/HCl 0.1 M, and buffer solutions were used
to maintain a stable pH over time. The buffer solutions used for
3

each pH range are summarised in the Supporting Information
(Table 1S). Note that they were used at a concentration of
2 � 10�3 M, which has been proven to not affect Eu retention.

Sorption isotherms were obtained at a fixed pH and background
electrolyte concentration by varying the Eu concentration (from
5 � 10�10 to 9 � 10�4 M). Concentrations higher than 1 � 10�7 M
were achieved by adding stable Eu, which was derived from EuCl3
high purity salts, to the radioactive 152Eu.

Ultracentrifuge polypropylene tubes (12.5 mL) were filled with
the samples for the sorption study. Then, they were sealed with
heat and underwent continuous stirring until phase separation. The
solid/liquid separation was carried out by ultra-centrifugation
(645,000 g, 30 min) with a Beckman L90-Ultra ultracentrifuge.
The effectiveness of the solid/liquid separation was validated by
determining the concentration of colloids using photon correlation
spectrometry with a Malvern 4700 apparatus with a 4 W Ar laser
(514 nm), as described in the literature (Missana et al., 2008).

Three aliquots of the supernatant were taken from each tube to
measure the final Eu concentration in the supernatant (EuLIQ). The
rest of the solution was used to measure the final pH. The rela-
tionship between the adsorbed Eu concentration (EuADS) and that
remaining in the liquid (EuLIQ) is defined as the distribution coef-
ficient (Kd):

Kd ¼
½EuADS��
EuLIQ

�¼ EuINI � EuLIQ
EuLIQ

$
V
m
; Equation 1

where EuINI is the initial Eu concentration, m is the mass of the clay
(g), and V (mL) is the volume of the electrolyte. Kd is expressed in
mL$g�1 units. Depending on the pH and IS, the Kd values for Eu can
span several orders of magnitude. Therefore, the sorption datawere
expressed as log (Kd). The representation of data as a percentage of

adsorption (100 $EuADS
EuINI

�
was discarded because it is not sensitive

enough to reveal data variation, and subsequently perform sorption
modelling, especially when sorption is high (Payne et al., 2013).

The largest experimental error in the sorption tests was
observed in the region of the highest Eu adsorption (high pH and/or
low IS), whereas the maximum log (Kd) error was estimated to be
less than 5% under all experimental conditions. Thus, an uncer-
tainty of 5% in the log (Kd) data fully covers the experimental error
and has been indicated in all the experimental points.

Eu sorption on the ultracentrifuge tubes was checked after the
sorption tests. As it was found to be lower than 2%, it was not
accounted for in the Kd calculations.

2.5. Modelling of adsorption data

Smectite and illite are layered aluminosilicates formed by two
tetrahedral (T) and one octahedral (O) layers that are ordered in a
TOT structure (2:1 clays) (Odom, 1984). They possess a negative
permanent charge caused by isomorphic substitutions in their
structure, which is compensated by the presence of cations in their
interlayers (Bergaya and Lagaly, 2013). In addition to this constant
charge, corresponding to the CEC, the clay surface has a smaller
variable charge from the amphoteric functional groups at the par-
ticle edges, which is where the SieOeSi and AleOeAl bonds are
broken (silanol and aluminol groups, respectively).

These permanent and pH-dependent charge contributions lead
to different sorption mechanisms for the cations, such as cation
exchange and surface complexation. Regarding Eu, different spec-
troscopic studies have confirmed the formation of outer-sphere
complexes under acidic pH conditions (where cationic exchanges
prevail), and inner-sphere complexes at neutral to basic pH con-
ditions (Stumpf et al., 2004; Kowal-Fouchard et al., 2004a; Sheng
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et al., 2009; Sasaki et al., 2016; Huittinen et al., 2010; Marques et al.,
2016). Nevertheless, there is no general agreement between the
number or type of surface sites or complexes proposed.

2.5.1. Cation exchange
In an Na-exchanged clay, Na is the (unique) cation that balances

the surface negative charge and can be substituted by another
cation present in solution (e.g., cation B, with valence zB). As Na ≡ X
represents the exchange site at the Na-clay surface, the exchange
reaction can be expressed as:

zBðNa≡XÞþB4ðB≡XÞ þ zBNa: Equation 2

If cation B is present at trace levels and the NaeB exchange is the
predominant sorption mechanism, according to the Gaines and
Thomas (1953) theory, the selectivity coefficient can be obtained
using the measured Kd value as follows (Bradbury and Baeyens,
2002):

B
NaKSEL ¼

�
Kd$zB
CEC

� ðgNaÞzB
gB

ðNaÞzB ; Equation 3a

where gNA and gB are the solution activity coefficients of Na and the
cation B, respectively, and CEC is the cation exchange capacity of
the clay. In the case of EueNa exchange (zB ¼ 3), the selectivity
coefficient is determined using the following:

Eu
NaKSEL ¼

�
Kd$3
CEC

� ðgNaÞ3
gEu

ðNaÞ3; Equation 3b

In an ionic exchange process, the IS is expected to play an
important role in retention because the log (Kd) of cation B in
electrolyte A depends, theoretically, on the electrolyte concentra-
tion according to the following:

zA $ LogðKdÞ ¼ �zB$LogðAÞ þ Log

 
B
AKSEL$ðCECÞzA$gzAB

zzAB $gzBA

!
:

Equation 4

Thus, in the absence of any other competing ion, log (Kd) de-
pends linearly on the logarithm of the concentration of A (log (A)),
wherein the slope of this straight line is -zB/zA. In the case of EueNa
exchange, the zB/zA value is 3. Thus, the exchange process was
evaluated not only for Eu but also for other possibly competitive
cations present in solution (K, Ca, Mg, and Al).

2.5.2. Surface complexation
Surface complexation reactions occur at the amphoteric func-

tional groups (SOH) present on the clay surface. The pH-dependent
charge at the clay surface is determined by the protonation/
deprotonation reactions at these sites, which is similar to what
occurs in oxides:

SOHþ
2 ⇔SOH þ Hþ; Equation 5a

SOH⇔SO� þ Hþ; Equation 5b

where SOH2
þ, SOH, and SO� represent the positively charged,

neutral, and negatively charged surface sites, respectively.
The adsorption of cations on these SOH groups can be described

as expressed in Equation (6), in which Mzþ is a generic cationic
species in solution:

SOHþMzþ⇔SOMz�1 þ Hþ: Equation 6

To interpret the surface complexation, one must first select a
4

model, in which the choice is somewhat subjective; the general
tendency is to use “simple” models, but different approximations
can fit the experimental data.

Previous attempts to theoretically describe Eu adsorption on
individual clays have been made, wherein the fitting approaches
varied. Bradbury and Baeyens (2002) and Marques et al. (2008)
used a quasi-mechanistic 2-site protolysis non-electrostatic sur-
face complexation and cation exchange model (2SPNE/CE). Apart
from the exchange sites, the 2SPNE/CE assumes the existence of
one strong and two weak sites at the clay surface. However, for
contaminant complexation, they used only the strong site, or the
strong site and one weak site. Sasaki et al. (2016) selected a 1-site
non-electrostatic model (NEM); Tertre et al. (2006) and Guo et al.
(2009) used electrostatic (diffuse double layer) models, which
assumed the existence of different sites on clay (one or two alu-
minols, and one silanol), but their Eumodelling only considered the
complexation on aluminols. Other electrostatic models, such as the
constant capacitance and triple layer model, have been applied to
explain complexation reactions on clays (Kowal-Fouchard et al.,
2004b; Goldberg, 2014).

In this study, to model the surface complexation reactions, a
standard 2-site (weak, SwOH, and strong, SsOH) NEM was selected
because it has been satisfactorily used to fit the sorption data of
other elements in Na-FBX and Na-IdP (Missana et al., 2009a,
2009b). Further, note that, at a mechanistic level, the contribution
of two sites with different densities and selectivities can be related
to the existence of aluminol and silanol clay sites.
2.6. Model calculations and thermodynamic databases

The calculations of Eu aqueous speciation and adsorption were
conducted using the Chess v2.4 code (Van der Lee and de Windt,
1999), and the B-dot equation was used as an activity model.

The fit of the sorption data was determined by conducting a
trial-and-error procedure, changing the fitting parameters (selec-
tivity coefficients and surface complexation constants) in the input,
and comparing the calculated values with the experimental results.

The selection of a thermodynamic database (TDB) is crucial
because TDBs are indispensable tools for computing the contami-
nant aqueous speciation, and channel the consequent selection of
the complexing species contributing to sorption. To date, a general
agreement on the ideal TDB for calculating Eu speciation does not
exist, and updated Eu data are scarce. The Nuclear Energy Agency of
the Organisation for Economic Co-operation and Development
(OECD-NEA) provides periodic updates of thermodynamic data for
most radioactive elements, but not for Eu. For this reason, some
authors use (part of) the database published by the OECD-NEA for
Am3þ (Guillamont et al., 2003).

In this study, for modelling purposes, two databases were used
(EQ (3)/6 and ThermoChimie). EQ (3)/6 database (Delany and
Lundeen, 1991), compiled by the Lawrence Livermore National
Laboratory, is the database originally provided with the Chess code,
while the ThermoChimie (Griv�e et al., 2015) is a database compiled
by the French National Radioactive Waste Management Agency
(Andra), and is mainly based on OECD-NEA books, when available.
Most of the constants selected by the ThermoChimie database for
Eu-hydrolysed and carbonate species were taken from Spahiu and
Bruno (1995) and references therein.

The objective of using two databases is to not discuss or judge
the species and constants of each, but rather to highlight the con-
sequences of different choices on sorption modelling. The main
species used for the calculations and their stability constants, as
provided by each TBD, are listed in Tables 2S and 3S The principal
outcomes and differences are examined in Section 3.
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3. Results and discussion

3.1. Contact electrolyte analysis

Among the ions found in the solutions in contact with clay,
those that were examined as potentially competitive ions for Eu
sorption at the clay exchange sites includedmonovalent potassium,
divalent ions (calcium and magnesium), and trivalent aluminium.
The concentrations of these ions were measured in the superna-
tants of the clay suspensions used for the sorption tests under
different pH and IS conditions (Table 4S). For Na-FBX, the results
were: [Kþ] ¼ 1.4 � 10�5 e 5.2 � 10�5 M, [Ca2þ] ¼ 9.5 � 10�6 e

4.3 � 10�4 M, and [Al3þ] < 2� 10�6 M. For Na-IdP, the results were:
[Kþ] ¼ 1.2 � 10�5 e 1.5 � 10�4 M, [Ca2þ] ¼ 5.0 � 10�6 e

1.0 � 10�4 M, and [Al3þ] < 5 � 10�5 M.
The ion present at higher concentrations was calcium, and the

concentration of aluminium was always below 2 � 10�6 M in the
Na-FBX, whereas in the Na-IdP it reached values of up to one order
of magnitude higher. The mean quantities of HCO3

�, which were
measured at a pH of 7 in the aqueous solution in contact with the
clay, were 1.1 � 10�3 ± 0.1 � 10�3 M and 1.4 � 10�3 ± 0.0 � 10�3 M
for the Na-FBX and Na-IdP, respectively. The carbonates naturally
present in clays are important for Eu speciation and must also be
accounted for in the modelling.
Fig. 1. Europium speciation in NaClO4 0.1 M [Eu] ¼ 1 � 10�8 M. Main species present in
concentration (a) higher than 1 � 10�10 M, and (b) lower than 1 � 10�10 M. Calcula-
tions were performed with EQ (3)/6 database. Precipitation allowed.
3.2. Europium speciation

Europium speciationwas calculated as a function of pH, wherein
[Eu] ¼ 1 � 10 M in NaClO4 0.1 M, with the constants listed in
Tables 2S (EQ3/6) and 3 S (ThermoChimie), and the precipitation of
solid species (in grey in Tables 2S and 3S) was initially allowed.

The resulting speciation using EQ (3)/6 database is shown in
Fig.1(a) and (b), wherein the latter focuses on the species present at
lower concentrations. According to this database, the main species
present at a pH less than 6.5 is trivalent cation Eu3þ. Meanwhile,
under neutral and alkaline pH values, the main species predicted
are EuOHCO3(aq), EuCO3

þ, Eu(OH)2CO3
�, and EuOH(CO3)22�. All the

main species present at a pH higher than 7 are neutral or negatively
charged. Thus, they are not expected to contribute to Eu retention.
The “zoom” in Fig. 1b shows another positively charged species
existing in the alkaline region: namely Eu(OH)2þ.

For a comparative analysis, the Eu speciation using the Ther-
moChimie database was calculated under the same conditions
previously adopted, and the results are shown in Fig.1S (Supporting
Information).

The first observed difference is related to the solubility of the
solid species. While no precipitation was predicted by EQ (3)/6
database for [Eu] ¼ 1 � 10�8 M, according to the ThermoChimie
database (Fig. 1S), extensive Eu precipitation above a pH of 7 was
predicted, wherein the main precipitated solids would be Eu(CO3)
OH(cr) and Eu(OH)3 (cr). However, such extensive Eu precipitation,
which is usually observable in the shape of the sorption isotherms,
was not experimentally observed. The solubility of Eu in the pres-
ence of carbonates may vary depending on the formation of mixed
hydrolysed, crystalline, or aged-with-time solid phases (Runde
et al., 1992; Fangh€anel and Neck, 2000).

To obtain more information on the aqueous species, the calcu-
lation was repeated, excluding solid precipitation (Fig. 2S(a-b) in
Supporting Information). The main differences in the speciation
calculated with the two TDBs depended on the consideration of
certain mixed hydroxo-carbonate species, such as EuOH(CO3) (aq).
The stoichiometries considered for the formation of Eu3þ com-
plexes with (bi)carbonates were different in each database. While
some studies (Rao and Chatt, 1988) found that both Eu(HCO3)i3�i
5

and Eu(CO3)i3�2i stoichiometries can co-exist, others only consid-
ered the existence of Eu(CO3)i3�2i, which is consistent with trivalent
actinides, such as Am. Even though these mixed hydroxo-carbonate
species were omitted, their existence was not completely discarded
(Plancque et al., 2003; Vercouter et al., 2005), thereby providing the
principal source of uncertainty. Further, the exclusion of EuOH(-
CO3)(aq) in the ThermoChimie TDB makes that EuCO3

þ pre-
dominates in the speciation diagram at much higher
concentrations and at awider range of pH than that of EQ (3)/6 TDB,
even if the formation constant for EuCO3

þ is very similar in each
(Tables 2S and 3S).

3.3. Sorption tests on single minerals

3.3.1. Kinetic
Preliminary kinetic tests (from 1 h to 30 d) were carried out for

Na-FBX and Na-IdP at 0.1 M NaClO4 and different pH values. The
results of these tests are shown in the Supporting Information
(Fig. 3S). In both clays and at all the pH values investigated, Eu
uptake was very rapid (<1 d). For all experiments, the contact time
was fixed to 7 d.

3.3.2. Sorption edges
Fig. 2 shows the Eu adsorption edges at different ionic strengths,

Fig. 2a shows the results obtained with Na-FBX
([Eu] ¼ 9.9 � 10�9 M) and Fig. 2b shows the results obtained



Fig. 2. Sorption edges for Eu in (a) Na-Illite du Puy (IdP) and (b) Na- FEBEX bentonite
(FBX) at different ionic strengths in NaClO4. ( ) 0.2 M, ( ) 0.1 M, ( ) 0.05 M, ( )
0.01 M, and ( ) 0.001 M. Lines correspond to the model calculations with parameters
summarised in Table 1. Sorption data expressed as the logarithm of the distribution
coefficient (Kd).

Fig. 3. Sorption isotherms of Eu in Na-FEBEX bentonite (FBX) in NaClO4 at different
ionic strengths. (a) pH < 5: ( ) I ¼ 0.2 M and pH ¼ 4.1; ( ) I ¼ 0.1 M and pH ¼ 3.8; and
( ) I ¼ 0.05 M and pH ¼ 3.9. (b) pH > 5: ( ) I ¼ 0.001 M and pH ¼ 6.0; ( ) I ¼ 0.01 M
and pH ¼ 6.3; ( ) I ¼ 0.05 M and pH ¼ 7.7; ( ) I ¼ 0.1 M and pH ¼ 6.7; and ( )
I ¼ 0.2 M and pH ¼ 7.4. Lines correspond to model calculations with the parameters
summarised in Table 1 (EQ (3)/6 thermodynamic database). Dashed vertical line in-
dicates the concentration where precipitation is predicted at a pH of 7.4.
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with Na-IdP ([Eu] ¼ 6.9 � 10�9 M). In these figures, three zones can
be distinguished. In the first zone, which occurs at a more acidic pH
(3e5), making the main aqueous species is Eu3þ, sorption signifi-
cantly depends on the IS and exhibits only minimal variation with
the pH, especially in the case of Na-FBX. In this region, the
measured log (Kd) varied significantly from the highest to lowest IS
from approximately 3 to 6 in the Na-FBX, and from 2.5 to 5.5 in the
Na-IdP. Thus, adsorption may be related to the Eu3þ-Naþ cationic
exchange process, which is expected to be independent of the pH
but dependent on the electrolyte concentration (Equation (4)).

In the second zone (pH values of 5e7), adsorption began to vary
with pH, and the log (Kd) values either increased or decreased
depending on the IS of the suspensions. In this pH region, the main
charged species were Eu3þ and EuCO3

þ.
In this zone, the effect of the Eu3þ-Naþ cationic exchange was

still observable, but the positively charged species began contrib-
uting to Eu retention via surface complexation. At a pH greater than
7, the adsorption behaviour was similar at all ISs, varied with pH,
suggesting that inner-sphere surface complexation was the main
adsorption mechanism in this zone. Despite the presence of the
aqueous bicarbonate leached by the clays in the system, the drastic
decrease in sorption at a pH of 8 that has been observed by other
6

researchers working under atmospheric pCO2 conditions (Marques
et al., 2008; Guo et al., 2009), was not observed herein.

Herein, at a high pH, large data scattering exists. This is some-
what expected because of the remarkably high Eu retention, but
other factors may be involved, such as Eu incipient precipitation,
which is highly dependent on pH (Fangh€anel and Neck, 2000), or
the presence of clay colloids. Na-clays, especially Na-smectites, can
produce a large quantity of colloids, especially at low ISs (Missana
et al, 2018b, 2018a). The presence of colloids in the supernatant
was checked using photon correlation spectrometry to evaluate
their potential impact on the Kd. The results showed that the par-
ticle concentration was always lower than 1e2 mg L�1, reaching
7.5 mg L�1 in only in a few samples. These rare high values are
probably related to an accidental resuspension of the clay during
sampling, not to insufficient centrifugation. The possible impacts
on Kd determination are shown in Fig. 3S, which includes the
measured log (Kd) versus the real log (Kd) both in the absence of
colloids and in the presence of different particle concentrations.
When sorption is very high (log (Kd) > 5.5), the presence of colloids
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causes a decrease in the measured log (Kd), which could exceed the
estimated 5% error, and may cause the data dispersion.
Fig. 5. Sorption edges of Eu in Na-FEBEX bentonite (FBX) and Na-Illite du Puy (IdP) in
3.3.3. Sorption isotherms
Figs. 3 and 4 show the adsorption isotherms obtained for Na-

FBX and Na-IdP at different IS and pH values. Figs. 3(a) and 4(a),
illustrate the isotherms obtained at pH values of less than 5 and
Figs. 3(b) and 4(b) show the isotherms obtained at pH values
greater than 5. The data are expressed as log (Kd) versus log (Eufin),
instead of the previously used log (Euads) versus log (Eufin) form to
better delineate differences in the curves.

The shapes of the isothermswere similar for both clays. Sorption
as a function of the Eu concentration revealed a zone in which Kd is
approximately constant (linear sorption), and a zone in which the
log (Kd) decreases with increasing Eu concentration, which is the
result of the progressive saturation of sorption sites, followed by a
Langmuir-type behaviour, which does not indicate extensive Eu
precipitation.
Fig. 4. Sorption isotherms of Eu in Na-Illite du Puy (IdP) in NaClO4 at two different
ionic strengths. (a) pH < 5: ( ) I ¼ 0.01 M and pH ¼ 3.9; and ( ) I ¼ 0.1 M and
pH ¼ 4.0; (b) pH > 5: ( ) I ¼ 0.01 M and pH ¼ 7.2; and ( ) I ¼ 0.1 M and pH ¼ 7.2. Lines
correspond to model calculations with the parameters summarised in Table 1 (EQ (3)/6
thermodynamic database).

different proportions at the ionic strength of 0.05 M in NaClO4. ( ) 100% Na-FBX; ( )
50% Na-FBX and 50% Na-IdP; ( ) 75% Na-FBX and 25% Na-IdP; and ( )100% Na-IdP.
Lines correspond to model calculations with the parameters summarised in Table 1
(EQ (3)/6 thermodynamic database). Sorption data expressed as the logarithm of the
distribution coefficient (Kd).
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3.4. Sorption tests on Na-FBX and Na-IdP mixture

Fig. 5 shows the sorption edges obtained for the two Na-FBX and
Na-IdP mixtures (50% Na-FBX/50% Na-IdP and 75% Na-FBX/25% Na-
IdP) in NaClO4 at an IS of 5 � 10�2 M. The results obtained for 100%
Na-FBX and 100% Na-IdP (5 � 10�2 M) were also included for
comparison.

The curves intersect at a pH of approximately 6. In the region
below this pH, sorption was higher when the smectite content was
higher and cationic exchange predominated. Conversely, above a
pH of 6, the sorption behaviour was inverted, wherein sorption
increased with increasing illite content, indicating that the illite
surface complexation sites are more selective than those of
smectite.

3.5. Sorption modelling: individual clay components

3.5.1. Cation exchange and ion competition
The acidic pH region, wherein sorption clearly depends on IS,

not pH (Fig. 2), is related to sorption by cation exchange. In this
region, the main solute species is Eu3þ, which is the unique species
that contributes to sorption.

The cation exchange reaction can be expressed as:

3 $ ðNa≡XÞþ Eu3þ 4 ðEu≡XÞ þ 3Na: Equation 7

The dependence of the cationic exchange process on IS was
evaluated and compared with the theoretical behaviour (Fig. 6).
Each sorption test performed at pH values less than 4, was used to
estimate the (apparent) selectivity coefficients (KSEL) using Equa-
tion (3b). The log (KSEL) and log (Kd) values were plotted as a
function of the logarithm of the Na concentration (Fig. 6a and b,
respectively).

At higher ISs, the calculated selectivity coefficients (marked
within a box) were similar, but when the IS fell below 5 � 10�2 M,
they significantly decreased (Fig. 6a). Equation (4) indicates that the
theoretical relationship between log (Kd) and log (Na) for a binary
EueNa exchange should be linear with a slope of �3 (dotted curves
in Fig. 6b). Such a linear relationship was not experimentally
observed, suggesting that the theoretical curves at low to



Fig. 6. Eu sorption as a function of ionic strength. a) Logarithm of the apparent
selectivity coefficients (logKsel) as a function of ionic strength. The box indicates the
values at higher ionic strengths. b) Dependence of log (Kd) on ionic strength. The
dotted lines indicate the theoretical behaviour, and the continuous lines represent
calculations considering the presence of competing cations.
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intermediate ISs had highly overestimated sorption rates.
This is a clear indication that strong competitive effects exist,

and that competitive ions must be accounted for, because their
presence can bias the determination of selectivity coefficients
(Missana et al., 2014). Thus, the effects of Kþ, Ca2þþMg2þ, and Al3þ

within the experiment concentration range were analysed in both
clays using the selectivity constants listed in the literature for Na-
FBX and Na-IdP, as summarised in Table 4S. The calculations
revealed that potassium does not affect Eu retention in the clays; in
Na-FBX, the aluminium concentration was lower than 1 � 10�6 M,
suggesting it did not affect Eu sorption in smectite. Conversely, in
Na-IdP, trivalent aluminium was present at a high enough con-
centration to influence Eu retention. Further, the presence of
divalent ions, especially Ca, was non-negligible in both clays.
Therefore, the calcium in both clays and aluminium in the Na-IdP
were included in the calculation to evaluate the competitive effects.

As shown in Fig. 6b, the results fit reasonably well the experi-
mental points at all ISs. The fit was obtained using the logarithm of

the selectivity coefficient, logðEuNaKSELÞ;which were 2.00 and 2.03 for
Na-FBX and Na-IdP, respectively, a fixed pH of 3.75, and included
the competitive effects of Ca2þ (3.1 � 10�4 M) in the Na-FBX, and
8

Ca2þ and Al3þ in the Na-IdP (6 � 10�5 M and 2 � 10�5 M, respec-
tively). Therefore, the selectivity coefficient was constant in a wide
range of ISs (1� 10�3 to 2� 10�1 M), assuming that the competitive
ions were adequately accounted for in the model. The estimation of
error was approximately ±0.3. Further, the selectivity coefficients
estimated for both Na-FBX and Na-IdP were remarkably similar.
3.5.2. Surface complexation
To model Eu adsorption at pH values of greater than 5, it is

necessary to consider the contribution of surface complexation. The
2-site NEM proposed in this study includes two types of sorption
sites (SwOH, weak, and SSOH, strong). The densities of the weak/
strong sorption sites and their protonation constants for both clays
were 6.01 � 10�5/2.01 � 10�6 eq$g�1 for Na-FBX, and 9.03 � 10�5/
2.00$ 10�6 eq$g�1 for Na-IdP, as determined in a previous work
(Missana et al., 2008). The protonation constants of the sites are
listed in Table 1.

Based on the speciation diagrams (Figs. 1, 2S and 3S), species
were selected according to their concentration, range of pH in
which they appear, and their charge. Above a zero charge (pHPZC) of
the solid (Equations 5a-b), the overall surface charge is negative.
Therefore, positively charged species are expected to interact with
the clay surface and be adsorbed (Equation (6)). Based on these
criteria, in both EQ (3)/6 and ThermoChimie TDBs, the tested spe-
cies were Eu3þ, EuCO3

þ, and Eu(OH)2þ, which likely form mono-
dentate inner-sphere surface complexes with both weak and strong
sites, in accordance with the following reactions:

ð1Þ SOHþ Eu3þ ¼ SO� Eu2þ þ Hþ; Equation 8a

ð2Þ SOHþ EuCOþ
3 ¼ SO� EuCO3 þ Hþ; Equation 8b

ð3Þ SOHþ EuðOHÞþ2 ¼ SO� EuðOHÞ2 þ Hþ: Equation 8c

After the selection of complexing species and their respective
reactions, sorption edges simulations were performed to evaluate
each species contribution to sorption at different pH regions. The
sorption edges illustrated in Fig. 2 were conducted at relatively low
Eu concentrations of 6.8 � 10�9 e 9.8 � 10�9 M, which fall within
the linear zone of the sorption isotherms (Figs. 3 and 4). At this Eu
concentration, strong sites are expected to control sorption, how-
ever, to properly fit the sorption behaviour at all the Eu concen-
trations, it is necessary to adjust the contribution of strong and
weak sites. This is done by iteratively checking the simulations of
the sorption edges and isotherms in a determinate pH zone, and
simultaneously search for the best fit of both datasets at once.

Note that the Eu3þ species is the most important species present
under both acidic and neutral pH conditions. In addition, under
these conditions, Naþ-Eu3þ exchange is the dominant process if the
IS is medium to low (<5� 10�2 M), especially in the case of Na-FBX.

This means that, in this region, the contribution of other inner-
sphere surface complexes could be determined only at high ISs,
where cation exchange is lower; at lower ISs, their presence might
be masked and not well isolated. This highlights the importance of
evaluating sorption over a wide range of ISs.

Finally, even if simulations are diligently conducted, the solution
to the chemical problem might not be unique because of the un-
avoidable degree of subjectivity in the simplification application
choice, as well as the model, database, and complex selection.
Despite disparities in databases, the selection of complexes must be
thorough, and their reliabilitymust be verified for a large amount of
data and conditions. During the fitting processes, many possibilities
are ruled out because they do not meet the experimentally
observed dependences for IS, pH, or Eu concentration, as they are



Table 1
Surface complexation reactions used to model experimental data (in addition to ion exchange).

EQ (3)/6

Surface Species Composition Na-Illite du Puy (IdP) Na- FEBEX bentonite (FBX)

log K log K

S1 SwO-Eu2þ 1 SsOH, 1 Eu3þ, �1 Hþ 0.6 ± 0.0 ¡0.05 ± 0.0
S2 SwO-EuCO3 1 SsOH, 1 Eu3þ, 1 HCO3

�,-2 Hþ, ¡2.10 ± 0.14 ¡3.36 ± 0.18
S3 SwO-Eu(OH)2 1 SsOH, 1 Eu3þ, �3 Hþ, 2H2O ¡13.75 ± 0.25 ¡13.62 ± 0.28
W1 SsO-Eu2þ 1 SwOH, 1 Eu3þ, �1 Hþ 1.80 ± 0.0 0.9 ± 0.0
W2 SsO-EuCO3 1 SwOH, 1 Eu3þ, 1 HCO3

�,-2 Hþ, ¡1.10 ± 0.0 ¡2.48 ± 0.11
W3 SsO-Eu(OH)2 1 SwOH, 1 Eu3þ, �3 Hþ, 2H2O ¡11.53 ± 0.32 ¡12.2 ± 0.29
ThermoChimie
Surface Species Composition Na-IdP Na-FBX

log K log K
S1 SwO-Eu2þ 1 SsOH, 1 Eu3þ, �1 Hþ 0.6 ± 0.0 ¡0.32 ± 0.16
S2 SwO-EuCO3 1 SsOH, 1 Eu3þ, 1 CO3

2�, �1 Hþ 6.60 ± 0.24 5.70 ± 0.0
S3 SwO-Eu(OH)2 1 SsOH, 1 Eu3þ, �3 Hþ, 2H2O ¡18.38 ± 0.25 ¡17.16 ± 0.23
W1 SsO-Eu2þ 1 SwOH, 1 Eu3þ, �1 Hþ 2.25 ± 0.10 1.24 ± 0.24
W2 SsO-EuCO3 1 SwOH, 1 Eu3þ, 1 CO3

2�, �1 Hþ 8.43 ± 0.24 7.68 ± 0.18
W3 SsO-Eu(OH)2 1 SwOH, 1 Eu3þ, �3 Hþ, 2H2O ¡16.38 ± 0.25 ¡16.02 ± 0.44
Protonation/deprotonation reactions (From Missana et al., 2009a)
Surface Species Composition Na-FBX Na-IdP

Log K Log K
SsO- 1 SsOH, �1 Hþ �9.9 �9.5
SsOH2

þ 1 SsOH, 1Hþ 4.8 4.5
SwO- 1 SwOH, �1 Hþ �8.4 �9.5
SwOH2

þ 1 SwOH, �1 Hþ 5.3 5.9
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physically unlikely (e.g. complexation of negatively charged species
in negatively charged sites is discarded), or if additional spectro-
scopic or other evidence does not support them.

Table 1 summarises the reactions and mean values of the
complexation constants used in this study to simulate the experi-
mental data with both EQ (3)/6 and ThermoChimie databases.
Further, Tables 5S (EQ (3)/6) and 6 S (ThermoChimie) list all the
complexation constant details at each IS. The results of the simu-
lations using EQ (3)/6 database are superimposed on the experi-
mental data as continuous lines in Figs. 2e4. The simulations
adequately reproduced the sorption behaviour under the experi-
mental conditions for both clays. Fig. 5S in the Supporting Infor-
mation shows the simulations based on the ThermoChimie
database. As the use of either database satisfactory fit the experi-
mental data, it is of great importance to note the need for accurate
and up-to-date TDBs for critical contaminants.

As expected from the experimental data, the complexation
constants of Na-IdP are higher than those of Na-FBX, with the
exception of some cases given by Equation (8c). Note that the
related SO-Eu(OH)2 complex appears only at very high pH values,
wherein sorption is almost quantitative, some precipitation is
present, and the experimental error is the largest. For these rea-
sons, determining its selectivity coefficient presents the highest
uncertainty.

Another relevant point is related to the comparison between the
main complexation constants obtained from each database. The
constants related to Eu3þ complexation are very similar; in fact,
Eu3þ has a similar behaviour in the speciation diagrams of both
Figs. 1 and 2S. Conversely, the complexation constants related to
EuCO3

þ are approximately two orders of magnitude lower when the
ThermoChimie TDB is used. This is logical, as the EuCO3

þ concen-
tration is predicted to have a much higher concentration in the
ThermoChimie TBD than that in EQ (3)/6 database. The large dif-
ferences observed for the complexation constants of Eu(OH)2þ are
also expected because of their different formation constants, which
result in different speciation diagrams.

Finally, regarding the simulated adsorption isotherms at neutral
to basic pH values and a pH around 7, EQ (3)/6 TDB predicts the
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precipitation of solids, Eu2(CO3)3:3H2O and EuOHCO3, at Eu con-
centrations above 6 � 10�6 and 2 � 10�4 M, respectively. Mean-
while, the ThermoChimie TDB predicts the precipitation of
Eu(CO3)(OH)(cr) at lower Eu concentrations, just above 2 � 10�8 M.
The simulated isotherms at 2 � 10�1 M and a pH of 7.4 accounting
for the contribution of these precipitated solids, is shown in Fig. 3b
(dotted line). If a solid precipitates, the log (Kd) is expected to
rapidly increase whereas, the experimental behaviour reveals a
progressive decrease in the log (Kd). Nevertheless, even though the
sorption isotherm simulations are quite good, at Eu equilibrium
concentrations over 1 � 10�5 M and under neutral to alkaline pH
values, they tend to systematically underestimate adsorption, and
some Eu precipitation cannot be completely discarded above this
concentration.
3.6. Sorption modelling: component additive approach

To model the sorption behaviour in the two Na-FBX and Na-IdP
mixtures (50%/50% and 75%/25%) at an IS of 0.05 M, the constants
determined for the individual components were used without any
modifications. The model was superimposed on the experimental
points as a continuous line (Fig. 5, EQ (3)/6, and Fig. 6S, Thermo-
Chimie). The results show that the fit is quite good, indicating that
Eu sorption in 2:1 clays is additive.
4. Conclusions

This study demonstrates that Eu adsorption onto mixtures of
smectite and illite clays can be successfully predicted using a
component additive model approach.

The Eu sorption behaviour observed in each of the studied clays
was interpreted using the cation exchange and surface complexa-
tion. To evaluate the cation exchange and determine the selectivity
coefficient for the NaeEu exchange over an entire range of ISs, the
competition between aluminium and divalent ions present in the
solution were examined.

To interpret surface complexation, a 2-site non-electrostatic
model was employed; a satisfactory data simulation was obtained
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by considering the formation of monodentate surface complexes
with Eu3þ, EuCO3

þ, and Eu(OH)2þ at both the strong and weak sites.
In the mixtures, higher quantities of smectite favoured Eu

retention at pH values lower than 6, which is where cationic ex-
change predominates, because even though the selectivity co-

efficients for Na-IdP and Na-FBX are the same, (logðEuNaKSELÞ ¼ 2.0,
the CEC of smectite is much higher than that of illite. At pH values
greater than 6, in which surface complexation dominates, higher
quantities of illite favour Eu retention because the complexation
constants of illite are higher than those of smectite.

Simulations were performed considering two different TDBs
that are available for europium. For both, satisfactory sorption fits
in the single clay components as well as the mixed clays were
obtained. The differences in the modelling results obtained using
each TDB were highlighted, and the need for available and peri-
odically updated thermodynamic data was emphasised. Any future
update may require the revision of the selected complexation
models.

This study evaluated Eu, as it is an element of interest in prob-
lems related to radioactive waste. However, mechanistic sorption
modelling is applicable to broader environmental applications and
can be conducted for other hazardous elements.
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