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A B S T R A C T

Strontium sorption was analysed in binary mixtures of smectite and γ-alumina nanoparticles under different pH,
ionic strength and Sr concentration. The aims were to verify if γ-alumina nanoparticles enhance Sr sorption in
smectite and to analyse whether a component additive model satisfactorily described Sr sorption in the mixtures.

In smectite, Sr sorption mainly occurs by cation exchange but surface complexation was also accounted for. In
both solids, surface complexation was described with a non-electrostatic model.

The addition of γ-Al2O3 nanoparticles to smectite improved Sr uptake under alkaline pH and high ionic
strength, and the additive model successfully reproduced experimental data. In contrast, under acid pH and low
ionic strength, no sorption improvement was observed upon adding the nanoparticles and the additive model
overestimated Sr sorption. The competition of Al3+ ions, coming from γ-Al2O3 dissolution, partially explained
the differences between data and model. Nevertheless, surface interactions between alumina particles and
smectite layers may be shielding the charge, hindering contaminant access to exchangeable sites in smectite.

1. Introduction

Strontium is an alkaline earth metal characterised by relatively
simple chemistry, being +2 the only stable oxidation state. Strontium
presence is natural and anthropogenic, from milling processes, coal
burning, fertilizers (WHO, 2010) and from nuclear industry. The
radioactive strontium isotope 90Sr is a fission product with a half-life of
28.8 years. Its release in the environment is of great concern during the
explosion of nuclear weapons or after nuclear accidents like Chernobyl
(IAEA, 2006) or Fukushima (Rosenberg et al., 2017; Sahoo et al., 2016).
In the body, Sr can replace Ca2+ in the bones or can inhibit vitamin
production and it is related to leukaemia, rickets and renal diseases
(Nielsen, 2004).

For the remediation of Sr contaminated sites, different materials and
methods have been proposed, to favour precipitation, membrane im-
mobilization and ion exchange mechanisms (MacMillan et al., 2000).
The effectiveness of Sr sorption depends on the material properties and
on the chemical conditions (Li et al., 2016; Metwally et al., 2017).

Several Sr sorption studies onto soils and sediments are available
(Fuller et al., 2016; McKinley et al., 2007; Smiciklas et al., 2015a,
2015b) and, in particular, in the materials used as barriers in geological
repositories for nuclear waste (Pusch et al., 2015), like sedimentary
rocks or smectite clay (Galamboš et al., 2010; Jeong et al., 1996; Kasar

et al., 2017; Missana and Garcia-Gutierrez, 2007; Missana et al., 2008;
Ohnuki and Kozai, 1994; Pathak, 2017; Rafferty et al., 1981; Savoye
et al., 2015; Siroux et al., 2017; Testoni et al., 2017; Yu et al., 2015).
Additionally, Sr retention on different pure nanomaterials (Ahmadi
et al., 2015; Kayvani Fard et al., 2017; Metwally et al., 2017;
Mukhopadhyay et al., 2015; Ryu et al., 2016) and on metal oxides has
been also analysed: in silica (Zhang et al., 2015), titanium oxide
(Voronina and Semenishchev, 2016), iron oxide (Mukhopadhyay et al.,
2015; Tu et al., 2015) or aluminium oxides (Asztemborska et al., 2016;
Bonner et al., 1966; Sid Kalal et al., 2016) and hydroxides (Katz et al.,
2013; Kinninburgh et al., 1975).

However, few sorption studies for mixed solids are reported: ben-
tonite and granite (Lee et al., 1997), clays and sand (Yu et al., 2015),
smectite and illite (Missana et al., 2008) or montmorillonite and zeolite
(Basçetin and Atun, 2010).

In general, to predict the retention of contaminants in complex
environments, consisting of mixtures of different clays, minerals and
oxides, it is not an easy task. The empirical procedure can be used, and
retention can be directly measured but, this method is not predictive
beyond the specific conditions of the measurements (Smith, 1999).
Thermodynamically-based sorption models (SMs) can be also applied
(Dzombak and Morel, 1990; Davis et al., 1998). These models define
the solid surface as a set of reactive functional sites, which form
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different types of complexes with dissolved solutes. The difficulties
arise when applying SMs to describe the retention behaviour of con-
taminants onto complex mineral assemblages (Anderson and Benjamin,
1990). Then, two approaches can be used: to analyse the mixture of
solids as a whole, or to use the component additive approach (Davis
et al., 1998). The problem of the first approach is that defining the
surface properties of a mixture of solids (like for example its surface
area or their site densities) is not straightforward. The component ad-
ditive approach has the advantage of making use of previous knowledge
and of available SMs, developed for the pure solids, but additivity is not
always verified and seems to be system-dependent (Davis et al., 1998;
Landry et al., 2009; Comarmond et al., 2012; Honeyman and Santschi,
1991). The sorption of a system is expected to be additive when the
components do not interact or when their interactions do not affect
their surface properties, diminishing contaminant retention in the
mixtures (i.e. Alessi and Fein, 2010).

Smectites are used as barriers for nuclear waste disposal (Pusch
et al., 2015), amongst other reasons, because they exhibit a permanent
negative charge, giving high capacity to absorb cations, mainly by ca-
tion exchange mechanism. Smectite ability to retain anionic species is
limited to the availability of positively charged surface sites at layer
edges.

In a recent study, the addition of γ-Al2O3 nanoparticles to smectite
was proposed to improve the retention capacities for anionic species, in
particular of selenite (Mayordomo et al., 2016). The high sorption ca-
pacities of aluminum oxides (Hua et al., 2012; Karamalidis and
Dzombak, 2010; Kasprzyk-Hordern, 2004; Shirai et al., 2009) and their
increased surface area, in nanoparticulate state, made them good can-
didates to promote the retention of contaminants (Khin et al., 2012;
Kuiken, 2010; Sharma et al., 2009). Complementary stability studies
(Mayordomo, 2017) revealed that, under acidic conditions, when
smectite and γ-Al2O3 nanoparticles were mixed, particle (hetero)ag-
gregation was fast promoted, what may compromise retention proper-
ties. In the case of selenite (Mayordomo et al., 2016), whose main
aqueous species are anionic, sorption takes place by surface com-
plexation mechanisms in both smectite and alumina and sorption in
smectite/alumina mixtures could be perfectly described by the additive
model approach. Nothing suggested that particle interactions in the
mixture had an effect on selenite sorption (Mayordomo et al., 2016).

The aims of this study are to analyse whether Sr sorption on
smectite is improved by the addition of γ-Al2O3 nanoparticles and to
verify whether Sr sorption on smectite/γ-Al2O3 (S/A) mixtures can be
described with the SMs developed for the pure solids.

To analyse the case of Sr is particularly interesting, because Sr
sorption in smectite is independent of pH, decreases as the ionic
strength increases, and mainly occurs by cation exchange mechanism
(Basçetin and Atun, 2010; Missana and Garcia-Gutierrez, 2007; Missana
et al., 2008; Pathak, 2017; Siroux et al., 2017; Smiciklas et al., 2015a,
2015b). Only under high alkaline pH, Sr2+ surface complexation at the
clay edge sites is considered (Kohlicková and Jedináková-Kcižová,
1998; Missana and Garcia-Gutierrez, 2007; Missana et al., 2008;
Ohnuki and Kozai, 1994; Yu et al., 2015) and its contribution is less
relevant for Sr than for other divalent metal cations, like cobalt
(Missana and Garcia-Gutierrez, 2007) or zinc (Baeyens and Bradbury,
1997; Bradbury and Baeyens, 1997).

To achieve our goals, Sr sorption was first analysed on the pure
systems. Previous studies on Sr sorption on smectite were considered.
The model used to describe Sr sorption, which included cation ex-
change and one-site non-electrostatic surface complexation of Sr2+

(Missana and Garcia-Gutierrez, 2007; Missana et al., 2008) was used as
a starting point.

Sr retention on γ-Al2O3 and on S/A mixtures was analysed under a
wide range of pH, ionic strengths, Sr concentrations and S/A mixture
compositions. The chemistry of water at equilibrium was incorporated
to the SMs and relevant aspects that may affect sorption properties in
the mixtures, like competition of ions coming from solid dissolution,

were experimentally and theoretically analysed to roundly verify the
applicability of a sorption model based on component additive ap-
proach.

2. Materials and methods

2.1. Materials

Smectite was obtained from FEBEX bentonite (Almería, Spain), a
CaeMg smectite with high smectite content (Huertas et al., 2000). For
sorption experiments, the clay was purified and sodium homoionised
(Na-smectite), by washing it three times with 1M NaClO4. To extract
the colloidal fraction (particles < 1 μm), the samples were centrifuged
several times at 600 g for 10min and the supernatant was collected.
Suspensions were equilibrated by dialysis (using 7 Spectra/Por mem-
branes MWCO 3500) with NaClO4 electrolyte at desired concentration.
The sorption properties of this bentonite were reported elsewhere
(Missana et al., 2008): clay cation exchange capacity (CEC) is 102 ± 4
meq/100 g and its N2-BET specific area 33m2 g−1.

Aluminium oxide (γ-Al2O3) nanoparticles (Aldrich), with a nominal
diameter lower than 50 nm and N2-BET specific surface area of
136m2 g−1, were used. Characterisation details can be found elsewhere
(Missana et al., 2014).

Suspensions of γ-Al2O3 and Na-smectite/γ-Al2O3 (S/A) mixtures
were prepared at different weight fractions of fixed solid concentration
(0.5 g L−1), in NaClO4 at variable ionic strength (1·10−2M to
2·10−1M).

Radioactive isotope 85Sr (Perkin Elmer) was used for sorption ex-
periments. The carrier-free 85SrCl2 solution (1 μM) was dissolved in
0.5M HCl. 85Sr is a gamma emitter (detected at 514 keV) with a half-
life of 64.84 days. Sr activity in solution was measured by γ-counting
with a NaI detector (Packard Auto-gamma COBRA 2). Non-radioactive
SrCl2 (Aldrich) solutions were used to achieve higher Sr concentrations.

2.2. Solid dissolution and equilibrium solutions

The solution in equilibrium with Na-smectite or γ-Al2O3 was ana-
lysed to determine the concentration of dissolved ions that may affect
Sr speciation and/or sorption.

Suspensions were prepared in 1·10−1M NaClO4 at different pH and
were kept in contact for from 1 to 7 days. Samples were centrifuged and
the supernatant was extracted and filtered (0.2 μm syringe filters) to
determine the concentration of dissolved ions by chemical analyses.
Trace elements were analysed by Inductively Coupled Plasma Atomic
Emission Spectrometry (Varian 735 ES, AA240 FS). Anions were ana-
lysed by Ion Chromatography (DIONEX ICS-2000). The average con-
centrations measured for major anions and cations were included in
speciation calculations and sorption modelling.

2.3. Sr sorption experiments

Strontium sorption on Na-smectite was previously analysed in
(Missana and Garcia-Gutierrez, 2007; Missana et al., 2008). Equivalent
experimental conditions were selected for Sr sorption studies on γ-
Al2O3 and S/A mixtures.

Sorption experiments were carried out in 12mL polypropylene
centrifuge tubes, with a solid concentration of 0.5 g L−1, under atmo-
spheric conditions and at room temperature. Experiments were carried
out in NaClO4 at several ionic strengths and pH, which are set by adding
aliquots of HCl or NaOH. To maintain pH constant over time, the buffer
solutions indicated in Missana et al. (2009), were added at a con-
centration of 2·10−3M. Some experiments were carried out without
buffers to verify that they did not interfere in Sr sorption.

On γ-Al2O3, Sr sorption kinetics was analysed at pH 6.5 in 1·10−1M
NaClO4 with a Sr concentration of 4.6·10−6M, from 5min up to 3
months. Sorption edges were carried out, as a function of pH (3–11), at
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different ionic strengths (from 1·10−2M to·2·10−1M) in NaClO4 con-
sidering two Sr concentrations (9.5·10−9M and 5·10−6M). The com-
parison of sorption edges at two different Sr concentrations allowed
identifying additional sorption sites. Sorption isotherms on alumina
were carried out in 1·10−1M NaClO4 at pH 7.5 under varying Sr con-
centration (from 1·10−10 to 1·10−3M).

Sr sorption on S/A mixtures was analysed in two ways. First, Sr
sorption was evaluated, as a function of pH, on mixtures at different
weight fractions (50S/50A and 20S/80A) in NaClO4 at different ionic
strengths (1·10−2 and 1·10−1M), with a Sr concentration of 9·10−9M.
Second, Sr uptake was also evaluated on S/A mixtures, where alumina
content in smectite increased from 0 to 100wt %., with a Sr con-
centration of 9·10−9M, in NaClO4 at two different ionic strengths
(1·10−2 and 1·10−1M) and at two fixed pH (pH≈4 and 9).

Kinetic studies showed that Sr sorption equilibrium was fast
(Mayordomo, 2017) but all samples were maintained under stirring for
seven days to replicate the conditions of previous studies (Missana and
Garcia-Gutierrez, 2007; Missana et al., 2008). Afterwards, tubes were
centrifuged at 14000 rpm for 1 h (21500 g). Aliquots of supernatant
(2mL) were extracted to measure Sr activity in solution. Measurements
were done in triplicate and the errors in the activity measurements were
lower than a 1%. The remaining solution was used to measure the pH.
Sr(II) distribution coefficients (Kd) were calculated as:

= =K
C C

C
V
m

C
C

V
md

i eq

eq

ads

eq (1)

where Kd is the distribution coefficient (mL·g−1), Ci is the initial Sr(II)
concentration (Bq·mL−1), Ceq is the Sr(II) concentration measured in
solution at equilibrium (Bq·mL−1) and Cads is the Sr(II) concentration
sorbed, V is the suspension volume (mL) and m is the mass of sorbent
(g). Sr sorption on centrifuge tubes was evaluated, being nearly negli-
gible.

2.4. Al3+ competition with Sr2+ for cation exchange sites on smectite

To evaluate the possible competition of Al3+ ions with Sr2+ for
cation exchange sites on Na-smectite, Sr sorption experiments were
carried out with Na-smectite in 1·10−2M NaClO4 at pH 4, with different
Al3+ concentrations, by the addition of known concentrations of Al
(ClO4)3·8H2O (Aldrich). Experimental data will be used to determine γ-
Al2O3 formation constant and Al3+ selectivity coefficient for Na-
smectite cation exchange sites.

2.5. Sorption modelling

Strontium sorption on S/A mixtures was described considering
sorption models (SMs) developed for the pure solids (Table 2), by an
additive approach and just accounting for their weight fractions. The
chemistry of water in equilibrium with the mixtures was incorporated.

The geochemical code CHESS 2.4 (Chemical Equilibrium of Species
and Surfaces) was used for model calculations (van der Lee and de
Wint, 1999). CHESS code has a thermodynamic framework to solve,
through mass balance equations at the equilibrium, multicomponent
speciation and surface reactions describing surface complexes. Stron-
tium thermodynamic database of the French National Radioactive
Waste Management Agency (ANDRA) (Giffaut et al., 2014) was used.
Strontium aqueous and solid species and their corresponding formation
constants are included in Table 1.

2.5.1. Sr sorption model on smectite
The sorption model selected to describe Sr sorption on Na-smectite

was developed in (Missana and Garcia-Gutierrez, 2007). It included
cation exchange and one-site non-electrostatic surface complexation.
The surface complexation constants and solid parameters are collected
in Table 2.

Smectite has a layered structure consisting of two tetrahedral silicon
sheets sandwiching an octahedral aluminium sheet, type 2:1 TOT (Grim,
1962), which exhibits a permanent negative charge as result of isomorphic
substitution of Al and Si by lower valence cations. This charge is balanced by
counter ions located in the interlayers which are available to be exchanged,
giving the clay its cation exchange capacity (CEC). Cation exchange is the
main sorption mechanism in smectite and its general formulation is:

+ ++ +z A X z B
K

z B X z AB A
z

B
A C

A z B
zB

B
A (2)

where X is the exchange site of a cation A with valence zA (in this case,
Na+) that can be exchanged with cation B of valence zB present in solution.

KB
A C is the selectivity coefficient defined, according to Gaines-Thomas ex-
pression, as:
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where γA and γB are the activities of the cations A and B, and NA and NB are
their fractional occupancies on the solid, expressed as equivalents sorbed per
mass of solid, msorbent, divided by the CEC, expressed in equivalents per mass

Table 2
Parameters and reactions used to describe Sr surface complexation on Na-
smectite and γ-Al2O3. (1) (Missana and Garcia-Gutierrez, 2007); (2) (Missana
et al., 2014); (3) (Mayordomo et al., 2016); (4) (Mayordomo, 2017); (∗)this study.

Parameter Na-smectite γ-Al2O3

CEC (meq·100 g−1) 102 ± 4 (1)

[SwOH] (μeq·m−2) 1.82 (1) 1.1 (2)

[SsOH] (μeq·m−2) – 0.0095 (4)

BET (m2·g−1) 33 (1) 136 (2)

Species and reactions Na-smectite
log K

γ-Al2O3

log K

Surface sites –
+ + +S OH H S OHw w

2 5.3 (1) 6.90 (2)

+S OH H S Ow w −8.4 (1) −9.7 (2)

+ + +S OH H S OHs s
2 – 6.90 (4)

+S OH H S Os s – −9.7 (4)

Sr sorption by cation exchange
+ ++ +Na X Sr X Sr Na2( ) ( ) 22 2 0.67 (1) –

Sr sorption by surface complexation
+ ++ + +S OH Sr S O Sr Hw w2 −5.2 (1) −4.8 (∗)

+ ++ + +S OH Sr S O Sr Hs s2 - −2.3 (∗)

Empirical Sr sorption – Log Kd (mL·g−1)≈ 2
Anion sorption on alumina

+ ++S OH H HCO S OH HCOw s w s,
3

, 2 3 – 11.2 (2)

+ ++S OH H ClO S OH ClOw s w s,
4

, 2 4 – 8.5 (2)

+ ++S OH H Cl S OH Clw s w s, , 2 – 9.2 (3)

Table 1
Sr(II) thermodynamic database (Giffaut et al., 2014).

Species Composition log K

Aqueous
Sr2+ Basis species
SrCO3(aq) 1 Sr2+, 1 HCO3

−,-1 H+ −7.519
SrHCO3

+ 1 Sr2+, 1 HCO3
− 1.181

SrCl+ 1 Sr2+, 1 Cl- 0.23
SrOH+ 1 Sr2+, 1 H2O, −1H+ −13.29
Solid
Sr(OH)2 1 Sr2+, 2 H2O, −2H+ −27.52
SrCl2 1 Sr2+, 2 Cl- −8.12
SrCl2:H2O 1 Sr2+, 2 Cl-, 1 H2O −4.91
SrCl2:2H2O 1 Sr2+, 2 Cl-, 2 H2O −3.49
SrCl2:6H2O 1 Sr2+, 2 Cl-, 6 H2O −1.61
SrO 1 Sr2+, 1 H2O, −2H+ −41.98
Strontianite (SrCO3(s)) 1 Sr2+, 1 HCO3

−,-1 H+ −1.059
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unit. When the concentration of A is much higher than the concentration of
B, KB

A C can be experimentally determined with the measured distribution
coefficients (Kd).

An expression to determine KB
A C experimentally was proposed in

Bradbury and Baeyens (1994). When the concentration of cation A, [A],
is much higher than the concentration of cation B, KB

A C can be ap-
proximated to:

=K K ·Z
CEC

{ }
{ }

[A]B
A C

Z

Z
D B A

Z

B

Z
A B

A
B

(4)

where γA and γB are the activity coefficients of cations A and B, which
are calculated using the Davies approximation, used for ionic strengths,
I, with values I≤ 0.5M:

=
+

log [A]z I
1 I

0.3Ii i
2

(5)

The direct use of selectivity coefficients in the geochemical code is
not possible. To obtain the value incorporated in the code, KEX, the
following equation was proposed (Bradbury ad Baeyens, 1994):

=
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Z Z

A
Z ZEX

A

B

A B

B A (6)

where the concentration of cations A and B on the solid (NA and NB) and
the activities in the liquid phase (γA and γB) are taken into account
(Bradbury and Baeyens, 1994).

In Missana and Garcia-Gutierrez (2007), the competition of other
cations present in solution was not accounted for because they did not
improve the fit. However, in the mixtures, the competition of other
cations in solution (Ca2+ and Al3+) for cation exchange sites in
smectite was considered. Their exchange reactions in smectite can be
described with Eq. (2), with their corresponding selectivity coefficient,

KB
A C . For Ca

2+ a log KCa
Na C =0.65 was considered (Missana and Garcia-

Gutierrez, 2007) while Al3+ selectivity coefficient was here de-
termined.

Sr complexation on surface hydroxyl edge sites (SOH) in smectite
was also included. SOH sites have amphoteric behaviour (Sposito et al.,
1999) and their protonation and deprotonation expressions are:

+ + + +SOH H
K

SOH2 (7)

+ +SOH K SO H (8)

where K+ and K- are the protonation and deprotonation equilibria
constants, respectively. These constants were determined by potentio-
metric titrations elsewhere (Missana and Garcia-Gutierrez, 2007) and
their parameters are in Table 2.

Sr complexation on surface hydroxyl sites can occur by different
mechanisms: inner- and outer-sphere complexation and also by ternary
complexation with ions or ligands present in solution. In Na-smectite,
only one type of surface site was considered, because sorption isotherms
were linear and the presence of additional sorption sites was not
identified. Sr2+ retention was described considering non-electrostatic
inner-sphere complexation of the main species in solution (Sr2+), with
the following reaction:

+ ++ + +SOH Sr
K

SOSr H2 1 (9)

where K1 is the equilibrium constant.

2.5.2. Sr sorption model on γ-Al2O3
Contaminant sorption on γ-Al2O3 takes place on surface hydroxyl

groups (SOH) (Huang and Stumm, 1973). Two sorption sites, with
different sorption affinity, named as weak (w) and strong (s) were
considered. Their protonation reactions would be equivalent to those
described in Eq. (7) and (8). The concentration of weak SwOH sites and
their protonation constants available of selected γ-Al2O3 were measured
in Missana et al. (2014). The concentration of strong SsOH sites and

their constants were determined in (Mayordomo, 2017). The site
parameters are included in Table 2.

For the sake of simplicity, to facilitate the modelling of mixtures, a
non-electrostatic surface complexation model was selected as well to
describe Sr sorption on γ-Al2O3, to facilitate the mixtures modelling.
Titration data could be adequately reproduced with this approach
(Missana et al., 2014).

Sr complexation on γ-Al2O3 surface sites (weak and strong) was
described in the same way as for smectite, with (Eq. (9)).

The complexation of major anions present in solution (Cl−, ClO4
−

or HCO3
−) on positively charged surface weak and strong sites

(Sw,sOH2
+) was included in the model, considering their complexation

on positively charged surface sites, with the following complexes
(Missana et al., 2014):

++SOH HCO
K

SOH HCO2 3
3

2 3 (10)

++SOH ClO
K

SOH ClO2 4
4

2 4 (11)

++SOH Cl
K

SOH Cl2
5

2 (12)

where Ki represent the complexation constants reported in Missana
et al. (2014) and in Mayordomo et al. (2016).

3. Results

3.1. Chemical characteristics of equilibrium solutions and strontium
speciation

The concentration of major anions and cations present in the su-
pernatant was analysed. Regarding anions, ClO4

−, HCO3
− were iden-

tified in equilibrium solutions: the concentration of ClO4
− comes from

the electrolyte solution (1·10−2M or 1·10−1M) and carbonate con-
centration comes from CO2(g) equilibria and, in the case of Na-smectite,
from salt and impurities dissolution. Measured HCO3

− concentration
ranges from 25 to 80mg L−1 (4.1·10−4M to 1.3·10−3M). A Cl− con-
centration of 2.5·10−3M, coming from the addition of 85SrCl2 tracer
solution prepared in 0.5M HCl, has been accounted for.

The main cations present in equilibrium solutions were Na+, Ca2+

and Al3+. Na+ concentration is given by the electrolyte (1·10−2M or
1·10−1M). For Na-smectite, Ca2+ was the main cation found in solution
with an average concentration of 5·10−5M, while for γ-Al2O3 just Al3+

is found, due to alumina dissolution. Al3+ concentration was highly
dependent on pH, and its relevance in Sr sorption in S/A mixtures was
analysed.

Sr speciation was calculated considering a Sr concentration of
1·10−6M and the aqueous and solid species included in Table 1 (Giffaut
et al., 2014). Sr speciation is mostly affected by chloride and carbonate
ions (Felmy et al., 1998; Powell et al., 2011) and calculations were
carried out considering atmospheric conditions and including the Cl−

concentration (2.5·10−3M) equivalent to that of sorption experiments.
Under experimental conditions, Sr2+ is the main chemical species in

solution (100%–95% from pH 3 to 9), SrCl+ is below 0.1% and for
pH > 9, carbonate aqueous complexes start to be relevant (SrCO3(aq)
and SrHCO3

+), their contribution being below 5% of total strontium.
For pH > 11, the concentration of strontium aqueous hydroxide
(SrOH+) starts to become appreciable. At low strontium concentration,
no precipitation was predicted but, strontianite (SrCO3(s)) is expected
to limit Sr solubility under alkaline conditions with Sr concentration
higher than 2·10−3M.

3.2. Sr sorption on Na-smectite

Experimental data of Sr sorption onto Na-smectite were taken from
Missana and Garcia-Gutierrez, (2007). The main results and selected
sorption model are summarised to facilitate the comparison with Sr
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sorption experiments obtained in γ-Al2O3 (A) and in the S/A mixtures.
Kinetic studies showed that Sr sorption was fast and equilibrium

was reached in few hours. Fig. 1a shows Sr distribution coefficients
measured on Na-smectite as a function of pH at different ionic
strengths. Fig. 1b shows Sr sorption isotherms, obtained at pH 6.5 and
at two ionic strengths. Sr sorption onto Na-smectite increased with
decreasing ionic strength and it was mainly independent of pH, in-
dicating cation exchange as the main Sr sorption mechanism. Only at
pH > 9, a small contribution of Sr complexation on negatively charged
edge sites was appreciated. Sorption was linear over a wide range of Sr
concentrations (1·10−9 to 1·10−4M) (Fig. 1b).

The output of the model proposed to describe Sr sorption on Na-
smectite is plotted as continuous lines in Fig. 1a and b. Cation exchange
with Na+ (Sr≡X2) is indicated in Fig. 1a as (1) (selectivity coefficient
( KSr

Na C) of log KSr
Na C =0.7, Eq. (2)) (Missana and Garcia-Gutierrez,

2007). Sr sorption over pH 9, was described with complexation of the
main aqueous species in solution (Sr2+) with SO− surface sites
(SOeSr+, Eq. (9)) and it is indicated as (2) in Fig. 1a. The model re-
actions and constants are included in Table 2. Sr experimental data was
adequately reproduced by the model, only for pH > 11 the model
under predicted measured log Kd. Some Sr precipitation cannot be
ruled out.

3.3. Sr sorption on γ-Al2O3

Strontium sorption kinetics was analysed onto γ-Al2O3 at pH 6.5.
The distribution coefficients measured after 5min and up to 3 months
were the same, indicating fast kinetics (Mayordomo, 2017).

Fig. 2a shows Sr distribution coefficients measured on γ-Al2O3 as
function of pH, in NaClO4 at different ionic strengths (1·10−2M,
1·10−1M and 2·10−1M) and Sr concentrations (9.5·10−9M and
5·10−6M). Fig. 2b presents Sr sorption isotherm measured at pH 7.5 in
1·10−1M NaClO4 with Sr concentration from 1·10−9M to 1·10−3M.

Strontium sorption was independent of ionic strength but dependent
on pH, varying from 5% (pH 3–5) up to 95% strontium uptake, as ex-
pected for cation sorption on an oxide (Dzombak and Morel, 1990).
Sorption edges obtained with different initial Sr concentration sug-
gested the existence of two sorption sites, since sorption is higher at
lower Sr concentration, especially at high pH. In all studied cases, for
pH < 7, a non-null Sr sorption plateau is observed (log Kd≈2,
mL·g−1), mostly independent of pH or ionic strength.

A two-site non-electrostatic model was proposed for γ-Al2O3. All
model parameters, reactions and constants are in Table 2. The sorption
of anions present in solution (Cl−, ClO4

−, HCO3
−) on both weak and

Fig. 1. Sr sorption on Na-smectite (4 g L−1) in NaClO4 at ionic strength: (■)
10−1M and ( ) 10−2M. (a) Sorption edge with [Sr]= 1.6·10−6M; (b)
Sorption isotherms at pH 6.5. Fits are plotted as continuous lines and the
contribution of Sr complexes is indicated: (1) Sr≡X2 and (2) SOeSr+. Data and
model taken from (Missana and Garcia-Gutierrez, 2007).

Fig. 2. (a) Sr sorption on γ-Al2O3 in NaClO4 as a function of pH, varying ionic
strength (I) and Sr concentration. (b) Sr(II) sorption isotherm on γ-Al2O3

(0.5 g L−1) in 1·10−1M NaClO4 at pH 7.5. Fits are plotted as continuous lines.
The contribution of Sr complexes is indicated: (1) SwO-Sr+, (2) SsO-Sr+, (3)
Empirical log Kd (mL·g−1)= 2.
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strong sites was incorporated into the model.
Sr sorption was modelled considering inner-sphere complexation of

Sr2+ (SOeSr+) on weak and strong sites (Eq. (10)). The individual
contributions of SOeSr+ complexes are respectively indicated as (1)
and (2) in Fig. 2. These complexes adequately described measured Sr
sorption onto γ-Al2O3 for pH > 7.5, but did not account for sorption
measured at lower pH.

Under acid to neutral pH, Sr sorption represents a retention around
a 5%. This Sr sorption was unexpected, because for pH lower than the
point of zero charge (pHPZC= 8.3) of γ-Al2O3, surface sites are posi-
tively charged (SOH2

+) and its interaction with Sr2+ should be hin-
dered. However, in this material, Sr sorption was systematically mea-
sured within the acid pH region, independently of the pH or ionic
strength. The same behaviour was observed for other cations, such as
Cd2+ or UO2

2+ (Mayordomo, 2017).
Since we want to describe Sr sorption in S/A mixtures by an additive

model, we necessarily need to adequately fit Sr sorption under all
conditions.

We hypothesized that certain anions, which were already retained
on γ-Al2O3 surface (Hingtson et al., 1967; Missana et al., 2014) may
enhance Sr uptake. Similarly, an increase of Sr retention on goethite in
presence of sorbing anions has been recently reported (Nie et al., 2017).
Some authors considered the formation of weak ion pairs involving
anions and surface hydroxyl groups (Yates et al., 1973) or strong spe-
cific adsorption (Szczepaniak and Koscielna, 2002). Another cases
considered that these ions are not specifically sorbed on the surface, but
they are actually held at the surface by electrostatic forces to balance
the surface charge (Breeuwsma and Lyklema, 1973). Co-precipitation
with some aluminate phase could also explain this behaviour.

To date, no experimental evidence is available to reliably define the
complex that promotes cation sorption in γ-Al2O3 surface at acidic pH.
For this reason, and to maintain the rigour in the definition of the non-
electrostatic model, we decided to include the empirical sorption (log
Kd (mL·g-1)≈ 2) in the model. The contribution is indicated in Fig. 2a
as (3). The model (Table 2) described the whole experimental data and
the behaviour with pH, ionic strength and with initial strontium load
(Fig. 2). The model predicts strontianite precipitation for Sr con-
centration higher than 1·10−3M.

3.4. Sr sorption in Na-smectite/γ-Al2O3 (S/A) mixtures

Considering the different Sr sorption behaviour exhibited by Sr on
smectite (dominated by cation exchange and ionic strength dependent)
and on γ-Al2O3 (by surface complexation and pH dependent), Sr sorp-
tion on S/A mixtures was evaluated as a function of pH, at two different
ionic strengths (I).

Fig. 3 shows Sr sorption edges measured in two S/A mixtures (50S/
50A and 20S/80A) at I= 1·10−1M (Fig. 3a) and I= 1·10−2M
(Fig. 3b). Sr sorption edges measured on Na-smectite (100 S) and γ-
Al2O3 (100 A) are included for comparison. It can be seen that Sr
sorption on S/A mixtures is highly affected by ionic strength, pH, and
by the ratio of the two sorbents. The effect of mixture composition on Sr
sorption was analysed more in detail. Fig. 4 shows Sr sorption on S/A
mixtures with increasing γ-Al2O3 content (wt. %), measured at different
pH (pH 4 and 9) at I= 1·10−1M (Figs. 4a) and 1·10−2M (Fig. 4b).

In the figures, dashed and dotted lines are the fits considering the
additive sorption model (SM) (Table 2). At high ionic strength
(1·10−1M) (Fig. 3a), Sr sorption in S/A mixtures varied with pH. For
pH < 7, Sr sorption is the same (log Kd=2mL g−1) in Na-smectite
and in γ-Al2O3. However, for pH > 7, the addition of γ-Al2O3 to
smectite enhances Sr sorption from log Kd (mL·g−1)= 2 to log Kd
(mL·g−1)= 3, because of the higher Sr affinity towards γ-Al2O3. With
the addition of only 20 wt % γ-Al2O3 to Na-smectite the sorption ca-
pacities of pure γ-Al2O3 are almost achieved (Fig. 4a). Other mixtures of
smectite with zeolite (Basçetin and Atun, 2010) or illite (Missana et al.,
2008) showed improved Sr sorption under specific conditions.

The fits considering the additive SM are plotted as dashed and
dotted lines in Figs. 3 and as continuous lines in Fig. 4. It can be seen
that, at 1·10−1M ionic strength, Sr sorption in S/A mixtures was sa-
tisfactorily modelled, indicating that sorption is additive (Figs. 3a and
4a).

At lower ionic strength (1·10−2M) Sr sorption behaviour in S/A
mixtures was again dependent on pH (Fig. 3b). For pH > 9, Sr is
sorbed by surface complexation both in Na-smectite and γ-Al2O3 (log
Kd (mL·g−1)≈ 4) and Sr sorption in the mixtures did not vary with the
γ-Al2O3 content (Fig. 4b). However, at 1·10−2M and pH < 9, Sr
sorption in Na-smectite is dominated by cation exchange and it is
higher than in γ-Al2O3 (Fig. 3b). Again, Sr sorption in S/A mixtures was
simulated with the additive SM (fits are plotted as continuous lines in
Fig. 3b). At ionic strength 1·10−2M and alkaline pH conditions, Sr
sorption in mixtures is adequately reproduced. However, for
I= 1·10−2M and pH < 9, the model over-predicted Sr sorption and
this effect was even more pronounced at acid pH (Fig. 3b). At
I= 1·10−2M and pH 4, the model overestimation occurred at all
mixture ratios analysed (Fig. 4b). For example, in the mixture with an

Fig. 3. Sr distribution coefficients measured on (■) Na-smectite (100 S), ( ) γ-
Al2O3 (100A), ( ) Mixture 50 S/50A and ( ) Mixture 20S/80A with 0.5 g L−1,
as a function of pH in NaClO4 at ionic strength (I): (a) 1·10−1M and (b)
1·10−2M. Continuous lines are fits of the individual systems and dashed (50S/
50A) and dotted (20S/80A) lines are the fits using the additive sorption model
(SM) (Table 2).
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80% content of Al2O3 (20S/80A), measured log Kd was 2.5 mL g−1 and
predicted log Kd was 3.8 mL g−1.

As mentioned before, at low ionic strength and acid pH, cation ex-
change in smectite is the dominant sorption mechanism in the mixtures.
The lack of fit under these conditions suggests that cation exchange in
smectite is somehow affected by the presence of alumina. Other cations
present in solution may compete with Sr for sorption sites reducing
sorption (Kasar et al., 2017; Marinovic et al., 2017). This effect is more
relevant at the low ionic strengths, when sorption by ionic exchange is
favoured as the electrolyte ion concentration is decreased in respect to
other potentially competing ions (McKinley et al., 2007). The compe-
tition of divalent cations coming from smectite dissolution (Ca2+,
Mg2+, with a maximum concentration of 5·10−5M) was analysed in
(Missana and Garcia-Gutierrez, 2007; Missana et al., 2008) and sig-
nificant effect was discarded. Therefore, γ-Al2O3 presence in the mix-
tures must be responsible for the reduced Sr uptake in smectite. To
analyse this possibility, we studied both γ-Al2O3 dissolution at different
pH conditions and the competing effects of Al3+ ions with Sr for cation
exchange sites in Na-smectite.

Fig. 5 plots the Al3+ concentration in equilibrium with γ-Al2O3 set

at different pH for one week. The concentration of dissolved Al3+ is
highly dependent on pH, ranging from values lower than 0.03mg L−1

(detection limit, d.l.) at neutral pH values, up to maximum
[Al3+]max≈ 12mg L−1 at acid (pH=2–3) or basic pH (pH=11–12).
The maximum Al3+ concentration measured corresponds to a solid
dissolution lower than a 3.6%.

The equation defining alumina dissolution is:

++ +Al H O H
K

Al O2 3 6
FORM3

2 2 3 (13)

where KFORM is the formation constant.
The fit of γ-Al2O3 dissolution is plotted as a line in Fig. 5. Al3+

speciation was incorporated considering the Al hydrolysis constants
from NAGRA/PSI database (Thoegen et al., 2014). The required log
KFORM was −17.8, in the range of values reported for equivalent alu-
mina phases (log KFORM=−16.1 to −19.1) (Barin, 1995; Chen et al.,
1995) where the higher values reported usually correspond to alumina
phases obtained at high temperatures (Chase et al., 1974).

The competition of Al3+ ions with Sr2+ for cation sites in smectite
was evaluated. Fig. 6 presents Sr distribution coefficients measured on

Fig. 4. Sr distribution coefficients on smectite with different γ- Al2O3 content
(wt. %) at pH 4 or 9, in NaClO4 (a) 1·10−2M and (b) 1·10−1M. Lines (1) & (3):
Fits additive sorption model (SM); Lines (2) & (4): Fits considering Al3+ com-
petition and measured [Al3+]pH9 and [Al3+]pH4; Line (5): Fit considering
maximum [Al3+]max concentration of 12mg L−1.

Fig. 5. Al3+ dissolved from γ-Al2O3 in NaClO4 (0.5 g L−1 at 1·10−1M) as a
function of pH. Detection limit (d.l.)= 0.03mg L−1. Fit considering a log
KFORM=−17.8 is plotted as a line.

Fig. 6. Sr distribution coefficients measured on Na-smectite (0.5 g L−1) in
10−2M NaClO4 with variable of Al3+ concentration in solution ([Sr]= 6
10−9M). Lines are fits considering different Al3+ selectivity coefficients for Na-
smectite (log KB

A C ).
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Na-smectite in 10−2M NaClO4 at pH 4 with different Al3+ concentra-
tions. It can be seen that Sr distribution coefficients decreased abruptly
when aluminium is added, from log Kd of 4.2 to log Kd of 1.8mL g−1

with [Al3+]=15mg L−1. For higher Al3+ concentrations the decrease
is smaller, being the log Kd reduced to 1mL g−1 with
[Al3+]= 50mg L−1.

The selectivity coefficient of Al3+ for cation exchange sites in Na-
smectite (Eq. (2)) was estimated by competition with Sr2+, by fixing the
Sr2+ selectivity coefficient for Na-smectite (log KSr

Na C =0.70). As can
be seen in Fig. 6, for Al3+ concentrations lower than 5mg L−1, the
model is not very sensitive to Al3+ selectivity coefficient and log KAl

Na C
values from 0.9 to 2.00 could fit data. However, at higher Al3+ con-
centrations, the best fit is achieved with a log KAl

Na C =1.5, a value
within selectivity coefficients usually reported for trivalent cations in
smectite: Log Kc from 1.4 to 2 (Bradbury and Baeyens, 2005).

Afterwards, Sr sorption data in S/A mixtures (Fig. 4) were re-si-
mulated considering the competition of Al3+ ions. Simulations are done
taking into account the Al3+ concentrations measured in solution
(Fig. 6a) at studied pH and the obtained selectivity coefficient (log

KAl
Na C =1.5). The fits are calculated in the mixtures point by point,
modulating [Al3+] concentrations, plotted as dashed or dotted lines in
Fig. 4.

In those cases where Sr sorption in the mixtures was already well
described by the additive SM, the inclusion of the competition of Al3+

ions (plotted as dashed lines) did not significantly modify the SM pre-
dictions (plotted as continuous lines). This happened at high ionic
strength at both pH analysed (Fig. 4a), and at low ionic strength and pH
9 (Fig. 4b), where cation exchange is less relevant.

However, at ionic strength 10−2M and pH 4, additive SM over-
predicted Sr sorption (line (3) in Fig. 4b). The new fit including Al3+

competition, considering measured [Al3+]pH4= 2mg L−1, is indicated
as (4) in Fig. 4b. It is observed than when Al3+ competition is included,
the fit predicts a decrease of Sr sorption, more relevant for alumina
content> 50wt %. Nevertheless, this assumption is not enough to re-
present the observed Sr sorption decrease under acid pH and low ionic
strength conditions. In order to reproduce Sr sorption measured in the
mixtures at pH 4 (fit indicated as line (5)), an Al3+ concentration six
times higher ([Al3+]max≈ 12mg L−1) would be needed for, ap-
proaching the values measured at much lower pH (2–3). However, al-
though pH and concentration determination have associated un-
certainties, they are not expected to be that broad. As a consequence,
the Al3+ competition with Sr2+ cannot fully explain the Sr sorption
decrease in mixtures. This indicates that an additional process must
inhibit Sr sorption in the mixture.

This is an interesting finding because complementary stability ex-
periments showed that the addition of γ-Al2O3 to smectite causes fast
(hetero)aggregation (Mayordomo et al., 2014, 2016; Mayordomo,
2017). Hence, it is possible that due to S/A heteroagregation phe-
nomena, alumina nanoparticles interact with the smectite layers and
hinder the access to available exchange sites in smectite. This result
contrasts with the sorption behaviour of selenite on the same smectite/
γ-Al2O3 mixtures, where selenite sorption was increased and where the
additive model perfectly reproduced sorption data (Mayordomo et al.,
2016). The fact that selenite and Sr are sorbed by different mechanisms
on smectite, suggests that smectite and alumina interactions may hinder
the access to cation exchange sites in smectite, an aspect that will be
verified with other relevant contaminants.

4. Conclusions

Strontium sorption on Na-smectite/γ-Al2O3 (S/A) mixtures was
analysed to analyse if the addition of alumina nanoparticles enhance
sorption and to verify the applicability of a sorption model based on the
component additive approach. The study was undertaken by analysing
first Sr sorption on the pure solids as function of pH, ionic strength and
Sr concentration, to provide thermodynamically–based sorption models

(SMs).
Sr sorption in S/A mixtures was highly dependent on ionic strength

and on pH. At high ionic strength and alkaline pH, Sr sorption by cation
exchange in smectite is limited and the addition of alumina to smectite
enhanced Sr retention. Under these conditions, where surface com-
plexation dominated, the additive sorption model adequately re-
produced Sr sorption in the S/A mixture. However, at low ionic strength
and acid pH, where cation exchange mechanism is relevant, alumina
did not have a positive effect on Sr retention. Furthermore, the additive
model significantly overestimated Sr sorption in the mixture, suggesting
that alumina presence hindered Sr sorption in smectite.

The possible competition of Al3+ ions, coming from alumina dis-
solution, for exchangeable sites in smectite was analysed and it par-
tially, but not fully, explained the decrease on Sr sorption under acidic
pH and low ionic strength. This suggested that alumina particles in-
teraction with smectite layers may favour a charge shielding of smectite
layers, limiting the cation access to exchangeable sites, an assumption
to be verified with further studies.
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