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• Selenite sorption in smectite is signifi-
cantly improved by adding γ-Al2O3

nanoparticles.
• Mixtures with 20 wt% of γ-Al2O3 ap-
proach the sorption capacity of pure
alumina.

• Selenite sorption in mixtures is addi-
tive.

• Smectite/γ-Al2O3 heteroaggregation
does not have strong effects on selenite
sorption in mixtures.
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Smectite clay is used as barrier for hazardouswaste retention and confinement. It is a powerful material to retain
cations, but less effective for retaining anionic species like selenite. This study shows that the addition of a small
percentage of γ-Al2O3 nanoparticles to smectite significantly improves selenite sorption. γ-Al2O3 nanoparticles
provide high surface area and positively charged surface sites within a wide range of pH, since their point of
zero charge is at pH 8–9. An addition of 20 wt% of γ-Al2O3 to smectite is sufficient to approach the sorption ca-
pacity of pure alumina. To analyze the sorption behavior of the smectite/oxide mixtures, a nonelectrostatic sur-
face complexation model was considered, accounting for the surface complexation of HSeO3

− and SeO3
2−, the

anion competition, and the formation of surface ternary complexes with major cations present in the solution.
Selenite sorption in mixtures was satisfactorily described with the surface parameters and complexation con-
stants defined for the pure systems, accounting only for the mixture weight fractions. Sorption in mixtures
was additive despite the particle heteroaggregation observed in previous stability studies carried out on smec-
tite/γ-Al2O3 mixtures.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Some anions present in aquatic environment, such as fluoride, bro-
mate, phosphate, sulfate, nitrite, nitrate, selenite, and selenate, are haz-
ardous for living organisms and ecosystems. Selenium is classified as a
yordomo).
carcinogenic toxic that can lead to the development of some liver and
kidney diseases (Banuelos et al., 2014; WHO, 2011). Selenium not
only occurs naturally in the environment, but it is also emitted from
its increasing use in electronics and fertilizers. Selenium concentrations
found in contaminated sites range from 3 μ·L−1 to 33 mg·L−1, where
higher concentrations are generally related to mining wastewaters
(Santos et al., 2015). Among all selenium oxidation states, Se(IV) is
the most stable selenium aqueous species under moderate redox
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potential and neutral pH conditions, being mainly found as selenious
acid (H2SeO3), hydrogen selenite (HSeO3

−), or selenite (SeO3
2−) (Séby

et al., 2001).
Environmental protection agencies worldwide have claimed to de-

velop more efficient, eco-friendly, and cost-effective remediation tech-
nologies for selenite removal. Several different methods have been
developed to remove selenite from wastewater (Moore and
Mahmoudkhani, 2011; WHO, 2011). A recent review on selenium re-
mediation options highlights the advantages of sorption strategies and
the potential of different adsorbents such as clays, oxides, and hydrox-
ides. Reported selenite retention capacities varied from 0.6 to
833 mg·g−1, but the comparison of different systems is not straightfor-
ward, because the values depend on thewater chemical conditions (pH
and composition), initial selenium concentration, and the amount and
properties of the selected adsorbent (Santos et al., 2015).

Pollutant confinement requires, in many cases, the use of materials
that meet other characteristics besides contaminant retention, such as
permeability, buffer ability, and swelling or sealing properties, which
are fulfilled by clayminerals. Smectite clays are widely used for remedi-
ation purposes and in the disposal and storage of hazardous species
such as nuclearwaste (Pusch et al., 2015), because of their unique phys-
icochemical properties, availability, and low cost.

Clay mineral structure determines its ability to retain contaminants
on the surface (Grim, 1962). Smectite is a 2:1 type clay that has a perma-
nent negative charge, with high capacity to retain cations, but anions to
a lower extent. Previous sorption studies of selenite on smectite (Kim et
al., 2012; Missana et al., 2009; Montavon et al., 2009; Peak, 2006; Shi et
al., 2014) indicate that selenium retention is low and limited to a nar-
row pH range, where positively charged surface sites exist.

An additional material, with higher sorption ability and adequate
surface properties, can be incorporated to improve the sorption capacity
of smectite. Metal oxides such as iron oxides (Duc et al., 2006; Jang et al.,
2015; Jordan et al., 2013; Kim et al., 2012), titanium oxide (Benedicto et
al., 2013; Shi et al., 2009), and aluminum oxides (Boyle-Wight et al.,
2002; Elzinga et al., 2009; Jegadeesan et al., 2003; Kumar et al., 2014;
Missana et al., 2014; Papelis, 1995; Peak, 2006) are suitable candidates
to retain selenium.

This study aims to analyze experimentally whether selenite re-
tention on smectite clay is improved by the addition of γ-Al2O3

nanoparticles. Few studies deal with the anion adsorption on binary
systems including clays (Behnsen and Riebe, 2008; Dousova et al.,
2009; Hsu et al., 2008; Li and Bowman, 2001; Matusik, 2014;
Mockovciaková et al., 2010; Peak, 2006; Riebe et al., 2001). To the
best of our knowledge, no previous studies have proposed the
addition of γ-Al2O3 to smectite to improve selenite retention.

We have selected γ-Al2O3, a metal oxide whose amphoteric be-
havior allows it to bind anions and cations depending on the pH
(Dzombak and Morel, 1990). Its high point of zero charge (pHPZC

8–9) broadens the pH range, where positively charged surface sites
are available to retain anions. Furthermore, γ-Al2O3 nanoparticles
have high surface area (N100 m2·g−1), which favors contaminant
retention. Sorption of cationic species could be improved mainly in
alkaline conditions; however, in acidic conditions, the dominant
sorption mechanism would be cation exchange on smectite.

The surface properties of smectite and γ-Al2O3 mixture may, in
principle, enhance anion sorption, but the observed stability behav-
ior of smectite/γ-Al2O3 mixtures could affect the sorption ability of
the mixture. Particle heteroaggregation was clearly observed when
smectite and γ-Al2O3 coexisted (Mayordomo (in preparation);
Mayordomo et al., 2014). The increase in the mean particle size
may in fact lead to lower surface area available and lower surface
sites available for sorption. To date, it has not been probed whether
the mixture of γ-Al2O3 and smectite, which favors particle
aggregation, affects the surface properties and therefore their
sorption capacity. The effects on other smectite properties should
also be verified.
Thus, the aims of this study are to analyze if the addition of γ-Al2O3

improves selenite sorption and to verify whether sorption in mixtures
can be described using the surface parameters and complexation con-
stants obtained for the pure systems by just considering their corre-
sponding proportions.

Analyzingwhether sorption in amixed system is additive is not triv-
ial, and has been scarcely treated (Palmer et al., 1981). A system is ex-
pected to be additive when either components do not interact or the
interaction does not affect the surface properties. Nevertheless, we can-
not rule out smectite/γ-Al2O3 interaction, because the addition of γ-
Al2O3 to smectite (and vice versa) causes heteroaggregation of the par-
ticles, even under chemical conditions in which pure smectite and γ-
Al2O3 are stable (Mayordomo (in preparation); Mayordomo et al.,
2014).

Different models have been proposed to simulate selenite sorption
on Al2O3 and clays (Goldberg, 2014, 2013; Morel et al., 2015), but we
decided to use a simple model based on two previous studies, in
which selenite sorption was studied on pure smectite (Missana et al.,
2009) and γ-Al2O3 (Missana et al., 2014). Selected models have been
updated including the contribution of major anions and cations present
in solution.

Sorption in binary systems is complex, and ions present in solution
may play a relevant role, either competing for the sorption sites
(Galamboš et al., 2015; Hsu et al., 2008; Li et al., 1998; Moore and
Young, 2005; Ochs et al., 2002; Rahnemaie et al., 2007; Su and Puls,
2001; Tuutijärvi et al., 2012; Villalobos et al., 2001; Xi et al., 2011) or fa-
voring the anion sorption under alkaline conditions, if surface ternary
complexes with multivalent cations are formed (Fein, 2002; Sumner,
1999).

Themechanistic description of selenite sorption in the binary system
can assess whether the surface properties of both systems are affected
by the observed heteroaggregation. On the contrary, if sorption behav-
ior in the mixtures can be explained with the individual components,
the overall description of contaminant retention in natural media, com-
posed by complexmixtures of clayminerals and oxides, could be signif-
icantly simplified.

2. Materials and methods

2.1. Materials

2.1.1. Sorbents
Smectitewas obtained from FEBEX bentonite, extracted fromCortijo

de Archidona in Almería (Spain). Complete characterization of FEBEX
clay can be found elsewhere (Huertas et al., 2000). For sorption experi-
ments, the clay was purified to obtain the smectite fraction and
homoionized inNa bydialysis, as described inMissana et al. (2009). Cat-
ion exchange capacity (CEC) of this smectite is CEC = 102 ± 4 meq/
100 g, and its N2-BET specific area is 33 m2·g−1.

Aluminum oxide nanoparticles (γ-Al2O3) with nominal
diameter b 50 nm and N2-BET specific surface area of 136 m2 g−1

were selected (Aldrich). Their point of zero charge is pHpzc = 8.3. Char-
acterization of these nanoparticles and the study of their stability have
been described elsewhere (Missana et al., 2014).

For sorption experiments, smectite and γ-Al2O3 were suspended in
NaClO4 at different ionic strengths (from 1 × 10−3 to 5 × 10−1 M). Dif-
ferent mixtures of smectite and alumina were prepared at fixed solid
concentration (0.5 g·L−1) and ionic strength by varying their weight
fractions.

Experiments were carried out under atmospheric conditions.
Chemical analysis of contact electrolytes was carried out after
7 days of equilibrium. Major anions present in solution, under our
experimental conditions, are ClO4

−, Cl−, and HCO3
−. Concentration

of ClO4
− is fixed by the electrolyte concentration, Cl− mainly

originates from the addition of selenium tracer and pH adjustment
with HCl, up to [Cl−] ≈ 1 × 10−3 M. The hydrogen carbonate results
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from atmospheric CO2 and smectite impurities, and its concentration
varied from 25 to 80 mg·L−1; the maximum value was considered
for calculations. Major cation present in solution is Na, because the
experiments are carried out in NaClO4. The second most abundant
cation in solution is Ca in the case of smectite ([Ca] ≈ 5 × 10−4 M)
and Al3+ in the case of γ-Al2O3. MaximumAl3+measured in solution
was 6 × 10−4 M at pH 3, which corresponds to a γ-Al2O3 dissolution
of b3%.
2.1.2. Adsorbate
Radioactive 75Se was used for sorption experiments (Isotope

Products). It is stored in a stock solution in 0.1 M HCl, including
Na2SeO3 carrier. Its half-life is 119.8 days and its gamma emission
can be detected at 136 and 256 keV. In sorption experiments,
selenium activity in solution was detected by γ-counting with a
NaI detector (Packard Auto-gamma COBRA 2).

When high selenium concentrations were required, stable selenium
was added (Na2SeO3 purchased from Aldrich and prepared in 0.1 M
HCl).
Table 1
Thermodynamic selenium data included in the model. Data obtained from Séby et al.
(2001) and Thoegen et al. (2014).

Species Definition logK

Aqueous
HSeO3

− 1 SeO3[2−], 1 H[+] 8.40
H2SeO3 1 SeO3[2−], 2 H[+] 11.08
Na2SeO3(aq) 1 SeO3[2−], 2 Na[+] 0.02
CaSeO3(aq) 1 SeO3[2−], 1 Ca[2+] 3.17

Solid
Al2(SeO3)3 3 SeO3[2−], 2 Al[3+] 32.47
Na2(SeO3) 1 SeO3[2−], 2 Na[+] 3.51
Downeyite-Se 1 SeO3[2−], 2 H[+], −1 H2O 6.75
SeCl4 1 SeO3[2−], 6 H[+], 4 Cl[−], −3 H2O −14.44
CaSeO3:2H2O 1 SeO3[2−], 1 Ca[2+], 2 H2O 5.44
CaSeO3:H2O 1 SeO3[2−], 1 Ca[2+], 1 H2O 7.76
CaSeO3(s) 1 SeO3[2−], 1 Ca[2+] 7.65
2.2. Se(IV) sorption experiments

Sorption experiments were performed under atmospheric
conditions and at room temperature with a total solid concentration
of 0.5 g·L−1. This solid-to-liquid ratio is the same as that used in
previous sorption experiments carried out on both materials
separately (Missana et al., 2014, 2009). At low solid-to-liquid ratios,
higher sorption capacities are achieved (when full saturation is not
reached), while sorption efficiencies (expressed in %) are higher
when more sorbent is used.

Suspensions were placed in 12-mL polypropylene centrifuge tubes,
and 75Se was added at the desired selenium concentration (1 × 10−10

to 1 × 10−3 M). After the addition of the radionuclide, the pH was
readjusted, if necessary, with HCl or NaOH (1 × 10−2 to 1 M).

Previous studies on the kinetics of selenite sorption indicate that se-
lenium sorption in smectite is nearly constant after 4–5 days of contact
time (Missana et al., 2009), and very fast (b30 min) in γ-Al2O3. To en-
sure sorption equilibrium, all samples were continuously stirred for
7 days.

Sorption edges were carried out, as a function of pH (3−11), on
pure smectite (100S) and γ-Al2O3 (100 A) and on mixtures of different
Na-smectite/γ-Al2O3 weight fraction ratios (%): 90S/10A, 50S/50A, and
20S/80A. Ionic strength was set at 1 × 10−2 or 1 × 10−1 M in NaClO4.
Selenium concentration was [Se] ≈ 1.5 × 10−8 M.

To maintain pH constant over time, buffer solutions at 4 × 10−3 M
were used as follows: acetic acid for pH 4.5, MES (2-(N-morpholino)
ethane-sulfonic acid) for pH 5.5 and 6.0, MPS (3-(N-morpholino)
propanesulfonic acid) for pH 6.5 and 7.0, TRIS
(tris(hydroxymethyl)aminomethane) for pH 7.5 and 8.05, and CHES
(3-(cyclohexyl amino)ethanesulfonic acid) for pH 9 and 10. It was pre-
viously verified that buffer addition below 1× 10−2Mdid not affect sel-
enite sorption (Missana et al., 2009).

Sorption isotherms were carried out in γ-Al2O3 at pH 8 in
1 × 10−1 M NaClO4, with varying selenium concentration from
1 × 10−10 to 1 × 10−3 M.

The sorption behavior of mixtures is analyzed in detail at pH where
the maximum selenite sorption was achieved. Eight mixtures, at differ-
entweight fractions, were prepared in 1 × 10−1MNaClO4 at pH 4.5 and
with a selenite concentration of 4 × 10−8 M.

After stirring, the tubes were centrifuged at 21,500 g for 1 h. This
centrifugation ensures the deposition of particles with
diameter N 10 nm.

After solid separation, three aliquots of the supernatant (2mL) were
sampled to measure selenium activity in solution.
Selenium distribution coefficients (Kd) for the solid and liquid
phases were calculated as follows:

Kd ¼ Ci−C f

C f

V
m

ð1Þ

where Kd is the distribution coefficient (mL·g−1), Ci is the initial sel-
enite concentration (Bq·mL−1), Cf is the final selenite concentration
(Bq·mL−1), V is the suspension volume (mL), andm is the mass of sor-
bent (g).

Selenite sorption onto the centrifuge tubes was checked and was
found to be almost negligible (b1%).

2.3. Sorption modeling

We aim to verify whether selenium sorption in smectite/γ-Al2O3

mixtures can be describedwith the surface complexationmodels devel-
oped for the individual systems.

Solid dissolution and selenite precipitation were enabled in the
model. Al3+ hydrolysis was taken into account, considering the equilib-
rium constants reported in Thoegen et al. (2014). The concentration of
Cl−, ClO4

−, and HCO3
– and Na+, Ca2+, and Al3+ measured in solution

were considered in speciation and sorption calculations. Formation of
selenite solids with major cations present in solution was accounted
for. The thermodynamic data used for selenium aqueous and solid spe-
cies are presented in Table 1 (Séby et al., 2001).

Selenium sorption in both Na-smectite (Missana et al., 2009) and γ-
Al2O3 (Missana et al., 2014) was previously described by considering a
nonelectrostatic surface complexation model.

Smectite is a 2:1 layer clay, inwhich octahedral aluminum sheets are
arranged between two tetrahedral silicon layers (Grim, 1962). In the
tetrahedral and octahedral sheets, isomorphic substitutions impart a
permanent negative charge, which can be neutralized by countercation
adsorption onto the basal surfaces. This permanent charge provides the
claywith CEC. Additionally, clays have surface hydroxylated sites (SOH)
on the broken edges, similar to those present on the oxide surfaces, asγ-
Al2O3, with a pH-dependent contribution to the surface charge (Sposito
et al., 1999; Stumm, 1992). In both clays and oxides, surface complexa-
tion at SOH surface sites is expected to be the most relevant sorption
process for anions.

Only one type of surface site was considered in both materials. Sur-
face sites (SOH) are protonated and deprotonated with solution pH
changes as follows:

SOHþHþ ⇔
Kþ

SOHþ
2 ð2Þ
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SOH⇔
K−

SO− þHþ ð3Þ

where K+ and K− are the protonation and deprotonation equilibri-
um constants, respectively.

The surface complexation of two selenium aqueous species (HSeO3
−

and SeO3
2−) on positively charged SOH2

+ sites was initially considered:

SOHþ
2 þ SeO2−

3 ⇔
K1

SOH2SeO
−
3 ð4Þ

SOHþ
2 þHSeO2−

3 ⇔
K2

SOH2HSeO3 ð5Þ

As mentioned earlier, we reviewed the previous model, incorporat-
ing the competition, or contribution, of major anions and cations pres-
ent in solution.

Under alkaline conditions, pH-dependent surface sites are expected
to be mainly negatively charged (SO−). However, nonzero anion sorp-
tion is observed on soils and clays in alkaline conditions (Goldberg
and Glaubig, 1988; Missana et al., 2009; Montavon et al., 2009). It has
been observed that the presence of exchangeable cations lowers the sol-
ubility of certain anions, because they co-precipitate or bond together to
mineral surfaces by forming surface ternary complexes (Sumner, 1999).

In this study, we incorporated surface ternary complexes (Fein,
2002), in which the cation bridges the negative charges of the surface
and favors the coadsorption of selenite. At alkaline pH, surface sites
are negatively charged and anion sorption would be unexpected, but
Na+ and Ca2+ promote the coadsorption of selenite. It is considered
that the formation of ternary complexes is subjected to the ability to
form soluble complexes and to the cation/anion ratio (Sumner, 1999),
being favored when cation concentration is in relative excess to the
anion one (Fein, 2002); this occurred in our case: cations (1 × 10−4 to
1 × 10−1 M)/selenite (1 × 10−8 to 1 × 10−10 M). The following equa-
tions were considered:

SO− þ Naþ þ SeO2−
3 ⇔

K3
SO−Na−SeO3

2− ð6Þ

SO− þ Ca2þ þ SeO2−
3 ⇔

K4
SO−Ca−SeO3

− ð7Þ

Moreover, anions are expected to compete among themselves for
the sorption sites (Galamboš et al., 2015; Hsu et al., 2008; Li et al.,
1998; Moore and Young, 2005; Ochs et al., 2002; Rahnemaie et al.,
2007; Su and Puls, 2001; Tuutijärvi et al., 2012; Villalobos et al., 2001;
Xi et al., 2011). Anion complexation constants on the γ-Al2O3 surface
were determined by Missana et al. (2014) for HCO3

−, NO3
−, SO4

2−, and
ClO4

−. In the present study, we additionally determine the competition
of Cl−. The following equationswere included in the selenium complex-
ation model:

SOHþ
2 þHCO−

3 ⇔
K5

SOH2HCO3 ð8Þ

SOHþ
2 þ ClO−

4 ⇔
K6

SOH2ClO4 ð9Þ

SOHþ
2 þ Cl− ⇔

K7
SOH2Cl ð10Þ

where Kiwith i=5, 6, and 7 are the anion complexation equilibrium
constants on positively charged sites on the γ-Al2O3 surface.

No anion competition was considered in the case of smectite, be-
cause experimental results suggested that their contribution was negli-
gible. Permanent negative charge exhibited by the clay reduces the
approach of anions.

The surface complexation constants and solid parameters used to
describe selenite sorption on smectite and γ-Al2O3 are listed in Table 2.
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The geochemical code CHESS v.4 (van der Lee and de Wint, 1999)
was used for the model description.
-10 -9 -8 -7 -6 -5 -4 -3 -2
-10

-9

-8

-7

-6

-5

-4

-3

lo
g 

[S
e so

rb
ed

](
m

ol
·g

-1
)

log [Se
solution

] (mol·L-1)

Fig. 2. Selenite sorption isotherm obtained in γ-Al2O3 at pH 8.2 in NaClO4 (1 × 10−1 M).
Solid-to-liquid ratio, 0.5 g·L−1. Dashed lines represent the model considering surface
complexation of HSeO3

− and SeO3
2− and solid lines show the model including anion

competition and Na− and Ca-SeO3
2− ternary complexes. Se concentration ranges from

10−10 up to 10−3 M.
3. Results and discussion

Selenite sorption behavior was first analyzed on individual systems.
Fig. 1a presents selenium distribution coefficients measured on Na-
smectite, as a function of pH, at different ionic strengths (data from
(Missana et al., 2009)), and Fig. 1b shows selenium sorption edgesmea-
sured on γ-Al2O3 at different ionic strengths (1 × 10−2 to 1 × 10−1 M),
with low ([Se]=1.6 × 10−8M) or high ([Se]=9.6× 10−6M) selenium
concentration. Data obtained under different experimental conditions
are shown to facilitate process identification and to verify the goodness
of the proposed models. In both systems, selenite sorption is the maxi-
mum at acidic pH, decreasing as pH increases, which is in agreement to
sorption trend of anionic species. Comparatively, selenite sorption is
clearly lower in Na-smectite (maximum log Kd = 2.65 mL·g−1), than
in γ-Al2O3, which exhibitedmuch higher selenite retention, from acidic
pH (maximum log Kd of 5 mL·g−1) up to pH 10. In both cases, nonzero
selenite sorption is observed under alkaline conditions, with a similar
average log Kd ≈ 2 mL·g−1.

In the first attempt, selenite sorption was modeled considering sur-
face complexation of HSeO3

− and SeO3
2− (Eqs. (4) and (5)), and fits are

plotted as dashed lines in the figures. On smectite, this model perfectly
fits selenite sorption up to pH 8, but underestimates the observed sele-
nium sorption at higher pH (Fig. 1a). In the case of γ-Al2O3 (Fig. 1b), it
overestimates retention within pH 6–8 and underestimates retention
for pH N 10.

As explained in the modeling section, the sorption model was mod-
ified, assuming the formation of selenite ternary complexes with Na+

(Eq. (6)) and, when present in solution, also with Ca2+ (Eq. (7)).
Anion competition was considered in the case of γ-Al2O3 (Eqs.
(8)–(10)). The revised models are plotted as solid lines in the figures.
Selected complexation constants for both γ-Al2O3 and Na-smectite are
presented in Table 2. The incorporation of ternary selenite complexes
accounts for the nonzero sorptionmeasured at alkaline pH, as can be ap-
preciated in Fig. 1.

The inclusion of anion competition in γ-Al2O3 clearly improved the
fit (plotted as solid lines in Fig. 1b). HCO3

– competition is especially rel-
evant to explain the decreased selenite sorption for pH N 6. Fig. 2 pre-
sents selenium sorption isotherm measured at pH 8.2 on γ-Al2O3. The
improved model is plotted as solid lines by taking into account the
anion competition and selenium surface ternary complexes. It can be
appreciated that the anion competition is relevant within a wide
range of selenite concentrations (from 1 × 10−10 to 1 × 10−3 M).
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Fig. 1. (a) Sorption edges for selenite onto Na-smectite in NaClO4 at different ionic strengths
4 × 10−10 M and solid-to-liquid ratio 0.5 g·L−1. (b) Sorption edges for selenite onto 0.5 g·L−

with [Se] = 1.6 × 10−8 M and ( ) 1 × 10−1 M with [Se] = 9.6 × 10−5 M. Dashed lines corr
correspond to the improved model, including the formation of ternary Na- and Ca-SeO3

2− and
Precipitation was neither experimentally observed under experimental
conditions nor predicted by the model.

The model used to describe selenite sorption in both Na-smectite
and γ-Al2O3was the same, but selenite and hydrogen selenite complex-
ation constants were higher in alumina than in smectite (Table 2), be-
cause of the higher selenite affinity toward alumina.

Once sorption models for the independent systems were defined,
selenite sorption inNa-smectite (S)/γ-Al2O3 (A)mixtureswas analyzed.
Fig. 3 presents selenium sorption edgesmeasured onmixtures at differ-
ent weight fractions (90S/10A and 50S/50A), in comparison to those
measured onNa-smectite (100S) andγ-Al2O3 (100 A). Selenite sorption
in mixtures is significantly higher than that in smectite, indicating that
the addition of γ-Al2O3 nanoparticles improves selenite retention. The
sorption trend in the mixtures is similar to that observed on pure sys-
tems, in which maximum sorption is reached at acidic pH (pH ≈ 4.5)
and sorption decreases as pH increases, because the number of positive-
ly charged sites decreases. Adding only a small amount ofγ-Al2O3 to Na-
smectite (10% in weight) results in approximately 12 times higher dis-
tribution coefficient in the whole range of experimental pH. At acidic
pH, log Kd increases from 2.5 to 3.6 mL·g−1 with 10% of γ-Al2O3 and
up to 4.5 mL·g−1 with a 50% addition. In the pH region between 6
and 8, sorption is also improved, despite the competition of HCO3

– bind-
ing to alumina sites; the value of log Kd increases from2.2 to 3.2mL·g−1
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pH 

(b)
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1 of γ-Al2O3 in NaClO4 at different ionic strengths: ( ) 1 × 10−2 M and (■) 1 × 10−1 M
espond to the fits considering surface complexation of HSeO3

− and SeO3
2− and solid lines

anion competition.
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Simulations are plotted as solid lines (complexation constants present in Table 2).
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with a 10% γ-Al2O3, and with 50% addition, it approaches the value
achieved on 100% γ-Al2O3 (log Kd = 4 mL·g−1). At pH higher than
the pHpzc of γ-Al2O3, selenite sorption in Na-smectite and γ-Al2O3 is
similar the retention is explained by ternary complexes with cations
present in solution; in this region, selenite sorption is slightly higher
in bothmixtures,most probably due to Ca traces caused by smectite ad-
ditionally contributing to retain selenium on the alumina surface.

One of the aims of this studywas to verify if the sorption behavior of
mixtures could be described by using surface complexation models de-
fined for the independent systems. As shown in Fig. 3, selenite sorption
behavior in mixtures (plotted as solid lines) is perfectly described with
the parameters obtained for the pure minerals (Table 2), within the
whole pH range and at different ionic strengths, and by considering
only the correspondent weight fraction of mixture component. This in-
dicates that selenite sorption is additive.

Some studies also showed sorption additivity, for example, inmixed
clays (Missana et al., 2009); but other studies pointed out the complex-
ity of sorption behavior in mixed systems. For example, uranium sorp-
tion on mixed Ti and Fe oxide phases was lower than expected and
did not behave in an additivemanner (Comarmondet al., 2012). The ad-
ditivity of systems suggests limited interaction between the two com-
ponents. We have observed that the coexistence of Na-smectite and
γ-Al2O3 induced particle aggregation, even in those pH regions where
electrostatic attraction was unexpected (Mayordomo et al., 2014).
However, the fact that selenite sorption in mixtures was described con-
sidering the surface parameters of the individual system contribution
indicates that particle heteroaggregation, with a noticeable increase in
the mean particle diameter (Mayordomo et al., 2014), does not affect
the sorption capacity of the mixture.

In all cases, the maximum selenite sorption is attained at pH≈ 4.5;
therefore, we analyze the effect of mixture fraction under these condi-
tions. Fig. 4 presents selenite sorption measured at pH 4.5 in Na-smec-
tite with the increasing load of alumina. By increasing the amount of
alumina, Se sorption in smectite is enhanced. At lower alumina weight
fractions (0.5–10)%, sorption is significantly improved from a 10% sele-
nite retention up to 60%, with an alumina addition of b20 wt%. More-
over, selenium retention in mixtures with an alumina content of
N20 wt%. resembles the sorption power of pure γ-Al2O3. Selenite sorp-
tion in mixtures is satisfactorily predicted by considering the individual
models (Fig. 4).

Anion sorption is subjected to the availability of positively charged
surface sites (SOH2

+). The amount of positively charged sites available
to bind selenite changes according to the mixture composition, and
can be calculated by considering the surface equations and parameters
included in Table 2. Fig. 5 shows the total concentration (μM)of positive
sites (SOH2
+) and the individual contributions of Na-smectite and γ-

Al2O3, referred to the % of Al2O3 in the mixture (from 0% to 100%). Cal-
culations were performed considering the experimental conditions
(solid concentration of 0.5 g·L−1, in NaClO4 1 × 10−1 M at pH 4.5).
The available surface sites are directly related to the materials' surface
area, which is higher in alumina. Positive surface sites show a linear in-
crease with increasing γ-Al2O3 amount (Fig. 5), providing additional
sites to retain anions such as selenite. Positively charged sites of Na-
smectite prevails over alumina ones when alumina fraction is b25%.

It was shown thatγ-Al2O3 significantly improves selenite sorption in
smectite. Selenium sorption capacities calculated under the experimen-
tal conditions (0.5 g·L−1 and [Se] = 4 × 10−8 M) indicated that by
adding γ-Al2O3 to smectite, sorption capacity is increased from 4 to
12 mg·g−1. With the surface complexation model that we had devel-
oped, we estimated selenium sorption capacities under equivalent sele-
nium and sorbent concentrations reported by Santos et al. (2015), and
the maximum sorption values predicted in our model, at acidic condi-
tions, were in the upper range reported.

Mixture behavior indicates that the independent surfaces are still
available to interact with the selenite (or other) hazardous species. A
small amount of γ-Al2O3 nanoparticles provided sufficient surface
edge sites, therefore, the mixture behaves as pure γ-Al2O3 to what
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concerns sorption. This property allows designing suitable mixtures for
a specific scenario of pollution, in which the content of γ-Al2O3 nano-
particles is minimized but attain maximum selenite removal.
4. Conclusions

It was experimentally shown that selenite retention in smectite is
improved by adding γ-Al2O3 nanoparticles. The binary mixture en-
hanced selenite retention within all pH conditions. Under conditions
where selenite retention is the maximum, an addition of 10% of γ-
Al2O3 is sufficient to improve selenite retention from 10% to 60%. Sele-
nite sorption in the pure systems was described considering complexa-
tion of selenite and hydrogen selenite and incorporating competition of
anions present in solution. The formation of ternary selenite complexes
with major cations in solution was also accounted for to explain the
nonzero selenite sorption measured in alkaline conditions. Selenite
sorption behavior in mixtures could be described with the surface pa-
rameters and complexation constants defined for the pure systems,
showing that the sorption was additive. The proven sorption additivity
indicates that the heteroaggregation exhibited by smectite/γ-Al2O3

mixtures does not affect their surface properties in terms of sorption
capacity.

A small addition ofγ-Al2O3 nanoparticles (20wt% under experimen-
tal conditions) to smectite was sufficient to approach sorption capacity
of pure γ-Al2O3. This allows to design suitable mixtures for a specific
scenario of pollution, in which the γ-Al2O3 nanoparticle content is min-
imized but improves selenite removal.
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