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The  UO2
2+ sorption  at pH 4  and  6 on heterogeneous  smectite  structure.

The  cation  exchange  process  is affected  by  layer  charge  distribution.
Surface  complexation  and  cation  exchange  modelling.
New  binding  energy  components  identified  by  X-ray  photoelectron  spectroscopy.
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a  b  s  t  r  a  c  t

The  UO2
2+ adsorption  on  smectite  (samples  BA1,  PS2  and  PS3)  with  a heterogeneous  structure  was  investi-

gated  at  pH  4 (I  = 0.02 M)  and  pH  6 (I =  0.2  M) in  batch  experiments,  with  the aim  to  evaluate  the  influence
of  pH,  layer  charge  location  and  crystal  thickness  distribution.  Mean  crystal  thickness  distribution  of
smectite  crystallite  used  in sorption  experiments  range  from  4.8 nm  (sample  PS2),  to 5.1  nm  (sample
PS3)  and,  to  7.4  nm  (sample  BA1).  Smaller  crystallites  have  higher  total  surface  area  and  sorption  capac-
ity.  Octahedral  charge  location  favor  higher  sorption  capacity.  The  sorption  isotherms  of Freundlich,
Langmuir  and  SIPS  were  used  to  model  the  sorption  experiments.  The  surface  complexation  and  cation
exchange  reactions  were  modeled  using  PHREEQC-code  to  describe  the  UO2

2+ sorption  on  smectite.  The
amount  of UO2

2+ adsorbed  on smectite  samples  decreased  significantly  at pH 6 and  higher  ionic  strength,

ranyl surface complexation
-ray photoelectron spectroscopy

where  the  sorption  mechanism  was  restricted  to the  edge  sites  of  smectite.  Two  binding  energy  compo-
nents  at 380.8  ± 0.3 and  382.2 ± 0.3  eV,  assigned  to hydrated  UO2

2+ adsorbed  by cation  exchange  and  by
inner-sphere  complexation  on  the  external  sites  at pH 4, were  identified  after  the  U4f7/2 peak  deconvo-
lution  by  X-photoelectron  spectroscopy.  Also,  two  new  binding  energy  components  at  380.3  ±  0.3  and
381.8  ±  0.3  eV  assigned  to AlOUO2

+ and  SiOUO2
+ surface  species  were  observed  at  pH  6.

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

Smectite clay is widely used as “buffer” barrier in engineered
adioactive waste containment systems, owing to their low per-

eability and high sorption capacity [1]. The performance of

he engineering barrier in a high-level waste repository is highly
ffected by structural changes caused by alteration of the original

∗ Corresponding author.
E-mail address: ibobos@fc.up.pt (I. Bobos).

ttp://dx.doi.org/10.1016/j.jhazmat.2016.05.060
304-3894/© 2016 Elsevier B.V. All rights reserved.
smectite [2,3]. The effect of temperature is reflected by increase
of smectite surface charge, induced by silica for aluminium substi-
tution in the tetrahedral sheet, affecting also the cation exchange
capacity (CEC) and their swelling properties [4–8].

Long-term smectite stability after waste emplacement is low
because buffer material will be exposed to a maximum tempera-
ture of 150 ◦C at the surface of the waste package, pressure in the
range of 100–300 bars and groundwaters of various compositions

depending to the geological environment [9]. Detailed studies of the
reactivity of dioctahedral smectite have shown that the hydrother-
mal  conditions imply the formation of high- and low-charge layers

dx.doi.org/10.1016/j.jhazmat.2016.05.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2016.05.060&domain=pdf
mailto:ibobos@fc.up.pt
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n different proportions on smectite [10] and the progressive for-
ation of illite-montmorillonite mixed layers [11,12].
Uranium (U) occurs as uranyl (UO2

2+) ions under oxidizing
eochemical conditions and acidic aqueous solutions, forming
onomers, dimers, and trimers at higher pH hydrolyses [13]. The

H dependent adsorption behaviour under these conditions is sim-
lar to other metal oxides with a cationic adsorption on edge sites at
H 5–6 and an additional anionic adsorption on edge sites around
H 8 in systems equilibrated with atmospheric CO2 [14]. Despite
he importance of this mechanism, there is a limited knowledge
bout the interactions between UO2

2+ ions and clay mineral sur-
aces [15]. The interaction of UO2

2+ ions with clay minerals as
otential adsorbent materials with high surface area were carried
ut with montmorillonite [14,16–28], tri-smectite [29–31] or ben-
onite rocks [32].

Uranyl sorption onto smectite involves multiple binding sites,
ncluding ion exchange and edge surface sites. Previous works
eported that the adsorption of UO2

2+ on smectite follows two main
echanisms: ion-exchange through outer-sphere complexation at

ow pH and low ionic strength, whereas at near-neutral pH and high
onic strength through inner-sphere complexation on the edge sites
ontrols the sorption mechanism [14,18,26,29,31,33,34].

The development of surface complexation models (SCM) pre-
icts the behavior of uranyl sorption on different clay minerals
y fitting the thermodynamic data obtained from reference meth-
ds under different environmental conditions [35–37]. The use of

 “unique model” was developed to defend the standardization of
CM using thermodynamic approaches and parameter optimiza-
ion in order to achieve the best fit to the experimental sorption
ata [22,37–39]. In this way, it was possible to reduce the number
f adjustable parameters and provide a set of uniform parameters
ased on common reference values.

The main aim of this study is to understand the degree of
nteraction between UO2

2+ and dioctahedral smectite with a het-
rogeneous structure as a function of layer charge location and
he type of interstratified layers, in order to predict the possible
hanges on sorption mechanism caused by structural modification
f smectite during alteration. The heterogeneous smectite structure
sed in sorption experiments represents in fact the first alteration
tage of smectite exposed to circulation of hydrothermal fluids or
s backfilling materials in nuclear waste disposal [2].

The kinetic of sorption-desorption experiments of the UO2
2+

etardation onto heterogeneous smectite samples using a con-
inuous stirred tank reactor was previously interpreted by the
eaction-controlled model (pseudo-first order and pseudo-second
rder) and diffusion-controlled model (intra-particle diffusion and
iquid-film diffusion) [40]. The adsorption experiments in this work

ere carried out to evaluate the role of pH, charge location and
he crystal thickness distribution of smectite on the UO2

2+ sorption
echanism. The pH variation influences the UO2

2+ aqueous specia-
ion defining the species involved during the sorption mechanism.
lso, it may  play an important role in the surface sites distribu-

ion, controlling the adsorption capacity and the binding strength
f surface complexes. The adsorption process on different smec-
ite samples was simulated using the cation exchange and surface
omplexation model based on diffuse double layer (DDL) [41]. The
O2

2+ surface species adsorbed on smectite at pH 4 and pH 6 were
lso identified by X-ray photoelectron spectroscopy (XPS) experi-
ents.

. Experimental
.1. Batch experiments

Batch experiments were carried out to investigate the UO2
2+

dsorption on three different heterogeneous smectites (<2 �m frac-
s Materials 317 (2016) 246–258 247

tions), with a different distribution of charge deficit. The adsorption
experiments were carried out at pH 4 and 6, using low (I = 0.02 M)
and high ionic strength (I = 0.2 M),  in order to promote the study of
both sorption mechanisms on smectite surface: ion exchange and
inner-sphere complexation on the surface edge sites. Batch experi-
ments performed at pH = 4 were carried out by adding 0.025 g of the
respective clay mineral with 14.00 mL  (S: L = 1.79 g/L) of different
stock solutions at different UO2

2+ concentrations, ranged between
1.00 × 10−5 M and 6.50 × 10−4 M,  with NaCl (0.02 M).  At pH = 6,
0.050 g (S: L = 3.60 g/L) of each smectite was  added, and the UO2

2+

concentration of stock solutions ranged between 1.00 × 10−6 M and
1.00 × 10−4M,  with NaCl (0.2 M).  Suspensions were shaken for 48 h,
and then centrifuged, separated and the resulted (supernatant)
solutions were preserved by adding HCl and stored at 4 ◦C for sub-
sequent chemical analysis. Uranyl stock solutions were prepared
from a primary standard solution (1.0 × 10−3 M),  obtained by dis-
solving of UO2(CH3COO)2 × 2H2O in deionized water. The pH was
adjusted to the required value and monitored with NaOH (0.05 M)
or HCl (0.05 M)  (Merck, Germany), using a pH meter (Corning 240)
calibrated with buffer solutions (pH 4, 7 and 10, Merck).

2.2. Isothermal models

The Langmuir model assumes that the sorption sites are identi-
cal and energetically equivalent due to its homogeneous structure
[42]. The equilibrium is obtained when the monolayer formation
on the sorbent occurs. Langmuir isotherm is described according
to the following Eq. (1):

qe = qmKLCe

(1 + KLCe)
(1)

where qe (mol/kg) and Ce (mol/L) are the equilibrium concentra-
tions of UO2

2+ in the solid and the liquid phase, respectively, qm

(mol/kg) is the maximum sorption capacity, and KL (L/kg) is the
Langmuir constant related to the energy of adsorption. The qe is
obtained according to Eq. (2):

qe = (Ci − Cf)
V
m

(2)

where Ci and Cf are the concentrations of UO2
2+ in the beginning

and the end of the adsorption process, V is the solution volume used
during batch experiments (14.00 mL)  and m is the mass of smectite
used.

Freundlich model was  used to describe the adsorption of
contaminants on heterogeneous surface consisting of sites with dif-
ferent exponential distribution and energies [43,44]. The equation
of the Freundlich sorption isotherm is expressed by Eq. (3):

qe = KFCe
n (3)

where, KF and n are the Freundlich adsorption isotherm constants,
being indicative of the adsorption extension and the degree of the
surface heterogeneity. The Sips isotherm combines both Freundlich
and Langmuir isotherms where at low adsorbate concentration
behaves as Freundlich isotherm, whereas at high concentration
predicts a monolayer adsorption capacity characteristic to Lang-
muir model [45,46]. The mathematical representation of this model
is given by Eq. (4):

qe = qm(KSCe)n

1 + (KSCe)n (4)

where, qm (mol/kg) is the maximum sorption capacity, which can

also be expressed as Nt, a measure of the total number of bind-
ing sites available per g of sorbent, KS is the affinity constant for
adsorption (L/kg) and n is the Freundlich parameter that takes into
account the system heterogeneity. The Sips isotherm is reduced to
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he Langmuir form for n = 1 and a homogeneous surface is consid-
red. The greater is the difference from this value, the greater will
e the clay surface heterogeneity.

.3. Diffuse double layer surface complexation and cation
xchange modelling

The diffuse double layer surface complexation model was  used
o predict the UO2

2+ surface complexation reactions onto smectite.
he PHREEQC-code [41] describes the surface complexation model
ncluding a combination of equilibrium protonation ( SOH2

+),
eprotonation ( SO−) and complexation reactions based on pre-
ious UO2

2+ sorption experiments on montmorillonite [23]. This
rocess was based on the geochemical code proposed by [47].
he major surface reactions and input parameters included in our
odel are resumed in Table 2. The second geochemical code devel-

ped on PHREEQC was additionally used to describe the cation
xchange process of UO2

2+ adsorption at pH 4 and pH 6 [41]. The
ation exchange on the permanently charged planar sites (Eq. (5))
as modeled taking into account the adsorbent CEC (eqkg−1) and

he selectivity coefficient for each ion exchange process occurring
n the planar sites, given by Eq. (6) [48].

Aa−Clay + aBb↔ aBb−Clay + bAa (5)

Kc = Na
B

Nb
A

× Ab

Ba
× �b

A

�a
B

(6)

The selectivity constants used to model UO2
2+ exchange process

re resumed in Table 2. The selectivity coefficient (Kc) regarding
o the exchange process between UO2

2+ and Ca2+ (UO2
Ca Kc), was

btained from the ratio UO2
Na Kc/Ca

NaKc [22,49,50].

The proportion of Ca2+ and Na+ from smectite was taken into
ccount (Table 2) in the modelling of cation exchange process.
herefore, two different exchange master species were defined
ccording to the next geochemical code developed on PHREEQC:

EXCHANGE MASTER SPECIES

X-#Na-Smectite

Z-#Ca-Smectite
XCHANGE SPECIES

− = X−; log k 0.0

able 1
rystal chemistry and physico-chemical properties of clay minerals.

Sample Structural Formula T(n

BA1  Ca0.27Na0.20(Al1.30Fe0.36Mg0.33)(Si3.63Al0.37)O10(OH)2 7.4

PS2  Ca0.14Na0.38K0.08(Al1.25Fe0.34Mg0.39)(Si3.74Al0.26)O10(OH)2 4.8

PS3  Ca0.15Na0.30K0.14(Al1.17Fe0.41Mg0.42)(Si3.70Al0.30)O10(OH)2 5.1

SW1a Ca0.12Na0.32K0.05(Al1.50Fe0.21Mg0.27Ti0.01)(Si3.99Al0.01)O10(OH)2 8.1

SBld1b Ca0.05Na0.12K0.16(Al1.78Fe1.04Mg0.46Ti0.49)(Si3.77Al0.23)O10(OH)2 12

Na-Montmorillonite, Wyoming, Source: Clay Minerals Society Repository.
b Beidellite Black Jack, Idaho, Source: Clay Minerals Society Repository.
s Materials 317 (2016) 246–258

Z− = Z−; log k 0.0

X− + Na+ = NaX; log k 0.0

2X− + UO2
+2 = UO2

+2 × 2; logk 0.45

2Z− + UO2
+2 = UO2

+2Z2; logk 0.049

Z− + Na+ = NaZ; log k 0.23

SOLUTION1

pH4.3

Na+20 #concentrations in mmol/kgH2O

U(6) 7.36e-1

Acetate 1.47

Cl 20 charge

EXCHANGE

X 1.14e-4#13% Na+

Z 7.43e-4#87% Ca2+

-equilibrate 1′′

The permanent charged sites ( X−) was estimated to be equal
with the cation exchange capacity, whereas the reactive edge sites
capacity was assumed to be 15% of the total number of crystal-
lite edge sites available. The edge surface sites may  correspond to
10–20% of the total number of sites available for sorption [51]. It
was also defined that the ratio between AlOH and SiOH sites
is 0.83 for smectite [52]. The aqueous speciation equilibrium con-
stants (log K) considered in our model were obtained from NEA
uranium thermodynamic database [53,54].

A combination of four surface complexes, AlOUO2
+,

AlO(UO2)3(OH)5, SiOUO2
+ and AlO(UO2)3(OH)5, was  assumed
for a best prediction of the experimental sorption data [23]. The
chemical modeling program FITEQL 4.0 [55] was  used to optimize
the respective surface complexation constants using the DDL
model by means of fitting the UO2

2+ sorption data from pH 4 to pH

m) SBET (m2/g) CEC (meq/g) Charge Def./Uc Na/Ca

− 1.38
 12 0.96 48%O 0.74

52%T
− 1.31

 26 1.04 62%O 2.71
38%T
− 1.45

 84 0.81 59%O 2.00
41%T

 31.82 0.76

.3
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Table  2
Model parameters used to simulate the UO2

2+ adsorption on smectite.

Model conditions Samples

BA1 PS2 PS3

Solid concentration (S:L) (g/L) 3.60 (pH 6)
1.79 (pH4)

Surface area (BET) (m2/g) 12 26 82
Total  site concentration (mol/kg) 0.084 0.092 0.071

Edge  site reactions Log K
AlOH + H+ = AlOH2

+ 12.30a 12.30a 12.30a

AlOH = AlO− + H+ −13.60a −13.60a −13.60a

AlOH + UO2
2+ = AlOUO2

+ + H+ 7.70b 7.94b 7.84b

AlOH + 3UO2
2+ + 5H2O = AlO(UO2)3(OH)5 + H+ −15.19b −14.95b −15.06b

AlOH + Na+ = AlONa + H+ −6.60 −6.60 −6.60
SiOH = SiO− + H+ −6.95a −6.95a −6.95a

SiOH + UO2
2+ = SiOUO2

+ + H+ 0.75b 0.99b 0.89b

SiOH + 3UO2
2+ + 5H2O = SiO(UO2)3(OH)5 + H+ −16.19b −15.95b −16.06b

SiOH + Na+ = SiONa + H+ −10.37 −10.37 −10.37

Exchange reactions Selectivity coefficient (Kc)c

2Na+-clay + UO2
2+ ↔ UO2

2+-clay + 2Na+ 2.82 (Na+-13%) 2.82 (Na+-87%) 2.82 (Na+-65%)
2Na+-clay + Ca2+ ↔ Ca2+-clay + 2Na+ 2.50 2.50 2.50
Ca2+-clay + UO2

2+ ↔ UO2
2+-clay + Ca2+ 1.12 1.12 1.12

Ca2+-clay + 2Na+ ↔ Na2-clay + Ca2+ 1.70 (Ca+2-87%) 1.70(Ca+2-13%) 1.70(Ca+2-35%)

Aqueous Speciation
UO2

2+ + H2O = UO2(OH)+ −5.25d

2UO2
2+ + 2H2O = (UO2)2(OH)2

2+ + 2H+ −5.62d

3UO2
2+ + 5H2O = (UO2)3(OH)5

+ + 5H+ −15.55d

UO2
2+ + 3(H2O) = UO2(OH)3

− + 3H+ −20.25d

a McKinley et al. (1995).
b Fitted binding constants.
c Calculated selectivity coefficient.
d Guillaumont et al. (2003).

F e and
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ig. 1. Idealization of smectite structure: (a) BA1 sample corresponding to beidellit
llite  and low-charge montmorillonite interstratified structure; (c) PS3 sample com

, using a concentration of UO2
2+ of 1.0 × 10−4M and 0.2 M of NaCl.

ig. 2 shows the comparison between the U(VI) sorption data on

A1, PS2 and PS3 smectite samples and the surface complexation
odel. The respective binding constants were then used in the

HREEQC-code in order to predict the amount of UO2
2+ adsorbed

or different initial concentrations of UO2
2+, different pH condi-
 low-charge montmorillonite interstratified structure; (b) PS2 sample of beidellite,
 by illite and low-charge montmorillonite interstratified structure.

tions and ionic strengths. In this way, different solutions were
defined in the PHREEQC-code in order to simulate the isothermal

curves.

In the presence of CO2 (g) atmospheric, the UO2
2+ adsorption

on smectite is affected at pH > 6.5 with the formation of uranyl-
carbonate ternary-surface complexes. These surface complexation
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ig. 2. Comparison of UO2
2+ sorption data on heterogeneous smectite samples (BA1,

S2 and PS3) and the surface complexation model (FITEQL). [UO2
2+] = 1.00 × 10−4 M,

:L = 3.60, PCO2 = 10−3.5 Pa, 25 ◦C, I = 0.2 M.

eactions were not included in our model, restricting their effi-
iency to the adsorption experiments occurring from acidic to
ear-neutral pH conditions. The root mean square error (RMSE)
iven by Eq. (5) [56] was used to measure the difference between
oth models:

MSE(%) =

√√√√ n
�
i=1

(
x1,i − x2,i

)2

n
× 100 (7)

here x1,i and x2,i are the measured and calculated amounts of
O2

2+ adsorbed on smectite, respectively, and n is the total number
f experiments carried out using different UO2

2+ concentrations.

. Results and discussion

.1. Crystal thickness distribution

The physical and chemical properties (i.e., surface area, CEC,
orption, solubility, etc) of a clay mineral may  be strongly influ-
nce by crystal thickness or particle size distribution. Mean crystal
hickness (T) of smectite crystals used in our experiments is 4.8
nd 5.1 nm for samples PS2 and PS3, and 7.4 nm for sample BA1
Table 1). The T (nm) corresponding to Na-montmorillonite SW1
nd beidellite Black Jack were compared with our data (Table 1).

The T values obtained were used for calculation the total surface
rea (TSA) which includes the basal interfaces and edges of crys-
als using the following equation: TSA = 100/0.12 T [57]. The values
btained (Table 1) show that the smaller crystals have higher TSA.

.2. Effect of layer charge location and heterogeneous layers
istribution

The effect of layer charge distribution between tetrahedral
nd/or octahedral sheets of smectite was taken into account in
orption experiment. Different charge layers reveal different smec-
ite layers compositions regarding to the degree of octahedral and
etrahedral substitutions. Also, the influence of charge distribution
f selected smectite samples was evaluated taking into account

he ratio between the CEC values and the respective layer charge
eficits (Table 1).

Higher proportions of tetrahedral substitution
−0.37/(Si,Al)4O10) attributed to beidellite layers correspond
s Materials 317 (2016) 246–258

to sample BA1, whereas the lower tetrahedral charge deficit and
the higher proportion of octahedral substitution occur in samples
PS2 (−0.26/(Si,Al)4O10) and PS3 (−0.30/(Si,Al)4O10). Reduced
interlayer distances induced by the increase of layer substitutions
and by the proximity between the charge deficit of tetrahedral
sheet and the contaminant, restrict the ion-exchanges process
hampering the UO2

2+ uptake. In this way, sample BA1 has higher
charge than PS2 but lower CEC value (Table 1).

A hypothetic structure of smectite samples used in sorption
experiments is shown in Fig. 1, where both layer-types and charge
layers are shown for each smectite sample used in sorption exper-
iments according to the structural and chemical data obtained by
XRD and EMPA.

The lower proportion of tetrahedral substitutions of PS2
improved the adsorption on interlayer sites, contrary to what is
observed for sample PS3 (CEC = 0.81 meq/g). Usually, a decrease of
CEC occurs as the percentage of illite layers increases in the ran-
domly interstratified structure of I/S formed. Sample PS3 has the
higher proportion of illite interstratified layers (≈30%), the lower
number of available sites for ion-exchange and a randomly 2W/1 W
smectite that favoured the decrease of contaminant adsorption.

3.3. UO2
2+ aqueous speciation

The aqueous speciation of UO2
2+ calculated using PHREEQC

3.12-8538 [41] took into account the acidic conditions and lower
ionic strength ([NaCl] = 0.02 M),  and the alkaline and higher ionic
strength conditions ([NaCl = 0.2 M).  The aqueous uranyl hydroly-
sis and carbonate complexation constants were implemented from
the Thermochemical Databases proposed by the Nuclear Energy
Agency (NEA-TDB) [53]. The solubility constant for schoepite and
�-UO2(OH)2 is 5.39 (Critical Stability Constants of Metal Complexes
Database, NIST Standard Reference Database 46 version 7) and
5.61 (Chemical Thermodynamics Database, NIST Standard Refer-
ence Database 2, version 1.1), respectively.

The UO2
2+ speciation is widely dependent on the pH conditions

[58], where different complexes formed will affect the surface com-
plexation. The distribution of aqueous species from pH 3 to pH 6,
using 6.00 × 10−4 M U(VI) and 0.02 M NaCl, and from pH 5 to pH 9,
using 1.00 × 10−4 M U(VI) and 0.2 M NaCl, is shown in Fig. 3. The
UO2

2+ is the major specie up to pH 4.7, where the hydrated form
will be adsorbed by smectite, whereas the formation of polynuclear
species [(UO2)2OH2

2+ and (UO2)3OH5
2+] starts from pH 3 and 3.5,

respectively. The UO2
2+ represents 73% of the total species at pH 4,

whereas (UO2)2OH2
2+ and (UO2)3OH5

2+ have both proportions of
8% (Fig. 3a). The formation of (UO2)4OH7

2+ species starts from pH 5
and corresponds to 15% at pH 6, where (UO2)3OH5

2+ is a dominant
species with a proportion of 60% (Fig. 3b).

Uranyl carbonate species start to be formed from pH 6.5 in the
presence of CO2 (g), becoming the predominant species in alkaline
conditions (Fig. 3). The negative charge of uranyl carbonate com-
plexes will compromise the adsorption on partially ionized edge
sites. The UO2

2+ is under saturated in solution and precipitation
did not occur, under the imposed conditions in batch experiments.

3.4. Modelling the sorption isotherms

The calculated isotherm parameters obtained from Langmuir,
Freundlich and SIPS models are summarized in Table 3. The Fre-
undlich isotherms revealed a good fit for lower amounts of UO2

2+

adsorbed (Fig. 4), confirming the heterogeneity of different ener-
getic sites available for sorption experiments at pH 4 and pH 6.

However, the experimental results are better described by Lang-
muir isotherm (Fig. 4) when the saturation point approaches once
predicts a maximum adsorption capacity (qm). The SIPS isotherm
(Fig. 4) resulted from the Freundlich and Langmuir isotherms
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Fig. 3. Distribution of UO2
2+ aqueous species: a) from pH 3 to pH 6, using 6.00 × 10−4 M (UO2

2+) and 1.00 × 10−2 M (NaCl) and b) from pH 5 to pH 9, using 1.00 × 10−4 M
(UO2

2+) and 2.00 × 10−1M (NaCl), considering the atmospheric CO2 effect (P = 39 Pa).

Table 3
Isotherm parameters obtained from Langmuir, Freundlich and SIPS models fit to sorption data.

Smectite Isothermal model Model Parameters Sorption experiments

pH 4(I = 0.02 M) pH  6 (I = 0.2 M)

BA1 Langmuir KL 1.03 × 104 1.07 × 106

qm (mol/Kg) 0.10 0.031
r2 0.99 0.89

Freundlich KF 1.97 1.07
N  0.41 0.31
r2 0.98 0.69

SIPS KS 5.77 × 103 1.45 × 106

qm (mol/Kg) 0.12 0.027
N  0.77 2.60
r2 0.99 0.99

PS2  Langmuir KL 1.26 × 105 1.97 × 106

qm (mol/Kg) 0.22 0.034
r2 0.99 0.94

Freundlich KF 2.28 1.15
N  0.27 0.29
r2 0.91 0.75

SIPS KS 1.04 × 105 2.29 × 106

qm (mol/Kg) 0.23 0.030
N  0.83 1.87
r2 0.99 0.99

PS3 Langmuir KL 3.14 × 104 1.32 × 106

qm (mol/Kg) 0.10 0.030
r2 0.97 0.98

Freundlich KF 1.09 3.86
N  0.30 0.40
r2 0.97 0.97

SIPS KS 1.25 × 104 6.88 × 105

l/Kg) 
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r2

rovides the best fit of the experimental results with the higher cor-
elation coefficients. The maximum amounts adsorbed estimated
y SIPS isotherm predicts a monolayer adsorption capacity when
igher UO2

2+ concentrations are used and the saturation point is
eached. Different amounts of UO2

2+ were adsorbed by smectite at
H = 4 (Table 3) such as: samples BA1 and PS3 adsorbed 25% and
2% of their respective CEC, whereas sample PS2 adsorbed 44% of
EC.

Assuming that ion-exchange is the dominant adsorption mecha-
ism under these specific conditions, three main considerations are
roposed to explain the results obtained: (1) The selectivity of the

xchangeable cations in the interlayer space of smectite is highly
nfluenced by the size and valence of cation, where the preference
or metal adsorption will increase as greater is the cation charge
nd smaller is atomic radius [59]. Both Na+ and Ca2+ are exchange-
0.13 0.038
0.60 0.75
0.99 0.99

able cations segregated into interlayers of smectite and the cation
selectivity is a function of layer charge. The Ca2+ is preferentially
kept in the interlayer site, while Na+ is more easily removed by
UO2

2+ [27] The interlayer composition of samples BA1 and PS3 have
lower Na+ compositions (43% and 50%, respectively) than sample
PS2 (63%). Also, the Na+/Ca2+ ratio (Table 1) reveals the major pro-
portion of Na+ in sample PS2, which may  explain its higher capacity
to adsorb UO2

2+ by ion-exchange. (2) The increase of tetrahedral
substitution (beidellite component) reduces the distance between
the adsorbed ion and the negative charge of smectite [5,6,60], pro-
ducing strong interactions between UO2

2+ and the internal surface

of smectite. The lower proportion of tetrahedral substitutions of
sample PS2 favored the release of exchangeable cations from the
interlayer space, enhancing the UO2

2+ uptake. (3) The different
expansion ability of the interstratified structure (heterogeneous
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Fig. 4. Adsorption isotherms of UO2
2+ sorption onto heterog

haracter) used in sorption experiments influenced the adsorption
rocess. Ca-smectite expands slightly limiting the contaminant dif-
usion, whereas Na-smectite will be completely dispersed in water
nhancing the exchange process [61].

The heterogeneity factor (n) obtained from the SIPS isotherm
s lower at pH = 4, indicating a lower heterogeneity of surface sites
nergy. Thus, the isotherms are concave (downward) and the con-
aminant (i.e., UO2

2+) is weakly bonded to the surface if n < 1

44,58]. In this case, it may  be confirmed that UO2

2+ is adsorbed
hrough weaker electrostatic interactions, when compared to that
bserved at pH 6, when outer-sphere complexes in the interlayer
us smectite samples at pH 4 (I = 0.02 M)  and pH 6 (I = 0.2 M).

site were formed. The lower sorption affinity is also confirmed by
the lower KS values obtained (Table 3).

Adsorption on the edge sites is strongly pH-dependent due to
the presence of amphoteric surface sites. The ion exchange process
is inhibited at pH 6 and high ionic strength, where the adsorption
occurs through the formation of UO2

2+ inner-sphere complexes
strongly bonded onto smectite surface. The KS also confirms this
tendency (Table 3), considering the greater values obtained, indi-

cating more favourable sorption sites. In these conditions, there
is a significant decrease of the amount adsorbed (Table 3), when
compared with that at pH 4, since only 10–20% of the total sur-
face charge corresponds to the edge surface sites. However, the
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F  M)  as

u
c
m
a

ig. 5. Logarithm of UO2
2+ sorption on smectite at pH4 (I = 0.02 M)  and pH 6 (I = 0.2

ptake efficiency was much higher at pH 6 as increasing of UO2
2+

oncentration, once the ratio between the amounts adsorbed per

ass of smectite and the amounts of UO2

2+ remaining in solution
t equilibrium were also significantly higher.
 a function of logarithm of UO2
2+ equilibrium concentration and simulated model.

Taking into account the contribution of the variable charge into
the total net layer charge, the edge surface sites represent 15% of

the total number of available sites for sorption. In this case only 32%
(sample BA1), 33% (sample PS2) and 41% (sample PS3) of the exter-
nal reactive sites were completely filled by UO2

2+ at pH 6 (Table 3).
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ig. 6. The U4f7/2 binding energy of the U(VI)-smectite samples (BA1, PS2 and PS3
wo  components for UO2

2+ ions.

he obtained proportions for samples BA1 and PS2 were expected,
f we take into account the overall isoelectric point of smectite.

A higher proportion of illite layers (≈30%) identified in sample

S3 results in an increase of variable charge contribution in the total
harge of illite/smectite, assuming a higher ratio between the edge
nd the basal (total) surface area [62,63]. These structural changes
ined at pH 4 (I = 0.02 M)  and pH 6 (I = 0.2 M).  Fitting curves show a contribution of

affect the surface charge density of smectite, which is inversely pro-
portional to the total number of reactive surface functional groups
[34]. In this way, the adsorption on the edge surface sites has a

greater influence in the total amount of UO2

2+ adsorbed on sample
PS3 and their higher proportion of reactive sites may  be associated
with their lower charge density (CD = 0.59 nm2/site), when com-
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ared with samples BA1 (4.82 nm2/site) and PS2 (2.26 nm2/site).
he higher number of reactive sites of sample PS3 justifies their
igher adsorption capacity.

The increases of the energetic heterogeneity on edge surfaces,
s new binding sites are formed, are suggested by the increase of
he heterogeneity factors (n) at pH 6 (Table 3). The highly energetic
ites are covered first, followed by successive occupation of sites
ith lower affinity. The UO2

2+ total concentration will define the
egree of coverage of the available sites [24].

.5. Surface complexation and cation exchange modelling

The model applied to reproduce the UO2
2+ adsorption on smec-

ite was able to provide a good fit with the experimental data
btained. The model simulation and experimental data are rep-
esented by the logarithm of UO2

2+ sorption on smectite at pH4
I = 0.02 M)  and pH 6 (I = 0.2 M)  as function of logarithm of UO2

2+

quilibrium concentration (Fig. 5). The RMSE values obtained at
H 4 (0.28, 0.33 and 0.40 for samples BA1, PS2 and PS3, respec-
ively) and at pH 6, (0.06, 0.03 and 0.02) are in agreement with our
xperimental data obtained at both pH conditions. Accordingly, the
ranyl adsorption on smectite at pH 4 could be explained by the
ormation of surface complexes with the permanent charged sites
UO2X2) and the edge surface sites such as: aluminol ( AlOUO2

+)
nd silanol ( SiOUO2

+) sites. The contribution of the permanent
harged sites is negligible (<1%) when compared with the surface
omplexation onto the AlOUO2

+ and SiOUO2
+ sites at pH 6.

As expected, the results also reveal that the AlOUO2
+ sites are

ore reactive than the SiOUO2
+ sites, and the AlOUO2

+ was  the
ajor surface species at both pH conditions. In this case, the surface

omplexes formed did not correspond directly to the major species
etected in the U(VI) aqueous speciation, once the AlOUO2

+ and
SiOUO2

+ occurred above the pH where UO2
2+ is dominant. The

odels described in literature [23,24,31,34] show that the UO2
2+

dsorption on smectite does not form a second inner-sphere com-
lex ( SOUO2(OH)5) until much higher pH values and there is
o evidence that this surface complex has been adsorbed through

nner-sphere complexation on the edge sites of smectite [14]. Our
esults revealed that the proportions of SOUO2(OH)5 species were
ower than 3% for all the experiments and not represented in Fig. 5.

The proportions obtained for each sorption mechanism stud-
ed at different pH are shown in Table 4. In the case of lower
O2

2+ concentrations, the proportions of UO2
2+ adsorbed either

y cation exchange or surface complexation on the edge-sites are
lose for the smectite samples (Fig. 5). However, the difference
etween both sorption mechanisms is very significant for sample
S2 as increasing of UO2

2+ concentration, which shows a proportion
f ≈80% for cation exchange and ≈20% for surface complexation.
his result confirms that cation exchange was favoured for sample
S2, where the proportion of Na+ ions in the interlayer composi-
ion was higher and the amount of UO2

2+ exchanged was more

ignificant

(
UO2

2+

Na+ KC = 2.82

)
. By contrast, sample BA1 revealed

he lower ratio between the amount of UO2
2+ adsorbed and their

ation exchange capacity and show identical proportions of UO2
2+

dsorbed on smectite by cation exchange and surface complexa-
ion for all the concentration range (Table 4). It confirms that the
esults provided by this model are in concordance with our pre-
ious conclusions, which assumed the higher proportion of Ca2+

n the interlayer composition and the position of negative layer
harge as the main factors inhibiting the cation exchange process)
UO2
2+

Ca2+ KC = 1.12 .

Therefore, the structural changes of smectite samples, which
ampers the ion-exchange process, contribute to decrease the total
s Materials 317 (2016) 246–258 255

amount of UO2
2+ adsorbed but did not affect the adsorption on

the edge sites of smectite, where stronger sorption complexes are
formed, reducing the risk of reversibility of the UO2

2+ previously
adsorbed.

The modelling results obtained at pH 6 indicate that the ratio
between the proportion of AlOUO2

+ and SiOUO2
+ surface com-

plexes increased as increasing of UO2
2+ concentrations. However,

the proportion of surface complexes on the AlOUO2
+ sites was

higher than 75%, indicating a high reactivity of the AlOUO2
+ sites

at near-neutral pH conditions.

3.6. X-ray photoelectron spectroscopy

The XPS spectra corresponding to U4f7/2 binding energy of UO2
2+

adsorbed at pH 4 and 6 on smectite (samples BA1, PS2 and PS3)
are shown in Fig. 6. The atomic concentration (%) and the Si/U
and Al/U atomic ratios of the studied samples after UO2

2+ sorption
in batch experiments are shown in Table 5. The binding energies
obtained after the deconvolution of the U4f7/2 peak are shown
in Table 6. Two binding energy components at 382.2 ± 0.3 eV and
380.8 ± 0.3 eV (Fig. 6) were obtained after the U4f7/2 peak decon-
volution correspond to UO2

2+ adsorbed on smectite at pH 4 and
low ionic strength (I = 0.02 M).  Two  different binding energy com-
ponents at 383.7 eV and 382.6 eV assigned to the [UO2(H2O)5]2+

adsorption via ion exchange onto montmorillonite (acidic condi-
tions) and to free UO2

2+ sorption onto aluminol edge sites were
found by other researchers [21,64]. These results are in agree-
ment with the previous conclusions obtained by other authors, who
demonstrated, using molecular spectroscopic probes, the existence
of both exchange-sites and edge-sites surface complexes of UO2

2+

on smectite [26,58,65].
The binding energy components obtained in our work reveal

the effect of structural heterogeneity of smectite samples on the
UO2

2+ sorption behaviour. This is also supported by surface com-
plexation and cation exchange model developed in this study. A
correlation between the proportion for each binding energy com-
ponent (Table 6) and the proportion of UO2

2+ adsorbed (%) by cation
exchange and by surface complexation on the edge sites (Table 4)
was obtained.

Sample PS2 reveal a major difference between cation exchange
and surface complexation expressed by the following proportions
of 80% and 20%. Also, a close distribution was identified concerning
the proportions between high (77%) and low (23%) binding energy
components. The same behavior was also verified for samples
BA1, where the cation exchange process was  less pronounced and
the difference between the proportions of UO2

2+ surface species
adsorbed by cation exchange (59%) and surface complexation
(41%) was  less significant according with the surface complexation
model. Identical proportions were also confirmed by XPS results
for sample BA1 where 57% was  attributed to high binding energy
component and 43% for the low binding energy component.

The sorption behavior of sample PS3 revealed higher sorp-
tion capacity by cation exchange than sample BA1 and lower
sorption capacity than sample PS2. In this case, 72% and 71% of
UO2

2+ was adsorbed by cation exchange through outer-sphere
complexation according to the surface complexation model (Fig. 4)
and the XPS results (Fig. 5), whereas 28% and 29% of UO2

2+ was
adsorbed by surface complexation on the edge sites. Considering
the concordance of both methods, we assumed that the two com-
ponents detected at pH 4 are represented by the same species
[UO2(H2O)5]2+, but adsorbed under different binding strengths

through cation exchange and inner-sphere complexation on the
edge sites of smectite.

The U4f7/2 binding energy depends on the length of the
U-Oeq bonds, which controls the electron density redistribu-
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Table  4
Proportions of UO2

2+ adsorbed (%) by cation exchange and by surface complexation on the edge sites.

Sorption mechanism BA1 (%) PS2 (%) PS3 (%)

pH 4 pH 6 pH 4 pH 6 pH 4 pH 6

Cation Exchange (UO2X2) 48–59a <1 53–81a <1 82–72a <1
Surface complexation (total) 51–41a 99 47–19a 99 18–28a 99
AlOUO2

+ 98–92a 95–84a 95–86a 91–81a 48–55a 95–86a

SiOUO2
+ 2–8a 5–16a

a Variation of proportions obtained from the lower to the higher UO2
2+ concentrations

Table 5
The element composition in atomic concentration (%) and the Si/U and Al/U atomic
ratios of the studied samples after UO2

2+ sorption in batch experiments.

pH Samples Atomic Concentration (%)

Si O Al C U Si/U Al/U

4 BA1 21.06 57.66 7.18 13.69 0.13 162 55
PS2 20.56 56.84 7.18 15.08 0.17 121 42
PS3 20.53 55.74 7.33 13.50 0.13 158 56

6 BA1 20.56 59.98 6.36 8.48 0.02 1028 318
PS2 19.36 59.56 7.43 8.48 0.04 484 186
PS3 19.13 60.97 7.57 8.31 0.05 383 151

Table 6
Binding energies and relative proportions of the two  components fitted to U4f spec-
tra, obtained from U(VI)-smectite samples.

Smectite BE (eV) and relative proportions (%)

pH 4 (I = 0.02 M)  pH6 (0.2 M)

BE (eV) I BE (eV) II BE (eV) I BE (eV) II

BA1 382.2 (57%) 380.8 (43%) 381.9 (33%) 380.3 (67%)
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PS2 382.2 (77%) 380.8 (23%) 381.9 (27%) 380.3 (73%)
PS3 382.2 (71%) 380.8 (29%) 381.7 (30%) 380.3 (70%)

ion to or away from U(VI) centers [66,67]. The lower binding
nergy corresponds to strong-binding complexes onto surface
nd short U-Oeq lengths that contribute with more electron den-
ity around U(VI), enhancing the electron removal [26,66,67]. In
uch way, the stronger inner-sphere complexation on the alumi-
ol and silanol sites was assigned to the lower binding energy
380.8 ± 0.3 eV), whereas the cation exchange process character-
zed by the weaker attraction between UO2

2+ and smectite surface
as identified by the components appearing at higher binding

nergy (382.2 ± 0.3 eV).
The adsorption of UO2

2+ species at pH 6 and high ionic strength
I = 0.2 M)  is restricted to the edge surface complexation sites,
here the AlOUO2

+ and SiOUO2
+ are major adsorbed species

14,34]. The two new components obtained at 380.3 ± 0.3 eV and
81.8 ± 0.3 eV after U4f7/2 peak deconvolution, correspond in fact
o AlOUO2

+ and SiOUO2
+ species taking into account the surface

omplexation model developed (Table 4).
The similar proportions of each component for all the

dsorbents, suggest that the structural changes did not affect sig-
ificantly the adsorption behaviour when it is controlled by the
eactivity of the edge surface sites. Moreover, the higher proportion
bserved for the component corresponding to the lower binding
nergy confirms the larger affinity of the AlOUO2

+ sites to adsorb
O2

2+. The binding strength of different complexes formed on the
urface groups will depend of the attraction of the metal lattice
Al3+, Mg2+, Fe3+, Si4+), given by valence coordination number ratio
alues, on surface oxygen electrons: As greater is this attraction

orce, weaker is the attraction of the surface oxygen on the proton
68]. Although the SiOUO2

+ group is primarily negatively charged
t the same pH conditions, their lower tendency to donate its oxy-
5–14a 9–19a 52–45a 5–14a

 used in different sorption experiments.

gen electrons and form inner-sphere complexes justifies the lower
proportion of SiOUO2

+ surface species obtained [21,65].

4. Conclusion

Smectite samples (BA1, PS2 and PS3) with a heterogeneous
structure characterized by different interlayer compositions, dis-
tinct charge deficit and distribution, and interstratified structure
were used in UO2

2+ sorption experiments at pH 4 with low
ionic strength (I = 0.02 M)  and pH 6 with high ionic strength
(I = 0.2 M).  The results obtained show that the increase of layer
substitutions and the proximity between the negative charge on
tetrahedral sheet and the contaminant have reduced the inter-
layer distances, restricting the ion-exchange process. Sample BA1
has higher tetrahedral charge than PS2 but lower cation exchange
capacity, whereas sample PS3 has the higher proportion of illite
interstratified layers (≈30%) and the lower number of available
sites for ion-exchange. Samples BA1, PS2 and PS3 have 43%, 63%
and 50% of Na+ available for cation exchange, which adsorbed
25% (0.12 mol/kg), 44% (0.23 mol/kg) and 32% (0.10 mol/kg) of their
respective CEC at pH 4. This reveals a strong competition between
Ca2+ and UO2

2+ that restricted the sorption capacity mainly on sam-
ple BA1. The ion exchange was  significantly reduced at pH 6 and
higher ionic strength, where the amount of UO2

2+ adsorbed corre-
spond to 32%, 33% and 41% of the total number of reactive external
sites. Sorption capacity is related closely to the CEC, which is a
function of total surface area and the smectite layer charge. The
total surface area calculated increases as the mean crystal thick-
ness distribution decreases and the CEC increases as total surface
area increases. A cation exchange and surface complexation model
based on diffuse double layer was  successfully developed, in order
to predict the UO2

2+ sorption on smectite. The RMSE values (%)
<0.40 for all the experiments confirm a good fit to the experimental
data. The modelling results showed that UO2

2+ was simultaneously
adsorbed in the interlayer charged sites by cation exchange reaction
and through inner-sphere surface complexation into the variable
charged sites at pH4 (I = 0.02 M).  This reveals that samples PS2 and
PS3 have higher tendency to adsorb UO2

2+ through ion exchange,
and sample BA1 has similar proportions of UO2

2+ absorbed by both
mechanisms. The modelling results at pH 6 (I = 0.2 M)  indicate that
the sorption mechanism was restricted to surface complexation on
the external sites of smectite where AlOUO2

+ and SiOUO2
+ were

the major surface species. The XPS results are in agreement with the
modelling obtained at both pH conditions. Two  different compo-
nents at 380.8 ± 0.3 and 382.2 ± 0.3 eV at pH 4 after the U4f7/2 peak
deconvolution was assigned to hydrated UO2

2+ adsorbed by cation
exchange and by inner-sphere complexation on the external sites,
respectively. Two  new binding energy components at 380.3 ± 0.3
and 381.8 ± 0.3 eV identified at pH 6 correspond to AlOUO2

+ and
SiOUO2

+ surface species, respectively.
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