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a b s t r a c t

The sorption reversibility of La and Lu (considered as actinide analogues) onto a set of smectites (bentonite
FEBEX; hectorite, HEC; MX80; saponite, SAP; Otay montmorillonite, SCa-3; and Texas montmorillonite,
STx-1) was studied to estimate actinide retention by smectites that are candidates for use as engineered
barriers in deep geological repositories. The sorption distribution coefficients (Kd) and the reversibility
parameters (desorption distribution coefficients (Kd,des), adjusted distribution coefficients (Kd,adj), and
desorption rates (Rdes)) were determined from batch tests in two ionic media: deionized water and Ca
0.02 mol L−1. The latter simulates possible conditions due to the presence of concrete leachates. The
anthanides
mectitic clays
adioactive waste
ngineered barriers
orption reversibility

results varied greatly depending on the ionic medium, the lanthanide concentration and the clay struc-
ture. The high values of Kd,des obtained (up to 1.1 × 105 and 9.2 × 104 L kg−1 for La and Lu in water, and
2.8 × 104 and 4.1 × 104 L kg−1 for La and Lu in the Ca medium) indicate the suitability of the tested smec-
tites for lanthanide (and therefore, actinide) retention. Based on all the data, SCa-3, HEC and FEBEX clays
are considered the best choices for water environments, whereas in Ca environments the suitable clays

ide co
depended on the lanthan

. Introduction

Managing radioactive waste containing actinides is a key issue
or the protection of the environment. Deep geological disposal is
n accepted approach for the management of long-lived nuclear
aste worldwide. In a deep geological repository, based on a multi-

arrier system (engineered and natural barriers), the most feasible
ay by which a radionuclide may be transported to the earth’s

urface and the biosphere is by groundwater-induced dissolution
f the canister and subsequent transport through the barriers.
he effectiveness of radionuclide retention and isolation depends
ostly on the engineered barriers, often composed of clays [1].
mong other factors, the clay geometry, total charge and isomor-
hic substitutions all have a significant effect on the sorption of
ollutants onto the clays [2]. Among clay minerals, those rich in
mectites are considered to be the most efficient for isolation of
azardous waste. This is due to their ability to undergo strain

ithout fracturing, their very low hydraulic conductivity, their
igh cation sorption capacity and their ability to expand and enter

nto close contact with both waste and rock [3]. Beside the clay
arrier, repositories contain concrete bulkheads in contact with

∗ Corresponding author. Tel.: +34 93 403 9276; fax: +34 93 402 1233.
E-mail address: miquel.vidal@ub.edu (M. Vidal).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.124
nsidered.
© 2009 Elsevier B.V. All rights reserved.

the smectitic barriers. It has been observed that cement degrada-
tion releases hyper-alkaline fluids rich in calcium that may induce
geochemical transformations and modify the properties of the
smectitic clay barriers [4,5]. Therefore, it is important to study the
potential loss of isolation capacity of the clays due to this pro-
cess.

Actinide sorption–desorption processes are usually studied via
lanthanides, which are good analogues for the actinides due to their
structural and chemical similarities (similarities in valence state,
speciation, complexation, ionic radius, etc.) [6]. The available data
regarding lanthanide sorption onto clays point to two main sorp-
tion mechanisms: surface complexation at the edges of the clay
particles and cationic exchange [7–9]. Thus, the pH [10], the nature
of the interlayer cations [11] and ionic strength [12] are all impor-
tant for sorption. However, despite this identification of the factors
affecting sorption, sorption data cannot yet be predicted from clay
characteristics.

There is considerable controversy concerning sorption
reversibility of lanthanides in smectites. Some researchers
conclude that the sorption process is completely reversible [13]

while other authors report the irreversibility of the sorption
process due to the strong attractive forces between trivalent
lanthanide cations and clay interlayer exchange sites [14], or a
complete reversibility under acidic conditions and incomplete
under basic conditions [15].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:miquel.vidal@ub.edu
dx.doi.org/10.1016/j.jhazmat.2009.07.124
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This study was designed to evaluate the lanthanide sorption–
esorption pattern in a set of smectites. As the sorption–desorption
echanisms of lanthanides may vary through the lanthanide series

16], here the lightest (La) and the heaviest (Lu) elements were cho-
en for the sorption studies. The smectites included some of the
ontmorillonites considered as candidates for engineered barriers.

urthermore, to simulate deep geological repository conditions,
anthanide sorption reversibility was examined in two media with
arying initial concentrations of the lanthanides and Ca (to include
econdary effects of cement leaching on the lanthanide–clay inter-
ction). Additionally, the XRD characterization of the smectitic
tructure before and after the sorption–desorption experiments is
ncluded.

. Materials and methods

.1. Clay samples

The clay samples examined are 2:1 phyllosilicates. Table 1
ummarizes their structural formula, geometry and isomorphic
ubstitutions [17–22]. In all the samples, the <2 �m-fraction was
btained, and the carbonates and organic matter were eliminated
o ensure purity. The samples were tested with their natural inter-
aminar cations, except for saponite and Otay montmorillonite,

hich were also homoionized with Ca and Na cations (SAP(Ca), SCa-
(Na)). This homoionization was achieved by suspending the SAP
nd SCa-3 samples in 1 mol L−1 CaCl2 or NaCl solution, respectively.
he suspension was stirred continuously and every 24 h it was cen-
rifuged and subsequently the precipitate was resuspended in a
resh 1 mol L−1 solution of CaCl2 or NaCl. After four days, the sam-
les were washed with deionized water until the chloride excess
as eliminated. Finally, they were air-dried and ground [23].

.2. Clay characterization: X-ray powder diffraction (XRD) and
extural properties

XRD patterns of powdered samples were obtained for original
lay samples and clay residues from the sorption–desorption tests,
riginated from those experiments with the lowest (0.03 meq L−1)
nd highest (3 meq L−1) initial lanthanide concentration. Diffrac-
ion patterns were obtained using a diffractometer (Kristalloflex
-500, Siemens) operating at 40 kV and 35 mA with Ni-filtered
uK� radiation and a graphite monochromator. Diffractograms
ere obtained for 2� = 3–70◦ with a step of 0.05◦ and a counting

ime of 3 s. The basal spacing was obtained from XRD patterns of
riented aggregates in water [24].

The textural properties were studied by N2 adsorption mea-
urements at liquid nitrogen temperature. The experiments were
arried out with a Micromeritics ASAP 2010 equipment. Before
nalysis, the samples were degassed for 2 h at 150 ◦C in vacuum.

.3. Sorption–desorption tests

Batch sorption tests were carried out in 50-mL centrifuge
ubes, with equilibration of 0.2 g of clay sample with 30 mL of
he lanthanide solutions in two ionic media: deionized water and
.02 mol L−1 Ca(NO3)2 (Prolabo, RP Normapur). Due to the low
olubility of lanthanide at basic pH at the highest concentrations
ested, the initial pH of the solutions of lanthanide in Ca medium
as adjusted to 7. Single solutions were prepared from La(NO3)3
nd Lu(NO3)3 (99.9%, Aldrich). The initial concentrations of lan-
hanide were held to 3, 0.3 and 0.03 meq L−1. The clay suspensions
ere end-over-end shaken at 30 rpm at room temperature for 24 h.

he final suspensions were centrifuged at 10,000 rpm for 25 min
Hettich Universal 30 F) and filtered (Whatman 41, 0.22 �m). The Ta
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upernatants were collected in polyethylene bottles, diluted with
% HNO3 and stored at 4 ◦C until analyzed.

Batch desorption tests were performed the day after the sorp-
ion tests, by bringing the clay residues from the sorption tests into
ontact with the two ionic media mentioned above, but without the
anthanide. The other experimental conditions were as described
or the sorption tests.

.4. Determination of the lanthanide concentration in the
olutions derived from sorption–desorption tests

The lanthanide contents were analyzed by ICP-OES
PerkinElmer Optima-3200RL), for the samples at the high
oncentration range, and ICP-MS (PerkinElmer Elan-6000), for the
amples at the low concentration range. The detection limit of the
CP-OES instrument is 50 �g L−1 for La and 10 �g L−1 for Lu, and
hat of the ICP-MS instrument is 5 ng L−1 for both lanthanides. To
orrect instabilities in the ICP-MS measurements, 103Rh was used
s an internal standard, with a concentration of 200 �g L−1 in all
amples.

.5. Data treatment

From the initial lanthanide concentration (Cinit, meq L−1), and
he concentration in the supernatant after sorption (Csorb, meq L−1)
nd desorption experiments (Cdes, meq L−1), the following param-
ters were calculated:

(a) sorption distribution coefficient (Kd, L kg−1):

Kd = (Cinit − Csorb)
Csorb

(
V

m

)
(1)

where V is the liquid phase volume, in L; and m is the clay
sample weight, in kg

b) desorption distribution coefficient (Kd,des, L kg−1):

Kd,des = (Cinit − Csorb − Cdes)
Cdes

(
V

m

)
(2)

(c) desorption rate (Rdes, %):

Rdes = Cdes

(Cinit − Csorb)
100 (3)

d) adjusted sorption distribution coefficient (Kd,adj, L kg−1):

Kd,adj =
(

Kd

Rdes

)
100 (4)

Sorption–desorption tests were carried out with a minimum of
replicates and a maximum of 6 replicates, thus allowing the mean
nd standard deviation of the derived parameters to be calculated.

. Results and discussion

.1. XRD clay characterization

.1.1. Characterization of clays before sorption–desorption
xperiments

Diffractograms of smectites generally include basal and gen-
ral reflections [25]. The basal reflections are due to the random
uperposition of the clay sheets and appear as symmetric lines.
heir position varies in accordance with the separation of the

heets, which depends on the sample state. Conversely, the gen-
ral reflections, designated hk, are asymmetric lines generated by
he two-dimensional lattice of the clay sheets, and their position in
he diffractogram depends only on the structure characteristics of
he silicate sheets.
Materials 172 (2009) 1198–1205

Examination of the XRD diffractograms of the smectites (not
shown) demonstrated that smectites were hydrated and that they
did not exhibit other crystalline impurities. However, the ben-
tonites (FEBEX and MX-80) had crystalline impurities, such as
quartz and cristobalite, which were reflected in their XRD diffrac-
tograms.

3.1.2. Clay characterization after sorption–desorption tests
The smectite basal spacing depends on the water-vapour pres-

sure under which the sample has been prepared, the particular
smectite group mineral analyzed, and the exchangeable cation
present in the interlayer space. In the case of smectites, the water
involved in the sorption–desorption processes corresponds to
water layers in the interlaminar space. The basal d0 0 1 spacing varies
with the number of these water layers. The basal space of smectite
could vary from 9.6 (no water layers) to 12.5 Å (monolayer), 15.5
(bilayer) and 18.8 Å (trilayer) [26]. The maximum hydration state
that can be reached in the smectites depends on the nature of the
interlaminar cation.

The values of basal spaces for the original samples and after
sorption–desorption experiments are summarized in Table 2. In
the saponite, an expansion of the laminar space up to approx-
imately 15.0 Å was observed, which is compatible with the
sorption–desorption of multivalent cations (such as a lanthanide or
Ca) in the interlaminar space by ion exchange. Maximum expansion
corresponded to the highest initial lanthanide concentration, and
intermediate expansion to the lowest initial lanthanide concentra-
tion. However, in the Ca medium, this expansion took place at the
lowest concentration as well. The only difference found when the
smectite was homoionized with Ca (SAP(Ca)) was that the expan-
sion was already total at the lowest concentration. The oriented
aggregates of hectorite (HEC) led to conclusions similar to those
for SAP.

In the SCa-3 clay, only a slight expansion of the interlami-
nar space was observed due to the fact that in the initial sample
this already corresponded to a bilayer of water molecules. The
expansion increased when increasing the initial lanthanide con-
centration, and it varied with the presence of Ca in the sorption
medium. The only difference found when the original sample was
homoionized with Na (SCa-3(Na)) is that this expansion was only
total at the highest lanthanide concentration.

No significant changes in the diffractograms of the oriented
aggregates of STx-1 were observed due to the sorption–desorption
experiments and the changes observed on the FEBEX (from 14.9 Å in
the initial samples to 14.6–15.1 Å depending on the medium) were
minor compared with those observed in other silicates. Finally, in
the MX80 bentonite, an expansion of the laminar space up to 15.0 Å
was observed, which is compatible with the sorption–desorption
of multivalent cations in the interlaminar space by ion exchange.
This expansion was total in the Ca medium but only at the high-
est concentration in the case of the water medium. At the lowest
concentration and in the water medium, the layer expansion was
higher with La than with Lu.

3.2. Lanthanide sorption

Table 3 summarizes the sorption data from both lanthanides in
all the smectites tested, including the resulting pH in the super-
natants. There was a general decrease in the Kd values with
increasing initial concentration, with differences between the min-
imum Kd and the maximum Kd of up to two orders of magnitude.

For a given ionic medium, the variation of Kd due to the changes
in the lanthanide initial concentration was larger than that due to
changing the smectite. The maximum Kd value depended on the
lanthanide, clay and medium, and it was difficult to derive clear uni-
variant relationships among clay properties and the Kd variation.



E. Galunin et al. / Journal of Hazardous Materials 172 (2009) 1198–1205 1201

Table 2
Basal space of the initial clays and after sorption–desorption experiments.

Clay d0 0 1 (Å) Sorption medium Cinit (meq L−1) d0 0 1 (Å)

Initial La Lu

FEBEX 14.9 Water 0.03 14.6 14.7
3 14.9 14.9

Ca 0.03 15.0 14.9
15.6 (sh)

3 15.0 15.1
a(w)

HEC 12.5 Water 0.03 14.2 14.5
3 14.6 14.7

a(vs)
Ca 0.03 14.8 15.2

3 14.6 15.0
a(vw)

MX80 11.7 Water 0.03 13.0 12.6
14.0 (sh) 13.9 (sh)
a(vw)

3 13.9 14.5
a(w) a(vw)

Ca 0.03 14.7 14.8
12.8 (sh)

3 14.8 15.0
a(s)

SAP 12.4 Water 0.03 12.4 12.6
13.6 (sh) 13.7 (sh)

3 14.3 14.3
13.1 (sh) 13.0 (sh)
a(w)

Ca 0.03 14.7 14.7
13.5 (sh) 13.3 (sh)

3 14.8 14.8
a(vw)

SAP(Ca) – Water 0.03 14.9 15.0
3 14.9 14.9

a(vw)
Ca 0.03 14.0 15.0

3 14.9 15.0
a(vw)

SCa-3 14.4 Water 0.03 14.7 14.6
3 15.2 14.8

Ca 0.03 15.1 15.1
3 14.7 15.2

a(w)

SCa-3(Na) – Water 0.03 13.1 13.2
15.0 (sh) 15.4 (sh)

3 15.3 14.9
a(s)

Ca 0.03 14.8 14.8
12.9 (sh) 12.9 (sh)

3 14.9 14.9
13.0 (sh)
a(w)

STx-1 15.3 Water 0.03 15.3 15.3
3 15.3 15.3

Ca 0.03 15.3 15.3
3 15.3 15.3

( ry str

T
i
r
e
t
i
a
b
i

vw) indicates very weak; (w) indicates weak; (s) indicates strong; (vs) indicates ve
a Peak at 2� = 10.3◦ due to crystalline lanthanide nitrate.

he Kd (Lu) values were in general higher than the Kd (La), which
s explained by the greater charge density of Lu, due to its lower
adius (86 pm for Lu and 101 pm for La), which leads to a stronger
lectrostatic attraction for a given ligand [27,28]. An exception to
his was occasionally observed in the water medium for clays with

somorphic substitutions in the octahedral sheets, such as in MX80
nd HEC, and for the Ca-homoionized SAP. This could be explained
y the higher electrostatic attraction between the interlayer Lu

ons and the tetrahedral sheet in tetrahedrally substituted sam-
ong; (sh) indicates shoulder.

ples than in smectites without this kind of substitution, due to the
more localized character of the negative charge in the vicinity of
the tetrahedral Al.

Comparing the Kd values in those smectites that were homoion-
ized, significant changes were observed between the two cases.

This confirms that the substitution of the interlaminar cation in
a smectite modified its sorption properties. For the SAP smectite,
the inclusion of Ca as the interlaminar cation led to a marked
increase in the Kd values in the water medium (for instance, the
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Table 3
Sorption parameters for both lanthanides in the tested clays (Cinit , meq L−1; Kd (mean (SD)), L kg−1).

Clay Sorption medium Cinit La Lu

Kd pH Kd pH

FEBEX Water 3 15,100 (550) 6.6 15,900 (1600) 6.5
0.3 18,000 (2100) 8.8 31,500 (1600) 8.3
0.03 23,800 (3100) 9.2 32,900 (1400) 9.0

Ca 3 630 (60) 6.6 1400 (200) 6.8
0.3 2000 (260) 7.1 8800 (500) 7.3
0.03 3600 (760) 7.3 13,200 (2700) 7.3

HEC Water 3 25,100 (1100) 8.7 10,000 (1100) 7.1
0.3 33,400 (5400) 10.1 12,100 (1600) 9.9
0.03 50,100 (5700) 10.2 16,300 (2400) 10.1

Ca 3 660 (30) 7.4 1140 (100) 8.1
0.3 1700 (90) 7.6 12,700 (1400) 7.7
0.03 2100 (260) 7.7 13,700 (1200) 7.9

MX80 Water 3 5000 (200) 7.5 3100 (140) 7.2
0.3 5700 (240) 9.6 3700 (420) 9.7
0.03 6600 (160) 9.8 4400 (350) 9.9

Ca 3 600 (20) 6.3 460 (4) 6.6
0.3 12,100 (1600) 7.6 6900 (250) 7.8
0.03 13,500 (1200) 7.8 9100 (940) 8.0

SAP Water 3 2100 (80) 8.5 2100 (110) 7.4
0.3 2600 (80) 9.8 7300 (740) 9.6
0.03 4300 (520) 10.0 8000 (470) 10.0

Ca 3 400 (70) 7.3 1000 (2) 6.6
0.3 2500 (50) 8.3 2600 (180) 8.7
0.03 5500 (780) 8.5 27,000 (2100) 8.4

SAP(Ca) Water 3 13,000 (690) 6.9 1500 (220) 6.5
0.3 19,000 (1700) 8.6 4700 (380) 7.5
0.03 24,000 (1300) 8.8 12,200 (800) 8.9

Ca 3 150 (20) 6.4 300 (50) 6.6
0.3 250 (30) 7.0 1300 (60) 7.1
0.03 560 (50) 7.1 2200 (290) 7.3

SCa-3 Water 3 12,800 (1000) 6.9 27,000 (2000) 6.5
0.3 18,000 (1600) 8.3 35,000 (4300) 7.7
0.03 33,000 (2400) 9.2 48,500 (5500) 8.9

Ca 3 430 (70) 6.2 850 (90) 6.5
0.3 970 (50) 6.8 2200 (20) 6.9
0.03 16,600 (1700) 7.0 11,200 (990) 7.1

SCa-3(Na) Water 3 7200 (1300) 5.9 1300 (30) 5.3
0.3 10,400 (910) 7.2 15,400 (1100) 7.0
0.03 17,300 (1000) 7.6 24,300 (1500) 7.5

Ca 3 120 (30) 5.9 260 (30) 6.3
0.3 220 (10) 6.0 520 (20) 6.7
0.03 400 (40) 6.5 760 (90) 6.8

STx-1 Water 3 11,100 (880) 6.5 11,300 (460) 6.1
0.3 13,200 (770) 7.2 12,400 (1400) 7.2
0.03 19,200 (1200) 7.7 15,600 (1600) 7.8
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d(La) increased from 2100–4300 to 13,000–24,000 L kg−1) but a
ecrease in the Ca medium (for instance, the Kd(La) decreased from
00–5500 to 150–560 L kg−1), while for SCa-3, the inclusion of Na

ed to a decrease in the Kd values in both media (for instance, the
d(Lu) decreased from 27,000–48,500 to 1300–24,300 L kg−1 in the
ater medium, and from 850–11,200 to 260–760 L kg−1 in the Ca
edium).
For many clays, there was a marked decrease in the Kd values

hen Ca was introduced into the contact solution, over the whole
oncentration range tested, and it especially influenced the quan-
ification of the maximum Kd (see for instance the case of Kd(Lu) in

EBEX, whose values decreased from 15,900–32,900 L kg−1 in the
ater medium to 1400–13,200 L kg−1 in the Ca medium). The effect

f Ca on Kd can be explained by the fact that the Ca ions tend to sorb
t interlayer sites, and are then able to displace the lanthanides to
ess specific sites. While in terms of Kd the competitive effect of Ca
250 (10) 6.3 580 (20) 6.1
550 (10) 6.5 13,000 (2800) 6.7
00 (560) 6.7 16,700 (2000) 6.8

ions was minor (in the scenarios with the maximum lanthanide Kd,
Kd(Ca) ranged for all clays from 3 to 23 L kg−1), the sorbed concen-
tration of Ca was much higher than those of the two lanthanides
and thus led to a decrease in lanthanide Kd.

The pH is a major factor affecting lanthanide sorption, since the
pH may affect the existence and creation of new sorption sites in
clays [16]. However, pH was not controlled in these experiments.
While the initial pH in the sorption experiments in the two media
was different (around 5.5 in the water medium and 7 in the Ca
medium), the resulting pH in the final contact solutions increased
in the water medium, while it was closer to the initial pH values

in the Ca medium than in the water medium, with final pH values
slightly higher or lower than the initial pH (see for instance the
case of the FEBEX clay). In fact, the final pH mostly depended on
the Cinit and thus on the Ceq of the lanthanides. As seen in Table 3,
the range of pH variation (more acidic for the experiments with the



E.G
alunin

et
al./JournalofH

azardous
M

aterials
172 (2009) 1198–1205

1203

Table 4
Desorption parameters and adjusted distribution coefficients for both lanthanides in the tested clays (Cinit , meq L−1; Kd,des (mean (SD)), L kg−1; Rdes (mean (SD)), %; Kd,adj, 103 L kg−1; RKd,des, dimensionless).

Clay Sorption medium Cinit Kd,des La Lu

Rdes Kd,adj RKd,des Kd,des Rdes Kd,adj RKd,des

FEBEX Water 3 24,600 (1700) 0.63 (0.04) 2400 1.8 20,400 (260) 0.77 (0.02) 2060 1.7
0.3 27,200 (1100) 0.56 (0.04) 3210 25,900 (2500) 0.60 (0.07) 5250
0.03 44,900 (490) 0.37 (0.04) 6430 35,100 (300) 0.5 (0.1) 6580

Ca 3 670 (110) 19 (2) 3 4.3 1900 (300) 7 (1) 20 7.1
0.3 2100 (200) 7.0 (0.7) 29 10,300 (1500) 1.5 (0.2) 590
0.03 2900 (180) 5.1 (0.3) 71 13,400 (1200) 1.2 (0.1) 1100

HEC Water 3 28,600 (900) 0.54 (0.02) 4650 4.0 16,300 (480) 0.95 (0.03) 1050 3.2
0.3 38,400 (400) 0.38 (0.04) 8790 18,000 (1000) 0.8 (0.1) 1510
0.03 114,000 (2500) 0.16 (0.04) 31,300 53,000 (5700) 0.34 (0.08) 4800

Ca 3 640 (20) 19.1 (0.6) 4 4.6 1300 (80) 11.3 (0.5) 10 11
0.3 1840 (70) 7.7 (0.2) 22 12,900 (1100) 1.19 (0.09) 1070
0.03 2950 (160) 5.0 (0.3) 42 14,700 (440) 0.71 (0.04) 1930

MX80 Water 3 7000 (180) 2.13 (0.03) 240 1.4 4000 (550) 3.9 (0.5) 79 1.7
0.3 8000 (290) 1.95 (0.04) 290 4600 (170) 3.3 (0.1) 110
0.03 9600 (530) 1.6 (0.1) 410 6800 (1300) 2.4 (0.4) 180

Ca 3 1400 (70) 10.0 (0.6) 6 17 700 (20) 17.7 (0.1) 3 18
0.3 16,700 (820) 0.90 (0.04) 1340 8600 (480) 1.8 (0.1) 380
0.03 24,000 (310) 0.59 (0.06) 2290 12,300 (1000) 1.2 (0.1) 760

SAP Water 3 2600 (80) 5.7 (0.1) 37 2.5 2700 (140) 5.6 (0.2) 38 3.1
0.3 3600 (140) 4.3 (0.2) 60 7500 (400) 2.1 (0.1) 350
0.03 6500 (780) 2.4 (0.3) 180 8500 (370) 1.85 (0.06) 430

Ca 3 860 (100) 15 (1) 3 5.9 1700 (40) 8.0 (0.2) 13 11
0.3 2200 (100) 6.5 (0.3) 38 3600 (360) 4.0 (0.4) 65
0.03 5100 (80) 2.88 (0.01) 190 18,700 (60) 0.8 (0.2) 3380

SAP(Ca) Water 3 20,100 (1200) 0.75 (0.05) 1730 1.6 4000 (570) 3.7 (0.6) 41 3.3
0.3 23,800 (1400) 0.65 (0.04) 2920 5700 (420) 2.6 (0.2) 180
0.03 31,700 (4500) 0.49 (0.07) 4900 13,000 (1500) 1.2 (0.2) 1020

Ca 3 330 (60) 31 (4) 0.5 4.8 960 (80) 14.0 (0.3) 2 4.2
0.3 800 (200) 17 (3) 2 1800 (120) 8.1 (0.3) 16
0.03 1600 (410) 10 (2) 6 4000 (420) 3.8 (0.4) 58

SCa-3 Water 3 38,800 (1900) 0.39 (0.02) 3280 1.9 28,700 (480) 0.55 (0.02) 4910 1.7
0.3 61,800 (5200) 0.25 (0.03) 7200 41,500 (5000) 0.38 (0.04) 9210
0.03 73,000 (4100) 0.22 (0.02) 15,000 49,900 (6200) 0.31 (0.04) 15,600

Ca 3 530 (120) 23 (4) 2 53 1800 (35) 11.6 (0.1) 7 6.8
0.3 1100 (40) 12.2 (0.2) 8 2300 (45) 6.4 (0.4) 34
0.03 28,000 (550) 0.57 (0.01) 2910 12,200 (2200) 1.2 (0.2) 930

SCa-3(Na) Water 3 11,800 (800) 1.29 (0.08) 560 2.0 4000 (760) 3.7 (0.7) 35 7.4
0.3 14,400 (1600) 1.1 (0.1) 940 24,100 (2200) 0.62 (0.06) 2480
0.03 23,200 (1100) 0.66 (0.04) 2620 29,400 (2400) 0.52 (0.03) 4670

Ca 3 140 (30) 51 (5) 0.2 3.6 460 (55) 25.4 (0.6) 1 4.3
0.3 200 (5) 42.2 (0.5) 0.5 760 (90) 17 (1) 3
0.03 500 (40) 24 (2) 2 2000 (660) 8 (3) 10

STx-1 Water 3 12,300 (320) 1.23 (0.03) 900 1.9 8600 (240) 1.77 (0.04) 640 11
0.3 14,500 (1500) 1.1 (0.1) 1200 34,500 (3600) 0.44 (0.04) 2810
0.03 23,000 (2000) 0.70 (0.06) 2740 92,000 (1400) 0.21 (0.04) 7430

Ca 3 740 (20) 17.0 (0.1) 2 2.6 1100 (30) 13.0 (0.3) 4 37
0.3 790 (10) 16.0 (0.2) 3 15,200 (3200) 1.0 (0.2) 1300
0.03 1900 (240) 8 (1) 19 41,000 (11,000) 0.40 (0.09) 4180
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aximum Cinit and increasing with decreasing initial Cinit) gener-
lly agreed with the Kd and Ceq variations, since the higher the Kd,
he lower the Ceq and the higher the resulting pH in the contact
olution.

.3. Sorption reversibility

Table 4 summarizes data on sorption reversibility for both lan-
hanides in the smectitic clays. The Kd,des values increased when the
nitial lanthanide concentration was decreased, similarly to what

as observed with Kd. The Kd,des were generally higher than Kd (the
ean value of the calculated Kd,des/Kd ratios was 1.6 for all the data

et), and similarly to the Kd they were generally higher in the water
han in the Ca medium, with the exception of the MX80 clay. There-
ore, it can clearly be stated that the lanthanide sorption in these
mectites was partially irreversible. The results obtained agree with
hose previously reported that predicted sorption irreversibility
ue to the strong attractive forces between trivalent lanthanide
ations and clay interlayer exchange sites [14]. The desorption
ields allowed us to draw similar conclusions to those drawn from
d,des since, as observed for other elements [29], increases in Kd,des
ere related to decreases in the Rdes values. For La and Lu, Rdes

anged from lower than 1% to 6% in water. In the Ca medium, the
alues ranged from lower than 1% to 50% for La, and from lower than
% to 25% for Lu. Therefore, not only was the lanthanide sorption

ower in the Ca medium, but it was also more reversible.
A complementary approach to examine the sorption reversibil-

ty is through the calculation of the adjusted Kd (Kd,adj). While
d,des provides information about the equilibrium displacement
f a lanthanide between the clay in which it is already incorpo-
ated and a contact solution, Kd,adj corrects the initial (reversible)
orption Kd by the lanthanide fraction participating in the sorp-
ion equilibrium. These two parameters give similar information
nd were highly correlated (La: log Kd,adj = 1.9 × log Kd,des − 1.9;
= 0.994; Lu: log Kd,adj = 2.0 × log Kd,des − 2.3, r = 0.985). Therefore,
oth parameters satisfactorily describe the lanthanide sorption
rocess including its irreversible character.

.4. Proposed clays suitable for engineered barriers

In order to select clays suitable for engineered barriers for
adioactive waste repositories, various factors have to be con-
idered, such as their physical and hydraulic properties, their
ensitivity to damages caused by the radiation and also their chem-
cal properties related to radionuclide retention, the latter being
he target properties examined in this work. Although the source
erm in waste repositories is going to be multipollutant, while our
tudies are based in single scenarios, the results obtained may give
ome initial hints on the most suitable smectites, in respect of their
etention capacity, to be used in the repositories.

As the values of the sorption–desorption parameters varied not
nly due to the clay–lanthanide combination, but also due to the
nitial lanthanide concentration and composition of the sorption

edium, a unique proposal for the most suitable clay cannot eas-
ly be provided. Suitable clays are those with high Kd,des and Kd,adj
alues in the conditions expected in deep geological repositories.
s stated in the previous section, it was observed that Kd,des and
d,adj decreased with increasing Cinit. This was easily deduced from
he ratios of the Kd,des (RKd,des), calculated from its maximum and

inimum values (quantified at the lowest and highest Cinit, respec-
ively), which varied from 1.4 to 11 in the water medium, and from

.6 to 53 in the Ca medium. This could be explained by the fact
hat the higher Cinit, the larger the contribution of the mechanism
ased on sorption at less specific sites that appears to be more
eversible. This is in accordance with the XRD analysis of the ori-
nted aggregates, which demonstrated a mayor expansion at the
Materials 172 (2009) 1198–1205

higher concentrations indicating that at these concentrations ion
exchange took place. The decrease in Kd,des and Kd,adj due to the
increase in the Cinit was greater in the Ca than in the water medium,
due to the blocking effect of Ca at higher concentrations and its
lower hydrated radius than that of any lanthanide [30]. This is con-
sistent with the expansion of sheets observed in a number of clays
in Ca, but not in the water medium (FEBEX, MX80, SAP, SCa-3(Na)).

When comparing the sequence of SAP(Ca), FEBEX, SCa-3 clays
(smectites with isomorphous substitutions in the tetrahedral
sheets) in all scenarios, the sorption reversibility was inversely
related to their total charge. This could be due to the fact that a local-
ized charge favours electrostatic interactions and thus sorption by
ion exchange. In most cases, the presence of Ca in the interlami-
nar spacing favours sorption in both media with both lanthanides,
which can be observed by comparing SAP and SCa-3 to SAP(Ca) and
SCa-3(Na), respectively. This could be explained by a more hydrated
initial state of the sheets that maintains the lanthanide access to
the interlaminar spacing and would be in accordance with the
oriented aggregates at lower concentrations showing larger inter-
laminar spacing for SAP(Ca) and SCa-3 than for SAP and SCa-3(Na),
respectively.

Summarizing, SCa-3, HEC and FEBEX clays (and also STx-1, espe-
cially for Lu) appear to be good options in a water sorption medium.
In a Ca medium, which can be considered closer to real scenarios
due to the potential presence of Ca leachates from the surrounding
concrete bulks in the repository, the proposed clays depend on the
lanthanide, with MX-80, SCa-3 and SAP the preferred options for
La, and STx-1, SAP, FEBEX and HEC suitable for Lu. It is therefore
suggested that clays with dioctahedral geometry be chosen for the
retention of lanthanides in water media in an engineered barrier
system due to their initial high lanthanide sorption and subse-
quent low sorption reversibility, while the clays with trioctahedral
geometry could be used for lanthanide retention in Ca media.
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