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Abstract

Clay minerals play a relevant role in the transport and fate of trace elements in the environment. Though illite has been
referred as an important Thallium (T1) bearing phase in soils, mechanisms and affinity of thallium for clay minerals remain
poorly known. This study investigated the sorption behavior of thallium as TI(I) onto illite and smectite, two clay minerals
occurring mainly in soils and sediments. Different sorption experiments were carried out under various pH conditions and TI
concentrations, in competition with sodium and calcium at a constant ionic strength of 0.01 mol L™". Our results showed that
illite displayed more affinity than smectite for thallium. With illite, the distribution coefficients (K in L kg~') varied between
10%7° £ %17 and 10*° * %17 in Na solutions versus between 10*2° * %7 and 10*° * %!7 in Ca solutions, depending on pH. With
smectite, Ky (in L kg™!) ranged between 10>°° = %16 and 10>2° = %16 and between 10'2° = %16 and 102 = %16 jn Na and Ca
solutions, respectively. Sorption behavior was described with the Multi-Site Ion Exchanger model and selectivity coefficients
with respect to protons were calculated for the first time. In all cases, independently of clay mineral and background elec-
trolyte, low capacity but highly reactive sites were dominant in thallium uptake, highlighting T1 affinity for those sites. More-
over, the exchangeable and reversible interactions between TI* and clays reactive sites suggested that in changing conditions,
thallium could be released in solution. The role of clay minerals in thallium environmental cycle is evident and confirmed illite
to be a dominant T1 bearing phase, in some environment competing with manganese oxides. Compared to others TI bearing
mineral phases, clays are ranked as follows: MnQ, > illite > smectite ~ ferrihydrite > Al,O5; ~ goethite > SiO,. Finally, over
the three monovalent cations (Tl, Rb, Cs) Tl is the one less sorbed on illite independently of the background cations.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Thallium (T1) is a heavy metal which can be highly toxic
for mammals mainly due to the similar behavior of TI*
compared to K" in biological processes (Rodriguez-
Mercado and Altamirano-Lozano, 2013). It is recognized

* Corresponding author at: CAT/WATER/ERIN/LIST, 41 rue
du Brill, 4422 Belvaux, Luxembourg.

E-mail addresses: loic.martin@list.lu (L.A. Martin), aubery.

wissocq@sfr.fr (A. Wissocq), benedetti@ipgp.fr (M.F. Benedetti),
christelle.latrille@cea.fr (C. Latrille).

https://doi.org/10.1016/j.gca.2018.03.016
0016-7037/© 2018 Elsevier Ltd. All rights reserved.

to be as toxic as lead, cadmium, mercury or arsenic
(Rodriguez-Mercado and Altamirano-Lozano, 2013).
Thallium is a widely distributed trace element on earth
with an average concentration of 0.49 ppm in the continen-
tal crust and 0.13 ppm in the oceanic crust (Peter and
Viraraghavan, 2005). It occurs in two oxidation states, Tl
(I) and TI(IIT) (Vink, 1993; Kaplan and Mattigod, 1998)
with TI(I) the only species issued from the mantle to the
non-altered crust (Prytulak et al., 2017). TI(I) is the most
dominant and thermodynamically stable species in the
sub-surface environment (Vink, 1993; Xiong, 2009; Casiot
et al., 2011). However, in some environments, TI(III) is
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detected in various amounts (Lin and Nriagu, 1999;
Peacock and Moon, 2012; Voegelin et al., 2015;
Campanella et al., 2017). Thallium(I) exhibits both chal-
cophile and lithophile behavior (McGoldrick et al., 1979;
Baker et al., 2010; Biagioni et al., 2013; Hettmann et al.,
2014; Prytulak et al., 2017). It has a large ionic radius
(1.50 A, 6-fold coordination), similar to K*, Rb" and Cs*
(Shannon, 1976). Classically, Tl is assumed to substitute
K™ in biotite, K-feldspar in volcanic rocks and granitic sys-
tems (Prytulak et al., 2017).

Thallium has two main sources in sub-surface environ-
ments. The first one corresponds to the weathering of K-
rich rocks (Vanék et al., 2009) and/or S-rich minerals and
more rarely Tl-rich sulfides deposit (Kaplan and
Mattigod, 1998; Xiao et al., 2004; Voegelin et al., 2015)
and the second one corresponds to anthropogenic sources.
Contaminations result from mining of ferrous and non-
ferrous sulfide ores (Lis et al., 2003; Casiot et al., 2011;
Karbowska, 2016; Campanella et al., 2017), from smelting
activities, coal combustion and cement production
(Cheam, 2001; Lis et al., 2003; Vanck et al., 2013;
Karbowska, 2016) as well as effluents of industry which
use thallium compounds (Bennett, 2017).

Nielsen et al. (2005) reported an average concentration
of thallium of 3.00 & 2.64.10~'! mol L~! for sixteen rivers
worldwide. However, in highly contaminated area, in par-
ticular in acid mine drainage, concentration can reach
~1.0-10°mol L™! (Casiot et al, 2011). In non-
anthropogenic impacted soils formed from Tl-bearing bed-
rocks, Tl contents are widespread, varying from around 1.5
ppm (Vanck et al., 2009) to 6000 ppm (Voegelin et al.,
2015). Those ranges largely depend on the geological back-
ground. Conversely, in anthropogenically impacted soils
without Tl-bearing bedrocks, Tl concentrations range
between 5 ppm and 124 ppm (Lis et al., 2003; Xiao et al.,
2004; Vanek et al., 2013).

The dominant aqueous species of thallium (I) is TI*
(Vink, 1993; Kaplan and Mattigod, 1998; Xiong, 2007;
Casiot et al., 2011). Indeed, thallium (I) makes few com-
plexes with anions, such as sulfate, carbonate and phos-
phate (Kaplan and Mattigod, 1998; Casiot et al., 2011),
except with ClI” in seawater (Kaplan and Mattigod,
1998). Therefore, Tl remains mostly as a free and bioavail-
able ion in solution (Vink, 1993; Jacobson et al., 2005a;
Casiot et al., 2011; Voegelin et al., 2015). However, in the
particulate and colloidal fractions in waters, in sediments
or in soils, thallium interacts with various phases. Thallium
has strong affinity for manganese oxides (Bidoglio et al.,
1993; Jacobson et al., 2005a; Liu et al., 2011; Peacock
and Moon, 2012; Voegelin et al., 2015) and Mn(IV)-
oxides, such as birnessite, are known to oxidize TI(I) in TI
(III) (Peacock and Moon, 2012; Voegelin et al., 2015). Iron
oxy-hydroxides (Liu et al., 2011; Casiot et al., 2011; Coup
and Swedlund, 2015) have medium/low affinity for thal-
lium. They are mostly known to weakly sorb TI(I) (Liu
et al., 2011; Casiot et al., 2011; Coup and Swedlund,
2015) although iron reduction with UV might oxidize T1
(T) and stabilize the resulting TI(IIT) (Karlsson et al., 20006).

Shaw (1952) and Prytulak et al. (2017) stipulate that TI"
might substitute K™ in secondary minerals during their for-

mation processes, due to its lithophile behavior and a sim-
ilar ionic radius. Besides, Jacobson et al. (2005a) and
Voegelin et al. (2015) highlighted the role of Tl uptake by
clay minerals in soils. Nevertheless, it was pointed out that
processes and affinity of thallium for clays remain poorly
known and further studies are needed (Voegelin et al.,
2015). As for other trace elements, chemical adsorption
on clay minerals is recognized to play a relevant role on
their mobility in the environment. Consequently, in this
study we have chosen to examine thallium sorption onto
two major clay minerals, illite and smectite, present in soils
and river sediments. The purpose has been, (1) to assess the
clay mineral exchange properties that drive the Tl uptake
on those surfaces and, (2) to evidence the affinity of TI
for these minerals. In order to be close to environmental
conditions, Ca and Na were chosen as competing cations
towards thallium for batch experiments. Then, sorption
and its reversibility were tested over a large pH range and
Tl concentrations. A thermodynamic multi-site ion
exchange model is used to interpret the experimental data,
and (3) to discuss the relative role played by clay minerals in
thallium environmental cycle in the sub-surface
environment.

2. EXPERIMENTAL
2.1. Thallium species and isotopes in batch solutions

As mentioned in introduction, TI(I) dominates thallium
speciation in the environment (Vink, 1993; Kaplan and
Mattigod, 1998). Fig. 1 shows TI speciation in aqueous sys-
tems containing 10 mM CaCl, (Fig. 1A and B) or 10 mM
NaCl (Fig. 1C and D), similar conditions to our batch
experiments. At low pH and high Eh, TI*" is stable under
aqueous TICl; (in NaCl) or TICl;~ (in CaCl,). At high
pH, TI" is hydrolyzed (TIOH) as is TI** at higher Eh values
forming TIOH; and TIOH; aqueous complexes (Fig. 1).
Thallium concentrations seem to have no effect on its speci-
ation in those cases (Fig. 1A, B, C and D). During experi-
ments (pH 3-11), redox potentials (Eh in V) were measured
with a Pt electrode (Metrohm) on random samples. Aver-
age value (at T =20.1 °C) was 195.7 £ 4.3 mV (n = 3). This
condition placed in T1 diagrams (Fig. 1) confirms that TI(I)
would be the only stable form of thallium during batch
experiments. Moreover, Tl species distribution in these
specific condition (Eh, pH and TI concentrations), reveals
that TI" represents more than 95% of TI(I) species in our
experiments (SI, Fig. S1).

Radioactive and stable Tl solutions were used in this
study. TI occurs in the environment only with two stable
isotopes, 2Tl (29.5%) and **°T1 (70.5%) (Rehkimper and
Nielsen, 2004). The radioisotope 204T], used here as radio-
tracer, does not exist naturally but only after neutron acti-
vation of stable thallium. Its half-life is 3.78 years.
Therefore, a 2**T1 solution of 4.90 MBq in 1 M HCI (Eckert
& Ziegler®, source # 1876-98, 07/01/16; initial T1 concen-
tration of 2.80-107"mol L™') was used. Two daughter
solutions were made with 1 mL of parent solution diluted
in 10 mL of ultrapure water (milli Q 18.2 MQ cm 2, Milli-
pore®). They were composed of ~0.1 M HCI (dilution fac-
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Fig. 1. Eh-pH diagrams for thallium. A TI-Ca-Cl-H,O system is described for A and B with [CaCl,] = 10 mM. In A, [T1] = 100 nM and in B,
[TI]=0.1 nM. C and D describe a TI-Na-CIl-H,O system with [NaCl]= 10 mM and [T1]= 100 nM for C and 0.1 nM for D. TI constants
database is from Casiot et al. (2011) except for TIOH(aq) which is calculated from Brown and Ekberg’s book (2016). Diagrams made with
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tor of 9.80 for solution 1 and 9.92 for solution 2) for an ini-
tial activity of 1.01 MBq ([TI]=3.19- 103 mol L!) and
0.99 MBq ([T1]=3.14- 108 mol L"), respectively. The
solution of stable thallium was made by dissolving a TI(T)
Cl salt (99.999%, Sigma Aldrich®) and acidified with
diluted ultrapure HNO;. Thallium concentration was con-
firmed at 4.76 £+ 0.08 - 10~*mol L™! by HR-ICP-MS Ele-
ment 2 (Thermo Scientific®) measurements.

2.2. Reagents

Every salt solution and then every dilution were made
with ultrapure water (milli-Q, 18.2 MQ cm 2, Millipore®).
Salts of NaCl (VWR Chemical), CaCl, (VWR Chemical),
NaOH (VWR Chemical) and Ca(OH), (VWR Chemical)
were used. Acidification was done with ultrapure nitric acid
(ULTREX Ultrapure Reagent, J.T. Baker), diluted at
appropriate concentrations when needed. Ultima Gold™
(Perkin Elmer®) as scintillant was used. Blanks of every
solution were analyzed for Tl at HR-ICP-MS Element 2
(Thermo Scientific) and no thallium was detected.

2.3. Materials and conditioning process

The clay materials selected for this study are Illite du
Puy and a Wyoming smectite. The latter is the montmoril-
lonite extracted from the MX80 bentonite and similar to
those previously extensively studied (Baeyens and
Bradbury, 1997; Bradbury and Baeyens, 2002, Karnland,
2010). Synthesis of the MX80 bulk mineralogical composi-
tion, based on X-ray diffraction analyses, revealed around
83.5% montmorillonite, 0.7% illite, 1.1% gypsum, 2.5%
muscovite, 4.7% plagioclase, 0.9% pyrite, 2.8% quartz and
3.1% tridymite (Karnland, 2010). The structural formula
of this montmorillonite was reported by Guillaume
(2002):

(Sis08Al0.02) (Al ssFej oy Feghs Mgy ) 010 (OH), Nag 15Caq 1

where Ca and Na are the natural compensating cations.
Illite du Puy was extracted from the Oligocene geological
formation located in the region of Le Puy-en-Velay
(Haute-Loire, France). Its raw mineralogical composition
contains illite with impurities such as kaolinite, carbonates,
quartz and feldspars (Gabis, 1958; Van Olphen and
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Fripiat, 1979; Poinssot et al., 1999). Poinssot et al. (1999)
reported the structural formula of this illite,
(Si3.52A10.48)(All.17Fe().49Mg0_33)010(OH)2N30,12C30.04K0.64
where Ca, Na and K are the natural compensating cations.

Natural illite and smectite were initially purified and
conditioned to the homo-ionic Na- and Ca-forms. Raw
Illite du Puy and M X80 were finely crushed and suspended
in ultrapure water for one night and sieved at 25 pm. Both
<25pum suspensions were centrifuged. Then, illite du
Puy was decarbonized with HCI 10% (weight, Merck) and
heated to remove calcite and dolomite. Illite and smectite
were dispersed three times each during 24h in a 1M
solution of NaCl or CaCl,. Following this step, they
were washed in NaOH or in Ca(OH), solutions at pH ~ 8
overnight. Then, they were rinsed in ultrapure water
(milli-Q, Millipore®) again for 24 h before suspension in
NaCl or CaCl, 1072 M for another 24 h. Finally, condi-
tioned illite and smectite were dispersed in ethanol over-
night, dried and crushed. Between each step, illite was
centrifuged at 10,596g for 30 min and smectite at 16,556g
for 45 min.

XRD analyses were performed to check the purity of the
final material and confirmed that <25 pum Ca- and Na-
smectite contained pure montmorillonite with tridymite in
trace and Ca- and Na-illite, mainly illite and significant
kaolinite and quartz. Whatever the significant impurities
of kaolinite and quartz, their sorption properties are very
low compared to illite and consequently are neglected.

Cation exchange capacity (CEC) was measured by K/Cs
exchange at pHS, firstly conditioned materials were satu-
rated with K (1 M KCI) and secondly K was exchanged
with Cs. Then, for smectite the value was 0.896 & 0.040
eq kg™! whereas it was 0.268 +0.014 eq kg™ for illite.
Exchangeable cations were measured by Cs exchange at
pH 8 (0.1 M CsCl and m/v = 20 g/L) Analyses of exchange-
able cations revealed that exchangeable K in conditioned
Ca- and Na-illite was measured under a significant value
(less than 0.015 eq/kg). Consequently, K stays fixed in illite
interlayer space as compensating cation. Based on cations
exchanged analyses, the structural formula of the condi-
tioned smectite and illite studied here are respectively:

(Siz.08Al0.02) (Al ssFeg o Feg s Mgy 25)O10(OH),Nag 25Cap s
and (Si}lggAIO.oz) (Allv55Feéf{)9FeSEgMg0‘28)Om (OH)ZCH.()}(),

(Si3.52A10.48) (A11.17F€0.49Mg0,33)010 (OH)2N30.10K0.64 and
(Siz.52Alp.48) (Aly17Feo.40Mg 33)O010(OH),Cag 10K o.64

The residual layer charges are then compensated by
protons.

At neutral pH (~7) in bulk solution, blanks of thallium
released (in duplicates) by conditioned materials were per-
formed and the bulk solution was analyzed with HR-ICP-
MS Element 2 (Thermo Scientific) after six days of contact
time. The Tl content in material was 2.50 & 2.11 - 10~ mol
kg~! in Na-smectite, 8.62 +0.34-10" molkg™! in Ca-
smectite, 1.06 4 1.03-107"°molkg™' in Na-illite and
1.52 4 0.08 - 1072 mol kg~ in Ca-illite. Total thallium con-
centrations measured in the supernatant during batch
experiments were therefore corrected according to the latest
values.

2.4. 2°*T1 measurement by liquid scintillation

The P emission of 2**TI radioisotope was used to mea-
sure 2%*TI activity in every sample by liquid scintillation
counting. Thus, 1 mL of solution was sampled and dis-
played in 4 mL of UltimaGold™ scintillant. The scintilla-
tion counter used was a PACKARD Tricarb 2700. Before
experiments, the source solution was measured three times
with this protocol. The measured activity was compared
to the expected activity and a yield of 97% was calculated.
Then, each measured activity during experiments was cor-
rected with the latest yield.

2.5. Stable thallium measurement

Solutions with only stable isotopes were analyzed by
using an HR-ICP-MS Element 2 (Thermo Scientific) in a
clean room at mass 205 in low resolution. A solution of
"51n (5ppb) served as an internal standard. Dilutions of
samples, when needed, as well as standard preparations
were made with distilled nitric acid. Final solutions were
in a matrix of 1.0-1.5% (weight) of HNO;. Calibration
standards were diluted from a thallium ICP standard solu-
tion (TraceCERT®, Sigma Aldrich®) Certified solutions
TM23.4 (Environment Canada) validated Tl analysis and
calibration. The limit of detection was 7.5 - 10~'* mol L™
and limit of quantification was 2.5- 107> mol L.

2.6. Sorption isotherms

The effects of concentrations and pH on sorption were
investigated by sorption isotherms and conducted for each
matrix, Na-illite, Ca-illite, Na-smectite and Ca-smectite. At
each step, batches were weighed in order to precisely calcu-
late each solution component’s concentration.

Firstly, 100 mg of solid material was dispersed in 5 mL
of bulk solution at 10 mM (CaCl, or NaCl) in a 10 mL
ultracentrifuge tube in Nalgene (Oak Ridge Centrifuge
Tube, Thermo Scientific). Tubes were sequentially weighed
in order to maintain a constant mass over volume ratio in
each batch. Then, acidic pHs were adjusted with 50 pL. of
HNO; diluted at needed concentrations to introduce the
proper amount of protons for every targeted pH, taking
into account the additional protons coming from Tl solu-
tions and radiotracer solution. Basic pHs were adjusted
with 50-200 uL of NaOH 0.1 M solution for Na matrices
while 120-1500 uL of Ca(OH), 0.01 M solution were used
in Ca matrixes. This solution was previously bubbled with
N, gas to avoid carbonate precipitation.

In order to optimize the measurement uncertainty of
20471 in solution at equilibrium, stable and radiotracer con-
centrations introduced were based on results obtained on
Cs sorption towards illite and smectite under similar
physico-chemical conditions, extracted from literature
(Poinssot et al., 1999; Missana et al., 2014a; Wissocq
et al., in press). Higher sorption was estimated onto illite
than smectite as well as higher cation exchange in Na™
media than in Ca®" media. Consequently, amounts of
stable Tl and radioisotope were optimized considering the
matrices nature and background solutions.
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For pH isotherms with illite, 50 pL of a stable Tl solu-
tion at 4.66 +0.08 - 10 °mol L™ was added to increase
total thallium in solution. Then 100 pL of radiotracer solu-
tion (solution 1: 1.01 MBq in 0.1 M HCI) was introduced in
batches with Na matrices and 50 uL in batches with Ca
matrices.

For concentration isotherms with illite, eight stable Tl
solutions (concentrations in SI, Table S1) were used to cre-
ate a range of Tl concentrations from 2.52 + 0.11 - 107 to
8.39+0.15-10°mol L™! for concentration isotherms.
Depending on background solution, stable Tl solutions
added were 50 or 100 pL. Finally, 100 nL or 50 pL of radio-
tracer (solution 1) was introduced in Na and Ca bulk solu-
tions respectively. Only radiotracer was used to label the
two batches containing the lowest Tl concentrations. pH
was only imposed by the buffering capacity of illite.

The operating condition was basically the same applied
for experiments with Wyoming smectite, except that no
stable Tl was added in solutions for pH isotherm experi-
ments due to its estimated lower sorption ability than illite.
Radiotracer (solution 2: 0.99 MBq in 0.1 M HCI) volumes
were 50 pL for every experiment independently of the bulk
solutions or the type of isotherms. Total Tl concentrations
(between 2.52+0.06-107'° and 1.04 4 0.02 - 10~ mol
LY introduced in concentration isotherms were adjusted
by adding 50-100 pL of eight different Tl solutions (SI,
Table S1). pH was only imposed by the buffering capacity
of smectite.

After six days of continuous shaking at room tempera-
ture, tubes were ultra-centrifuged (Beckman Coulter
Optima XPN-80 ultracentrifuge with a Type Ti70 rotor)
for 45 min at 10,596g for illite and 16,556g for smectite.
Then, pH (£0.10) was measured (for each tube) using a
combined glass pH microelectrode (Metrohm) incorporat-
ing an Ag/AgCl reference electrode. Electrode calibration
was made with buffer solutions (Certipur®, Merck) at pH
4.01, 7.00 and 12.00. 1 mL of supernatant was sampled
and mixed with 4 mL of scintillant. Finally, °*TI activity
was measured by liquid scintillation.

2.7. Desorption isotherms

Tl sorption reversibility was also studied on experiments
performed on the four materials. As reversibility, we
attempted to verify that the desorption reaction at equilib-
rium remained the same solid to solution partitioning as
obtained with sorption reaction under the same chemical
conditions. Following the sorption isotherm, the remaining
supernatant was removed. Then, the residual solids and
small liquid fraction (as hydrated clays minerals) were
weighted. Bulk solutions (1072 M CaCl, or 107> M NacCl)
were added with acid/base solutions to adjust pH to be as
close as possible to those imposed in sorption isotherms.
Volumes were calculated to keep the same solid/solution
ratio as in sorption experiments. Lastly, tubes were shaken
continuously during six days and then, centrifuged and
sampled following the same procedure described in the
sorption isotherms section.

Desorption isotherms are necessary to check the sorp-
tion reversibility. Thus, cation exchange is verified as

expressed in Egs. (6), (9)—(11) (see below). Respecting this
condition, the thermodynamic multi-site ion exchanger
model may be applied.

2.8. Sorption kinetics

Kinetics of TI sorption onto illite and smectite in all
tested matrices (Na and Ca) were performed to determine
the time to achieve equilibrium. Batch experiments used
the same polycarbonate centrifuge tube as in the isotherms
experiments and were done using stable T1. Thus, 100 mg of
conditioned clay minerals were dispersed in 5 mL of CaCl,
or NaCl at 10 mmol L™". Duplicates were performed at a
set of contact times. Tested contact times were 0, 2, 6, 10
and 15 days for Ca-illite and Na-illite. They were 0, 2, 7,
11 and 15 days for Ca-smectite ad Na-smectite. Initial T1
concentrations were ~1.0 - 107 mol L™, pH was imposed
using the buffering capacity of conditioned illite and smec-
tite. Solutions were shaken continuously. At each investi-
gated time, tubes were centrifuged (as in Section 2.7).
Details of experimental conditions and figures are presented
in supporting information (Figs. S2 and S3). Sorbed con-
centrations achieved equilibrium in all cases within 2 days.
To insure time to equilibrium, in all isotherms experiments,
contact time was imposed at six days.

2.9. Calculations of experimental parameters

Both sorption and desorption isotherm (experimental)
results are expressed in term of distribution coefficient, cal-
culated following Eq. (1):

A — A \%

Ky — ini sup,eq v 1

¢ Asupﬁeq % m ( )
where Ky is expressed in L kg". Ajni (Bq) is the initial activ-
ity of the solution and Agupeq (in Bq) is the supernatant
solution activity calculated with the measured activity of
1 mL of supernatant (Ames, Eq. (2), in Bq L™!) reported
to the total solution volume V (in L).

Asup‘eq = Ames xV (2)

Then m (in kg) is the dry mass of conditioned clay minerals.
In this study, V/m was maintained constant at 50.0 £ 3.8 L
kg~'. Eq. (1) can be simplified in Eq. (3). The correspond-
ing equation with thallium concentration is also reported in
Eq. (3).

Kd _ ( Aini 7 1) % X — [Tl}lzo -1 X X (3)

Asup‘eq m [Tl}free.eq m
[Tlree.eq (mol LY is the thallium concentration in the
supernatant at equilibrium. It is the sum of 2%TI
radiotracer and of the stable thallium concentrations in
solution. Details of its calculations are provided in support-
ing information (SI). [Tll—o (in mol L™!) corresponds
to the thallium concentration at the beginning of each
experiments. [Tllorbed in mol kg~! was also calculated as
in Eq. (4).

[Tl} d = Kd X [T”free,eq (4)

sorbe
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Two blank sets were associated with each sorption iso-
therms and contained only bulk solutions (CaCl, or NaCl
10 mmol L™Y), radiotracers and when necessary stable thal-
lium solutions. They were used as reference to calculate, for
each isotherm, the initial T1 concentration ([Tl}—) consid-
ering the 2*TI source activity diluted in batch samples
(Ajni)- More details of equations and associated corrections
for sorption and desorption isotherms are presented in SI.

2.10. Estimation of experimental uncertainties

Uncertainties reported in this section have only been cal-
culated from the propagation of known measurements or
lab errors following the same approach as Reinoso-Maset
and Ly (2014). However, these are missing the variability
in minerals properties. Experimental errors were hence cal-
culated for each batch following the propagation errors the-
ory. The variance of a G function of different x; variable can
be calculated from the variances of the variables x; using
this expression:

" (9G\’ 9G 9G
Jé:;(&?,-) 0f+22287[ 87,-6’3" (5)
where (0G/0x,) is the partial derivative of G with respect to
X;, o7 is the variance of x; and G;; the covariance of the x;
and x; variables. If these variables are independents, the
covariance term is then equal to zero. In this study, log
Ky (in log(L kg™")) experimental errors were between 0.01
and 0.05 log units for illite and between 0.01 and 0.07 for
smectite. 10g[Tl]iee eq (in log(mol L") experimental errors
were from 0.02 to 0.07 log units. Finally, errors on log
[Tlsorvea (in log(mol kg™!)) were between 0.02 and 0.09
log units for illite and from 0.03 to 0.05 log units for smec-
tite. Sets of repeated measurements indicated that +0.17 log
units for illite and +0.16 log units for smectite yielded the
spread in logKy values. Those values were taken as error
bars values. [Tl]sorpeq 18 calculated with the distribution
coefficient and [Tl]fee oq- Kq having the highest variability
compared to [Tl]yeceq, its spread was used to consider
[Tl]sorbea €rror. Consequently, errors bars for [Tl]sorpeq are
40.17 log units for illite and +0.16 log units for smectite.

For pH, uncertainties for each measurement are £0.10
pH unit. In results, for pH isotherms, due to measurement
in each batch, the latest value is taken as error. However,
for pH related to concentration isotherms, averages are dis-
played. Then, errors are standard deviations of series
averaged.

3. MULTI-SITE ION EXCHANGER MODEL

The Multi-Site Ion Exchanger model is based on the
thermodynamics of chemical equilibria, and considers min-
erals as ion-exchangers described by negatively charged
adsorption sites. For a complete description of the
approach, readers can refer to Gorgeon (1994); Motellier
et al. (2003); Jacquier et al. (2004) and Wissocq et al. (in
press). This theory is only based on a macroscopic descrip-
tion, and does not consider any structural hypothesis of
minerals (Motellier et al., 2003). Thus, the exchange behav-

ior of each cation (here, Nat, Ca®> and Tl+) has to be stud-
ied individually as a function of pH and concentration on
purified clay minerals (Motellier et al., 2003; Jacquier
et al., 2004). Then, H' are taken as reference cations
(Motellier et al., 2003).

Classically, cation exchange between H" and M™" for a
given sites X; is expressed by Eq. (6).

{(X)n =M™} +mH" o m{X, —H}+M™  (6)

1

Then, the equilibrium constant of this reaction is written
as follow in Eq. (7):

(X —H)" (™)
() = M)
_ [le _ H+]m[Mm+]f?;(;7H+)YMm+ (7)
[(Xf)mMm][Hﬂmf((x;)mMm)Y%

where K' is the selectivity coefficient, i is the type of sorp-
tion site. () and [] represent activities and concentrations
of species, respectively. Species in solution are in mol L™
whereas adsorbed species are in mol kg~' (of dry clay min-
eral). f (in kgmol™') is the activity coefficient of each
adsorbed species and y (in L mol™!) is the activity coeffi-
cient of the species in solution. All f’s are unknown but
their ratios are expected to be constant. Consequently, a
corrected selectivity coefficient (Kjim: m+) is calculated

KIM"‘*/HJ’ -

(Eq. (8)). Activity coefficients for species in solution are cal-
culated according to Davis theory.
(X7 — H " [M™ ]y
(X)) — M™[H vy

HT

ﬁ“‘*/l—l* = (8)

In this study, three cations are in solution, T1", Na™ or
Ca”", each exchanging with H" according to Egs. (9)—(11).
In our experimental physico-chemical conditions, thallium
is expected only in free form, TI", avoiding some hydroxide
forms of thallium (Fig. 1 and SI, Fig. S1). So a correction
with Ringbém coefficient (Jacquier et al., 2004; Tertre
et al., 2009) is neglected.

{(X) =TI} +H —{X; —H'} +TI" )
{X;7)—Na"}+H" & {X7 —H"} + Na* (10)
{(X7), = Ca®} +2H" < 2{X; —H'} + Ca™* (11)

Therefore, selectivity coefficients are calculated as
follows:
Ao X — H)[T1 yqy
X = TV [H yye
#i _ [X: - HJF][I\I‘({]'*»]'YNELJr (13)
Nat/Ht — [Xl— _ Naﬂ[HﬂYH*
[X; — HP’[Ca” e

- : ¢ (14)
[(Xi), — Ca™'][H vy,

(12)

*1
KCa2+ /2H*

Corrected selectivity coefficients (K*Ciaz+/2ﬂ+ and KEH/
u+) of each X sorption site characterizing the four matrices
(Ca-illite, Ca-smectite, Na-illite and Na-smectite) are
acquired in 10 mmol L™! solutions (Wissocq et al., in
press), while those of TI* required estimation. Compiled
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Table 1

Sites capacity and selectivity coefficients calculated in this study. Equations for log K7+ /na+ and log K3

ST jcat » DOt used during modelling,

were calculated by combining selectivity coefficients with protons as reported in SI (Egs. S9 and S10).

Mineral Sites CE; (eq kg™ log K?]‘ - §a< o ¢ log Kga“ bt ¢ log K}iﬂ Na+ log K;iTﬁ Catt

Illite Xo 25-107* —3.87+£0.03 0.87+0.14 0.40 £1.98 —4.74 £0.77 —3.97 £19.50
X 0.13* 0.18 £0.05 2.77+0.13 2.17 £0.07 —2.60 +0.79 —1.69 +0.49
X> 0.04" 1.13+0.11 4.19+£0.18 4.31+£0.272 —3.07+£0.44 —2.88 £0.39
X3 0.07* 6.20 + 1.03 8.95+3.78 11.75+0.21 -2.75+1.62 —5.24 £0.96
> CE; 0.25

Smectite Xs 20-107* —-2.31+£0.25 2.59+0.23 0.22+0.18 —4.90 £0.95 —-2.23+£2.10
Xa 0.39% 0.13 +£0.81 0.26 +0.04 0.49 +0.49 —0.14 £0.92 —0.06 +0.45
Xb 0.36" 1.52+0.29 2.62+0.089 4.35+0.03 —-1.10+£0.25 —2.53+£0.50
X 0.14% 6.35+0.21 8.45+0.18 14.84 +0.06 -2.10+0.12 —8.19+£0.31
> CE; 0.89

A From Gorgeon (1994).
B From Nolin (1997).
€ From Wissocq et al. (in press).

data from a previous study were used and are recapitulated
in Table 1. In this study, only TI selectivity coefficients with
reference to protons were adjusted from both sorption
curves over pH and over concentration by non-linear
regression using Excel solver. Uncertainties of selectivity
coefficient obtained by Excel solver were calculated with
the Excel macro SolverAid. Results are given in Table 1.
Finally, K31 /caor and Kii/nat (not used during mod-
elling) were calculated by combining selectivity coeflicients
with protons as reported in SI (Eqs. S9 and S10) while their
uncertainties was estimated with error propagation (Eq.
(5)).

Cations, here TI™, Nat and H' or TIt, Ca®>" and H™,
can saturate a sorption site X; capacity (Tertre et al.,
2009). The capacity of major sorption sites are generally
deduced from experimental saturation curves, implying
cation in major concentration (i.e. Nat, Ca®", H"). Those
sites are characterized by plateau in pH isotherms when sat-
uration occurs. Thus, site capacity, CE;, is calculated with
the sum of adsorbed species (Egs. (15) and (16)).

CE; = [X; — TI'] + [X; —Na']+ [X; —H'] (15)
CE; = [X; = TI'] +2[(X{), - Ca™] + [X{ —H']  (16)

Sorbed cation concentrations may be expressed by rela-
tions according to cation valence of electrolyte, and taking
into account pH, CEC, corrected selectivity coefficient (for
Ca®* and Na™t) (Wissocq et al., in press). In case of trace
element, as for thallium competing with major element,
sorbed concentration is directly estimated from experimen-
tal results (Eq. (4)). The capacity of low capacity sites are
then determined on experimental data expressed in terms
of sorbed concentration versus concentration in solution
at equilibrium or by fitting the combination of Egs. (12)—
(16) on experimental isotherms. In case of multi-sites, the
sum of CE; has to be equal to the exchange capacity
(CEC) of the clay minerals. Given that sorption properties
of illite du Puy and Wyoming smectite were extensively
studied and our conditioned clay CEC comparable to those
of previous studies, the CE; of major sorption sites are
those determined by Gorgeon (1994) for illite and Nolin

(1997) for smectite. Usually, three major sorption sites are
used to describe the illite exchanger (Brouwer et al.,
1983). However, it is common to add a fourth site, of lower
capacity and higher affinity to describe experimental data
(Maes et al., 1985) both on illite (Savoye et al., 2012) and
on smectite (Maes et al., 1985; Tertre et al., 2009).

In this study, four sites were necessary to model experi-
mental data: three major sites and one minor site with high
affinity and low capacity (noted X, or X;). The latest was
estimated with graphs support (Fig. 2A and B) by consider-
ing the slope break of the Log[Tllorbed Vs. Log[Tllkcereq
curves (Poinssot et al., 1999; Missana et al., 2014a). The
value of Log[Tl]orpeq read (arrows in Fig. 2A and B) at
the slope break is used as X, and Xj site capacity and
refinedbydjustingimultaneouslythiCEandhe
K?1+/H+ of four sites for pH and concentration isotherms.
For each mineral, data from all matrices (Na-illite and
Ca-illite on one hand and Na-smectite and Ca-smectite on
another hand) were treated together. Consequently, CE;s
for X or X, were adjusted as one as they are intrinsic prop-
erties of minerals and cannot depend on the conditioning
state (Na or Ca). CE; values for major sites (X;, X, and
X5 or X,, X and X,) determined by Gorgeon (1994) and
Nolin (1997) are summarized in Table 1 and were taken
as published and unadjustable.

4. RESULTS
4.1. Sites descriptions and selectivity coefficient for thallium

In the case of TI, illite and smectite have to be described
as cation exchangers with four sites. Although, smectite
expresses a larger cation exchange capacity than illite
(Table 1), the estimated minor sites capacities (X and Xo)
are close for both clay minerals, reaching 0.20 meq kg™
and 0.25 meq kg ', respectively (Table 1). Their capacities
were estimated graphically on log [Tllorbea VS. Log [Tlleq
curves, at the slope break (pointed by arrows) in Fig. 2A
for smectite and 2B for illite. In this study, shifts are small
but more obvious when Na' is the background cation
(Fig. 2A and B). It corresponds to site saturations by the
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Fig. 2. Results in log[Tl]sorbed = f([Tfree.cq) for smectite (A) and illite (B). Error bars correspond to the variability of Tl sorbed. pH condition
are 7.34 £ 0.40, 7.89 £+ 0.20, 5.00 + 0.10 and 7.18 £ 0.08 for respectively Na-smectite, Ca-smectite, Na-illite and Ca-illite (Figs. 3B, 4B, 5B

and 6B captions).

trace cations (Wissocq et al., in press; Missana et al.,
2014a), here thallium, at Log[Tl], around —7 Log unit
for Na-illite and Na-smectite.

Considering selectivity coefficient (K*?) values, the X, or
X sites show the most affinity for Tl (Table 1). For the two
studied clays, the sites selectivity can be ordered as, X >
X, > X, > X;5 (Table 1) for illite and as X > X, > X, > X,
for smectite (Table 1). However the main difference between
illite and smectite affinity for thallium comes from K*! val-
ues for X, and X,. Values are respectively 107>%7 for the
first and 10~23! for the last (Table 1) when reported to pro-
tons. When reported to electrolyte cations, thallium affinity
for low capacity and high reactivity sites (X, and Xj) is also
higher than any other sites except for X, for Ca-smectite
(Table 1). Nevertheless, thallium affinity for major sites
remains higher than for sodium and calcium but lesser than
for protons, which induces some pH-dependence. As indi-
cated by negative selectivity coefficient, illite and smectite
have more affinity for thallium than for calcium, sodium
(Table 1).

4.2. Thallium adsorption as function of pH

In all cases, Tl adsorption is pH dependent. LogKy
increase from acidic pH to basic pH (Figs. 3A, 4A, 5A
and 6A). This highlights the competition with protons for
sorption sites, according to the electrolyte (Na or Ca)
remaining at constant concentration in the system and the
progressive exchange with thallium on sorption sites.
Besides, two kinds of behavior are identified, depending
on the background cation. When the electrolyte is Na*,
whatever clay mineral is in suspension, the pH effect on
Tl uptake is significant below pH 6.0. Indeed, the largest
variations of Ky with pH are observed with increasing
pH, whereas at pH over 6.0, a plateau with roughly con-
stant logKy is reached (Figs. 3A and 5A). Corresponding
maximal log Ky values are ~3.16 +0.16 log(L kg™") for

smectite and ~4.00 £ 0.17 log (Lkg™") for illite. In Na-
smectite (Fig. 3A), from pH 3.5 to 6.0, log K4 (K4 in L
kg™!) are between 2.51 and 3.10 (£0.16). For Na-illite
below pH 6.0, logKy range between 1.89 + 0.17 and 4.00
+0.17. In contrast, when Ca>" is the background cation,
K4 evolution is gradual over the range of investigated pH
(Figs. 4A and 6A). Except at low pH (<4.0), the amount
of thallium adsorbed onto clay minerals is more important
on Na-illite, then on Na-smectite and Ca-illite almost in the
same ranges. Ca-smectite holds the smallest amount of
sorbed thallium.

The four sites considered in the model allow correct fit-
ting of the smectite experimental data, both with Na* and
Ca?" (Figs. 3 And 4). Individual site contributions show
that the high reactive site (X;) is this one which uptakes
the most thallium by smectite in all pH conditions
(Figs. 3A and 4A). They follow the same profile as experi-
mental data with increasing log Ky values before reaching a
plateau for pH > 5.0. X, and X, also play a significant role
in Tl uptake but only the logKy for X, site varies at low pH
and remains constant above pH 5.0 (Figs. 3A and 4A). The
X, site displays a steady logK, along the range of tested pH
(Figs. 3A and 4A). X. becomes more important at higher
pH and its role increases with increasing pH. In Na-
smectite, it is significant from pH ~ 8.0 and at pH 10.0
and then occupies the second site contribution, express in
term of logKy values, after X site (Fig. 3A). Observations
are similar for Ca-smectite but the X, site appears at pH
7.0 and equal the X site in term of logKy from pH 10.0
(Fig. 3A). In Fig. 4A, two experimental points at pH over
10.0 are well above the general trend (log Kd ~ 2.50 log
(L kg ')) and were not considered in the study. It seems
that calcite precipitations occurred in batches during pH
adjustment with Ca(OH),.

The combined contribution of all sites (red line, Figs. 5
and 6) describes effectively the experimental data. In Na-
illite, T1 sorption is driven by high reactive site X, at pH less
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Fig. 3. Results for Na-smectite in log Ky = f(pH) (A) and in log Ky
= f([Tl]rce.cq) (B). In A, introduced average TI concentration is
[Tl}—o =224 4 0.08 - 107" mol L™!. In B, sorption average pH
was 7.34 +0.40 and was 6.11 £ 0.40 during desorption. Dashed
colorful lines correspond to the individual modeled reactive sites
contributions. Red lines are the sum of each site contribution.
Error bars correspond to the Ky variability. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)

than 3.0 (Fig. 5A). Then, a significant role is played by the
X site, as it dominates T1 uptake for pHs between 4.0 and
7.0. A similar trend is observed for X, (Fig. 5A) but from
pH 4.0. It reaches Tl saturation around pH 8.0 and uptakes
as much thallium as the X; site. From pH 8.0, X5 starts to
uptake TI but never reaches saturation under our condi-
tions (Fig. 5A). The case of Ca-illite is different: X, seems
to uptake the majority of the thallium as it almost corre-
sponds to the overall trend (Fig. 6A). Despite low logKy
(<1.50 log(L kg™")) the uptakes by sites X; and X, remain
significant considering their exchange capacities (Fig. 6A).
No role from the Xj site is observed here (Fig. 6).

4.3. Thallium adsorption as function of Tl concentrations

In this section, partitioning coefficients are expressed in
function of thallium concentrations measured at sorption
equilibrium in the supernatant at fixed pH. LogKy values
for comparable pH and Tl concentrations are similar to
those from pH isotherms in all experiments (Figs. 3-6).
Observations are the same with modeling results and for
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Fig. 4. Results for Ca-smectite in log K4 = f(pH) (A) and in log Ky
= f([Tl}rce.cq) (B). In A, introduced average Tl concentration,
[Tl}—o=2.1240.29 - 107 mol L™!. In B, sorption average pH
was 7.89 +0.20 and was 7.97 £ 0.04 during desorption. Dashed
colorful lines correspond to contribution of individual modeled
reactive sites. Red lines are the sum of each site contribution. Error
bars correspond to the Ky variability. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

all matrices, the highly reactive sites (X, or X;) mainly con-
tribute to uptake thallium at all concentrations (Figs. 4B,
5B and 6B) except for Na-illite where X; is dominant
(Fig. 5B). LogK, values remain constant until free thallium
concentration reaches 107% (=8 in log scale) mol L™
Smooth declines in log Ky are observed when Ca®" is the
background cation, from 10 mol L™! and from 1077
mol L™! of free Tl for illite (Fig. 6B) and for smectite
(Fig. 6A), respectively. No logKy decrease is seen on illite
in sodic conditions (Fig. 5B) suggesting that sites saturation
is not achieved under used concentrations. On the contrary,
a clear break is evidenced for Na-smectite (Fig. 3B) imply-
ing that less thallium is adsorbed up to 1078 mol L™! of free
cation.

4.4. Adsorption reversibility

From Figs. 3-6, both sorption and desorption data are
presented. When thallium uptake by clay minerals is stud-
ied in function of pH, the desorption Kd values are in the
same range as sorption within error bars of each data set
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Fig. 5. Results for Na-illite in log Ky = f(pH) (A) and ion log K4 =
f([Tl]free,eq) (B). In A, introduced average T1 concentration, [T1]—
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4+ 0.10. For desorption, it was 5.00 4 0.46 for points with log
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modeled reactive sites. Red lines are the sum of each sites. Error
bars correspond to the variability of the K. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(Figs. 3A, 4A, 5A and 6A). Results are similar when thal-
lium uptake is studied in function of Tl concentrations
(Figs. 3B, 4B, 5B, 6B). Those results indicate that thallium
sorption on clay minerals, both illite and smectite is rever-
sible in all tested conditions.

Variability observed for desorption data in Fig. 5B is
explained by different pH conditions within the set of batch
experiments. The three values over log K4 at 3.50 log(L
kg ') were acquired at pH 5.00 & 0.46 while the other val-
ues (log Ky < 3.50 log(L kg™")) where acquired at pH 3.94
4+ 0.19. When compared to the same pH conditions in
Fig. 5A, the reversibility is attested.

5. DISCUSSION
This study represents the first description of thallium

sorption with smectite. Hence, for this latter clay mineral,
the set of selectivity coefficients obtained for thallium/pro-
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Fig. 6. Results for Ca-illite in log K4 = f(pH) (A) and in log K4 =f
([T1free,eq) (B). In A, introduced average Tl concentration, [TI}—o
=4.37+0.18-10"* mol L™". In B, sorption average pH was 7.18
4+ 0.08 and was 7.14 +0.19 during desorption. Dashed colorful
lines correspond to Log Ky for each modeled reactive sites. Red
lines are the sum of each site contribution. Error bars correspond
to the Ky variability. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this
article.)

tons exchange is also the first available up to our
knowledge.

5.1. Estimations of low capacity sites

As mentioned previously, a low capacity site is evi-
denced at trace concentrations and is intrinsic to mineral
properties (Baeyens and Bradbury, 1997; Poinssot et al.,
1999; Tertre et al., 2009). Thus, no distinct site capacity
value depending on physico-chemical conditions is expected
as verified by low site capacity values that remain the same
both in Na and Ca bulk solutions. Results with illite gave a
value at 2.5.107% eq kg ™! (Table 1) which is close to values
obtained by Missana et al. (2014b) at 3.0 - 10™* eq kg ™! and
by Poinssot et al. (1999) at 5.5-107%eq kg™~' with Cs. On
the other hand, they were estimated at 5.0 - 107> eq kg™
by Wissocq et al. (2017) with Sr sorption experiments and
at 2.0- 1073 eq kg™! for Zn experiments (Altmann et al.,
2015). For smectite, Baeyens and Bradbury (1997) calcu-
lated its capacity at 2.0- 10 eqkg ! (Zn experiments)
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whereas it was evaluated at 1.2 - 10™*eq kg™' by Missana
et al. (2014a, 2014b), 1.0 - 10~*eq kg™! by Wissocq et al.
(in press) and finally at 5.0-107*eqkg™' by Peynet
(2003), each issued from Cs sorption experiments. Values
from this study are in the same range as those from litera-
ture. However, it appears that estimations calculated during
sorption experiments with divalent cations give values
roughly one order of magnitude higher than with monova-
lent ones.

Interpretations from multi-site ion exchanger theory
allow only macroscopic descriptions of the sorption with-
out any structural assignment. Compilation of the extensive
literature on Cs adsorption by illite reported by Lammers
et al. (2017) pointed out the importance of the high affinity
site of illite for cesium fate and denoted its unclear struc-
tural origin. Many studies assume that these low capacity
and high affinity sites, so called frayed edge sites (FES),
occur in the clay particle edge and result from weathering
process on illite (Poinssot et al., 1999) and smectite
(Missana et al., 2014a). Their exchange capacities were esti-
mated at 0.25% of clay CEC (Bradbury and Baeyens, 2000).
Exchange capacity of X, and X determined on experimen-
tal data, represent respectively 0.1% and 0.02% of illite and
smectite CEC. In term of chemical reactivity, the X, and X
sites appear comparable to the high affinity sites ascribed to
FES.

5.2. Thallium sorption behavior towards clay minerals
comparing with other cations

5.2.1. Thallium sorption behavior

Thallium sorption behavior can be described by combin-
ing two main factors, affinity for the minerals and competi-
tion with a major element (here Ca>* and Na™) for sorption
sites. T1 affinity for each minerals is expressed by sorbed Tl
(in mol kg~") normalized by sample CEC (in eq kg™!). It
appears that TI affinity for illite is one order of magnitude
higher than for smectite for both Ca*" and Na* matrices
(Table 2). However, experimental data clearly show that
thallium uptake by smectite can equal thallium uptake by
illite depending on the background cation (Figs. 3 and 6).
Similarly, based on thallium affinity for the mineral and vice
versa (Table 2), illite in CaCl, should uptake as much thal-
lium as illite in NaCl but it does not (Figs. 5 and 6). In the
latest case, thallium and sodium exchange easily because
they are both monovalent and only one TI" is needed to
exchange with one Na™. In contrast, in a CaCl, solution,
two TI" are necessary to replace one Ca’" and conse-
quently, thallium uptake is limited. This phenomenon is
also highlight in Na-smectite experiments (Fig. 3) where
almost the same amount is taken up compared to an illite
in CaCl, (Fig. 6).

Table 2
Thallium affinity in moles of sorbed element normalized by sample
CEC for illite and smectite at pH = 7.0.

Background cation Illite Smectite
Na* 2.09-1077 5.65-1078
Ca®" 2.03-1077 2.60-1078

Competition between a trace and a major cation is
somehow the greatest limiting factor in thallium uptake
by clay minerals. Depending on pH, thallium is first
adsorbed onto X, and X sites, while they represent respec-
tively 0.1% and 0.02% of illite and smectite CEC (Table 1
and Figs. 3-6), those sites dominate thallium uptake by clay
minerals. Then, when X, and X, are saturated, major sites
control TI sorption depending of their protonation state
(Figs. 3A-6A). Nevertheless, competition for those sites is
higher and the intrinsic properties of the major cation in
solution get important. With sodium, exchange is easier
and the site’s affinity is less overtaken by the competitive
effect, so major sites uptake more thallium. However, with
calcium, exchange is more difficult and the competitive
effect with other cation is greater than site’s affinity for thal-
lium. Consequently, thallium uptake is limited. This dual
effect (competition vs. affinity) also explains why thallium
uptake by Ca-smectite is dominated by major sites at high
pH (>7). Indeed, thallium has higher affinity for X,

(Kl;l"l*/Caz‘ =10"%1°, Table 1) sites than calcium and so

more Tl is taken up. As reported in rivers waters (Nielsen
et al., 2005) and in anthropogenic contaminated area
(Casiot et al., 2011), thallium concentration is below 1076
mol L™, In our experimental conditions, Tl remains in
trace concentrations ([Tleq < 107 M) compared to the
electrolyte cations. Consequently, T1 concentration is insuf-
ficient to saturate solely the clay CEC and Tl enters strongly
in competition with major cations in solution. We can
expect that the ionic strength of the background solution
could influence the amount of adsorbed thallium as
observed for other trace elements (Missana et al., 2014a,
2014b; Altmann et al., 2015). Then, thallium uptake would
decrease with higher ionic strength.

In various environments, thallium is assumed to substi-
tute potassium in secondary minerals (e.g. Nielsen et al.,
2006, 2017; Prytulak et al., 2017). For instance, in illite,
K" takes place as counter ion on the negative surface
charges and is strongly bounded to the structure in the
interlayer space (Meunier, 2003). Consequently, TI inte-
grated in the interlayer space during mineral formation
may follow the same behavior as K in the environment
and should be difficult to remove in the environmental
physico-chemical conditions. In this study, no K was
extracted by cationic exchange with Cs (0.1 M) in order
to quantify the exchangeable cations on the homo-ionic
conditioned clay minerals. K stays strongly bounded in
the illite interlayer space. However, original Tl is released
from pre-conditioned homo-ionic illite and smectite, placed
in 1072 M CaCl, and NaCl solutions at pH 7 after 6 days
(blanks tests, Section 2.3). This TI release indicates that
original Tl is exchangeable, contrary to K. This residual
and original Tl was not removed by the pre-conditioning
step, suggesting its location was the interlayer space, as
K. However, this Tl seems time dependent to diffuse out
from the interlayer space, whereas K stays bound inside.
Fuller et al. (2015), Comans and Hockley (1992) suggested
that K/Cs exchange in the interlayer space result to an irre-
versible sorption process due to an interlayer collapse of
weathered illites (Fuller et al., 2015) and a slow kinetic pro-
cess. In our case, no collapse and saturation of the low
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capacity and high selectivity sites (assimilated to frayed
edge sites- FES- in the literature) by only Tl are achieved
at highest TI concentration carried out at pH ~ 7. In this
later condition, the 2.5 - 107 mole of introduced TI may
compensate the 2.5 - 107® mole of available X, or X sites.
However, only 8.7 - 108 mole of Tl is adsorbed, suggesting
that other cations (Ca>" or Na® and H") are involved to
reach the complete X, or X, saturation. Moreover, all
experimental conditions verify the sorption reversibility.
Consequently, TI" remains removable from sorption sites
and specifically from the low capacity and high selectivity
sites.

Bradbury and Baeyens (2000) and Missana et al. (2014b)
evidenced a strong depletion of Cs sorption on K- and
NHy-illite. The strongest competition between Cs and K
and NH4 mainly occurs at low Cs concentration and conse-
quently concerns the low capacity and high selectivity sites.
Log K4 of Cs on K- and NHy-illite remains almost steady
(Log K4 =2 log unit) between 10~° and 10*mol L™! Cs
concentration at equilibrium (I = 0.1 mol L™!). Affinities
for K and NHy on illite-FES are comparable (Bradbury
and Baeyens, 2000). On the contrary, K affinity for illite
is two hundred fifty time more than Na. In our study, TI
affinity on X, site is 10*™ higher than Na. Considering
both modeling approaches, T1 affinity tends to be higher
than K for low capacity and high selectivity sites on illite.
In a recent study, Wick et al. (2018) compiled and acquired
selectivity coefficient of Tl towards K, Ca, Na and NH4 on
homo-ionic illite and confirm this trend.

Nevertheless, thallium and potassium share some similar
behavior mostly due to close ionic radii (Shannon, 1976).
Classically, in soil solution or river water, K concentration
is ten-fold smaller than Ca®".Then, the competition
for site would increase with K in solution and less thallium
uptake is expected, as observed for cesium (Missana et al.,
2014a).

5.2.2. Comparison with other trace cations

TI(I) with its main dissolved species TI*, has a ionic radii
of 1.50 A, close to Rb (1.52 A) and Cs (1.67 A) (Shannon,
1976). Consequently, its behavior is often compared to
alkali metals (e.g. Prytulak et al., 2017). Over the three
cations, Tl is the one less sorbed on illite independently of
the background cations (Brouwer et al., 1983, Poinssot
et al., 1999; Missana et al., 2014b). For instance, in similar
conditions (trace concentrations and ionic strength at 0.01
M), cesium onto Na-illite shows log K4 varying between
~4.5 to ~5.0 Lkg™" as a function of pH (Poinssot et al.,
1999), one order of magnitude higher than thallium ones.
Then, alkali metals sorption onto illite can be ranked as fol-
low, Cs > Rb > TI. For smectite, observations are similar
and cesium sorption is larger than thallium (Missana
et al., 2014a; Wissocq et al., in press).

In the studied context, no chalcophile vs. lithophile
behavior (McGoldrick et al., 1979; Prytulak et al., 2017)
for Tl can be involved. Thallium behaves as expected for
cations with large ionic radii (Rb, Cs and K) and displays
weaker sorption interactions with the studied clay minerals.
Nonetheless, contrary to Cs (Comans and Hockley, 1992;
Fuller et al., 2015), Tl sorption on illite and smectite

remains reversible. Some study explained this irreversibility
by a dehydration of Cs in the anhydrous interlayer of illite
(Lee et al., 2017). Moreover, Cs sorption reversibility is
dependent on contact time and concentration (De Koning
and Comans, 2004). By comparison, Tl adsorbed on the
low capacity and high affinity site may preserve its hydra-
tion state. Then, at trace concentration in solution, TI
behavior seems to be driven by cationic exchange without
bounding in the interlayer space.

5.2.3. Comparison to other bearing phases

Thallium sorption onto illite and smectite was compared
to other data from laboratory experiments using pure min-
eral phases in simple electrolyte (here NaCl), extracted from
Bidoglio et al. (1993), Liu et al. (2011) and Casiot et al.
(2011). Figures are presented in SI (Figs. S4 and S5). Note
that ionic strengths are different for some phases, so thal-
lium uptake by illite and smectite is probably overestimated
(around one order of magnitude; Missana et al., 2014a;
Altmann et al., 2015) with respect to goethite, 3-MnO,, y-
Al,O3 and SiO, (Bidoglio et al., 1993). Nevertheless, it
appears that manganese (here 6-MnO,) oxides adsorb the
most TI(I), whereas silica adsorbs less. Aluminum oxides
could compete in controlling TI in solution with both illite
and smectite at alkaline pH (>10). Casiot et al., (2011) evi-
denced a weak thallium sorption to ferrihydrite that is sim-
ilar to smectite (same ionic strength) at pH > 7 (SI Fig. S95).
At near neutral (in natural waters conditions) and acidic
pH, thallium sorption is dominated first by manganese oxi-
des and then by clay minerals. Bearing phases could be
ranked as follow (order of decreasing sorption): 3-MnO,
> illite > smectite ~ ferrihydrite > y-Al,O5; ~ goethite >
SiO,.

Few studies have addressed TI(I) sorption processes,
mostly on manganese oxides and iron oxihydroxides
(Bidoglio et al., 1993; Lin and Nriagu, 1998; Casiot et al.,
2011; Peacock and Moon, 2012; Coup and Swedlund,
2015) so far. Nevertheless, Peacock and Moon (2012) iden-
tified two types of interaction depending on the bearing
phases. In presence of todorokite, triclinic birnessite and
ferrihydrite, TI(T) expressed as hydrated TI* (outer sphere
complexes), forms weak interactions with the reactive sites
of those minerals (Peacock and Moon, 2012). It is likely due
to TI(I) shell electron configuration and its large ionic radii
(Persson et al., 2002). On the contrary, when hexagonal bir-
nessite is present, TI(I) is oxidized in TI(IIT), which is then
strongly bound (inner sphere or tridentate complexes) at
the vacant octahedral sites of the minerals (Peacock and
Moon, 2012; Nielsen et al., 2013). This oxidation of thal-
lium seems to occur only at low dissolved T1 concentrations
(Nielsen et al., 2013) and is limited and replaced by TI(I)
adsorption at higher Tl concentration relevant in Tl pol-
luted area (Nielsen et al., 2013).

In our experiments, observed adsorption reversibility
evidences that thallium sorption onto clay minerals is dri-
ven by exchange reactions and consequently weak interac-
tions. This might exclude thallium adsorption via TI(I)
oxidation in TI(III) on reactive sites for instance. In conclu-
sion, this confirm thallium displays weak binding to clay
minerals, possibly due to simple exchange between
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hydrated cations but more data are necessary to perfectly
understand all processes involved here.

5.3. Implications for thallium mobility in the environment

Comparing with natural multi-component samples, only
few phases contribute strongly for controlling thallium sol-
ubility. For instance, up to our knowledge, no Tl adsorp-
tion onto aluminum oxides or even silica have been ever
observed in natural samples.

Various studies identified thallium associated with man-
ganese oxides and aluminosilicates as the main bearing
phases for thallium in soils (Tremel et al., 1997; Jacobson
et al.,, 2005a; Vanek et al., 2009, 2011, 2013; Voegelin
et al., 2015; Antic-Mladenovic et al., 2017). The present
study confirms that illite is an important bearing phase
for T1. Moreover, it seems thallium goes preferentially on
illite clays instead of smectite (Voegelin et al., 2015) which
is in accordance with the lower Tl affinity evidenced in this
study. However, in many studies where sequential extrac-
tions are used, thallium associated to aluminosilicates is
always assimilated to the residual fractions without
exchange capacity (Vanek et al, 2009, 2013; Gomez-
Gonzalez et al., 2015). It is assumed that thallium is either
in primary minerals such as micas or feldspar for instance
(Vanek et al., 2009; Gomez-Gonzalez et al., 2015) or substi-
tuted to K in illite interlayer space (Jacobson et al., 2005b;
Vanek et al., 2013; Voegelin et al., 2015). However, results
from the present study does not confirm the latest assump-
tion. Indeed, a total reversibility of the Tl sorption and a
release of T1 originally present in clay (both illite and smec-
tite) at pH 7 show a high exchange capacity for Tl. Diver-
gences between these results could be explain by both the
thallium origin and the experimental methods used. In the
present study, Tl is introduced as an anthropogenic con-
taminant whereas in soils studies, such as Voegelin et al.,
(2015), TI is incorporated into illite inherited (or newly
formed) from a Tl-rich bedrock during soil formation. Then
it questioned TI origin and geogenic processes responsible
of its enrichment in the parent material. It is known that
during hydrothermal alteration, thallium can be enriched
in K-rich minerals (Baker et al., 2010). Due to their ionic
radius, both Tl and K may be incorporated inside the crys-
tal lattice. On the contrary, when thallium is introduced in
free TI™ form in solution by anthropogenic activities, it
accesses solely to the reactive surface charges of minerals.

The exchangeable interactions between thallium and
clays suggest that in changing environmental conditions,
thallium could be released from bearing phases. This pro-
cess may contribute to the thallium bioavailability and
could explain the limited contribution of illite on thallium
trapping in several soils (Vanck et al., 2011). In a Tl-rich
soil, T1 uptake by illlite appears to be dominant over other
pedogenic phases such as Mn-oxides for instance (Voegelin
et al., 2015). The T1/Mn ratio is known to be determinant in
TI sorption onto manganese oxides. Tl excess saturates Mn
oxide sorption sites, which constrains its retention effect in
soils for instance (Peacock and Moon, 2012; Voegelin et al.,
2015). Due to higher Tl affinity for Mn oxides, TI is
expected to be trapped preferentially by those minerals.

Then, clays and especially illite, could have an important
role in controlling Tl uptake at high concentrations (i.e.
polluted soils, sediments or in acid mine drainage). In these
complex media, i.e. soil, the relative amounts of bearing
phases have to be considered to estimate their contribution
in the thallium fate.

The role of clay minerals in other environmental com-
partments is not clear due to lack of studies. In rivers, aque-
ous TI(I) species are mainly dissolved and the thallium
loaded in particulate matter seems limited (Law and
Turner, 2011). Nevertheless, in lake and river sediments,
we can assume that clay minerals are dominant bearing
phases and can be responsible for thallium output fluxes
from water column as in oceans (Rehkidmper and Nielsen,
2004). In estuarine conditions where particles are small
and often re-suspended, thallium seems mostly fixed on par-
ticles (Law and Turner, 2011). In this context, illite or smec-
tite, given their quick exchange kinetics with thallium
(roughly two days) could play an important role, especially
in freshwater where T1 seems to mostly be sorbed on parti-
cles (Turner et al., 2010).

6. SUMMARY AND CONCLUSIONS

Illite du Puy and Wyoming smectite were used in this
study to assess the sorption behavior of thallium as TI(I)
to clays. Batch experiments at a constant ionic strength of
0.01 mol L™! with various pH and TI concentration condi-
tions were performed. Nat or Ca®" were used as back-
ground cations for all experiments. Experimental results
were interpreted with the help of a multi-site ion exchanger
model. Our results showed that illite exhibits more affinity
for thallium than smectite. In both cases, independently
of the background electrolyte, Tl affinity for low capacity
and highly reactive sites were dominant in thallium uptake.
The exchange reversibility and weak interactions between
TI* and reactive clay sites suggested cation exchange as
dominant mechanism.

The role of clay minerals in thallium environmental
cycle is evident but more studies are needed to understand
all the mechanism involved. On one hand, more descrip-
tions of thallium interactions with clays in various environ-
ments such as lake, river and estuary sediments and
particulate matter would be interesting. New environmental
measurements will benefit from our database and modeling
approach and Tl-clay interactions will be modeled to gain a
better understanding of T1 behavior. A modeling approach
considering additivity of the bearing phases sorption prop-
erties in natural media will be useful to simulate the thal-
lium fate in diverse environments. In parallel, studies to
evidence the sorption mechanisms are important especially
concerning the type of bonding and the possible thallium
migration in interlayers of clay minerals. Finally, thallium
substitution of potassium is prevalent in geogenic processes
and is present in weathering products of various K-bearing
minerals. Thus, it would be interesting in the future to dis-
tinguish the source of thallium in illite, for instance, and to
know whether it was already present in the parent mineral
or thallium complex due to sub(surface) environmental
processes.
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TI(III) also has been observed in some aquatic environ-
ments (Campanella et al., 2017; Campanella et al., 2018)
but no information about its interactions with clay
minerals exists. It could be usefull to assess the potential
role of those minerals in TI(IIT) stability in natural waters
for instance.
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