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Highlights

- Reliable multisite ion-exchange model for Pb** and PbC1* on swelling clay minerals
- Preferential adsorption on clay minerals of PbC1* ion pairs compared to Pb**

- 226Ra/?!%Pb disequilibrium evidenced due to selective adsorption on smectite
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Abstract

In this study, new experimental data for the adsorption of lead onto a swelling clay mineral
with a tetrahedral charge (beidellite) at the ultratrace level (<107!° mol/L) are presented. The
data were interpreted using an ion-exchange multisite model that considers the sorption of
major cations (including H"), which always compete with trace elements for sorption onto
mineral surfaces in natural environments. The ability of the proposed model to predict
experimental Kq values under various conditions of ionic strength (fixed by NaCl solutions)
and aqueous cation compositions (including Pb*>" and PbCl") was tested. The proposed model
was applied to experimental data previously published for other types of swelling clay minerals,
and the results were compared with the results obtained using previously published models.
The preferential adsorption of chloride ion pairs, as well as the effect of the swelling clay crystal
chemistry on lead adsorption, were assessed. Finally, the selective adsorption behavior of **Ra
compared to >'°Pb was demonstrated, which has implications for the study of many

environmental processes using isotope partitioning.
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1. Introduction

238.235-series and 2*?Th disequilibria have been used for several decades in the field of
geosciences (see reviews made by (Broecker and Peng, 1982; Ivanovich and Harmon, 1992)
and references therein). Early decay chain isotopes (3332332341, 231pg, 234232.230.228Ty 226Ra) are
generally used for dating and highlighting geochemical processes (Grozeva et al., 2022; Milena-
Pérez et al., 2021; Vigier et al., 2001). For example, the use of end members of the U decay
chain, such as ?*°Ra (half-life 1600 y) and 2!°Pb (half-life 22.2 y), constrains shorter durations
of geological events, such as volcanic eruptions or coral growth (Berlo and Turner, 2010;
Ghaleb, 2009; Love et al., 2007; Mabit et al., 2014; Moore and Krishnaswami, 1972; Pickler et
al., 2012; Rihs et al., 2021; Wang et al., 2019). In this approach, the assumption is made that
geological systems are closed, leading to secular equilibrium between ??°Ra and 2!°Pb (i.e., their
activities are equal).

Hence, in applications such as dating of recent deposits using radionuclides as well as
radioactive waste disposal management, water resource assessment and remediation of mining
environments, it is important to understand and predict the mobility of lead at trace levels
(Kelebemang et al., 2017; Lacal et al., 2003; MacKenzie et al., 1998). In natural environments,
predicting the concentration of aqueous lead (i.e., Pb(Il)) in natural waters and its mobility is
challenging due to the many chemical processes in which this element is involved, such as: (i)
precipitation or coprecipitation in carbonates and in sulfate-bearing minerals when oxidizing
conditions prevail (Fu et al., 2020), (ii) precipitation in sulfide minerals in reducing conditions
(Fagbohungbe et al., 2017; Lacal et al., 2003), and (iii) adsorption/ion-exchange on clay
minerals (Tabelin et al., 2020; Uddin, 2017) and oxyhydroxides of Fe- Mn (Serpaud et al.,
1994). At high aqueous concentrations (>10°> M) under oxidized conditions (site-specific),
aqueous Pb(II) is controlled by carbonate and/or sulfate precipitation (Marani et al., 1995;
Orucoglu, et al., 2018). For lower concentrations, with undersaturation of the solution with
regard to pure lead phases, control is assured by coprecipitation in sulfates (Curti et al., 2010;
Hanor, 2000; Ram et al., 2021; Zhu et al., 2004) and adsorption/ion-exchange on soil or
sediment components (e.g., clays and Fe-Mn oxyhydroxides) (Hem, 1976).

Using radioactive tracers such as 2!°Pb at trace levels is also a way to study the ion-exchange
reactions (i.e., reversible adsorption) of Pb(Il) (by assuming no isotope fractionation), as the
total concentration used is far below the solubility of potential newly formed minerals. The
occurrence of >!°Pb in surface and subsurface environments may also be due to the presence of
uranium ore deposits or radioactive waste disposal. Except in the specific case of U-rich ores,

and even though secular equilibrium in the rock is reached (i.e., massic activities of all isotopes
3
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in a radioactive decay chain are equal), concentrations of >!°Pb, from the decay of 2**U, are at
trace levels in most of the natural rocks (typically <0.1 wt%). These low values lead to
extremely low aqueous concentrations of 2'°Pb in most of the natural waters in contact with
these rocks (<40 mBg/L, i.e., <107'® M) (Persson and Holm, 2011).

While many studies have been published on the geochemical reactivity of ?*Ra (Billon et
al., 2020; Bordelet et al., 2018; Langmuir and Riese, 1985; Lestini et al., 2019; Reiller and
Descostes, 2020; Reinoso-Maset and Ly, 2016; Robin et al., 2017; Sajih et al., 2014), the fate
of 2!%Pb is usually linked to the chemical properties of Pb element, at very low concentrations.
In most studies related to date geological processes, no chemical reactivity (or at least the same
chemical reactivity) is assumed for both elements (Pb(II) and Ra(II)) (Berlo and Turner, 2010;
Ghaleb, 2009; Love et al., 2007; Mabit et al., 2014; Moore and Krishnaswami, 1972; Pickler et
al., 2012). This last assumption has to be assessed especially because: (i) in oxidizing
conditions, Pb(Il) can easily form insoluble carbonate and sulfate minerals at high Pb aqueous
concentrations (10° M), while it is not the case for Ra(II), which is only radiogenic and then
presents only at very low concentrations in rocks or soils (usually <0.88 ppt) and in natural
waters (<10'> M) (Fesenko et al., 2014), and (ii) aqueous speciation of both elements is
generally significantly different in natural waters (Fesenko et al., 2014; Powell et al., 2009).
Indeed, for example, Ra(Il) is generally only present as Ra’>" and RaSO4 while Pb(Il) can
preferentially form aqueous complexes with anionic species such as CI (as PbCI" and PbClaag))
but also carbonate and sulfate, which are major inorganic anions in natural waters (Reiller and
Descostes, 2020; Robin et al., 2017).

Clay minerals are very common in all surface environments (such as sedimentary basins
and soils) (Meunier, 2005) and are well known, especially in swelling minerals (such as
smectite), to have high ion-exchange and adsorption properties (McBride, 1994; Pabalan and
Turner, 1996). Regarding Pb(II), several studies exist in the literature for smectites (Barbier et
al., 2000; Fernandes and Baeyens, 2019; Mbadcam et al., 2011; Mhamdi et al., 2013; Orucoglu
et al., 2018; Yin et al., 2018). Nevertheless, very few of them focused: (i) on very low
concentrations (<10°® M), which are representative of radiogenic Pb (such as ?!°Pb), and (ii) on
aqueous speciation with C1> which is a significant anion in most natural waters (Powell et al.,
2009) and may form metallic chloride complexes (MeCl") known to be easily adsorbed onto
swelling clay minerals (Charlet and Tournassat, 2005; Tertre et al., 2011a, 2011b; Tournassat
et al., 2004; Wang et al., 2015, among others). Moreover, no study is available relative to the
adsorption properties of both Ra(Il) and Pb(II) for the same clay mineral and obtained for

identical physicochemical conditions in a chloride medium (pH, ionic strength, presence of
4
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competitors), making it difficult to quantitatively predict the possible difference in adsorption
properties between the two elements on a given (and same) clay mineral.

Then, to assess: (i) the possible difference in the adsorption properties of Ra(Il) and Pb(II)
for a swelling clay mineral at low aqueous Pb concentrations (i.e., <10™'° M), and (ii) discuss
these results in the context of 2*Ra(1I)/>!°Pb(II) natural disequilibrium measurements, this
study will compare adsorption data previously published for Ra(Il) (Robin et al., 2017) with
those obtained in the present study for Pb(Il) for a Na-beideillite (i.e., a low charge swelling
clay). This clay mineral is commonly found in natural environments (Robin et al.,2020, 2015a;
Zhao et al., 2021), and its ion-exchange properties, based on multiple sites, for the main cations
of natural waters (i.e., Na*, K, Ca?>" and Mg®") are also well known (Robin et al., 2015b). This
last characteristic allows us to test its predictive capacity in several environmental conditions
(Ballini et al., 2020; Besangon et al., 2020; de Boissezon et al., 2020; Robin et al., 2020, 2017).
Note that both series of data were obtained using batch experiments in which both elements
were present at the same time, allowing us to prevent any physicochemical variations (pH, ionic
strength, temperature, etc.) that could make the comparisons difficult between the two series of
data. Pb(II) adsorption data, obtained as a function of pH for two NaCl concentrations, will be
reported and interpreted considering the previous ion-exchange model obtained for Ra(Il) and
major cations on the material used (Robin et al., 2017, 2015b), characterized by the same three
sorption sites for major and trace element (i.e. without adding a specific site for trace element
commonly named “site of low concentration but high affinity in some literature (de Boissezon
et al., 2020; Fernandes and Baeyens, 2019)”. Moreover, experimental data were interpreted by
taking into account aqueous speciation including chloride-lead complexes (especially PbCl”,
which can be adsorbed onto clay minerals (Wang et al., 2015). Data obtained for Pb(II) will
then be compared and discussed with previous data found in the literature, and the possible
different adsorption properties of the swelling clay for Ra(Il) and Pb(II) will be discussed in the
context to date geological mechanisms (via *?°Ra(II)/*!°Pb(I) natural disequilibrium

measurements).

2. Materials and methods

2.1. Smectite characterization

Experiments were performed with a dioctahedral smectite, referenced as a beidellite from
Silver City, Idaho, USA (SBId-1), having the following structural formula:
(Si7.15Al0.85)(Als 62Mgo.15F € 022)020(0H)aM 9 95 per unit cell (Gailhanou et al., 2012) and

issued from the Society Source Clay Repository (Department of Agronomy, Purdue University,
5
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West Lafayette, IN, USA). Size fractionation was performed on SBId-1 by centrifugation to
obtain a <0.3 pm size fraction to limit the possible presence of mineralogical impurities (minor
kaolinite and illite/smectite interstratified minerals, <5 wt%) before being dried at 60 °C.
Sorption sites were saturated with Na" using 3 M NaCl solution, followed by chloride removal
by dialysis before drying at 60 °C. The specific surface area (SSA) of external surfaces and the
total cation exchange capacity (CEC) are approximately 70 m?/g and 100 meq/100 g,

respectively (more information can be found in (Robin et al., 2017, 2015b).

2.2. Ion-exchange experiments

210pb adsorption and desorption experiments were performed at the same time as the **°Ra
experiments presented in Robin et al. (2017), which allows discussion of radioactive
disequilibrium. Experiments were performed as a function of pH with values adjusted by the
addition of HCI or NaOH to obtain a pH range from 2.2 to 7.3 at equilibrium. Experiments were
performed at two ionic strengths ([Cl]wt=0.11 M and 0.027 M fixed by NaCl solutions; [Cl]ot.
is the term used later in this study to discuss the ionic strengths effects). HCI and NaOH
additions were considered in the calculation of total Na" and CI" contents) with a solid/liquid
ratio of 2.78 g/L in 10 mL Nalgene™ centrifuge tubes. This solid solution ratio is commonly
used in literature (Fernandes and Baeyens, 2019; Orucoglu et al., 2018; Tertre et al., 2011a;
Robin et al., 2015b); using higher ratio would induce possible problem accessibility of solute
to the solid surface and a lower solid solution ratio could lead to higher analytical uncertainties
to quantify sorption. After equilibration for 2 days between the solid (SBId-1) and the NaCl
solutions, either 50 or 90 pL (£5 pL) of 13.0 kBg/mL 2'°Pb and 72.9 kBg/mL 2*?°Ra
(***Ra(NOs), solution, Isotope Products Laboratories, USA; the source concentration was
controlled by y-ray spectrometry) was added to each batch experiment. The initial measured
activity of 2!°Pb in the solution ranged from 60 to 135 Bg/mL, i.e., 1:107 to 2.3:10"1° M and
the one of 2*Ra from 300 to 700 Bq/mL, i.e., 4:10® to 8.5:10% M. After adding the lead solution,
the centrifuge tubes were continuously shaken using a mixing rotor for three days at room
temperature. The supernatant was subsequently recovered for pH and activity measurements at
equilibrium. To test the reversibility of 2'°Pb adsorption and then perform its desorption,
between 9 and 10 mL of the two [Cl]w:. solutions (0.027 M or 0.11 M) were added to the
remaining clay slurry in the centrifuge tubes, which were shaken for three days before new
collection of the supernatant for pH measurements and aqueous analysis. To assess the potential

dissolution of smectite during these experiments, especially under acidic conditions, aluminum
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concentrations were measured in the supernatants obtained after filtration at 0.1 um by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Thermo Scientific®
iCAP™ 6000 Series).

The activity of aqueous 2!°Pb remaining after both adsorption and desorption steps was
obtained by gamma ray spectrometric analysis using a coaxial-type germanium detector and
was measured by considering the 46.5 keV peak for direct measurement (see more details in

Robin et al. (2017) for the geometry used for these activity measurements).

Experimental Kq(ads) (adsorption step) was calculated according to Equation 1:

Ao—Aeq, x Vtot,

Kd(ads) = (1

Aeql mqg
where Kqads) 1s the distribution coefficient (mL/g) from the adsorption step, Ao (Bg/mL) is the

initial activity of 2!°Pb added to the batch, A,,. (Bq/mL) is the activity of 2'°Pb measured in the

eq:
supernatant at equilibrium (Bg/mL), Vi,;, (mL) is the volume of solution used for adsorption
experiments, and mq (g) is the mass of dry solid after dehydration at 105 °C.

For the desorption experiments, distribution coefficients (i.e., Kgges)) were calculated

according to Equation 2:

Arem—Aeq, % (Vtot, +Vrem) (2)

K =
d(des) Aeq2 mg

where Kqes) 1 the distribution coefficient (mL/g) from the desorption step, Arem is the activity
of 21°Pb remaining in the clay slurry (i.e., solid + remaining poral solution) after the adsorption
step (Bq/mL), and A,,, is the activity of *'°Pb measured in the supernatant at equilibrium after
the desorption step (Bg/mL). Viem is the volume of solution remaining in the clay slurry after
the adsorption step (mL), Vi, is the volume of solution added for the desorption step (mL),
and mgq (g) is the mass of dry solid after dehydration at 105 °C.

The error calculation is an important step for the comparison between experimental and
model data, and each K4 was associated with a minimum error value (AK4) calculated according

to the error propagation law (Barrante, 1974):

AKq = j(ﬂ)zxczieq F(r) <63 ©)

2
md-Aeq md-Aeq

where mq (g) is the same as that parameter defined in Equations 1 and 2. A; (Bq/mL) and V¢

(mL) are equal to Ao and Vi, respectively, in the case of Kg(ads) (see Equation 1; adsorption

step) and to Arem and to Vioe, + Viem, respectively, in the case of Kgqes) (see Equation 2;

7
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desorption step). Qai is the error associated with Aj: equal to 7 % when A=A, (same uncertainty
for each adsorption point), while error corresponds to uncertainty on Aeq when Ai=Arem (leading
then to different uncertainty for each desorption point). Note that this error calculation method
does not consider possible errors in the solid mass and solution volumes; this choice is
supported by the small contributions of these two errors (<1 %) in comparison to the errors of

activity.

2.3. Thermodynamic calculations and modeling

The approach adopted in this study to interpret lead sorption at various pH values is based
on a previous multisite model developed for the solid used here (<0.3 pm of SBId-1), which
accounts for the sorption of major cations of natural waters (Na*, K*, Mg?*, Ca?"), AI**, H" and
trace elements (Ra*") in Robin et al. (2017 and 2015b).

Experimental ion-exchange isotherms were interpreted using Phreeqc® software (Parkhurst
and Appelo, 1999) associated with the Lawrence Livermore National Laboratory (LLNL)
thermodynamic database (Johnson et al., 2000), including aqueous complexation constants for
Pb(II). To consider the possible aqueous complexation of Ra?’, the LLNL database was
augmented by the formation constants of complexes involving radium with chlorides,
carbonates, and hydroxyls, as proposed in the Prodata database 1.4 version, which was recently
developed (Reiller and Descostes, 2020) to predict water/rock interactions for mining
environments. For all simulated data, aqueous activity coefficients were calculated by using the
Debye Huckel law, and modeling was performed assuming an equilibrium of the aqueous phase
with atmospheric COx(g) (107 atm.).

The modeling used a multisite approach to fit the experimental data, in which the total CEC
of the material was divided into several types of reactive sites, implying that the heterogeneity
of the mineral surface properties could be considered (Ly et al., 1991; Reinoso-Maset and Ly,
2016; Tertre et al., 2009). As discussed in Robin et al. (2015b), the model developed on
beidellite was built with 3 types of reactive sites (>Xa, >Xb and >Xc), which can potentially be
attributed to interlayer sites (>Xa and >Xb) or external sites (>Xc) of the smectite particle.
These reactive sites constitute a set of parameters able to best fit the experimental isotherms
obtained for the exchange of major cations, including H" and AI** and Ra" (ultratrace element)
at the surface of the beidellite. In this study, the sorption constant characterizing the exchange
reaction of two cations (A and B) at each: (i) site on the solid surface was approximated using
a selectivity coefficient (K'ap) and calculated using the equivalent fraction convention (Gaines-

Thomas formalism) (Gaines and Thomas, 1953). More details of this modeling procedure can
8
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be found in Tertre et al. (2011a). Modeling performed in this study for the adsorption/desorption
of 21%Pb was done by considering the ion-exchange of major cations of natural waters (Na*,
Mg?*, Ca?*, K*), protons, A" and radium (Ra*") at the surface of SBId-1 beidellite previously
proposed by Robin et al. (2017, 2015b) (see selectivity coefficients and site concentrations used
in Table 1). Note that during the modeling of experimental data, aqueous phases were always
undersaturated with respect to Pb(Il)- and Ra(Il)-bearing phases (such as hydroxides, sulfates,
carbonates, chlorides and Fe-Mn oxyhydroxides) and amorphous silica, confirming that ion-

exchange reactions were likely to be the unique processes involved for these two elements.

Table 1. a) Site concentrations and associated logarithms of selectivity coefficients (Gaines-
Thomas convention) proposed by (Robin et al., 2015b) for five inorganic cations (Na*, K*,
Mg?*, Ca*" and AI*"), protons (H") and radium (Ra?") on SBId-1 beidellite. The total site
concentration was 100 meq/100 g. b) Logarithm of selectivity coefficients (Gaines-Thomas
convention) proposed in this study for Pb**/2Na” and PbCl"/Na" ion-exchange reactions to
interpret the lead-proton experimental isotherms obtained in 0.11 M and 0.027 M NaCl for the
SBId-1 beidellite. Selectivity coefficients are proposed for equations written as follows (case

Na*/Pb?* for the Xa site): Pb%* + 2NaXa = Pb(Xa), + 2Na™.

Beidellite (SBId-1)

2) (Robin et al., 2017, 2015b)
Site types >Xa >Xb >Xc

Site concentration (meq/100 g) 38 30 32
log Kna"'m) 0.1 1.7 5.5
log Kana /ca”h) 0.3 0.3 8
log Konavg® ™ 0.7 0.7 2
log Kona k") 0.2 0.2 2.5
log Kisna /ar’™) 0.64 064 0.64
log K(ana /Ra>") 1 1.4 2.2
b) Beidellite SBId-1 - this study

log Kona /e 0.6 1.8 3.7

log Kna /poct 2 24 45

3. Results and discussion

3.1. Experimental results

Figures 1A and 1B report the experimental Ky for Ra(Il) and Pb(II) versus pH for [Cl]to. of
0.027 M (Figure 1A) and 0.11 M (Figure 1B). Note that the data for both elements were
obtained for the same smectite (SBId-1), allowing us to compare their possible behavior.
Desorption data follow the same trend as the data of adsorption, suggesting that the process

9
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investigated is reversible for both elements. Under acidic conditions (i.e., pH<2.2), the K4 of
210pp is close to the Kq of 22°Ra, with values of approximately 10° L/kg considering error bars
for the two [Cl]ot. investigated. The Kq values of Ra(Il) and Pb(II) increase with pH irrespective
of [Cl]wt. tested, as expected for adsorption of cations on clay minerals (Benes et al., 1985;
Benes and Strejc, 1986; Fernandes and Baeyens, 2019; Robin et al., 2017; Orucoglu et al.,
2018). However, when pH>2.2, Ka(*'°Pb) is systematically higher than K4(*?Ra), showing that
the selectivity of 2!1°Pb is higher than the selectivity of 2°Ra for a given pH and [Cl]iot. values.
Moreover, for a given pH, the higher the Na concentration is (i.e. [Cl]«0.=0.11 M), the lower
the K4(>'°Pb) and K4(***Ra) are. Then, all these data indicate that (i) H" and Na* are competitors
of both Ra(Il) and Pb(Il) for adsorption on the smectite used, and that (ii) there is an ionic
strength effect on the adsorption of Pb(Il) on smectites, which can be attributed either to

competition with Na* or to a lower affinity of lead complexes on smectite.
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l o 1
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o Y S L— Ea

z 3 4 5 6 7 8 2 3 4 5 6 7 8
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.E E ]

pH pH
® Beidellite SBId-1 — adsorption — Pb (this study)
O Beidellite SBId-1 — desorption — Pb (this study)
B Beidellite SBId-1 — adsorption — Ra (Robin et al. (2017)}
O Beidellite SBId-1 — desorption — Ra (Robin et al. (2017)}

1E+1

Montmerillonite MX-80 {Orucoglu, et al. (2018))
B Montmorillonite Kunipia (Orucoglu, et al. (2018))
4 Montmoerillonite Swy-2 (Fermandes & Baeyens (2019))

Figure 1: Comparison between Kg measured in this study for Pb(I) adsorption on SBId-1
beidellite with the values reported from the literature for Ra(Il) adsorption concomitantly on
the same material, for [Cl]w0t=0.027 M (A) and 0.11 M (B); and Pb(II) adsorption on
montmorillonite for similar total anion concentrations ([Cl]«¢=0.025-0.027 M (C); [Cl]1t=0.1-

10



287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302

303
304

[Clle=0.11 M

0.11 M (D)). All Kq values are expressed in L/kg and are reported as a function of pH. Open

and filled symbols are obtained from the desorption and adsorption steps, respectively.

Figures 1C and 1D compare Kq(*'°Pb) measured for Pb(Il) in this study for SBId-1,
characterized by tetrahedral charge, with the Pb(II) values reported in the literature for
montmorillonites characterized by octahedral charges. Figure 1C compares data obtained for
similar [Cl]¢wor. ranging from 0.025 to 0.027 M, while Figure 1D reports data obtained for similar
[Cl]tor. ranging from 0.1 to 0.11 M. Ka(*'°Pb) reported from the literature for montmorillonites
increases with increasing pH and decreasing Na" concentration. As discussed previously for
beidellite, such behavior is due to competition between Pb(Il), H" and Na* on adsorption sites.
However, due to experimental errors in Kg4, as well as possible variations in CEC, specific
surface area (SSA) and mineralogy between SBId-1 and montmorillonites used in the literature,
assessment of the possible crystal-chemistry effect (i.e., localization of the charge in the

smectite layers) of smectites on Kq(>'’Pb) values remains to be explored.

3.2. Modeling and associated inputs/outputs

A : Ra(Il) B : Ph{(IL)
100 T 100
75 ] 75
= ] L
s 4 4
x ] ]
? £ 50 ] £ 50 - \
R ]
g 25 . 25 . """"‘"‘"“‘“"""""'""'“'----..,.....-.
. P '/f
0 T R N N ey 0 e e et
2 3 4 5 6 7 8 2 3 4 S 7 8
pH B
10— 100 -
75 ] 75
2 50 250 {...
25 | 25
0 e e ) S S— —-sﬁ-?.—.j
2 3 4 5 6 7 8 2 3 4 5 6 7 8
pH P
— . Ra®* — RaCl - PbClF —— Pb* PbCl, — — PbOH* PbCO;

Figure 2: Comparison between aqueous speciation for Ra(Il) (A) and Pb(II) (B) calculated as a

function of pH and for the two total concentrations of chloride investigated in this study (i.e.,
11



305
306
307

308
309

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

[Cl]wt) and considering an equilibrium with pCO2(=10"" atm. See material and method for
the thermodynamic calculation. Species contributing to less than 1 % of the total concentration

are not shown.

For the two [Cl]wt. investigated, aqueous speciation of Ra(Il) and Pb(II) are reported as a
function of pH in Figure 2A and 2B, respectively. Ra** is always the main Ra(Il) species
irrespective of the pH and [Cl]iwt. values, and the contribution of RaCl" is always negligible
(<3 %). The contributions of other aqueous complexes, such as RaOH’, RaCOs, and
Ra(HCO3)" are also negligible (<0.01 %). In contrast, for pH values ranging from 2.2 to 8, Pb*"
is the dominant form for low [Cl]wt. (0.027 M), while a chloride complex (PbCl") is the main
species for high [Cl]w:. (0.11 M). Note, however, that other species contribute significantly to
the speciation of Pb(Il) at the two [Cl]wt. investigated (e.g., at 0.027 M. PbC1" can be present at
approximately 30 %, while the proportion of Pb?" can reach approximately 45 % at 0.11 M).
The contributions of PbCl,, PbOH" and PbCOj3 are always low for pH<7 (<11 %) under our
experimental conditions. Other complexes involving Pb(Il) (PbCls", PbCls*, Pb(OH),) are
always <0.9 % under our experimental conditions. Finally, note that sensitivity tests using
aqueous speciation calculations performed with Thermoddem (Blanc et al., 2012) and Prodata
(Reiller and Descostes, 2020) thermodynamic databases show Pb(II) speciation (with <6 % of
differences; see Figure S.I.1) similar to those obtained with the LLNL (see Figure S.I.1 for the
comparison).

Pb?" and PbCI" coexist as the main aqueous Pb(II) species for the two [Cl]i. investigated.
Then, the question arises whether both species, differing by their charge (monovalent for PbCl"
and divalent for Pb*"), are involved in Pb(I) sorption. This factor can be assessed by using a
method previously proposed by Reinoso-Maset and Ly (2016) to study the sorption of metallic
cations, such as Pb(II), that can be present as free divalent cations (Pb*") and hydroxylated
complexes with a lower valence (such as PbOH"). The method considered two parameters, X
and Y, specific to each experimental point. X is relative to aqueous measured concentrations
(pH and Na"; see Equation 5) of main competitors of lead for adsorption onto the solid surface,
while Y takes into account experimental Kq, aqueous measured concentration of Pb(Il) and pH,
and computed Pb(I) aqueous speciation (see Equation 6). In the present study, this formalism
was adapted to a chloride system to assess the role of Pb?>" and PbCl" in the Pb(II) sorption
process. Then, for an aqueous system including H”, electrolyte cations (e.g., Na") and Pb(II)

present as different species (Pb>", PbCI"), two parameters (i.e., X and Y) can be defined:
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= log (Yat Na']
X =log <YH+ [H+]) (%)

Y=longM+log[[m—Pb]T—log(yPﬂx : ) (6)

210pp2+] Yo+ [HY

in which yyq+ and yy+ are the molar activity coefficients of the ionic species and Ky, is the
measured experimental Kq (in L/kg) as defined in Equations 1 and 2 for the adsorption and
desorption steps, respectively, in this study. [ ] is the concentration of the aqueous species (in
M): [>'°Pb]r was calculated by considering aqueous measured Pb activities; [H'] is related to
the measured pH; [Na'] is related to Na* concentration; each [2!°Pb?"] used was calculated by
using aqueous speciation simulated by PhreeqC® specific to all experimental data obtained.

From the analysis of the slope of Y = f(X), Reinoso-Maset and Ly (2016) succeeded in
assessing the valence of the aqueous species that are adsorbed by considering that a slope equal
to -1 corresponds to the adsorption of a monovalent cation (as PbCl" in our case), and a slope
equal to -2 corresponds to adsorption of a divalent cation (Pb** here), as presented in Figure 3
for the two [Cl]w:. investigated. The slopes obtained are -1.56 and -1.48 for [Cl]wt. equal to
0.027 M and 0.11 M, respectively. This behavior suggests that adsorption of both divalent and
monovalent Pb(II) species (Pb*" and PbC1") probably occurs for both [Cl]st. conditions. These
results are in agreement with previous results showing the significant adsorption of chloride
complexes (such as PbCI") on clay minerals for similar [Cl]ior. (Charlet and Tournassat, 2005;
Tertre et al., 2011a, 2011b; Tournassat et al., 2004 ; Wang et al., 2015). Then, the adsorption

of both Pb*" and PbCI" will be considered in the modeling procedure of experimental Ka.

0
-1
,] S _
2 ‘¥ y=-1.48x+0.07
3 ] o R2=0.99
4 ] N — — — [Cl]y = 0.027M — model
B T ® [Cl],. =0.027M — experimental data
-5 *‘..EJ 0O  [Cl]it = 0.027M - experimental data desorption
64 y=-1.56x-024 @
- R2=0.99 o = = = [Cl]ies =0.11M — model
g ; m [Cllg = 0.11M — experimental data
_9 . O [Cl]le =0.11M - experimental data desorption
! '.
*10 T T rrrrrr[rrrrr[rrrrrrrr T T
0 1 6 7

Figure 3: Input and output of the sorption model. Experimental data (symbols) reported by using
the (X, Y) representation (see text for details) for [Cl]iot. equal to 0.027 M and 0.11 M, allowing
linear regression (dashed lines) of each of the two datasets to assess the valence of the adsorbed
species. Because the regression slopes are not integral numbers (such as 1 or 2), the assumption

that a minimum of two adsorbed species differing by their valence (e.g., one monovalent and
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one divalent) can be reasonably proposed as input parameters in the model (see text for more

explanations).

The maximum measured concentration for aqueous aluminum was obtained for pH ~2.2 and
was equal to approximately 5-10” M; note in addition that measurements were higher than the
quantification limits only for samples having pH <4. The value obtained for pH ~2.2
corresponded to a maximum percentage of dissolution of approximately 0.3 wt %, suggesting
that we can reasonably assume that the site concentrations are constant irrespective of the pH
range investigated here. Furthermore, note that interpretation of the Pb(II), H" and Na*
exchange was made by considering the aqueous aluminum concentration measured for each
specific pH and the 3Na"/AI*" selectivity coefficients (see Table 1 for values from the literature

data).
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376  Figure 4: Comparison between experimental K4 (in L/kg) as a function of pH obtained in this

377  study with the values calculated by considering the ion-exchange model proposed. Data are
378  reported for [Cllw. 0.027M (A) and 0.11 M (B). Modeled adsorbed Pb*" and PbCI*
379  contributions and total adsorbed Pb(II) are reported in (1), (i1) and (ii1), respectively (full lines).
380  The contributions of the three sites to the total concentrations of adsorbed Pb(II), calculated by
381  the model, are reported in the figures as dashed lines. For experimental data, open and filled
382  symbols are obtained from the desorption and adsorption steps, respectively.

15



383
384
385
386
387
388
389
390
391
392
393

394
395
396
397
398
399
400
401
402
403
404
405
406
407

By considering only the adsorption of Pb?*, the general shape of the experimental isotherms
was not correctly reproduced, while experimental data were better modeled by introducing
exchange of PbCl" (see comparison between experimental data and modeled data in Figure 4).
Thus, selectivity coefficient values involving Na®, Pb*" and PbCl* on each adsorption site (>Xa,
>Xb and >Xc) allow us to interpret the whole dataset (i.e., at the two [Cl]t. investigated) and
are reported in Table 1. Note that site concentrations are constant, with a distribution identical
to previous studies on major and trace elements (Robin et al., 2017, 2015b), and that only the

selectivity coefficient values were adjusted.

Table 2: Experimental conditions used in this study and in the literature to study the sorption of

Pb(II) on smectites.

CEC [Clltot.  Solid/liquid ratio  Pb(II)
Smectite References
(meq/100g) (M) (g/L) ™M)
Beidellite SBId-1 0.027
100 2.78 1071 This study
<0.3 pm 0.11
Montmorillonite 0.025 0.5
78 10 (Orucoglu et al., 2018)
Kunipia 0.1 1.01
Montmorillonite 0.025 0.5
78 106 (Orucoglu et al., 2018)
MX-80 0.1 1.01
Montmorillonite
87 0.1 1.1 10-10 (Fernandes and Baeyens, 2019)
Swy-2

Finally, the capability of the model proposed in this study to interpret experimental data
reported from the literature (Fernandes and Baeyens, 2019; Orucoglu et al., 2018) for the
sorption of Pb(Il) on different smectites was tested. For these modeling procedures, the total
concentrations of Pb(II) and CEC proposed by the authors were used for the calculations (see
Table 2). The same distribution of the three sites include in the model (>Xa, >Xb and >Xc) that
those proposed in this study for beidellite were assumed to simulate literature data. First, Figure
5 compares: experimental data reported by (Fernandes and Baeyens, 2019) for sorption of
ultratrace Pb(II) (see Table 2) on the Swy-2 montmorillonite obtained as a function of pH for a
[Cl]tot=0.1 M, with those predicted here with the model proposed. A good agreement can be
observed between the two data sets. This shows the rather good capacity of our model, based
on three major sites and considering the competition between Pb(II) (i.e., Pb*" and PbCI"), AI**,
H* and Na" species, to reproduce experimental data from the literature obtained with other

smectites (montmorillonite). Figure 5B and 5C compare prediction with experimental data
16



408  reported by Orucoglu et al. (2018) for sorption of trace Pb(Il) (see Table 2) on Kunipia and
409  MX-80 (materials rich in montmorillonite) for different [Cl]w:. In these cases, shapes of the
410  experimental dataset are rather well reproduced as a function of pH for the different conditions
411  investigated. However, the predicted data systematically overestimate the experimental data
412 even though the CEC proposed by the authors was used as input for the calculations, suggesting
413  that parameters other than CEC can be at the origin of these discrepancies, such as: (i)
414  differences in the total Pb(II) aqueous initial concentration (10'/1071° M vs 10"® M) inducing
415  potential site saturation and/or precipitation, and (ii) the presence or absence of other major
416  (from mineral dissolution at lower pH) or trace competitors inherent to work with natural clays

417  (as divalent metals) for sorption sites.

418
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419  Figure 5 : Comparison between experimental Kq reported from literature (A. Fernandes and
420  Baeyens (2019) and B. and C. Orucoglu et al., 2018; symbols) for adsorption of Pb(II) on
421  swelling clay rich materials with those predicted by the ion-exchange model proposed in this
422 study (see Table 1; line). Open symbols correspond to [Cl]t=0.025 M and filled correspond to
423 [Cl]t0t=0.1 M.

424  For the predictions, the total concentrations of sites proposed by the authors equal to 87
425  meq/100 g for Swy-2 (Fernandes and Baeyens (2019)) and 78 meq/100 g for MX-80 and
426  Kunipia (Fernandes and Baeyens, 2019) (Table 2) have been taken into account, and were
427  distributed between the three sites proposed in the model. The same selectivity coefficients
428  between montmorillonite and beidellite were considered to assess the validity of the proposed
429  model to other swelling clay than beidellite.

430
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3.3. Implication for **°Ra(11)/*'’Pb(I1) disequilibrium in natural environments
Since the 22°Ra and 2!°Pb adsorption experiments on the swelling clay were performed at the
same time in a single set of batch experiments, performing a direct comparison of the behavior
of Ra(II) and Pb(Il) is relevant. As the ?>Ra/?!°Pb ratio is used in many environmental and
dating applications, knowing if ion exchange reactions in a wide range of waters physico-
chemical conditions (pH from 2.2 to 7.3 and ionic strengths of 0.027 M and 0.11 M) may have
an effect on the two isotopes distribution between solid and solution is of prime interest. Thus,
the aqueous ratios of activities of *°Ra and 2!°Pb measured at thermodynamic equilibrium of
the exchange reaction, normalized to the ratio of initial activities of both elements, allowing to
discuss their relative behavior with respect to adsorption at the smectite surface, are reported as

a function of pH for two ionic in Figure 6.

® Mesured (at equilibrium) aqueous ratio O Mesured (at equilibrium) aqueous ratio - desorption

Figure 6: Aqueous ratio of activities of **Ra and 2'°Pb measured at equilibrium (Aeq
corresponding to Aeqi and Aeq2 for the adsorption step (Equation 1) and the desorption step
(Equation 2), respectively), normalized by the initial activity of both elements (A;
corresponding to Ao and Arem for the adsorption step (Equation 1) and the desorption step
(Equation 2), respectively). The data are plotted as a function of pH and for the two [Cl]t.
investigated (A: 0.027 M; B: 0.11 M). Open and filled symbols are obtained from the desorption

and adsorption steps, respectively.

Data show that the aqueous phase at equilibrium is systematically enriched in *?°Ra
compared to 2!'°Pb by comparison to the initial steps, suggesting a drastically different reactivity
between the 2 isotopes. Measurements of the concentrations or activity of 2!°Pb(II) and *2Ra(II)
are commonly performed in the literature to obtain natural radioactive disequilibrium values
and then to date geological mechanisms as hydrothermal deposits (Pickler et al., 2012) and to

age or determine the growth rate of marine organisms (Andrews et al., 2005; Sabatier et al.,
18
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2012). In a wider use, the “excess” of >!’Pb with regard to *Ra in soils and surface sediments
is used for tracing and dating purposes (Mabit et al., 2014). Indeed, these two isotopes are often
in disequilibrium with an excess of 2!°Pb due to aerial deposition of lead-bearing particles, the
lead originating from decay of >’Rn released in the atmosphere. In such contexts, systems are
often considered to be closed (or with constant flux regarding excess !°Pb), and the possible
difference of sorption behaviour of both radionuclides are rarely quantified (especially for the
same material) (Appleby and Oldfield, 1992; He and Walling, 1996; Porcelli and Swarzenski,
2003). Thus, in all these applications, the “differential” exchange between solid and solution of
radium and lead may interfere with the recorded signal from the U and Th decay series. For
instance, the quantity of 2!°Pb in excess with regard to 2*Ra for dating recent sedimentary
deposits or tracing soil erosion processes can be miscalculated, as if, as in the experiments
presented here, the radium is preferentially released in solution compared to lead during solid-
solution interactions, leading to overestimation of lead-excess from aerial deposition. Indeed,
the data reported in this study are obtained on the same smectite for these two radionuclides,
which allows a direct comparison to discuss the possible difference in behavior between these
two isotopes. The data (Figure 1A and B) showed that the K4 of 2!°Pb measured on the smectite
used was higher than the Kq of ?*Ra for a given physicochemical condition (pH, [Cl]wt,
solid/solution ratio). The same data using the ratio between aqueous ***Ra and 2!°Pb activity
measured at equilibrium are plotted in Figure 6 as a function of pH for the two [Cl]wt. 2*°Ra
aqueous activity is systematically higher than that of 2!°Pb, in relation to the lower selectivity
of Ra(Il) over that of Pb(Il). These natural radioactive disequilibria increase drastically with
pH, up to a factor of 9, over the pH range of 2.2 to 7.3 and for two ionic strengths ([Cl]cr. 0.027
M and 0.11 M). These results could be considered in the future to date geological processes,
such as those that may occur in slightly acidic and low carbonate surface or subsurface
environments (e.g., acidic soils representing more than 50 % of European soils or surface
sediments of catchments with crystalline bedrock) an also in slightly basic pH or high salinity

condition as in sea water (i.e., pH=8.2 at 0.5 M for [Cl]o.).

Concluding remarks and perspectives

Experimental data relative to Pb(II) ion-exchange at the ultratrace scale (<10°'° mol/L) were
obtained on a swelling clay characterized by a tetrahedral charge (beidellite) as a function of
pH and for two ionic strengths fixed by NaCl solutions (0.027 and 0.11 M). These data were
interpreted by considering aqueous speciation involving Pb*" and ion pairs (as PbCI* in our

case) and a previous ion-exchange model based on three adsorption sites without specific site
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for traces elements, including competition with Na®, H" and AI** cations. The proposed model,
based only on three major sites, is able to correctly reproduce the whole dataset for which Pb(II)
is adsorbed at the ultratrace scale, as well as previously published data obtained with another
swelling clay (i.e., montmorillonite characterized by an octahedral charge). From these results,
considering the approach used, no evidence of the localization of the structural charge
(tetrahedral vs octahedral) on the adsorption of Pb(II) on low charged swelling clay was
established.

Data acquired with 2!°Pb in this study were obtained on the same swelling clay and during
the same experiments as those used for a previous study devoted to 2*°Ra, allowing discussion
without ambiguity of the possible contrast of reactivity between both elements. The results
showed that Pb(II) adsorption is preferentially adsorbed over Ra(Il) in the physicochemical
conditions tested; such contrasting behavior should be considered in the future for geological

dating by radioactive disequilibrium (**Ra(II)/>!°Pb(II)).
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Supplementary Information

Figure S.I.1 reports a comparison of aqueous speciation calculations performed for Pb(II) with
three different thermodynamic databases (i.e., LLNL (Johnson et al., 2000), Thermoddem
(Blanc et al., 2012) and Prodata (Reiller and Descostes, 2020)), and the data are plotted as a
function of pH for the two [Cl]w:. tested. Species contributing less than 1 % of the total

concentration are not shown.

Figure captions

Figure 1: Comparison between Kq measured in this study for Pb(Il) adsorption on SBId-1
beidellite with the values reported from the literature for Ra(Il) adsorption concomitantly on
the same material, for [Cl]wt=0.027 M (A) and 0.11 M (B); and Pb(II) adsorption on
montmorillonite for similar total anion concentrations ([Cl]«:=0.025-0.027 M (C); [Cl]tt=0.1-
0.11 M (D)). All Kq values are expressed in L/kg and are reported as a function of pH. Open

and filled symbols are obtained from the desorption and adsorption steps, respectively.
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Figure 2: Comparison between aqueous speciation for Ra(Il) (A) and Pb(II) (B) calculated as a
function of pH and for the two total concentrations of chloride investigated in this study (i.e.,
[Cl]wt) and considering an equilibrium with pCO2=10"" atm. See material and method for
the thermodynamic calculation. Species contributing to less than 1 % of the total concentration

are not shown.

Figure 3: Input and output of the sorption model. Experimental data (symbols) reported by using
the (X, Y) representation (see text for details) for [Cl]iwr. equal to 0.027 M and 0.11 M, allowing
linear regression (dashed lines) of each of the two datasets to assess the valence of the adsorbed
species. Because the regression slopes are not integral numbers (such as 1 or 2), the assumption
that a minimum of two adsorbed species differing by their valence (e.g., one monovalent and
one divalent) can be reasonably proposed as input parameters in the model (see text for more

explanations).

Figure 4: Comparison between experimental Kq (in L/kg) as a function of pH obtained in this
study with the values calculated by considering the ion-exchange model proposed. Data are
reported for [Cllwr 0.027M (A) and 0.11 M (B). Modeled adsorbed Pb** and PbCl"
contributions and total adsorbed Pb(II) are reported in (1), (i1) and (iii), respectively (full lines).

Figure 5: Comparison between experimental Kq reported from literature (A. Fernandes and
Baeyens (2019) and B. and C. Orucoglu et al., 2018; symbols) for adsorption of Pb(II) on
swelling clay rich materials with those predicted by the ion-exchange model proposed in this
study (see Table 1; line). Open symbols correspond to [Cl]i:.=0.025 M and filled correspond to
[Cltt=0.1 M.

For the predictions, the total concentrations of sites proposed by the authors equal to 87
meq/100 g for Swy-2 (Fernandes and Baeyens (2019)) and 78 meq/100 g for MX-80 and
Kunipia (Fernandes and Baeyens, 2019) (Table 2) have been taken into account, and were
distributed between the three sites proposed in the model. The same selectivity coefficients
between montmorillonite and beidellite were considered to assess the validity of the proposed

model to other swelling clay than beidellite.

Figure 6: Aqueous ratio of activities of ?*Ra and 2'°Pb measured at equilibrium (Aeq

corresponding to Aeqi and Aeq2 for the adsorption step (Equation 1) and the desorption step
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(Equation 2), respectively), normalized by the initial activity of both elements (A;
corresponding to Ao and Arem for the adsorption step (Equation 1) and the desorption step
(Equation 2), respectively). The data are plotted as a function of pH and for the two [Cl]t.
investigated (A: 0.027 M; B: 0.11 M). Open and filled symbols are obtained from the desorption

and adsorption steps, respectively.

Table captions

Table 1. a) Site concentrations and associated logarithms of selectivity coefficients (Gaines-
Thomas convention) proposed by (Robin et al., 2015b) for five inorganic cations (Na*, K,
Mg?*, Ca*" and AI’"), protons (H") and radium (Ra*") on SBId-1 beidellite. The total site
concentration was 100 meq/100 g. b) Logarithm of selectivity coefficients (Gaines-Thomas
convention) proposed in this study for Pb**/2Na* and PbCI"/Na* ion-exchange reactions to
interpret the lead-proton experimental isotherms obtained in 0.11 M and 0.027 M NaCl for the
SBId-1 beidellite.

Table 2: Experimental conditions used in this study and in the literature to study the sorption of

Pb(II) on smectites.
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