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ABSTRACT

In case of nuclear accident, °Sr and 134137Cs are major radionuclides to account. In previous

works (Appl. Geochem. 87, 167; ibid 93, 167), a database of ion-exchange parameters allowing

the description of the Sr2+ and Cs* adsorption on purified illite and smectite was developed for
a multi-site ion-exchange (MSIE) model. In this study, the adsorption behaviours of Sr?* and Cs*
were obtained with <150 pum fractions of French soil samples: a cambisol fluvic, a calcosol, and
a cambisol typic. The <2 pum fractions of the soil samples were analysed by X-ray diffraction to
estimate their clay minerals proportions that were then approximated to an illite/smectite
mixture, in consistency with the CEC of the <150 um fractions. The database was implemented
with K-illite and -smectite parameters to account for the amendment of K* in agricultural soils.
The isotherms of Sr2* and Cs* on the three soils — at 0.033 mol kgw! CaClz (I = 0.1 mol kgw1)
and at the pH value of the water equilibrated with the soils — were then compared with
simulations obtained using ion-exchange parameters from the database for the MSIE model.

This simulation approach, based on the additive adsorption properties between several
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reactive phases, allowed to describe satisfactorily the adsorption of Sr2* and Cs* in most cases.
In order to highlight the limiting parameters of the modelling predictive ability, different
treatments were made on soil samples. The removal of the natural organic matter did not
change significantly the adsorption behaviour of either Sr?*+ or Cs*. The removal of the
exchangeable aluminium from the cambisol typic allowed a better simulation of the adsorption
isotherm in the case of Sr2+. Finally, in the case of the calcosol, the satisfactory modelling of the
decrease in adsorption of Sr and Cs using a synthetic CaClz pore water with increasing
concentrations of KNO3 allowed to verify the robustness of the MSIE model and exchange

parameters from the database.

1 INTRODUCTION

Nuclear accident at the Fukushima-Daiichi Power Plant, after the Great Tohoku earthquake and

tsunami on 11 March 2011 (Hayes et al., 2017), led to the release of a significant amount of

radionuclides in the surrounding environment, out of which 137Cs and °°Sr, two main daughters

of the fission of 235U (England and Rider, 1993), were identified as major contaminants (Kanda

2013; Kurokawa et al., 2020; Sahoo et al., 2016; Steinhauser et al., 2014; Tanaka et al., 2012).

In order to understand the aftermath of this event, but also of the Chernobyl accident in 1986

(Steinhauser et al., 2014), and of global nuclear fallout (Fujikawa et al., 1999; Larionova et al.,

2021; Snyder et al., 2012), the scientific community has enhanced the knowledge of the impact

and mobility of the two radionuclides in the environment (Bunzl et al., 1998; Durrant et al.,

2018; Fujikawa et al., 1999; Hou et al., 2003; Matsunaga et al., 1998). In France, 18 nuclear

power plants (58 reactors) are currently in operation and provide more than 60% of the

produced electricity (https://www.rte-france.com/). Therefore, the knowledge of the possible

consequences due to a comparable accident is crucial.


https://www.rte-france.com/

90Sr and 137Cs are well known to have a low mobility in soils (Han et al., 2016; Mishra et al.,

2016) due to their strong interactions with clay minerals (Adeleye et al., 1994; Baborova et al.,

2018; Durrant et al.,, 2018; Dyer et al., 2000; Sawhney, 1970; Semenkova et al., 2018), out of
which illite and vermiculite are known to be the most selective adsorbents for Cs* (Durrant et

al., 2018; Dzene et al., 2015). This high adsorption is due to the weak hydration energy of Cs*

(Marcus, 1985) and mainly attributed to the existence of low concentration high affinity sites,

usually referred as frayed edge sites (FES) on illite (Cornell, 1993; Sawhney, 1972). Sr2+ is also

significantly retained by clay minerals but has a lower affinity for specific high affinity sites

(Erten et al., 1988; GalamboS et al., 2013; Missana et al., 2008; Siroux et al., 2017a; Siroux et al.,

2018; Wissocq et al., 2018).

In soils, natural organic matter (NOM) also influences the adsorption of Cs*. The specific
interaction of Cs* with humic substances, extracted from NOM, is weak and comparable to, even
slightly lower than, the interaction of other alkaline metals, also due to the weak and chaotropic

hydration of Cs* (d’Orlyé and Reiller, 2012). It was evidenced that the NOM coating of clay

minerals tends to decrease the adsorption of Cs* (Dumat et al., 2000; Tashiro et al., 2018). The

removal of the initial NOM from soils also seemed to enhance the adsorption of Cs* (Dumat et

al., 1997); these effects were more important at low concentration of Cs (Dumat and Staunton,

1999). Staunton et al. (2002) proposed that NOM was fixed on the anion-exchange sites, mainly

at the particle edges and close to the FES, physically blocking the access to the adsorption sites
for Cs*. The effects of NOM on the adsorption of Sr2+ onto soils were scarcely studied. Samadfam
et al. (2000) have only evidenced a slight reduction of the adsorption of Sr?* onto a kaolinite

after addition of humic acid.

The adsorption of Sr2* and Cs* onto soils has been commonly interpreted with semi-empirical

approaches as the Langmuir or the Freundlich isotherms (Campbell and Davies, 1995; Goto et

al.,, 2008; Gutierrez and Fuentes, 1991). These approaches only permit a description of the
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adsorption under fixed physicochemical conditions, which prevent from extrapolating results

to other conditions. Different thermodynamic models, as surface complexation (Dzombak and

Morel, 1990; Karamalidis and Dzombak, 2010; Tournassat et al., 2018), and ionic exchange

modelling (Gaines and Thomas, 1953; Tournassat et al., 2009), have been proposed to improve

the knowledge and the description of the adsorption phenomena. Out of these thermodynamic
modelling, the multi-site ion-exchange (MSIE) model has been successfully used to interpret
the adsorption behaviour of multiple cations in various clays minerals and sediments (Jacquier

et al., 2004 ; Motellier et al., 2003 ; Reinoso-Maset and Ly, 2014; Savoye et al., 2015; Siroux et

al., 2017a; Siroux et al., 2018; Stammose et al., 1992; Tertre et al., 2009; Wissocg et al., 2018).

This model is designed to describe the adsorption at a macroscopic scale, and allows accounting
both for the competition between ions for adsorption sites and for the solution chemistry of the
elements — e.g, complexation and hydrolysis. By applying the MSIE model, it is possible to
describe an exchanger in two ways: (i) as a unique and specific phase; and (ii) through an

additive approach. Motellier et al. (2003) characterised directly the Callovo-Oxfordian

claystone in terms of site capacities and corrected selectivity coefficients of adsorbed species

activities with the MSIE modelling. Tertre et al. (2009) also used this principle for Zn mobility

in clayey sediments by considering clay minerals (i.e., soil and sediment) chemical reactivity to
the one of pure montmorillonite. Conversely, the additivity approach permits extrapolating the
modelling to various types of materials according to their clay minerals compositions — see

e.g. Durrant et al. (2018) and Siroux et al. (2018).

In this study, the predictive character of the modelling approach is based on the additivity of
the adsorption properties of reactive phases acting in the studied media. This method consists
in: (i) determining and quantifying the clay mineral proportions (compositions and amounts)
from soil samples; (ii) approximating the clay mineral proportions to an illite/smectite mixture

in agreement with the original characteristics of soils (mineralogical composition, CEC); and
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(iii) applying the model to simulate the adsorption of Cs* and Sr2* onto these soils. Savoye et al.

(2012) and Wissocq et al. (2018) used this principle to study the Cs mobility through the

Callovo-Oxfordian claystone and a clayey sandstone, respectively. Missana et al. (2014), using

the Gaines and Thomas (1953) formalism of the ion-exchange, have represented the adsorption

of Cs* on various soils and sediments according to their illite, smectite, and kaolinite

compositions. Zavarin et al. (2005) used an approach comparable to MSIE and showed the

predominance of illite adsorption properties for Cs compared to kaolinite and smectite
(montmorillonite). It can be noted that the equivalent H*/Na* exchange reactions on clays were

not accounted for in Durrant et al. (2018), when it was for calcite in Zavarin et al. (2005).

In France, the most common clay minerals encountered in soils are dominantly smectite, illite,
and kaolinite, and in a minor extent chlorite and vermiculite. Smectite and illite adsorption

properties have been recently studied applying the MSIE modelling by Siroux et al. (2017a),

Siroux et al. (2018), and Wissocq et al. (2018). The additive approach was tested by Siroux et

al. (2018) and Wissocq et al. (2018). Reinoso-Maset and Ly (2014) explored the exchange

properties of kaolinite (Na*/H*, K*/H*, Cs*/H*, Ca%*/H*, Mg2*/H*, Cl-/OH-, and Cl04/OH-), but

the behaviour of Sr2* was not included in the study. Ning et al. (2017) evidenced only one type

of site for the Sr?+ adsorption on an Na-kaolinite. Studies are missing in the literature

concerning chlorite.

The objective of this work is to provide an applicative and operational model capable to predict
the adsorption of Sr and Cs onto agricultural French soils, and give relevant information on the
mobility of these elements for the decision-making authorities. Knowing the complexity of a
soil, some assumptions must be made in order to consider first order phenomena. In this study,
the modelling through the additivity approach was examined to predict the adsorption of Cs*
and Sr2* onto three French agricultural soil samples. First, each soil sample was examined in

terms of the major clay minerals compositions, i.e., illite/smectite or illite/smectite/kaolinite.
-5.



Adsorption isotherms of Cs* and Sr2* were acquired in a large range of concentration on these
soil samples, and at the pH values measured for each soil equilibrated with pure water (pHwater),
and considering Ca%* as the major cation in the equilibrium solution. The experimental partition
coefficients (Rp) were compared to the ones obtained from simulations using MSIE modelling.
In order to improve these simulations the influence of NOM and exchangeable Al on the
adsorption was explored. The possible improvement on the simulations of the account of
kaolinite was also studied. Finally, the predictive capacity of the modelling was tested in

simplified synthetic waters that can be representative of a potassium-amended soil pore water.

2 MATERIALS AND METHODS

2.1 Soils samples

2.1.1 Sampling

Three French agricultural soil samples were collected near Pusignan (Rhone, F-69330) and

Etoile-sur-Rhéne (Drome, F-26800) from fields managed by ARVALIS (https://www.arvalis-

infos.fr), and near Herqueville (Manche, F-50440) from a field managed by ORANO (formerly

Areva, https://www.orano.group/en/orano-home). These soils were selected for their

representative character of the agricultural soil diversity surrounding the French nuclear sites.
These soils are classified as cambisol fluvic (Pusignan), cambisol typic (Herqueville), and
calcosol (Etoile-sur-Rhéne) according to the FAO nomenclature. The topsoil A horizon was

collected after removal of vegetation, air dried, and sieved at 2 mm.

2.1.2 Preparation

To avoid both coarse sand and gravels, and to optimize the soil aliquots homogeneity, the less
than 2 mm dry soil was dry-sieved at 150 um. First, experiments were made with these

untreated materials. For experiments on soils without NOM, soils samples were placed in H202
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15% and heated at 80°C under agitation until the mixtures stop bubbling. Samples were washed
first with Milli-Q water (Millipore, 18.2 MQ cm-1), then with ethanol. This operation was
repeated twice, then the organic carbon and nitrogen contents were analysed in an automatic
CHNS analyser (Thermofisher) after acidification of samples with 8% H3PO4. The removing of
dissolved Al in the cambisol typic was performed with several washings with 1 mol kgw? KCI
solution at pH value ca. 4. The extraction of dissolved Al was followed measuring the
concentrations of Al and Si in supernatants. Finally, the soils were rinsed with 0.1 mol kgw!

CaClz, then with ethanol.

2.1.3 Characterization

Grain-size fractionations were performed on untreated 2 mm soil samples by wet sieving and
sedimentation following the AFNOR NF X31-107 standard. Soil samples were divided into five
grain-size fractions: coarse sand (>200 pm), fine sand (200-50 pm), coarse silt (50-20 pm), fine

silt (20-2 um), and clay (<2 pm).

The organic matter (OM) was determined by the volatile loss at 550°C. The CaCOs3 concentration
was measured following the Bernard calcimetre method (AFNOR NF ISO 10693), and the
pHwater and pHkc measurements were performed following the standard French procedure NF

ISO 10390.

The cation-exchange capacities (CEC) and the exchangeable cations (Ca2*, Na*, K*, and Mg?+)
concentrations of the three soils were determined on the <2 mm soils by using the Metson
method (NF X31-130), and on the less than 150 pm soil sample by K*/Cs* exchange. Then, the
CEC was measured by extracting all exchangeable cations with a 0.1 mol kgw! KCl solution at
pH value ca. 10 (KOH) during one day to replace them by K*. Supernatant was removed and the
soil was washed with Milli-Q water, then with ethanol. The adsorbed K* was extracted with a

0.1 mol kgw? CsCl solution, and analysed by ICP-AES. To determine the exchangeable cations
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concentrations, soil samples were put in contact with a 0.1 mol kgw! CsCl solution during

3 days, then supernatants were removed and analysed by ICP-AES.

The CEC of the three soils was also determined on <2 pm soil fractions obtained by grain-size

fraction of the bulk soils (<2 mm). After a H202 treatment, CEC was measured with the MgCl2

method (Righi et al., 1993). It consists in saturating samples with MgClz, the excess of which is
removed with ethanol. Finally, Mg?+ are exchanged with NH4* and measured by atomic

absorption spectroscopy.

The mineralogical composition was estimated by X-ray Diffraction on untreated 2 mm soil
samples reduced in powder and on clay fractions prepared as air-dried deposits and deposits
saturated with ethylene glycol. The soils heated to 105 and 500°C were analysed by XRD. These
treatments were performed in order to refine the mineralogical analysis. Identification of

crystallized phases used the ClayXR software (Bouchet, 1992) and NEWMOD software

(Reynolds, 1985) for quantification. Quantification of the clay minerals in soils is based on the

quantification of clay minerals contained in the clay size-fraction (<2 pm) of soils after OM

removal.

2.2 Adsorption isotherm experiments

2.2.1 Chemicals reagents

The chemicals reagents used were of analytical grade or higher. Stable Sr solutions were
prepared from a SrCl2-6H20 salt (99.995% trace metals basis, Sigma Aldrich). Stable Cs
solutions were from CsCl (99.999% trace metals basis, Sigma Aldrich). 85Sr and 137Cs solutions

were obtained from Cerca LEA (https://www.orano.group/lea/fr, France). lonic strength was

fixed using CaCl2:4H20 salt (99.995% Suprapure, Merck). The potassium nitrate amendment

was simulated using KNO3 (= 99.0%, Sigma Aldrich).
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2.2.2 Batch experiments

All experiments were carried out by batch method at room temperature (22 + 2°C). They were
performed in 10 mL polycarbonate Nalgene centrifuge tube (3138-0010, Thermo Scientific). All

solutions and suspensions were prepared by weighing (om = 0.0005 mg).

Adsorption experiments were made with the <150 um fractions of soil samples. Amass 0of 0.35 g
of soils was placed in centrifuge tubes with 7 mL of electrolyte to obtain a 50 g L-1 S/L ratio. As
soils were mostly composed of exchangeable Ca?*, the electrolyte solutions were prepared
using a 0.033 mol kgw! CaClz, which is fixing the ionic strength to I = 0.1 mol kgw’. Soils were

equilibrated under agitation with the CaClz solution for 24 h (Siroux et al., 2017a; Siroux et al.,

2018). The pH values were controlled but not adjusted at this step. Stable SrClz, or CsCl, were
added in batches to reach an initial concentration range from 10- to 10-2 for Sr and 10-8 to 10-
2 mol kgw1 for Cs. Then, mixtures were spiked with 85Sr or 137Cs and left under agitation for two

or five days for Sr and Cs, respectively.

The influence of an addition of KNOs to the solution — simulating an amendment to an
agricultural soil — was done using slightly different conditions. From preliminary simulations

using the MSIE parameters in Siroux et al. (2017a) and Wissocq et al. (2018), a higher S/L ratio

of 0.25 kg L1 and lower CaClz concentrations of 1.5 and 2.5 mmol kgw! for Sr and Cs,
respectively, were chosen — the CaClz concentrations were not the same as the selectivity
coefficients are lower for Sr2+ and in order to be able to obtain measurable Rp changes. The

added KNOs concentrations were 1 or 2 mmol kgw1.

Suspensions were centrifuged (20,000 g during 45 min, 70.1 Ti Rotor, Optima LE-80R,
Beckman), the pH values were checked, and 1 mL of the supernatant was collected and counted

in gamma spectrometry.



The initial activities in the spiked experiments were determined using a blank procedure —
same protocol but without soil samples in batches. The partition coefficients Rp (L kg1) were
calculated using:
RD=<i—1>.K (D)
Ceq m
where Ci and Ceq are respectively the initial and equilibrium activities of Cs or Sr, V is the total

volume of solution (L), and m is the total dry mass of solid phase (kg).

The partition coefficient Ro was chosen instead of distribution coefficient (Kp) because the

reversibility of adsorption was not assessed.
2.2.3 Analytical methodology

The measurement of the aqueous concentrations of stable Sr, Na, Ca, K, Mg, Al, and Si were
carried out by ICP-AES (Activa, Horiba Jobin Yvon). Aliquots were diluted with 2% sub-boiling
HNO3 (DuoPur, Milestone) and measurements were made at 407.771 nm (Sr), 589.592 nm (Na),
317.933 nm (Ca), 766.490 nm (K), 273.553 nm (Mg), 167.020 and 396.152 nm (Al), and
212.412 nm (Si). The aqueous concentrations of Cs were measured by ICP-MS (Element 2,
Thermo Fisher Scientific). The activities of supernatant were determined after samplinga 1 mL
aliquot using a gamma counter (1480 Wizard 3, Perkin Elmer). The pH values were determined
with a combined microelectrode (pH InLab, Mettler Toledo) through a redetermination of the
Nernst plot of the electrode, and by calculating the pH value of the solutions from their
measured potentials (buffer solutions 4.01, 7.00, and 9.18; Merck). Uncertainties from the

linear regression are typically in the range of 0.05 pH-units.

-10 -



2.3 Modelling and implementation of the database

2.3.1 Multi-site ion-exchange model

The multi-site ion-exchange formalism has been developed elsewhere (Motellier et al., 2003;

Reinoso-Maset and Ly, 2014; Siroux et al., 2017a; Siroux et al., 2018; Wissocq et al., 2018), and

will only be recalled in the Supplementary Information.

The exchange equilibrium for the particular cases in this work are

(Smect;),, — M™* + mH* 2 m Smect; — HY + M™* (2).

for smectite sites Smect;’, and

(), — M™* + mH* 2 mIll; — H* + M™* (3).

for illite sites IlIj, respectively.

*'Xl

MM+ /gt A€ described as follows:

The corrected selectivity coefficients K

X, _ [Xi —HF|".[M™*] yyms

K. = .
M™t/mH* l(Xl_)m _ Mm+J- [H+]m ygl+

(4).

where Xi are the Smecti and Illi sites, [ | is the solution concentration (mol kg1 of water,
mol kgw1), [] is the adsorbed concentration (mol kg-! of solid), and y are the activity coefficient

of aqueous species.

The site capacity is equal to the sum of all the adsorbed species concentrations. In a general

notation, it is expressed as follows.

SC; = X7 —H*| + m|(X{)m — M™*] (5)
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2.3.2 Implementation of the database with K* exchange parameters on illite and

smectite

As a substantial amount of K will be added in one of the adsorption experiments (c.f. § 3.5), the
K*/H* selectivity coefficients have to be implemented to the database for Smect;” and IlI; sites.
The implementation strategy followed the principal steps presented in Siroux et al. (2017a;
2018): i) compilation of experimental results from the literature obtained on homo-ionic
exchanger; ii) simultaneously fitting the model to these experimental data using the MS Excel
Solver; and iii) determination of the uncertainties of the fitted parameters using the SolverAid

macro (De Levie, 2004).

Gaucher (1998) has studied the saturation of a purified K-bentonite at /= 0.02 mol L-1 (KCl) and

S/L=8g L1 (Fig. 1a), and of a K-illiteat/=0.02 mol L-1 (KCl) and S/L = 20 g L-1 (Fig. 1b). Missana
et al. (2014) have studied the adsorption at trace level of Cs onto K-illite. This latter study is
particularly interesting because it permits determining the behaviour of K* in the low

concentration site Illo. For the sake of consistency, the site capacities from Siroux et al. (2017a)

and Wissocq et al. (2018) in Table 1 have been used without further adjustment.

Gaucher (1998) proposed a CEC of 92.4 meq 100g! for the purified bentonite. However, it

appears that K* did not saturate the CEC. The adsorbed K*reached a maximum of 63 meq 100g"
Lin the pH range. Nevertheless, the simulation follows well the experimental data. The obtained

selectivity coefficients are shown in Table 1.

The experimental data in Fig.1 are represented together with the modelling and the
contribution of the different sites. The Illo site is not represented in Fig. 1b as its concentration

is very low (0.11 meq 100g1), and does not influence the K* saturation of the exchanger vs. pH.
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Fig. 1. Modelling of (a) the saturation of a bentonite with K+ vs. pH at constant I = 0.02

mol L1 (KCI) and solid/liquid ratio (S/L) of 8 gL from Gaucher (1998); (b) the

saturation of an illite with K+ vs. pH at constant I = 0.02 mol L-1 (KCI) and solid/liquid

ratio (S/L) of 20 gL from Gaucher (1998); (c) the adsorption isotherm of Cs* onto

K-illite at 1 = 0.1 mol L-1 (KCl), pH 7 and S/L = 2 g L-1 from Missana et al. (2014).
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In the case of K-bentonite, even though the obtained selectivity coefficients are showing
relatively low uncertainties, they could be questioned. The saturation curve does not reach the
announced CEC (92.4 meq 100g1) and its underestimation is probably caused by an incomplete
conditioning or difficulties in the experiment. Thus, the obtained corrected selectivity
coefficient from this saturation curve must be considered with caution. Despite these problems,
these values will be used in § 3.5 in order to test the predictive character of the both the

modelling and the exchange parameter database.

The adsorption isotherm of Cs onto K-illite is presented in Fig. 1c showing the importance of

[llo site at trace concentration of Cs. In our database, the CEC of illite is at 24.9 meq 100 g1 while

Missana et al. (2014) proposed a CEC of 19 meq 100g-1.

All experiments were fitted simultaneously in order to obtain a coherent database. The
selectivity coefficients obtained from these experiments are shown in Table 1. From the Cs*/H*

selectivity coefficients, and in order to compare with literature, the selectivity coefficient of

K*/Cs* exchange on the Illo site, logloKZEl/"Cs+, is calculated as follows,
* 111 111 111
logio( Ky, .+ )=loguo( Kyt o.. ) - logio(KZo . ) = 3.77 £ 1.00 (6)

which compares favourably with the one obtained by Missana et al. (2014), i.e. log( §KFES) =

4.00 £ 0.15.

2.3.3 Database

The exchange parameters (SCi and log1o(K;'[)f,i/N+)) needed to carry out the simulations of Sr

and Cs adsorption onto the soil samples were taken from Wissocq et al. (2018), where the

adsorption behaviour of Cs* and Sr2* were studied onto Ca-conditioned smectite and illite in

the MSIE formalism. As Ca2+ is the major exchangeable cation in all soil samples, it seems
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preferable to use the Ca-database instead of the Na-database proposed in Siroux et al. (2018).

All parameters used for simulations are recalled in Table 1.

The exchange parameters of major cations and Cs* onto an Na-kaolinite according to the MSIE

formalism were taken from Reinoso-Maset and Ly (2014). The authors reported the specific

*1

adsorption behaviour of Cs* at the lowest exchange capacity site Xs. The log1o(KC5is/H+) was

determined, but not the behaviour of Ca2+* on this site. We have assumed that Ca2* would also

saturate this binding site at whatever pH value and, consequently, the maximal value of

*Xg

Ca2*/2u+ = L

logw(KE’;{L/ZHJ,) was supposed to be nil —i.e., K

Experimental results on adsorption of Sr2* onto kaolinite are particularly scarce in the
literature. Samadfam et al. (2000) worked with an unconditioned kaolinite and did not specify

its purity. Ning et al. (2017) studied the adsorption of Sr2* onto an Na-kaolinite and obtained

Kb between 600 and 40,000 L kg1 (or mL g1), i.e. log10Kp between 2.8 and 4.6 at ionic strength

between 10 and 0.1 mmol L-1 NaCl and pH 4. The effect of pH was only studied at two pH values,

and thus cannot be verified. Rafferty et al. (1981) studied the adsorption of Sr?* onto an

Na-kaolinite at different ionic strength fixed by sodium acetate at only at pH 5. Neglecting the
possible difference in behaviour of Sr2* onto Na- or Ca-kaolinite, the logioRp is low enough —
at/=0.1mol L1, log10oRp ca. 1.6 at pH 7 compared to logioRp = 2.1 for smectite at/ = 0.1 mol kgw

1 (Siroux et al., 2017a) and logioRp = 1.8 for illite (Poinssot et al., 1999b) — that the adsorption

of Sr2+ onto soils should not be significantly influenced by kaolinite and thus will not be further

considered in the database for an operational modelling.
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Table 1. Site capacities and selectivity coefficients used in this study.

Mineral Site Site capactity Selectivity Selectivity References
(meq 100g1) coefficient coefficient
value
Illite Illo 0.1 loglOKC:21+/2H+ 0.40+£1.98 Wissocqg et al. (2018)
logio K5r2+/21-1+ -1.70 £ 1.82 Wissocqg et al. (2018)
longCLll/l-ﬁ -5.68 + 1.00 Wissocg et al. (2018)
10g10}(K‘+1;H+ -1.91+£0.12 Present work
1l 13108 10g10KC32+/2H+ 2.17 £0.07 Wissocq et al. (2018)
logio K5r2+/2H+ 2.43 £ 0.64 Wissocg et al. (2018)
10g10}(c;1+11/“+ -0.85+0.51 Wissocg et al. (2018)
10g10KK‘+“/H+ 0.70£0.12 Present work
112 43+0.8 10g10}(caz+/2ﬂ+ 4.31+0.22 Wissocg et al. (2018)
logio K5r2+/21-1+ 3.68 £ 0.37 Wissocg et al. (2018)
l°g1°Kc5+/H+ >4.9a Wissocg et al. (2018)
10g10K:<EI/2,1+ 432+0.18 Present work
I3 7.4 +1.5 10g10}(caz+/2ﬂ+ 11.74 £ 0.20 Wissocg et al. (2018)
logio K5r2+/21-1+ 11.25+0.71 Wissocg et al. (2018)
10g10KCLE/H+ >13.82 Wissocg etal. (2018)
10g10Kl*<‘+113l_l+ 7.98 £ 0.27 Present work
Smectite Smecto 0.01 10g10}(::‘:;'}f;;13+ -1.46 + 0.58 Wissocg et al. (2018)
log1o K;’szj;;u - Wissocq et al. (2018)
10g10KZSS+“}‘;Cf° -3.85+0.27 Wissocqg et al. (2018)
10g10K;('f‘;‘:ft° - Wissocqg et al. (2018)
Smecty 38.7 +3.80 10g10KZ§?}re/;:+ 0.49 £ 0.49 Wissocq et al. (2018)
loguo KSeCt, 0.31+0.03 Wissocq et al. (2018)
10g101(2:+“};°+‘1 -0.65 + 0.08 Wissocg et al. (2018)
10g10}(;‘(‘§'/“:ft1 -0.06 +0.12 Present work
Smect; 36.1 +6.8b 10g10K’g:2“1‘;C;l_21+ 4.35+0.03 Wissocq et al. (2018)
log1o K’é?{(‘jiﬂ 4.47 £ 0.09 Wissocg et al. (2018)
10g10K’(‘5551‘}‘:§2 >7.82 Wissocqg et al. (2018)
10g10K;‘('§‘;‘:ft2 10.26 £ 0.14 Present work
Smects 13.9 £9.8> 10g10}(::':?19/c2t;+ 14.84 + 0.06 Wissocg et al. (2018)
logio K;;‘{(‘;;E 14.78 £ 0.22 Wissocq et al. (2018)
longZ:f};CP >13.52 Wissocqg et al. (2018)
10g10}(;<'§m:ft3 2.39+£0.22 Present work
Kaolinite Xs 8.2.103 10g10KCaz+/2H+ <0 Reinoso-Maset and Ly (2014)
1°g1°KcS+/H+ -2904 £ 0.001  Reinoso-Maset and Ly (2014)
Y;:0H 1.08+0.01 10g101(2:21?/"2'“+ 0.329£0.083  Reinoso-Maset and Ly (2014)
10g10}(z:,};)ﬂ”+ -0.10 £ 0.02 Reinoso-Maset and Ly (2014)
Y.0OH 1.90 £ 0.01 lngKE:ZZ?/l-zlm 2.71+0.01 Reinoso-Maset and Ly (2014)
logioK Y2 s 3.62+0.01 Reinoso-Maset and Ly (2014)

a.  Upper limit values as very high uncertainties were attributed to several selectivity coefficients of caesium. These uncertainties were
explained by the absence of fitting constraints (Wissocq et al., 2018) — these adsorption sites were not useful to model the experimental
isotherms. Nonetheless, as the adsorption of Cs* onto soils is generally driven by high affinity sites of illite, these adsorption sites should
have a minimal influence on the adsorption behaviours.

Value from Siroux et al. (2017a).

c.  Guessed value. See text for details.
Concerning chlorite, no adsorption studies are reported in the literature. Given its low cation-
exchange capacity — 10-40 meq 100g! (Yong et al., 2012) —, and the lack of knowledge of any

specific behaviour for Cs* or Sr?*, chlorite was neglected in the following.
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3 RESULTS & DISCUSSION

3.1 Characterization of soil samples

Granulometric analyses, organic matter (OM) content, organic carbon and nitrogen
concentrations, pHwater and pHkci, and CaCO3 concentration of soils are reported in Table 2. All

the samples showed a comparable percentage of fine particles (0-2 pm) referenced as clays.

Table 2. Granulometric analyses, natural organic matter (NOM), organic carbon (Corg),

nitrogen, pHwater and pHka, and CaCO3 composition of soil samples (<2 mm).

Depth Clay Fine Coarse Fine sand Coarse oM pHuwater pHka CaCOs3
(%) silt silt (%) sand
(%) (%) (%)
cm 0-2 2-20 20-50 50-200 200-2000 g100g! g100g!
pum pm pm pm pm
Cambisol
fluvic 0-30 16.5 19.5 16.7 18.4 28.9 4.39 6.9 7.1 3.5
Calcosol 0-20 18.2 13.8 335 27.3 7.2 2.03 7.5 7.4 4.9
Cambisol
typic 0-14 13.1 18.9 35.2 21.0 11.8 4.94 5.5 4.7 1.4

The CEC of the less than 150 pm and 2 mm fractions showed similar values (Table 3). It suggests
that the soil reactive components remained in the same proportions in both soil fractions and
their repartitions in each soils were unaffected by the dry sieving. The less than 150 pm
fractions can be considered as representative of the bulk soils (<2mm). For the sake of sample
homogeneity, the <150 pm fractions were used for the experiments. However, the CEC

measured with <150 um material is not directly equal to the classical expression,

CECsoil = CEC<2ym p<2um + CECnoM pnoM (7)

where CECsoil, CEC<2um, and CECnowm are the cation exchange capacities of the soil, less than 2 pm
fraction, and NOM, respectively; p<2um and pnom are the proportions of less than 2 pm fraction

and NOM, respectively.

-17 -



The CECsoil value strongly depends on the selected CEC value for NOM, here estimated at
100 meq 100gmo-1. This classical relationship is only verified for the cambisol typic, i.e. 7.64
meq 100g-1, compared to 7.56 meq 100g1. In case of cambisol fluvic, CECsoil may yield reactive
phases included in coarsest granulometric fractions — 12.2 meq 100g! compared to 8.18
meq 100g1 — whereas NOM seems to be inhibited by cation saturation and pH conditions for
calcosol — 9.89 meq 100g! compared to 11.1 meq 100g1. Consequently, reactive phases
proportions cannot be determined directly with the product of clay fraction percentage with
CEC<2um. Hence, clay mineral proportion have to be estimated based on the CECsoil after soil

organic matter removal.

The exchangeable cations (Na*, K+, Ca2+, Mg2*) of these untreated fractions were then measured
and compared to the soil dry-sieved at 2 mm (Table 3). The sum of exchangeable cations is
representing 75, 102, and 66% of the CEC for the cambisol fluvic, cambisol, and cambisol typic,
respectively. The greater difference for the cambisol typic reflects the exchangeable H*, which
is present as expected for an acidic soil. Moreover, the soil OM contribution in the CEC is usually
assumed to compensate the loss of exchangeable cation compared to the CEC. Indeed, after
removal of NOM from <150 pm material, the CEC were measured respectively at 10.4, 9.6, and
7.1 meq 100g! for the cambisol fluvic, calcosol, and cambisol typic, respectively (Table 3 and
8). The removal of NOM does not largely change the CEC of soil samples except for the cambisol

fluvic.
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Table 3. Exchangeable cations concentrations and CEC measurement of soil samples

(<150 pm) compared to the CEC of bulk soils (<2 mm).

Exchangeable cations (meq 100g1)

Cations Na Ca Mg K Al Sum of CEC <150um CEC <2mm
exchangeable (meq 100g1) (meq 100g1)
Sample cations
Cambisol fluvic 0.08 8.09 0.40 0.70 - 9.27 12.41 12.2
Calcosol 0.08 9.25 0.22 0.40 - 9.95 9.78 9.89
Cambisol typic 0.24 244 052 036 1432 4.99 7.53 7.64

a Al concentration obtained on <2 mm fraction, extracted by KCl 1 M

The removal of Al led to an increase of the CEC of cambisol typic. It seemed that the CEC
measurement protocol used in this study was not sufficient to remove completely the
exchangeable Al from untreated samples. Therefore, the measured CEC on bulk cambisol typic

soil sample and after removal of NOM were probably underestimated.

Contribution of reactive soil minerals was estimated based on their quantification in soil clay
fraction. Reactive phases were limited to clay minerals, illite, smectite, kaolinite and chlorite. In
the studied soil, only illite and smectite were present in mixed layer (I/S). Therefore, the
proportion of illite and smectite took into account they repartition in the mixed layer. The CEC
balance accounting all clay minerals have to be similar to this measured. Percentage of every
phase was then calculated for minimum, average and maximum proportion (XRD
quantification) and the resulting CEC was compared to the measured CEC. The closest CEC
values were retained to select the proportion of phase mixture — the difference to 100%
represented the non-reactive phases (quartz, feldspar...) not required for the model. The
mineralogical composition (averaged mineral proportion) and the CEC of the <2 pm soil

fractions are shown in Table 4.
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Table 4. Average of the mineralogical proportion (in %) of the <2 pum fraction of the

cambisol fluvic, calcosol, and cambisol typic.

mica, illite, I/SR=1, I/SR=0, chlorite feldsp.  plagio-  goeth/

Sample glauconite G/SR=1 G/SR=0 kaol +C/S quartz K clases Fe-mx Eyps. Ti0:
Cambisol 8.6 25.6 } 22.8 4.5 30 0.2 0.5 7.1 } 0.7
fulvic 8-11 21-31 18-23 0-7 26-31 0-1 0-1 3-8 0-0.7
Calcosol 17.9 45.7 10.3 1.8 31 0.3 0.4 20.2 <0.1 0.3

14-25 40-50 9-12 0-4 2-6 0-2 0-1 15-22 0-1 0-0.4
Cambisol 14.5 50.5 ) 20 21 5.3 0.2 0.4 6.2 <0.1 0.8
typic 11-22 43-56 14-23 0-7 3-9 0-1 0-1 3-7 0-1 0-0.9

Abbreviations: mica, illite, glauconite: mica, illite and mixed layer (<20 % of smectite); I/S R=1: ordered mixed layer illite/smectite; I/S
R=0: disordered mixed layer illite/smectite; G/S R=1: ordered mixed layer glauconite/smectite; I/S R=0: disordered mixed layer
glauconite /smectite; kaol.: kaolinite; C/S: mixed layer chlorite/smectite; feldsp.K: potassium feldspar; goeth./Fe-mx: iron minerals
(goethite, hematite, siderite, etc.); gyps. gypsum; TiO2: titanium oxide.

Range of value is given in italic under the average value.

The cambisol fulvic contained an important proportion of quartz (30 %), which was
subsequently be considered as a non-adsorbing phase for Cs* and Sr2+. The illite/smectite ratio
(I/S) was estimated following the position of the peak compared to the positions of peaks from
discrete illite and smectite on the XRD diffractogram at the position (001). The mixed [/S layer
ratio was estimated at I/S (40/60) for this soil. To simplify simulations and because it was not
possible to distinguish mica and glauconite from illite, all these phases were considered as illite
in a first approximation. The clay mineralogy was also described in terms of clay mineral types
— illite, smectite, kaolinite and chlorite. Its clay mineral proportions are shown in Table 5.
Considering also goethite with a CEC of 100 meq 100g! (Langmuir, 1997) and by applying

general CEC of 24.9 meq 100g for illite (Wissocq et al., 2018), 88.7 meq 100g! for smectite

(Siroux etal., 2017a), 5.6 meq 100g! for kaolinite (Reinoso-Maset and Ly, 2014), 10 meq 100g"

1 for chlorite, the clay mineral quantification from the cambisol fluvic gave a CEC of

26.3 meq 100g, close to the measured value of 22.9 meq 100g-1.

Mixed layer I/S represents the major part of the reactive minerals in the <2 um fraction of the
calcosol. Moreover, more than 20% of goethite was quantified. Though goethite may slightly
contribute to the CEC value in the <2 pm and untreated soil at pH value ca. 7.5, it was neglected
in simulations of batch experiments in a first approximation. In light of the XRD diffractograms,

three mixed layers were distinguished in a mixture of 6% [/S (10/90), 30% I/S (50/50) and
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9.7% C/S (50/50). The calculated clay fraction proportions are shown in Table 5. These

proportions allowed calculating a CEC of 52.2 meq 100g-1.

The XRD pattern of the cambisol typic showed the presence of discrete mica or illite, which was
considered as illite. Therefore, micaceous minerals were considered as illite. The 50.5% of
mixed layers were interpreted as a mixture of 18.5% I/S (40/60) and 32% M/C (50/50). At
pHwater = 5.5, goethite surface is supposed to be mainly positively charged — the point of zero

charge varies from 7.5 to 9.3 (Lyklema, 1995) depending on carbonate content (Villalobos and

Leckie, 2000) — and does not interfere in the CEC measurement. In consequence, these

proportions represented a CEC of 22.6 meq 100g1, close to the measured CEC, i.e. 20

meq 100g-1.

The clay mineral composition of each clay fraction was converted in proportion of pure mineral
illite, smectite, kaolinite, and chlorite, and their associated CEC are shown in Table 5. As shown

previously, the calculated CEC were similar to those measured for each soil samples.

As illite and smectite were both the most reactive phases for the adsorption of Cs* and Sr2*, and
importantly present, the compositions of soil samples were next simplified to illite/smectite
(Table 5) and/or illite/smectite/kaolinite (Table 6) mixtures. In order to account for the
contribution of other clay minerals in the CEC, illite and smectite proportions were re-evaluated
by keeping the illite/smectite ratio constant (Table 6). The CEC of kaolinite being low compared
to illite and smectite, the proportions of smectite and illite were unchanged overall considering

or not the kaolinite contribution in the simulations.
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Table 5. Calculated illite, smectite, kaolinite and chlorite proportions for each samples

(<2 pm) and their associated calculated CEC.

Sample Illite  Smectite  Kaolinite  Chlorite Calculated CEC Measured CEC on
(%) (%) (%) (%) (meq 100g1) <2 um fraction
(meq 100g1)
Cambisol fluvic 18.8 14.4 22.8 4.5 26.3 22.9
Calcosol 335 25.25 10.5 6.65 52.2 49.7
Cambisol typic 37.9 11.1 20 18.1 22.6 20.0

Table 6. Total cation exchange capacities of the clay minerals (Reinoso-Maset and Ly,

2014; Wissocq et al.,, 2018), and XRD-calculated proportions of illite, smectite, and

kaolinite for soil samples (<150 pm after removal of NOM).

[llite  Smectite Kaolinite Balanced Balanced CEC Measured
CEC without with Kaolinite CEC
Kaolinite
CEC 24.9 88.7 3.0 (meq 100g1)

(meq 100g1)

XRD-calculated proportions in

soils
Cambisol fluvic 0.106 0.084 0.104 10.1 10.4 10.4
Calcosol 0.115 0.076 0.031 9.6 9.6 9.6
Cambisol typic 0.142  0.042 0.072 7.3 7.2 7.1

3.2 Simulation of Sr?* and Cs* adsorption onto soils

Adsorption isotherms in concentrations of Cs* and Sr?* were obtained onto untreated soil
samples (<150 pm) at pHwater values and I = 0.1 mol kgw'! CaClz. To simplify the operational
simulations, only clay minerals were considered as possible adsorbent of Cs* and Sr?+, and the
clay minerals proportion was first approximated to an illite/smectite mixture. Accounting for
kaolinite in the operational simulation was also considered. Another simplification came from
the fact that Ca%* is the most concentrated major exchangeable cation in all soils, except for the
cambisol typic. Soils were then considered initially saturated with calcium, and Ca2* was the

only major cation considered for simulations.
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3.2.1 Adsorption of Cs*

The adsorption isotherms of Cs* onto the soil samples at I = 0.1 mol kgw! (CaClz) are shown on
Fig. 2. Simulations of adsorption isotherms (plain line) and contributions from smectite and
illite are also represented — the corresponding percentage of adsorption are shown in Fig. S2
of the SI. For every soil, isotherms were showing typical shape of Cs concentration isotherms

onto illite (Missana et al., 2014; Poinssot et al., 1999a, b) with the specific and strong adsorption

at low concentrations generally attributed to the FES. From the clay mineral repartition for the
adsorption of Cs* on Fig. S2 of the SI, the adsorption was mainly dominated by illite. It is possible
to claim that illite drove adsorption of Cs* onto soils, especially for the cambisol fluvic and the

calcosol.

The operational simulations followed satisfactorily the experimental results for the cambisol
fluvic and calcosol. In terms of percentage of adsorption (see Fig. S2 of the SI), there was only a
maximum overestimation of 9% for the cambisol fluvic and 11% for the calcosol. The presence
of goethite in the calcosol was neglected, as it did not present any strong affinity for Cs* under

these pH conditions (Ararem et al., 2011; Jacquier et al., 2001; Peynet, 2003). In the case of the

cambisol typic, the logioRp values of Cs were largely overestimated. This comment could be
mitigated in term of percentage of adsorption onto which the overestimation is lower than 2%

at low concentration.

The uncertainty of the simulations, calculated using the propagation of errors from selectivity
coefficients and sites concentrations in Table 1, are shown on Fig. S4 of the SI — the uncertainty
being the square root of the sum of the square of the residual between the simulation results
using parameters in Table 1, and those obtained using the uncertainty for each implied
selectivity coefficient and site capacity. The experimental adsorption isotherms were simulated

satisfactorily for the cambisol fluvic and the calcosol, but the agreement was less satisfactory
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for the cambisol typic, even accounting for the parameters uncertainty. The uncertainties on

logw(KZ’;lzlﬂ /2H+) and logw(KZ':?}r‘jcztfﬁ) (cf. Table 1) were driving the global uncertainty,

particularly at low Cs concentration when the Illo and Smecto were driving the adsorption

phenomenon.

When kaolinite was taken into account (Fig. 2, dashed lines), the simulations were slightly
lower at low concentration and higher at high concentrations. Kaolinite is a strong adsorbent
for Cs*, but not strong enough to prevent illite and smectite from driving the adsorption
process. Hence, considering kaolinite in the adsorption of Cs* did not change the operational

simulations significantly.
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Fig. 2. Adsorption isotherms (partition coefficients vs. equilibrium concentration) of Cs*
onto soil samples at pHwater 6.4, 6.5, and 4.6 for the cambisol fluvic (a), calcosol (b), and
cambisol typic (c), respectively; S/L =50 g L-1and I = 0.1 mol kgw1(0.033 mol kgw1 CaCl2)
with the associated simulations (black plain lines) and the contribution of smectite (blue
dotted lines) and illite (red dash-dotted lines); error bars represent Rp uncertainty from

activity counting; simulation accounting for kaolinite are shown in dashed lines.
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Nevertheless, the agreement between experiments and simulations for the cambisol fluvic and
calcosol indicated that the selectivity coefficients used for operational simulation can be used
with confidence. It also seemed to confirm that the discrepancy between simulated and
experimental logioRp value for the cambisol typic was not related to the selectivity coefficient
uncertainties. This issue can come from several assumptions made for the cambisol typic.
Experiments were carried out on untreated materials, but cambisol typic presented the highest

amount of NOM (Table 7), which is known to obstruct the adsorption of Cs* in soils (Dumat and

Staunton, 1999; Staunton et al., 2002). Moreover, soils were considered as Ca-saturated, which
was not the case for the cambisol typic (see Table 3). Indeed, competition between K* and Cs*

in solution is depleting Cs adsorption onto illite (Missana et al., 2014). This soil also presented

a large amount of exchangeable Al, which could be particularly difficult to exchange by

monovalent cations as Cs*.

3.2.2 Adsorption of Srz+

Fig. 3 presents adsorption isotherms in concentration of Sr onto soils at pHwater and I = 0.1
mol kgw! (CaClz). The contributions from smectite and illite in the simulation were also
represented — the adsorption percentage onto soil samples and repartition between the
different clay minerals is presented in Fig. S3 of the SI. The uncertainties of the simulation are

shown in Fig. S5 of the SL

The cambisol fluvic is a neutral soil (pHwater = 6.9) with a moderate concentration of limestone
and organic matter. In solution, the dissolution of limestone could interfere in the adsorption
of Sr through carbonate complexation. Nevertheless, using the minimum and maximum Sr
concentration, i.e. 1 pmol kgw! and 7 mmol kgwl, at the values of pHwater, and with the
proportion of CaCOs of soils in Table 2, only minor amounts of SrHCO3*-SrC0Os(aq) can be

calculated for the three soils — see Fig. S1a of the SI, where the inorganic speciation was
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calculated using PhreeqC (version 3.4.0.12927; Parkhurst and Appelo, 1999, 2013) and the

PRODATA database file (Reiller and Descostes, 2020) extracted for Davies (1962) equation of

activity correction. The speciation calculations suggested that only at the highest added
concentration of Sr, the cambisol typic and cambisol fluvic could have been oversaturated in

strontianite (Fig. S1b of the SI).

[llite and smectite showed comparable affinities for Sr. Nevertheless, as smectite presented a
higher CEC than illite, smectite tended to drive the adsorption onto soils. Sr log10Rp values were
slightly underestimated by simulations in the cases of the cambisol fulvic and calcosol, while it
was slightly overestimated for the cambisol typic: in terms of percentage of adsorption, the
highest overestimation was of 3.4% for the cambisol fluvic and 4.4% for the calcosol, and the

adsorption was lowered to 3.7% for cambisol typic (Fig. S3 of the SI).

Assuming that the contribution of Illo site of illite was minor, we only considered the

uncertainties relative to other sites and principally to the high uncertainty associated to

logm(Kz’jﬂ‘;cztéJ,) for smectite (cf. Table 1). This latter site had a minor role in the adsorption of

Cs*, but a major one for Sr2*. Considering 2o uncertainty limits, the under and over estimations
of the Sr adsorption did not seem to be significant (cf. Fig. S5 of the SI). In a first approximation,
the selectivity coefficients and cation exchange capacities of the clay minerals can be used in

the simulation of the adsorption onto a soil.

Particularly for the calcosol, goethite could be a good candidate to explain the difference
between experimental results and operational simulation. Hofmann et al. (2005) observed a
pH-edge between 6 and 8 for Sr2* adsorption on a synthetic goethite at [NaNOs] = 0.01 and 0.1
mol L-1. Nevertheless, the role of goethite was neglected in our study due to the lack of previous
studies exploitable within the MSIE formalism. A reinterpretation of adsorption data, e.g.,

recent data from Hofmann et al. (2005) and Nie et al. (2017), should be done as in Siroux et al.
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(2017a; 2018), Wissocq et al. (2018), and in this work (c.f. § 2.3.2 on the K*/H* exchange on

illite and smectite), if all necessary information for an MSIE fitting was available.

Contrary to the other soils, adsorption of Sr2+ onto cambisol typic was slightly overestimated.
This difference could be attributed to the reasons exposed in § 2.3. Despite NOM does not

strongly prevent the adsorption of Sr?* in clay minerals (Anjolaiya, 2015; Samadfam et al.,

2000), as for Cs*, the presence of dissolved Al can influence the adsorption properties of clays

(Charlet etal., 1993; Jardine et al., 1985; Lutzenkirchen et al., 2014), and then the adsorption of

Sr2+in soils — as it was shown for another alkaline earth metal cation such as Ca?* (Yang et al.,

2003).

The account of kaolinite (Fig. 3, dashed lines) did not change the operational simulations

significantly for any of the soils.
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Fig. 3. Adsorption isotherms (partition coefficient vs. equilibrium concentration) of Sr2+
onto soil samples at pHwater 6.8, 7.1, and 4.8 for cambisol fluvic (a), calcosol (b), and
cambisol typic (c), respectively; S/L = 50 gL-1 and I = 0.1 mol kgw! (CaClz) with the
associated simulations (plain lines) and the contributions from smectite (dashed line)
and illite (dash-dotted lines); error bars represent Rp uncertainty from activity counting;

simulations accounting for kaolinite are shown in dashed lines.
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3.3 Removal of the natural organic matter

Natural organic matter is reported to affect the adsorption of caesium onto clay minerals by

blocking the access of adsorption sites (Staunton et al., 2002). To study the effects of natural

organic matter on the adsorption of Sr2+ and Cs* onto soils, NOM was removed from the soil
samples (Table 7). After two steps, the removal was not total, but sufficient to appreciate an
evolution in the adsorption behaviour of Sr2+ and Cs*. Moreover, the highest removal was

observed on the most problematic cambisol typic.

Table 7. Concentration of natural organic matter in untreated soils and after removal of

the fraction <150 pm.

After 2 H202 80°C

Untreated material % of Cnom
Samples treatments removal
NOM (gnom 100g1) NOM (gnom 100g1)
Cambisol fluvic 4.30 0.80 81
Calcosol 291 0.95 67
Cambisol typic 4.21 0.31 93

The CEC and the exchangeable cation concentrations were checked in order to appreciate the
basic properties of the treated materials (Table 8) compared to the untreated one (Table 6).
The treatment has not modified the CEC of soil samples. The sum of exchangeable cations was
comparable to the measured CEC except for the cambisol typic, the difference of which could

be explained by the non-measurement of H* and exchangeable Al

The adsorption isotherms of Cs* and Sr?* onto soil samples after removing NOM were
represented in Fig. 4 and 5. Adsorption isotherms of untreated materials were also represented
for the sake of comparison. For Cs, as the Illo site of illite drove the simulations and as
illite/smectite ratio stays constant, the CEC drop was therefore attributed only to the extracted

NOM exchange capacity.
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In Fig. 4 at low Cs concentration, the adsorption results after NOM removal onto the cambisol
fluvic and calcosol were lower than the untreated material, but not significantly different. This
concentration domain corresponded to the zone with the higher uncertainties for the
experimental points that were due to the relatively high error on the activity counting —
ranging from 10% at the lowest concentrations to 1% at the highest concentrations. Despite
this slight reduction of log10Rp, the adsorption was assumed unchanged. For cambisol typic, the

adsorption was the same with or without NOM removal.

Consequently, the influence of NOM did not permit to explain why the operational simulation
did not follow the experimental points for this soil in the case of Cs. In our case, the removal of
NOM has not changed significantly the adsorption behaviour of Cs*. Contrary to literature,
adsorption of Cs* did not seem to be affected by the removal of NOM for these soils. It is
generally reported that the NOM impedes the adsorption of Cs* onto clay mineral, especially

illite, by blocking the access of frayed edge site (Dumat and Staunton, 1999; Staunton et al.,

2002; Tashiro et al., 2018).

The Sr adsorption onto the calcosol and cambisol typic was mostly unchanged — at [Sr]eq = 1
umol kgw1, the adsorption percentage increased at 3% for the calcosol and 1% for the cambisol
typic. In the case of the cambisol fluvic, the adsorption of Sr2+ was slightly lowered, but not
significantly in view of experimental uncertainties. For Sr, as illite and smectite showed similar
adsorption behaviours, operational simulations were mostly driven by the CEC. Contrary to
cambisol fluvic, the CEC values of the calcosol and cambisol typic have not significantly changed.
Consequently, the removal of NOM did not seem to influence the adsorption of Sr2+ in these

soils, which is in agreement with the literature (Samadfam et al., 2000).
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Fig. 4. Adsorption isotherms (partition coefficient vs. equilibrium concentration) of Cs*
onto untreated soil samples (squares, simulation plain lines from Fig. 2) and after the
removal of NOM (diamonds, simulation dashed lines) at pHwater 6.5, 6.8, and 5.2 for the
cambisol fluvic (a), calcosol (b), and cambisol typic (c), respectively; S/L =50 gL-1and I

= 0.1 mol kgw'1 (CaCl2); error bars represent Rp uncertainty from activity counting.
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Fig. 5. Adsorption isotherms (partition coefficient vs. equilibrium concentration) of Sr2+
onto untreated soil samples (squares, simulation plain lines from Fig. 3) and after the
removal of NOM (diamonds, simulation dashed lines) at pHwater 6.7, 7.2, and 5.2 for
cambisol fluvic (a), calcosol (b), and cambisol typic (c), respectively; S/L =50 gL-1and I

= 0.1 mol kgw'1 (CaCl2); error bars represent Rp uncertainty from the activity counting.
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Table 8. Exchangeable cations concentrations and CEC measurement of <150 pm soil
samples after removal of NOM and of cambisol typic after removal of aluminium.

Exchangeable cations (meq 100g1)

Sum of exchangeable

Sample Na Ca Mg K CEC (meq 100g1)

cations
<150 pum soil samples after removal of NOM
Cambisol fluvic 0.05 10.26 035 0.35 11.01 10.40
Calcosol 0.08 890 0.16 0.74 9.86 9.58
Cambisol typic 0.05 224 034 0.21 2.85 7.08
Cambisol typic after removal of aluminium
0.05 9.20 0 0.32 9.61 10.1

3.4 Adsorption onto cambisol typic after removing the exchangeable

aluminium

An important amount of exchangeable Al was found in this cambisol typic (Table 3): highly

charged cations, Al(OH)S_n)+ could be particularly difficult to be exchanged by Cs* and Srz+.
The removal of the exchangeable Al on the cambisol typic soil enhanced the CEC (Table 8), but

was not sufficient to extract all exchangeable Al

The adsorption isotherms of Sr2+ and Cs* onto the cambisol typic after the Al removal and the
corresponding simulations were represented in Fig. 6. For Sr2+, the account for exchangeable
aluminium in the simulations and experiments were in good agreement. For Cs*, the adsorption
was slightly increased by the removal of Al but operational simulations still did not follow the
experimental results, even though they were also increased. In Table 8, the consistency
between the sum of the exchangeable cations and the measured CEC allowed assuming that
exchangeable Al was removed effectively. This indicates that Al compensated exchangeable
negative sites and limited Sr adsorption on these sites. However, it was possible that a very low
concentration of Al remained in soil, specifically located on the Cs specific sites of illite.

Therefore, the adsorption of Cs* onto these sites could remain impeded.
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Fig. 6. Adsorption isotherms (partition coefficient vs. equilibrium concentration) of Sr
(a) and Cs (b) onto cambisol typic (square, simulation plain line from Fig. 3 for Sr and
Fig. 2 for Cs) and after the removal of exchangeable Al (diamonds, simulation dashed

line) at pHwater = 6 (a) and 6.4 (b), S/L =50 g L-1 and I = 0.1 mol kgw (CaClz).

3.5 Adsorption on the calcosol in a simplified synthetic pore water

The adsorption of Cs* and Sr2+ onto the calcosol under closer to environmental conditions was
simulated using the database. Under these conditions, K* is another competitor for the access
to fixation sites. Adsorption isotherms of Sr?* and Cs*, and corresponding operational
simulations were shown in Fig. 7. In both cases, the addition of KNOs3 in solution lowered the

adsorption, as well as the resulting simulations.

Concerning adsorption of Sr2* onto the calcosol in synthetic pore water (Fig. 7a), one must note
that compared to the adsorption of Sr2* onto the soils (§ 3.2.2), the ionic strength is lowered
from 100 to 4.5 mmol kgwl. The selectivity coefficients used for these simulations were

determined at I = 0.03 mol L1 by Wissocq et al. (2018). The simulation agreement could be

altered when varying ionic strengths from this initial value, which can explain the
underestimation at higher ionic strength (I = 0.1 mol kgw), and the overestimation at lower
ionic strength (I = 4.5 mmol kgw'1). Moreover, the simulations were slightly overestimating the

decrease of the adsorption of Sr2+ with KNO3 addition in the synthetic pore water. One must
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also note that ionic strength was slightly increasing with KNO3 concentration (i.e., I = 5.5, and
6.5 mmol kgwl, for [KNO3] = 1 and 2 mmol kgwl, respectively). Although operational
simulations represented satisfactorily the experimental results, they could be further refined

by improving the selectivity coefficients of K*/H* exchange, which was out of the framework of

this study.
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Fig. 7. Adsorption isotherm (partition coefficient vs. equilibrium concentration) onto the
calcosol S/L = 0.25 kg L1 of (a) Sr2+ at pHwater = 7.2, and [CaClz] = 1.5 mmol kgw! (I = 4.5
mmol kgw'l, squares, simulation plain line), addition of [KNO3] = 1 mmol kgw! (I = 5.5
mmol kgw'1, diamonds, simulation dotted line), and addition of [KNOs3] = 2 mmol kgw1 (I
= 6.5 mmol kgwl, triangles, simulation dashed line); and (b) of Cs* at pHwater = 6.9, and
[CaClz] = 2.5 mmol kgw1 (I = 7.5 mmol kgw!, square, simulation plain line), addition of
[KNO3] = 1 mmol kgw! (I = 8.5 mmol kgwl, diamonds, simulation dotted line), and

addition of [KNO3] = 2 mmol kgw! (I = 9.5 mmol kgw1, triangles, simulation dashed line).

In the case of Cs* (Fig. 7b), the addition of KNO3 in the synthetic pore water also imposed a
decrease in adsorption. Due to the high affinity for FES, K* was in competition with Cs* onto
these sites and the decrease was more important at low than at high Cs concentrations. The
high uncertainties on the experimental points at low concentration showed that the experiment
was probably not properly dimensioned. The S/L ratio and ionic strength were higher and

lower with respect to Sr2+ experiment to increase the adsorption of Cs* (i.e.,, I = 7.5, 8.5, and 9.5
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mmol kgwl, for [KNO3] = 0, 1, and 2 mmol kgw!, respectively). However, the spiked activity of
radioactive tracers was not changed. The activities at equilibrium were then too low to obtain
an acceptable counting accuracy. Based on same reasons considered for Sr*, one can assume
that the increase in KNO3 concentration, and thus in ionic strength, would reduce the difference
between experimental and simulated Rp values, but to a much lower scale as the Illo sites are
particularly selective of Cs*. Nonetheless, operational simulations represented well both the

adsorption of Cs* at low ionic strength and the addition of K+*.

Accounting for all the uncertainties generated by the calculated proportions on clay minerals
and the selectivity coefficients used, the operational simulation using MSIE modelling seemed
to predict satisfactorily the adsorption behaviour of Sr and Cs onto the calcosol under

environmentally relevant conditions.

3.6 Comments on modelling and operational simulations accuracy

The operational simulation applying MSIE modelling with an additivity approach principle
allowed representing satisfactorily the adsorption behaviour of Cs* and Sr?* onto these soil
samples. Some parameters still limited the simulations. First, the uncertainty on the clay
mineral proportions in soils were calculated from the average percentages. However, changes

in these percentages can influence the simulation results: c.f. Fig. S2 and S3 of the SI.

Moreover, the difficulty to discriminate micaceous minerals from illite by XRD seemed to induce
a problem in the simulations; particularly for the adsorption of Cs*. In our case, these minerals
were combined because weathered micaceous minerals, as biotite or muscovite, are known to

strongly adsorb Cs due to the presence of FES (Zaunbrecher et al., 2015). Nevertheless, this

adsorption is not necessarily as strong as for illite. Cornell (1993) reviewed the adsorption in

different clay minerals including illite, biotite, and muscovite, and reported lower adsorption of
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Cs* onto biotite than onto illite. The reported partition coefficient of Cs* onto muscovite was
also lower than the one for illite. Henceforth, to improve the operational simulation in the case

of the cambisol typic, differentiate mica to illite would eventually be necessary.

Considering these soils as saturated with Ca is a strong assumption for the operational
simulations. However, taking into account all the exchangeable cations (Na*, Mg2*, K*, etc.)
would require a complete database of exchange parameters for each of these exchangeable
cations in the framework of the MSIE model. Nonetheless, the good representation of the
experimental results by operational simulation confirmed that the choice of considering these

exchangers as Ca-saturated was correct, except for the cambisol typic.

In this study, the secondary minerals — i.e. quartz, feldspar, goethite, etc. — were neglected.
This choice was made in view of their low CEC and their absence of specific adsorption
behaviour for Cs* and Sr2+*. This was justified in the view of an operational modelling based on

first order phenomena. Cornell (1993) reported weak adsorption of Cs* onto quartz, chlorite,

and albite (feldspar). Quartz is also reported as a weak adsorbent of Sr (Nordén et al., 1994).

The case of goethite, and others iron oxo-hydroxides, which has already been discussed in § 3.1,
does not represent a particularly strong adsorbent for Cs*, but seems to adsorb Sr2+ (Fuller et

al., 2016; Hofmann et al., 2005; Nie et al.,, 2017). Having neglected goethite contribution may

explain part of the differences between the experimental results and the operational

simulations for the adsorption of Sr2* onto soils, especially for the calcosol.

Finally, we saw that the removal of Al allowed us to simulate the adsorption behaviour of Sr2+

satisfactorily. Adding the selectivity coefficient of the Al system — i.e., Al(OH)S'_n)Jr/(S-n)H+ —
would allow improving the database and the prediction capacities of the operational modelling,

but these studies are missing in the literature and difficult to obtain on phyllosilicate phases. In
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our case, the lack of information on these exchanges was impeding a good representation of the

adsorption behaviour on acidic soils, which contained dissolved Al.

The uncertainties of the used selectivity coefficients caused high uncertainties on simulations.
Nevertheless, operational simulations represented satisfactorily the experimental results in

most cases. It seems though that the proposed selectivity coefficients are suited in these cases.

4 CONCLUSIONS

The adsorption of caesium and strontium were studied onto French soil samples. These
samples were approximated to illite/smectite or illite/smectite/kaolinite mixtures in order to
propose an operational simulation of their adsorption behaviours and compare these
operational simulations with experimental results. The database used for the simulations was

taken from literature for illite and smectite (Siroux et al., 2017a; Wissocq et al., 2018) or were

adjusted in this study for kaolinite (Reinoso-Maset and Ly, 2014).

Operational simulations were carried out considering the additivity principle between several
phases was the main influence on the adsorption of Sr and Cs. The simulations and
experimental results were in agreement mainly for the cambisol fluvic and calcosol, thus
confirming the efficiency of the database and the operational modelling to predict and
represented the adsorption behaviour of Cs and Sr onto soils. In the case of the cambisol typic,
the agreement between experimental logioRp values and operational simulations was not
totally satisfactory, and the problem stays unresolved for the Cs* adsorption. Nevertheless, it
can be moderated in view of the low differences in adsorption percentage. The presence of
exchangeable Al in the case of Sr adsorption and uncertainties on the clay fraction
determination (and the non-differentiation between mica and illite) for Cs adsorption were the

main factors affecting the operational simulations of sorption onto soils.
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These first results obtained on a relevant synthetic pore water on the calcosol are promising.
Nevertheless, the database can be further improved by implementing the adsorption behaviour
of other principal and secondary mineral phases (chlorite, goethite, quartz, etc.). Finally, this
study confirms that the MSIE modelling allows to predict the adsorption of cations onto various

soils from an operational point of view.
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