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Humic substances impact the fate of radionuclides in the environment. The formation of mixed complexes between lanthanides(III), carbonates, and humic substances is still a matter of debate and further studies are needed. Time-resolved luminescence spectroscopy (TRLS) is used to evidence the presence of Eu(III)-CO3-SRFA ternary complexes in media representative of environmental conditions. The evolutions of the Eu(III) luminescence spectra from the 5 D0→ 7 F0 to the 5 D0→ 7 F2 transitions are showing modifications of the asymmetry ratio -area ratio of the 5 D0→ 7 F2 over the 5 D0→ 7 F1 transition -that indicates the presence of several species in addition to the EuCO 3 + and Eu-SRFA complexes. The occurrence of bi-exponential decay times, with one decay time faster than the one from Eu 3+ , is typical of the occurrence of fulvic complex, even in the presence of carbonate. The analyses of the indirect excitation of the Eu-CO3-SRFA system are used to build complexation isotherms varying either SRFA or total carbonate concentrations in the framework of the NICA-Donnan modeling of the Eu(III)-SRFA system. In view of the restricted pH range, no strict attribution to the different possible types of sites can be done. Different complex(es) formations are considered and discussed.

Introduction

Natural organic matter (NOM) plays an important role on geochemical cycle of trace metal elements. In natural waters and soils, NOM is mainly composed of humic substances (HS) that consists of humic (HA), fulvic (FA) acids, and humin [START_REF] Thurman | Organic Geochemistry of Natural Waters[END_REF]. Among other elements, radionuclides involved in the nuclear cycle -e.g. lanthanides (Ln) and actinides (An) at their +III redox state -are known since long to be impacted by HS [START_REF] Bertha | Interaction of humic and fulvic acids with Eu(III) and Am(III)[END_REF][START_REF] Brevet | Spectral and temporal luminescent properties of Eu(III) in humic substance solutions from different origins[END_REF][START_REF] Buckau | A comparative spectroscopic study of the fulvate complexation of trivalent transuranium ions[END_REF][START_REF] Czerwinski | Complexation of trivalent actinides ions (Am 3+ , Cm 3+ ) with humic acids: the effect of ionic strength[END_REF][START_REF] Dierckx | Mixed complex formation of Eu 3+ with humic acid and a competing ligand[END_REF][START_REF] Glaus | Stability of mixed-ligand complexes of metal ions with humic substances and low molecular weight ligands[END_REF][START_REF] Janot | Colloidal α-Al2O3, europium(III) and humic substances interactions: a macroscopic and spectroscopic study[END_REF][START_REF] Janot | Influence of solution parameters on europium(III), α-Al2O3, and humic acid interactions: macroscopic and timeresolved laser-induced luminescence data[END_REF][START_REF] Johannesson | Rare earth element concentrations and speciation in organic-rich blackwaters of the Great Dismal Swamp, Virginia, USA[END_REF][START_REF] Kim | Complexation of americium(III) with humic acid[END_REF][START_REF] Kim | Complexation of Am(III) with humic acids of different origin[END_REF][START_REF] Kim | Complexation of trivalent actinide ions (Am 3+ , Cm 3+ ) with humic acid: a comparison of different experimental methods[END_REF][START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF][START_REF] Lead | Europium binding by fulvic acids[END_REF][START_REF] Marang | Combining spectroscopic and potentiometric approaches to characterize competitive binding to humic substances[END_REF][START_REF] Marang | Spectroscopic characterization of the competitive binding of Eu(III), Ca(II), and Cu(II) to a sedimentary originated humic acid[END_REF][START_REF] Morgenstern | The formation of mixed-hydroxo complexes of Cm(III) and Am(III) with humic acid in the neutral pH range[END_REF][START_REF] Moulin | Spectrophotometric study of the interaction between americium(III) and humic materials[END_REF][START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF]Pourret et al., 2007a;Pourret et al., 2007b;[START_REF] Rabung | Influence of pH and metal ion loading on the Cm(III) humate complexation: a time resolved laser fluorescence spectroscopy study[END_REF][START_REF] Reiller | Bi-exponential decay of Eu(III) complexed by Suwannee River humic substances: spectroscopic evidence of two different excited species[END_REF][START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF][START_REF] Torres | Europium(III) and americium(III) stability constants with humic acid[END_REF]. Lanthanides(III), part of the rare earth family and widely used in the industry [START_REF] Binnemans | Recycling of rare earths: a critical review[END_REF], are good chemical analogues of actinides(III) for complexation with oxygen containing functions [START_REF] Pearson | Hard and soft acids and bases[END_REF], due to their similar ionic radii over charge ratios. Some lanthanides(III) isotopes are also fission products from nuclear fuels. Therefore, the knowledge of their speciation in presence of HS is a key point for the global understanding of their aqueous geochemistry. In near neutral and mildly alkaline solutions, hydroxides and carbonates are the main inorganic ligands of lanthanides, and carbonate complexes are known to be predominant [START_REF] Goldstein | Rare earth elements in river waters[END_REF][START_REF] Smedley | The geochemistry of rare earth elements in groundwater from the Carnmenellis area, Southwest England[END_REF][START_REF] Tang | Ligand extraction of rare earth elements from aquifer sediments: implications for rare earth element complexation with organic matter in natural waters[END_REF]. Competition reactions between these inorganic ligands and organic matter for lanthanides complexation are not always well known. Simulation and modeling calculation done previously [START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF] report that organic complexes are predominant over a wide range of pH.

HS interactions with metals as a function of pH and anionic ligands concentration could lead to the formation of ternary complexes [START_REF] Dierckx | Mixed complex formation of Eu 3+ with humic acid and a competing ligand[END_REF][START_REF] Glaus | Stability of mixed-ligand complexes of metal ions with humic substances and low molecular weight ligands[END_REF][START_REF] Morgenstern | The formation of mixed-hydroxo complexes of Cm(III) and Am(III) with humic acid in the neutral pH range[END_REF][START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF][START_REF] Tipping | Al(III) and Fe(III) binding by humic substances in freshwaters, and implications for trace metal speciation[END_REF]Weber et al., 2006b). [START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF] and [START_REF] Morgenstern | The formation of mixed-hydroxo complexes of Cm(III) and Am(III) with humic acid in the neutral pH range[END_REF] highlighted the formation of ternary complexes of Am(III) and Cm(III) from spectroscopic data and proposed interaction constants for An(III)(OH)nHA [START_REF] Morgenstern | The formation of mixed-hydroxo complexes of Cm(III) and Am(III) with humic acid in the neutral pH range[END_REF][START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF], and Cm(CO3)HA [START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF] in the framework of the charge neutralization model [START_REF] Kim | Complexation of metal ions with humic acid: metal ion charge neutralization model[END_REF]. The carbonate mixed complex has been applied to Eu(III) by direct analogy [START_REF] Tan | Sorption of Eu(III) on humic acid or fulvic acid bound to hydrous alumina studied by SEM-EDS, XPS, TRLFS, and batch techniques[END_REF] with no account of the slight difference between (Ln, An)(CO 3 ) n (3-2n)+ complexes [START_REF] Fanghänel | Thermodynamics of Cm(III) in concentrated salt solutions: carbonate complexation in NaCl solution at 25°C[END_REF][START_REF] Hummel | Nagra/PSI Chemical Thermodynamic Data Base 01/01[END_REF][START_REF] Thoenen | The PSI/Nagra Chemical Thermodynamic Database 12/07[END_REF]. Because of this strong analogy between Am/Cm(III) and Eu(III), same types of complexes are expected for Eu(III). Pourret et al. (2007a;2007b) showed that rare earth elements are predominantly complexed with HS up to pH approx. 7.5, and stated that there were no Ln(CO3)nHA mixed complexes -contradicting other propositions [START_REF] Dierckx | Mixed complex formation of Eu 3+ with humic acid and a competing ligand[END_REF][START_REF] Glaus | Stability of mixed-ligand complexes of metal ions with humic substances and low molecular weight ligands[END_REF] -starting from Ln(CO 3 ) 2 -species under their experimental conditions. It is worthy to notice that the authors did not compare their results with the ones from [START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF]. However, analysis of the raw data from Pourret et al. (2007a) moderates the conclusions on the non-existence of these mixed complexes [START_REF] Reiller | Structure-Reactivity Relationships in the Interactions Between Humic Substances, Pollutants from the Nuclear Cycle, and Mineral Surfaces[END_REF].

One of the most effective model that describes metal complexation by NOM is the Non-Ideal Competitive Adsorption model coupled to a Donnan approach of electrostatic behavior (NICA-Donnan) [START_REF] Benedetti | Metal ion binding to humic substances: application of the Non-Ideal Competitive Adsorption Model[END_REF]Benedetti et al., 1996a;Benedetti et al., 1996b;[START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF]. Generic and origin specific parameters have been estimated for HA and FA in [START_REF] Milne | Generic NICA-Donnan model parameters for proton binding by humic substances[END_REF] for H + interaction, and in [START_REF] Milne | Generic NICA-Donnan model parameters for metal-ion binding by humic substances[END_REF] for metal cations interactions. The formation of mixed complexes between metals, and particularly Ln/An(III), inorganic anions, and humic substances is thus still not completely settled. If the formation of Eu(III)-OH-FA complexes is not needed in the framework of NICA-Donnan modeling [START_REF] Janot | Influence of solution parameters on europium(III), α-Al2O3, and humic acid interactions: macroscopic and timeresolved laser-induced luminescence data[END_REF][START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF], the competition, or mixed complex formation, with CO 3 2-still remains under controversy.

In order to provide further information, the system Eu(III)-CO3-FA at pH ca. 7 is studied using time-resolved luminescence spectroscopy (TRLS), with Suwannee River fulvic acid (SRFA) as a proxy for NOM reactivity, and Eu(III) as a representative of Ln(III) and An(III). Starting from our former characterization of the Eu-SRFA system [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF], the evolution of both the Eu(III) fluorescence spectra and decay times at varying CO 3 2-and SRFA concentrations are obtained and analyzed. From these experiments, calculations are done using the NICA-Donnan model to discuss on complexation constants that should be incorporated in speciation models to account for the formation of these complexes in natural environment.

Materials and methods

Reagents and chemicals

Stock solutions and reagents are the same as those used in [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF].

Europium(III) stock solution (10 -4 mol L -1 or M) is obtained from the dissolution of Eu2O3 

Time-resolved luminescence spectroscopy

The experimental set-up and luminescence decay times fitting have already been described elsewhere [START_REF] Brevet | Spectral and temporal luminescent properties of Eu(III) in humic substance solutions from different origins[END_REF][START_REF] Janot | Colloidal α-Al2O3, europium(III) and humic substances interactions: a macroscopic and spectroscopic study[END_REF][START_REF] Janot | Influence of solution parameters on europium(III), α-Al2O3, and humic acid interactions: macroscopic and timeresolved laser-induced luminescence data[END_REF][START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF][START_REF] Reiller | Bi-exponential decay of Eu(III) complexed by Suwannee River humic substances: spectroscopic evidence of two different excited species[END_REF]. Spectra were obtained in a thermostated room (22 ± 1°C) in quartz fluorescence cuvettes (Hellma QS-111-10-40) with a minimum free space to consider the system as closed to the atmospheric CO2. The 600 lines/mm grating of the Acton spectrometer (slit 1 mm) is used. The luminescence signal is collected during a gate width (W) of 300 μs, at a gate delay (D) of 10 μs after the excitation by the laser flash. To increase the signal to noise ratio 2 000 to 5 000 accumulations are performed for each spectrum, the background noise is subtracted, and the luminescence is divided by the average of 100 laser-shots energy, and by the number of acquisitions (accumulations).

Because of the weak energy received by the system during the experiments, photochemical reactions of humic substances [START_REF] Monsallier | Influence of photochemical reactions on the complexation of humic acid with europium (III)[END_REF]) can be excluded.

The excitation wavelength is set using an optical parametric oscillator. Several excitation wavelengths (λexc) were used either to excite selectively Eu(III) through the 5 L6← 7 F0 transition (λexc = 393.7 nm), to take advantage of the antenna effect from the ligand [START_REF] Alpha | Antenna effect in luminescent lanthanide cryptates: a photophysical study[END_REF]) -here the fulvic acid chromophores (λexc = 390 nm) -, or to minimize the excitation of the fulvic complex (λexc = 532 nm). The energy is typically < 1 mJ for all excitation wavelengths. We typically focused our attention on three transitions: the 5 D0→ 7 F0 transition (λmax ≈ 578.8 nm), forbidden by the selection rules but apparent when Eu(III) chemical environment loses its centro-symmetry; the 5 D0→ 7 F1 transition (λmax ≈ 591.1 nm), a magnetic dipole transition; and the 5 D0→ 7 F2 electric dipole transition (λmax ≈ 615.1 nm), which is very sensitive to europium speciation [START_REF] Jørgensen | Hypersensitive pseudoquadrupole transitions in lanthanides[END_REF], and known as a hypersensitive transition. The luminescence decay parameters are obtained from the peak area of either the 5 D0→ 7 F1 or the 5 D0→ 7 F2 transition at varying D values with the same W. The obtained decay is described by a first order kinetics, and for a purely integrative system like a CCD camera, the luminescence signal of a species i is given by equation (1):

F i = ∑ ∫ F i 0 D+W D n i=1 exp (- t τ i ) dt = ∑ F i 0 n i=1 τ i exp (- D τ i ) [1 -exp (- W τ i )] (1) 
where 𝐹 𝑖 0 and i are the initial luminescence intensity and decay time of the species i, respectively. They were obtained by a non-linear fitting of the experimental results (Fi), at varying D values -typically 15 µs steps -to equation (1).

The area of the transitions, and according uncertainties, are calculated using the trapezoid method. The uncertainty of the 5 D0→ 7 F2/ 5 D0→ 7 F1 area ratio -the asymmetry ratio denoted 7 F2/ 7 F1 -, is calculated from the propagation of errors.

Thermodynamic constants

The inorganic side reactions and solubility of Eu(III) with OH -and CO 3 2-selected in [START_REF] Hummel | Nagra/PSI Chemical Thermodynamic Data Base 01/01[END_REF], and kept in [START_REF] Thoenen | The PSI/Nagra Chemical Thermodynamic Database 12/07[END_REF], given in Table 1 were usedthese data where used in coherence with our other studies [START_REF] Fromentin | Influence of adipic acid on the speciation of Eu(III): review of thermodynamic data in NaCl and NaClO4 media, and a new determination of Eu-adipate complexation constant in 0.5 mol.kgw -1 NaClO4 medium by time-resolved luminescence spectroscopy[END_REF][START_REF] Janot | Influence of solution parameters on europium(III), α-Al2O3, and humic acid interactions: macroscopic and timeresolved laser-induced luminescence data[END_REF][START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF]. No enthalpy of reaction for the formation of EuCO 3 + or Eu(CO 3 ) 2 -were selected in [START_REF] Hummel | Nagra/PSI Chemical Thermodynamic Data Base 01/01[END_REF]. a Original constants in [START_REF] Hummel | Nagra/PSI Chemical Thermodynamic Data Base 01/01[END_REF] are given relative to H2O; as constants used in ECOSAT [START_REF] Keizer | A Computer Program for the Calculation of Chemical Speciation and Transport in Soil-Water Systems (ECOSAT 4.7)[END_REF] are better given relative to OH -, thermodynamic constants are calculated using Kw, and the number of significant digits from the original constants relative to H2O.

NICA-Donnan modeling

The NICA-Donnan model merges the Non-Ideal Competitive Adsorption (NICA) model with a continuous distribution of sites -see [START_REF] Benedetti | Metal ion binding to humic substances: application of the Non-Ideal Competitive Adsorption Model[END_REF], and references therein -, and a Donnan potential description to account for electrostatic interactions within the structure of HS (Benedetti et al., 1996a). The model extensively described and discussed elsewhere (Benedetti et al., 1996a;Benedetti et al., 1996b;[START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF][START_REF] Koopal | Ion binding to natural organic matter: general considerations and the NICA-Donnan model[END_REF], accounts for sites heterogeneity, non-ideality of the metal-HS complexation, and competition between metals. It will be briefly recalled here.

In the Donnan approach, humic substances are considered as an electrostatically neutral gel phase with a constant electrostatic Donnan potential, ΨD. The "structural charges" of humic substances are compensated by the counter-ions. Outside the Donnan gel structure, ΨD = 0. The activities in the gel phase in the gel ai,D and in the bulk solution ai are linked by a Boltzmann factor.

C i,D = C i exp (- z i FΨ D RT ) (2)
As the phase is electrically neutral:

q V D + ∑ z i i (a i,D -a i ) = 0 (3)
where VD is the volume of the Donnan phase, q is the charge of the humic substance extract and zi the charge on the considered cation. For q values vs. pH for a known concentration of electrolyte, ΨD can be determined if VD = f(pH,Cs) is known -where Cs is the concentration of the background electrolyte. Practically, this value can only be estimated by the Einstein law, with the approximation of a "simple" form. Benedetti et al. (1996a) showed a logarithmic dependence between VD and ionic strength.

log 10 V D = b (1 -log 10 V D ) -1 (4) 
Within the Donnan phase, the cations complexation occurs with a distribution of sites.

The quantity of fixed cations on the total number of sites θi,T is described by

θ i,T = ∫ θ i,L ƒ(log 10 K i ) d(log 10 K i ) Δlog 10 K i (5) 
where θi,L is the fixed quantity on a site i, ƒ(log10Ki) is the continuous distribution function of sites.

From the Sips' equation [START_REF] Sips | On the structure of a catalyst surface[END_REF][START_REF] Sips | On the structure of a catalyst surface[END_REF], [START_REF] Koopal | Analytical isotherm equations for multicomponent adsorption to heterogeneous surfaces[END_REF] have applied a

Henderson-Hasselbach treatment and proposed a general equation in the case of a cation i in competition with other species on a distribution of sites. As the model requires the electroneutrality of the phase, the complexation of an ion must be followed by the release of another cation. [START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF] have proposed the normalization to the following expression for two distributions,

Q i,T = ∑ ( n i,j n H,j Q max i,j ) (K ̃i,j C D,i ) n i,j ∑ (K ̃i,j C D,i ) n i,j i (∑ (K ̃i,j C D,i ) n i,j i ) p j 1 + (∑ (K ̃i,j C D,i ) n i,j i ) p j j (6)
with Qi,T the total quantity of a compound i fixed to humic substances (mol kgHS -1 ), Qmax the maximum number of available sites (mol kgHS -1 ), CD,i the concentration of i in the Donnan phase, K ̃i the median affinity value of species i in the distribution, pj the width of the jth distribution or its intrinsic heterogeneity (the same for all the cations) (0  pj  1), and ni,j the heterogeneity or non-ideality of the ion i within the jth distribution (0  ni,j  1). The parameter ni,j can be viewed as an inverse of stoichiometry [START_REF] Koopal | Ion binding to natural organic matter: general considerations and the NICA-Donnan model[END_REF]. This expression is actually rather equivalent to a Langmuir-Freundlich isotherm. In the case of H + , only the product mH+,j = nH+,j.pj can be experimentally obtained. Parameters nH+,j, pj¸and ni,j for other cations are determined from titration of the humic substance and from complexometric experiments.

Calculations -simulation and modeling -of Eu-SRFA interactions were performed using ECOSAT software [START_REF] Keizer | A Computer Program for the Calculation of Chemical Speciation and Transport in Soil-Water Systems (ECOSAT 4.7)[END_REF], which includes speciation of inorganic ligands -activity coefficients calculated thought the [START_REF] Davies | Ion Association[END_REF] equation, and humic substances through the NICA-Donnan model; generic data for HA and FA interaction with protons [START_REF] Milne | Generic NICA-Donnan model parameters for proton binding by humic substances[END_REF], and several metal cations of interest, including Ln(III) [START_REF] Milne | Generic NICA-Donnan model parameters for metal-ion binding by humic substances[END_REF] were proposed. Thermodynamic constants from Table 1 were implemented in the ECOSAT database. Site densities of the two distributions of sites of SRFA, parameters representing the intrinsic heterogeneity (pj), generic proton median affinity constants (log 10 K ̃i), non-ideality parameter (ni,j) and Donnan volume parameter (b) for low-affinity type of sites, S1, and high-affinity type of sites (S2) [START_REF] Milne | Generic NICA-Donnan model parameters for proton binding by humic substances[END_REF] and the same parameters for europium(III) [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF] 

Results

Varying 

Binary systems

Eu-SRFA binary system

Eu(III)-SRFA complexation has been investigated in [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF] at different CEu(III), pH and ionic strength values. Complexation of Eu(III) in this system was evidenced by the typical increase of both the forbidden 5 D0→ 7 F0 and the hypersensitive 5 D0→ 7 F2 transitions (cf. Figure S1 from [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF]. More details about spectra, decays and modeling of the Eu-SRFA complexation were given in [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF].

Eu-CO3 binary system

The Eu-CO3 binary system is first studied before further characterization of Eu-CO3-SRFA ternary systems. From spectra with various total carbonate concentrations (Figure 1a)

and from theoretical speciation calculations (Figure 2a), it is possible to identify the influence of the different inorganic complexes. Within the HCO 3 -concentration range in previously done in the literature for Eu-HS systems [START_REF] Brevet | Spectral and temporal luminescent properties of Eu(III) in humic substance solutions from different origins[END_REF][START_REF] Janot | Influence of solution parameters on europium(III), α-Al2O3, and humic acid interactions: macroscopic and timeresolved laser-induced luminescence data[END_REF].

The spectra were considered as a sum of Lorentz-Gaussian function [START_REF] Davis | Computer-aided visual spectrum analysis[END_REF][START_REF] Mcnemar | The resolution of laser-induced europium(III) ion excitation spectra through the use of the Marquardt nonlinear regression method[END_REF] where the luminescence emission spectra F(λ) are given by equation ( 7),

F(λ) = ∑ F max,i exp [-0.5 ( λ -λ 0,i σ i ) 2 ] ( λ -λ 0,i σ i ) + 1 i (7)
where Fmax,i is the maximum intensity, λ0,i is the center wavelength and σi is the standard deviation, linked to the full-width at mid-height wi = 1.46 σi, of the i th component's luminescence. Two to four components were needed to fit the 5 D0→ 7 F2 transition, as shown in Figure S1 to Figure S5 of the SI -no attribution to Stark levels were made -, and the fitting parameters and correlation matrices are given in Table S1 to Table S10 the SI. The 5 D0→ 7 F2 hypersensitive transition splits into two main contributions centered approximately around 612 and 618 nm (Figure 3), the latter being slightly more intense as observed previously [START_REF] Vercouter | Complexes Aqueux de Lanthanides(III) et Actinides(III) avec les Ions Carbonate et Sulfate. Etude Thermodynamique par Spectrofluorimétrie Laser Résolue en Temps et Spectrométrie de Masse à Ionisation Électrospray[END_REF]. These observations on spectra are typical to the presence of EuCO 3 + complexes in solution [START_REF] Moulin | Europium complexes investigations in natural waters by time-resolved laser-induced fluorescence[END_REF][START_REF] Vercouter | Complexes Aqueux de Lanthanides(III) et Actinides(III) avec les Ions Carbonate et Sulfate. Etude Thermodynamique par Spectrofluorimétrie Laser Résolue en Temps et Spectrométrie de Masse à Ionisation Électrospray[END_REF].

Decay times of Eu-CO3 binary system (Figure 1b) are showing two different features.

Eu(III) is showing a mono-exponential decay up to [CO3]total = 10 µM -[HCO 3 -] = 8.5 µM.

The τ approx. 130 µs values are slightly higher than the free Eu 3+ one. For higher [CO3]total, bi-exponential decays are obtained. The first decay τ1 is faster than free Eu 3+ , the second decay, τ2, is slower than free Eu 3+ , and is ranging from 130 to 168 µs -from 7.6 to 5.7 ± 0.5 remaining H2O molecules using equation from [START_REF] Kimura | Luminescence study on determination of the hydration number of Cm(III)[END_REF]. Biexponential decay time evolutions were not reported in previous spectroscopic studies of Eu(III)-CO3 systems [START_REF] Moulin | Europium complexes investigations in natural waters by time-resolved laser-induced fluorescence[END_REF][START_REF] Vercouter | Complexes Aqueux de Lanthanides(III) et Actinides(III) avec les Ions Carbonate et Sulfate. Etude Thermodynamique par Spectrofluorimétrie Laser Résolue en Temps et Spectrométrie de Masse à Ionisation Électrospray[END_REF]. A non-exponential behavior of the decay time suggests the existence of two different excited states. The faster than Eu 3+ decay time was up to now only observed in the case of organic complexes that contained phenolic moieties [START_REF] Brevet | Spectral and temporal luminescent properties of Eu(III) in humic substance solutions from different origins[END_REF][START_REF] Burek | Intramolecular deactivation processes of electronically excited lanthanide(III) complexes with organic acids of low molecular weight[END_REF][START_REF] Kuke | Intramolecular deactivation processes in complexes of salicylic acid or glycolic acid with Eu(III)[END_REF][START_REF] Moreau | Complexation of europium(III) by hydroxybenzoic acids: a time-resolved luminescence spectroscopy study[END_REF][START_REF] Plancque | On the use of spectroscopic techniques for interaction studies, Part I: complexation between europium and small organic ligands[END_REF][START_REF] Primus | Flash photolysis study of complexes between salicylic acid and lanthanide ions in water[END_REF][START_REF] Reiller | Bi-exponential decay of Eu(III) complexed by Suwannee River humic substances: spectroscopic evidence of two different excited species[END_REF]. This should require further works.

The asymmetry ratio 7 F2/ 7 F1 of Eu-CO3 binary system (Figure 1c) is increasing with

[CO3]total. Since no plateau is reached, the asymmetry ratio cannot be used as a spectral titration curve [START_REF] Dobbs | A novel-approach to metal-humic complexation studies by lanthanide ion probe spectroscopy[END_REF]. The asymmetry ratio keeps on increasing with

[CO3]total as observed by [START_REF] Vercouter | Complexes Aqueux de Lanthanides(III) et Actinides(III) avec les Ions Carbonate et Sulfate. Etude Thermodynamique par Spectrofluorimétrie Laser Résolue en Temps et Spectrométrie de Masse à Ionisation Électrospray[END_REF]. One can notice that the asymmetry ratio values for Eu-SRFA and Eu-CO3 binary systems, when Eu(III) is fully bound to SRFA (Figure 2b) or fully bound to CO 3 2-(Figure 2a), are very close -7 F2/ 7 F1 approx. 3 for CSRFA ca. 20 mgSRFA/L (cf. Figure 1c from [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF] and for a total carbonate concentration of 10 mM ([HCO 3 -] = 8.5 mM, Figure 1c). S1 to Table S10 of the SI, respectively. 

Eu-CO3-SRFA ternary systems: influence of total CO3 concentration

As noted earlier, the possible precipitation of EuOHCO3(cr) is monitored through the loss of the TRLS signal. For lower [CO3]total, the experiment were done in less than two days, but for higher [CO3]total, no change in the TRLS signal was noted. Nevertheless, no solutions older than two days are reported in the following.

Eu-CO3-SRFA ternary system with fixed [CO3]total = 1 mM

The aim of this experiment is to evaluate the influence of increasing CSRFA on Eu-CO3 complexes. A total carbonate concentration of 1 mM -[HCO 3 -] = 0.85 mM -was chosen because in the binary system, EuCO 3 + is the major complex in solution at pH ca. 7

(Figure 5a). Several evolutions can be seen in Figure 4a, which represents the Eu-CO3-FA spectra normalized to the 5 D0→ 7 F1 transition when varying CSRFA. The 5 D0→ 7 F0, 5 D0→ 7 F1, and 5 D0→ 7 F2 transitions show a progressive narrowing with CSRFA. The 5 D0→ 7 F0 transition relative intensity shows a decrease with CSRFA until 10 mgSRFA/L, then an increase at 20 mgSRFA/L, and a decrease again at higher CSRFA. The 5 D0→ 7 F2 transition relative intensity is showing the exact opposite feature, i.e. an increase with CSRFA until 10 mgSRFA/L, then a decrease at 20 mgSRFA/L, and an increase again at higher CSRFA. From these observations, one can suppose that Eu(III) is successively under 4 different states: (i) EuCO 3 + complex;

an intermediate states where Eu(III) is either involved in (ii) CO 3 2-complexation and in SRFA complexes, or (iii) in a ternary complex with CO 3 2-and SRFA; and (iv) a final state where CSRFA is so important that only Eu-SRFA complexes could exist in solutions. These observations on spectra strongly suggest the presence of Eu-CO3-SRFA ternary complexes. Eu(III) is showing bi-exponential decays for most cases but it is not possible to fit biexponential decays for CSRFA = 1 and 10 mgSRFA/L, conceivably the proportion of one of the decays is not sufficiently prominent (Figure 4b). We can notice that τ2 seems to 

Selective excitation of the Eu-CO3-SRFA ternary system

In attempt to quantify Eu-CO3-SRFA ternary complexes in the system with fixed [CO3]total = 10 mM -[HCO 3 -] = 8.5 mM -, several excitation wavelengths (λexc) are used either to excite selectively Eu(III) through the 5 L6← 7 F0 transition (λexc = 393.7 nm), to take advantage from the antenna effect [START_REF] Alpha | Antenna effect in luminescent lanthanide cryptates: a photophysical study[END_REF] from the SRFA (λexc = 390 nm), or to minimize the excitation of the fulvic complex (λexc = 532 nm) as illustrated in Figure 7.

Asymmetry ratios 7 F2→ 7 F1 of Eu(III)-CO3-SRFA ternary system depending on CSRFA for excitation wavelengths λexc = 390, 393.7, and 532 nm are presented in Figure 8. These evolutions are too weak to be quantified and used as spectral titration curves [START_REF] Dobbs | A novel-approach to metal-humic complexation studies by lanthanide ion probe spectroscopy[END_REF] as previously done for the Eu-SRFA binary system [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF].

However, one can notice that the areas of the 5 D0→ 7 F0 transition, for excitation wavelengths of 390 and 532 nm (Figure 9), are significantly changing and can be used as spectral titration curves. The 5 D0→ 7 F0 at λexc = 532 nm are showing a decrease of signal with CSRFA, when the 5 D0→ 7 F0 at λexc = 390 nm are increasing with CSRFA due to the formation of organic complexes. 

Discussion

Ternary complexes of europium-carbonate-fulvic acid were evidenced from TRLS experiments. However, asymmetry ratios 7 F2/ 7 F1 present rather small amplitude evolutions, which make the quantification of these ternary complexes difficult. The evolutions of the 5 D0→ 7 F0 transition area in Figure 10 NICA-Donnan parameters from [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF]. The implementation of log10K͂ and n values for a ternary complex should help better describing this system. As low affinity (S1) and high affinity (S2) sites for proton in SRFA are to explain the Eu(III)-SRFA binary system [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF], one can assume that only these two types of sites are involved in a potential ternary complex. The data were fitted using ECOSAT with various log 10 K ̃ for ternary complexes (Figure S6 of the SI). The best fit of the data is obtained considering only a Eu(III)-CO3-SRFA ternary complex on low affinity Eu-FA 390 nm these complex systems. [START_REF] Antoniou | The effect of humic acid on the formation and solubility of secondary solid phases (Nd(OH)CO3 and Sm(OH)CO3)[END_REF] studied the formation and solubility of LnOHCO3 phases -namely Nd(III) and Sm(III) -under high enough concentrations of lanthanides to obtained data -TGA, ATR-FTIR, Raman, and eventually TRLS -of the phases themselves at 100 mg of solid in 50 mL, or approx. 9 mmolSm/kgw for 500 mgAH/L.

They noted a decrease in the crystallite size for Nd(III) and an increase for Sm(III), and a slight decrease in solubility of SmOHCO3(cr). Under our conditions, i.e. CEu(III) = 10 µM, no change in the TRLS signal are observed at the highest CSRFA with time. It should mean that if a solid phase is forming, then its crystallite size is very small and the phase does not precipitate with SRFA. This could be reminiscent of the observation of small iron polynuclear species observed by Weber et al. (2006a).

The NICA-Donnan parameters for the Eu-SRFA system were used to understand the Eu-CO3-SRFA ternary system. The formation of these mixed complexes seems to be confirmed, but their prevalence appears to be less important than expected by previous studies on actinides [START_REF] Morgenstern | The formation of mixed-hydroxo complexes of Cm(III) and Am(III) with humic acid in the neutral pH range[END_REF][START_REF] Panak | A study of ternary complexes of Cm(III) with humic acid and hydroxide or carbonate in neutral pH range by time resolved laser fluorescence spectroscopy[END_REF].

A simulation of the speciation of this system by the NICA-Donnan model -with the NICA-Donnan parameters from [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF] -shows that the proportions of Eu complexed to SRFA are not in agreement with those computed by the model if a ternary complex is not taken into account. Considering a log 10 K ̃Eu 3+ ,CO 3 2-,1 = 5.6 with n Eu 3+ ,CO 3 2-,1

= 1 -i.e., a homogeneous distribution in binding sites -on low affinity sites for the proton, for a ternary complex helps better describing this system. These complexes can represent as much as 27% of the europium speciation for a CSRFA of 10 mg/L and a total carbonate concentration of 10 mM ([HCO 3 -] = 8.5 mM, Figure 13) so they need to be considered within the framework of the NICA-Donnan modeling of natural carbonated waters. 

Conclusions

Our purpose was to study the possible formation of europium-fulvic acid-carbonate ternary complexes by time-resolved luminescence spectroscopy for various concentrations of carbonates and fulvic acid. These complexes were supposed to be significant under mildly basic carbonated natural waters but were not implemented in the NICA-Donnan modeling of natural organic matter complexation of Eu(III).

From the evolutions of shapes and maxima of the 5 D0→ 7 F0, 5 D0→ 7 F1 and 5 D0→ 7 F2 transitions of Eu(III), we have evidenced that other species are present in addition to the Eu(CO 3 ) n (3-2n)+ complexes and to the Eu-SRFA species that we have previously evidenced [START_REF] Kouhail | Eu(III)-fulvic acid complexation: evidence of fulvic acid concentration dependent interactions by time-resolved luminescence spectroscopy[END_REF]. We have used selective (exc = 393.8 nm) and indirect (exc = 390 and 532 nm) excitation of the Eu-CO3-SRFA system to build complexation isotherms that can be used in the framework of the NICA-Donnan model. We have implemented in the 

  total carbonate, [CO3]total -[CO 2 (aq)] = 15.07%, [HCO 3 -] = 84.85% and [CO 3 2-] = 0.08% at pH ca. 7, I = 0.1 M, and 22°C from thermodynamic data in Guillaumont et al. (2003) -, and SRFA concentrations, CSRFA, it is possible to favor some europium complexes from others. Results for Eu(III)-SRFA from Kouhail et al. (2016) are recalled, then Eu(III)-CO3 binary systems are presented. Afterwards, comparisons are done with Eu-CO3-SRFA ternary systems, for various CSRFA and [CO3]total. Spectra, decay times, variations of the relative intensity of the area 5 D0→ 7 F2 to the area 5 D0→ 7 F1 transitionreferred thereafter as the asymmetry ratio 7 F2/ 7 F1 -and NICA-Donnan calculations of the different europium complexes are presented below, where spectral and temporal interpretations will be attempted. For the sake of comparison, the luminescence spectra are normalized to the peak area of the 5 D0→ 7 F1 transition. Eu(III) luminescence decay times are measured with D = 10 µs, a gate step of 15 µs, and W = 300 µs for CEu(III) = 10 µM, pH ca. 7, I = 0.1 M NaClO4.

Figure 2a ,

 2a Figure 2a, the proportion of Eu(CO 3 ) n (3-2n)+ is always minor compared to total inorganic carbon. When adding [CO3]total = 5.8 µM -i.e. [HCO 3 -] = 4.9 µM -, both 5 D0→ 7 F0 and 5 D0→ 7 F2 transition intensities are decreasing due to the presence of carbonatesalthough < 1% of EuCO 3 + is predicted. For a [CO3]total of 0.1 mM -i.e. [HCO 3 -] = 85 µM -, the intensity of the 5 D0→ 7 F0 is similar to the one of Eu(III) without carbonate, whereas

Figure 1 .

 1 Figure 1. Spectroscopic data of Eu(III)-CO3 binary system vs. carbonate

  For higher [CO3]total, EuOHCO3(s) becomes oversaturated and may precipitate. All our experiments were done under oversaturated conditions, i.e. up to two days after sample preparation. After that timeframe, TRLS signals were varying and solutions were changed if necessary. For a [CO3]total of 1 mM, the relative intensity of the 5 D0→ 7 F0 increases compared to the one of Eu(III)-CO3 at 0.1 mM of CO3 -[HCO 3 -] = 85 µM -, and the 5 D0→ 7 F2 transition intensity decreases. For higher [CO3]total, the 5 D0→ 7 F0 remains constant while the 5 D0→ 7 F2 increases. For [CO3]total = 4.7 and 10.4 mM -[HCO 3 -] = 4.0 and 8.8 mM, respectively -, 90% of Eu is calculated to be under the form of EuCO 3 + complexes (Figure 2a). The differences observed on the 5 D0→ 7 F2 are likely due to the increase of Eu(CO 3 ) 2 -complex in solution -Eu(CO 3 ) 2 -complexes should represent around 3% of Eu(III) at [CO3]total = 4.7 mM, and 6% at [CO3]total = 10.4 mM -see above for corresponding [HCO 3 -]. The occurrence of sub-structures in the spectra is revealing changes in the symmetry around Eu(III). The 5 D0→ 7 F1 transition is showing a broadening with [CO3]total. We estimated the wavelength evolution of the 5 D0→ 7 F2 transition maxima from a fit of the luminescence emission spectra F(λ) for the different experiments, as

Figure 3 .

 3 Figure 3. Wavelength evolution of the 5 D0→ 7 F2 transition maxima estimated from a

Figure 4 .

 4 Figure 4. Spectroscopic data of Eu(III)-CO3-SRFA ternary system with fixed [CO3]total at 1 mM -i.e. [𝐇𝐂𝐎 𝟑 -] = 0.85 mM -: (a) luminescence spectra normalized to the 5 D0→ 7 F1 transition; (b) luminescence decay times, with circles symbols for mono

  Figure 5. Speciation of Eu(III)-CO3-FA ternary system at varying CSRFA, [CO3]total = 1 mM (a), and [CO3]total = 10 mM -[𝐇𝐂𝐎 𝟑 -] = 8.5 mM -(b); CEu(III) = 10 µM, pH ca. 7, and I = 0.1 M NaClO4; species representing less than 2% are not plotted;

Figure 6 .

 6 Figure 6. Spectroscopic data of Eu(III)-CO3-SRFA ternary system with fixed [CO3]total at 10 mM -[𝐇𝐂𝐎 𝟑 -] = 8.5 mM -vs. SRFA concentrations in mgSRFA/L: (a) luminescence spectra normalized to the 5 D0→ 7 F1 transition area; (b) luminescence

Figure

  Figure 7. Eu(III)-CO3-SRFA normalized luminescence spectra to the 5 D0→ 7 F1

Figure 9 .

 9 Figure 9. Evolution of the 7 F0 transition area of Eu(III)-CO3-SRFA ternary system

Figure 10 .

 10 Figure 10. Speciation of Eu(III) in Eu(III)-CO3-SRFA ternary system depending on

Figure 12 .

 12 Figure 12. Speciation of Eu(III) in Eu(III)-CO3-SRFA ternary system depending on

Figure 13 .

 13 Figure 13. Speciation of Eu(III) for CSRFA of 1, 10 and 100 mg/L using the NICA-

Table 1 . Thermodynamic constants used in this work.

 1 

	Equilibrium	log10β°	References
	Eu 3+ + OH -⇄ EuOH 2+	6.36± 0.04 a	Hummel et al. (2002)
	Eu 3+ + 2OH -⇄ Eu(OH) 2 +	12.9 ± 0.2 a	Hummel et al. (2002)
	Eu 3+ + 3OH -⇄ Eu(OH) 3 (aq)	18.3 ± 0.1 a	Hummel et al. (2002)
	Eu 3+ + CO 3 2-⇄ EuCO 3 +	8.1 ± 0.2	Hummel et al. (2002)
	Eu 3+ + 2CO 3 2-⇄ Eu(CO 3 ) 2 -	12.1 ± 0.3	Hummel et al. (2002)
	CO2(aq) + H2O ⇄ HCO 3 -+ H +	-6.35 + 0.02	Guillaumont et al. (2003)
	CO2(aq) + H2O ⇄ CO 3 2-+ 2H +	-16.68 ± 0.02	Guillaumont et al. (2003)
	Solubility	log10Ks°	
	Eu(OH) 3 (am) ⇄ Eu 3+ + 3OH -	-24.4 ± 0.8	Hummel et al. (2002)
	EuOHCO 3 (cr) ⇄ Eu 3+ + OH -+ CO 3 2-	-21.7 ± 0.1	Hummel et al. (2002)

Table 2 . NICA-Donnan parameters for proton binding to a fulvic acid from Milne et al. (2001), and Eu(III) given in Kouhail et al. (2016).

 2 are recalled in Table2.

		Qmax,1 (mol.kgFA -1 )	nM,1 log 10 K ̃M,1	p1	Qmax,2 (mol.kgFA -1 )	nM,2 log 10 K ̃M,2	p2	b	References
	H +	5.88	0.66	2.34	0.59	1.86	0.76	8.60	0.70 0.57	Milne et al. (2001)
	Eu 3+		0.53	-1.11			0.40	6.92			Kouhail et al. (2016)

Table 1 , and NICA-Donnan parameters fromTable 2 .

 12 

Table 1 , and NICA-Donnan parameters fromTable 2 .

 12 

Na 2 CO 3 10 mM

  

	Eu-FA-CO3 390 nm Eu-CO 3 -FA 390 nm
	Eu-FA-CO3 393.7 nm Eu-CO 3 -FA 393.7 nm
	Eu-FA-CO3 532 nm Eu-CO 3 -FA 532 nm
	Eu-FA 393.7 nm Eu-FA 393.7 nm
	0

Table 1 , and NICA-Donnan parameters from Table 2; species representing less than 2% are not plotted.

 1 

Table 1 , and NICA-Donnan parameters from Table 2.

 1 

	From TRLS spectra, decay times, and with the help of NICA-Donnan calculations, we are
	able to propose the formation of EuCO3S1 ternary complexes in aqueous media relevant
	of environmental conditions. In view of the restricted pH span of our study due to
	EuOHCO3(s) precipitation, a study of the solubility of these ternary phases with TRLS and
	various other spectroscopic techniques should help improving the understanding of

increase up to 238 µs with CSRFA -i.e. 3.9 ± 0.5 remaining H2O molecules according to [START_REF] Kimura | Luminescence study on determination of the hydration number of Cm(III)[END_REF] -except for CSRFA = 20 mgSRFA/L.

The asymmetry ratios presented in Figure 4c are show an increase with CSRFA except for CSRFA = 20 mgSRFA/L. From NICA-Donnan calculations (Figure 5a), one can see that between 10 and 30 mgSRFA/L, only the decrease of inorganic complexes and the increase of SRFA complexes is predicted. This prediction cannot explain the evolutions on Eu-CO3-FA spectra when varying CSRFA. It seems clear that a ternary Eu-CO3-FA complex is needed to explain these evolutions of spectra and decay times.

Eu-CO3-SRFA ternary system with fixed total carbonate 10 mM

The total carbonate concentration was chosen as for the previous experiment: EuCO 3 + is the major complex in solution at pH ca. 7, but Eu(CO 3 ) 2 -is also present (Figure 5b) and we should evidence the impact of SRFA concentrations on these two complexes.

Spectra for Eu-CO3-FA ternary system with fixed total carbonate concentration of 10 mM -i.e. [HCO 3 -] = 8.5 mM -normalized to the 5 D0→ 7 F1 transition area are presented in Figure 6a. The evolutions are showing some similarity with the ones for a fixed [CO3]total = 1 mM (Figure 4a) -[HCO 3 -] = 0.85 mM. The 5 D0→ 7 F0, 5 D0→ 7 F1 and 5 D0→ 7 F2 transitions are also showing a narrowing with CSRFA. The 5 D0→ 7 F0 transition relative intensity evolves in the same way, i.e. a decrease with CSRFA until 10 mgSRFA/L, and then an increase at 20 mgSRFA/L, and a final decrease at higher CSRFA. The evolution is less clear for the 5 D0→ 7 F2 transition: one can only say that the peak increases from 30 mgSRFA/L. The 5 D0→ 7 F2 transition is showing a hypsochromic shift with CSRFA.

Eu(III) is showing bi-exponential decays for most cases, but it is not possible to fit biexponential decays for all CSRFA -here for CSRFA lower than 3 mgSRFA/L -and it is not possible to evidence a real trend with CSRFA (Figure 6b). No clear evolutions could be evidenced either for asymmetry ratios (Figure 6c) with CSRFA compared to Eu-CO3-SRFA ternary system with fixed [CO3]total of 1 mM -[HCO 3 -] = 0.85 mM.

sites for proton S1 with log 10 K ̃Eu 3+ ,CO 3 2-,1 = 5.6 ± 0.1 and n Eu 3+ ,CO 3 2-,1 = 1 (Figure 11) and the results of the modeling are presented in Figure 12.

The experimental data were too scarce to be fitted using FIT program coupled with ECOSAT. Thus, we cannot provide uncertainties and correlation matrices for the ternary system NICA Donnan parameters. We used ECOSAT instead to calculate the proportion of Eu(III) present in inorganic and organic complexes for various log 10 K ̃Eu 3+ ,CO 3 2-,1 for ternary complexes plotted vs. the experimental data (Figure S6 of the SI). The associated linear regressions and 95% confidence intervals of the proportions of Eu(III) experimental vs. Eu(III) modeled are also presented in the Figure S6 of the SI. Adding parameters on high affinity sites (S2) for the proton do not help to fit the data, so we only used parameters for low affinity sites (S1). The heterogeneity parameter n Eu 3+ ,CO 3 2-,1 does not seems to influence the fits, so we choose to fix it at n Eu 3+ ,CO 3 2-,1 = 1. The data were fitted using Eu(III)-CO3-SRFA ternary complex on low affinity sites for proton S1 with log 10 K ̃Eu 3+ ,CO 3 2-,1 varying from 5 to 6 and fixed n Eu 3+ ,CO 3 2-,1 = 1. The best fit of the data is obtained considering a Eu(III)-CO3-SRFA ternary complex on low affinity sites for proton S1 with log 10 K ̃Eu 3+ ,CO 3 2-,1 = 5.6 (Figure S6h model log 10 K ̃Eu 3+ ,CO 3 2-,1 = 5.6 and n Eu 3+ ,CO 3 2-,1 = 1 for a Eu-CO3-SRFA ternary complex on low affinity for proton sites that helps better describing the system. These ternary complexes represent a significant proportion of the Eu(III) complexes in solution and should be consider in future studies.

Supplementary material

Supplementary data, six figures and ten tables, associated with this article can be found, in the online version.