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Introduction

Ra (half-life: 1,600 years) is a natural radionuclide belonging to the decay chain of 238 U. 226 Ra can be concentrated in a certain type of waste resulting from anthropic activities (mainly uranium and phosphate mines, hydraulic fracturing). However, despite precautions taken by operators for the non-dissemination of Ra in the environment, studies on its geochemical behavior is still an active subject. Indeed, the well-known hazardous radon gas is formed by radioactive decay of 226 Ra.

Moreover, due to its chemical properties close to Ca, 226 Ra is likely to accumulate in organism in case of contamination. To prevent such a risk of exposure, it is thus necessary to determine its transfer pathways from disposal sites to the environment. 226 Ra activities in environmental waters typically vary from 0.1 to 1,000 mBq L -1 (in the following ways: oceans, seawaters ≤ rivers, lakes ≤ groundwaters) and may be even higher in mining areas [1], and the maximum 226 Ra permissible activity in drinking waters is fixed at 1 Bq L -1 (27.4 pg L -1 ) by the World Health Organization (WHO) [START_REF]Guidelines for drinking-water quality[END_REF].

To be able to measure low levels of 226 Ra, the use of a specific extraction technique to isolate it from the matrix and to preconcentrate it is mandatory.

Solid phase extraction (SPE) is currently the most used technique to isolate a compound from complex liquid samples or solid extracts. However, to date, the only Ra-specific sorbent that exists is the commercial resin AnaLig® Ra-01 [START_REF] Dalencourt | A rapid sequential chromatographic separation of U-and Th-decay series radionuclides in water samples[END_REF][START_REF] Verlinde | A new rapid protocol for 226Ra separation and preconcentration in natural water samples using molecular recognition technology for ICP-MS analysis[END_REF][START_REF] Boudias | 226Ra and 137Cs determination by inductively coupled plasma mass spectrometry: state of the art and perspectives including sample pretreatment and separation steps[END_REF]. Although being very efficient to fix Ra(II) even in complex matrices (e.g. seawater), it is expensive and Ra elution is tough due to its strong affinity for the resin.

High concentration of nitrilotriacetic acid at basic pH allows to recover Ra but this elution medium is not always compatible with a direct introduction in inductively coupled plasma mass spectrometry (ICP-MS) depending on the introduction system used (matrix effects for instance reported using a desolvation system (Apex-HF) [START_REF] Verlinde | A new rapid protocol for 226Ra separation and preconcentration in natural water samples using molecular recognition technology for ICP-MS analysis[END_REF]). To create a specific sorbent which would overcome these drawbacks, the synthesis of ion-imprinted polymers (IIPs) appeared as an attractive alternative option.

IIPs are synthetic polymers designed in presence of complexes of the targeted ion or an analogous ion with the monomer-ligand(s) so that the polymerization process leads to the presence of multiple specific cavities. They present both a size and functional complementarity to that of the template ion used for their synthesis. A non-imprinted polymer (NIP) can be synthesized in parallel in similar conditions, but without the introduction of a template ion, the comparative characterization of both sorbents allowing thus the evaluation of the imprinting effect. Unlike molecularly imprinted polymers (MIPs), there is still no commercialized IIP on the market but this field of research is younger than that of MIPs and IIPs continue to gain attention of several research teams working on a large panel of ions (e.g. heavy and transition metals, lanthanide, actinides, and noble metals) and applications (e.g. SPE, membranes, sensors) [START_REF] Janczura | Imprinting Technology for Effective Sorbent Fabrication: Current State-of-Art and Future Prospects[END_REF][START_REF] Kusumkar | Ion-Imprinted Polymers: Synthesis, Characterization, and Adsorption of Radionuclides[END_REF][START_REF] Ouardi | Benefit of ion imprinting technique in solid-phase extraction of heavy metals, special focus on the last decade[END_REF]. Indeed, these sorbents offer many advantages including specific recognition sites, thermal and chemical stability, and simple and fast synthesis most of the time requiring low cost commercial reagents [START_REF] Shakerian | Advanced polymeric materials: Synthesis and analytical application of ion imprinted polymers as selective sorbents for solid phase extraction of metal ions[END_REF]. This alternative would thus be more economical.

The first attempt to synthesize an IIP for Ra(II) extraction was recently reported by our group [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF].

The potential monomer-ligands were screened by electrospray ionization mass spectrometry in combination with solubility tests and conductimetry experiments. An analogous ion was used as template for radiological protection reasons and as it prevents any radium contamination resulting from an incomplete removal of the template after the polymer synthesis and thus leaching during its use for sample analysis. Ba 2+ was selected since it is the nearest alkaline-earth metal nearby Ra 2+ in the periodic table and present thus similar size (hydrated ionic radii of Ba 2+ and Ra 2+ are 4.04 and 3.98 Å, respectively [1]) and chemical properties (e.g. they share the same preferred coordination number (CN = 8) [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF][START_REF] Dudev | Factors Governing the Metal Coordination Number in Metal Complexes from Cambridge Structural Database Analyses[END_REF]. Five IIPs were synthesized by bulk polymerization using styrene as comonomer, divinylbenzene (DVB) as cross-linker, acetonitrile (ACN)/dimethylsulfoxyde (DMSO) (1/1, v/v) as porogen, thermal initiation at 60°C and with different monomers. The IIP based on vinylphosphonic acid (VPA) monomer proved to be the most promising, both in terms of selectivity (retention on IIP versus NIP) and specificity (retention of target ion versus interfering ion).

With the purpose of continuing to improve the IIP properties, the aim of this work was to study the influence of the template/monomer (T/M) ratio as it was done for other targeted ions. Indeed, in case of an IIP synthesized with diphenylcarbazide (DPC) and methacrylic acid as monomersand Ni(II) as template ion, the variation of the Ni(II)/DPC molar ratio from 1/0 to 1/3 led to a slight variation of the capacity from 111 to 170 µmol g -1 (6.5 to 10 mg g -1 ), the maximum value being reached for the ratio 1/2 [START_REF] Zhou | Preparation and adsorption characteristics of an ion-imprinted polymer for fast removal of Ni(II) ions from aqueous solution[END_REF]. Zhu et al. demonstrated for their part that varying the Fe(II)/acrylic acid molar ratio from 1/3 to 1/12 had a greater influence on the selectivity factors than on capacity [START_REF] Zhu | A novel ion-imprinted polymer for selective removal of trace Fe(III) from Cr(III)-containing solutions[END_REF]. Moreover, on a test in presence of Fe(II) and Cr(III) as interfering ion, they observed an optimum selectivity factor for the ratio 1/9 while the greatest capacity was obtained with a ratio 1/6. Therefore, the ratio only needs to be modified in a small range of values to observe changes. In the present work, three IIPs were prepared with T/M ratios of 1/4, 1/6, and 1/8 and compared in terms of specificity, structure, capacity, adsorption mechanism, and breakthrough volume. After this comparison, the best IIP was applied to the determination of Ba(II) and 226 Ra in spiked mineral waters. Signals of 226 Ra and 228 Ra were monitored by ICP-MS and quantification was made by isotope dilution.

Material and methods

Chemicals

Barium nitrate (99.999%), anhydrous DMSO (≥99.9%), VPA (97%), styrene (≥99%), 15-Crown-5 (98%, 15C5), and DVB (80%), and 3-morpholino-1-propanesulfonic acid (MOPS, ≥99.5%) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France) while 2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (Bis-Tris, ≥99%) from VWR Chemicals (Fontenay-sous-Bois, France).

ACN was provided by Carlo Erba (Val-de-Reuil, France). Azo-N,N'-diisobutyronitrile (AIBN) was purchased from Acros Organics (Noisy-le-Grand, France).

High purity nitric acid and hydrochloric acid were obtained by distillation (Savillex® DST-1000 system) from HNO 3 68% Normapur (VWR Chemicals) and HCl 37% Emsure (Merck, Darmstadt, Germany).

Nitric acid and ammonia 25% Suprapur from Merck were used for pH adjustment. Ultrapure (UP) water was produced using a Milli-Q system from Millipore (Molsheim, France, pH 6). Various monoelemental and multi-elemental solutions were used: 1,000 mg L -1 mono-elemental stock solutions of Na, K, and Mg in 2% HNO 3 (BDH Aristar, VWR Chemicals), of Ca in 2-3% HNO 3 (Merck), of Ba in 2% HNO 3 (SPEX CertiPrep, Longjumeau, France), of La in 2% HNO 3 (CPA Chem, Bogomilovo, Bulgaria), of W in 5% HNO 3 (Alfa Aesar, Thermo Fisher Scientific, Courtaboeuf, France), of Rh in 10% HCl (BDH Aristar, VWR Chemicals), and a multi-elemental solution of 33 elements at 100 mg L -1 in 5% HNO 3 (M33 containing Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, In, K, Li, Mg, Mn, Mo, Na, Ni, Nb, Pb, Rb, Sb, Se, Sr, Ti, Tl, V, U, and Zn, CPA Chem). An in-house 226 Ra source (activity of 11.92 ± 0.38 Bq g -1 , coverage factor k = 2) was used to spike solutions. The 228 Ra tracer used in this study was obtained by purification of a 1,000 mg L -1 Th standard (Plasmanorm, VWR Chemicals) on a 100-150 µm UTEVA resin (Triskem International, Bruz, France). Certified reference material U500 (49.696 ± 0.050% of 235 U and 49.711 ± 0.050% of 238 U) was used for the mass calibration of the mass spectrometer. Isotope reference material IRMM-3636 ( 233 U/ 236 U: 1.01906( 16)) was used for mass bias correction. All sample dilutions and solutions for ICP-MS and inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were performed with 0.5 mol L -1 (M) i.e. 3% HNO 3 . ICP-MS was daily tuned using an Agilent tuning solution (Ce, Co, Li, Mg, Tl, and Y at 1 µg L -1 in 2% HNO 3 , Les Ulis, France). Torch alignment of ICP-OES was made using a 2 mg L -1 Zn solution prepared from a 1,000 mg L -1 Zn standard in 2% HNO 3 (BDH Aristar, VWR Chemicals). Before each ICP-OES analysis, a performance check was realized using an iCAP 6000 multi-element test solution from Thermo Fisher Scientific (10 mg L -1 P, 5 mg L -1 K and Ni, 1 mg L -1 Al, Cu, and Mn, 0.2 mg L -1 Ba, Ca, Mg, and Zn in 0.2 HNO 3 ). Certified reference drinking water EP-H (SCP Science, Villebon-sur-Yvette, France) was employed to select and validate which rays to use for quantification.

Synthesis of ion-imprinted polymers

According to our previous paper [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF], IIPs 1/4, 1/6, and 1/8 were prepared by using Ba(NO 3 ) 2 as template, VPA as functional monomers, styrene as co-monomer, DVB as cross-linker, a mixture of ACN and DMSO (1/1, v/v) as porogen, and AIBN as initiator. Firstly, Ba(NO 3 ) 2 (0.5 mmol), VPA (2, 3, and 4 mmol for IIP synthesized with template/monomer ratios of 1/4, 1/6, and 1/8, respectively) were dissolved in 3 mL of the porogen and left under magnetic stirring for 48 h, time required for a complete solubilization and complexation. Then, styrene (10 mmol), DVB (10 mmol) and AIBN (1% based on total moles of polymerizable double bonds) were added into the mixture. After being purged with nitrogen for 10 min, the mixture was sealed and immersed in a thermostatically controlled water bath at 60°C for 24 h. The NIP 1/6 was similarly synthesized without introducing the template ion. As the selectivity had already been demonstrated in our previous article [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF], no other NIP was synthesized and characterized in the present study.

The obtained blocks of polymers were finally crushed and ground (grinder MM 301, 30 Hz, Retsch®, Eragny sur Oise, France) and particles were treated with 3 M HNO 3 (3 cycles of 20 h under magnetic stirring) in order to remove the template ions. Elimination solutions were recovered by filtration with a Millipore glass filtration system surmounted by an MF-Millipore® mixed cellulose esters membrane filter (47 mm diameter, 1.2 μm pore size, Merck), and after dilution, their Ba(II) content was measured by ICP-MS to compare to the initial amount introduced. Particles were washed with UP water to neutralize the pH, dried (50 °C), and sieved (vibratory sieve shaker AS 200 at 13 mm g -1 amplitude, Retsch®, sieves with mesh sizes of 25 and 36 µm). In the end, 25-36 µm particles were sedimented in 20 mL of a MeOH/water mixture (80/20, v/v) (6 cycles of 90 min), dried (50 °C), and packed in 1 to 3 mL polypropylene cartridges (Merck) between 2 polyethylene frits (20 μm porosity, Merck) depending on the amount of sorbent to load (30-500 mg). Apart from the original IIP 1/6 (IIP 1/6 S1), two other replicates were made to evaluate the repeatability of the synthesis (IIPs 1/6 S2 and S3).

Apparatus and analytical conditions

Quantification of major elements (Na, K, Mg, and Ca) was carried out by ICP-OES (iCAP 7600 Duo, Thermo Fisher Scientific) while isotopes of other elements included in this study were measured by ICP-MS (Agilent 7700x equipped with a quartz concentric nebulizer and a quartz Scott spray chamber and Agilent 8800 combined to an Apex Omega and a PFA MicroFlow nebulizer (Elemental Scientific (ESI), ~300 μL min -1 )). Measurements of non-radioactive solutions were performed on ICP-MS Agilent 7700x at the Department of Analytical, Bioanalytical Sciences, and Miniaturization while solutions containing 226 Ra were realized on ICP-MS Agilent 8800 at "Institut de Radioprotection et de Sûreté Nucléaire". Acquisition and quantification parameters of the instruments are reported in supplementary data (Tables S1,S2, and S3. The prepared polymers were characterized by thermogravimetric analyses (TGA, Toledo TGA 2 STAR e system, Mettler Toledo, Viroflay, France) and nitrogen adsorption tests (3-Flex system, Micromeritics®, Merignac, France). For TGA analyses with N 2 , up to 5 mg of sorbent were used and the following heating ramp was applied to investigate the degradation temperature of the sorbent: 5 °C min -1 from ambient temperature to 600 °C. For Brunauer-Emmett-Teller (BET) surface area (S BET ) measurements, 100 mg of sorbent was degassed in situ by heating under vacuum (25-60 °C at 10 °C min -1 ; 60-150 °C at 5 °C min -1 ; 150-180 °C at 2 °C min - 1 ; and 180°C for 1 h). S BET were determined in the range of 0.05 to 0.35 P/P° and considering the dry mass of the sorbent.

Characterization of IIPs by SPE in pure media

Preliminary study of the specificity

The purification procedure implemented in this study is similar to that described in our previous work [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. 1 to 3 mL cartridges containing between 30 mg (IIP 1/6 S1 and NIP 1/6) and 60 mg of polymers (IIPs 1/4, 1/6 S2, 1/6 S3, and 1/8) were conditioned with 3 mL of 25 mM Bis-Tris buffer at pH 7 (or 1 mM MOPS buffer at pH 7). 1 mL of a multi-elemental solution composed of alkali metals (Li(I), Rb(I), Cs(I)), alkaline earth metals (Sr(II), Ba(II)), transition metals (V(V), Co(II), Nb(V), Mo(VI), Ag(I), W(VI)), metalloids (As(V), Sb(V)), post-transition metals (Tl(I), Pb(II), Bi(III)), and lanthanide (La(III)), each at 10 µg L -1 , and 226 Ra at 0.01 Bq mL -1 , prepared in 25 mM Bis-Tris buffer at pH 7 (or 1 mM MOPS buffer at pH 7) was loaded on cartridges. Finally, various washing (0.5 mL of UP water followed by 0.5 mL of HNO 3 at pH 4) and elution steps (0.5 mL at pH 3, 0.5 mL at pH 2, and 1.5 mL of 0.5 M HNO 3 ) were applied. The acidic medium in contact with the sorbent inside the cartridge was replaced by UP water before storage at ambient temperature until next use. Each fraction was diluted with HNO 3 0.5 M prior to ICP-MS analysis. The affinity of the IIP 1/6 S1 and NIP 1/6 for major alkali and alkaline earth constituents (Na, K, Ca, and Mg) was also investigated in another test and collected fractions were analyzed by ICP-OES.

Capacity and breakthrough volume measurements

For each IIP, the capacity and breakthrough volume measurements were realized on the same cartridge. The adsorption capacity of the different polymers was determined by SPE in cartridge (30 mg of IIP 1/6 S1 and 60 mg of IIP 1/4 and 1/8) by loading 1 mL of 1 mM MOPS buffer at pH 7 (P) containing increasing amounts of Ba(II) (0.01 to 50 µg). 0.5 mL of UP water and 0.5 mL of HNO 3 at pH experiment with another Ba(II) amount. Only the combined fraction P+W was recovered and analyzed by ICP-MS (8800) with a traditional Scott spray chamber as the introduction system. The recovery in the elution fraction was calculated based on the amounts of Ba(II) initially introduced and lost in the combined fraction P+W.

The breakthrough volume of the IIPs 1/6 S1 (30 mg) and 1/8 (60 mg) was determined by loading increasing percolation volumes (from 1 to 50 mL) of 1 mM MOPS buffer at pH 7 containing the same amount of Ba(II) (0.1 µg). The same washing and elution solutions as previously mentioned were applied and the influence of the percolation volume on the Ba(II) recovery in the elution fraction was assessed. Obtained results were extrapolated for 100 mg of sorbent.

Adsorption isotherms modeling

Adsorption isotherms were plotted using the following definitions of (Eq. (1)), the amount of Ba(II) adsorbed by mass unit of sorbent (mg g -1 ), and (Eq. ( 2)), the Ba(II) concentration in the combined percolation and washing fractions (P+W), i.e. Ba(II) ions not retained on the sorbent (mg L -1 ).

Adsorption isotherms are usually plotted for batch experiments but these definitions were adapted to flow experiments as already made by another group [START_REF] Candan | Cadmium removal out of human plasma using ion-imprinted beads in a magnetic column[END_REF].

Eq. (1)

Eq. ( 2)

where , are the Ba(II) concentrations in the loaded solution and in the combined fractions P+W (mg L -1 ), , are the volume of the solution loaded on the cartridge and of the P+W fraction collected (L), and is the mass of sorbent (g).

Experimental data were compared to the Langmuir, Freundlich, Sips, and Redlich-Peterson adsorption isotherms models with the support of reviews [START_REF] Wang | Adsorption isotherm models: Classification, physical meaning, application and solving method[END_REF][START_REF] Foo | Insights into the modeling of adsorption isotherm systems[END_REF][START_REF] Al-Ghouti | Guidelines for the use and interpretation of adsorption isotherm models: A review[END_REF]. The Langmuir model (Eq. ( 3)) is based on the following hypotheses: monolayer adsorption, homogeneous distribution of interaction sites, and interactions between adsorbed compounds considered negligible.

Eq. ( 3)

where and are the maximum adsorption capacity (mg g -1 ) and the Langmuir constant (L mg -1 ), respectively.

The dimensionless separation factor (Eq. ( 4)) can be used to further characterize the nature of the adsorption process: (irreversible), (favorable), and (linear).

Eq. ( 4)

The Freundlich model (Eq. ( 5)) is empirical and is employed to describe multilayer adsorption processes on heterogeneous surfaces.

Eq. ( 5)

where (L 1/n mg 1-1/n g -1 ) and are constants.

gives information on the intensity of the adsorption process or on the degree of heterogeneity of the adsorption sites: (surface becomes heterogeneous), (favorable adsorption), (unfavorable adsorption).

The Sips model (Eq. ( 6)) is an empirical hybrid model combining the Langmuir and Freundlich models.

It can therefore be used to describe adsorption processes either on homogeneous or heterogeneous surfaces.

Eq. ( 6)

where is the maximum adsorption capacity (mg g -1 ), and ( ) and are the Sips constants. When , the Sips model simplifies to the Langmuir model, and at low initial adsorbate concentrations and thus at low , it simplifies to the Freundlich model.

The Redlich-Peterson model (Eq. ( 7)) is hybrid, like the Sips model. So, it can also be applied both to homogeneous and heterogeneous systems.

Eq. ( 7)

where (L g -1 ), (L g mg -g ), and 1 are the Redlich-Peterson constants. When , the Eq. ( 7) corresponds to the one of the Langmuir model and when , Eq. ( 7) corresponds to the one of the Freundlich model.

A minimization procedure has been implemented to determine constants of the two and three parameters models from the nonlinear equations described above. This was realized by minimizing the residual sum of squares ( ) between the calculated values from the model ( ) and the experimental data ( ) using the solver function of Microsoft Excel® 2013.

Applications of IIP with mineral waters

Two different mineral waters (Mont Roucous® which is a very low mineral content water with a dry residue of 22 mg L -1 and Volvic®, which is a low mineral content water with a dry residue of 130 mg L -

1

) spiked with Ba(II) were loaded on the IIP 1/6 S1 or S2. The amount of spike was adapted to the percolation volume (0.5 to 5 mL) in order to load the same amount of Ba(II) in each test (100 ng). In each test, the Ba(II) amount added was much greater than the Ba(II) amount naturally present in these waters. Effect of the addition of 15C5 at 15 or 100 mM to the percolation solution was also investigated in order to complex Na(I).

Quantification of 226 Ra by isotope dilution

2.6.1. 228 Ra tracer preparation and characterization 2 mL of 1 g L -1 Th standard were purified on 2 mL of wet UTEVA resin to prepare and characterize the 228 Ra tracer free of 228 Th. This resin is indeed known to retain Th but not Ra. Details on the purification and characterization procedure are provided in supplementary information. No 232 Th was detected in the Ra fraction collected, meaning the purification was efficient. Two aliquots from the purified Ra fraction were taken to estimate the 228 Ra/ 226 Ra ( 226 Ra impurities mainly due to 230 Th decay) isotope ratio and the 228 Ra concentration of the tracer by isotope dilution, respectively. An isotope ratio 228 Ra/ 226 Ra of 2.9 ± 0.2 (uncertainty calculated with a coverage factor k = 2) and a 228 Ra concentration of 0.38 ± 0.02 pg g -1 (uncertainty calculated using a Monte-Carlo simulation and result displayed here for k = 2, RDS = 5.3%) were determined.

Application on a 226 Ra spiked mineral water

The extraction of 5 mL of Mont Roucous® mineral water spiked with 80 mBq L -1 of 226 Ra was performed on IIP 1/6 S2 and NIP 1/6 (500 mg for each) and 226 Ra was quantified by isotope dilution using 228 Ra as internal tracer. This activity is consistent with these sought in pore waters (a few to several tens of mBq L -1 ). A certain amount of the freshly purified 228 Ra tracer was next added to 15 mL of spiked sample so that the isotope ratio 226 Ra/ 228 Ra in the final analyzed fraction was close to 1, value for which the relative uncertainty on the 226 Ra concentration calculated through the isotope dilution equation (Eq. ( 10)) is sufficiently low to enable an optimum consumption of the 228 Ra tracer, as illustrated in Figure S2. The sample was buffered with 1 mM of MOPS, its pH was brought to 7, and 2 hours of isotopic equilibration were left. As the mass of sorbents was between 5 to 17 times greater than for previous tests (on specificity/capacity/breakthrough volumes and evaluation of matrix effects on mineral water samples, respectively), the volumes of washing and elution solutions were adapted to the scale up. After conditioning each sorbent with 10 mL of a solution of 1 mM MOPS buffer at pH 7, 5 mL of the prepared sample solution were percolated. Cartridges were washed with UP water (2.5 mL) and HNO 3 at pH 4 (2.5 mL) and Ra was eluted with 0.5 M HNO 3 (2 mL). The elution fraction was directly analyzed in Apex Omega-ICP-MS with parameters described in Table S3 to assess their 226 Ra content (Eq. ( 8)). As there was no 228 Ra in the sample, Eq. ( 8) is a simplified form of the general isotope dilution equation. Instrumental mass bias was corrected by adding the IRMM-3636 reference material (solution certified for 233 U/ 236 U isotope ratio) to the elution fraction and using the exponential mass fractionation law (EMFL) (Eq. ( 9))

Eq. ( 8)

where and are the 226 Ra concentration in the sample and the 228 Ra concentration in the spike solution (pg g -1 ), and are the mass of sample and spike solutions mixed together (g), 226 and 228 are the atomic mass of the corresponding isotopes (g mol -1 ), and and are the measured isotope ratios 226 Ra/ 228 Ra in the spike (i.e. 228 Ra tracer solution) and in the mixture (i.e. spiked sample).

Eq. ( 9)

where and are the true and measured 226 Ra/ 228 Ra isotope ratios, and are the atomic masses of 226 Ra and 228 Ra (g mol -1 ), and is the mass bias factor. The factors were calculated for the 233 U/ 236 U isotope ratios after addition of the IRMM-3636 standard to the samples, and were used for the correction of the mass bias for the isotope ratios 226 Ra/ 228 Ra.

Results and discussion

In this study, three IIPs were synthesized using Ba(II) as template ion (T) and VPA as monomer (M) with different T/M ratios (1/4, 1/6, and 1/8), in combination with the same co-monomer (styrene), cross-linker (DVB), and porogen (3 mL of ACN/DMSO (1/1, v/v) for 0,5 mmol of template) as in our previous work which used the T/M ratio 1/6 [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. The IIP 1/6 retained strongly Ra 2+ while having the potential to isolate it from alkali metals, metalloids and some transition metals, demonstrating a good specificity for Ra 2+ . Except La(III), ions were not retained on the control polymer (NIP), proof of the selectivity of the IIP 1/6. These promising results incited us to further study this sorbent. As a difference of selectivity between IIP 1/6 S1 and its NIP has already been demonstrated in our previous article, no other NIP was synthesized in this new work.

As seen in Table S4, after grinding and applying three cycles of 20 h of washing with 3 M HNO 3 to remove the template ions, the amount of Ba(II) assessed by ICP-MS was lower than the initial amount introduced during the synthesis (e.g. 79 and 78% for IIP 1/6 S1 and 1/8, respectively). As no Ba(II) was recovered in the third elimination cycle, particles were dried, sieved, sedimented, packed in cartridges and some SPE procedures on non-spiked samples (blank) were carried out to remove remaining template ions bound to the polymers before comparing their performances.

Influence of the template ion/monomer ratio on IIP characteristics and properties

Thermal stability studies and surface areas measurements

Physical characterization experiments were first carried out. In our previous work, the nature of the monomer had no influence on the shape of the TGA curve [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. In this study, we just checked if it was the same by varying the template/ion monomer ratio by comparing the curve obtained for the IIP 1/8 to that of the IIP 1/6 S1 (Figure S3). They were also almost identical. Polymer decomposition occurs in the area between 300 and 500°C meaning that they could easily be degassed up to 180°C before BET measurement. The only difference stands at the end of the curve, in the area from 450°C to 600°C, where the loss of mass is uncomplete (8% and 27% of residual mass for IIPs 1/6 S1 and IIP 1/8, respectively). This is due to the presence of residual metal ions (template ions and/or contaminations coming from the material used during some of the post synthesis steps) bound to polymers. In any case, the proportion of ligands has no impact on the thermal stability.

BET surface areas (S BET ) measured for the IIPs 1/4, 1/6 S1, and 1/8 were 6, 7, and 3 m 2 g -1 , respectively (Table 1). The corresponding N 2 adsorption-desorption isotherms of the IIPs 1/4 and 1/6 S1 are available in Figure S4. An uncertainty of about 76% (see Table S5) can be attributed to these measurements due to the low surface available for N 2 adsorption in the sample holder (0.1-0.6 m 2 ) [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. However, the order of magnitude of the measured specific surface areas is very low, meaning also that the ligand proportion has no significant impact on this IIP characteristic in our case. In addition, examples of other IIPs with low surface areas exist in literature [START_REF] Mesa | Rational Design of an Ion-Imprinted Polymer for Aqueous Methylmercury Sorption[END_REF][START_REF] Mitreva | Iron(II) ion imprinted polymer for Fe(II)/Fe(III) speciation in wine[END_REF][START_REF] Behbahani | Synthesis, characterization and analytical application of Zn(II)-imprinted polymer as an efficient solid-phase extraction technique for trace determination of zinc ions in food samples[END_REF][START_REF] Randhawa | Imprinted polymers for water purification[END_REF], but depending on the synthesis conditions and approach as well as the degassing method, IIPs can also present surface areas of several tens to several hundreds of m 2 g -1 [START_REF] Burleigh | Imprinted Polysilsesquioxanes for the Enhanced Recognition of Metal Ions[END_REF][START_REF] Liu | A modeling study by response surface methodology (RSM) on Sr(II) ion dynamic adsorption optimization using a novel magnetic ion imprinted polymer[END_REF][START_REF] Pan | An ion-imprinted polymer based on palygorskite as a sacrificial support for selective removal of strontium(II)[END_REF]. 

Impact on retention and specificity

The IIP 1/6 S1 displayed retention for Ba(II) and Ra(II), selectivity (IIP vs NIP) and also specificity in presence of a wide range of interfering ions, in particular when loading pure spiked solutions buffered with 25 mM of Bis-Tris at pH 7 [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. Before evaluating the impact of the change of the template/monomer ratio on sorbent specificity, we examined the possibility to replace Bis-Tris (pKa at 25°C: 6.46) by another buffer: MOPS (pKa at 25°C: 7.14). Indeed, as seen in Table S6, matrix effects were observed in Bis-Tris during analysis with the Apex Omega-ICP-MS system and neither of the common elements, Rh, In and Tl, used as internal standard (IS), allowed to completely correct them (e.g. ratios Ra/IS and U/IS were not constant in solutions prepared in 0.5 M HNO 3 or 25 mM Bis-Tris).

Similar conclusions were made in 25 mM MOPS buffer at pH 7 but there were no more matrix effects lowering the MOPS concentration at 1 mM (Table S6).

SPE profiles obtained for Ra(II) and various interfering ions on IIP 1/6 S1 and NIP 1/6 in 25 mM Bis-Tris and 1 mM MOPS were thus compared (Figure S5 and Figure S6 for IIP and NIP, respectively). All ions tend to be slightly more retained in 1 mM MOPS and IIP 1/6 S1 presents a bit less specificity and selectivity in this medium. The Table S7 summarizes the observed behavior for each element on IIP 1/6 S1 and NIP 1/6: Nb(V) is retained on IIP whereas it was fully eliminated from the percolation step in Bis-Tris; V(V), W(VI) and As(V) are only partially eliminated (≥60%) on IIP; Nb(V), Pb(II), and Bi(III) are also retained on the NIP while they were not in Bis-Tris, and V(V), W(VI), and As(V) present a certain affinity for the NIP in MOPS. Although the specificity was slightly reduced in 1 mM MOPS, this medium was chosen for the development phase in which collection and analysis of all SPE fractions is required, to prevent quantification issues related to matrix effects.

The specificity of the IIPs 1/4 and 1/8 was thus also evaluated in 1 mM MOPS. Figure 1 

Impact on capacity

The capacity of the IIPs 1/4, 1/6 S1, and 1/8, which corresponds to the number of specific cavities available, or to the maximum amount of a given cation that can be retained by given amount of polymer without inducing a decrease in extraction recoveries, was measured and compared. To this end, solutions of 1 mM MOPS at pH 7 were spiked with increasing amounts of Ba(II), loaded on cartridges, and washing and elution steps described in section 2.4.2 were applied. Washing solutions were used both to allow the sample contained in the cartridge dead volume to completely pass through the sorbent bed and also to remove the targeted ions retained by non-specific interactions, outside the specific cavities. The resulting IIP capacity curves reported in Figure 2 and in Figure S8 exhibit two different parts. The first part of the curves is linear, reflecting constant and high recovery yields (92, 100, and 100% for IIP 1/4, 1/6 S1, and 1/8, respectively). A gentle slope is observed for higher amounts of Ba(II) loaded, which can be explained by the saturation of sorbent cavities. In this part, the slope is indeed lower and expected to be close to the one obtained with the NIP 1/6, on which ions can only be retained by residual non-specific interactions. These non-specific interactions also exist on the IIP surface and this is why the slope of the NIP 1/6 curve was used to draw the dotted line of the IIP 1/6 S1 in the part where all the cavities are already filled. The intercept was determined by minimizing the residual sum of squares and the capacity of the IIP can be estimated at the intersection of the solid line with the dotted line, the value from which a "plateau" is reached. The capacity values are around 46 µg g -1 (0.34 µmol g -1 ) for the IIP 1/4, 395 µg g - 1 (2.88 µmol g -1 ) for the IIP 1/6 S1, and 399 µg g -1 (2.91 µmol g -1 ) for the IIP 1/8. Thus, the capacity of the IIP 1/4 was about 9 times lower than that of the IIP 1/6 S1 and the capacities of the IIPs 1/6 S1 and 1/8 were similar. Characterizations of IIP 1/4 were thus not pursued. Although increasing the ligand proportion from 6 to 8 led to a better definition of cavities materialized by a slight improvement of the specificity, it did not allow to improve the capacity. Further increasing the ligand proportion was not attempted as we believe this would only strengthen the non-specific interactions.

Capacity values were reported in literature in case of calcium and strontium IIPs, the IIPs most similar to those developed here. Unfortunately, they were mostly measured by batch experiments without any washing step, i.e. without reducing the non-specific interaction contribution. To better compare data from literature to our values that reflect the specific capacity as a washing step was performed rather than a global capacity (sum of specific and non-specific interactions) when no washing was carried out, the specific capacity of the calcium and strontium IIPs was estimated by subtracting the capacity of the NIP to that obtained on the IIP. For the studies where the capacity of the corresponding NIP was available, values from 150 to 1,250 µmol g -1 were reported [START_REF] Pan | An ion-imprinted polymer based on palygorskite as a sacrificial support for selective removal of strontium(II)[END_REF][START_REF] Li | Strontium(II) Ion Surface-Imprinted Polymers Supported by Potassium Tetratitanate Whiskers: Synthesis, Characterization and Adsorption Behaviours[END_REF][START_REF] Song | Ion-Imprinted Polymers Based on Hollow Silica with Yeasts as Sacrificial Supports for Sr2+ Selective Adsorption[END_REF][START_REF] Liu | Synthesis of hydrophilic surface ion-imprinted polymer based on graphene oxide for removal of strontium from aqueous solution[END_REF]. Among the aforementioned studies only one made an IIP using the chemical immobilization approach. The corresponding IIP was synthesized by surface-imprinting which may explain its high capacity value

(1,250 µmol g -1 ). These values remain much higher than those measured in this study but it has to be kept in mind that many factors actually influence the capacity, including the polymerization method, the synthesis approach, and the reagents and ratios used [START_REF] Moussa | Selective solid phase extraction of lanthanides from tap and river waters with ion imprinted polymers[END_REF]. As no other group used either a combination of reagents close to ours or employed the chemical immobilization approach and the bulk polymerization method, comparison of data must be done with caution.

Extending the comparison to other sorbents than IIPs, the capacity of the resin AnaLig® Ra-01 (currently the only commercial Ra-specific resin that is available on the market) is 33 to 77 times higher (100-200 µmol g -1 ) than those of IIPs 1/6 S1 and 1/8, according to the supplier. In any case, the capacities of IIPs 1/6 S1 and 1/8 should be sufficient to extract Ra(II) in environmental samples by adapting the amount of solution loaded since the average abundance of Bi, Tl, Pb, La, Sr, Ba (elements co-extracted with Ra on IIP 1/6 S1 or 1/8 as seen previously), and Ra in the earth's crust is about 0.1, 0.1, 10, 10, 100, 100, and 0.001 µg g -1 [START_REF] Darnley | A global geochemical database for environmental and resource management[END_REF] and is expected to be smaller in waters in contact with soils and sediments.

Capacity related to adsorption mechanism

In IIP literature, when the capacity is determined by batch experiments (also called dispersive SPE (dSPE)), obtained adsorption isotherms are frequently confronted to models to obtain information on the adsorption process. Polymers capacity was determined in this study by SPE in cartridge and adsorption isotherms were confronted to the produced data, as already encountered in literature [START_REF] Candan | Cadmium removal out of human plasma using ion-imprinted beads in a magnetic column[END_REF]. Four adsorption isotherm models with two or three parameters whose equations are described in section 2.4.2, were investigated: Langmuir, a chemical adsorption model, and Freundlich, Sips, and Redlich-Peterson which are empirical isotherm models according to the classification made in the review of Wang et al. [START_REF] Wang | Adsorption isotherm models: Classification, physical meaning, application and solving method[END_REF]. They are the four models the most frequently cited in literature to represent and explain behavior of metal ions on IIPs [START_REF] Ouardi | Benefit of ion imprinting technique in solid-phase extraction of heavy metals, special focus on the last decade[END_REF] or on other types of sorbents [START_REF] Wang | Adsorption isotherm models: Classification, physical meaning, application and solving method[END_REF]. The best fit was attributed by comparing the values determined for each model (Table 2) and experimental and predicted curves as illustrated in Figure 3. Considering the Langmuir separation factor , it ranges from 0 to 1 for all IIPs under the studied conditions ( ranging from 0.01 to 50 µg), signs of a favorable adsorption process. Furthermore, the constants of the Sips model lead to a different interpretation as they are not close to 1 for the IIPs, evidencing an actual mix of both the Langmuir and Freudlich models. In fact, the better applicability of the three-parameter models implies that the IIP interaction sites and surfaces are not completely homogenous and adsorption mechanisms are complex. The calculated maximum capacities determined with the Langmuir model (0.059, 0.417, and 0.427 mg g -1 for the IIPs 1/4, 1/6 S1, and 1/8, respectively) agree well with the experimental values (0.046, 0.395, and 0.399 mg g -1 ). However, the Sips model tends to overestimate the maximum capacities (0.074, 0.413, and 0.839 mg g -1 for IIPs 1/4, 1/6 S1, and 1/8, respectively) because some experimental points at higher might be missing to properly run this model. Comparing now the constants and between the three IIPs (the inverse of these quantities corresponds to the concentration at which ), one can notice that IIP 1/6 S1 always present the highest values which can be interpreted as a faster saturation of interaction sites, and thus a higher affinity for this polymer. The slope of the first linear part of the capacity curve was indeed steeper for IIP 1/6 S1 in Figure 2.

Breakthrough volume measurements

The breakthrough volume of the IIPs 1/6 and 1/8 was evaluated in order to know the maximum enrichment factor that could be reached in pure solutions. Percolation volumes from 1 to 50 mL and containing 100 ng of Ba(II) (less than 1% of the maximum capacity of the tested polymer amount)

were loaded onto the IIPs 1/6 S1 (30 mg) and 1/8 (60 mg). The same cartridges as for previous tests were used since up to this stage, cartridges of the IIPs 1/6 S1 and 1/8 were reused about 35 and 12 times, respectively, without observing any significant loss of performance (recoveries always above 90%). Data in Figure 4 are presented, after normalization for 100 mg of both sorbents to compare them. As no decrease in recovery was recorded after percolation of 83 and 167 mL of solution on 100 mg of IIP 1/8 and 1/6 S1, respectively, the breakthrough volumes of the IIPs were not reached in this range of volumes studied. If these performances are conserved in the case of a real sample matrix and considering an elution volume of 1.5 mL, it would be possible to reach theoretical enrichment factors of more than 50 and 100 for the IIP 1/8 and 1/6 S1, respectively. This should be high enough for a great number of applications while preserving a reasonable percolation time. 

Evaluation of the synthesis repeatability

The repeatability of the synthesis has already been studied by our group in the case of IIPs synthesized for lanthanides(III) extraction both by the trapping and chemical immobilization approaches [START_REF] Moussa | Selective solid phase extraction of lanthanides from tap and river waters with ion imprinted polymers[END_REF][START_REF] Moussa | Potential of ion imprinted polymers synthesized by trapping approach for selective solid phase extraction of lanthanides[END_REF], but in our knowledge, papers dedicated to IIPs still often omit this important step in the development of a new promising extraction sorbent. Here, the repeatability of the synthesis was investigated for the IIP 1/6 as no significant gain on specificity, capacity, and breakthrough volume was observed by increasing the template ion/ligand proportion to 1/8. Two other syntheses (IIP 1/6 S2 and S3) were performed independently on two other days. Similar amounts of template ions were removed after synthesis (Table S4) and similar S BET were recorded for the IIPs 1/6 S1 and S2 (Table 1), providing the first evidence of repeatability.

The repeatability of the extraction procedure was also evaluated by performing the percolation in 25 mM Bis-Tris at pH 7 for the IIPs 1/6 S2 and S3 to be in the same initial conditions of use as IIP 1/6 S1.

1 mL of percolation solution containing 25 ng of Cs(I) and Ba(II) was loaded onto cartridges and the same washing and elution steps as the extraction procedure described in section 2.4.1 were applied.

As illustrated in Figure 5, the resulting extraction profiles obtained for the three independent syntheses were very similar, and the repeatability of the extraction procedure was demonstrated on the IIP 1/6 S2. The mean recovery for Ba(II) in fraction E1+E2+E3 in which the totality of the Ba(II) was recovered was 101 ± 5 % (1σ). In case of IIP 1/6 S1 and S3, the total Ba(II) recovery in the elution fraction exceed 100% due to the random release of template ions despite template elimination step made after synthesis. However, as stated earlier it allows to conclude to similar profile pattern. As a remark, considering all experiments made with a same cartridge of IIP 1/6 S1, no significant decrease in recovery was observed after 50 extractions. 

Influence of sample salinity on Ba(II) recovery

The retention of Ba(II) on IIP 1/6 S1 and its NIP was tested in presence of other major elements (Na(I), K(I), Mg(II), and Ca(II)). A first SPE procedure was carried out by loading 1 mL of 1 mM MOPS at pH 7 spiked with 6.0 mg L -1 of Ca(II) and 1.5 mg L -1 of Na(I), K(I), Mg(II), and Ba(II). These concentrations were chosen in order to be above the limit of quantification (LOQ) of these elements in ICP-OES and the Ba(II) amount loaded was lower than the capacity for a 30 mg cartridge. The same washing and elution steps as those described in section 2.4.1 were applied. The resulting SPE profile in Figure S9 revealed that major alkali metals had no affinity for the sorbents (as previously observed for Li(I), Rb(I), and Cs(I)) but the IIP retained all the alkaline earth metals. None of these ions was however retained on the NIP. To investigate if Mg(II) and Ca(II) could still have a lower affinity for the support and thus a lower breakthrough volume than Ba(II), a new test on a larger sample volume was realized. This test was realized on a mineral water (20 mL of Volvic® buffered with 1 mM MOPS at pH 7) containing all competing ions of interest (12 mg L -1 of Na(II) and Ca(II), 6 mg L -1 of K(I) and 8 mg L -1 of Mg(II) according to the supplier, see Table 3Erreur ! Source du renvoi introuvable.) and spiked with 5 µg L -1 Ba(II). As the concentrations of interfering ions were higher than for previous test in this mineral water, we chose to spike Ba(II) at a much lower concentration and to analyze it independently in ICP-MS for this test. This SPE procedure led to a complete loss of all alkaline earth metals in the collected percolation fractions (4 x 5 mL, see Figure S10), Ba(II) included. This loss could be explained by the presence of small organic acids complexing Ba(II) or else attributed to an exceeding of the sorbent capacity. The first hypothesis was tested by performing extraction on 20 mL UP water spiked with 5 µg L -1 Ba(II) and the same amounts of Na(I), K(I), Mg(II), and Ca(II) as in Volvic®. As ions were not retained even in absence of the matrix, this hypothesis was rejected.

Concerning the second hypothesis, it would mean that the IIP traps the entire alkaline earth family, independently of their size, and ions were not retained because from the first mL of spiked Volvic® percolated, 8 µg of Mg(II), 12 µg of Ca(II), and 0,005 µg of Ba(II) were loaded, the sum of which is greater than the sorbent capacity (12 µg for 30 mg of IIP 1/6 S1). For further tests, the amount of sorbent was adapted to the amount of alkaline earth loaded in order to have a sufficient capacity to potentially retain all alkaline earth metals. However, even loading only 1 or 0,5 mL of Volvic® spiked with Ba(II) (which corresponds to 20.1 or 10.1 µg of Mg(II)+Ca(II)+Ba(II) loaded) on 100 mg of IIP 1/6 S2 (capacity of 40 µg), more than 70% of Ba(II) were lost during percolation and/or the first washing step (Table 4). We were only able to recover 87% of Ba(II) in the combined E1+E2+E3 fractions after loading 1 mL of a mineral water less saline than Volvic® water (Mont Roucous®, see Table 3 for alkali and alkaline earth metals concentrations) and spiked with Ba(II). Increasing the percolation volume up to 5 mL of spiked Mont Roucous® induced the same yield reduction. In case of a real sample, the breakthrough volume is thus much lower than that observed in pure solutions due to matrix components.

Table 4: Ba(II) recovery depending on the nature (Volvic® and Mont Roucous®) and volume of mineral water percolated on IIP 1/6 S2 (100 mg of sorbent). W1 and W2: washing steps with 0.5 mL of ultrapure water and 0.5 mL of HNO 3 pH 4. E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 1.5 mL of HNO 3 0.5 M, respectively. Another hypothesis could be that this matrix effect on Ba(II) recovery is due to the Na(I) and K(I) concentrations which pose a problem in terms of ionic strength although they are not retained by the IIP. As the cavity radius of 15-Crown-5 (15C5) suits well with the ionic radius of Na(I) [START_REF] Ott | Chapter 15 -Applications of Thermodynamics to Chemical Processes[END_REF], this compound was added in excess (from 115 to 770 times more than the molar concentration of Na(I))

to the percolation solution with the aim of complexing Na(I) and see the impact on the Ba(II) recovery. Nevertheless, the presence of 15C5 did not allow to recover more Ba(II) in the combined E1+E2+E3 fractions. In any case, in light of those matrix effects, the application of the developed IIP for the extraction of Ra(II) in environmental waters remains at the moment relatively limited. In this study, the IIP 1/6 S2 was next applied to the determination of 226 Ra in spiked Mont Roucous® mineral water.

IIP applied to the dosage of 226 Ra in Mont Roucous® mineral water

In view of the dosage of 226 Ra by isotope dilution, another radium isotope was required to be used as tracer. 228 Ra was selected because it is the second radium isotope having the longest half-life (5.75 years) and it is therefore the most used [START_REF] Vieira | The analysis of 226Ra in 1liter seawater by isotope dilution via single-collector sector-field ICP-MS[END_REF][START_REF] Scott | The application of abundance sensitivity filters to the precise and accurate measurement of uranium series nuclides by plasma mass spectrometry[END_REF][START_REF] Kayzar | Developing 226Ra and 227Ac age-dating techniques for nuclear forensics to gain insight from concordant and non-concordant radiochronometers[END_REF][START_REF] Hsieh | Precise measurement of 228Ra/226Ra ratios and Ra concentrations in seawater samples by multi-collector ICP mass spectrometry[END_REF][START_REF] Bourquin | Determination of 226Ra concentrations in seawater and suspended particles (NW Pacific) using MC-ICP-MS[END_REF][START_REF] Varga | Ultratrace-level radium-226 determination in seawater samples by isotope dilution inductively coupled plasma mass spectrometry[END_REF][START_REF] Larivière | Determination of 226Ra in sediments by ICP-MS: A comparative study of three sample preparation approaches[END_REF][START_REF] Foster | 226Ra and Ba concentrations in the Ross Sea measured with multicollector ICP mass spectrometry[END_REF][START_REF] Pietruszka | Precise and accurate measurement of 226Ra-230Th-238U disequilibria in volcanic rocks using plasma ionization multicollector mass spectrometry[END_REF]. As no isotopic reference material exists for the ratio 228 Ra/ 226 Ra, an in-house source was prepared by purifying a commercial 1 g L -1 Th standard. The relatively low 226 Ra activity of the spiked Mont Roucous® mineral water sample (80 mBq L -1 ) was chosen to be representative of activities that could be sought in environmental waters and to be measurable taking into account our instrument sensitivity and a recovery potentially not total. Bi 17 O + ) were monitored. The number of counts per second (cps) recorded for each isotope (< 1.6 x 10 7 cps) in Mont Roucous® mineral water was much lower than the cps threshold from which they induce an apparent signal at m/z 226 (> 10 8 cps) [START_REF] Boudias | Screening of synthesis conditions for the development of a radium ion-imprinted polymer using the dummy template imprinting approach[END_REF]. No mathematical correction was thus required here to remove their contribution. As the elution medium (0.5 M HNO 3 ) was compatible with the ICP-MS, fraction E was directly analyzed. This is the main IIP advantage compared with the commercial Ra-specific resin AnaLig® Ra-01 which requires high concentration of a chelating agent not compatible with ICP-MS when coupled to a desolvation device for Ra analysis [START_REF] Verlinde | A new rapid protocol for 226Ra separation and preconcentration in natural water samples using molecular recognition technology for ICP-MS analysis[END_REF]. The current extraction conditions induced a theoretical preconcentration factor of 2.5 but it could be further increased by adding an evaporation step to reduce the sample volume down to a few tens or hundreds of microliters. A sampler adapted to small sample volumes would be required in that case.

The SPE profile of the NIP 1/6 in Figure S11 showed that almost all 226 Ra fell in the percolation fraction. Thus, the selectivity was confirmed in this more complex medium. In addition, we estimated the limits of detection (LOD) and quantification by performing the extraction of 5 mL of non-spiked Mont Roucous® mineral water buffered with 1 mM MOPS at pH 7 (i.e. chemical blank) on 500 mg of IIP 1/6 S2. The resulting fraction E was analyzed. Two different formulas were considered as detailed in supporting information. Considering LOD and LOQ formulas that take into account both the mean and the standard deviation of the blank, values of 21 and 48 mBq L -1 were respectively obtained (Figure 6). This LOQ value is around 2.8 times higher than that estimated from a pure HNO 3 0.5 M blank solution (i.e. instrumental blank) since it takes into account the instrumental blank but also contaminations coming from the sorbent and reagents used and presence of interfering elements co-extracted with Ra. It is also better than the LOQ measured on the non-purified buffered Mont Roucous® water highlighting the purification brought by the IIP. The gap is however not very high here since this mineral water is slightly mineralized. However, the preconcentration factor brought by the IIP enables to measure 226 Ra at concentrations 2.5 times lower than the LOQ, i.e. up to 19 mBq L -1 (0.52 pg L -1 ). Calculating LOD and LOQ values from formulas considering only the standard deviation of the blank induce an underestimation as expected. However, the difference between values obtained from the two formulas also increases with the complexity of the blank solution (e.g. HNO 3 0.5 M versus non-purified buffered Mont Roucous® water). This highlights the importance of well selecting the methodology to evaluate them.

Conclusion

The study of the effect of template ion/monomer proportion on the properties of a vinyl phosphonicbased IIP showed an increase of the ratio from 1/4 to 1/6 led to a significant improvement of the retention and of the capacity while the specificity and the surface area were not much impacted. No significant gain was observed moving from 1/6 to 1/8, meaning the optimum ratio is close to 1/6. The synthesis of the IIP 1/6 was successfully repeated three times. Although the breakthrough volume of this sorbent was high in pure solution, due to matrix effects experienced when loading too much alkali metals on it, its use was restricted to the extraction of low volumes of mineral waters. 226 Ra extraction from only 5 mL of spiked Mont Roucous® water spiked with a low activity of 80 mBq L -1 was achieved. At this stage, this first IIP developed for radium extraction still presents lower performances than the commercial resin AnaLig® Ra-01 which allows to selectively extract 226 Ra from large volumes of seawater samples thanks to a specific macrocyclic ligand. However, IIP syntheses are simple and cost friendly and elution media of IIP are compatible with direct analysis in ICP-MS thus in this view, these results constitute a first promising step.

In the continuity of this study, we believe two main aspects should be investigated before drawing any conclusion on the interest of the IIP technology in comparison to the design of specific chelating agents for radium extraction. According to literature, the host-guest approach through the use of crown ethers compounds is the best suited to succeed in complexing and extracting alkaline earth metals. As no vinylated crown ethers are available on the market, we attempted in our previous article to use a vinylated acyclic ether as monomer in order to mimic one through the synthesis process, but it failed. Therefore, employing a vinylated crown ether (e.g. 21C7 with a space arm bearing a vinyl function) and VPA as functional monomers (to enhance the specificity) should be the most promising route of synthesis to further improve the specificity. To enhance the capacity, lowering the porogen volume or varying the template/cross-linker ratio should be considered. In case of a zinc IIP, an increase of the cross-linker/monomer ratio (CL/M) from 3 to 8 induced for instance an increase of the capacity from 289 to 450 m 2 g -1 [START_REF] Kim | Zn2+-imprinted porous polymer beads: Synthesis, structure, and selective adsorption behavior for template ion[END_REF]. Making these changes should impact the robustness as well. unspiked aliquot) and in the mixture (i.e. spiked aliquot).

Eq. (S3)

where is the standard deviation of the isotope ratio measured for replicates. For this experiment, the number of replicates in ICP-MS settings was 15 and three analysis of the same sample were performed. 

  only displays SPE profiles of interfering ions for which we observed a difference in retention or specificity compared with IIP 1/6 S1 but detailed results for other ions are provided in FigureS7. Ra(II) is similarly retained on IIP 1/6 S1 and 1/8 (almost all Ra(II) stands in fraction E2) while it fells in an early fraction (E1) on IIP 1/4. Sr(II), Ba(II), and Co(II) are still co-extracted with Ra(II) on the IIP 1/4 and 1/8. By varying the monomer ratio, it was however possible to elute some ions before or after Ra(II): Ag(I), Tl(I), Pb(II), and La(III) on IIP 1/4, and Pb(II) and La(III) on IIP 1/8. It seems that Nb(V) has a strongest affinity for the IIPs 1/4 and 1/8 since it could not be eluted from the cartridges in these conditions. The IIP 1/4 appears more specific than the others but other characteristics (capacity and breakthrough volume) need to be considered before drawing conclusions on the best sorbent. As Ra(II) behaved similarly to Ba(II) on the three IIPs, further characterizations were made using Ba(II) to avoid the constraints induced by the manipulation of 226 Ra during the development phase.

Figure 1 :

 1 Figure 1: Differences in SPE profiles of IIPs 1/4 (a), 1/6 S1 (b), and 1/8 (c) towards some cations. P: percolation of 1 mL of 1 mM MOPS buffer at pH 7 spiked with 0.01 Bq mL -1 of 226 Ra and 10 µg L -1 of Sr(II), Ba(II), La(III), Co(II), Nb(V), Ag(I), Tl(I), and Pb(II). W: washing steps with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4. E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 1.5 mL of HNO 3 0.5 M, respectively. In brackets: oxidation degrees assumed to be predominant between pH 1 and 7.

Figure 2 :

 2 Figure 2: Capacity curves of the IIPs 1/4 (green), 1/6 S1 (red), and 1/8 (blue), and of the NIP 1/6(yellow) obtained by loading increasing amounts of Ba(II) and applying the optimized extraction procedure described in section 2.4.2. Ba(II) was loaded in MOPS 1 mM pH 7 (1 mL) and the matrix was eliminated with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4. Ba(II) not retained on the sorbents was quantified by ICP-MS in the percolation and washing solutions.

Figure 3 :

 3 Figure 3: Comparison of four adsorption isotherm models with experimental data obtained for the IIPs 1/4 (60 mg of sorbent) (a), 1/6 S1 (30 mg) (b), and 1/8 (60 mg) (c) after extraction of a solution of 1 mM MOPS buffer at pH 7 (1 mL) containing 0.01-50 µg Ba(II).

Figure 4 :

 4 Figure 4: Extraction recovery of Ba(II) (100 ng) percolated on IIPs 1/6 S1 and 1/8 as a function of the volume of the percolation solution (1 mM MOPS buffer at pH 7). The results were normalized for 100 mg of sorbent.

Figure 5 :

 5 Figure 5: SPE profiles of three independent syntheses of IIP 1/6 (S1: 30 mg of sorbent, S2 and S3: 60 mg of sorbent). Recoveries of Cs(I) and Ba(II) are represented in blue and red, respectively. Average recoveries (1σ, n = 3) indicated on IIP 1/6 S2. P: percolation of 1 mL of 25 mM Bis-Tris buffer at pH 7 spiked with 25 µg L -1 of Cs(I) and Ba(II). W: washing steps with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4. E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 3 mL of HNO 3 0.5 M, respectively.

Figure 6 :

 6 Figure 6: LOD and LOQ of 226 Ra estimated from the analysis of three different blanks with an Apex Omega introduction system coupled to an ICP-MS (Agilent 8800): HNO 3 0.5 M solution, elution fraction resulting from the purification of 5 mL of unspiked Mont Roucous® mineral water buffered with 1 mM MOPS at pH 7 (chemical blank), and non-purified buffered Mont Roucous® water

Figure S1 :

 S1 Figure S1: Workflow for spike preparation and characterization (Th standard containing 228 Ra).

Figure S3 : 8 Figure 40 Figure S5 :

 S3840S5 Figure S3: Thermogravimetric analysis of IIPs 1/6 S1, and 1/8

Figure S6 :

 S6 Figure S6: Extraction profiles of various alkali metals, alkaline earth metals, and lanthanide (a), of transition metals (b), and of metalloids and post-transition metals (c) on NIP 1/6 (control polymer of IIP 1/6 S1) depending on the percolation medium. P: percolation of 1 mL of 25 mM Bis-Tris buffer at pH 7 (hatched)or 1 mM MOPS buffer at pH 7 (horizontal stripes), spiked with 0.01 Bq mL -1 of 226 Ra and 10 µg L -1 of other elements. W: washing steps with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4. E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 1.5 mL of HNO 3 0.5 M, respectively. Fractions were analyzed by ICP-MS. In brackets: oxidation degrees assumed to be predominant between pH 1 and 7.

Figure S7 :

 S7 Figure S7: Extraction profiles of various alkali metals, alkaline earth metals, and lanthanide (a), of transition metals (b), and of metalloids and post-transition metals (c) on IIPs synthesized with a template/monomer proportion of 1/4, 1/6 S1, and 1/8. P: percolation of 1 mL of 1 mM MOPS buffer at pH 7 spiked with 0.01 Bq mL -1 of 226 Ra and 10 µg L -1 of other elements. W: washing steps with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4. E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 1.5 mL of HNO 3 0.5 M, respectively. Fractions were analyzed by ICP-MS. In brackets: oxidation degrees assumed to be predominant between pH 1 and 7.

Figure S8 :

 S8 Figure S8: Amount of Ba(II) retained on 60 mg of IIP 1/4 (a), 30 mg of IIP 1/6 and its NIP (b), and 60 mg of IIP 1/8 (c) as a function of the amount of Ba(II) percolated. The optimized extraction procedure described in section 2.4.2 was applied.

Figure S9 :

 S9 Figure S9: SPE profiles of major alkali and alkaline earth metals on IIP 1/6 S1 (solid color) and NIP 1/6(hatched). P: percolation of 1 mL of 1 mM MOPS at pH 7 spiked with 6.0 mg L -1 of Ca(II) and 1.5 mg L -1 of Na(I), K(I), Mg(II), and Ba(II). W: washing steps with 0.5 mL of UP water and 0.5 mL of HNO 3 pH 4.E1 to E3: Elution with 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2, and 1.5 mL of HNO 3 0.5 M, respectively. Fractions were analyzed by ICP-OES.

Figure S10 :

 S10 Figure S10: SPE profile of major alkali and alkaline earth metals on IIP 1/6 S1 (solid color) and NIP 1/6(hatched) after percolation of 20 mL of Volvic®. P: percolation of 20 mL of Volvic® buffered with 1 mM MOPS at pH 7 and spiked with 5 µg L -1 of Ba(II). W1 to W12: washing steps with 0.5 mL of UP water, 0.5 mL of HNO 3 pH 4, 0.5 mL of HNO 3 pH 3.8, 0.5 mL of HNO 3 pH 3.6, 0.5 mL of HNO 3 pH 3.4, 0.5 mL of HNO 3 pH 3.2, 0.5 mL of HNO 3 pH 3, 0.5 mL of HNO 3 pH 2.8, 0.5 mL of HNO 3 pH 2.6, 0.5 mL of HNO 3 pH 2.4, 0.5 mL of HNO 3 pH 2.2, and 0.5 mL of HNO 3 pH 2, respectively. E: Elution with 1.5 mL of HNO 3 0.5 M. Na(I), K(I), Mg(II), and Ca(II) were analyzed by ICP-OES and Ba(II) by ICP-MS.

Figure S11 :

 S11 Figure S11: SPE profile of 226 Ra obtained for the NIP 1/6. P: percolation of 5 mL of Mont Roucous® water buffered with 1 mM MOPS at pH 7 and spiked with 226 Ra (80 mBq L -1 ) and 228 Ra. P1 and P2 are collected fractions with volumes of 2.5 mL. W1 and W2: washing steps with 2.5 mL of UP water and 0.5 mL of HNO 3 pH 4. E: Elution with 2 mL of HNO 3 0.5 M.

  

Table 1 :

 1 BET surface areas (S BET ) of the IIPs as a function of the monomer proportion. Estimated uncertainties are of 76% from specifications provided by the constructor and summarized in TableS5.

	Polymer	S BET (m 2 g -1 )	Absolute S BET in the sample holder (m 2 )
	IIP 1/4	6 ± 5	0.5 ± 0.4
	IIP 1/6 S1	7 ± 5	0.6 ± 0.5
	IIP 1/6 S2	1 ± 1	0.1 ± 0.1
	IIP 1/8	3 ± 2	0.2 ± 0.2

Table 2 :

 2 Values of and constants for each nonlinear adsorption isotherm model evaluated.

					Parameters were defined in section 2.4.3.
						IIP 1/4	IIP 1/6 S1	IIP 1/8
				(mg g	-1 )	0.046	0.395	0.399
	Number of points used to minimize the	6	6	7
	Langmuir	
						0.14	1.8	11
	(mg g -1 )		0.059	0.417	0.427
	(L mg -1 )		2.2	46	1.2
						[0.01, 0.98]	[0.0004, 0.7]	[0.02, 0.99]
	Freundlich	
						0.096	22	8.9
	(L	1/n mg 1-1/n g -1 )	0.035	0.31	0.22
						0.20	0.12	0.26
	Sips				
						0.0077	0.64	8.1
	(mg g -1 )		0.074	0.413	0.839
	(L	ns mg -ns )		1.1	277	0.38
						0.47	1.5	0.37
	Redlich-Peterson
						0.0035	1.8	11
	(L g -1 )		0.76	19	1.1
						0.87	1.0	0.85
	(L	g mg -g )		18	46	3.9

Table 3 :

 3 Concentrations of major alkali and alkaline earth metals (mg L -1 ) in Volvic® and MontRoucous® mineral waters according to the bottle label or quantified by us by ICP-MS (*).

		Na(I)	K(I)	Mg(II) Ca(II)	* Sr(II)	* Ba(II)
	Volvic®	12	6	8	12	0.07-0.08 0.0002-0.0003
	Mont Roucous®	3	0.4	0.5	2.9	0.01-0.02	0.003-0.004

  5 mL of spiked Mont Roucous® water buffered with 1 mM MOPS at pH 7 were loaded on 500 mg of IIP 1/6 S2 and NIP 1/6 cartridges before washing with 2.5 mL of UP water, 2.5 mL of HNO 3 at pH 4 and eluting Ra(II) with 2 mL of 0.5 M HNO 3 . The extraction recovery on IIP 1/6 S2 was estimated at 93% in the elution fraction and the 226 Ra concentration determined by isotope dilution at 88 ± 7 mBq L -1 (uncertainty calculated using a Monte-Carlo simulation and result displayed here for k = 2, RDS = 8%). This value is in good agreement within uncertainties.Apart from 226 Ra and 228 Ra, isotopes of elements that could form polyatomic interferences sharing the same mass as 226 Ra (e.g.88 Sr 138 Ba + , 146 Nd 40 Ar 2 + , 186 W 40 Ar + , 208 Pb 18 O + , 208 Pb 16 O 1 H 2 + , 209 Bi 16 O 1 H + , and 209

Table S4 :

 S4 Results of the removal of the template ions after polymer synthesis. Each cycle was based on stirring the particles in a 3 M HNO 3 solution for 20 h. The supernatant was next analyzed by ICP-MS.

Table S5 :

 S5 Uncertainty in relation to the absolute surface area in the sample holder according to the constructor.

	Instrument	Tube size diameter (mm)	Gas	0.5 m	2	1 m	2	5 m	2	10 m	2	50 m	2	100 m	2
	3Flex 3	12	N 2	76%		38%	7.6%	3.8%	0.76%	0.38%
	ports	12	Kr	3.1%		1.5%	0.31%	0.2%	0.03%	0.02%

Table S6 :

 S6 Evaluation of matrix effects in Apex Omega-ICP-MS depending on nature and concentration of the buffer employed. Multi 36 refers to a multielemental solution of 36 elements (mix of M33 and mono-elemental standards of W, La, and Th. See section chemicals for more details) including U, In and Tl, each at 10 µg L -1 . Solutions were diluted with 0.5 M HNO 3 before analysis and signal measured in counts per second (cps). In, Tl, and Rh were evaluated as internal standards. Not followed: In-115 and Tl-205 are part of the « Multi 36 » solution analyzed but these isotopes were not monitored during the first acquisition since the objective was only to know if the signal intensity of U-238 varied in the 3 studied media (25 mM BT, 1 mM MOPS, and 25 mM MOPS) compared to 0.5 M HNO 3 , and thus if there was a matrix effect. Ra/ 228 Ra measured isotope ratios in the unspiked sample (i.e.

	mol -1 ), and	and	are the 226									
		Analyzed solution	Ra-226 (cps)	U-238 (cps)	Rh-103 (cps)	In-115 (cps)	Tl-205 (cps)	U-238/ Rh-103	U-238/ In-115	U-238/ Tl-205	Ra-226/ Rh-103	Ra-226/ Tl-205	Ra-226/ In-115
	Multi 36 in 0.5 M HNO 3 (DF: 3)		0.3	1.10E+07	/	Not followed	Not followed	/	/	/	/	/	/
	Multi 36 in 25 mM BT pH 7 (DF: 3)	1.3	2.10E+06	/	Not followed	Not followed	/	/	/	/	/	/
	Multi 36 in 1 mM MOPS pH 7 (DF: 3)	0.5	1.20E+07	/	Not followed	Not followed	/	/	/	/	/	/
	Multi 36 in 25 mM MOPS pH 7 (DF: 3)	1.2	7.40E+06	/	Not followed	Not followed	/	/	/	/	/	/
	3 mL Multi 36 and 0.01 Bq mL in 0.5 M HNO 3 (DF: 3) spiked with 10 pg of Rh -1 of 226 Ra	286	1.51E+07	6752	1.05E+07	9.46E+06 2.23E+03	1.43E+00 1.59E+00 4.24E-02 3.02E-05 2.72E-05
	3 mL Multi 36 and 0.01 Bq mL in 25 mM BT pH 7 (DF: 3) spiked with 10 pg of Rh -1 of 226 Ra	155	6.69E+06	6112	2.50E+06	2.98E+06 1.09E+03	2.68E+00 2.24E+00 2.54E-02 5.20E-05 6.20E-05
	3 mL Multi 36 and 0.01 Bq mL in 25 mM MOPS pH 7 (DF: 3) spiked with 10 pg of Rh -1 of 226 Ra	249	1.03E+07	6330	7.34E+06	4.80E+06 1.63E+03	1.41E+00 2.15E+00 3.93E-02 5.19E-05 3.39E-05

DF: dilution factor; /: not present.
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Supplementary data ICP-MS analysis

For 226 Ra analysis, the sensitivity of Apex Omega-ICP-MS Agilent 8800 was first optimized with a 1 µg L -1 U solution (at m/z 238: 4 x 10 6 cps/(µg L -1 of U)) and parameters were then fine-tuned with a pure 226 Ra solution ( 1,000 cps/( 0.01 Bq mL -1 )). For isotope ratio measurements, mass calibration and peak resolution were adjusted using the certified reference material U500. 

ICP-OES analysis

Quantification by ICP-OES were made using an external calibration. Concentration of standards varied in the range 0.05-50 mg L -1 depending on the element. SPE recoveries were determined by comparing isotopes signals in collected fractions to their signals in the percolation solution.

Table S2: ICP-OES acquisition parameters. Each ray was followed in axial and radial modes. 

Instrument settings for isotope ratio measurements

Considering that the total number of counts ( , and being the number of counts per second (cps) and the integration time (s), respectively) follows the Poisson law, its associated uncertainty is thus given by . Integration times for 226 Ra and 228 Ra presented in Table S3 were selected so as to minimize uncertainty on the isotope ratio measurement based on Eq. (S1) by optimizing the total analysis time.

Eq. (S1)

where and are the total numbers of counts of the two isotopes of interest.

Table S3: ICP-MS acquisition parameters for experiments requiring isotope ratio measurements.

Analyses were performed with an Apex Omega-ICP-QQQ-MS (Agilent 8800). 

Preparation and characterization of the 228 Ra tracer

The 228 Ra tracer was prepared from a commercial 1,000 mg L -1 Th standard by purification on circa 2 mL of wet UTEVA resin to separate Th from Ra which is not retained on that resin. 2 mL of standard

(1 g of 232 Th) were purified. After packing, the UTEVA resin was rinsed with 0.1 M HCl (6 mL) and UP water (8 mL) before conditioning to wash the resin and column. The column was then conditioned with 3 M HNO 3 (8 mL) and the sample was acidified to reach this molarity before being loaded on the cartridge. Ra was eluted in 5 mL of 3 M HNO 3 . Fractions containing Ra (4-5 in Figure S1) were collected in a Savillex PFA Teflon vial, evaporated to dryness using an EvapoClean system (Analab) (90°C overnight), and re-dissolved in 0.5 M HNO 3 (2 mL) by heating the vials with closed lids at 90°C for 15 min. 1.8 mL of the purified Ra fraction were kept for the application presented in section 2.6.2 of the article and two aliquots of 0.1 mL were used to determine the isotope ratio 228 Ra/ 226 Ra ( 226 Ra impurities mainly due to 230 Th decay) and the 228 Ra concentration by isotope dilution, respectively.

The applied methodology is summarized in Figure S1.

For isotope dilution, the aliquot was spiked with a well characterized 226 Ra solution (prepared from an in-house 226 Ra source at 11.92 Bq g -1 ) in order to make a final mixture with an atomic ratio close to 1. After spiking and adjusting the molarity of the sample to 0.5 M HNO 3 , isotopic equilibration was waited. An isotopic reference material (IRMM-3636 certified for 233 U/ 236 U isotope ratio) was added to each aliquot (spiked and unspiked) before analysis in Apex Omega-ICP-MS in order to correct for the instrumental mass bias by using the exponential mass fractionation law (EMFL) (Eq. ( 9) in section 2.6.2.). The ICP-MS acquisition parameters are described in Table S3. The 228 Ra concentration was calculated using the isotope dilution equation (Eq. (S2)). As in our case there was no 228 Ra brought by the 226 Ra spike, Eq. (S2) is a simplified form of the general isotope dilution equation. The associated uncertainty was estimated using a Monte-Carlo simulation approach. To do this, uncertainty for each parameter of Eq. (S2) was assessed, taking into account analytical uncertainties related to the solutions preparation (e.g. in-house 226 Ra source and weighing) or to the analysis when applicable (e.g uncertainties for isotope ratios were calculated according to Eq. ( S3)). 

Evaluation of method detection and quantification limits

Two different formulas were considered (Eq. (S6) to (S9)):

Eq. (S6)

Eq. (S7)

Eq. (S8)

Eq. (S9)

where , , and are the average number of counts per second (cps) in the analyzed blank solution, the corresponding standard deviation (cps), and the sensitivity of the instrument (cps/(mBq L -1 )), respectively.