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Introduction

The progressive explosion of population growth, industrialization, and urbanization results in a crisis with regards to the accessibility of clean and potable water.

Pollutants contained in uncontrolled discharge of wastewater from industrial and agricultural activities may be chemical contaminants such as heavy metals, organic and inorganic particles, toxins, pharmaceuticals, and hormones or other hazardous substances [START_REF] Sarma | Nanomaterials as versatile adsorbents for heavy metal ions in water: a review[END_REF][START_REF] Jun | An overview of functionalised carbon nanomaterial for organic pollutant removal[END_REF]. Sustainability of global, clean and safe water supply is one of the main environmental challenges. Eliminating these types of pollutants to improve water quality requires environmental friendly treatment technologies, and led researchers worldwide coming up with developments aimed at removing impurities from wastewater. Additionally, nuclear industry produces large amounts of radionuclide and heavy metal wastes, and, in the case of nuclear incident or decommissioning processes, large volumes quantities of effluent containing several types of metal have to be treated. Different strategies could be applied, such as ion exchange [START_REF] Arias-Paic | Enhanced DOC removal using anion and cation ion exchange resins[END_REF][START_REF] Galizia | Monovalent and divalent ion sorption in a cation exchange membrane based on cross-linked poly (p-styrene sulfonate-codivinylbenzene)[END_REF][START_REF] Charles | Pollutant removal from industrial discharge water using individual and combined effects of adsorption and ion-exchange processes: Chemical abatement[END_REF][START_REF] Foster | Affinity of potassium-form cation exchange resin for alkaline earth and transition metals[END_REF][START_REF] Ang | The effectiveness of ion exchange resins in separating uranium and thorium from rare earth elements in acidic aqueous sulfate media. Part 2. Chelating resins[END_REF][START_REF] Murray | Use of polymeric sub-micron ion-exchange resins for removal of lead, copper, zinc, and nickel from natural waters[END_REF][START_REF] Sahu | Ion exchange resins: An approach for the development of advanced materials with industrial, pharmaceutical and clinical applications[END_REF] chemical precipitation [START_REF] Hargreaves | Coagulation-flocculation process with metal salts, synthetic polymers and biopolymers for the removal of trace metals (Cu, Pb, Ni, Zn) from municipal wastewater[END_REF][START_REF] Habiba | Synthesis of chitosan/polyvinyl alcohol/zeolite composite for removal of methyl orange, Congo red and chromium(VI) by flocculation/adsorption[END_REF], or membrane processes [START_REF] Galizia | Monovalent and divalent ion sorption in a cation exchange membrane based on cross-linked poly (p-styrene sulfonate-codivinylbenzene)[END_REF][START_REF] Chitpong | Polyacid functionalized cellulose nanofiber membranes for removal of heavy metals from impaired waters[END_REF][START_REF] Sunil | Al-Ti2O6 a mixed oxide based composite membrane: A unique membrane for removal of heavy metals[END_REF]. Chemical precipitation is one of the most useful strategies despite the limited recovery. Processes based on ions exchangers, such as resins, are simple and robust but suffered from some drawbacks including limited selectivity or deterioration under radioactivity [START_REF] Sahu | Ion exchange resins: An approach for the development of advanced materials with industrial, pharmaceutical and clinical applications[END_REF].

Membrane processes are a very promising approach when coupled with watersoluble polymers bearing chelating agents. This method is well known and called polymer enhanced ultrafiltration (PEUF) [START_REF] Huang | Polymer-enhanced ultrafiltration: Fundamentals, applications and recent developments[END_REF] and is used to separate a great variety of metal ions from aqueous streams [START_REF] Julio | Poly(N,Ndimethylaminoethyl methacrylate) for removing chromium (VI) through polymer-enhanced ultrafiltration technique[END_REF][START_REF] Lam | Polymer-enhanced ultrafiltration for heavy metal removal: Influence of chitosan and carboxymethyl cellulose on filtration performances[END_REF][START_REF] Kochkodan | Removal of Cu(II) in water by polymer enhanced ultrafiltration: Influence of polymer nature and pH[END_REF][START_REF] Irena Korus | Modeling of Cu(II) and Cr(VI) ions PEUF seperation from the bi-ionic mixtures containing sulfates[END_REF]. In PEUF processes, a water-soluble polymer is first introduced into the effluent to bind the targeted metal cations via strong interactions. In a second step, the solution containing pollutants flows through an ultrafiltration (UF) membrane containing pore sizes smaller than those of the polymer/cations complexes. The main characteristic of the polymers used is their high solubility in water. Additionally, these polymers must be chemically stable and have a high affinity towards targeted metal cations together with a low affinity towards the UF membrane.

Different functional polymers were already successfully employed in PEUF processes [START_REF] Aroua | Removal of chromium ions from aqueous solutions by polymer-enhanced ultrafiltration[END_REF][START_REF] Molinari | Selective separation of copper(II) and nickel(II) from aqueous media using the complexation-ultrafiltration process[END_REF][START_REF] Trivunac | Removal of heavy metal ions from water by complexationassisted ultrafiltration[END_REF], thus achieving selective separation and recovery of heavy metals with low energy requirements. Purification processes mainly involved acidic species. Acidic polymers including sulfonic [START_REF] Caldera-Villalobos | Removal of textile dyes and metallic ions using polyelectrolytes and macroelectrolytes containing sulfonic acid groups[END_REF][START_REF] Chor Wayakron | Wipharat Chuachuad Chaiyasith, Polyacrylamido-2methyl-1-propane sulfonic acid-grafted-natural rubber as bio-adsorbent for heavy metal removal from aqueous standard solution and industrial wastewater[END_REF], phosphonic [START_REF] Page | Comparative study of the application of chelating resins for rare earth recovery[END_REF][START_REF] Elbarbary | Phosphorylation of chitosan/HEMA interpenetrating polymer network prepared by γ-radiation for metal ions removal from aqueous solutions[END_REF] and carboxylic acids [START_REF] Vihangraj | Synthesis and characterization of carboxylic cation exchange bio-resin for heavy metal remediation[END_REF][START_REF] Zhou | Synthesis of carboxylic acid functionalized diatomite with a micro-villous surface via UV-induced graft polymerization and its adsorption properties for Lanthanum (III) ions[END_REF] displayed great metal ion removal capacities. Depending on their acidity constant (Ka) and the pH of the aqueous solution to be treated, they may behave as polyelectrolyte or polychelatogen towards metallic pollution [START_REF] Zdravković | The removal of heavy metal ions from aqueous solutions by hydrogels based on Nisopropylacrylamide and acrylic acid[END_REF][START_REF] Sedlak | Poly(alkylacrylic acid)s: solution behavior and self-assembly[END_REF][START_REF] Rivas | Water-soluble acidic polyelectrolytes with metal-removing ability[END_REF][START_REF] Rivas | Water-Soluble and Insoluble Polymers, Nanoparticles, Nanocomposites and Hybrids With Ability to Remove Hazardous Inorganic Pollutants in Water[END_REF][START_REF] Beaugeard | Acidic polymeric sorbents for the removal of metallic pollution in water: a review[END_REF]. Sulfonic acids have always interacted as polyelectrolytes due to their negative pKa [START_REF] Grygorenko | Amino sulfonic acids, peptidosulfonamides and other related compounds[END_REF].

Phosphonic acids are diacids, meaning that they exhibit two dissociation constants (pKa1 = 2-3 and pKa2 = 6-7) [START_REF] Canniccioni | RAFT polymerization of dimethyl(methacryloyloxy)-methyl phosphonate and its phosphonic acid derivative: a new opportunity for phosphorus-based materials[END_REF][START_REF] Zhou | Prediction of acid dissociation constants of organic compounds using group contribution methods[END_REF]. Thus, as a function of the pH media, they could behave as polychelatogenes or polyelectrolytes. Finally, carboxylic acids have a weak acidity (pKa ≈ 4-5) and behave either as a polychelatogene when the acid is not dissociated (pH  pKa) or a polyelectrolyte when it is dissociated (pH  pKa) [START_REF] Rivas | Water-soluble acidic polyelectrolytes with metal-removing ability[END_REF][START_REF] Chandra | Switching selectivity of carboxylic acids and associated physico-chemical changes with pH during electrodialysis of ternary mixtures[END_REF]. Therefore, carboxylic acids seem to be the most appropriate acidic functions for effluent treatment since they behave as polychelatogene in a wide range of pH involving a great selectivity towards cations. For instance, poly(acrylic acid) (PAA) was successfully employed to treat effluents containing Co(II) or Ni(II) metal ions [START_REF] Rivas | Water-soluble acidic polyelectrolytes with metal-removing ability[END_REF][START_REF] Rivas | Moreno Villoslada, Analysis of the retention profiles of poly(acrylic acid) with Co(II) and Ni(II)[END_REF][START_REF] Shao | Recovery of nickel from aqueous solutions by complexation-ultrafiltration process with sodium polyacrylate and polyethylenimine[END_REF]. PAA was also involved with poly(maleic acid) for the removal of chromium (III) [START_REF] Labanda | Feasibility study on the recovery of chromium (III) by polymer enhanced ultrafiltration[END_REF]. Poly(methacrylic acid) was considered to bind different cations [START_REF] Rivas | Water-soluble polymer-metal ion interactions[END_REF].

Additionally, carboxylic acid based biopolymers proved to be of interest in PEUF processes [START_REF] Lam | Polymer-enhanced ultrafiltration for heavy metal removal: Influence of chitosan and carboxymethyl cellulose on filtration performances[END_REF][START_REF] Hajdu | Combined nano-membrane technology for removal of lead ions[END_REF][START_REF] Bodnar | Biopolymer-based nanosystem for ferric ion removal from water[END_REF]. In general, carboxylic acids exhibited high selectivity towards heavy metals [START_REF] Vihangraj | Synthesis and characterization of carboxylic cation exchange bio-resin for heavy metal remediation[END_REF][START_REF] Wang | Selective removals of heavy metals (Pb 2+ , Cu 2+ , and Cd 2+ ) from wastewater by gelation with alginate for effective metal recovery[END_REF][START_REF] Sanavi-Khoshnod | A New Highly Selective Neodymium(III) Polyvinylchloride Membrane Electrode Based on 4-Hydroxypyrrolidine-2-Carboxylic Acid as an Active Material[END_REF].

In this context, the present contribution deals with the synthesis and sorption properties of innovative water-soluble carboxylic acid-based poly(vinyl alcohol) (PVA) for the treatment of aqueous effluents. PVA was chosen because it is a commercial and low-cost polymer, which is additionally biodegradable and non-toxic. It has been notably already reported in the literature as chelating agent, due to the presence of one hydroxyl group per monomeric unit. PVA was, for instance, used in PEUF processes for the removal of chromium (III) [START_REF] Labanda | Feasibility study on the recovery of chromium (III) by polymer enhanced ultrafiltration[END_REF], mercury (II) or arsenic (III) [START_REF] Jana | Chitosan based ceramic ultrafiltration membrane: Preparation, characterization and application to remove Hg(II) and As(III) using polymer enhanced ultrafiltration[END_REF].

Thermosensitive copolymers based on cross-linked PVA and NiPAAm were also successfully employed as a solid phase extractor for Cu(II), Ni(II), and Cd(II) ions removal, in the presence of dodecyltrimethylammonium chloride (DTAC) as the extractant to complex with ions [START_REF] Ozbas | Adsorption studies of PVA based Thermosensitive Polymers in Heavy Metal Removal[END_REF]. In another contribution, Dambies et al. [START_REF] Dambies | Comparison of acidic polymers for the removal of cobalt from water solutions by polymer assisted ultrafiltration[END_REF] compared the efficiency of poly(vinyl alcohol), polyacrylic acid (PAA) and sulfonated-PVA for the complexation of Co(II) coupled with PEUF process. The best performances were obtained with sulfonated-PVA between pH 3 and 6. This last example highlighted the interest of modifying commercial PVA in order to produce new polymeric structures able to improve chelation properties. In this paper, PVA was modified with the introduction of ethylenediamine tetraacetic acid (EDTA) moieties thus producing PVA(EDTA) polymers in order to enhance the removal efficiency. EDTA is an aminopolycarboxylic acid, which is well known in the literature for the complexation of metallic cations [START_REF] Chen | Preparation of poly-ammonium/sodium dithiocarbamate for the efficient removal of chelated heavy metal ions from aqueous environments[END_REF][START_REF] Li | Polyelectrolyte enhanced ultrafiltration (PEUF) for the removal of Cd(II): Effects of organic ligands and solution pH[END_REF]. Then, sorption properties of the resulting functionalized polymers towards different metals were evaluated in single or multi component solutions. The first part of this study dealt with the selection of the most promising PVA(EDTA) combining good sorption properties and filterability.

Then, we evaluated the selected PVA(EDTA) in the context of nuclear effluent, by choosing Ni(II) and Co(II) as cations as they were found in nuclear effluents in trace amounts. Secondly, sorption of heavy metals (i.e. Zn(II), Cd(II), Pb(II), Cu(II)) found at higher concentration in wastewaters was evaluated. Selectivity of the PVA(EDTA) was also considered. Finally, simulation of a real effluent (also called simili) at fixed concentrations was studied. Therefore, this paper reports results obtained with some selected systems that deserved to attract the attention of the research community.

Experimental

Materials

Poly(vinyl alcohol) (Mn = 20000 g.mol -1 ; average molecular weight: 11000-31000 g.mol -1 , Alfa Aesar), poly(vinyl alcohol) (Mn = 90000 g.mol -1 ; average molecular weight: 88000-97000 g.mol -1 , Alfa Aesar), ethylenediaminetetraacetic acid (Aldrich, 99%), diethyl azodicarboxylate (Alfa Aesar, 97%), triphenylphosphine (Aldrich, 99%), cobalt (II) nitrate hexahydrate (Co(NO3)2, 6H2O) (Aldrich, 99%), nickel (II) nitrate (Ni(NO3)2) (Aldrich, 99%), lead (II) nitrate (Pb(NO3)2) (Aldrich, 99%), cadmium (II) nitrate tetrahydrate (Cd(NO3)2, 4H2O) (Aldrich, 99%), zinc (II) nitrate hexahydrate (Zn(NO3)3, 6H2O) (Aldrich, 98%), manganese (II) nitrate (Mn(NO3)2, 4H2O) (Aldrich, 97%), calcium (II) carbonate (CaCO3) (Aldrich, 99%), tartaric acid (Aldrich, 99.5%), and ethylenediamine (Aldrich, 99.9%) were used without further purification. All solutions and other chemicals were purchased at the highest available purity and were used as received. Water was deionized and purified with a Millipore Super Q system (resistivity of 18.2 MΩ). Dialysis membranes were purchased from Spectrum Laboratories with a MWCO equal to 2000 Da.

Methods

Sorption studies were carried out by mixing metal and polymer solutions in 30 mL Nalgene ® reactors. Their respective concentrations were different depending on the studied parameters, and were detailed for the various sets of experiments. An initial solution of polymer (2.5 g.L -1 ) was poured into each tube. The dilution of the stock solution of a given cation or given cations was performed by weighing directly each Nalgene ® tube so as to obtain about 10 mL at a fixed initial concentration of the cation(s) to be removed. The real final concentration of polymer was 0.5 g.L -1 . For the whole sorption isotherm, the initial concentration of nickel, cobalt, zinc, cadmium, lead, and copper varied from 0.2 to 3 mmol.L -1 . Then, the tubes were left slowly stirring overnight on a continuous rotary shaker at 25 °C. An equilibration time of 14 hours was sufficient to reach the sorption equilibrium. The amount of metal cations retained per mass unit of polymers was determined based on the solution depletion method by using the following equation: Owing to the voltammetry instrument (797 VA Computrace Metrohm equipment), it was then possible to analyze these complex solutions in pure water as well as in the presence of highly concentrated recomposed effluent, without interferences of the concentrated effluent on the analytical conditions. Electrolytes had to be added in the media in order to allow the detection of the cations. In the case of the determination of Co(II) and Ni(II) concentration, the electrolyte was composed of ammonium chloride (1 M), ammonia (2 M) and dimethylglycide (0.1 M). For the monitoring of Zn(II), Cd(II), Pb(II) and Cu(II) concentrations, the electrolyte was composed of potassium chloride (1.5 M), acetic acid (0.5 M) and 30% sodium hydroxide. Finally, same experiments were carried out with an appropriate mixture of metal cations in a aqueous medium also containing manganese (II) nitrate (10 mM) and calcium (II)

carbonate (1 mM) to simulate the existing effluent. Depending on the investigated systems and parameters, different concentrations of polymer and cations were selected and were indicated in the corresponding parts. In order to focus on the sorption efficiency of EDTA groups, the polymer concentration was generally related to the ratio of EDTA, and the metal concentration was adjusted to the concentration of EDTA grafted groups.

Filterability experiments were carried out by measuring the cobalt concentrations in solution at regular time-steps by Atomic Absorption Spectroscopy (AAnalyst 400, Perkin Elmer). PVA1(EDTA) (200 mg.L -1 ) was first solubilized in water and was added in large excess to a Co(II) solution (2 mL of 1.10 -4 M Co(NO3)2, 6H2O). The mixture (500 mL) was allowed to stir at room temperature during three hours before a dead-end filtration on a ceramic membrane. Filtration was stopped when 75 mL of permeate was recovered (15% of the initial volume). Atomic absorption spectroscopy analyses permitted the determination of the quantity of cobalt (II) in the permeate after filtration for the three PVA1(EDTA) polymers considered.

Thermodynamic data on metal/EDTA interaction were obtained from titration microcalorimetry experiments at 25 °C. By using a TAM III Thermostat, the measured heat flow was directly related with the extent of reaction taking place within the calorimetric cell. In the present work, the nanocalorimeter device including measurement and reference cells with a heat sink was placed in a heat exchanger with Peltier coolers. The temperature was controlled with a 0.1 °C accuracy. The setup contained a calorimetric cell and a syringe pump, which allowed the reagents to be introduced into the cell at given time periods and quantities. The homogeneity of the solution or suspension was ensured by a gold stirrer directly placed in the calorimetric cell (90 rpm). Measurements were made in the heat flow mode. The procedure started with filling up the calorimetric cell with 800 µL of the solution containing PVA1(EDTA)15%. The stock solution of cation to be adsorbed was placed in the syringe. When the thermal equilibrium had been reached, small amounts (10 µL) of the stock solution were injected into the measuring cell. Injection speed was 10 s, and stabilization after each injection time was set at 45 minutes. A blank test for the dilution of each metal cation solution was also carried out in the same way in order to remove the thermal influence of the dilution of metallic cations solutions.

Raw data were analyzed using ITC software NanoAnalyze by considering an interaction model with one independent site reaction, between the EDTA group and the cation.

Concerning the filterability studies, PVA(EDTA) polymer solution was first prepared at a given concentration (200 mg.L -1 ) and was added to a 0.1 mM solution of Co(NO3)2, 6H2O to obtain a polymer/metal molar ratio equal to 1. The mixture was stirred at room temperature during 3 hours at 250 rpm. Filtration was achieved using ceramic membrane (Aldrich, MWCO = 20 kDa) using a transmembrane pressure equal to 0.5 bar. Filtration was stopped when 75 mL of permeate was obtained, which represented 15% of the full solution (500 mL).

Synthetic procedure

Synthesis of poly(vinyl alcohol) (PVA) grafted with ethylenediaminetetraacetic acid (EDTA)

Grafting onto PVA1 was achieved according to the procedure detailed in a previous paper [START_REF] Muller | Synthesis and study of sorption properties of polyvinyl alcohol (PVA)-based hybrid materials[END_REF] (see typical procedure in the Supporting Information).

Results and discussion

Synthesis and preliminary study of PVA(EDTA)

New functional polymers based on poly(vinyl alcohol) were prepared by modification of PVA with ethylenediaminetetraacetic acid (EDTA) groups (Scheme 1). This chelating agent was chosen owing to its ability to selectively complex metal cations thereby allowing its use for the decontamination of aqueous effluents. The modification of PVA chains was achieved using Mitsunobu's reaction between EDTA molecules and PVA chains by substitution on the alcohol groups [START_REF] Muller | Synthesis and study of sorption properties of polyvinyl alcohol (PVA)-based hybrid materials[END_REF]. This reaction was carried out on two commercial PVA of different chain lengths, with different functionalization rates (Table 1), as determined by 1 H NMR (for the calculation of functionalization rate, see supporting information). Labeling of the different polymers was done as follow: in the PVAx(EDTA)y% formula, x was 1 or 2 depending on the PVA molecular weight, equal to 20000 and 90000 g.mol -1 , respectively, and y represented the percentage of functionalization of the PVA with EDTA. It was evidenced that the functionalization rate was higher when the temperature increased. Working at 20, 30, and 40 °C led to rates equal to 5, 11 and 15%, respectively. Additionally, grafting rate did not increase at temperatures higher than 40 °C. The PVA molecular weight did not have an influence on the functionalization rate. Indeed, similar rates were obtained under the same experimental conditions whatever the molecular weight of the PVA (20000 or 90000 g.mol -1 ), notably with 15% of grafting at 40 °C. Modified polymers were obtained with a yield equal to 90%.

Table 1

Main characteristics of the PVA and PVA(EDTA) used in this study.

Polymer Reaction temp. (°C)

Mn a (g.mol -1 )

Functional. degree b (%) A preliminary study of the different PVA(EDTA) synthesized was achieved in order to select the best candidate for further experiments. So, sorption properties and filterability were considered as a function of the PVA molecular weight (20000 and 90000 g.mol -1 ) and of the functionalization rate (5, 11 and 15%) as these parameters could further affect properties. It is also important to mention that unmodified PVA1 and PVA2 showed no sorption ability towards Ni(II) and Co(II) ions.

Mn NMR b (g.mol -1 ) Metal removal (%) c Ni(II) Co(II) PVA1 -- 20000 -- -- 0 0 PVA2 -- 90000 -- -- 0 0 PVA1(EDTA)5% 20 
Concerning the influence of the polymer molecular weight, the retention values for Co(II) and Ni(II) were determined on functionalized PVA1 (Mn = 20000 g.mol -1 ) and PVA2 (Mn = 90000 g.mol -1 ) grafted with 15% of EDTA groups, in a single-component solution in water and at low concentration using polarography as an analytical tool.

The polymer concentration was fixed in the range of 26-70 mg.L -1 depending on the functionalization degree, whereas the initial cation concentration was adjusted at 0.17 mM so as to get an initial metal/EDTA molar ratio equal to The highest the grafting rate was, the closest the EDTA groups were, thereby preventing an efficient complexation of metallic cations. Finally, same tests were achieved using polymer equimass conditions for each experiment (i.e. 100 mg of polymer and 2 mL of cobalt (II) nitrate hexahydrate solution at 0.1 mmol.L -1 , in a total of 500 mL aqueous solution). In this particular case, best results were obtained with PVA1(EDTA)15% yielding 93% sorption, whereas PVA1(EDTA)10% and PVA1(EDTA)5% led to 86 and 74% sorption, respectively. This result was expected since there were more EDTA sites for the same mass of polymer, and EDTA/metal molar ratio were equal to 0.95, 1.63, and 1.93 for PVA1(EDTA)5%, PVA1(EDTA)10%

and PVA1(EDTA)15%, respectively.

To conclude, considering EDTA/metal molar ratio, PVA1(EDTA)5% appeared to be the most interesting material in term of sorption efficiency. As polymers will be used in a polymer enhanced ultrafiltration process, it was also important to study the filterability of the different functionalized PVA. Experiments were carried out with cobalt (II) nitrate to be in the most disadvantageous conditions as Co(II) proved to have less affinity for PVA1(EDTA) polymers than Ni(II) ions. PVA1(EDTA) solubilized in water was added in a large excess to a Co(II) solution. After stirring to ensure the whole sorption, the mixture was filtered as described in the experimental part. The quantity of cobalt (II) in the permeate after filtration for the three PVA1(EDTA) polymers considered was measured to evaluate the resulting percentage removal shown in Fig. 1. Best results were obtained in the case of PVA1(EDTA)15% with 86% of cobalt eliminated. As expected, PVA1(EDTA)5% was the less efficient as its molecular weight was the lowest (Table 1). To conclude, from all results obtained, PVA1(EDTA)15% was selected as it represented the best compromise between high sorption efficiency and good filterability. So, further experiments were carried out using PVA1(EDTA)15%. First of all, the sorption efficiency was evaluated using sorption isotherms to estimate in the first case the removal capacity with respect to Co(II) and Ni(II) found in a decontamination process, and in the second case, the retention of the selected heavy metals, i.e. Cd(II), Pb(II), Zn(II), and Cu(II).

Evaluation of the sorption efficiency of PVA1(EDTA)15%

To clearly evaluate the sorption capacity of the prepared PVA1(EDTA)15%, complete sorption measurements have been investigated for Co(II), Ni(II), Zn(II), Cd(II) and Pb(II) and the efficiency results have been compared. Fig. 2 shows the sorption isotherms of PVA1(EDTA)15% in single-component solutions in pure water. The sorption isotherm of Cu(II) was not determined since its concentration could not be measured in similar conditions. For Zn, Cd, Pb, Co and Ni, in the first part of the isotherms, the amounts adsorbed rapidly increased for equilibrium concentrations lower than 0.25 mmol.L -1 . The quasivertical initial portion indicated the strong affinity of cations towards PVA1(EDTA)15%.

The second part corresponded to a pseudo-plateau region where the adsorption capacity was fairly stable and was attributed to the saturation of the sorption sites.

The maximum sorption quantities varied from 1.2 to 1.5 mmol.g -1 (Table 2). The PVA1(EDTA)15% exhibited high sorption capacity. The efficiency was similar to those reported for resins commonly used in water or in nuclear waste treatment. In particular, this maximum adsorbed amount was only slightly lower than the one obtained for IRN 77 (1.5 mmol.g -1 ) [START_REF] Prelot | On the real performance of cation exchange resins in wastewater treatment under conditions of cation competition: the case of heavy metal pollution[END_REF]. These values of sorption efficiency were higher than the one reported for functionalized support. In the case of the functionalization of cellulose, and chitosan (or relative materials) with a large variety of grafted groups, the performance was rather low. Table 3 reports here the sorption efficiency of various EDTA grafted materials (silica particles, electrospun nanofibers, magnetic adsorbent, etc). They all exhibited relatively low sorption performances.

Only in particular cases, with the examples of cyclodextrins or using magnetic adsorbent, results were reported similar to what has been obtained here.

The values of sorption capacity were consistent with the amount of EDTA groups grafted on PVA chains, showing that the complexation phenomenon was based on the EDTA functions. The ratio of metal to EDTA was ranging from 0.5 to 0.6, with around 0.5 for Pb(II), Co(II) and Ni(II), and 0.6 for Zn(II) and Cd(II). This means that one cation was in interaction with two (or 1.7 for Zn(II) and Cd(II)) EDTA groups in PVA1(EDTA)15%. The observed sharp increase was due to the high affinity of these cations for EDTA, as demonstrated by the high formation constants for the metal with EDTA, with log Kf values in the range of 16.5 to 18.4 [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF] (Table 4). The curves profile suggested that high affinities were obtained. These results observed from adsorption isotherm confirmed that PVA1(EDTA)15% exhibited good sorption efficiency towards different divalent metallic cations in the single component system, at relatively high concentrations.

Nevertheless, the real effluents to treat are more complex, and contain various species to be removed [START_REF] Rottner | ONET Technologies[END_REF]. In such multicomponent systems, heavy metals are present simultaneously and at lower concentrations. Therefore, the following part of this manuscript describes the sorption efficiency of the present systems for the removal of targeted cations at a concentration lower than the one studied when building up the complete isotherms in water, in single component systems and in multicomponent systems where cations were mixed. The removal efficiency test will then be carried out in simulated recomposed effluents to evaluate the use of such systems for practical uses. The observed selectivity will be correlated with the thermodynamic quantities obtained based on direct calorimetric measurements using Isotherm Titration Calorimetry (ITC). 

Sorption properties of PVA1(EDTA)15% for Ni(II) and Co(II) at low concentration in the context of nuclear effluent purification

In the context of nuclear plants, the removal of radionuclides is of great importance.

Among the critical metals, nickel and cobalt, notably its activated 60 Co radioisotope, are found at low concentrations, 1 mM and 20 nM, respectively [START_REF] Duprey | NiCo Buster": engineering E-coli for fast and efficient capture of cobalt and nickel[END_REF]. As a result, a concentration within the order of nanomol per liter was chosen to study the sorption of these cations.

Adsorption in water

The concentration investigated to determine the sorption isotherm was in the 10 -4 M range using ionic chromatography. In the following part of this study, lower metal concentrations (10 -6 M) were explored using polarography. Thanks to the specificity of the analytical tool, it was also possible to evaluate the concentration of several cations in a mixture, thus shedding more light of the possible selectivity. In the preliminary tests, in order to reveal the various contributions of the interaction of the PVA(EDTA) with various cations, the PVA alone was tested for its removal efficiency.

It was observed by using Co(II) and Ni(II) isothermal titration calorimetry that interactions of PVA with these cations could be neglected (data not shown here).

This confirmed that the metal sorption of PVA was limited and rather to be neglected when compared to the functionalized polymer, and that modification strongly enhanced removal capacities. Sorption properties of PVA1(EDTA)15% for Zn(II), Cd(II), Pb(II) and Cu(II) at higher concentration in the context of heavy metal pollution Similar approach was followed for solutions containing Cd(II), Zn(II), Pb(II) and Cu(II), or mixture of these four cations. In order to optimize the cation detection for heavy metal removal, the concentration of introduced ions was in the micromolar range (15-60 µmol.L -1 ). Beforehand, in order to reveal the various contributions of the interaction of the PVA(EDTA) with cations, the PVA alone was tested for its removal efficiency. It has been observed, by using polarography for Zn(II), Cd(II), Pb(II) and Cu(II), that sorption of PVA with cations could be neglected (data not shown here).

This confirmed the enhanced removal capacities due to the functionalization of the PVA. Sorption with a polymer excess (for 1/4 and 1/2 cations/EDTA ratios) led to a similar tendency when compared to with the single-component solutions. Indeed, retention values obtained for each metal were higher than 97%, excepted for Cd with the 1/2 ratio. In the case of an equimolar mixture (1/1 and global concentration equal to 60 µM), Cu(II) ions were effectively removed (96% removed) whereas Cd(II) and Zn(II)

were not retained by the PVA1(EDTA)15% polymer. Concerning lead sorption, only half of the cations were taken up. This evidenced a selective complexation of mainly Cu(II) and Pb(II) to a less extent. In all cases, when the amount of cation increased, the efficiency globally decreased, but the selectivity between the various cations was enhanced.

Finally, the sorption was tested in recomposed effluents involving Ca(II) and Mn(II) cations present in a significantly greater ratio (between 16 and 125 000 times more concentrated) to induce strong competitive effect (Fig. 5). For the mixture of the four cations, namely Zn(II), Cd(II), Pb(II) and Cu(II), the sorption efficiency of Cu(II) was hardly modified. The highest modification was observed for the 1/1 metal/EDTA ratio, with 96% retention in water and 90% for the simili. This tendency was similar for Pb(II). The presence of Ca(II) and Mn(II) did not affect the sorption of PVA1(EDTA)15% towards Pb(II), Cu(II) even if they were present in much lower quantities compared to Ca(II)

and Mn(II) from the recomposed effluents. On the contrary, the sorption efficiency of Cd(II) was strongly impacted by the presence of Ca(II) and Mn(II). For the 1/4 ratio, the sorption was 90 % in water, whereas it dropped to 11% in the simili. For 1/2 and 1/1, there was no sorption in the simili. In the case of Zn(II), a small decrease was observed, especially for the 1/2 ratio. Differences in sorption efficiency between considered cations in the simili could be explained by the differences in the thermodynamic constants. Indeed, PVA1(EDTA)15% polymers selectively complexed the cations in accordance with EDTA-metal complex formation constants. The difference between the various formation constants [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF] for Ca(II) (log Kf = 10.65), Mn(II) (log Kf = 13.89) on the one hand, Pb(II) (log Kf = 18), and Cu(II) (log Kf = 18.78) on the other hand was high enough to explain the great selectivity towards them. Concerning Zn(II) and Cd(II), the obtained results reflected the weaker affinity already previously observed. Sorption quantities were lower than in pure water proving the competitive sorption between Ca(II), Mn(II) and the targeted metal cations. The lower difference in the EDTA complex formation constants between metals (log Kf (Zn(II)) = 16.5, log Kf (Cd(II)) = 16.5) compared with those of Ca(II)

and Mn(II) could justify these smaller variations in heavy metal removal. Despite the large excess of Ca(II) and Mn(II), the sorption of targeted metal cations was satisfying and demonstrated the selectivity of PVA1(EDTA)15% towards some cations.

To conclude, all cations of the present study (Ni(II), Pb(II), and Cu(II) cations) showed a great affinity towards PVA1(EDTA)15% whereas affinity was lower for other cations.

Thereafter, these tendencies were all confronted with the formation constants of the cation/EDTA complex (Table 4) [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF]. The observed range of selectivity was clearly correlated with these constants. The EDTA complexes formed with Ni(II), Cu(II) and Pb(II) were more stable in comparison with those obtained with Co(II), Zn(II) and Cd(II), which could explain the selectivity behavior of PVA1(EDTA)15% towards Ni(II), Cu(II) and Pb(II). Additionally, selectivity was improved when the amount of cations increased for a given amount of EDTA. Nevertheless, it was important to consider that these constants corresponded to the interaction between cations and EDTA alone. These ranges of affinity were further confirmed by thermodynamics direct measurements of the thermodynamic parameter of the complexation reaction of PVA(EDTA). Finally, besides the good sorption properties, it is also important to mention that it is possible to desorb the metallic cations from the polymer, as already mentioned in the literature for carboxylic acid groups [START_REF] Beaugeard | Acidic polymeric sorbents for the removal of metallic pollution in water: a review[END_REF]. Indeed, it was notably shown that quantitative desorption was efficiently achieved using hydrochloric acid [START_REF] Kulkarni | Synthesis and characterization of carboxylic cation exchange bio-resin for heavy metal remediation[END_REF]. Additionally, ester linkage was stable at pH 2 [START_REF] Graillot | Thermosensitive polymer Enhanced Filtration (TEF) process: An innovative process for heavy metals removal and recovery from industrial wastewaters[END_REF]. These points are of great interest as they open the way to the PVA(EDTA) reutilization in a new cycle of decontamination.

Thermodynamic study

This part deals with the study of the interactions existing between PVA1(EDTA)15%

and some selected metallic cations. The aim of theis analysis was to obtain more information about the complexation phenomenon between the modified functionalized polymer and the ion to be removed, in comparison with the EDTA alone. The thermodynamic parameters of the interaction between PVA1(EDTA)15% and various cations were investigated using direct calorimetric measurement carried out under conditions as close as possible to the ones used for the sorption tests described in the previous sections. In particular the free ionic strength and the unadjusted pH conditions were applied in line with the procedures used in industrial This evidenced the good accessibility of the cation to the sorption sites. For Co(II) sorption, the first peaks were endothermic (3 mW) whereas they were exothermic for Pb(II) (14 mW). The heat flow decreased after 8-9 injections and then, after passing through an inflexion point, the heat flow peak leveled off and became negligible.

The integration of the areas under these thermal peaks should lead to the determination of the complete thermodynamic balance together with the binding constant, the reaction enthalpy (both leading to the entropy calculation), and the binding stoichiometry. These thermal peaks were further processed and integrated by using the NanoAnalyze TM Software offered by TA Instruments. The dilution correction terms to be subtracted from the sorption measurements were considered using experiments carried out in water using similar conditions (dilution experiments). The so-obtained heats of injection were plotted as a function of the metal-to-ligand molar ratio. The experimental heat values were fitted to independent site binding models (NanoAnalyze TM ), thus leading to the determination of the equilibrium dissociation constants for all systems. Best fitting curves corresponding to Co(II) and Pb(II) are shown in Fig. 7 with the corresponding dissociation constant Kd. Table 5 summarizes the thermodynamic parameters for the Co(II), Ni(II), Zn(II), Cu(II)

and Pb(II) sorption onto PVA1(EDTA)15% as calculated from the fit of the ITC curves.

Due to the low affinity of Cd(II) with PVA1(EDTA)15%, it was impossible to evaluate the corresponding thermodynamic parameters. For other cations, the dissociation constant Kd was the lowest for Co(II) (3.74), and the highest for Cu(II) (7.53). These values were four times smaller than the ones given in the literature for EDTA [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF].

This evidenced the influence of the polymer chain on the strength of interaction with various cations. The constants were smaller, but as seen before, the sorption in competitive conditions was still suitable for practical applications. Furthermore, the tendency in the formation constant of PVA1(EDTA)15% with the cations followed the order: Co(II) < Zn(II) < Pb(II) < Cu(II) < Ni(II), similar to the tendency in the formation constant of the EDTA complex, namely Co(II) ≈ Zn(II) < Pb(II) < Cu(II), < Ni(II) [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF]. This means that the EDTA complexation properties were not modified when EDTA was grafted on the polymer chain. The stoichiometry n was between 0.47 and 0.63, indicating that 2 EDTA were necessary to complex one cation, with the only exception of Zn for which 1.6 EDTA per cation were enough. These observations were in a full agreement with those inferred from the analysis of the adsorption isotherms. The complete thermodynamic balance is finally shown in Fig. 8 for Co(II), Ni(II), Zn(II), Pb(II), and Cu(II). The Gibbs free energy, ΔG, was negative in all cases, pointing out the spontaneous character of the phenomena studied here, as generally reported in other studies on grafted and functional polymers such as bifunctional graft copolymer composed of vinyl imidazole and acrylic acid [START_REF] Ray | Efficient removal of Co(II), Ni(II), and Zn(II) metal ions from binary and ternary solutions using a pH responsive bifunctional graft copolymer[END_REF], PVA-polyelectrolyte membranes [START_REF] Bessbousse | Characterisation of metal-complexing membranes prepared by the semi-interpenetrating polymer networks technique. Application to the removal of heavy metal ions from aqueous solutions[END_REF], polymers based on divinyl ether and acrylamido-2-methyl-1-propan sulfonic acid [START_REF] Wang | Enhanced adsorption of heavy metal ions onto simultaneous interpenetrating polymer network hydrogels synthesized by UV irradiation[END_REF], on amylopectin grafted with acrylamide and acrylic acid [START_REF] Kolya | Metal complexation studies of amylopectin-graft-poly[(N,Ndimethylacrylamide)-co-(acrylic acid)]: a biodegradable synthetic graft copolymer[END_REF]. The ΔG (and Kd) values were higher for Ni(II) than those for Co(II), indicating that Ni(II) would be more easily removed under competitive conditions in the presence of Co(II). In the Cu, Zn and Pb series, the ΔG was the highest for Cu(II), and the smallest for Zn(II). The lower constant was explained by the slightly less exothermic enthalpies of formation and the consequently less strong chelate effects expressed by lower (but still positive) entropies [START_REF] Smith | Critical stability constants, enthalpies and entropies for the formation of metal complexes of aminopolycarboxylic acids and carboxylic acids[END_REF].

Concerning the enthalpy contributions, ΔH was negative (exothermic phenomenon)

for Ni(II), Pb(II) and Cu(II), and positive (endothermic phenomenon) for Zn(II) and Co(II). Depending on the system studied, ΔH was negative [START_REF] Bessbousse | Characterisation of metal-complexing membranes prepared by the semi-interpenetrating polymer networks technique. Application to the removal of heavy metal ions from aqueous solutions[END_REF][START_REF] Wang | Enhanced adsorption of heavy metal ions onto simultaneous interpenetrating polymer network hydrogels synthesized by UV irradiation[END_REF][START_REF] Khosa | Thermodynamic functions of metal-sericin complexation in ultrafiltration study[END_REF][START_REF] Zhang | Influence of solution chemistry on heavy metals removal by bioadsorbent tea waste modified by poly (vinyl alcohol)[END_REF] indicating that the reaction was enthalpically favorable, but some endothermic contribution was also observed [START_REF] Ray | Efficient removal of Co(II), Ni(II), and Zn(II) metal ions from binary and ternary solutions using a pH responsive bifunctional graft copolymer[END_REF]. Finally, the entropic contribution was positive (ΔS < 0) for all cations. It was very small for lead, and the highest for cupper, with the following order: Cu>Zn>Co ≈ Ni > Pb. Even though Cu usually exhibited the highest entropy, the general tendency varied depending on the system studied. In the literature, the following orders were reported: Cu > Pb for PVA-polyelectrolyte membranes [START_REF] Bessbousse | Characterisation of metal-complexing membranes prepared by the semi-interpenetrating polymer networks technique. Application to the removal of heavy metal ions from aqueous solutions[END_REF], Cu > Zn > Ni > Pb > Co for biopolymer sericin containing small polypeptides [START_REF] Khosa | Thermodynamic functions of metal-sericin complexation in ultrafiltration study[END_REF], and Cu>Ni>Zn for amylopectin-graft-poly[(N,N-dimethylacrylamide)-co-(acrylic acid)] [START_REF] Kolya | Metal complexation studies of amylopectin-graft-poly[(N,Ndimethylacrylamide)-co-(acrylic acid)]: a biodegradable synthetic graft copolymer[END_REF].

Sometimes the inverse range was observed: Ni > Zn > Co for bifunctional graft copolymer composed of vinyl imidazole and acrylic acid [START_REF] Ray | Efficient removal of Co(II), Ni(II), and Zn(II) metal ions from binary and ternary solutions using a pH responsive bifunctional graft copolymer[END_REF] or Pb>Cu for tea waste modified by poly(vinyl alcohol) [START_REF] Zhang | Influence of solution chemistry on heavy metals removal by bioadsorbent tea waste modified by poly (vinyl alcohol)[END_REF].

At this stage of the work, the described tendencies were not completely understood.

There were few exhaustive studies on thermodynamics and systematic comparison of cation on grafted polymers using real direct calorimetric measurements. As described by Wang [START_REF] Wang | Enhanced adsorption of heavy metal ions onto simultaneous interpenetrating polymer network hydrogels synthesized by UV irradiation[END_REF], positive ΔS indicated the increased randomness at the polymer/solution interface during the sorption of metal ions onto grafted EDTA. The enthalpic outcome ΔH contained both metal ion-EDTA interaction together with the partial dehydration of the ion. For Co(II) and Ni(II), the hydration enthalpies were similar [START_REF] Marcus | A simple empirical model describing the thermodynamics of hydration of ions of widely varying charges, sizes, and shapes[END_REF], and the difference of the observed enthalpy balance between the two cations is still unexplained. In the case of Pb(II), the entropic effect was very small probably due to the low number of water molecules in the hydration sphere, with 6 for this cation, and between 9.6 and 10.4 for the others [START_REF] Marcus | A simple empirical model describing the thermodynamics of hydration of ions of widely varying charges, sizes, and shapes[END_REF]. This explained the high hydration enthalpy contribution in the case of lead. Other cations also displayed similar hydration enthalpy and entropy. In the present case, it seemed that the enthalpy, ΔH, was overcompensated by endothermic dehydration in the case of Co(II) and Zn(II). Positive values of the reaction enthalpy demonstrated the thermodynamic stability of the complexes to be strongly dependent on the entropy change [START_REF] Maki | Stabilities of the Divalent Metal Ion Complexes of a Short-Chain Polyphosphate Anion and Its Imino Derivative[END_REF].

The results obtained in the present study helped to explain the differences in sorption properties observed between the cations and gave first insight into the driving forces involved. The differences in the affinity between PVA1(EDTA)15% and metal cations could be attributed to the differences in the binding energy involved in the complexation phenomenon but also to the hydration and mobility effects. and Cu(II), on the other hand. Under such competitive conditions in pure water, the preferential sorption of Ni(II), and Cu(II), as well as Pb(II) to a lesser extent, was demonstrated. Retention efficiency was also evaluated under competitive conditions in a simili composed of Ca(II) and Mn(II) present at higher concentrations. The cation removal was impacted by the presence of these new competing cations but the functionalized polymer remained very efficient for sorption. Additionally, a correlation between the selectivity towards the cations and the EDTA metal-complex formation constants was established. The obtained reaction constants were four times lower for functionalized polymers, but the range order was similar for EDTA and PVA1(EDTA)15%, indicating that the EDTA properties were not greatly modified. The entropic term was probably the main contribution with a high effect of hydration, relatef to both the cation and the polymer chain. Typical procedure for the grafting of 15% of EDTA onto PVA with Mn = 20000 g.mol -1 (PVA1(EDTA)15%)

Conclusion

Synthesis of poly(vinyl alcohol) (PVA) grafted with ethylenediaminetetraacetic acid (EDTA)

Grafting onto PVA1 was achieved according to the procedure detailed in a previous paper [START_REF] Li | Polyelectrolyte enhanced ultrafiltration (PEUF) for the removal of Cd(II): Effects of organic ligands and solution pH[END_REF]. A solution of PVA (1.5 g in 30 mL of DMSO, Mn = 20 000 g.mol -1 , 34.1 mmol in hydroxyl groups, 1 eq.) was added to a mixture containing triphenylphosphine (9.8 g, 37.5 mmol, 1.1 eq) and ethylenediaminetetraacetic acid (10.95 g, 37.5 mmol, 1.1 eq) in 150 mL of dimethylsulfoxide (DMSO) at 120 °C.

Then, diethyl azodicarboxylate (6.5 g, 37.5 mmol, 1.1 eq), was added dropwise during two hours at room temperature. The obtained solution was then allowed to stir at 40 °C during one night. The resulted mixture was transferred into a dialysis tubing (MWCO ≈ 2000 Da) and dialyzed against DMSO during two days in order to remove all organic components excepted the functionalized PVA1(EDTA)15% polymer (1.9 g, yield: 90%). 

Determination of functionalization rates

  𝐶 𝑒 ) • 𝑉 0 𝑚 𝑝 where C0 and Ce are the metal concentrations in the initial solution (before sorption) and in the equilibrium bulk phase (after attaining sorption equilibrium), respectively; V0 denotes the volume of the solution, and mp is the mass of polymer used. The equilibrium concentrations of metallic cations (namely Co(II), Ni(II), Zn(II), Cd(II), Pb(II)) at a high concentration were measured using an ionic chromatography analyzer (Shimadzu HPLC) equipped with a CDD-6A conductivity detector operating at 40 °C. A Shim-Pack IC-C1 column (with an IC-GC1 pre-column) was used. The mobile phase was composed of 4 mmol.L -1 of tartaric acid and 1.5 mmol.L -1 of ethylenediamine (EDA). The flow rate of eluent was 1.5 mL.min -1 . For the determination of low concentrations or metal traces and the study under competitive conditions, polarography experiments were carried out to compare sorption of Co(II) mixed with Ni(II), or to analyze the combination of Zn(II), Cd(II), Pb(II), and Cu(II).

Scheme 1 .

 1 Scheme 1. Chemical structure of poly(vinyl alcohol) (PVA) modified by ethylenediaminetetraacetic acid (EDTA) (PVA(EDTA)).

  to either 20000 g.mol -1 or 90000 g.mol -1 . PVA reacted with ethylenediaminetetraacetic acid in dimethylsulfoxide (DMSO) in the presence of diethyl azodicarboxylate and triphenylphosphine. The obtained solution was allowed to be stirred at different temperatures (20, 30 or 40 °C) overnight, thus leading to

Fig. 1 .

 1 Fig. 1. Percentage of cobalt (II) ions retained onto PVA1(EDTA) with different EDTA grafting rates as determined by monitoring the concentration of Co(II) in the permeate by absorption spectroscopy after filtration. Conditions: PVA1(EDTA): 200 mg, Co(NO3), 6H2O 1.10 -4 M: 2 mL in a 500 mL global volume of aqueous solution.

Fig. 2 .

 2 Fig. 2. Sorption properties of PVA1(EDTA)15% at 298 K. Isotherms for Co(II), Ni(II), Pb(II), Cd(II), Zn(II) uptake by the polymer (0.5 g L -1 ) from single-component aqueous solutions.

Fig. 3

 3 Fig. 3 illustrates the removal properties of PVA1(EDTA)15% for Co(II) and Ni(II) with a

Fig. 3 .

 3 Fig. 3. Sorption efficiency of PVA1(EDTA)15% for Co(II), and Ni(II) evaluated for low concentration. The polymer concentration was 40 mg.L -1 . The cation concentration was adjusted according to the amount of EDTA (170 nM). Different proportions of metal/EDTA were tested, with 1/4, 1/2 and 1/1, corresponding to a cation concentration [M 2+ ] being equal to 42.5, 85 or 170 nM respectively. The figure describes the uptake by the polymer from i) single-component aqueous solutions, ii) cations mixture in aqueous solutions, and iii) cations mixture in the simulated effluent.

Fig. 4

 4 illustrates the removal properties of PVA1(EDTA)15% for Cd(II), Zn(II), Pb(II) and Cu(II), in the single component system (Fig. 4 a) and in mixture of cations in water (Fig. 4 b).Sorption experiments in single component solutions for a four-or two-fold excess of polymer led to a very efficient metal complexation, with retention values going up to 93%. When polymer (i.e. EDTA in polymer) and metal cations were introduced in equimolar proportions, the histogram bars evidenced different retention behavior depending on the metallic cation. Best results were achieved for Pb(II) and Cu(II) with the removal of 40 and 58% of metal, respectively, whereas the sorption was 25 or 31% for Cd(II) and Zn(II), respectively. Thereafter, a competitive medium composed of Pb(II) + Zn(II) + Cu(II) + Cd(II) mixture was prepared and sorption performances of each ion was investigated. The same metal/PVA1(EDTA)15% ratios as for singlecomponent solutions were used. The total concentrations corresponded to the sum of all metal cation concentrations with the metals being mixed up in equimolar ratios.

Fig. 4 .

 4 Fig. 4. Sorption efficiency of PVA1(EDTA)15% for Pb(II), Cu(II), Cd(II), Zn(II) evaluated for low concentrations. The polymer concentration was 1.5 g.L -1 . The cation concentration was adjusted according to the amount of EDTA (60 µM). Different proportions of metal/EDTA were tested, with 1/4, 1/2 and 1/1, corresponding to a cation concentration [M 2+ ] equal to 15, 30 or 60 µM, respectively. (a) the uptake by the polymer from single-component aqueous solutions, (b) the uptake from a cation mixture in aqueous solutions; for the mixture, the [M 2+ ] concentration corresponded to the sum of Pb(II), Cu(II), Cd(II) and Zn(II) species, in equimolar conditions.

Fig. 5 .

 5 Fig. 5. Sorption efficiency of PVA1(EDTA)15% for Pb(II), Cu(II), Cd(II), Zn(II) evaluated for low concentration in a recomposed multicomponent effluent. The polymer concentration was 35 mg.L -1 . The cation concentration was adjusted according to the amount of EDTA (60 µmol.L -1 ). Different proportions of metal/EDTA ratio were tested, with 1/4, 1/2 and 1/1, corresponding to a total cation concentration [M 2+ ] equal to 15, 30 or 60 µM respectively. The [M 2+ ] corresponded to the sum of Pb(II), Cu(II), Cd(II), and Zn(II) concentrations, added in equimolar quantities.

  applications. The raw data thermograms obtained for Cobalt and Lead are displayed in Fig.6, which represents the results obtained for the calorimetric titration of Co(II) or Pb(II) stock solutions injected into pure water (dilution experiments), together with the sorption experiments with the use of PVA1(EDTA)15%. The successive injections of the stock solution into the calorimetric cell resulted in a raw heat flow record representing several thermal peaks equally spaced as a function of time. For dilution experiments, the intensity of the peak was small compared to the signal obtained in the presence of PVA1(EDTA)15%, being in the range of 100 to 500 nW. In this second case, the thermograms clearly showed initially intense and clearly defined peaks. The rapid return to a stable baseline was an indirect indication that the kinetics was fast.

Fig. 6 .

 6 Fig. 6. Processed thermal profiles for dilution of cobalt-(bottom) or lead-(top) containing aqueous solutions and metal ion retention onto PVA1(EDTA)15% from single-solute aqueous solutions at 298 K under the unadjusted pH condition: records of 25 successive injections of the 10 μL aliquots of a 20 mmol.L -1 Co(NO3)2.6H2O or Pb(NO3)2 stock solution into a 1 mL glass ampoule containing initially 800 µL of ultrapure water (dilution experiment) or 800 µL of ultrapure water and PVA1(EDTA)15% at a 2.5 g.L -1 concentration (binding experiment). An injection time of 10 s and an equilibration time of 45 min between 2 successive injections were set up. Peak Analyzer procedures available in OriginPro software were applied to subtract the baseline. Both the dilution and the adsorption profiles have been plotted by using the same heat-flow scale (y-axis).

Fig. 7 .

 7 Fig. 7. ITC heat data corresponding to successive injections of a Co-or Pb-containing stock solution into a PVA1(EDTA)15% aqueous solution placed in the calorimetric cell at 298 K; the solute concentrations, respectively, in the syringe and in the cell are as follows: 20 mol L -1 Co(II) or Pb(II) and PVA-EDTA 2.5 g/L. The dissociation constants (Kd) obtained by fitting the heat experimental values (filled circles) to the independent site binding model (solid lines) are indicated.

Fig. 8 .

 8 Fig. 8. Thermodynamic parameters for the metal ion binding to PVA1(EDTA)15%: Co(II), Ni(II), Zn(II), Pb(II), and Cu(II).

  PVA(EDTA) copolymers have been developed and proved to be valuable sorbents for metal cation removal. The influence of polymer properties (molecular weight and EDTA content) was studied. Results indicated better sorption properties for lower molecular weight polymers due to mobility and solubility. Lower EDTA grafting rate in the PVA backbone led to a better Co(II) and Ni(II) retention. But in real conditions of filterability, the polymer with the lowest molecular weight and the highest grafting rate was preferred for further experiments. The study of PVA1(EDTA)15% underlined the great sorption capacity of these copolymers for divalent cations in pure water, namely Zn(II), Cd(II), and Pb(II), Co(II), and Ni(II) to a lesser extent. Two EDTA units from the PVA backbone were necessary to complex one cation (1.7 for Zn(II) and Cd(II)). The sorption properties were also evaluated when the cations were mixed up in equimolar quantities, in particular Co(II) and Ni(II), on the one hand, and Cd(II), Zn(II), Pb(II)

Methods 1 H

 1 NMR spectra (δ, ppm) were recorded on a Bruker DRX 200 (200 MHz) spectrometer with tetramethylsilane (TMS) as an internal standard and DMSO-d6 as deuterated solvent. Infrared spectroscopy (νmax, cm -1 ) were recorded on a Perkin Elmer precisely Spectrum 100 FT-IR spectrometer.

1 H

 1 NMR δH (200 MHz ; D2O): 1.3-2.4 (CH2-CH), 3.1-4.2 (CH2-CH, C(O)CH2N, N-CH2-CH2-N, N-CH2-COOH), 5.1-5.4 (CH-O-CO); IR: νmax / cm -1 1390 (C=O acid), 1625 (C=O acid), 1730 (C=O ester), 3400 (OH).

Functionalization rates were determined by 1 H

 1 NMR, comparing the signal at 1.3-2.4 ppm corresponding to the methylene of the main chain with the one at 5.1-5.4 ppm attributed to the methyne of the main chain in the α position of the EDTA grafted group.

Fig. S1. 1 H

 1 Fig. S1. 1 H NMR for PVA1(EDTA)15% in CDCl3.

  Fig. S2. 1 H NMR for PVA1(EDTA)10% in CDCl3.

Fig. S3. 1 H

 1 Fig. S3. 1 H NMR for PVA1(EDTA)5% in CDCl3.

Fig. S4 .

 S4 Fig. S4. Infrared spectrum for PVA1(EDTA)15%.

Table 2

 2 Sorption properties of PVA1(EDTA)15% towards studied metal cations. Qmax was estimated at the pseudo plateau of the sorption isotherm.

	Metal	Qmax	Metal/EDTA
	cation	(mmol.g -1)	ratio
	Ni(II)	1.18	0.5
	Co(II)	1.22	0.5
	Zn(II)	1.58	0.6
	Cd(II)	1.55	0.6
	Pb(II)	1.28	0.5
	Cu(II)	nd*	nd

* not determined

Table 3

 3 Sorption properties concerning EDTA grafted materials and reported maximum sorption capacity.

	Material	Cations Maximum sorption capacity	Reference
	EDTA-modified chitosan	Co(II) Ni(II)	63.0 mg.g -1 71.0 mg.g -1	[52]
	DTPA-modified chitosan	Co(II) Ni(II)	49.1 mg.g -1 53.1 mg.g -1	[52]
	EDTA-modified silica gel	Co(II)	60 mg.g -1	[53]
	Electrospun polyacrylonitrile nanofibers modified with EDTA	Cd(II)	32.68 mg.g -1	[54]
	EDTA-functionalized chitosan magnetic adsorbent	Pb(II)	210 mg.g -1 (1 mmol.g -1 )	[55]
			for highly optimized conditions:	
		Cu(II)	0.860 mmol.g -1	
		Cd(II)	0.558 mmol.g -1	
	L-lysine and EDTA resins	Pb(II)	0.520 mmol.g -1	[56]
		Zn(II)	0.570 mmol.g -1	
		Ni(II)	0.316 mmol.g -1	
		Co(II)	0.558 mmol.g -1	
	Chitosan-EDTA-β-cyclodextrin polymer	Pb(II) Cd(II)	0.803 mmol g -1 1.258 mmol g -1	[57]
	EDTA-cross-linked-β-cyclodextrin	Cu(II) Cd(II)	1.241 mmol g -1 1.106 mmol g -1	[58]

Table 4

 4 Formation

	Metal cations	Cd(II)	Pb(II)	Zn(II)	Cu(II)	Co(II)	Ni(II)
	Formation constant	16.5	18	16.5	18.78	16.45	18.4

constant of the EDTA complex (Pb(II), Cu(II), Cd(II), Zn(II), Co(II) and Ni(II))

[START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF]

.

Table 5

 5 Thermodynamic parameters for the heavy metal sorption onto PVA1(EDTA)15% as calculated from the fit of the ITC data.

	Cation	Kd	n	ΔG (kJ.mol -1 )	ΔH (kJ.mol -1 )	-T ΔS (kJ.mol -1 )
	Co(II)	3.74	0.47	-21.3	6.9	-23.8
	Ni(II)	5.52	0.46	-31.5	-8.6	-23.2
	Zn(II)	4.07	0.63	-23.2	3.6	-26.9
	Cd(II)	nd*	nd	nd	nd	nd
	Pb(II)	4.59	0.56	-26.2	-24.0	-2.1
	Cu(II)	7.53	0.49	-43	-10.7	-35.7

* not determined
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Adsorption in recomposed effluent

In order to investigate the practical uses of such systems, experiments were also conducted in a multicomponent effluent simulating the real effluent. The recomposed solvent had the following composition: 10 mmol.L -1 of Mn(NO3)2.4H2O and 1 mmol.L -1 of CaCO3, whereas the concentration of radionuclides was in the nanomolar range (42 to 170 nmol.L -1 ). The solution to be treated contained the mixture of cations, in equimolar proportions. The results are also shown in Fig. 3. The sorption of Ni(II) was only slightly affected by the presence of the ions contained in the recomposed effluent. The decrease of efficiency was comprised between 10 and 15 %. The effect of the simili and the presence of Ca(II) and Mn(II) were insignificant for Ni(II) removal.

Otherwise, the effect was more pronounced for Co(II) as the sorption efficiency was divided by two in this particular case. Nevertheless, in both cases, PVA1(EDTA)15% polymers selectively complexed these cations in accordance with the EDTA-metal complex formation constants. The difference between the various formation constants [START_REF] Harris | Quantitative Chemical Analysis 9th Edition[END_REF] for Ca(II) (log Kf = 10.65), Mn(II) (log Kf = 13.89), Co(II) (log Kf = 16.45) and Ni(II) (log Kf = 18.4) was high enough to explain the great selectivity towards them. Concerning Co(II), the obtained results reflected the weaker affinity already noticed. Sorption quantities were lower than those monitored in pure water, thus proving the competitive sorption between Ca(II), Mn(II) and the targeted metal cations. The lower difference in the EDTA complex formation constants between the metals, i.e. log Kf (Co(II)) = 16.45) with Ca(II) and Mn(II), could justify these lower variations in Co(II) metal removal when compared with Ni(II).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/ 

Supporting Information

Analytical conditions for polarography experiments

For polarography experiments, the analysis was based on the electrochemical reactions between mercury drop and metal cations present in solution. In our case, we worked in Hanging Mercury Drop Electrode (HMDE) mode limiting the consumption of mercury. The following table S1 presents the different parameters used for the measurements.