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Synthesis and study of sorption properties of polyvinyl alcohol (PVA)-based hybrid materials
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The present contribution aims at reporting the synthesis and the preliminary evaluation of hybrid materials combining polyvinyl alcohol (PVA) functionalized with ethylenediaminetetraacetic acid (EDTA) as complexing groups, and alumina that, together, were able to efficiently complex and remove metallic cations from aqueous effluents. For such purpose, well-defined PVA homopolymers bearing an azide (PVA-N3) or an alkyne function (PVA-alkyne) were functionalized via chemical modification by either phosphoric acid (PPVA-N3), to promote adhesion to alumina, or ethylenediaminetetraacetic acid (PVA(EDTA)-alkyne), able to efficiently complex metallic cations. Modified PVA chains were coupled by Huisgen reaction using copper catalysis (CuAAC) leading to the formation of bifunctional diblock copolymers.

Then, hybrid materials were produced via the grafting of PVA-based copolymers onto alumina particles. Finally, the sorption capacity of these materials towards Co(II), Ni(II) and Sr(II) was determined to evaluate their removal efficiency. Such hybrid materials could be efficiently used in the context of nuclear effluents treatment.

Introduction

Despite environmental legislation and regulations, the release of pollutants in aqueous media is continuously growing. For heavy metals, their multiple industrial, domestic, agricultural, medical and technological applications have led to their wide distribution in the environment, with raising concerns over their potential effects on human health and the environment [START_REF] Pan | Highly efficient removal of heavy metals by polymer-supported nanosized hydrated Fe(III) oxides: Behavior and XPS study[END_REF][START_REF] Liu | Magnetic Chitosan Nanocomposites: A Useful Recyclable Tool for Heavy Metal Ion Removal[END_REF][START_REF] Jaiswal | Quantum Dot Impregnated-Chitosan Film for Heavy Metal Ion Sensing and Removal[END_REF][START_REF] Cao | High adsorption capacity and the key role of carbonate groups for heavy metal ion removal by basic aluminum carbonate porous nanospheres[END_REF][START_REF] Ju | Novel heavy-metal adsorption material: ion-recognition P(NIPAM-co-BCAm) hydrogels for removal of lead(II) ions[END_REF]. For instance, metals such as lead, cadmium, nickel or copper are carcinogen and can induce kidney and neuronal diseases [START_REF] Kumar | Uptake and desorption of copper ion using functionalized polymer coated silica gel in aqueous environment[END_REF][START_REF] Yoshizaki | Principle and process of heavy metal removal from sewage sludge[END_REF][START_REF] Wang | Cadmium and Its Neurotoxic Effects[END_REF]. As a result, environmental regulations have been established and various strategies were developed for the uptake of heavy metal from wastewater.

Conventional methods such as ion exchange [START_REF] De Freitas | Removal of heavy metal ions from aqueous solutions by synthetic apatites using the column ion-exchange method[END_REF][START_REF] Stetter | Pilot scale studies on the removal of trace metal contaminations in drinking water treatment using chelating ionexchange resins[END_REF][START_REF] Demirbas | Adsorption of Cu(II), Zn(II), Ni(II), Pb(II), and Cd(II) from aqueous solution on amberlite IR-120 synthetic resin[END_REF][START_REF] Bashir | Removal of heavy metal ions from aqueous system by ion-exchange and biosorption methods[END_REF], chemical precipitation [START_REF] Guo | Removal of fluoride and arsenate from aqueous solution by hydrocalumite via precipitation and anion exchange[END_REF][START_REF] Zhang | Photocatalytic hydrogen production under visible-light irradiation on (CuAg)(0.15)In0.3Zn1.4S2 synthesized by precipitation and calcination[END_REF], adsorption onto activated carbon [START_REF] Amano | Adsorptive Behavior of Phosphate onto Activated Carbons Varying Surface Physicochemical Properties[END_REF][START_REF] Furuyado | Adsorption of Cd(II) onto Activated Carbon Fiber Prepared by Urea Treatment[END_REF] and membrane processes [START_REF] Blocher | Hybrid flotation -membrane filtration process for the removal of heavy metal ions from wastewater[END_REF][START_REF] Carreon | Mercury recovery from aqueous solutions by polymer-enhanced ultrafiltration using a sulfate derivative of chitosan[END_REF] have proved to be efficient but, depending on the processes, several limitations may happen. The main drawbacks of the precipitation technology are the large volume of the ultimate wastes generated and the relatively high costs treatments and storage.

Concerning ion exchange, the selectivity of resins towards metallic cations is sometimes limited in the presence of organic residues or in competitive conditions with strong influence of the salinity, and they might be damaged under irradiation [START_REF] Kalkwarf | Safety Evaluation of Cation-Exchange Resins[END_REF]. Phosphonated-based thermosensitive polymers were also considered [START_REF] Rodrigues | The first report on phosphonate-based homopolymers combining both chelating and thermosensitive properties of gadolinium: synthesis and evaluation[END_REF][START_REF] Rodrigues | Sorption properties of carbamoylmethylphosphonated-based polymer combining both sorption and thermosensitive properties: New valuable hydrosoluble materials for rare earth elements sorption[END_REF][START_REF] Graillot | Removal of nickel ions from aqueous solution by low energy-consuming sorption process involving thermosensitive copolymers with phosphonic acid groups[END_REF][START_REF] Graillot | Sorption properties of a new thermosensitive copolymeric sorbent bearing phosphonic acid moieties in multi-component solution of cationic species[END_REF][START_REF] Graillot | Thermosensitive polymer Enhanced Filtration (TEF) process: An innovative process for heavy metals removal and recovery from industrial wastewaters[END_REF][START_REF] Graillot | Removal of metal ions from aqueous effluents involving new thermosensitive polymeric sorbent[END_REF].

The advantage of such materials was that they were soluble below their lower critical solution temperature (LCST), leading to a rapid and efficient complexation.

Additionally, they became insoluble above their LCST, allowing an easy filtration step. Other researches focused on chelating agents [START_REF] Jachula | Methylglycinediacetic Acid as a New Complexing Agent for Removal of Heavy Metal Ions from Industrial Wastewater[END_REF][START_REF] Kolodynska | Adsorption characteristics of chitosan modified by chelating agents of a new generation[END_REF] to enhance metal uptake taking in consideration capacity, selectivity, or affinity. In particular, carboxylic acid has proved to be a valuable complexing group. Interactions with metal ions occur by interaction between the oxygen atoms of the carboxylic acid and the metallic ions, finally leading to the formation of coordination bonds. Ethylenediaminetetraacetic acid (EDTA) and derivatives were widely used to remove heavy metal on an important pH range [START_REF] Chen | Preparation of MgAl-EDTA-LDH based electrospun nanofiber membrane and its adsorption properties of copper(II) from wastewater[END_REF]. For exemple, glycidyl methacrylate-based polymer resins functionalized with diethylenetriaminetetraacetic acids efficiently removed Mg(II) and Ca(II) [START_REF] Senkal | Glycidyl methacrylate based polymer resins with diethylene triamine tetra acetic acid functions for efficient removal of Ca(II) and Mg(II)[END_REF].

Organic-inorganic hybrid materials have attracted much attention in recent years because of their advantageous combination of organic and inorganic moieties [START_REF] Sanchez | Recent progress in hybrid materials science[END_REF].

Indeed, in such materials, different organic groups are combined with thermally stable and robust inorganic moiety, leading to strong binding affinities and high metal ion adsorption capacities toward appropriate metal cations [START_REF] Samiey | Organic-Inorganic Hybrid Polymers as Adsorbents for Removal of Heavy Metal Ions from Solutions: A Review[END_REF]. They are generally prepared via covalent binding of specific organic groups onto inorganic substrates thanks to the hydroxyl groups on the surface, therefore used as anchoring points.

Such type of materials were already used for various applications including flame retardancy [START_REF] Ilia | Grafted 2-chloroethylphosphonic acid on inorganic supports used as flame retardant for unsaturated polyester resins[END_REF][START_REF] Ilia | Thermal behavior of titania grafted with phosphonic acids under non-isothermal conditions[END_REF], corrosion protection [START_REF] Perkins | Molecular Anchors for Self-Assembled Monolayers on ZnO: A Direct Comparison of the Thiol and Phosphonic Acid Moieties[END_REF], light emitting diodes [START_REF] Kasahara | Fabrication and performance evaluation of microfluidic organic light emitting diode[END_REF] or solar cells [START_REF] Hau | Effect of Chemical Modification of Fullerene-Based Self-Assembled Monolayers on the Performance of Inverted Polymer Solar Cells[END_REF]. Wastewater decontamination application was also considered [START_REF] Jin | Synthesis of novel inorganic-organic hybrid materials for simultaneous adsorption of metal ions and organic molecules in aqueous solution[END_REF][START_REF] Walcarius | Mesoporous organosilica adsorbents: nanoengineered materials for removal of organic and inorganic pollutants[END_REF].

Numerous studies focused on the sorption of heavy metal cations onto modified mesoporous silica (MCM-41 or SBA-15) [START_REF] Shi | High performance adsorbents based on hierarchically porous silica for purifying multicomponent wastewater[END_REF][START_REF] Jiang | Intensively competitive adsorption for heavy metal ions by PAMAM-SBA-15 and EDTA-PAMAM-SBA-15 inorganic-organic hybrid materials[END_REF]. The functionalization of mesoporous silica SBA-15 with 1-furoyl thiourea urea allowed efficient removal of Hg(II) from aqueous media via the thiourea derivative [START_REF] Mureseanu | Mesoporous silica functionalized with 1-furoyl thiourea urea for Hg(II) adsorption from aqueous media[END_REF]. Other functional groups than sulfur-containing chelating agents showed good metal ion removal properties and were considered as efficient for wastewater treatment.

Ethylenediaminetetraacetic acid functionalized mesoporous silica (EDTA-SBA-15)

was synthesized and used to efficiently remove Co(II), Ni(II), Cu(II) [START_REF] Iqbal | EDTA-functionalized mesoporous silica for the removal of corrosion products: Adsorption studies and performance evaluation under gamma irradiation[END_REF], and Pb(II) [START_REF] Huang | Pb (II) removal from aqueous media by EDTA-modified mesoporous silica SBA-15[END_REF]. Chitosan-silica hybrid adsorbents functionalized with ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) were efficiently employed to complex rare earths [START_REF] Roosen | Adsorption performance of functionalized chitosan-silica hybrid materials toward rare earths[END_REF].

Compared to silica [START_REF] Wang | Novel synthesis of cyano-functionalized mesoporous silica nanospheres (MSN) from coal fly ash for removal of toxic metals from wastewater[END_REF], alumina oxides were rarely considered in hybrid materials for water treatment whereas they are of interest since alumina particles are among the most used inorganic substrate to graft organic groups. The grafting strategy followed in the framework of the present work consisted in making polymeric chains interact chemically with hydroxyl groups on the inorganic surface [START_REF] Rong | Graft polymerization of vinyl monomers onto nanosized alumina particles[END_REF][START_REF] Derosa | Poly(ethylene glycol) interactions with alumina and silica powders determined via DRIFT[END_REF]. Several anchoring groups including phosphonic/phosphoric acids can lead to strong and covalent bonds. In the literature, three main kinds of phosphorus-based organic layers can be immobilized onto alumina surfaces: alkylphosphonic acids [START_REF] Fonder | Anchoring of sulfurcontaining alkylphosphonic and semifluorinated alkylphosphonic molecules on a polycrystalline aluminum substrate[END_REF], phenylphosphonic acids [START_REF] Villemin | A one step process for grafting organic pendants on alumina via the reaction of alumina and phosphonate under microwave irradiation[END_REF], and phosphonic acid-based polymers [START_REF] Cinausero | Impact of modified alumina oxides on the fire properties of PMMA and PS nanocomposites[END_REF].

The purpose of the present contribution is to develop innovative alumina oxide-based hybrid materials that will be involved in a decontamination process offering a realistic and cost-efficient solution for the removal of some radionuclide cations, and leading to small amounts of ultimate solid waste. The choice of alumina as a support was also motivated by a procedure of waste treatment employed in nuclear industry where the low-and intermediate-level short-lived waste is melted at high temperatures and solidified into a synthetic rock matrix [START_REF] Onectra | Process for packaging radioactive wastes in the form of synthetic rock[END_REF]. In such processes, mineral oxide particles may play a role of adjuvants during the melting stage necessary to diminish the overall energy consumption. The experimental and modeling studies indicated that the surface of alpha-alumina was inherently hydroxylated and contained numerous isolated aluminol groups [START_REF] Mchale | Surface energies and thermodynamic phase stability in nanocrystalline aluminas[END_REF]53]. The use of a high-purity and nonporous alpha-alumina powder is thus appropriate for the purpose of polymer grafting. To achieve that goal, appropriate functionalized polymers will be grafted onto solid particles with adequate sizes. Polymeric chains will contain numerous groups for selective sequestration (complexation) of radionuclide cations.

In the ideal case, the uptake of cationic species by the coated particles will gradually lead to the compensation of initial negative charge. For the future applied process, this should promote the contact between hydrophobized and destabilized particles, which will stick together to form flocs, thus favoring the separation step by filtration.

Functionalized polymer will derive from polyvinyl alcohol (PVA) as the latter showed biodegradability and non-toxicity. PVA-based diblock copolymers will be prepared by coupling two PVA homopolymers, either functionalized with phosphoric or EDTA groups. The interest of using diblock copolymers is that the first segment will be devoted to the establishment of interactions with alumina whereas the second one will be exclusively available for the sorption of metallic cations. The bifunctional copolymers will be grafted onto alumina particles using phosphoric acid groups whereas the second block bearing EDTA will be responsible for metal complexation.

Sorption tests on Co(II), Ni(II), and Sr(II) have been investigated to assess the potential use of these novel materials. 

Experimental

Syntheses Synthesis of PVA-N3 and PVA-alkyne

Functionalized PVA (PVA-N3 and PVA-alkyne) syntheses were reported in a previous work [START_REF] Muller | Selforganization in water of well-defined amphiphilic poly(vinyl acetate)-b-poly(vinyl alcohol) diblock copolymers[END_REF].

Typical procedure for the synthesis of PVA(EDTA)-alkyne

A solution of PVA-alkyne (500 mg in 10 mL of DMSO, 11.4 mmol in hydroxyl groups, 1 eq.) was added to a mixture containing triphenylphosphine (3.28 g, 12.5 mmol, 1.1 eq.) and ethylenediaminetetraacetic acid (3.65 g, 12.5 mmol, 1.1 eq.) in 50 mL of dimethylsulfoxide (DMSO) at 120 °C. Then, diethyl azodicarboxylate (4.35 g, 25 mmol, 2.2 eq.) was added dropwise during two hours at room temperature. The obtained solution was then allowed to stir at room temperature overnight. Reactional medium was transferred into a dialysis tubing (MWCO ≈ 1000 Da) and dialyzed against DMSO during two days in order to remove all organic components excepted the functionalized polymer. Last dialysis was carried out with water in order to remove all the DMSO (540 mg, yield: 85 %). 

Results and discussion

Functionalization of PVA homopolymers

The synthesis of polyvinyl alcohol-based hybrid materials was achieved according to the general reactional pathway shown in Scheme 1. The first step dealt with the synthesis of functionalized homopolymers of polyvinyl alcohol (PVA) bearing either an azide group or an alkyne function, namely PVA-N3 or PVA-alkyne, respectively, obtained with controlled molecular weights and end-groups, according to previously reported procedures [START_REF] Muller | Selforganization in water of well-defined amphiphilic poly(vinyl acetate)-b-poly(vinyl alcohol) diblock copolymers[END_REF]. These polymers were obtained from poly(vinyl acetate) (PVAc) corresponding derivatives, which were quantitatively hydrolyzed into PVA [START_REF] Muller | Selforganization in water of well-defined amphiphilic poly(vinyl acetate)-b-poly(vinyl alcohol) diblock copolymers[END_REF]. Each PVA homopolymer was then appropriately functionalized, with carboxylic acid or phosphonic acid groups, which permitted the complexation of metallic cations and promoted adhesion onto alumina particles, respectively. Chemical modification of PVA-alkyne was carried out using either ethylenediamine tetraacetic dianhydride (EDTAD), or ethylenediaminetetraacetic acid (EDTA) in order to introduce chelating moieties. The choice of these reagents was motivated by the common use of the carboxylic acid functional groups for the selective complexation of metallic cations [START_REF] Chauque | Synthesis and photocatalytic application of TiO2 nanoparticles immobilized on polyacrylonitrile nanofibers using EDTA chelating agents[END_REF]. Functionalization was not easy to achieve, as highest functionality was required while avoiding cross-linking. Different experimental procedures were tested. Reaction of EDTAD onto PVA at 60 °C in diluted DMSO (homogeneous medium) or diluted DMF (heterogeneous medium) led to crosslinking, resulting products being insoluble in common solvents. Same problem was observed using Steglich esterification with EDTA. Best results were obtained when EDTA reacted with alcohol groups of PVA-alkyne following the Mitsunobu's reaction [START_REF] Rokhum | A practical one-pot synthesis of azides directly from alcohols[END_REF] in DMSO in the presence of triphenylphosphine. Only 1.1 equivalent of EDTA was used with respect to PVA hydroxyl groups to avoid cross-linking. It is important to notice that even if the experimental conditions minimized the likelihood that one EDTA molecule functionalized multiple alcohol moieties (which was confirmed by the remaining solubility of PVA(EDTA)-alkyne after functionalization), this possibility could not be totally excluded as EDTA includes four carboxylic acid functions. The functionalized PVA(EDTA)-alkyne was recovered with 85% yield. Characterization by 1 H NMR in deuterated water (Fig. 1) showed characteristic signals of EDTA in comparison with the starting PVA-alkyne material. Only 1 H NMR spectrum corresponding to PVA(EDTA)-alkyne(15%) is shown as all spectra were identical. In particular, signal at 5.3-5.4 ppm was attributed to the protons of the CH in α-position of the EDTA (labeled (4)). Other EDTA protons were found between 3.1 and 4.2 ppm, overlapping with the CH of the PVA monomeric unit. The determination of the level of functionalization was carried out using 1 H NMR by comparing the signal of the CH (4) of the EDTA at 5.3-5.4 ppm with the one at 1.4-2.2 ppm attributed to the methylene of the main chain (CH2-CH) of the PVA polymer.

It was demonstrated that the efficiency of the reaction was temperature dependent. Indeed, for PVA(EDTA)-alkyne homopolymer, the increase of the temperature resulted in the increase of the degree of functionalization, from 5 to 15 % for reaction temperature going from 20 to 40 °C (Table 1). Then, the substitution rates remained similar at higher temperature. It has to be mentioned that both 1 H NMR and elementary analysis led to similar results. To conclude, functionalization of PVAalkyne with EDTA without cross-linking reaction was very challenging. Best results were obtained using Mitsunobu reaction. Highest degree of functionalization was equal to 14.5% while greatly minimizing cross-linking reactions at the same time. The polyvinyl alcohol homopolymer bearing the azide group as chain-end (PVA-N3)

was used for the introduction of phosphorus-based functions that will be further grafted onto alumina surface. PVA-N3 was phosphorylated by substitution of alcohol groups with phosphoric acid functions. The phosphorylation reaction was carried out in dimethylformamide using phosphoric acid and urea [START_REF] Liu | Preparation and Swelling Properties of Semi-IPN Hydrogels Based on Chitosan-g-Poly(acrylic acid) and Phosphorylated Polyvinyl Alcohol[END_REF]. Comparison of 1 H NMR spectra before and after PVA-N3 phosphorylation (Fig. 2) showed the appearance of new signals, especially at 4.5 ppm, attributed to the proton in α of the phosphoric acid unit. The level of functionalization was determined by comparison of this signal with the signal at 3.6-4.2 ppm attributed to the CH of the main chain of the PVA units. This rate also depended on the reaction temperature. An increase by 15 °C (115 to 130 °C) of the temperature led to the increase of the degree of functionalization, going from 5.5 to 13.5%. In order to confirm results obtained by 1 H NMR, solid-state 31 P NMR and elemental analysis were also carried out on PPVA-N3(10%) (Fig. 3 and Table 1).

In the 31 P NMR analysis, K2HPO4 salts and PPVA-N3 were mixed up in equimolar amounts (related to phosphorus) and the resulting mixture was analyzed. Area of both species was similar, confirming the functionalization found by 1 H NMR (9.5 and 10% by 1 H NMR and solid-state 31 P NMR, respectively). As 31 P NMR peaks slightly overlapped, we also achieved elementary analyses in phosphorus to confirm the experimental values of the degree of functionalization. These analyses were in accordance with NMR techniques as they gave a phosphorylation rate equal to 9%.

Comparable results were obtained irrespective of the characterization method employed. To conclude, several PPVA-N3 with various phosphorylation rates were obtained for the various temperature conditions used. The control of phosphorylation was a key point to tune accurately the grafting process.

Synthesis of PPVA-b-PVA(EDTA) copolymers by Huisgen reaction

Both homopolymers were coupled by Huisgen reaction to give PPVA-b-PVA(EDTA) diblock copolymers. The latter combined the behavior of selective complexation of cations and the property of grafting onto alumina thanks to the PVA(EDTA) and PPVA blocks, respectively. The diblock architecture is of great interest as functional groups are adjacent which will lead to enhanced adhesion of phosphoric acid onto alumina particles for PPVA block, and optimized complexation of cations for PVA(EDTA) block, as more than one complexing group is often involved in the complexation mechanism. PPVA-b-PVA(EDTA) diblock copolymers were prepared from both PPVA-N3 and PVA(EDTA)-alkyne homopolymers using the Huisgen reaction, following an efficient experimental procedure previously reported in our group [START_REF] Muller | Selforganization in water of well-defined amphiphilic poly(vinyl acetate)-b-poly(vinyl alcohol) diblock copolymers[END_REF]. Copper (I) bromide and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine were used as catalyst for cycloaddition. As EDTA could complex with copper, we used a large excess of copper (I) bromide to ensure the success of the coupling reaction.

The reaction was achieved at moderated temperature and resulting PPVA-b-PVA(EDTA) copolymers were purified by dialysis using hydrochloric acid solution (pH = 2), and then water (yield: 70%). Acidic medium was used to remove all copper (copper (I) was oxidized to copper (II) by exposition to air at the end of the reaction) that could be sorbed onto EDTA moieties from the copolymers [START_REF] Zou | Highly efficient removal of Cu(II) from aqueous solution using a novel magnetic EDTA functionalized CoFe2O4[END_REF]. Once all copper removed, dialysis against water was achieved until pH of the copolymer remained constant (pH around 4). Several copolymers were prepared with various phosphorus and EDTA quantities (Table 2). The obtained products were characterized by size exclusion chromatography (SEC).

The comparison between the starting homopolymers and the resulting PPVA(14%)b-PVA(EDTA)(15%) copolymer (Fig. 4) clearly demonstrated that the molecular weight increased after the coupling. Additionally, monomodal signal was observed for the diblock copolymer, indicating that no side reaction occurred and that the reaction was successful. Finally, dispersity (Đ) of the copolymers obtained after Huisgen reaction were relatively low (1.28 ≤ Đ ≤ 1.40). ). This was consistent with an efficient coupling of PPVA-N3 and PVA(EDTA)-alkyne. As expected [START_REF] Muller | Selforganization in water of well-defined amphiphilic poly(vinyl acetate)-b-poly(vinyl alcohol) diblock copolymers[END_REF], diffusion coefficients of the homopolymers were lower: -10.2 m 2 s -1 and -10.4 m 2 s -1 for PPVA-N3 and PVA(EDTA)-alkyne, respectively. Spectrum of the copolymer showed that there was no residual free homopolymers. The two other copolymers showed similar results with a diffusion coefficient lower than their respective homopolymers (Table 3). To conclude, SEC and DOSY NMR analyses proved the efficient synthesis of different pure block copolymers. Such PPVA-b-PVA(EDTA) structures were then used to be grafted onto alumina particles to obtain hybrid materials. 

Grafting of PPVA-b-PVA(EDTA) copolymers onto alumina particles

For this purpose, a suspension of alumina was directly mixed with a solution of appropriate copolymer in aqueous media. Alumina support used for the grafting process was spherical non-porous particles (particle size from 100 nm to 20 μm), with a low specific surface (6 m 2 /g). This means that few active sites were available for the grafting reaction, probably leading to low loading density. On the other hand, the absence of porosity was preferred to favor the accessibility for the polymers to be grafted, whereas smaller alumina particles were not investigated to ensure proper separation of particle for future applied processes. The crude material was washed to remove the copolymer in solution. Carbon organic total (COT) analyses were carried out on the supernatants and confirmed the loss of free copolymers in solution after the complete washing procedure. Several characterization methods were carried out to check the success of the grafting process of PPVA-b-PVA(EDTA) copolymers onto alumina including X-ray photoelectron spectroscopy (XPS), diffuse reflectance infrared Fourier transform (DRIFT) and thermogravimetric analysis (TGA). XPS analyses performed on PPVA(7.5%)-b-PVA(EDTA)(15%) grafted onto alumina particles (Fig. 6) showed signals attributed to phosphorus and nitrogen attesting the presence of PPVA and of PVA(EDTA), respectively. DRIFT measurements have been performed (Fig. 7) to detect organic species on alumina, comparing spectra of pure alumina particles, PPVA(7.5%)-b-PVA(EDTA)(15%) copolymer, and the resulting hybrid material. Only the aluminol band was observed at 3100-3500 cm -1 on alumina spectrum. The PPVA(7.5%)-b-PVA(EDTA)(15%) spectrum exhibited C=O bond at 1730 cm -1 , C-H at 2800 cm -1 , P=O at 1300 cm -1 , P-O at 1100 cm -1 and O-H at 3000-3400 cm -1 . Finally, the presence of both organic and inorganic moieties was detected on the hybrid material spectrum, despite the weak signal intensity. Band corresponding to the aluminol groups and several bands attributed to organic layer including C-H (2800 cm -1 ), C=O (1730 cm -1 ) and P=O (1300 cm -1 ) were observed, demonstrating the successful grafting of the PPVA-b-PVA(EDTA) copolymers onto alumina particles. It is important to notice that same experiment with PVA(EDTA) was carried out and demonstrated that the grafting process was only due to the phosphoric acid group since DRIFT spectrum of α-Al2O3 was recovered in this particular case. 4). The highest grafting rate was obtained for the intermediate phosphorus content (7.5%), which was the optimal phosphorus rate.

Polymers with less phosphorus occupied less binding sites. For a given surface, alumina was thus covered with more polymer chains. Consequently, a lower mass loss was obtained when passing from 7.5% to 14%, as shown for PPVA(14%)-b-PVA(EDTA)(15%) copolymers compared to PPVA(7.5%)-b-PVA(EDTA)(15%). In contrast, PPVA(5%)-b-PVA(EDTA)(15%) copolymers contained less phosphorus compared to PPVA(7.5%)-b-PVA(EDTA)(15%). For the 7.5% ratio, better grafting properties were obtained compared to PPVA(5%)-b-PVA(EDTA)(15%). This was due to a better water solubility of PPVA(7.5%)-b-PVA(EDTA)(15%) allowing better functionalization. The 7.5% phosphorus content was the best compromise between the minimal quantity of phosphorus needed for the grafting and too high phosphorus content leading to a sterically hindered material.

Hybrid materials were also prepared at 90 °C to study the influence of the temperature onto the grafting properties. The weight losses of resulting materials prepared with the copolymers containing various phosphorus contents (Table 4) demonstrated that the increase of the temperature slightly improved the grafting process. Indeed, a raise of the temperature led to an increase of the polymer chain mobility allowing a better accessibility to active sites of alumina. Same trend was obtained as at 20 °C as the results evidenced that the highest degree of functionalization was obtained with a phosphorus content of 7.5%. Scanning electron microscopy experiments were also performed and confirmed the relatively low grafting rate as no significant difference was observed between alumina and alumina grafted with diblock copolymers. As a result, complexation study was achieved using hybrid material exhibiting highest degree of functionalization, which appeared as the most promising material.

Study of Co(II), Ni(II), and Sr(II) complexation by PVA-based hybrid materials

The obtained hybrid materials were evaluated for the complexation of metallic cations. We focused on PPVA(7.5%)-b-PVA(EDTA)(15%) prepared at 90 °C as it combined an optimized phosphorus content and the highest number of EDTA complexing groups. The advantage of these new materials for heavy metal removal was evaluated using three different cations: cobalt (II), nickel (II), or strontium (II).

The latter were chosen as it was known, in the literature, that EDTA chelating groups efficiently complex these potentially radioactive metal ions [START_REF] Felmy | An aqueous thermodynamic model for the complexation of nickel with EDTA valid to high base concentration[END_REF]. The ion solutions were mixed with the Al2O3-PPVA(7.5%)-b-PVA(EDTA)(15%) hybrid material.

In order to explore the use of such materials in waste treatment process employed in nuclear industry, their sorption properties were in single-component solutions of cobalt, nickel and strontium usually present in contaminated effluents.

The sorption isotherms of Co(II) and Ni(II) are displayed on Fig. 8, and compared with the sorption efficiency of commercial Amberlite resin (IRN77) commonly used in nuclear water treatment unit. For hybrid material, results of sorption are firstly expressed in adsorbate per unit mass of polymer, and then for Co(II), expressed in adsorbate per unit mass of adsorbent. For our material, the initial portion of the curve exhibited a sharp increase even for low equilibrium concentrations that indicated very strong affinity of both cations towards hybrid material. This affinity is similar for the IRN 77 resin. The second part at higher concentrations corresponded to a plateau region showing the saturation of the adsorbing sites. The summary of the sorption capacity is reported in Table 5. The maximum sorption quantity is 0.80 mmol.g -1 for cobalt and 0.65 mmol.g -1 for Ni(II). From the maximum of sorption and the amount of EDTA, the number of metal sorbed per EDTA has been calculated (Table 5). For cobalt, it corresponded to 0.5 equivalent of Co(II) fixed for one equivalent of EDTA. This indicated that two EDTA groups were needed to sorb one Co(II). This means that half of the incorporated EDTA are available for sorption. This value is lower than the expected interaction between EDTA and such metallic cations. This could be due to the lowered diffusion of ions within the layer of PPVA-b-PVA(EDTA) grafted onto silica, and / or to the distribution of EDTA on the copolymer, that could decrease their accessibility. Quite similar results were obtained for Ni(II) with a ratio of 0.4 Ni(II) / EDTA. Nevertheless, the efficiency for Ni(II) removal seems slightly lower, which can not be explained at the moment. On the contrary, the uptake of Sr(II) ions was negligible with a maximum sorption quantity below 0.1 mmol.g -1 (isotherm not shown). This is explained by the lower complexation constant of Sr(II) with EDTA. This behavior demonstrated the selectivity of the hybrid material towards specific ions with high adsorption capacity for Co(II) and Ni(II). It has to be mentioned that materials prepared with only PPVA were also tested, but no sorption were observed. This confirmed that the complexation was only due to EDTA groups of PVA(EDTA) block of the hybrid materials. Nevertheless, the calculation of the sorption capacity taking into account the total mass of the materials resulted in removal efficiency equal to 0.017 mmol.g -1 .

When compared with the performance of ion exchange resins, PPVA(7.5%)-b-PVA(EDTA)(14%) unfortunately showed a smaller retention than the one determined for IRN 77 with a maximum sorption capacity between 1.2 and 1.4 mmol.g -1 for Co(II)

and Ni(II), respectively. This was due to the low specific surface area of alumina, leading to a small amount of EDTA available for complexation. This also means that the performances of the present hybrid materials cannot compete with those of resins.

Conclusions

The objective of the present contribution was to develop of innovative hybrid materials resulting from grafting of functionalized PVA-based diblock copolymers onto alumina particles for the removal of divalent cations in wastewater effluents. To achieve that goal, PVA homopolymers were modified by either phosphoric acid groups or EDTA to afford PPVA-N3 and PVA(EDTA)-alkyne, respectively. The obtained structures were characterized by 1 H and 31 P NMR, and elementary analysis, which notably allowed evidencing that the degree of functionalization was temperature-dependent. Then, PPVA-N3 and PVA(EDTA)-alkyne moieties were successfully coupled using Huisgen reaction catalyzed with copper. The produced copolymers were grafted onto alumina in aqueous media using different experimental conditions, especially different temperatures. Hybrid materials were fully characterized by X-ray photoelectron spectroscopy, solid-state 31 
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  hybrid materials and metal solution at a given concentration were stirred slowly overnight at 25 °C. A 250 mg sample of hybrid material was poured into each tube.The preparation of the solution for sorption was performed by direct weighing in each Nalgene ® tube water and stock solution so as to obtain about 10 mL of the appropriate solution. The initial concentration of cobalt, strontium and nickel 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. A time of 14 hours was used to reach the sorption equilibrium. The hybrid material was separated from equilibrium solution by sedimentation and filtration of the supernatant using 0.22µm filter. The amount of cations retained per unit mass of polymer was calculated using the following equation: 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 solution, and mS is the mass of material. The equilibrium concentrations of metallic cations were measured with 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 used was a solution composed of tartaric acid (4 mmol.L -1 ) and ethylenediamine (EDA) (1.5 mmol.L -1 ).

1 (

 1 1 H NMR δH (200 MHz; D2O, Me4Si): 1.4-2.2 (CH2-CH, C≡CH), 3.1-4.2 (CH2-CH, C(O)CH2N, N-CH2-CH2-N, NCH2-COOH), 5.3-5.4 (CH-O-CO); 2D diffusion ordered (DOSY) NMR (DMSO-d6): -10.4 m 2 s -1 ; IR: νmax/cm -1 1395 (C=O acid), 1625 (C=O acid), 1729 (C=O ester); Elementary analysis: O (29%), N (2.5%). Typical procedure for the synthesis of PPVA-N3 by phosphorylation reaction Urea (5.45 g, 0.09 mol) was dissolved in DMF (20 mL) and the resulting solution was heated at 130 °C. A phosphoric acid solution (9.1 g in 40 mL of DMF) and then PVA-N3 (2 g, 45.4 mmol) were added. The mixture was allowed to stir at 130 °C during 90 minutes under nitrogen. The product was purified by dialysis method against water during several days (2.1 g, yield: 87 %). 1 H NMR δH (200 MHz; D2O, Me4Si): 1.3-2.CH2-CH), 3.6-4.2 (CH-OH), 4.3-4.6 (CH2-N3, CH-OP(O)(OH)2), 4.5 (CH-O-P), 7.2-7.3 (aromatic CH); 2D diffusion ordered (DOSY) NMR (DMSO-d6): -10.2 m 2 s -1 ; Elementary analysis: P (4.8%); C (44%), O (30%).Typical procedure for the synthesis of PPVA-b-PVA(EDTA) by Huisgen coupling reaction between PPVA-N3 and PVA(EDTA)-alkyneA mixture of Cu(I)Br (86 mg, 0.6 mmol), PPVA-N3 (0.6 g, 0.2 mol), PVA(EDTA)alkyne (0.72 g, 0.24 mmol), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (104 mg, 0.12 mmol), and DMSO (15 mL) was put into a Schlenk tube under nitrogen bubbling for 20 minutes. The tube was then heated at 50 °C under nitrogen for 7 days. The solution was filtered through a short column of silica gel in order to remove catalytic complex. The solvent was removed via cryodistillation. The final PPVA-b-PVA(EDTA) diblock copolymer was purified by dialysis against hydrochloric acid solution (pH = 2) until the elimination of all remaining copper and then against water (900 mg, yield: 70 %).1 H NMR δH (200 MHz; DMSO-d6, Me4Si): 1.0-2.0 (CH2-CH), 3.2-4.0 (CH2-CH, C(O)CH2N, N-CH2-CH2-N, NCH2-COOH, CH-OH), 4.3-5.2 (CH2-Ntriazole, CH-OP(O)(OH)2, CH-O-CO), 7.1-7.25 (aromatic CH); 2D diffusion ordered (DOSY) NMR (DMSO-d6): -10.5 m 2 s -1 ; Solid-state 31 P NMR (δ, ppm): -2 (P(O)(OH)2); SEC (DMAc): Mn = 25200 g.mol -1 , Đ = 1.35.Typical procedure for the grafting of PPVA-b-PVA(EDTA) onto alumina particles PPVA(5%)-b-PVA(EDTA)(6%) copolymers (160 mg, 0.032 mmol) was solubilized in ultrapure water (100 mL). A dispersion of alumina particles (1 g in 50 mL of water) was added after 10 minutes of sonication. The mixture was allowed to stir at 20 or 90 °C during 3 days. The resulting powder was then washed 5 times with water, and the solid was then recovered by freeze-drying (750 mg, yield: 74 %). Solid-state31 P NMR (δ, ppm): -20 -+5 (P(O)). TGA (800 °C): 2.1%. DRIFT νmax/cm -1 : 1100 (P=O), 1730 (C=O), 2800 (C-H), 3100-3500 (OH).

Scheme 1 .

 1 Scheme 1. General reactional pathway leading to PVA-based hybrid materials.

Fig. 1 .

 1 Fig. 1. 1 H NMR spectra of (a) PVA-alkyne, and (b) PVA(EDTA)-alkyne(15%) in deuterated water.

Fig. 2 . 1 H

 21 Fig. 2. 1 H NMR spectra of PVA-N3 before (a) and after (b) phosphorylation reaction in deuterated water.

Fig. 3 .

 3 Fig. 3. Solid-state 31 P NMR spectrum of PPVA-N3(10%) and K2HPO4 salt mixture.

Fig. 4 .

 4 Fig. 4. Size exclusion chromatograms of PPVA-N3(14%), PVA(EDTA)(15%), and the resulting PPVA(14%)-b-PVA(EDTA)(15%) after the coupling reaction. (baseline was not normalized to ensure a better reading of the figure).

Fig. 5 .

 5 Fig. 5. (top): 1 H NMR spectrum of PPVA(14%)-b-PVA(EDTA)(15%) in DMSO-d6 ; (bottom): Diffusion Ordered NMR spectroscopy (DOSY) of the PPVA(14%)-b-PVA(EDTA)(15%), PVA(EDTA)(15%), and PPVA-N3(14%) in DMSO-d6.

Fig. 6 .

 6 Fig. 6. X-ray photoelectron spectroscopy spectrum of PPVA(7.5%)-b-PVA(EDTA)(15%) hybrid material.

Fig. 7 .

 7 Fig. 7. DRIFT spectra of α-Al2O3 (a), PVA(7.5%)-b-PVA(EDTA)(15%) (b), and Al2O3-PPVA(7.5%)-b-PVA(EDTA)(15%) hybrid material (c).

Fig. 8 .

 8 Fig. 8. Adsorption isotherm of Co(II) (squares), and Ni(II) (circles) from single-component onto PPVA(7.5%)-b-PVA(EDTA)(15%) hybrid materials at 25 °C. Ce is the metal concentration in the equilibrium bulk phase after attaining sorption equilibrium; Q is the adsorbed amount (adsorbate per unit mass of polymer or mass of adsorbent).

  P NMR, diffuse reflectance infrared Fourier transform and thermogravimetric analysis. Obtained results permitted to show that the grafting was effective. Finally, preliminary sorption tests confirmed that PVA-based hybrid materials exhibited high capacity combined with strong affinity towards Co(II) or Ni(II) cations. Low sorption of Sr(II) was in accordance with a possible selectivity of the PVA-base hybrid materials. Concerning further separation step, it is reasonable to assume that good cation complexation will destabilize particles which will stick together to form flocs, thus favoring the separation step by filtration.

Table 1

 1 Characteristics of functionalized PVA-based homopolymers.

			Degree of functionalization (%)		
	Polymer	Reaction temp. (°C)	1 H NMR b	calculated by Element. analysis	31 P solid state NMR	Mn a (g.mol -1 )	Đ a
	PVA-alkyne	-	-	-	-	7500	1.30
	PVA(EDTA)-alkyne(6%)	20	5	6.5	-	11500	1.32
	PVA(EDTA)-alkyne(10%)	30	8.8	9.3	-	14100	1.35
	PVA(EDTA)-alkyne(15%)	40	14.7	14.5	-	17200	1.35
	PVA-N3	-	-	-	-	7800	1.25
	PPVA-N3(5%)	115	5.5	-	-	9000	1.32
	PPVA-N3(7.5%)	120	7.5	-	-	10500	1.27
	PPVA-N3(10%)	125	9.5	9	10	11000	1.30
	PPVA-N3(14%)	130	13.5	12.4	14.5	13600	1.34

a PMMA-calibrated size exclusion chromatography in dimethylacetamide as eluent; b 1 H NMR (200 MHz) in deuterated water.

Table 2

 2 Characteristics of functionalized PVA-based copolymers.

	Polymer	Reaction temp. (°C)	Mn a (g.mol -1 )	Đ a
	PPVA(14%)-PVA(EDTA)(6%)	50	21000	1.28
	PPVA(7.5%)-PVA(EDTA)(6%)	50	19500	1.30
	PPVA(5%)-PVA(EDTA)(6%)	50	20000	1.34
	PPVA(7.5%)-PVA(EDTA)(15%)	50	25200	1.35
	PPVA(14%)-PVA(EDTA)(15%)	50	27600	1.40

a PMMA-calibrated size exclusion chromatography in dimethylacetamide as eluent.

Table 3

 3 Diffusion coefficients of the different homo-and copolymers synthesized.

	Homopolymer	Diffusion coefficient (m 2 s -1 )	Copolymer	Diffusion coefficient (m 2 s -1 )
	PPVA-N3(5%)	-10.1	PPVA(14%)-PVA(EDTA)(6%)	-10.4
	PPVA-N3(7.5%)	-10.1	PPVA(7.5%)-PVA(EDTA)(6%)	-10.3
	PPVA-N3(14%)	-10.2	PPVA(5%)-PVA(EDTA)(6%)	-10.3
	PVA(EDTA)(6%)	-10.3	PPVA(7.5%)-PVA(EDTA)(15%)	-10.5
	PVA(EDTA)(15%)	-10.4	PPVA(14%)-PVA(EDTA)(15%)	-10.5

Table 4

 4 Weight losses determined from TGA experimental data measured on alumina grafted with various PPVA-b-PVA(EDTA) copolymers and prepared at various temperatures.

	Polymer	Reaction temp. (°C)	Weight losses (%)
	PPVA(14%)-PVA(EDTA)(15%)	20	1
	PPVA(7.5%)-PVA(EDTA)(15%)	20	1.4
	PPVA(5%)-PVA(EDTA)(15%)	20	1.25
	PPVA(14%)-PVA(EDTA)(15%)	90	1.7
	PPVA(7.5%)-PVA(EDTA)(15%)	90	2.4
	PPVA(5%)-PVA(EDTA)(15%)	90	2.1

Table 5

 5 Sorption properties of hybrid Al2O3-PPVA(7.5%)-PVA(EDTA)(15%) material toward divalent

	metallic cations.		
	Metallic cation	Qmax a	Eq. Metal/EDTA a
	Co(II)	0.80	0.5
	Ni(II)	0.65	0.4
	Sr(II)	0.09	0.05

a Evaluated from the plateau on the isotherm

Preliminary sorption results showed that the Al2O3-PPVA(7.5%)-b-PVA(EDTA)(14%) hybrid materials were able to complex Co(II) and Ni(II) in a sufficient manner. On the contrary, sorption of Sr(II) was low. Even if these hybrid materials were less efficient than classical ion exchange resins in terms of sorption capacity, their selectivity based on specific cation complexation is of high interest whenever used in very dilute multicomponent solutions. This provides an interesting opportunity to develop Al2O3-PPVA-b-PVA(EDTA) hybrid materials.
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