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Introduction

Scandium is an important industrial metal mainly used for manufacturing solid oxide fuel cells (SOFC) (90%) and enhanced aluminum alloys (9%). It is also used (as scandium iodide) for manufacturing sunlike lamps and optical coatings (as Sc 2 O 3 ). The world production just balances the industrial needs at around 15 t per year [START_REF] Brgm | Fiche de Synthèse sur la criticité des Matières Premières Minérales -Le Scandium -Novembre 2017[END_REF]. There are only very few mining sites producing scandium worldwide (essentially in Scandinavian area); and the production is essentially considered a subproduct of other mining activities. The strong industrial development of fuel cells makes necessary the recovery and recycling of scandium from waste materials [START_REF] Wynne | Reducing hazardous material and environmental impact through recycling of scandium nanomaterial waste[END_REF], mining [START_REF] Ruiz Canovas | Mobility of rare earth elements, yttrium and scandium from a phosphogypsum stack: Environmental and economic implications[END_REF] or metallurgy residues [START_REF] Zhang | Recovery of scandium from bauxite residue-red mud: a review[END_REF][START_REF] Zhou | Enhanced selective leaching of scandium from red mud[END_REF][START_REF] Ochsenkuehn-Petropoulou | Efficiency of sulfuric acid on selective scandium leachability from bauxite residue[END_REF].

Leaching processes (sometimes associated to roasting, [START_REF] Borra | Selective recovery of rare earths from bauxite residue by combination of sulfation, roasting and leaching[END_REF]) constitute the first step in the recovery of Sc(III) from solid wastes using acidic solutions [START_REF] Ochsenkuehn-Petropoulou | Efficiency of sulfuric acid on selective scandium leachability from bauxite residue[END_REF][START_REF] Liu | Metallurgical process for valuable elements recovery from red mud -a review[END_REF][START_REF] Rivera | Selective rare earth element extraction using high-pressure acid leaching of slags arising from the smelting of bauxite residue[END_REF][START_REF] Borra | Leaching of rare earths from bauxite residue (red mud)[END_REF]. For valorization of leachates, processes such as selective precipitation [START_REF] Yagmurlu | Effect of aqueous media on the recovery of scandium by selective precipitation[END_REF][START_REF] Narayanan | Selective process steps for the recovery of scandium from Jamaican bauxite residue (Red Mud)[END_REF] and solvent extraction [START_REF] Avdibegovic | Combined multi-step precipitation and supported ionic liquid phase chromatography for the recovery of rare earths from leach solutions of bauxite residues[END_REF][START_REF] Ye | Solvent extraction behavior of metal ions and selective separation Sc 3+ in phosphoric acid medium using P204[END_REF][START_REF] Souza | Scandium extraction from nickel processing waste using Cyanex 923 in sulfuric medium[END_REF][START_REF] Sharaf | Selective extraction of scandium by a long alkyl chain carboxylic acid/organophosphonic ester binary extractant[END_REF] are frequently reported for the treatment of concentrated solutions. The loss of expensive and toxic reagents (extractant and solvent being partially dissolved in water) makes solvent extraction environmentally and economically debatable in the case of dilute solutions (i.e., below 100-150 mg Sc L -1 ).

Different types of sorbents have been reported for the sorption of scandium from dilute solutions, including (a) biosorbents such as yeast [START_REF] Korenevsky | Biosorption of rare earth elements[END_REF], bacteria [START_REF] Hosomomi | Biosorption of rare earth elements by Escherichia coli[END_REF] or algae [START_REF] Ramasamy | Marine algae: a promising resource for the selective recovery of scandium and rare earth elements from aqueous systems[END_REF], carbon-based materials [START_REF] Kilian | Comparative study of Sc(III) sorption onto carbon-based materials[END_REF], resins [START_REF] Zhou | Removal of impurities from scandium chloride solution using 732-type resin[END_REF][START_REF] Zhu | Selective recovery of vanadium and scandium by ion exchange with D201 and solvent extraction using P507 from hydrochloric acid leaching solution of red mud[END_REF][23][START_REF] Van | Study of adsorption behavior of a new synthesized resin containing glycol amic acid group for separation of scandium from aqueous solutions[END_REF]; impregnated resins [25][26][START_REF] Sharaf | A novel binary-extractant-impregnated resin for selective recovery of scandium[END_REF]. Recently a new generation of materials has been designed using the interactions of alginate and polyethyleneimine (PEI) for manufacturing bead sorbents [START_REF] Wang | A new method for incorporating polyethyleneimine (PEI) in algal beads: high stability as sorbent for palladium recovery and supported catalyst for nitrophenol hydrogenation[END_REF]. Brown algal biomass was pre-treated with carbonate-containing solutions for the partial extraction of alginate and mixed with polyethyleneimine prior to reaction with calcium chloride and glutaraldehyde. Alginate was added to the mixture algal biomass and PEI to reinforce the strength of the hydrogel. The crosslinking of amine groups on PEI with glutaraldehyde and the ionotropic gelation of alginate fraction with calcium contribute both to the production of highly stable sorbents that were tested for palladium sorption. The presence of both carboxylate and amine groups make the sorbent multifunctional; in addition, these reactive groups, especially amine groups, open the possibility to functionalize this support (APEI) by grafting amidoxime groups (Wei et al., 2019, under review). The current work investigates the quaternization of APEI sorbent (herein referenced as Q-APEI) and compares the sorption properties of raw and functionalized materials for Sc(III) sorption from sulfate/sulfuric acid solutions. The rationale of this quaternization can be justified by the opportunity to bind metal anions on protonated amine groups on a wider pH range, to increase the selectivity for metal anions (under acidic conditions) over metal cations and to increase the density of sorption sites. Apart these specific interactions associated with the quaternization of APEI, the presence of -OH groups opens the route for metal binding through SceO bonds while the carboxylate groups of alginate may bind Sc(III) through ion exchange with calcium ions (associated to the ionotropic gelation of alginate).

The first part of the manuscript describes the synthesis procedure with full analysis, including: morphology observation (SEM), determinations of specific surface area (BET surface) and pH PZC (surface charge), thermogravimetric analysis, FTIR, XPS spectroscopy, EDX characterization. The sorption properties of APEI and Q-APEI are compared for Sc(III) removal from sulfate solutions considering the effect of pH, uptake kinetics, sorption isotherms, selectivity from multi-component solutions (containing also Na(I), Ca(II), Mg(II) and Sm(III)), metal desorption and sorbent recycling. In the last part of the manuscript, Q-APEI is applied to the treatment of a real sample of Sc(III)-industrial by-product (red mud).

Materials and methods

Materials

Brown seaweed (Laminaria digitata) was provided by Setalg (Pleubian, France). After washing, drying and grinding, the biomass was sieved to recover the fraction below 250 µm. Alginate (Manugel GMB) was supplied by DuPont (Landerneau, France; now JRS Rettenmaier). Other reagents such as sodium carbonate, and calcium chloride were purchased from Chem-Lab NV (Zedelgem, Belgium). Branched polyethyleneimine (bPEI, 50% (w/w) in water), glutaraldehyde (GA, 50% (w/w) in water) were purchased from Sigma-Aldrich (Taufkirchen, Germany).

Scandium sulfate was used as a source of scandium for metal sorption experiments while samarium oxide was used in binary solutions; these salts were supplied by Damao Chemical Reagent Factory (Tianjin, China). Ethylene glycol diglycidyl ether, Glycidyltrimethylammonium chloride (≥95%) were purchased from Shanghai Makclin Biochemical Co., Ltd. (Shanghai, China). MgSO 4 •7H 2 O, CaO and Na 2 SO 4 used for preparing multicomponent solutions were purchased from Guangdong Guanghua Sci-Tech Co. Ltd (Guangdong, China).

Synthesis of sorbents

APEI beads

The algal/PEI beads were prepared according a method previously described by Wang et al. [START_REF] Wang | A new method for incorporating polyethyleneimine (PEI) in algal beads: high stability as sorbent for palladium recovery and supported catalyst for nitrophenol hydrogenation[END_REF]. Briefly, 18.75 g of dry algal biomass was dispersed into 750 mL of Na 2 CO 3 solution (1%, w/w) under agitation and heating (50 °C) for 24 h. After cooling, a volume (i.e., 250 mL) of alginate solution (4%, w/w) was added to biomass suspension. Five mL of bPEI solution (50%, w/w) were added to 500 mL of the mixture under agitation. The algal biomass/alginate/ bPEI suspension was distributed through a thin nozzle into a 1-L volume of a solution containing both CaCl 2 (1%, w/w) and GA (5 mL, 50%, w/w). The beads (APEI) were maintained under agitation overnight in the crosslinking solution before being filtrated and freeze-dried.

Quaternization procedure -Q-APEI beads

In order to increase the chemical stability of APEI beads an additional crosslinking step was applied. Poly(ethyleneglycol) diglycidyl ether (3 mL) was added in isopropanol (90 mL) before introducing 5 g of APEI beads. The suspension was refluxed for 4 h under agitation (agitation speed: 95 rpm). The crosslinked beads ( c APEI) were then filtered off, washed with water and methanol and finally vacuum dried at 50 °C.

Five g of cross linked beads ( c APEI) were added to 140 mL DMF:H 2 O (1:1 v/v) mixture in a three-necked flask. Glycidyltrimethylammonium chloride (10 g) was added to the suspension, which was refluxed at 73 °C for 24 h under gentle agitation. Finally, the beads (Q-APEI) were filtered off and washed three times with hot water, and methanol before being vacuum dried overnight at 50 °C. Scheme AM1 (see Additional Material Section, AMS) summarizes the experimental procedure for the synthesis of Q-APEI.

Characterization of sorbents

Conventional analytical methods were used for characterizing the materials (APEI and Q-APEI) for elemental analysis, textural properties (BET analysis), thermogravimetric analysis (TGA analysis), morphological observation (SEM), chemical analysis (EDX for metal distribution, FTIR and XPS spectroscopy for functional groups analyses and evaluation of sorbent/metal ion interaction modes). These methods were previously described [START_REF] Lu | Amidoxime functionalization of a poly(acrylonitrile)/silica composite for the sorption of Ga(III)application to the treatment of Bayer liquor[END_REF][START_REF] Hamza | Synthesis and adsorption characteristics of grafted hydrazinyl amine magnetite-chitosan for Ni(II) and Pb(II) recovery[END_REF]. A brief reminder is reported in Additional Material Section (AMS).

Sorption and desorption studies

Sorption and desorption steps

Sorption properties have been tested in batch mode. A fixed volume of solution (V, L) containing given metal concentration (C 0 : mmol metal L -1 ) was mixed at 140 rpm (on a reciprocal shaker) with a fixed amount of sorbent (m, g, dry weight) at room temperature (i.e., 20 ± 1 °C) for given contact time. Samples were collected and filtered (using 1.2 µm pore size filter membranes) before being analyzed for represents between 6 and 54 mg N g -1 biomass), depending on the season and the location of algae harvesting [START_REF] Manns | Compositional variations of brown seaweeds Laminaria digitata and Saccharina latissima in Danish waters[END_REF], including as amino acids and proteins. However, most of the N is brought by PEI incorporation in the composite. Taking into account the fact that some of the amine groups on APEI are involved in weak interactions with carboxylic groups of alginate (including the biopolymer extracted from algal biomass) and strong interactions with aldehyde of the cross-linker agent (GA), it is possible assuming that the quaternization reaction is highly efficient. Branched PEI contains primary, secondary and tertiary amines (with respective proportions: 1/2/1) [START_REF] Deepatana | Comparative study of chelating ion exchange resins for metal recovery from bioleaching of nickel laterite ores[END_REF]. The GA crosslinking takes place preferentially on primary amine groups. This means that the quaternization probably involved secondary amine groups (and residual primary amine sites). By repeated quaternization steps, it was possible fully functionalizing all the amine groups [START_REF] Shchukina | Novel polymer-based anion-exchangers with covalently-bonded functional layers of quaternized polyethyleneimine for ion chromatography[END_REF]; however, the steric hindrance around tertiary amine, even complicated by the proper interactions of PEI with alginate and GA, makes difficult the reaction of quaternization on these sites.

SEM and SEM-EDX analysis

Tables AM 4-5 (see AMS) show the surface observation by SEM and the semi-quantitative analysis of APEI (as-produced) and Q-APEI at different stages of their use: as-produced, after Sc(III) sorption, after metal desorption and after 5 cycles of re-use. The surface of Q-APEI sorbent (both raw and after metal sorption) is poorly changed compared to APEI sorbent: the surface presents an irregular ridged structure with some small holes. After scandium binding, as expected the Sc peak appears accompanied by a strong S-element signal: this may be associated with either (or both) sulfate binding or sorption of Sc-sulfate species; in addition, the intensities of Cl and Ca peak are substantially reduced after metal sorption. A reverse trend is observed on sorbents exposed to desorption and successive recycles: the Cl and Ca peaks are restored; the eluting agent being constituted of both HCl and CaCl 2 . It is noteworthy that the ridges at the surface of the sorbent are remarkably increased: the surface is more irregular with more marked edges. The alternating steps of sorption and elution probably lead to local shrinking that increases the irregular aspect of the surface. Apart the physical shrinkage, the changes in the FTIR and XPS spectra demonstrate that the material was chemically modified after desorption and after re-use. This may be associated to amine cleavage in acidic solutions; however, the relative stability in sorption and desorption properties shows that the loss of amine groups is probably rather limited. The elemental analysis shows a little decrease in N content after scandium desorption.

Textural analysis

The textural analysis shows that the specific surface area is close to 34 m 2 g -1 (Fig. AM1, see AMS). The pore volume is relatively low (close to 0.181 cm 3 g -1 ) with pore size giving values of 230 Å (sorption part of the curve) and 183 Å (desorption part of the curve), with the BJH method (Table 2). The drying conditions for hydrogels strongly control the textural properties of dried materials [START_REF] Rodriguez-Dorado | Design of aerogels, cryogels and xerogels of alginate: effect of molecular weight, gelation conditions and drying method on particles' micromeritics[END_REF]: (a) alcogels have higher porosity than hydrogels, (b) drying under super critical CO 2 conditions (aerogels) develops higher specific surface area than cryogels (freeze-drying), while xerogels (oven-drying) have no detectable specific surface area. Alginate aerogels may have specific surface higher than 500 m 2 g -1 [START_REF] Rodriguez-Dorado | Design of aerogels, cryogels and xerogels of alginate: effect of molecular weight, gelation conditions and drying method on particles' micromeritics[END_REF][START_REF] Preibisch | Polysaccharide-based aerogel bead production via jet cutting method[END_REF], while cryogels reach values between 8 and 246 m 2 g -1 , depending on gelation conditions [START_REF] Rodriguez-Dorado | Design of aerogels, cryogels and xerogels of alginate: effect of molecular weight, gelation conditions and drying method on particles' micromeritics[END_REF]. The current process of fabrication includes a freeze-drying step for the preparation of APEI beads; after the chemical modification, the final material was vacuum- residual metal concentration (C eq : mmol metal L -1 ). The pH was measured in the feed solution and at equilibrium (without pH adjustment during the sorption process). The sorption capacity (q(t) or q eq , mmol metal g -1 ) was obtained by the mass balance equation: q = (C 0 -C eq ) × V/m. For uptake kinetics, samples were collected at different contact times and the kinetic profiles were plotted as a function of contact time. For sorption isotherms, initial concentration was varied between 0.05 and 11 mmol Sc L -1 (all other parameters being set at the same values). In the case of metal sorption from multi-component solutions (Sc(III), Sm(III), Mg(II), Ca(II) and Na(I)), the individual metal concentrations were set at 1.54 ± 0.4 mmol metal L -1 .

Experiments were not performed in buffered solutions (to prevent possible interactions with the sorbent or with metal ions). Therefore, a little decrease in the pH of the solution was observed for the two series. The initial pH set at 4.52 decreased to 4. 45-4.19 for the first series and to 4.46-4.14 for the second series. These variations are considered negligible with limited impact on metal sorption.

Desorption kinetics were carried out using 0.5 M HCl + 0.5 M CaCl 2 solutions (calcium chloride being used for reinforcing the stability of the beads during the desorption). The Sc-loaded sorbent was collected from uptake kinetic experiments. For sorption and desorption cycles, the same experimental conditions were carried out for five successive cycles and the sorption and desorption efficiencies have been compared in order to evaluate the stability of sorption performances. Complementary characterization of the materials (FTIR and XPS spectroscopy) allowed evaluating the physico-chemical stability of the sorbent at re-use.

Modeling

Conventional models have been used for modeling uptake kinetics (i.e., pseudo-first order rate equation, PFORE, pseudo-second order rate equation, PSORE, Crank equation for resistance to intraparticle diffusion) [START_REF] Ho | Pseudo-second order model for sorption processes[END_REF][START_REF] Crank | The Mathematics of Diffusion[END_REF], sorption isotherms (i.e., Langmuir, Freundlich and Sips equations) [START_REF] Tien | Adsorption Calculations and Modeling[END_REF]. The equations are summarized in Tables AM1-2 (see AMS). Model parameters were determined by non-linear regression analysis using Mathematica® software. For the modeling of desorption kinetics, the relevant PFORE and PSORE equations were used for determining apparent rate coefficients (Table AM3, see AMS).

Industrial application

Tests on real-like solutions were performed on industrial samples collected on local industrial facilities (Jinnao-Ti company, Tengxian, Guangxi, China) that produce red mud. The solution was diluted four times before being treated by sorption on Q-APEI. The effect of pH on the sorption of different elements was tested (i.e., Si, Zr, Ti, Fe, Al, and Sc). The initial pH was adjusted using 0.1/1 M NaOH solutions or 0.1/1 M H 2 SO 4 solutions. The pH-controlled solutions were filtered on a filter membrane using a vacuum pump. The precipitates were characterized by EDX analysis. Sorption tests were performed by contact, under agitation, of 15 mg of sorbent with 25 mL of diluted industrial solution for 20-48 h. The final pH was measured and filtrated solutions were analyzed by ICP-AES for measuring the residual concentrations, calculating distribution and selectivity coefficients.

Note: Experimental conditions are systematically reported in the caption of relevant figures (both in the manuscript and the AMS).

Results and discussion

Characterization of sorbents

Elem ental analysis

Table 1 compares the elemental analysis of APEI and Q-APEI. The most remarkable information concerns the relative increase in nitrogen content from 4.15 mmol N g -1 to 6.12 mmol N g -1 . This means that approximately half of the amine groups are effectively quaternized. A part of this nitrogen comes from some fractions of the algal biomass (nitrogen dried. The specific surface area is maintained at a relatively good level for a material dried under drastic conditions: the structuration of the original material resulting from crosslinking of PEI with glutaraldehyde and the ionotropic gelation of carboxylate groups of alginate/algal biomass with calcium retains good porosity. This is of same order than the specific surface area obtained with the amidoximation of APEI beads (around 40 m 2 g -1 , Wei et al., under submission).

FTIR spectroscopy

The FTIR spectra and the assignments of most representative peaks for APEI, Q-APEI are reported in Fig. AM2 and Table AM5 (see AMS). The quaternization of APEI beads is confirmed by: (a) the shift of the eC]Ne (from 1632 cm -1 to 1618 cm -1 ), and (b) the appearance of a new peak at 1468 cm -1 , which is assigned to asymmetric CeH bend in methylene groups linked to N + (in quaternary ammonium salt).

The analysis of scandium-loaded sorbent (Q-APEI) shows essentially four changes:

(a) The eC]N signal is shifted back to its original position (i.e., 1632 cm -1 ). (b) The asymmetric CeH bending (methylene groups) linked to N + is shifted to 1475 cm -1 . (c) The CeO stretching vibration (primary and secondary alcohol groups) is slightly shifted. (d) The signal appearing at 617 cm -1 is assigned to sulfate ion.

Scandium ion binds on Q-APEI under the form of its sulfate complex; in addition, the environments of tertiary amine groups and CeO groups are modified by metal sorption. After metal desorption, these groups are also significantly affected: the peaks are shifted (without reaching their original wavenumbers). The regeneration of the sorbent with HCl/CaCl 2 solution affects the environment of reactive groups (protonation, Ca(II) ion-exchange).

XPS spectroscopy

The comparison of XPS spectra of APEI and Q-APEI allows characterizing the grafting of quaternary ammonium salt. The overall XPS survey of the two materials is not significantly changed: the same elements are present (Fig. AM3, see AMS). The metal binding and desorption can be characterized by the appearance of peaks specific to Sc element (i.e., Sc 2p, Sc 2s, Sc 3p, Sc 3s Sc LM3) [START_REF] Wu | 3D coral-like nitrogen-sulfur co-doped carbon-sulfur composite for high performance lithiumsulfur batteries[END_REF][START_REF] Doroftei | Synthesis and characterization of some nanostructured composite oxides for low temperature catalytic combustion of dilute propane[END_REF] but also to S element (i.e., S 2p and S 2s) (Table AM6-9, see AMS). The metal is bound, at least partially, under its sulfate complex and the weak Ca signal (Ca 2p) disappears. After metal desorption, both Sc and S element disappear, while the signals representing Cl element (i.e., Cl 2p and Cl 2s) and Ca element (i.e., Ca 2p and Ca 2s) strongly increase: scandium sulfate species are desorbed and replaced with Ca(II) and Cl -.

The HRES of the materials shows much significant information for C 1s and N 1s signals. Tables AM6 andAM7 (see AMS) show that the grafting of quaternary amine involves some changes in the environment of C 1s signal. In APEI, the signal can be deconvoluted into C (adventitious C, CeH) at 284.27 eV [START_REF] Hamza | Synthesis and adsorption characteristics of grafted hydrazinyl amine magnetite-chitosan for Ni(II) and Pb(II) recovery[END_REF], C (NH, NH 2 ) at 285.41 eV [START_REF] Hamza | Synthesis and adsorption characteristics of grafted hydrazinyl amine magnetite-chitosan for Ni(II) and Pb(II) recovery[END_REF], C(eO, ]N) at 286.08 eV [START_REF] Jurado-Lopez | Formation of complexes between functionalized chitosan membranes and copper: a study by angle resolved XPS[END_REF], C(]O, eOeC) at 287.6 eV [START_REF] Sun | Direct synthesis of bacteria-derived carbonaceous nanofibers as a highly efficient material for radionuclides elimination[END_REF], and OeC(]O, eO) at 288.44 eV [START_REF] Jurado-Lopez | Formation of complexes between functionalized chitosan membranes and copper: a study by angle resolved XPS[END_REF]. After quaternization, the C(eNH or eNH 2 ) band disappears and is replaced by the band representing quaternary ammonium group. At the meantime for the quaternary ammonium sorbent C 1s has four individual peaks at 284.97 eV, 286.86 eV, 287.92 eV are assigned to C (adventitious C, and CeH), C (N), C(eO, ]N); the binding energy at 288.58 eV corresponds to the overlapping C(]O, eOeC) and OeC(]O, eO) signals [START_REF] Ortega-Liebana | Uniform luminescent carbon nanodots prepared by rapid pyrolysis of organic precursors confined within nanoporous templating structures[END_REF]. The O 1s signal is poorly affected by chemical modification: three bands appear at 529.29 eV, 530.7 eV, 532.27 eV for OeCa, C]O and O(eC, H) signals [START_REF] Zhang | Facile alcohothermal synthesis, size-dependent ultraviolet absorption, and enhanced CO conversion activity of ceria nanocrystals[END_REF][START_REF] Lopez | Crystalline nano-coatings of fluorine-substituted hydroxyapatite produced by magnetron sputtering with high plasma confinement[END_REF][START_REF] Khan | Microstructural properties and enhanced photocatalytic performance of Zn doped CeO 2 nanocrystals[END_REF][START_REF] Yang | Carbon felt interlayer derived from rice paper and its synergistic encapsulation of polysulfides for lithium-sulfur batteries[END_REF], respectively. After quaternization, the O 1s bands are relatively stable with only limited shifts in binding energies. The deconvolution of N 1s signals shows, on APEI material, two peaks at 399.2 eV and 401.34 eV that are assigned to N(eC, ]C, eH) and N + respectively [START_REF] Lu | Amidoxime functionalization of a poly(acrylonitrile)/silica composite for the sorption of Ga(III)application to the treatment of Bayer liquor[END_REF][START_REF] Wang | A graphene oxide/amidoxime hydrogel for enhanced uranium capture[END_REF]. After quaternization a new peak appears at 399.7 eV, which is attributed to tertiary amine group, while the peak at 399.2 eV (assigned to N(C, ]CH) is shifted to 398.44 eV and the N + signal appears at 401.65 eV [START_REF] Yuan | Modification of surface-oxidized copper alloy by coupling of viologens for inhibiting microbiologically influenced corrosion[END_REF]; this confirms the efficient chemical modification of APEI beads.

After After Sc(III) desorption from loaded sorbent, the HRES for main elements are globally restored. Main changes are detected on the BE values. For example, after desorption with 0.5 M HCl/CaCl 2 solution the N tert. peak is shifted to 400.76 eV (399.7 eV on Q-APEI), C]O, eOeC, OeC]O, OeCeO bands are also shifted. The desorption slightly affects the material but the presence of calcium chloride contributes to stabilize the sorbent (Tables AM8-9, see AMS).

The semi quantitative analysis of the sorbent (at the different stages) deduced from XPS analysis is summarized on Table AM5 (see AMS). The increased atomic fraction (AF) of N in Q-APEI (compared to APEI) confirms the successful quaternization of the sorbent, which is followed by a relative decrease of Ca AF and the appearance of Cl (counter anion of quaternary ammonium groups). After metal sorption Sc element appears while Cl AF strongly decreases and S AF increases to 2.14%: Sc(III) is bound under its sulfate form. This is confirmed by the substantial increase of O AF. Surprisingly N AF is almost doubled. After metal desorption, S and Sc completely disappear; Cl AF increases again to a level close to the original level, C, O and N AFs approaches their original values and Ca AF is increased as part of the ion-exchange mechanism.

These analyses show that several reactive groups may be involved in Sc(III) binding due to the diversity of functional groups present on the sorbents. The chemical environment of N, O are modified due to Sc(III) binding with contribution of sulfate groups (Sc-sulfate complex bound to Q-APEI): SceO and SceN bands are clearly identified through deprotonation effects on eOH groups and also due to the electron-withdrawing effect of quaternary ammonium on neighboring hydroxyl groups. decrease in the competition effect of protons. In the case of APEI beads, the deprotonation of carboxylic groups, above pH 3.5, makes possible the binding of cationic species (including Sc 3+ and ScSO 4 +

Thermogravimetric analysis

). However, the sorption levels are rather limited: under selected experimental conditions, q eq value does not exceed 0.42 mmol Sc g -1 . The quaternization of APEI strongly improves Sc(III) sorption: from pH 1 to 2.4, the sorption capacity increases from 0.07 to 0.36 mmol Sc g -1 ; above pH 2.4, the capacity linearly increases up to 1.6 mmol Sc g -1 . This enhancement of metal sorption can probably be explained by several reasons associated to deprotonation of carboxylic groups, decrease in the competition of (Fig. AM4a). These changes appear even more on Fig. AM4b that represents the DrDTG: the peaks identify the temperatures where the weight losses are the most important. For temperatures below 190 °C and 205 °C, the two sorbents lose superficial and internal water (which represent a loss between 10 and 21%, in weight). A second decomposition step (mass loss close to 41%) occurs between 190 and 304 °C for APEI, this is usually associated to the cleavage of saccharide ring and ester group in alginate (and relevant analogues in the algal biomass). The DrDTG curve shows two peaks at 226 °C and 300 °C. The TGA of alginate ionotropically gelled with Ca(II) also shows similar profile [START_REF] Santos Araujo | Thermal degradation of calcium and sodium alginate: a greener synthesis towards calcium oxide micro/nanoparticles[END_REF]; t he o ccurrence o f t wo d istinct d ecomposition processes was attributed to the presence of calcium and the egg-box structure associated with alginate-Ca interaction. The thermal degradation of Lam inaria digitata also shows two temperatures of maximum degradation at ≈250 °C (alginic acid degradation) and 280-300 °C (degradation of sugars) [START_REF] Membere | Thermochemical characterization of brown seaweed, Laminaria digitata from UK shores[END_REF]. This transition is observed between 205 °C and 381 °C for Q-APEI (with a single peak on DrDTG profile a t 226 °C). Unexpectedly, the functionalized material shows a simpler pattern of anaerobic decomposition. The third step in the thermal degradation of APEI occurs above 304 °C; the weight loss stops at 554 °C. This is assigned to the degradation of the main chains of PEI [START_REF] Chen | Removal of strontium from simulated low-level radioactive wastewater by nanofiltration[END_REF].

Obviously, the complexity of the composite materials including many compounds apart alginate and PEI (such as the constituents of algal biomass) make debatable the discussion and assignment of degradation steps, especially because of the effect of alginate extraction during the synthesis procedure and its interactions with other compounds (PEI, GA).

It is noteworthy that the functionalized derivative of APEI has a lower stability at high temperature: while the final residue is close to 12% for APEI residue (stable above 554 °C), for Q-APEI the residue decreases to 3% at 800 °C. This may be of interest at the end of the life cycle of the sorbent for its final elimination.

pH PZC

Fig. AM5 (see AMS) compares the pH-drift titration of APEI and Q-APEI sorbents. The pH PZC of APEI is close to 4.9. This value can be correlated to the combined effects of different functional groups present on the composite beads. The sorbent contains: (a) carboxylic groups from algal/alginate based materials, with pK a values of 3.38 (mannuronic acid) and 3.65 (guluronic acid [START_REF] Haug | Dissociation of alginic acid[END_REF]), and (b) amine groups from PEI with pK a values of 4.5 (primary amines), 6.7 (secondary amines) and 11.6 (tertiary amines) [START_REF] Demadis | Controlled release of bis(phosphonate) pharmaceuticals from cationic biodegradable polymeric matrices[END_REF]. Below pH 4.9, the equilibrium pH value slightly increases (by less than 0.3 pH unit) while above pH PZC the equilibrium pH drastically decreases (by about 2.7 pH unit at the maximum amplitude; i.e., at pH 9). The quaternization of the material induces a strong shift for pH PZC , up to 6.77: the grafting of quaternary ammonium groups means a positive charge of the material on a wider pH range (including close to neutral pH). Below pH 6.77, pH variation does not exceed 0.7 unit, while in the alkaline region pH decrease may reach up to 1.4 unit. The increase of pH PZC value with quaternization is consistent with the results reported by Sun et al. [START_REF] Sun | Enhanced trifluoroacetate removal from groundwater by quaternary nitrogen-grafted granular activated carbon[END_REF] for the chemical modification of activated carbon.

Sorption performances

pH effect

Fig. 1 shows the effect of pH on Sc(III) sorption for APEI and Q-APEI sorbents. The two sorbents have limited sorption capacities at pH close to 1 (i.e., 0.08 mmol Sc g -1 ). Fig. AM6 (see AMS) shows the speciation diagram of Sc-(III) in sulfate/sulfuric acid solutions. At pH 1, anionic Sc (III) species (i.e., Sc(SO 4 ) 2 -) represents about 15% of total scandium (other species being cationic: mainly ScSO 4 + but also Sc 3+ ). On the other side, both APEI and Q-APEI are strongly protonated. Limited metal sorption probably occurred through anionic Sc(III) species binding on protonated amine groups (PEI groups, quaternary ammonium salt). Increasing the pH improves the sorption capacity due to the progressive (a) binding on carboxylate groups (at pH higher than 3.5), and on partially deprotonated eOH groups (assisted by the electron-withdrawing effect of vicinal quaternary ammonium salt), (b) uptake of Sc-sulfate anions on protonated amine groups (including quaternary ammonium salt) in acidic solutions, (c) binding of Sc(III) on free amine groups at mild-acidic pH.

Uptake kinetics

The mass transfer of metal species can be controlled by several mechanisms of resistance to diffusion (bulk, film and intraparticle diffusions), in addition to the proper reaction rates (including counter ion exchanges). Providing to the system a sufficient agitation allows neglecting the contribution of limitations due to bulk diffusion and minimizing the effect of resistance to film diffusion. The sorption mechanisms are thus frequently controlled by the resistance to intraparticle diffusion (herein simulated by the Crank equation, RIDE) and/or the reaction rate (chelation, ion-exchange being simulated using the pseudo-first order rate equation or the pseudo-second order rate equation, PFORE and PSORE, respectively). Fig. 2 shows the kinetic profiles for Sc(III) sorption using APEI and Q-APEI. Under selected experimental conditions, the sorption is relatively fast: uptake reaches the equilibrium within 60-90 min. The three models have been applied to experimental data: Table 3 reports their specific parameters and the corresponding determination coefficients. Based on the comparison of determination coefficients and experimental/calculated values of the sorption capacity at equilibrium, the model that fits better kinetic profiles is the PFORE (shown in Fig. 2). The fits of experimental curves with RIDE are represented in Fig. AM9 (see AMS): the kinetic trends are globally respected though less accurately than PFORE. The apparent rate coefficient (k 1 , min -1 ) is poorly affected by the quaternization of APEI beads: the value varies between 0.049 and 0.056 min -1 (APEI and duplicated experiments on Q-APEI, with weak change in experimental value of C 0 ). The evaluation of the effective diffusion coefficient (D e , m 2 min -1 ) confirms the weak impact of chemical material on the diffusion behavior of the beads: D e varies between 1.37 × 10 -8 and 1.94 × 10 -8 m 2 min -1 . These values are only 2 to 3 times lower than the self-diffusivity of Sc(III) in water (i.e., 3.44 × 10 -8 m 2 min -1 ); this means that resistance to intraparticle diffusion has a weak impact on the mass transfer in the structured material.

Sorption isotherms

The sorption isotherms have been determined at pH 0 : 4.5 (pH eq : 4.1-4.8) (Fig. 3). The duplicate on Q-APEI series confirms the good experimental reproducibility of Sc(III) sorption. The data of the two series have been mixed to fit experimental profiles with the Langmuir, Freundlich and Sips equations. The isotherms are characterized by a saturation plateau (at 1.02 mmol Sc g-1 and 3.84 mmol Sc g -1 for APEI and Q-APEI sorbents, respectively) reached for a residual Sc(III) concentration close to 10 mmol Sc L -1 . This asymptotic trend means that the power-like function that represents the Freundlich equation is not appropriately designed for fitting Sc(III) sorption isotherm (Table 4) (Fig. AM10, see AMS). On the opposite hand, the Langmuir equation respects the general shape of the isotherm curves: maximum sorption capacities at saturation of the monolayer (q m,L ) are close to the 

Table 3

Sc(III) uptake kinetics using APEI and Q-APEI sorbents -Kinetic modeling (experimental conditions: see Fig. 2).

Model Parameter APEI Q-APEI-1st Q-APEI-2nd q eq, exp.

q eq,exp. (mmol Sc g -1 ) 0.451 1.594 1.623 PFORE q eq,1 (mmol Sc g -1 ) 0.465 protons for binding on reactive groups. The pH PZC of the materials is strongly shifted toward higher value after quaternization. This apparent contradictory effect: quaternization for increase in cationic density and beneficial effect of deprotonation can be explained by the withdrawing effect o f q uaternary a mmonium g roups o n v icinal -OH g roups. A s a consequence, the eOH groups are slightly deprotonated making possible the binding of cationic Sc(III)-sulfate species. On the other hand, the decrease in Cl -content, shown by semi-quantitative XPS analysis, confirms t hat i on-exchange m echanism o n p rotonated a mine (including quaternary ammonium salt) is also involved in the binding mechanism. The pH variation during metal sorption is represented on Fig. AM7 (see AMS). Between pH 1 and 4, the sorption of Sc(III) hardly changes the pH of the solution for APEI, while a little increase is observed for Q-APEI: the variation does not exceed 0.4 pH unit. For both APEI and Q-APEI, the variation is less than reported observations in 0.1 M NaCl solutions (for the determination of pH PZC ). Above pH 4, reciprocal trends are observed. Indeed, for Q-APEI sorbent pH variation tends to be negligible while Sc(III) sorption is followed by a decrease of pH (by 0.5 pH unit) in the case of APEI. This is another evidence that the quaternization changes the acid-base properties of the material (activation of proton release on eOH grafted groups of glycidyl group) and Sc(III) binding mechanism.

The linearization of the distribution ratio (D = q eq /C eq , L g -1 ) (in log plot) vs. equilibrium pH is frequently used for evaluating the protonexchange stoichiometry [START_REF] Li | Ion-exchange behavior of Zr and Hf as homologues of element 104, Rf, in H 2 SO 4 and H 2 SO 4 /HClO 4 mixed solutions[END_REF]. The slope of the plot is supposed to give the stoichometric ratio in proton exchange and sorbed metal species; and then to evaluate the charge of preferentially bound species. Fig. AM8 (see AMS) shows the plot of log 10 D vs. pH eq . The slopes for APEI and Q-APEI are respectively 0.21 and 0.55. Obviously, in the case of sorbent bearing different reactive groups and/or involving different mechanisms the interpretation is not straightforward. For example, for APEI the interpretation of the slope cannot address the stoichiometric ratio between metal species and protons exchanged (released protons, charge of Scsulfate anion). Additional mechanisms may be involved for explaining the stoichiometric ratio including ligand exchanges on Sc-sulfate cations, sulfate interaction with protons (to form hydrogen sulfate), binding of different species on APEI and competitive binding of sulfate or hydrogen sulfate ions [START_REF] Li | Ion-exchange behavior of Zr and Hf as homologues of element 104, Rf, in H 2 SO 4 and H 2 SO 4 /HClO 4 mixed solutions[END_REF]. In the case of Q-APEI; the slope is close to 0.5. In this case also it is difficult co nnecting th is sl ope to th e sp ecies potentially bound on the sorbent and to the proton exchange because of the diversity of metal species, reactive groups and binding mechanisms.

Based on these observations, in complement to FTIR and XPS analysis, the mechanisms involved in Sc(III) may consist of a combination (depending on the pH) of: experimental values (q m,exp ): the values are overestimated by 18% for APEI and by less than 5% for Q-APEI. The quaternization strongly increases the maximum sorption capacity but also the affinity coefficient (i.e., b, L mmol -1 ): the affinity coefficient for APEI is more than doubled for Q-APEI. However, the simulated profiles are failing to fit the part of the curves with the maximum curvature. Obviously, introducing an additional fitting parameter (as in the Sips equation) allows improving the mathematical fit of experimental profiles but at the expense of a decrease in physicochemical meaning. Fig. 3 precisely shows the fit of sorption isotherms with the Sips equation: the simulated curves are perfectly fitting experimental data.

Fig. AM6 (see AMS) shows the speciation diagram of Sc(III) at pH 4.5 for the whole range of concentration used for Sc(III) sorption isotherm. Though at low metal concentration a wide number of metal species coexist, at higher Sc(III) concentration (above 2 mmol Sc L -1 ), the predominant species (close to 80%) is the cationic species ScSO 4 + ; other individual species represent less than 5%.

Table 5 compares the main characteristics for Sc(III) sorption of APEI and Q-APEI sorbents to alternative materials. APEI beads show comparable sorption properties to the most efficient sorbents tested at pH in the range 4-5.5. The quaternized sorbent (Q-APEI) exhibits outstanding sorption properties with a maximum sorption capacity close to 3.83 mmol Sc g -1 (q m,L : 4.0 mmol Sc g -1 ). The sorption isotherm was not carried out at less efficient pH values (i.e., around pH 2.5) for effective comparison with, for example, aminomethyl phosphonic-based resin (TP 260) (i.e., 1.71 mmol Sc g -1 ) [60]; it is thus difficult concluding on the superiority of this new sorbent. However, Fig. 1 showed that at pH 2.5 the sorption capacity reached 0.4 mmol Sc g -1 although the metal concentration used was about 10 times lower than metal concentrations necessary to reach saturation of the sorbent. This is a clear evidence of the promising perspectives opened by this new material.

Sorption selectivity

The sorption of Sc(III) was carried out in multi-component solutions containing equimolar concentrations of alkali metal (mono-valent Na (I)), alkali-earth metal (divalent Ca(II) and Mg(II)) and a representative of rare earth elements (trivalent Sm(III)). Table AM11 (see AMS) summarizes the main physical-chemical characteristics of selected metal ions. The effect of the pH 0 was also tested in the range 1.3-5.0 (pH eq varying between 1.5 and 4.4). The speciation diagrams are represented in Fig. AM11 (see AMS). For Na(I), Mg(II), and Ca(II) the metal ions predominate as free species (between 65% and 98%) and the pH hardly affects the relative proportions against their sulfate complexes. For Sc(III) and Sm(III), the speciation behavior is substantially different with a predominance of cationic sulfate species (in the range 82-87 % for Sc(SO 4 ) + , and 73-77% for Sm(SO 4 ) + ).

Fig. AM12 (see AMS) compares the sorption capacities for target metal ions at different selected pH values. While Mg(II), Sm(III), Ca(II), and Na(I) show similar trends with sorption capacities below 0.2 mmol metal g -1 and limited effect of pH (except at pH above 4.3, where a little step is observed), the sorption of Sc(III) shows a continuous increase in sorption capacity with pH to reach a value up to 0.8 mmol Sc g -1 .

Fig. AM13 (see AMS) shows the relative fractions of the elements in the sorbent at equilibrium in function of the pH of the solution, together with the cumulative sorption capacities. Total sorption capacity increases from 0.27 mmol metal g -1 at pH 1.53 to 1.78 mmol metal g -1 at pH 4.41.

At pH 1.53, the predominant species follow the sequence: Ca (II) > Sm(III) > Sc(III) ≫ Na(I) ≫ Mg(II).

At pH 4.41: the order of affinity is substantially changed: Sc(III) (above 53%) > Sm(III) ≈ Ca(II) ≈ Na(I) > Mg(II).

Sc(III) and Sm(III) belonging to trivalent and Group 3 metals have very similar behavior (consistently with their sulfate association trends), though the sorbent maintains, at moderately acidic pH, a marked preference for Sc(III). In order to better visualize separation properties, the selectivity coefficient (defined as the ratio of the distribution ratios, SC m1/m2 = D(m 1 )/D(m 2 ) was plotted in function of pH eq (Fig. 4), for Sc(III) and for Sm(III) over other metals (SC Sc/m , and SC Sm/m , respectively). The sorbent shows similar selectivity trends against the other metals with SC values being relatively stable between pH 1.5 and 3.3 before substantially increasing while pH rises 4. The selectivity for Sc(III) is comparable for Na(I), Ca(II) and Sm(III) while for Mg(II) the SC values are shifted by about 10 units. The sorbent is highly selective to Sc(III) at pH higher than 4 for Na(I), Ca(II) and Sm (III) and on a broader pH range against Mg(II) (though the selectivity is even more increased at pH higher than 4). The plots for Sm(III) selectivity against Sc(III), Na(I), Ca(II) show a poor effect of pH and limited separation properties. On the other hand, Q-APEI is selective for Sm(III) against Mg(II), especially in acidic solutions.

Table AM12 (see AMS) summarizes the SEM pictures of the surface of Q-APEI beads after processing the sorption test in multicomponent solutions at different pH values, together with the semi-quantitative EDX analysis of major elements. The topography of the surface is not significantly modified, whatever the pH and the relative accumulation of metals. The most remarkable variations concern: (a) the significant increase in Sc and Sm contents with pH (especially above pH 3), (b) the relative stability of Ca, Na and Mg contents. The contents of S (for sulfate) and Cl slightly decreases with pH increase. This may be explained by a change in the speciation of metal species bound on the sorbent. It is noteworthy that, compared to the contents of these compounds in the as-prepared sorbent, S fraction substantially increases from 1.84 wt% to 15.4 ± 5.1 wt% (depending on the pH). This is due to the pH control using sulfuric acid and to the sorption of anionic scandium sulfate species. On the opposite hand, chloride content decreases from 7.47 wt% on Q-APEI to 1.3 ± 0.8 wt% after metal sorption. This is correlated to the ion-exchange of the counter anion on protonated PEI reactive groups (and quaternized sites) with anionic scandium (and samarium) sulfate species.

Metal desorption and Q-APEI sorbent recycling

The effect of pH on metal sorption proved that the sorbent has a poor affinity for Sc(III) in acidic solutions. This is a first indication that acidic solutions may be efficient for desorbing the metal from loaded sorbent: hydrochloric acid was selected for Sc(III) elution. The APEI material involves a double crosslinking mode: (a) glutaraldehyde/ amine groups (from PEI), and (b) the ionotropic gelation of carboxylic groups (on alginate-based materials) with Ca(II). In order to reinforce the stability of the material under strong desorbing conditions CaCl 2 was added to the eluent; in addition, Ca(II) ions may contribute to improve desorption through ion-exchange effect. A 0.5 M HCl/CaCl 2 solution was used for Sc(III) desorption. The choice of eluent that contains HCl for metal release and also calcium chloride for maintaining the hydrogel structure (ionotropic gelation of carboxylic groups on alginate with calcium) results from a compromise between elution efficiency and sorbent stability. Therefore, a part of calcium remains bound to the sorbent after elution. This contributes to minimize the contamination of Sc(III) eluate with calcium. For final valorization, Sc (III) can be precipitated as Sc(OH) 3 , at pH 4-5, using 2-5 M NaOH solution [START_REF] Wang | Recovery of scandium from synthetic red mud leach solutions by solvent extraction with D2EHPA[END_REF]. Calcium is not supposed to precipitate under these conditions; combined to Ca binding to alginate (and limited concentration), the contamination of the scandium hydroxide cake is considered negligible. In addition, for further purification of the scandium salt, it is possible dissolving the precipitate with sulfuric or hydrochloric acid before precipitating Sc with oxalic acid to form Sc 2 (C 2 O 4 ) 3 . The oxalate salt is finally calcinated to form pure Sc 2 O 3 [START_REF] Zhu | Selective recovery of vanadium and scandium by ion exchange with D201 and solvent extraction using P507 from hydrochloric acid leaching solution of red mud[END_REF].

Fig. AM14 (see AMS) shows the desorption kinetics of Sc(III) from Q-APEI beads (collected from kinetic experiments). The desorption is little faster than the sorption: complete desorption occurs within 20-30 min of contact (compared with 60-90 min for sorption). The PFORE and PSORE models have been adapted simulating desorption kinetics [START_REF] Lazaridis | Chromium(VI) removal from aqueous solutions by Mg-Al-CO 3 hydrotalcite: sorption-desorption kinetic and equilibrium studies[END_REF]. The solid lines in Fig. AM14 represent the PFORE fits of experimental profiles; Table AM3 (see AMS) summarizes the values of relevant parameters. The determination coefficients are higher for PFORE than for PSORE; however, the PFORE model fails to fit the intermediary stage (corresponding to the highest curvature, at around 15 min of contact) and the model is more appropriate for simulating Q-APEI sorbent than APEI sorbent. 

Table 5

Comparison of Sc(III) sorption performances for selected sorbents. desorption efficiency ranges between 99.4% and 100% along the five cycles: Sc(III) can be readily and stably desorbed using 0.5 M HCl/CaCl 2 solutions. The sorbent is remarkably stable, at least for five cycles. This is supported by the analysis of the sorbent after five cycles of re-use. Some shifts are observed on FTIR spectra (Table AM6 and Fig. AM2, see AMS); however, the spectra are very similar after the first desorption and the fifth desorption steps. Sc(III) desorption was also studied through XPS analysis (Tables AM8-10): the most substantial changes on typical signals of Q-APEI sorbent (initial product) and operation sorption/desorption cycle are appearing on C 1s. The chemical environments of O 1s and N 1s are relatively well maintained after operating the sorbent. The desorption protonates the sorbent, which also binds calcium (ion-exchange) (Table AM5, see AMS): this explains the changes in the FTIR; the next cycles do not change the physicochemical characteristics of the material. This is also consistent with the conclusions reported at Section 3.1.2. (Table AM4, see AMS).

Industrial application on effluent issued from red mud

The red mud industrial solution (after being diluted 4 times with demineralized water, RMIS) was controlled at different pH values ranging between 1 and 10. The adjustment of pH strongly influenced the composition of the solution with strong precipitation occurring at pH higher than 2 or 3. Fig. AM15 (see AMS) shows the precipitation profiles: titanium and aluminum have very sharp precipitation with pH 50 (pH for 50% precipitation) close to 2.60, and 3.24 respectively; at pH higher than 4, the metal ions are almost completely precipitated. For the elements of the group constituted of Si, Fe Sc, the precipitation begins at pH close to 3 and progressively increases up to equilibrium pH close to 6, before stabilizing (with a precipitation yield in the range 65-80 %, except for Fe that is fully precipitated at pH 6.13). The pH 50 increases following the sequence 4.02 (for Fe), 4.30 (for Si) and 5.14 (for Sc). For zirconium, the precipitation begins at pH 2 and then progressively increases up to 6.13; the pH 50 is close to 4.04. Table AM13 (see AMS) shows the concentrations of major elements in (diluted) red mud industrial solution after controlling the pH to different values. This characterization is completed by Table AM14 (see AMS) that shows the composition (major elements) of the precipitates (semi-quantitatively analyzed by EDX): the precipitates are mainly constituted of iron hydroxide, silica hydroxide with traces of aluminum hydroxide (at acidic pH values).

Fig. AM16 (see AMS) shows the molar distribution of selected metals in the solution after pH control: iron represents between 73% and 98% (maximum in the pH range 4-6). At pH below 4, predominant elements are Al (up to 6%) > Ti (up to 4%) > Si (around 0.6%), while at pH higher than 6, the main elements are Ti (up to 12%) ≈ Si (up to 10%) > Al (up to 3%) > Zr and Sc (up to 0.5%). Obviously, zirconium and scandium have molar concentrations much lower, by 2 to 3 orders of magnitude than those of Fe, Al and Ti, which are the most representative metals in RMIS. This may strongly affect the effect of competitor ions on Sc(III) sorption. Table AM15 (see AMS) shows that titanium is only detected at the surface of the sorbent at the lowest pH (i.e., pH 2). In addition, a high proportion of iron is detected on Q-APEI (especially at acidic pH: 30-34 wt%, while it tends to decrease at alkaline pH); this is probably associated with a dual mechanism of sorption and local precipitation. Scandium is present at the different pH values (with highest contents in the range of pH 4-8: between 2.2 and 3.1% wt%), probably associated to sulfate anions because of the high contents of S element (in the range 11-26%; due to sulfate complexation of other metal ions and to direct sulfate binding on protonated amine groups).

The removal efficiency is reported in Fig. 5. Scandium(III) is quantitatively removed on the whole range of pH. For Si(IV) and Zr(IV), the sorption increases with pH but reaches a plateau at pH higher than 3-3.5 (complete removal of silica and removal yield stabilized around 85% for zirconium). The sorption of titanium and aluminum is negligible between pH 1 and 2-3 before strongly increasing and reaching a plateau close to 75-85%. In the case of iron, the sorption begins at higher pH value (i.e., pH 6); at pH 8, the removal yield reaches 93%: this is probably due to the combination of sorption and precipitation phenomena.

Actually, the sorption capacities for Zr(IV) and Sc(III) are very low (Fig. AM17, see AMS) due to their very low levels in the RMIS and the strong excesses of iron, aluminum, silica and titanium (Table AM13, see AMS). However, despite the strong sorption of highly concentrated metal ions, the sorption of Sc(III) is quantitative (higher than 96%) on the whole pH range: removal yield exceeds 98% for pH below 3 and tends to decrease with pH increase.

Fig. AM18 (see AMS) compares the selectivity coefficients for Sc over the five other elements, at different contact times (20, 30 and 48 h). Regardless of the competitor metal, the highest selectivity coefficients are obtained at acidic pH. The optimum pH for highest selectivity is pH 1 against Si(IV), Al(III), and Fe and at pH 2 against Zr(IV) and Ti(III). Increasing the pH above 3, progressively decreases the selectivity for scandium over other metals. At pH higher than 3, the selectivity coefficients are strongly depressed (being below 5); this is correlated to the pH where was observed the first precipitation step (Fig. AM14, see AMS). For Fe element, the selectivity coefficient for Sc drastically decreases until pH 3, stabilizes between pH 3 and pH 6, and then drastically decreases below 3. It is noteworthy that the highest selectivity coefficients follow the sequence: Fe (≈7500) ≫ Al(III) (≈1700) > Ti(IV) (≈1160) ≫ Zr(IV) (≈70) > Si(IV) (≈44). The strong excess of Fe, Al and Ti may explain that the enrichment factor (associated with the distribution coefficient) is lower for these elements compared to less concentrated elements (Fig. 6); in addition to the proper selectivity of the sorbent for Sc(III). In most cases, the optimum contact time is obtained at 30 h.

Taking into account the strong decrease in metal concentrations at pH higher than 3, it is more appropriate recovering scandium at pH 1-2: the abatement of iron (lower than 2%), titanium (lower than 9%) and aluminum (lower than 16%) weakly impact Sc(III) sorption despite the great excesses of these competitor ions. The recoveries of zirconium and silica reach around 60% and 71-78%, respectively. 

Table 6

Sorption and desorption cycles for Sc(III) recovery using Q-APEI.

The quaternized sorbent (Q-APEI) is not selective for the treatment of RMIS because of multi-metal sorption and huge excess of elements such as iron, aluminum or titanium; however, despite their huge excess, the sorption of scandium is almost quantitative. The separation of scandium from multi-metal loaded sorbent was not investigated, but this could be a complementary method for improving the separation of Sc(III) from predominating metal ions playing with desorption and selective precipitations of target metals.

Conclusion

The quaternization of algal/PEI beads allows significantly increasing the sorption of Sc(III) from slightly acidic solutions. The functionalization increases the pH PZC of the sorbent (from 4.9 to 6.8). The sorption capacity increases with pH and reaches up to 3.8 mmol Sc g -1 . This makes the sorbent one of the most efficient sorbent for Sc(III) binding reported in the literature. The equations of Langmuir and Sips fit well isotherm profiles. The analysis of textural properties show a relatively porous structure (specific surface area reaches up to 34 m 2 g -1 ) with meso-pores representing a volume of 0.18 cm 3 g -1 . This may explain the efficient mass transfer and the equilibrium time that does not exceed 60-90 min: the uptake kinetics are well fitted by the pseudo-first order rate equation and the Crank equation (for the resistance to intraparticle diffusion). However, the relatively high diffusion coefficient (compared with selfdiffusivity of Sc(III) in water) demonstrates that the influence of resistance to diffusion is not critical. The sorbent is highly selective at pH 4.5 for Sc(III) over alkali (Na(I)), and alkali-earth (Ca(II) and Mg(II)) elements and trivalent metal ions (i.e., Sm(III)) while processing sorption from multi-metal solutions containing equimolar concentrations. Though the sorbent cannot be considered selective for Sc(III), when applied to complex industrial solutions containing huge concentrations of Fe, Ti and Al (240 mg Al L -1 , 300 mg Ti L -1 , and 7281 mg Fe L -1 ) Q-APEI can quantitatively recover Sc (at concentration as low as 1.5 mg Sc L -1 ). The desorption of scandium from loaded sorbent is fast and quantitative (total desorption achieved within 30-40 min) using 0.5 M HCl/CaCl 2 solution. The sorbent can be recycled for a minimum of five cycles with limited decrease in sorption (less than 8%) and desorption performance (which remains quantitative along the five cycles). The presence of calcium chloride in the eluent contributes to the stabilization of the sorbent.

The chemical modification and the modes of interactions (involving carboxylic and amine groups) have been characterized together with the proper chemical structure of the sorbents using FTIR spectroscopy and XPS spectrometry. These methods were also used for characterizing the chemical changes of the sorbent along the different use steps (sorption, desorption) and life cycle (after five cycles of sorption and desorption). Although some changes are observed, it appears that the material is stable enough for being successfully re-used for a number of cycles. 

  Fig. AM4 (see AMS) compares the TGA profiles of APEI and Q-APEI. Substantial changes are observed after functionalization of APEI: shifts of the waives (temperature ranges and relative values) for weight loss

Fig. 1 .

 1 Fig. 1. Influence of pH on Sc(III) sorption using APEI and Q-APEI: (a) sorption capacity, (b) sorption efficiency (C 0 : : 1.1 mmol Sc L -1 ; Sorbent dosage, SD: 0.5 g L -1 ; Contact time: 48 h; Temperature: 20 ± 1 °C; Agitation: 140 rpm).

Fig. 2 .

 2 Fig. 2. Sc(III) sorption kinetics using APEI and Q-APEI -PFORE modeling (C 0 : : 1.1 mmol Sc L -1 (C 0 : 1.25 mmol Sc L -1 for 2nd experiment); SD: 0.25 g L -1 ; pH 0 : 4.5; pH eq : 4.2-4.6; Temperature: 20 ± 1 °C; Agitation: 140 rpm).

Fig. 3 .

 3 Fig. 3. Sc(III) sorption isotherms for APEI and Q-APEI -Sips model (C 0 : 0.2-12 mmol Sc L -1 ; SD: 0.3 g L -1 ; pH 0 : 4.5; pH eq : 4.1-4.8; Temperature: 20 ± 1 °C; Agitation: 140 rpm).

Fig. 4 .

 4 Fig. 4. Effect of pH on: (a) Sc(III) sorption selectivity against Mg(II), Sm(III), Ca (II) and Na(I) and (b) Sm(III) sorption selectivity against Mg(II), Sc(III), Ca(II) and Na(I) (C 0 : 1.54 ± 0.04 mmol metal L -1 ; SD: 0.125 g L -1 ; Temperature: 20 ± 1 °C; Agitation: 140 rpm; Time: 48 h).

Fig. 5 .

 5 Fig. 5. Effect of pH on removal efficiency of selected metals from red mud industrial solution (RMIS) using Q-APEI (SD: 0.6 g L -1 ; Temperature: 20 ± 1 °C; Agitation: 140 rpm; contact time: 30 h).

Fig. 6 .

 6 Fig. 6. Effect of pH on the enrichment factor of selected metals after sorption on Q-APEI from RMIS (SD: 0.6 g L -1 ; Temperature: 20 ± 1 °C; Agitation: 140 rpm; contact time: 30 h).

Table 1

 1 Elemental analysis of APEI and Q-APEI.

	Sorbent	N	N	C	H	O	S
		[%]	[mmol g -1 ]	[%]	[%]	[%]	[%]
	APEI	5.81	4.15	39.86	6.00	29.48	0.44
	Q-APEI	8.57	6.12	42.09	8.68	33.34	0.44

Table 2

 2 Textural and morphological properties of Q-APEI sorbent.

	Properties	Q-APEI
	Bead size (mm)	2.80 ± 0.36
	Specific surface area (m 2 g -1 )	34
	Porous volume (cm 3 g -1 )	0.181
	Pore size (nm)	183-230

Table 4

 4 Sc(III) sorption isotherms using APEI and Q-APEI sorbents -Isotherm modeling.

	Model	Parameter	APEI	Q-APEI-1st
	q max, exp. Langmuir	q eq,exp. (mmol Sc g -1 ) q m,L (mmol Sc g -1 ) b L (L mmol -1 ) R 2	1.019 1.207 0.492 0.987	3.838 3.999 1.257 0.970
	Freundlich	k F	0.422	2.044
		n F R 2	2.530 0.956	3.378 0.970
	Sips	q m,S (mmol Sc g -1 ) b S (L mmol -1 )	1.296 0.457	5.591 0.624
		n S R 2	1.128 0.986	1.792 0.987

Table 6

 6 compares sorption and desorption efficiencies for five successive cycles of re-use. A little decrease in sorption efficiency is observed: 83.5% at the fifth cycle, compared with initial value: 88.1% (variation at the last cycle is less than 6%). On the other hand, the

	Sorbent	T eq (min)	pH 0	q m * (mmol Sc g -1 )	b (L mmol -1 )	
				0.025	116.3	[66]
	Carbon nanotubes	240	2	0.93	-	[67]
	MTM-functionalized silica	300	4	0.54	1.35	[68]
	Extractant-impregnated macroporous silica	360	5 M H 2 SO 4	0.30	9.97	[69]
	Binary extractant-impregnated synthetic resin	60	2.75	1.07	0.019	[27]
	Oxidized carbon nanotubes	30	4	0.95	-	[20]
	Algal/PAN sorbent	1440	5	1.49	-	[19]
	APEI	90	4.5	1.21	0.49	This work
	Q-APEI	90	4.5	4.00	1.26	This work
	*Sorption capacity at monolayer saturation (Langmuir model) or maximum sorption capacity; -: not documented.		
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