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Introduction

The valorization of mineral resources is a strategic issue for the development of high-tech industries (platinum group metals, and rare earth elements, REEs) and nuclear power industry (uranium and thorium). This is especially important when resources are not rich enough to justify conventional processes [START_REF] Omodara | Recycling and substitution of light rare earth elements, cerium, lanthanum, neodymium, and praseodymium from end-of-life applications -a review[END_REF]. Therefore, many research projects have recently been designed for developing new processes and novel sorbents for the recovery of these strategic metals from low-grade resources [START_REF] Sinha | Pandey, Metallurgical processes for the recovery and recycling of lanthanum from various resources-a review[END_REF], wastes [START_REF] Ahn | Valorization of waste NiMH battery through recovery of critical rare earth metal: a simple recycling process for the circular economy[END_REF] or effluents [START_REF] Kegl | Adsorption of rare earth metals from wastewater by nanomaterials: a review[END_REF]. In addition, the potential toxicity of these metallic contaminants to water bodies constitutes a strong incentive for developing alternative materials for the decontamination of industrial effluents [START_REF] Ramasamy | Coordination and silica surface chemistry of lanthanides (III), scandium (III) and yttrium (III) sorption on 1-(2-pyridylazo)-2-napththol (PAN) and acetylacetone (acac) immobilized gels[END_REF][START_REF] Balaram | Rare earth elements: a review of applications, occurrence, exploration, analysis, recycling, and environmental impact[END_REF][START_REF] Rangabhashiyam | Biosorption of Tm(III) by free and polysulfone-immobilized Turbinaria conoides biomass[END_REF][START_REF] Da Costa | Recovery of rare-earth metals from aqueous solutions by bio/adsorption using non-conventional materials: a review with recent studies and promising approaches in column applications[END_REF][START_REF] Guo | Fabrication of efficient alginate composite beads embedded with N-doped carbon dots and their application for enhanced rare earth elements adsorption from aqueous solutions[END_REF].

Inspired from conventional industrial resins bearing a wide range of functional groups [START_REF] Kolodynska | Static and dynamic studies of lanthanum(III) ion adsorption/desorption from acidic solutions using chelating ion exchangers with different functionalities[END_REF], research has been recently drawn on the design of new sorbents functionalized with the same reactive groups based on natural materials (agro-resources, biopolymers) [START_REF] Javadian | Ca-alginate/carboxymethyl chitosan/Ni0.2Zn0.2F2.6O4 magnetic bionanocomposite: synthesis, characterization and application for single adsorption of Nd+3, Tb+3, and Dy(+3) rare earth elements from aqueous media[END_REF][START_REF] Javadian | Response surface methodology based on central composite design for simultaneous adsorption of rare earth elements using nanoporous calcium alginate/carboxymethyl chitosan microbiocomposite powder containing Ni 0.2 Zn 0.2 Fe 2.6 O 4 magnetic nanoparticles: batch and column studies[END_REF][START_REF] Gupta | Biosorption-a green method for the preconcentration of rare earth elements (REEs) from waste solutions: a review[END_REF], algal resources [START_REF] Vijayaraghavan | Assessment of samarium biosorption from aqueous solution by brown macroalga Turbinaria conoides[END_REF][START_REF] Jacinto | Removal and recovery of critical rare elements from contaminated waters by living Gracilaria gracilis[END_REF][START_REF] Ferreira | Assessment of marine macroalgae potential for gadolinium removal from contaminated aquatic systems[END_REF], or alternative materials such as carbon-based supports [START_REF] Gupta | Graphene-based adsorbents for the separation of f-metals from waste solutions: a review[END_REF], and minerals [START_REF] Roosen | Adsorption performance of functionalized chitosan-silica hybrid materials toward rare earths[END_REF][START_REF] Ravi | EDTAfunctionalized KCC-1 and KIT-6 mesoporous silicas for Nd 3+ ion recovery from aqueous solutions[END_REF][START_REF] Ahmad | Terbium extraction by functionalized surface: experimental and DFT approach[END_REF]. For example, functional groups such as amidoxime [START_REF] Rahman | Kenaf cellulose-based poly(amidoxime) ligand for adsorption of rare earth ions[END_REF], sulfonic [START_REF] Gad | Radiation-induced grafting copolymerization of resin onto the surface of silica extracted from rice husk ash for adsorption of gadolinium[END_REF], aminocarboxylic moieties and aminoacids [START_REF] Roosen | Adsorption and chromatographic separation of rare earths with EDTA-and DTPA-functionalized chitosan biopolymers[END_REF][START_REF] Wang | Adsorption of rare earths(III) by calcium alginate-poly glutamic acid hybrid gels[END_REF], amine [START_REF] Salih | Nd(III) and Gd(III) sorption on mesoporous amine-functionalized polymer/SiO2 composite[END_REF], imidazole [START_REF] Abdel-Magied | Hierarchical porous zeolitic imidazolate frameworks nanoparticles for efficient adsorption of rare-earth elements[END_REF] and phosphorus-based reactive groups [START_REF] Ravi | Benzene triamido-tetraphosphonic acid immobilized on mesoporous silica for adsorption of Nd 3+ ions in aqueous solution[END_REF][START_REF] Maranescu | Synthesis, characterization and rare earth elements adsorption properties of phosphonate metal organic frameworks[END_REF] have been immobilized on mineral sorbents, metal organic frameworks, biopolymers or renewable materials (of biological origin). More specifically, this strategy was adopted to functionalize an (V) [START_REF] Hamza | As(V) sorption from aqueous solutions using quaternized algal/ polyethyleneimine composite beads[END_REF], U(VI) [START_REF] Hamza | Quaternization of composite algal/PEI beads for enhanced uranium sorption-application to ore acidic leachate[END_REF], and Sc(III) recovery [START_REF] Hamza | Quaternization of algal/PEI beads (a new sorbent): characterization and application to scandium recovery from aqueous solutions[END_REF]) was recently reported.

Recently, a new process was designed for grafting phosphonate groups on the same type of sorbent [START_REF] Wei | Synthesis of a new phosphonate-based sorbent and characterization of its interactions with lanthanum (III) and terbium (III)[END_REF]. The material (herein called A L PEI) is activated with epichlorohydrin before processing the phosphorylation (with triethyl phosphite), followed by the de-esterification of the intermediary product to produce a phosphonate-bearing sorbent (POH-A L PEI). The material was fully characterized and the effect of pH on the recovery of two rare earth elements (REEs) belonging to light and heavy REEs: La(III) and Tb(III), respectively, was tested.

Recently, Opare et al. [START_REF] Opare | A comparative state-of-technology review and future directions for rare earth element separation[END_REF] reviewed the techniques of separation of REEs (together with the most important uses of these strategic metals). In the case of lanthanum, they report the intensive use of La for catalyst synthesis (≈75%), ceramic, glass and polishing (≈10%). For terbium, the principal uses focus on optical systems (laser, optical fibers, medical imaging, cathode ray tubes, liquid crystal displays, about 10% of REEs' uses) and the manufacturing of alloys (≈5% of REEs' uses). On the scale of relative supply risk elaborated by British Geological Survey and reported in the RSC Periodic Table [START_REF]Periodic Table[END_REF]; the two REEs are ranked 9.5 (the highest risk rate being 10). Both of them have recycling rates below 10%; poor substitutability. Most of the reserves (about 50%) are retained in a limited number of countries, while about 97% of the production is operated by 3 top players countries (including China, Russia and Malaysia). These facts readily explain that these REEs are strategic both for high tech development and for geopolitical considerations. Costis et al. [START_REF] Costis | Recovery potential of rare earth elements from mining and industrial residues: a review and cases studies[END_REF] recently published a comprehensive review on the occurrence and recovery of REEs from different mining sources (including acid mine drainage, phosphate rocks, etc.) and waste materials (such as red mud, batteries, magnets and waste electric and electronic equipments, WEEEs). WEEEs represent very attractive resources for the production and valorization of REEs [START_REF] Cucchiella | Recycling of WEEEs: an economic assessment of present and future e-waste streams[END_REF][START_REF] Costis | Review of recent work on the recovery of rare earth elements from secondary sources[END_REF].

These preliminary results [START_REF] Wei | Synthesis of a new phosphonate-based sorbent and characterization of its interactions with lanthanum (III) and terbium (III)[END_REF] confirm that the functionalization of the support significantly improves the sorption properties of the sorbent; this preliminary characterization justifies a more complete investigation of its sorption properties. To more accurately measure the benefit of the functionalization of A L PEI, the sorption of these two REEs on both A L PEI and POH-A L PEI is investigated through the detailed study of pH effect, sorption isotherms and uptake kinetics (both in mono and bi-component solutions), sorption selectivity (from multi-component solutions, in function of pH), metal desorption (desorption kinetics) and sorbent recycling. In the last part of the study, the functionalized sorbent is applied to the treatment of an acidic leachate of Egyptian ore collected in a sedimentary mining basin (representative of a complex medium containing a wide range of different metals). Leachates are pre-treated with a quaternary ammonium ion-exchange resin (for removing uranium) before applying the POH-A L PEI sorbent (at different pH values). The acid eluates of metal-loaded resins are treated by oxalic acid precipitation for selective recovery of REEs [START_REF] Josso | Extraction and separation of rare earth elements from hydrothermal metalliferous sediments[END_REF]. The residual effluent is treated by precipitation at pH 5 (for iron and aluminum separation) and at pH 9 (for uranium recovery).

The first objective of this study consists in the evaluation of the sorption and desorption properties of the novel sorbent for the La(III) and Tb(III) recovery. The second objective focuses on the design of a complete process for the recovery of REEs from Egyptian ore; including a step of metal sorption on the functionalized A L PEI beads.

Materials and methods

Materials

Algal biomass (Laminaria digitata) was kindly supplied by Setalg (Pleubian, France). After grinding, algal biomass was sieved and particles below 250 µm were used for preparing the raw beads. Branched polyethylenemine (PEI, MW n : ≈70000 g mol -1 , 50%, w/w in water) and glutaraldehyde (GA, 50%, w/w in water) were supplied by Sigma-Aldrich (Taufkirchen, Germany). Polyethylene glycol diglycidyl ether, triethyl phosphite, epichlorohydrin (ECH) and trimethylsilyl bromide were purchased by Shanghai Makclin Biochemical Co., Ltd. (Shanghai, China). Dichloromethane was supplied by Xilong Scientific Co., Ltd., (Guangdong, China). Ethanol (absolute) and sodium hydroxide were purchased from Guangdong Guanghua Sci-Tech (Guangzhou, China). Lanthanum(III) sulfate and terbium(III) sulfate were supplied by National Engineering Research Centre of Rare Earth Metallurgy and Functional Materials Co., Ltd, China. Silicon standard solution (1000 ppm, used as the source for Si) was supplied by Guobiao Inspection and Certification Co. Ltd. (Huairou District, Beijing, China). The other reagents were Prolabo products (VWR, Radnor, PA, USA).

Synthesis of functionalized sorbent

The method for sorbent synthesis was extensively described in another recent work [START_REF] Wei | Synthesis of a new phosphonate-based sorbent and characterization of its interactions with lanthanum (III) and terbium (III)[END_REF]. Scheme S1 (see Supplementary Information) reports the synthesis steps for manufacturing POH-A L PEI. As a brief reminder, the main steps are summarized below.

(a) Synthesis of algal/PEI beads (A L PEI) -Grinded algal biomass was dispersed under agitation in a sodium carbonate solution at 50 • C for 24 h (to partially extract alginate from algal cell wall). In a second step, 5.35 g of PEI were added to the suspension under agitation for 5 h. The suspension was then dropped wisely into a calcium chloride solution (for ionotropic gelation of carboxylic groups on alginate fraction), completed with glutaraldehyde (for crosslinking of amine groups on PEI chains). After water washing, the beads were freeze-dried. The multiple interactions between amine groups and aldehyde (from GA) and/or carboxylate groups (from alginate), and between carboxylate groups and calcium ions contribute to the stability of the composite beads.

(b) Epichlorohydrin activation of A L PEI beads (Cl-A L PEI) -The A L PEI beads were soaked into ethanol/water solution before adding poly (ethyleglycol) diglycidyl ether (crosslinker, for increasing the strength of the beads) and heating the suspension at 80 • C for 5 h. After this preliminary step, the beads were transferred to another ethanol/water solution completed with epichlorohydrin. Epichlorohydrin may be used (in alkaline solution) for crosslinking supports through the cross-effects of epoxy and clorine groups; here ECH is used as a spacer arm group that favors the grafting of phosphonate (the same reaction was used for grafting other functional groups) [START_REF] Hamza | Uranium and europium sorption on amidoximefunctionalized magnetic chitosan micro-particles[END_REF]. The reactor was maintained under reflux at 82 ± 3 • C for 3 h. The beads were washed with ethanol and water before being dried in vacuum.

(c) Phosphorylation of Cl-A L PEI beads (P*-A L PEI) -Activated beads were dropped into triethyl phosphite under agitation, maintaining the temperature at 130 • C for 24 h. After being filtrated, the beads were washed with hot water and ethanol and finally dried in vacuum overnight.

(d) De-esterification of P*-A L PEI beads (POH-A L PEI) -Phosphorylated beads were soaked into dichloromethane for 24 h at room temperature, under agitation. The addition of trimethyl silyl bromide allows the de-esterification of phosphoryl groups for producing phosphonate moieties. The reaction took place, under stirring, at 33 ± 2 • C for 24 h. The beads were finally washed with hot water, ethanol, and dried overnight in vacuum.

Characterization of materials

The morphology observation and the semi-quantitative surface analyses were obtained on a Phenom ProX scanning electron microscope (SEM, Thermo Fisher Scientific, Netherlands) coupled with EDX facilities. The textural properties of the sorbents have been qualified using the BJH method and a Micromeritics TrisStar II (Norcross, GA, USA). Samples were degassed at 100 • C for 12 h, prior to textural characterization.

amine-rich composite synthesized by interaction of alginate (and/or brown algal biomass) with polyethyleneimine. A series of new sorbents bearing amidoxime (for Sr(II) removal) [START_REF] Wei | Amidoxime functionalization of algal/polyethyleneimine beads for the sorption of Sr(II) from aqueous solutions[END_REF], sulfonic acid (for Sc(III), Ce(III) and Ho(III) uptake) [START_REF] Hamza | Sulfonic-functionalized algal/PEI beads for scandium, cerium and holmium sorption from aqueous solutions (synthetic and industrial samples)[END_REF], quaternary ammonium groups (for As

b * L = Exp [ -ΔG • RT ] (1a) 
ΔG • = ΔH • -TΔS • (1b)
Non-linear form of the van't Hoff equation:

b * L = Exp [ ΔS • R - ΔH • R × 1 T ] (1c) 
Linear form of the van't Hoff equation:

lnb * L = ΔS • R - ΔH • R × 1 T (1d)
where b L is the Langmuir constant converted to its dimensionless expression, and R is the universal gas constant (8.314 J K -1 mol -1 ). Lima et al. [START_REF] Lima | A critical review of the estimation of the thermodynamic parameters on adsorption equilibria. Wrong use of equilibrium constant in the Van't Hoof equation for calculation of thermodynamic parameters of adsorption[END_REF] discussed the numerous mistakes appearing in the literature about the calculation of thermodynamic constants. They demonstrated the necessity to use the dimensionless value of the Langmuir parameter (deduced from complete sorption isotherms at a minimum of 4 different temperatures). The dimensionless value of b L (herein noted b L *) should be expressed in L mol -1 and be multiplied by the molality of the solvent (herein water; i.e., 55.51 mol L -1 ). To be even more accurate, they pointed out the importance of taking into account the activity of the sorbate (γ, dimensionless). In a first approximation, the low concentrations used for the study of sorption isotherms allow considering that γ ≈ 1. The same procedure was used by Kegl et al. [START_REF] Kegl | Synthesis and characterization of novel γ-Fe2O3-NH4OH@SiO2(APTMS) nanoparticles for dysprosium adsorption[END_REF] for describing thermodynamic behavior for Dy(III) sorption. More recently, Lima et al. [START_REF] Lima | A critical review of the estimation of the thermodynamic parameters on adsorption equilibria. Wrong use of equilibrium constant in the Van't Hoof equation for calculation of thermodynamic parameters of adsorption[END_REF] compared the values of thermodynamic parameters when calculated with the linearized and non-linear forms of the van't Hoff equation; they concluded that the differences are relatively limited and that the non-linear method shows slightly higher values for the thermodynamic parameters. For the fitting of experimental profiles, the linear regression was used.

The isosteric heat of sorption (ΔH • isost. , kJ mol -1 ) is derived from the Clausius-Clapeyron equation [START_REF] Lopicic | Optimization of the process of Cu(II) sorption by mechanically treated Prunus persica L. -contribution to sustainability in food processing industry[END_REF]:

∂(lnCeq] ∂T = -ΔH isost. RT 2 (2) 
The isosteric heat of sorption is obtained as the slope (ΔH isost /R) of the plots of ln C eq vs. 1/T; C eq being calculated from Langmuir equation for different fixed sorption capacities (i.e., q eq : 0.25, 0.5, 0.75 and 1 mmol g -1 ), at the different temperatures.

For the evaluation of activation energy (E a , kJ mol -1 ), the Arrhenius equation was used [START_REF] Cantu | Thermodynamics, kinetics, and activation energy studies of the sorption of chromium(III) and chromium(VI) to a Mn 3 O 4 nanomaterial[END_REF]:

lnk = - E a R × 1 T + lnA ( 3 
)
where k is the selected rate constant (here in the rate constant obtained from PFORE modeling; the value of apparent rate coefficients was converted in s -1 ) and A is the frequency factor of the reaction.

Treatment of Egyptian ore 2.5.1. Egyptian ore characteristics

The Egyptian ore from El-Gor area (Sinai-Egypt) is mainly constituted of gibbsite-bearing shale and claystone (Table S2a). It was characterized by a combination of acid digestion (using concentrated HCl, HNO 3 and HF). A fixed amount (i.e., 0.5 g) of ore mineral (quartered from stock of sieved ore) was digested with HF until maximum dissolving of Si mineral fraction. After evaporation, a mixture of HCl and HNO 3 acids was added under continuous heating for digesting the residual minerals and dissolve the metal ions. Few drops of H 2 O 2 were also used for mineralizing the organic materials. These steps were performed in a Teflon beaker at 120-150 • C. The leachate (separated by filtration) was diluted to a volume of 100 mL using deionized water. The metal contents were determined by spectrophotometry using the ammonium metavanadate method for U determination [START_REF] Davies | A rapid and specific titrimetric method for the precise determination of uranium using iron(II) sulphate as reductant[END_REF], molybdate and molybdovanadate methods for Si and P 2 O 5 analyses, respectively, and Arsenazo method for global REE index [START_REF] Marczenko | Separation and spectrophotometric determination of elements[END_REF]. A UV-160 spectrophotometer (Shimadzu, Kyoto, Japan) was used for absorbance reading. Other metal ions were determined using an atomic absorption spectrometer (Unicam 969). The chemical composition of the ore is summarized in Table S2b.

Heap leaching

The production of ore leachate was processed using the heap leaching technique. Grinded ore (particle size: 2-8 mm) was treated by percolation of a 50 g L -1 H 2 SO 4 solution (~0.5 M): the amount of ore was 5 kg (for an approximate volume of leachate of 4.5 L).

Pre-treatment by sorption on quaternary ammonium resin (QA resin) for U(VI) recovery

The leachate was pre-treated by contact with a commercial ionexchange resin (QA-Resin, quaternary ammonium/divinylbenzene resin, Rohm & Haas; particle size 0.3-0.9 mm) in batch system for the removal of uranium. Prior to use, the resin (commercially designed under the Cl-form) was conditioned using 1 M sulfuric acid solution (to improve uranyl extraction) [START_REF] Merritt | The extractive metallurgy of uranium[END_REF]. The sorbent dosage was set to 0.2 g L -1 .

Sorption and desorption steps on POH-A L PEI

The sorption was performed by contact (in batch system) of the pretreated leachate with POH-A L PEI at different pH 0 values (pH eq : 1.29,

Metal sorption from synthetic solutions

Sorption tests were performed with the batch method. A fixed amount of sorbent (m, g) was mixed with a fixed volume (V, L) of solution at a specific concentration (C 0 , mmol L -1 ) and pH (variable for pH study, or optimized pH value, see below). The precise experimental conditions are systematically reported in the caption of the figures. Agitation was maintained at 170 rpm, while the standard room temperature was T: 21 ± 1 • C. After equilibrium (or fixed sampling times), a sample was collected and filtered through a filter membrane before analyzing the metal content (C eq , mmol L -1 ) by ICP-AES (inductively coupled plasma atomic emission spectrometer, ICPS-7510 Shimadzu, Tokyo, Japan). The sorption capacity (q eq , mmol g -1 ) was deduced from concentration variation by the mass balance equation q eq =(C 0 -C eq ) × V/ m. Similar procedures were used for investigating the sorption of REEs from multi-metal solutions (equimolar concentration: 1 mmol L -1 ). The tests for metal desorption were also performed in a batch reactor. The samples of sorbents loaded with metal ions were collected from uptake kinetic experiments. The eluent was an acidic calcium chloride solution (i.e., 0.2 M HCl/0.5 M CaCl 2 ). The sorbent dose (SD, g L -1 ) was set at 0.8 g L -1 . In the investigation of sorbent recycling, a rinsing was systematically performed between each step. Comparison of the amounts of metal sorbed and released was used for calculating the sorption capacity and the desorption efficiency.

The uptake kinetics and sorption isotherms were fitted by conventional equations summarized in Table S1a (pseudo-first order rate equation, PFORE, pseudo-second order rate equation, PSORE, resistance to intraparticle diffusion, RIDE) and Table S1b (Langmuir, Freundlich, and Sips equations) (see Supplementary Information). The quality of curve fitting was evaluated using the determination coefficient (i.e., R 2 ) and the Akaike Information Criterion (AIC) [START_REF] Nayak | Development and validation of an adsorption kinetic model at solid-liquid interface using normalized Gudermannian function[END_REF].

Sorption isotherms and uptake kinetics were also performed using POH-A L PEI at different complementary temperatures (i.e., 32 ± 2, 42 ± 2 and 52 ± 2 • C) under the same experimental conditions as were for the standard temperature (i.e., 22 ± 2 • C).

The thermodynamic parameters (i.e., ΔH • , enthalpy change, kJ mol -1 ; ΔS • , entropy change, J K -1 mol -1 ; and ΔG • , Gibbs free energy change, kJ mol -1 ) were obtained from the van't Hoff equation: experimental conditions. This significant increase (×4.5 for La, and ×6.8 for Tb) may be explained by the increase in the density of reactive groups, the higher affinity of phosphonic groups for target metal ions, and the more favorable acid-base characteristics (see pH PZC ). As the pH increases, the sorption capacities strongly increase for POH-A L PEI (especially above pH eq 2.2-2.4); while for A L PEI, the effect of pH is quickly leveled.

Figure S2 reports the speciation diagrams of lanthanum and terbium under the experimental conditions selected for the study of the pH effect. The predominant species are LaSO 4 + and TbSO 4 + below pH 4; between pH 4 and 6, these species co-exist, at comparable levels, with free La 3+ and Tb 3+ . The anionic metal disulfate species (La(SO 4 ) 2 -and Tb(SO 4 ) 2 -) exist only below pH 3 and never exceed 15-20%. Throughout the pH range investigated in this study, the largely predominant species are cationic. Taking into account that the pH PZC of A L PEI is close to 4.29, the protonation of the sorbent may explain repulsion effects that limit the sorption efficiency. Charge repulsion decreases with increasing pH and enhances metal sorption. However, even at pH 2, the sorption is not negligible. In addition, despite the negative charge of the sorbent at pH 5, the sorption capacity does not increase dramatically. This probably means that the ion-exchange mechanism is not the main reaction pathway. In the case of POH-A L PEI, at pH below 2.5, sorption remains very low, below 0.1-0.13 mmol g -1 (but higher than for A L PEI). However, at pH above 2.5, a strong increase in sorption is observed, despite the overall positive charge of the sorbent (pH PZC : 6.82). The deprotonation limits the repulsion effect, but this is negligible compared to the strong contribution of new functional groups (phosphonic acid moieties) in the binding of REEs. The binding of metal ions occurs mainly through C with an agitation speed of 165 ± 5 rpm). The sorbent was collected for semi-quantitative analysis for metal content. In a second step, the metal-loaded sorbent was mixed with 0.3 M HCl solution using a sorbent dosage of 10 g L -1 for 2 h, at room temperature, and under agitation (v: 165(±5) rpm). These experiments were performed on the samples collected at the different pH sorption values.

Selective recovery of REEs from eluates using oxalic acid precipitation

The eluates (processing from the desorption of sorbents loaded in sorption tests at pH 0 : 4 and 5) were treated by the well-known oxalic acid precipitation method [START_REF] Josso | Extraction and separation of rare earth elements from hydrothermal metalliferous sediments[END_REF]. The eluate (20 mL) was mixed with oxalic acid solution (25%, w/w) at pH 1.2 and a temperature of 30 • C.

Metal separation from the residue -Precipitation of Al/Fe and precipitation of U(VI)

The residue of oxalic acid precipitation contains substantial amounts of U(VI), Ca(II), Fe(III), Al(III) and Si(IV). To selectively recover the residual fraction of uranium, a polishing treatment was applied. The residual solution (after filtration of REE oxalate precipitate) was successively treated with NaOH solutions to adjust the pH to 5 (for precipitation of iron and aluminum), and finally to pH 9 (for uranium precipitation). After filtration, residual concentrations were analyzed, and the precipitate at pH 9 was collected for semi-quantitative EDX analysis.

Results and discussion

. Characterization of materials

Previous study has characterized POH-A L PEI sorbent through different methods such as FTIR and XPS spectroscopies (to characterize the different steps of the functionalization), and thermogravimetric analysis (TGA, for characterization of the differences between raw and functionalized beads). The pH-drift method showed that the functionalization shifted the pH PZC from 6.82 for A L PEI to 4.29 for POH-A L PEI beads. The phosphorylation of A L PEI was also demonstrated by elemental analysis: P content reached 6.8% (w/w; i.e., 2.2 mmol P g -1 ), while the relative fraction of nitrogen decreased (from 4.9% w/w; i.e., 3.48 mmol N g -1 to 3.9%; i.e., 2.78 mmol N g -1 ).

In addition, the textural properties have been characterized by nitrogen adsorption and desorption (BET measurements, Figure S1, see Supplementary Information). The functionalization contributes to reduce the specific surface area from 6.1 to 1.1 m 2 g -1 consistently with the decrease of the pore volume (from 0.023 to 0.011 cm 3 g -1 ). This may be explained by the blocking of small pores during the functionalization; therefore, the average pore size increases from 166-155 to 496-307 after chemical modification (a-b: corresponding to values deduced from sorption-desorption branches of the isotherms).

FTIR and XPS spectroscopic methods were also used for the characterization of the interactions between the reactive groups of POH-A L PEI and REEs metal ions (free, or complexed with sulfate anions). Scheme S2 illustrates these mechanisms.

Treatment of synthetic solutions

. Effect of pH on the sorption of La(III) and Tb(III)

Fig. 1 compares the sorption properties of La(III) and Tb(III) for raw and functionalized sorbents. The comparison of the profiles clearly demonstrates the strong improvement in sorption properties associated with the phosphorylation of the sorbent. In the case of A L PEI, the sorption capacity does not exceed 0.104 mmol La g -1 and 0.055 mmol Tb g -1 in the equilibrium pH range 1-5. On the opposite hand, the phosphorylation of the beads allows increasing sorption capacities up to 0.465 mmol La g -1 and 0.373 mmol Tb g -1 , under the same intraparticle diffusion, the so-called Crank equation, Figure S6) (Table S1a). Fig. 2 shows that the equilibrium is reached within 20-25 min for POH-A L PEI, slightly faster than A L PEI (i.e., 30-35 min). This trend correlates with the greater macro-porosity of the functionalized sorbent that may facilitate the accessibility to the reactive groups (despite the resistance brought by the skin effect of the external layer). The kinetic profiles are roughly similar for La(III) and Tb(III). The higher sorption capacities of the sorbents for La(III) over Tb(III) already observed in the study of pH effect are confirmed by the highest residual concentrations of Tb(III).

The comparison of the models (PFORE, PSORE, and RIDE) (Table 1 and Fig. 2 vs. Figures S5 andS6) shows the marked preference for the PFORE model for fitting experimental profiles compared to PSORE. The PFORE is usually associated with physical sorption (compared with chemical sorption in the case of PSORE). However, a recent work by Hubbe et al. [START_REF] Hubbe | Implications of apparent pseudo-second-order adsorption kinetics onto cellulosic materials: a review[END_REF] highlighted the importance of appropriate selection of experimental conditions to avoid misinterpretation of these kinetic profiles (and poor understanding of limiting steps). Actually, their review of the literature (screening relevant experimental conditions) demonstrates that the PSORE is frequently misinterpreted as chemical sorption, where actually the limiting mechanism corresponds to resistance to intraparticle diffusion.

The calculated values of the sorption capacities (q eq,1 ) are consistent with the experimental values: the highest dispersion is reported for A L PEI sorbent (+16% for La(III) and + 7% for Tb(III), compared with less than + 2% for POH-A L PEI). As expected, the equilibrium sorption capacities are higher for La(III) than for Tb(III) (~0.465 mmol La g -1 vs. ~0.0376 mmol Tb g -1 ), and much higher than for A L PEI (0.121 mmol La g -1 vs. 0.062 mmol Tb g -1 ). The apparent rate coefficients (k 1 ) are also higher for POH-A L PEI compared to A L PEI (×3.5 for La(III) and ×2.4 for Tb(III)). This is consistent with the decrease in the equilibrium time observed for functionalized sorbent (see above). The apparent rate coefficients are of the same order of magnitude for La(III) (i.e., ~0.168 min -1 ) and Tb(III) (i.e., ~0.142 min -1 ).

Despite the lower quality of the curve fit of experimental profiles with the RIDE (especially in the time range corresponding the highest curvature), the model was used to evaluate the order of magnitude of the effective diffusivity coefficient (D e ). Surprisingly, the calculated values of D e are higher for A L PEI than for POH-A L PEI: 2.27-2.56 × 10 -8 m 2 min -1 vs. 1.04-1.40 × 10 -8 m 2 min -1 . The values of D e are poorly affected by the type of REE. The effective diffusivity is of the same order of magnitude as the free diffusivity of these metal ions in water: 3.71 × 10 -8 m 2 min -1 for La(III) and 3.42 × 10 -8 m 2 min -1 for Tb(III) [START_REF] Marcus | Ion properties[END_REF]. This confirms that the resistance to intraparticle diffusion does not play the major role in the control of uptake kinetics.

Sorption isotherms

The investigation of sorption isotherms allows evaluating two important parameters: the maximum sorption capacity (obtained at saturation of the sorbent) and the affinity coefficient of the sorbent for the target metal (correlated to the initial slope of the curve representing the sorption capacity as a function of the residual concentration). Fig. 3 shows the sorption isotherms obtained at pH 0 5 for both La(III) and Tb (III) and both A L PEI and POH-A L PEI. The curves are characterized by a saturation plateau starting around 3 mmol L -1 for A L PEI and around 1.5 mmol L -1 for POH-A L PEI. The interest of phosphorylation is confirmed by the strong increase in the experimental sorption capacities at sorbent saturation: 0.30 mmol Tb g -1 and 0.43 mmol La g -1 for A L PEI, increasing up to 1.02 mmol Tb g -1 and 1.44 mmol La g -1 for A L PEI. The initial slopes are poorly affected by the type of metal, while the slope is significantly increased by the phosphorylation. Sorption isotherms may be fitted by different equations; the most frequently used are the Langmuir equation, the Freundlich equation and the Sips equation. The Freundlich model is associated to an empirical equation that is correlated with multi-layer sorption, possible interactions between sorbed molecules, and heterogeneous distribution of sorption energies. This Fig. 2. Uptake kinetics for La(III) and Tb(III) sorption using A L PEI, and POH-A L PEI (Lines: modeling with the PFORE; C 0 : 0.36 mmol La L -1 or 0.31 mmol Tb L -1 ; SD: 0.666 g L -1 ; pH 0 : 5; pH eq : 4.8-4.9 for A L PEI; 4.3-4.5 for POH-A L PEI; T:

21 ± 1 • C).
chelation on phosphonic groups although carboxylate groups (at pH above pH 4) may also contribute, together with some amine groups (limited number of free groups due to the high yield of grafting). Table S3 shows the semi-quantitative EDX analysis of the sorbent after metal sorption at pH 5. Cl content (atomic fraction) is not affected by metal sorption; the sorption of REEs is confirmed by the appearance of La (2.64% weight concentration, WC) and Tb (WC: 3.09%). Above pH 6, the formation of hydrolyzed species may cause partial precipitation of the metals. Further experiments were performed at pH 0 : 5.

Figure S3 shows the log 10 plots of the distribution ratio (D = q eq /C eq ) vs. pH. It is noteworthy that the plots are roughly linear with a slope close to +0.5 for POH-A L PEI (contrary to A L PEI, which shows a nonlinear variation of log 10 D vs. pH). In the case of ion-exchange mechanisms, this slope correlates with the stoichiometric exchange ratio between protons and metal ions (here this would correspond to the exchange of 2 protons per metal ion). Assuming that the REEs are bound through chelation with phosphonic groups; this means that the metal binding proceeds through the release of two protons and the binding of cationic REE species (probably as sulfate species, as confirmed by FTIR and XPS). The coordination numbers of lanthanum and terbium are 9 and 8, respectively [START_REF] Li | Solution-phase electronegativity scale: Insight into the chemical behaviors of metal ions in solution[END_REF]. The identification of a supplementary band (assigned to -OH) on HRES for XPS O 1 s signal meant that REE ions are also bonded as solvated species (to complete the coordination sphere) [START_REF] Wei | Synthesis of a new phosphonate-based sorbent and characterization of its interactions with lanthanum (III) and terbium (III)[END_REF].

Figure S4 reports the pH changes during metal sorption. It is noteworthy that the highest changes are observed for POH-A L PEI, and more specifically in the pH range 3-5 (maximum at pH 4). This is consistent with the titration profiles obtained in the pH-drift method; although the pH variations are less marked in the presence of metal ions. It is also remarkable that, in the pH range 3-4, A L PEI slightly increases the pH while a reciprocal trend is observed for POH-A L PEI. This is another evidence of the change in the sorption mechanism for the functionalized sorbent: the release of protons from phosphonic groups during REE sorption decreases the pH (up to 1 unit at pH 0 4).

Uptake kinetics

Uptake kinetics may be controlled by different mechanisms involving resistances to diffusion (bulk, film and intraparticle diffusion modes), but also thermal exchanges and proper reaction rates. A proper agitation that maintains the homogeneous distribution of the sorbent in the reactor and the homogenous distribution of the solute make it possible to neglect the resistance to bulk diffusion and limit the effect of film diffusion. Reaction rates are frequently associated with pseudo-first and pseudo-second order reaction (PFORE and PSORE, by extension of concepts developed for the modeling of homogeneous kinetics). The experimental profiles (reported in Fig. 2) were fitted by the PFORE, the PSORE (Figure S5, and the RIDE (simplified model of resistance to model is usually represented by non-asymptotic shape of sorption isotherms (associated with the power-type of the equation). Therefore, this model is poorly adapted to current results. The Langmuir equation assumes that sorption occurs as a monolayer without interactions between sorbed molecules and homogeneous sorption energies. The plot of the Langmuir equation is characterized by an asymptotic trend, which is more consistent to the experimental profiles. The Sips equation is actually a combination of Langmuir and Freundlich equations that allows (with a third-adjustable parameter) to fit better experimental profiles (especially in the concentration range corresponding to a greater curvature). Table 2 shows the parameters of the different models (together with statistical indicators: R 2 and AIC). In most cases, the Sips equation fits the experimental data better than other models. However, the criterion conventionally used for discriminating two models requires that the |ΔAIC| be >2. Both Langmuir and Sips equations appear to appropriately simulate sorption isotherms. In Fig. 3, the solid lines show the fitted curves. The calculated values of the sorption capacity at saturation of the monolayer (i.e., q m,L ) tend to overestimate the experimental maximum sorption capacity; especially for A L PEI (at + 33-38%, while for POH-A L PEI the overestimation is limited to + 10-13%). The phosphorylation of the raw material increases (a) the sorption capacity at saturation of the monolayer by a factor 2.8 and (b) the affinity coefficient (b L ) by 3 to 4.1.

The highest sorption capacity and affinity of the two sorbents for La (III) over Tb(III) can be explained by the nature of reactive groups and the softness character of target metals. REEs are part of the so-called hard acids that are supposed to have a greater reactivity with hard bases, according the Pearson's rules (Hard and Soft Acid Base theory, HSAB) [START_REF] Pearson | [END_REF][START_REF] Rafik | Self-diffusion coefficients of the trivalent f-element ion series in dilute and moderately dilute aqueous solutions: A comparative study between europium, gadolinium, terbium and berkelium[END_REF]. Phosphonate moieties are considered hard bases [START_REF] Yang | Affinity of polymer-supported reagents for lanthanides as a function of donor atom polarizability[END_REF], these functional groups have a high affinity for REEs. Table S4 reports the main physicochemical characteristics of La(III) and Tb(III): lanthanum as a higher softness parameter, a larger ionic radius (in hydrated form), lower solution electronegativity and lower hydration enthalpy compared with terbium. The increase in sorption properties with phosphorylation can be explained by an increase in the density of the reactive groups (P content in elemental analysis, see above), by the grafting of hard base phosphonic groups onto amine-based moieties, and by the acid-base properties of the two sorbents. Alexandratos and Zhu [START_REF] Alexandratos | The effect of hydrogen bonding in enhancing the ionic affinities of immobilized monoprotic phosphate ligands[END_REF] investigated a series of phosphate-bearing resins for the sorption of different metals in relation with hydrogen bonding effect and reported that an appropriate balance must be found in the yield of hydrogen bonding to optimize the metal sorption.

Table 3 summarizes the sorption properties of alternative sorbents for La(III) and Tb(III) recovery for comparison with A L PEI and POH-A L PEI. Literature on terbium sorption is scarce compared with lanthanum. The differences in experimental conditions (especially in terms pH) make difficult the direct comparison of performances (sorption capacities and equilibrium time); however, these comparisons show some meaningful trends. The two sorbents described in this work are characterized by fast uptake compared to the published literature. Although some sorbents show higher maximum sorption capacities (functionalized MOF [START_REF] Mahmoud | Water-stable metalorganic framework/amine-modified silica/poly (piperazine-cresol) hybrids for efficient uptake of La(III) ions[END_REF], magnetic alginate beads [START_REF] Elwakeel | Biosorption of lanthanum from aqueous solutions using magnetic alginate beads[END_REF] or functionalized chitosan [START_REF] Khalil | Synthesis and application studies of chitosan acryloylthiourea derivative for the separation of rare earth elements[END_REF] for La(III), and functionalized nanofibrous membrane [START_REF] Hua | Hierarchically structural PAN/UiO-66-(COOH)(2) nanofibrous membranes for effective recovery of Terbium(III) and Europium(III) ions and their photoluminescence performances[END_REF] for Tb(III)), POH-A L PEI demonstrate outstanding combined performances at pH 0 5 in terms of sorption capacities, affinity coefficients and kinetic characteristics. S5). The sorption capacity at saturation (q m,L ) increases with temperature (Table S5) for both La(III) and Tb(III). Increasing the temperature favors the sorption of REEs on POH-A L PEI; the sorption is endothermic. The van't Hoff plots are reported in Figure S8. The dispersion of points (low determination coefficients) means that the thermodynamic parameters deduced from these plots should be considered indicative of the order of magnitude of these parameters. The enthalpy change is slightly higher for Tb(III) than for La(III) (18.56 vs. 16.68 kJ mol -1 ) (Table S6); the positive value of the enthalpy change confirms the endothermic nature of the sorption process. These values are close to the limit value (around 18 kJ mol -1 ) commonly used for discriminating between physisorption (<18 kJ mol -1 ) and chemisorption. The entropy changes are also of the same order of magnitude (158 and 166 J K -1 mol -1 for La(III) and Tb(III), respectively). The positive values of ΔS • are usually associated to an increase in the randomness at the solid/liquid interface after metal sorption. Ceglowski and Schroeder [START_REF] Ceglowski | Preparation of porous resin with Schiff base chelating groups for removal of heavy metal ions from aqueous solutions[END_REF] associate this increase in randomness to the possible release of water from hydration layer during metal sorption. The negative values of ΔG • (from -30.0 to -35.4 kJ mol -1 ) are frequently correlated with the spontaneity of the binding process: this spontaneity increases with the temperature (consistently with the endothermic nature of the mechanism). Similar trends were reported by Botelho et al. [START_REF] Botelho Junior | Adsorption of lanthanum and cerium on chelating ion exchange resins: kinetic and thermodynamic studies[END_REF], Cantu et al. [START_REF] Cantu | Thermodynamics, kinetics, and activation energy studies of the sorption of chromium(III) and chromium(VI) to a Mn 3 O 4 nanomaterial[END_REF] reported that when the Gibbs free energy change ranges between -34 and -40 kJ mol -1 , the sorption mechanism is controlled by an ion exchange mechanism. The absolute values of |TΔS • | being superior to |ΔG • |, the sorption is preferentially controlled by entropic effect rather than enthalpic effect. The isosteric heat of sorption varies between 23.5 and 30.3 kJ mol -1 for La(III) (for sorption capacities: 0.25-1 mmol g -1 ); much larger differences are observed for Tb(III) (i.e., 21.5-42.6 kJ mol -1 ) (Figure S9). These values are higher than those reported by Lopičić et al. [START_REF] Lopicic | Optimization of the process of Cu(II) sorption by mechanically treated Prunus persica L. -contribution to sustainability in food processing industry[END_REF] for copper biosorption (i.e., 12.5-20 kJ mol -1 with sorption capacities in the range 0.05-0.2 mmol Cu g -1 ).

Effect of temperature on uptake kinetics -Energy of activation.

Consistently with the endothermic behavior of REEs sorption onto POH-A L PEI; the equilibrium concentrations decrease with increasing the temperature and the equilibrium sorption capacities increase. The initial slope of the kinetic curves increases with the temperature. This means that the temperature not only influences the equilibrium but also kinetics. Increasing the temperature favors the mobility of REEs and enhances the mass transfer properties of POH-A L PEI (Figure S10; lines represent PFORE modeling with parameters summarized in Table 7). Table S7 compares the modeling of experimental profiles with the PFORE, the PSORE, and the RIDE equations. Consistently with the results obtained at T: 22 Time: min; q m,L : mmol g -1 ; b L : L mmol -1

Table 2

La(III) and Tb(III) sorption isotherms using A L PEI and POH-A L PEI sorbents -Modeling parameters.

A complementary study was focused on the sorption of La(III) and Tb (III) sorption in multi-component equimolar solutions at different pH 0 values (in the range 1-5), containing Si(IV), Ca(II) and Mg(II). Fig. 4 confirms the strong preference of POH-A L PEI for REEs over alkali-earth elements and Si(IV), regardless of the pH. As expected, the recovery of La(III) and Tb(III) (and other metal ions) increases with the pH. Consistently with previous results, POH-A L PEI is more favorable for the sorption of La(III) (q eq : 0.64 mmol La g -1 ) than Tb(III) (q eq : 0.53 mmol Tb g -1 ) at pH 0 5 (pH eq : 4.03). Figure S13 plots the log 10 of distribution ratios for selected metals vs. the pH: the slope of the correlation lines ranges between 0.64 and 0.73 for REEs; much higher than for other metals (less sensitive to pH and with much lower affinity). Figure S14 compares the selectivity coefficients (SC Me1/Me2 = D Me1 /D Me2 ) for La (III) and Tb(III) over other metals. Increasing the pH improves both the sorption of REEs (Table S9 semi-quantitative EDX analysis of sorbent surface) and the selectivity of the sorbent for REEs over alkali-earth metal ions and silica. The pH does not change the order of preference of the sorbent for selected metals. At pH eq 4.03, POH-A L PEI selectively recovers metal ions according the sequence: La(III) > Tb(III) (SC La/Tb : ~2.0) ≫ Mg(II) (SC: ~21.5) ≫ Ca(II) (SC: ~31.4) ≫ Si(IV) (SC: ~37.2). Ca(II) and Mg(II) are also part of the hard acid class; the selectivity order was tentatively correlated with several ionic parameters (summarized in Table S4). Unfortunately, it was not possible to connect these trends with the physicochemical properties and apparently, the most important criterion for this selectivity scale is associated with the +2 charge of Ca (II) and Mg(II) vs. the trivalent charge of REEs (but not consistent with the high selectivity against silica).

Metal desorption -Kinetics and sorbent recycling

The desorption of loaded La(III) and Tb(III) was studied using a mixture of 0.2 M HCl and 0.5 M CaCl 2 solutions: the acid solution displaces the sorption equilibrium by metal release with the contribution of CaCl 2 (promoting ion-exchange). In addition, Ca(II) contributes to the stabilization of carboxylic acid groups (guluronic and mannuronic acids from algal and alginate compounds). The desorption is faster than for sorption: a contact time of 20 min is sufficient for achieving the complete elution of the metals both on A L PEI and POH-A L PEI (Figure S15) for sorbents loaded in mono-component solutions (25 min in the case of bi-component solutions, Figure S16), compared with 30-40 min for reaching the equilibrium in the case of uptake kinetics. The PFORE fits a little better kinetic profiles than the PSORE (Tables S10 andS11), consistently with the trends observed for uptake kinetics. The apparent rate coefficient for desorption ranges between 0.097 min -1 and 0.087 min -1 for A L PEI, consistent with POH-A L PEI/La(III) (i.e., 0.091-0.084 min -1 ), and a little higher than for POH-A L PEI/Tb(III) (i.e., 0.068-0.065 min -1 ).

The high efficiency of the desorption step allows recovering the metal ions for further valorization, Table 4 reports the sorption and desorption performances for POH-A L PEI sorbent recycling (five successive runs). After five runs, the sorption efficiency decreases by 8.7% for La(III) and 8.1% for Tb(III). The sorption is remarkably stable; this is consistent with the stability of the FTIR spectra (see Section 3.3.1.) that confirm that the successive sorption/desorption hardly change the typical bands of the sorbent. It is noteworthy that the complete elution of REEs is maintained over the five cycles: this highly efficient desorption alternate models. The rate coefficient k 1 (for the PFORE) clearly increases with the temperature for Tb(III); in the case of La(III), the dispersion of k 1 values makes difficult defining a clear trend. This is confirmed by the Arrhenius plots [START_REF] Cantu | Thermodynamics, kinetics, and activation energy studies of the sorption of chromium(III) and chromium(VI) to a Mn 3 O 4 nanomaterial[END_REF], appearing in Figure S11. The wavy variation of the plot does not allow quantifying the activation energy: the uptake kinetics is poorly affected by temperature. In the case of Tb(III), the variation of the apparent rate coefficient k 1 is also very limited; however, a continuous increase of the apparent rate coefficient can be observed (from 0.139 to 0.96 min -1 ). The determination coefficient is relatively low (i.e., R 2 : 0.83) but it is possible to roughly evaluate the activation energy close to 7.64 kJ mol -1 . Low values (<40 kJ mol -1 ) have been associated with fast uptake [START_REF] Chen | The development of a material for uranium sorption in NH 3 /N environments[END_REF], consistently with the results obtained with POH-A L PEI. Inglezakis and Zorpas [START_REF] Inglezakis | Heat of adsorption, adsorption energy and activation energy in adsorption and ion exchange systems[END_REF] reported the threshold values of activation energy for discriminating between physisorption (<40 kJ mol -1 ), ion exchange (24-40 kJ mol -1 ) and chemisorption (>40 kJ mol -1 ). Apparently, the activation energy for Tb(III) sorption onto POH-A L PEI is low enough to consider the binding as driven by a physisorption mechanism. This appears to be contradictory with the expected chelation mechanism as characterized by FTIR and XPS analyses [START_REF] Wei | Synthesis of a new phosphonate-based sorbent and characterization of its interactions with lanthanum (III) and terbium (III)[END_REF].

Multi-component solutions -Selectivity

Kinetic experiments in binary equimolar La(III)-Tb(III) solutions were carried out with both A L PEI and POH-A L PEI beads (Figure S12 and Table S8). The comparison of the profiles shows that for the raw material, the equilibrium is reached slightly faster for Tb(III) than for La(III). This is confirmed by the apparent rate coefficient for PFORE (Table S5): k 1 increases from 0.066 min -1 to 0.086 min -1 . These values are of the same order of magnitude than those obtained from mono-component solutions (Table 1).

In the case of POH-A L PEI, a reciprocal trend is observed: the equilibrium is reached faster for La(III) (i.e., 15 min) than for Tb(III) (i.e., 25 min); this is also confirmed by a substantial difference in the apparent rate coefficients (0.26 min -1 for La(III) vs. 0.15 min -1 for Tb(III)). It is noteworthy that the apparent rate coefficient does not change for Tb(III) compared with mono-component solutions, while it increases by 55% for La(III). It is noteworthy that the cumulative sorption capacity for mono-and multi-component systems are comparable around 0.43 mmol g -1 , with a La/Tb repartition close to 60/40%: surprisingly, Tb(III) sorption capacity at equilibrium increased in bi-component solution compared with reference mono-component test, contrary to La(III) where a reciprocal trend is observed. In bi-component solutions, apparently the uptake kinetics is enhanced for La(III), while the sorption capacity is decreased in the presence of Tb(III).

REEs does not exceed 20% (based on global REE index).

Metal sorption on POH-A L PEI

The residual solution was then treated by sorption on POH-A L PEI at different pH values (in the range pH 0 : 1-5). Fig. 5 shows the sorption efficiency for selected metal ions: (a) the sorption efficiency drastically increases with the pH, (b) for strategic metals (i.e., U, La and Tb) the removal ranges between 86% and 92%, (c) for minor base metals (Zn, Cu, Ni) the recovery reaches 51-60%, and (d) the removal efficiency does not exceed 34% for other (major) elements. The sorbent maintains a good affinity for REEs, despite the presence of huge concentrations of Ca(II) (i.e., 153 mg Ca L -1 ), Fe(III) (i.e., 299 mg Fe L -1 ) or Al(III) (i.e., 618 mg Al L -1 ). This is a confirmation of the strong affinity of POH-A L PEI for REEs(III) and U(VI), despite the presence of large excess of base and alkali-earth metals. Obviously, the sorption capacities are influenced by the levels of concentrations of the metals in the leachates (Figure S17). As expected, the sorption capacities increase with pH and the higher sorption levels are roughly correlated with the concentrations levels of the metals (for the major elements) in the pre-treated leachate: Al≫Fe≫Ca≫Si > Ni > Mn > Zn≈Cu > La > U > Tb.

Figure S18 shows the selectivity coefficients of POH-A L PEI for U(VI), La(III) and Tb(III) vs. competitor metals. The comparison of these selectivity coefficients shows that the sorbent has a preference for U(VI) > La(III) > Tb(III) against base and alkali-earth metals (and Si(IV)). The selectivity for each of these three strategic metals increases with the pH and for each of them the selectivity ranking obeys the series:

Al ≫ Si ≫ Mn ≫ Ca ≫ Fe ≫ Cu > Ni > Zn.
Although the main binding groups may be classified as hard bases and U(VI), La(III) and Tb(III) as hard acids, the sorbent shows a greater selectivity against hard acids (such as Al(III), Si(IV), Mn(II), Ca(II) and Fe(III) than against borderline metal ions (such as Cu(II), Ni(II) and Zn (II)). Figure S19 and Table S13 show the semi-quantitative EDX analysis of the POH-A L PEI surface after sorption of the pre-treated leachate at pH 0 5; which shows that the sorbent has a remarkable concentrating effect (initial concentration in the solution and uptake on the sorbent). Despite the low concentrations of REEs in the solution, the atomic concentrations (%) are remarkably high. The levels are consistent with the capacities reported above. Most of the elements of the REE family are identified on the sorbent; it is noteworthy that the highest contributions come from heavy REEs (HREEs).

Metal desorption from metal-loaded sorbent

The elution of metal-loaded POH-A L PEI with a 0.3 M HCl solution also contributes to the stability in sorption performance.

Ore treatment 3.3.1 . Characterization of the ore

Table S2 reports the main constituents of the ore. It is noteworthy that the Egyptian ore collected in a sedimentary basin was characterized by a typical radiological anomaly. The chemical U content (analyzed by digestion and spectrophotometric measurement) was Uc: 411.7 mg U kg -1 (average value collected from a broad study of geological samples, ranging between 390.9 and 570.7 mg U kg -1 ). On the other side, the eU content (analyzed by field radiometry, using a Rs-230 BGO Super-Spec, Radiation Detection Systems AB, Backehagen, Sweden) showed a higher content, around 510 mg U kg -1 (in the range 370-609 mg U kg -1 ). The ratio U c / e U was defined by Haskin et al., [START_REF] Haskin | Relative and absolute terrestrial abundances of the rare earths[END_REF] for qualifying the "stability" (equilibrium state) of the geological formation (claystone). Here, the D-factor of Haskin is close to 0.81; this means that uranium is relatively stable in the mineral formation (limited migration). The eTh values varied between 15 and 57 ppm; the average value was around 34 ppm. The average value eU/eTh (Clark coefficient, [START_REF] Clark | Section 24: abundances of uranium, thorium and potassium[END_REF]) is close to 15, much higher than the expected value for stabilized sedimentary deposit (i.e., 1). This means that the transfer of uranium leached from surrounding mineral formations enriches the deposit.

Heap leaching

The ore was processed using heap leaching (~0.5 M sulfuric acid solution): major elements are Al(III) (i.e., ~791 mg L -1 ), Fe(III) (i.e., ~472 mg L -1 ), Ca(II) (i.e., ~189 mg L -1 ), Si(IV) (i.e., ~50 mg L -1 ) (Table S12). In addition, the leachate contains high concentration of U (VI) (i.e., ~217 mg L -1 ) and traces of REEs such as La(III) (i.e., ~13.7 mg L -1 ) or Tb(III) (i.e., ~8.4 mg L -1 ); the global REE index (measured by the spectrophotometric method) is close to 98 mg REE L -1 .

Pre-treatment by sorption on quaternary ammonium resin

The leachates were pretreated by sorption on quaternary ammonium resin (QA resin). Table S12 shows the comparison of inlet and outlet concentrations for selected metal ions, and the extraction efficiency (%). The quaternary ammonium resin is highly efficient for uranium recovery (sorption efficiency ~ 94%): sulfuric acid leaching produces anionic species such as [(UO 2 )(SO 4 ) 3 ] 4-, which are readily bound onto quaternary ammonium salt reactive groups at pH around 1.8. The residual concentration is close to 12.9 mg U L -1 . The other metal ions present in the solution are also partially bound (in the range 9.4-37.1%); the loss of of the sorption step on POH-A L PEI, on the QA Resin (i.e., 19-37%), and in the residue of REE-oxalate precipitate (i.e., 10-19%). It is noteworthy that the fraction of these contaminants does not exceed 4% in the oxalate precipitates.

Conclusion

In this study, the new process of phosphorylation of algal/PEI beads (including the de-esterification step) produces a very efficient sorbent for the recovery of light and heavy rare earth elements from mild acid solutions. Sorption performance is significantly improved compared with raw support. Deprotonation of functional groups (i.e., phosphonate, amine and carboxylate groups) improves sorption of REEs. The sorption and desorption processes are fast: 20-30 min are enough for reaching equilibrium and complete elution of the two metals, respectively. The kinetic profiles are fitted by the pseudo-first order rate equation (higher correlation). The calculated values of the effective diffusivity are close to the self-diffusivity of the metal ions in water: the resistance to intraparticle diffusion does not play a significant role in the control of mass transfer and sorption kinetics. The Langmuir equation allows simulating sorption isotherms with high affinity and maximum sorption capacities close to 1.43 mmol La g -1 and 1.02 mmol Tb g -1 compared with the values reported for raw support; experimental maximum sorption capacities are lower than calculated capacities at saturation of the monolayer. The sorption performance (both apparent rate coefficient, sorption capacities and affinity coefficients) are increased by temperature: the sorption of REEs on POH-A L PEI is endothermic and spontaneous.

Tested in equimolar multi-component solutions, the sorbent shows a preference for light REE against heavy REE, and even more against Mg (II) > Ca(II) ≈ Si(IV). Efficient metal desorption (using 0.2 M HCl/0.5 M CaCl 2 ) allows recycling the sorbent for a minimum of five cycles: the desorption efficiency remains higher than 99% while the sorption capacity decreases by <9% at the fifth cycle.

The high efficiency of the sorbent and its preferential affinity for REEs is finally demonstrated for the treatment of acidic leachates produced from the treatment of a sedimentary uranium-bearing ore. The acid leachates are pre-treated by sorption on a commercial quaternary ammonium resin (retaining 94% of U and 9-18% of REEs). Applied to this pre-treated leachates, the sorption on POH-A L PEI is highly efficient for REEs; under selected experimental conditions and at pH 0 : 5 (pH eq : ~4.5), sorption efficiency ranges between 85 and 89% for Tb(III) and La (III), respectively. The desorption of loaded sorbents is totally achieved Fig. 6. Distribution of selected elements (U, La, and Tb) in the different compartments of the leachate processing (metal loading on the sorbent at pH eq : 4.51).

allows recovering>99% of all the metals bound on the sorbent. The procedure is not selective. Figure S20 shows the concentrations of selected elements in the eluate (for sorbents loaded at different pH values). The concentration levels in the eluate are consistent with their initial abundance in the leachates: major compounds in the eluates are Al(III), Fe(III), Ca(II) (concentrations ranging between 26 and 86 mmol L -1 ), while the concentrations of minor elements range between 1 and 5 mmol L -1 , at pH 0 5 (i.e., pH eq 4.51).

Selective recovery of REEs from eluate by oxalic acid precipitation

The eluates were treated with oxalic acid solutions at pH 1.2 for selective precipitation of REEs [START_REF] Silva | Selective precipitation of highquality rare earth oxalates or carbonates from a purified sulfuric liquor containing soluble impurities[END_REF][START_REF] Sadri | Hydrometallurgical digestion and leaching of Iranian monazite concentrate containing rare earth elements Th, Ce, La and Nd[END_REF][START_REF] Tunsu | Selective separation of yttrium and europium using Cyanex 572 for applications in fluorescent lamp waste processing[END_REF][START_REF] Jorjani | The production of rare earth elements group via tributyl phosphate extraction and precipitation stripping using oxalic acid[END_REF]. Table S14 reports the residual concentrations of the metals after the precipitation step (for POH-A L PEI sorbents loaded at pH 0 4 and 5, at lower pH values, the amounts of REEs sorbed and then eluted are too low to make the precipitation efficient [START_REF] Hu | Separation/preconcentration techniques for rare earth elements analysis[END_REF].

The results confirm the high efficiency of the procedure for collecting REEs: 95-99% of REEs are recovered by oxalic acid precipitation (for sample processing at pH 0 5 -pH eq 4.51). On the other side, the loss of other metals remains negligible, in the range 10-17% (of the residual amounts in the eluate) except for Zn(II) (i.e., ~19%). Figure S21 confirms the "purity" of the REEs-oxalate precipitate (~71.7%, weight fraction): the semi-quantitative EDX analysis reports the presence of traces of N and Ca elements (<2.5%, in weight), in addition to C and O elements (from oxalate, ~25.9%). Figure S22 shows that the combination of elution and oxalate precipitation steps allows enriching substantially the proportion of specific REEs (i.e., Sm ≫ Nd ≫ Gd): for these REEs, the enrichment factor (i.e., EF) ranges between 7 and 15.5 times (close to 2 for Eu(III) and below 1.55 for the other elements of the REE series).

Treatment of residue (after REE oxalate precipitation) -Separation of Al/Fe and U(VI)

The residue of oxalic acid precipitation step contains substantial amounts of U(VI), Ca(II), Fe(III), Al(III) and Si(IV) (see Figure S23). The residual solution after oxalic acid precipitation contains uranium that can be recovered by precipitation. However, the effluent contains high concentrations of Al and Fe that could contaminate the yellow cake produced by U(VI) precipitation. A first step of precipitation (at pH 5) can be used for recovering these two major elements (i.e., Fe(III) and Al (III)). Table S15 confirms the high efficiency of aluminum and iron precipitation (higher than 91%), while the loss of other metals does not exceed 26% (around 11% for uranium; residual U(VI) concentration ~158 mg U L -1 ). A final precipitation was processed at pH 9 for recovering uranium. Table S16 confirms that uranium can be removed almost quantitatively (i.e., around 97%) by pH control; the loss of other metals ranges between 11% and 32%. The semi-quantitative analysis of the yellow cake confirms the production of sodium uranate (Figure S24) associated with impurities, mainly constituted of organic residues (C: 11.4%, weight fraction, w.f.; 7.4% atomic fraction, at.f.) but also N (i.e., 10.5%, w.f. or 25.1% at.f.), and traces of iron, sodium, calcium, chlorine, and silicon (total: 18.5% w.f.; or 11.6% at.f.).

Flowsheet for the treatment of ore sample

Figure S25 summarizes the different steps of the processing of ore leachate. Fig. 6 shows the distribution of U, La, and Tb in the different compartments of the general processing of leachates (for sorbents applied at pH 0 5, pH eq 4.51). Uranyl is mainly recovered on the QA resin (94%), with a non-negligible fraction (i.e., close to 5%) passing through the oxalic acid precipitation step and collected into the precipitate at pH 9 (i.e., 4.3%). On the other side, REEs are mainly collected in the oxalic acid precipitate (71% for La(III) and 76% for Tb(III)), while the other significant fraction is immobilized on the QA resin (i.e., 17.9% for La(III) and 9.4% for Tb(III)).

The distributions of other metal ions (and Si) are reported in Figure S26. Most of these elements (i.e., 42-67%) are found in the outlet (>99%, for U, REEs and other elements bound on the sorbent) using 0.3 M HCl solution. REEs can be recovered as oxalate precipitates at pH 1.5: 71% of La(III) and 76% of Tb(III) initially present in the leachate are recovered in the precipitate. The residual solution after oxalic acid precipitation step is pre-treated at pH 5 for precipitation of major metal ions (i.e., Al(III) and Fe(III)). A complementary fraction of U(VI) (i.e., 4.3% of initial amount of uranium) is recovered after a final precipitation step at pH 9. Semi-quantitative EDX analyses confirm the relative purity of the different precipitates, as a justification of the global separative treatment.

These results confirm the high efficiency of the sorbent for the recovery of REEs (with a preference for light REEs) even in the presence of large excess of other metal ions. The high stability of the sorption performances is another marker of the interest of this new material for the valorization of strategic metals, including uranyl recovery (as an additional target).

Fig. 1 .

 1 Fig. 1. Effect of equilibrium pH on the sorption of La(III) (a) and Tb(III) (b) using A L PEI and POH-A L PEI sorbents (C 0 : 50 mg L -1 = 0.374 mmol La L -1 or 0.332 mmol Tb L -1 ; Sorbent dose, SD: 0.66 g L -1 ; time: 48 h; T: 21 ± 1 • C).

Fig. 4 .

 4 Fig. 4. Effect of equilibrium pH on the sorption of target metal ions from multicomponent equimolar solutions using POH-A L PEI sorbent (pH 0 : 1, 2, 3, 4 and 5; C 0 : 1 mmol metal L -1 ; SD: 0.75 g L -1 ; time: 10 h; T: 21 ± 1 • C).

  Experimental conditions -Sorption: C 0 : 50 mg L -1 ; pH 0 : 5; SD: 0.666 g L -1 ; Time: 24 h; T: 20 ± 1 • C / Desorption: 0.2 M HCl/0.5 M CaCl 2 eluent; SD: 2 g L -1 ; Time: 2 h; T: 20 ± 1 • C.

Fig. 5 .

 5 Fig. 5. Effect of pH on the sorption efficiency for target metals using POH-A L PEI (after pre-treatment with QA-Resin) (SD: 2 g L -1 ; agitation time: 5 h; T: 21 ± 2 • C, v: 165 ± 5 rpm.).

Table 1

 1 Uptake kinetics for La(III) and Tb(III) sorption using A L PEI and POH-A L PEI sorbents -Modeling parameters.

			La(III)			Tb(III)		
	Model	Parameter	A L PEI	POH-A L PEI #1	POH-A L PEI #2	A L PEI	POH-A L PEI #1	POH-A L PEI #2
	Exp.	q eq,exp	0.104	0.471	0.459	0.058	0.375	0.377
	PFORE	q eq,1	0.121	0.471	0.459	0.062	0.382	0.384
		k 1 × 10 R 2	0.480 0.943	1.64 0.994	1.71 0.996	0.595 0.979	1.39 0.994	1.45 0.989
		AIC	-90	-87	-87	-117	-87	-81
	PSORE	q eq,2	0.172	0.533	0.518	0.080	0.440	0.441
		k 2 × 10 R 2	2.14 0.926	4.05 0.972	4.40 0.974	7.14 0.974	3.96 0.974	4.12 0.965
	RIDE	AIC D e × 10 8 R 2	-87 2.27 0.905	-68 1.22 0.963	-68 1.04 0.965	-115 2.56 0.964	-70 1.17 0.965	-67 1.40 0.958
		AIC	-84	-65	-65	-113	-66	-65

3.2.4. Influence of temperature on sorption performance 3.2.4.1. Effect of temperature on sorption isotherms -Thermodynamic parameters. Figure S7 compares the sorption isotherms obtained at

Table 3

 3 La(III) and Tb(III) sorption properties for selected sorbents.

	Metal	Sorbent	pH 0	Time	q m,L	b L	Ref.
	La	Mycobacterium	1.5	180	0.024	4.1	[72]
		smegmatis					
		Pseudomonas	5	180	1.00	n.d.	[73]
		aeruginosa					
		Sargassum polycystum	5	n.d.	0.98	69.4	[74]
		Platanus orientalis leaf	4	60	0.206	18.1	[75]
		Sargassum sp.	n.d.	60	0.66	116	[76]
		Bamboo charcoal	7.2	480	1.38	76.5	[77]
		Iron oxide/alginate	5	1680	0.861	0.563	[78]
		beads					
		Turbinaria conoides	5	120	1.11	5.28	[79]
		Citrus reticulate peel	5	60	1.11	10.6	[80]
		Grapefruit peel	5	60	1.23	5.21	[81]
		Lewatit TP 207	3.6	60	0.867	47.0	[82]
		SnO 2 /TiO 2	5	60	0.488	26.4	[83]
		nanocomposites					
		Functionalized	5	1440	1.12	144	[84]
		calixarene-based					
		membrane					
		Magnetic alginate	4	300	2.03	0.87	[58]
		beads					
		Functionalized	4	240	2.03	0.06	[59]
		chitosan					
		Banana peel	5.2	1440	0.279	361	[85]
		SQS-6 strongly cationic	4 M	10	0.086	3.66	[86]
		resin	H 3 PO 4				
		Purolite S950	0.2 M	180	0.636	12.9	[10]
			HNO 3				
		Functionalized MOF	7	40-60	2.08	44.4	[57]
		composite					
		Graphene magnetic	4	15	0.358	35.4	[87]
		nanoparticles					
		A L PEI	5	40	0.573	1.14	This
							work
		POH-A L PEI	5	40	1.61	3.85	This
							work
	Tb	Chelating PAPDM	7	720	0.466	35.6	[88]
		hydrogel					
		Functionalized	6	240	1.35	11.0	[60]
		nanofibrous membrane					
		Functionalized hybrid	8	30	0.124	1.92	[20]
		sorbent					
		A L PEI	5	40	0.416	1.14	This
							work
		POH-A L PEI	5	40	1.14	4.65	This
							work

Table 4

 4 Recycling of POH-A L PEI -Cycles of sorption and desorption (SE: sorption efficiency, %; DE, desorption efficiency, %; StD: standard deviation, %).

		Lanthanum			Terbium			
	Cycle #	SE	StD	DE	StD	SE	StD	DE	StD
	1	82.5	1.3	100.0	0.1	76.4	1.1	100.3	0.3
	2	81.7	1.5	100.2	0.4	75.0	1.0	100.2	0.7
	3	79.5	0.1	99.8	0.2	73.3	2.2	100.6	0.4
	4	77.3	0.3	100.2	0.2	72.3	2.2	100.1	0.0
	5	75.3	0.1	99.3	0.				
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