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Task Specific Ionic Liquids (TSILs) generated by association between tetraalkylammonium cations and coordinating anions such as dicyanamide (Dca -) and thiocyanate (SCN -) were used for the selective separation of Ni(II) over Co(II). SCN-based TSIL presents higher extraction efficiency than the Dca-based one towards Co(II) (E = 85.4 % vs 54.6 %) and Ni (II) (E = 22 % vs 0.5%) but lower separation factors (Co/Ni = 21 vs 239). Interestingly, extraction of Co(II)

and Ni(II) in Dca-based TSIL can be enhanced using salts with chaotropic anions such as NaNO3 (E > 90 % for Co(II) and E = 85% for Ni(II)). The use of NaCl allows, moreover, the efficient separation of both ions with Co/Ni >1000. The metal can be recovered from the IL phase using Na2SO4 aqueous solution to limit the release of the IL and to ensure a good recyclability of this latter. The confinement of TSIL in silica -matrix ionogel constitutes a valuable method to improve the handling of the IL. Indeed, the extraction properties of the ionogel containing [THN][Dca] IL are very close to those obtained using the same neat IL with an efficient separation of Co(II) over Ni(II) in NaCl 4 mol.L -1 (Co/Ni >1000). Finally, the recyclability of the ionogel was studied and found comparable to that of neat IL.

Introduction

Cobalt and Nickel are considered strategic metals because of their high industrial use. The status of cobalt could change over the next few years to that of a critical metal because of the strong demand linked to its use in the manufacture of batteries for electric vehicles, which is a fastgrowing market [START_REF]Study on the review of the list of Critical Raw Materials[END_REF]. In 2015, the cost of a ton of Co and Ni was estimated at 26.7 and 11.5 k€.

Selective separation of these two metals from aqueous solutions has always been a problem in hydrometallurgy due to their similar physical and chemical properties and the high degree of purity required in their applications [START_REF] Flett | Cobalt-nickel separation in hydrometallurgy: a review[END_REF]. The separation of cobalt from nickel in mixture is of industrial concern for the recycling of batteries [START_REF] Larsson | Selective extraction of metals using ionic liquids for nickel metal hydride battery recycling[END_REF] Liquid-liquid extraction is an important technique scale for metal recovery, with low operational costs that was extensively applied for the separation of Co(II) and Ni(II) from aqueous effluents [START_REF] Larsson | Selective extraction of metals using ionic liquids for nickel metal hydride battery recycling[END_REF][START_REF] Hachemaoui | Simultaneous extraction and separation of cobalt and nickel from chloride solution through emulsion liquid membrane using Cyanex 301 as extractant[END_REF]. In most cases, separation occurs by strong partitioning of Co(II) in organic phase, Ni(II) ions remaining in the aqueous phase [START_REF] Hachemaoui | Simultaneous extraction and separation of cobalt and nickel from chloride solution through emulsion liquid membrane using Cyanex 301 as extractant[END_REF][START_REF]Nayl Extraction and separation of Co(II) and Ni(II) from acidic sulfate solutions using Aliquat 336[END_REF][START_REF] Janiszewska | Hydrometallurgical separation of Co(II) from Ni(II) from model and real waste solutions[END_REF][START_REF] Cholico-Gonzalez | Separation of Co(II) and Ni(II) from aqueous solutions by bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) using trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) as solvent[END_REF][START_REF] Fu | Evaluation of an unsymmetrical dialkylphosphinic acid INET-3 for cobalt and nickel extraction and separation from sulfate solutions[END_REF]. This methodology requires the volatile and flammable organic solvents, for which the use in industrial processes is becoming increasingly controversial due to European Union directives aimed at reducing these solvents for health and safety reasons (VOC Directive 1999/13/EC; Directive 2002/3/EC). This is why, in recent years, a large number of researchers, mainly from universities, have focused on finding alternatives to the use of organic solvents in order to improve the sustainability of this method.

In this context, Ionic liquids (ILs) have attracted significant interest in the field of liquid-liquid extraction due to their non-flammability and their low vapour pressure [START_REF] Plechkova | Applications of ionic liquids in the chemical industry[END_REF][START_REF] Huddleston | Room temperature ionic liquids as novel media for "clean" liquid-liquid extraction[END_REF]. The separation of cobalt from Ni uses ammonium or phosphonium extractants commercially available under the following names: Cyphos, Cyanex Aliquat [START_REF] Wellens | An environmentally friendlier approach to hydrometallurgy: highly selective separation of cobalt from nickel by solvent extraction with undiluted phosphonium ionic liquids[END_REF][START_REF] Gras | Ionic-Liquid-Based Acidic Aqueous Biphasic Systems for Simultaneous Leaching and Extraction of Metallic Ions[END_REF][START_REF] Schaeffer | Synergistic Aqueous Biphasic Systems: A New Paradigm for the "One-Pot" Hydrometallurgical Recovery of Critical Metals[END_REF][START_REF] Onghena | Separation of cobalt and nickel using a thermomorphic ionic-liquid-based aqueous biphasic system[END_REF][START_REF] Boudesocque | Use of dicyanamide ionic liquids for metal ions extraction[END_REF]. The separation process is based on the strong interaction between halogenated complexes of Co(II) (CoCl3 -or CoCl4 2-) and ammonium and phosphonium cations which facilitates the transfer of hydrophobic (x-2)R4N(P) + -CoClx (x- 2)-ion-pair from the aqueous phase to the organic phase by anionic exchange [START_REF] Cholico-Gonzalez | Separation of Co(II) and Ni(II) from aqueous solutions by bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) using trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) as solvent[END_REF][START_REF] Wellens | An environmentally friendlier approach to hydrometallurgy: highly selective separation of cobalt from nickel by solvent extraction with undiluted phosphonium ionic liquids[END_REF] . Successful Co/Ni separation by liquid-liquid extraction has been performed using diluted ionic liquid in organic phase [START_REF] Hachemaoui | Simultaneous extraction and separation of cobalt and nickel from chloride solution through emulsion liquid membrane using Cyanex 301 as extractant[END_REF][START_REF]Nayl Extraction and separation of Co(II) and Ni(II) from acidic sulfate solutions using Aliquat 336[END_REF][START_REF] Janiszewska | Hydrometallurgical separation of Co(II) from Ni(II) from model and real waste solutions[END_REF][START_REF] Cholico-Gonzalez | Separation of Co(II) and Ni(II) from aqueous solutions by bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) using trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) as solvent[END_REF][START_REF] Fu | Evaluation of an unsymmetrical dialkylphosphinic acid INET-3 for cobalt and nickel extraction and separation from sulfate solutions[END_REF], undiluted hydrophobic ionic liquid [START_REF] Gras | Ionic-Liquid-Based Acidic Aqueous Biphasic Systems for Simultaneous Leaching and Extraction of Metallic Ions[END_REF] or aqueous biphasic systems (ABS) [START_REF] Schaeffer | Synergistic Aqueous Biphasic Systems: A New Paradigm for the "One-Pot" Hydrometallurgical Recovery of Critical Metals[END_REF][START_REF] Onghena | Separation of cobalt and nickel using a thermomorphic ionic-liquid-based aqueous biphasic system[END_REF][START_REF] Boudesocque | Use of dicyanamide ionic liquids for metal ions extraction[END_REF]. The major drawback of these studies is that, to be efficient, Co/Ni separation requires acidic conditions (pH < 0) and a high concentration of chloride ions (> 6 mol.L -1 ) in order to ensure the complete formation of halogenated complex [START_REF] Powell | Academic software Mini SC database version 5[END_REF].

In previous work, we have shown that the use of amido functionalized glycine-betaine-based ionic liquids can be used to achieve performant Co/Ni separation without pH control and in less chloride-concentrated media (NaCl 4mol.L -1 ) [START_REF] Diabate | Efficient separation of Cobalt, Nickel and Copper using analogues of glycine-betaine based ionic liquids[END_REF]. The hydrophobic task-specific ionic liquids were designed through association of cationic analogues of glycine-betaine (AGB-ILs) with dicyanamide anion (Dca -= (CN)2N -). The extraction mechanism was based on the formation of an ion-pair between the cationic moiety and a mixed anionic complex of cobalt with Dca and chloride anions Co(dca)xCl (4-x). This result points out that the synergy between the chloride ions and the coordinating anion of the ionic liquid can be a relevant factor to improve the extraction of Co(II) ions.

In this survey, we used hydrophobic TSILs designed by combining long alkyl chains cationic tetraalkylammonium and coordinating anions such as dicyanamide and thiocyanate, for selective extraction of aqueous solutions of Co(II) over Ni(II) in saline media. Compared to glycine-betaine analogues, tetraalkylammonium-based ionic liquids are more hydrophobic and less viscous, ensuring better handling and better preservation of the integrity of the ionic liquid during extraction experiments [START_REF] Boudesocque | Use of dicyanamide ionic liquids for metal ions extraction[END_REF].

One aspect of this work was also to propose an easy-to-implement system for the separation and recovery of strategic metals. To this aim, the confinement of the IL in silica-based ionogels was developed. In recent years, sol-gel silica materials doped with functional ILs were used for recovery of alkaline and transition metals, the recovery and separation of lanthanides and yttrium and the removal of Pb(II) and Cr(VI) from aqueous effluents [START_REF] Yost | Crown ether-doped sol-gel materials for strontium(II) separation[END_REF][START_REF] Yu | Ionic liquid and silica sol-gel composite materials doped with N,n,n',n'-tetra(n-octyl)diglycolamide for extraction of La 3+ and Ba 2+[END_REF][START_REF] Makote | Synthesis of ionic liquid and silica composites doped with dicyclohexyl-18-crown-6 for sequestration of metal ions[END_REF][START_REF] Tian | Removal transition metal ions from aqueous solutions by adsorption using novel hybrid material silica gel chemically modified by triethylenetetraminomethylenephosphoric acid[END_REF][START_REF] Turanova | Adsorption of lanthanides and scandium ions by silica sol-gel material doped with novel bifunctional ionic liquid, trioctylmethylammonium 1-phenyl-3-methyl-4-benzoyl-5-onate[END_REF][START_REF] Liu | The preparation of sol-gel materials doped with ionic liquids and trialkyl phosphine oxides for Yttrium(III) uptake[END_REF][START_REF] Liu | Silica materials doped with bifunctional ionic liquid extractant for Yttrium extraction[END_REF][START_REF] Liu | Removal of Cr(III, VI) by quaternary ammonium and quaternary phosphonium ionic liquids functionalized silica materials[END_REF][START_REF] Ekka | Removal efficiency of Pb(II) from aqueous solution by 1-alkyl-3-methylimidazolium bromide ionic liquid mediated mesoporous silica[END_REF][START_REF] Liu | Removal of Cr(III, VI) by quaternary ammonium and quaternary phosphonium ionic liquids functionalized silica materials[END_REF]. It has been observed that the immobilization of an IL on/inside a solid support increases the adsorption efficiency towards metal ions compared to silica sorbents without ILs and affords many advantages relative to classical liquid-liquid extraction [START_REF] Forte | Selective continuous flow extractive denitrogenation of oil containing S-and N heteroaromatics using metal-containing ionic liquids supported on monolithic silica with hierarchical porosity[END_REF][START_REF] Jean | Heavy metal ions extraction using new supported liquid membranes containing ionic liquid as carrier[END_REF][START_REF] Yun | Synthesis of taskspecific ionic liquids with grafted diglycolamide moiety. Complexation and stripping of lanthanides[END_REF][START_REF] Hawkins | Evaluation of solid-supported room-temperature ionic liquids containing crown ethers as media for metal ion separation and preconcentration[END_REF]. Compared to other immobilization methods such as solid-support grafting, the confinement of ILs in an ionogel has many advantages. First, the physical properties of the IL are maintained [START_REF] Yavir | Analytical applications and physicochemical properties of ionic liquid based hybrid materials: A review[END_REF][START_REF] Bideau | Ionogels, ionic liquid based hybrid materials[END_REF][START_REF] Melnyk | Spray-dried mesoporous silica microspheres with adjustable textures and pore surfaces homogenously covered by accessible thiol functions[END_REF] while allowing easier separation of the aqueous and IL phases, similar to what is obtained with supported ILs. Moreover, no chemical modification of the IL is required, whereas grafting requires the incorporation of functional groups into the IL structure to allow the formation of a covalent bond [START_REF] Yavir | Analytical applications and physicochemical properties of ionic liquid based hybrid materials: A review[END_REF]. 

Experimental Section

Chemicals and reagents

All chemical and reagents used in this study were used as received without further purification.

Sodium nitrate (99%) sodium chloride (99%), sodium dicyanamide (99%), and sodium thiocyanate were obtained from Sigma-Aldrich (Diegem, Belgium). Tetrahexylammonium and tetraoctylammonium bromide (98%), tetramethylorthosilicate (TMOS) and methyltrimethoxysilane (MTMS), were purchased from Acros Organics (Geel, Belgium). The nitrate metal salts had a purity of 99% or better and were purchased from Acros Organics (Geel, Belgium) or Sigma-Aldrich (Diegem, Belgium).

Stock aqueous solutions of metals were prepared by dissolving the corresponding salt of the respective metals (analytical grade purchased from Sigma-Aldrich-Fluka Chemical) in double distilled and deionized water.

Ionic liquid synthesis and elaboration of organo-silica ionogel

[THN][Dca] and [TON][SCN] ILs were synthesized according to our previous paper [START_REF] Jean | Heavy metal ions extraction using new supported liquid membranes containing ionic liquid as carrier[END_REF] and their synthesis is reported in SI.

Organo-silica ionogels were prepared according to the following procedure. In a Teflon vial, the IL [THN][Dca] (360 mg, 0.85 mmol) was dissolved under stirring in an ethanol/water solution (0.9 mL/0.25 mL) for 5 min before adding 0.5 mL of a TMOS/MTMS mixture (50/50 v/v). The synthesis was performed by using 3.44 mmol of silica precursor and using the following molar ratio: 0.5 TMOS/0.5 MTMS/0.25 IL/4 H2O/4.5 EtOH. The resulting solution was stirred at room temperature for 5 min. Gelation occurred within 24 hours. The Teflon vial was kept closed for 48 h and then opened. The aging process was followed by the weight loss over time and complete aging was reached when no more weight variation was noticed (around 15 days were found to be necessary).

Physical measurements

Elemental analyses (C, H, and N) were carried out on a Perkin-Elmer 2400 C, H, N element analyzer in Reims University. The UV-visible spectra of metal solutions were recorded using a Carry-5000 Varian spectrophotometer. The metal analyses were performed by UV-Vis spectroscopy using EDTA for Co(II) and Ni(II) and by ICP-OES, Thermo Fisher ICAP Series.

Thermogravimetric analyses (TGA) were carried out on a TA Instrument SDT Q600 by using platinum crucibles under an air flow, with a heating rate of 5 °C/min up to 850°C.

The nitrogen adsorption-desorption isotherms at 77 K were measured, after IL extraction, using a Micrometrics ASAP 2420 surface area and porosity analyzer on monolith pieces degassed under vacuum at 120 °C for 12 h. The mesopore size distribution was evaluated by the Barrett-Joyner-Halenda (BJH) method applied to the desorption branch of the N2 adsorption-desorption isotherm.

Quantitative 29 Si solid-state NMR was performed on ground samples on a Bruker Avance II 300WB spectrometer and using a 4 mm probe. Spectra were acquired using a π/6 single pulse with proton decoupling and a 80s recycling delay. Samples were spun in ZrO2 rotors at 4 kHz.

Condensation degrees CT and CQ were calculated separately for T and Q units using the following equations 1 and 2 [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR spectra[END_REF]:

𝐶 𝑇 = ∑ⅈ%𝑇ⅈ 300
(1) and 𝐶 𝑄 = ∑ⅈ%𝑄ⅈ 400

(2

)
where i represents the number of siloxane bonds per unit.

Percentages of silicon environments were estimated using DMFIT 2019 [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR spectra[END_REF]. 29 Si chemical shifts are reported relative to tetramethylsilane (TMS).

Infrared spectra were recorded with a 2 cm -1 resolution on a Bruker Vertex70 FTIR spectrometer with the use of a Platinum ATR accessory equipped with a diamond crystal.

Extraction experiments

Batch experiments

The metal ion distribution ratios were determined by mixing 0.5 g of IL and 2 mL of aqueous metal phase. The mixture was stirred overnight and then centrifugated (2000 g, 5 min). The phases were then separated for analysis. The aqueous phase composition was analyzed by spectrophotometry UV-Vis or by ICP-OES. The metal ion concentration in the IL phase was deduced from the difference between the initial concentration of metal ions in the aqueous phase and the concentration of metal ions after extraction. The efficiency of the extraction process was evaluated by the calculation of the extraction percentage (%E) using the following equation 3:

𝐸 = 100 * (𝐶 ⅈ𝑛 -𝐶 𝑓ⅈ𝑛 ) 𝐶 ⅈ𝑛 (3) 
Where Cin (mol.L -1 ) is the metal concentration in the initial aqueous solution and Cfin (mol.L -1 )

is the metal concentration in the final aqueous solution.

The metal distribution coefficient (D) between IL and aqueous phases was calculated according to equation 4 (Vaq and VIL correspond to the volume of water and ionic liquid phases, respectively):

𝐷 = [𝑀] 𝐼𝐿 [𝑀] 𝑎𝑞 𝑥 𝑉 𝑎𝑞 𝑉 𝐼𝐿 (4) 
The separation factor (M1/M2) was employed to express the selectivity of the extraction between two metals M1 and M2 and was calculated as follows (equation 5):

𝛽 𝑀1/𝑀2 = 𝐷 𝑀1 𝐷 𝑀2 (5) 
The stripping percentage (%S) was established as the amount of metal back-extracted from ILrich phase to the total amount of metal in IL before the stripping [M]IL,0 (equation 6)

%𝑆 = (1 - [𝑀] 𝐼𝐿 [𝑀] 𝐼𝐿,0 ) 𝑥100 (6)
The metal extraction percentages (%E) were determined at 298 K. The concentration of metal solutions lies in the range 10 -3 to 10 -1 mol.L -1 . The experiments are made in triplicate to ensure the reproducibility of the assay, and the mean value of extraction yields are considered, for each system studied.

Stripping experiments were performed by addition of 2 mL of pure water or a solution of Na2SO4 (1.5 mol.L -1 ) to the ionic liquid phase recovered, after metal extraction. The mixture was shaken for 4 hours and centrifuged. The aqueous and ionic liquid phases were then separated for analysis.

The concentrations of ionic liquid cations in the aqueous phase were determined using quantitative 1 H NMR spectroscopy. To achieve this, 100 μL of an aqueous solution of DMSO previously prepared at 100 mM is introduced into a conical tube. Then 200 μL of the sample to analyze which is obtained after saturation of the aqueous phase with the ionic liquid were added.

All this is dissolved in 700 μL of deuterated water (D2O). For measurements after paramagnetic metal extraction, a D2O solution with 0.1 M of NaOH was used to precipitate metal residues.

The 1 H NMR spectrum of the DMSO solution shows a single peak at δ = 2.68 ppm and corresponds to six protons. The DMSO is considered as an internal reference. Its peaks do not overlap with those of the ionic liquids studied. Knowing its concentration, the concentration of the sample can be calculated after integration of the peaks. The uncertainty range for this method is 1% [START_REF] Malz | Validation of Quantitative NMR[END_REF].

Metal extraction experiments with [THN][Dca] confined in ionogel

The metal extraction experiments with ionogel were performed in similar conditions as those Experiments are also carried out with crushed ionogels. The ionogel is ground in a ceramic mortar for a few minutes until an homogeneous powder is obtained. Under these conditions, the ionogel is weighed before extraction and the volume of the metal solution to be used is adjusted to ensure the same ratio [IL]/[M 2+ ] as for the batch experiments. The metal solution is brought into contact with the ionogel for the time necessary to reach equilibrium. Then, the ionogel was separated from the aqueous phase by centrifugation. The characteristics of the ionogels used are given in table 1. As the characteristics of ionogels 1 and 2 are very close, the results obtained with these two ionogels will be discussed indistinctly.

Results and Discussion

Synthesis of task-specific ionic liquids

The association of tetraalkylammonium cations with Dca -and SCN -anions by anionic metathesis generates hydrophobic ILs [THN][Dca] and [TON][SCN] in good yields, higher than 70% (Fig. 1). and Ni(II) metal ions to form complexes with a relatively low stability constant in aqueous medium ( less than 3) [START_REF] Powell | Academic software Mini SC database version 5[END_REF].

According to a recent study, the Dca -anion [START_REF] Gras | Dicyanamide Ions as Complexing Agents of Co(II): From Weak Ligands in Water to Strong Ones in an Ionic Liquid[END_REF] has been shown to have a low coordination capacity in aqueous medium towards 3d metals and a good coordination capacity in IL medium.

No value of stability constant has been determined in aqueous and non-aqueous media, so it is relevant to consider that the Dca-anion has a lower coordination capacity than the SCN -anion. and 99.4% in 0.5 mol L -1 and 4 mol L -1 in NaCl, and 90 and 98.3% in NaNO3 at the same concentration. At 0.5 mol.L -1 , the greater influence of nitrate on extraction is consistent with its higher chaotropic nature. The lower influence of NaNO3 compared to NaCl at 4 mol.L -1 has already been observed with ionic liquids based on glycine betaine [START_REF] Diabate | Efficient separation of Cobalt, Nickel and Copper using analogues of glycine-betaine based ionic liquids[END_REF] and can be attributed to a specific interaction of nitrate with organic cations, which can form stable ion pairs by anionic metathesis leading to a partial exchange between nitrate and dicyanamide anion, following the equilibrium [START_REF] Cholico-Gonzalez | Separation of Co(II) and Ni(II) from aqueous solutions by bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) using trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) as solvent[END_REF] :

[THN + ][Dca -]IL + NO3 -(aq) [THN + ][ NO3 -]IL + Dca -(aq) (7) 
The use of a high concentration of nitrate ions, while promoting cobalt extraction, may lead to a release of Dca -anion in aqueous phase, which can affect the extraction capacity of the ionic liquid. Moreover, the ability of chloride ions to coordinate Co(II) may favor its co-extraction in the ionic liquid phase and explain the higher efficiency of NaCl for Co(II) extraction at 4 mol.L - 1 . The most remarkable effect is obtained with sodium dicyanamide which allows a quantitative extraction of Co(II) for electrolyte concentrations lower than 0.5 mol.L -1 . This effect can be explained both by the hydrophobicity of the dicyanamide anion, which gives it a chaotropic character and, also, by its coordinating ability towards 3d metals.

As shown in Figure 3, the extraction of Ni(II), which does not exceed a few percent in aqueous solution, can be largely improved by the addition of NaNO3 or NaDca. With NaNO3, the extraction yield is 26% at 0.5 mol.L -1 , 85% at 4 mol.L -1 and reaches 91.5% in 0.5 mol.L -1

NaDca. However, unlike the results obtained with Co(II), the addition of NaCl has no effect on the extraction of Ni(II) even at a concentration as high as 4 mol.L -1 . latter case, the complete recovery of Co(II) may be achieved by using 5 mL of stripping solution. On the other hand, the use of NaDca, as background electrolyte, enhances Co(II) extraction but leads to a non-reversible process. Indeed, the stripping yields of Co(II) does not exceed few percents. In the same conditions, the stripping of Ni(II) is higher than 85%.

Selective separation of Co other Ni.

The extraction yields of Co(II) and of Ni(II) allow the determination of separation factors Co/Ni to select the most efficient electrolyte for the separation of these two metals. In Table 3 Co(II) is related to the enhanced coordination of Cl -with Co(II) ions and the ability of this ligand to enter the cobalt coordination sphere to form mixed complexes with Dca -ion in the ionic liquid phase. This has been evidenced in our previous study [START_REF] Diabate | Efficient separation of Cobalt, Nickel and Copper using analogues of glycine-betaine based ionic liquids[END_REF]. The extraction of Co(II) ions obeys the following equilibrium ( 8): 

(4-x)[THN][Dca]IL + Co 2+ (aq) + xCl - (aq) (2-x)[THN] + (aq) + [THN]2[Co(Dca)4-xClx](IL) (8)

Recyclability of [THN][Dca]

After the stripping process, the IL must be reusable for metal extraction experiments 

Extraction of Ni(II) and Co(II) by ionogels

The efficiency of [THN][Dca] for efficient Co/Ni separation being made in biphasic system, we then immobilized the IL in silica-based material called ionogels in order to determine the performance of such materials for these extractions.

a. Synthesis and characterization of ionogels

Ionogels were obtained by sol-gel reaction in the presence of [THN][Dca] using a mixture of TMOS/MTMS as silica precursor in order to render the silica surface hydrophobic. This method was proven to be efficient to obtain stable ionogels overtime in water by preventing IL leaching into the aqueous phase [START_REF] Néouze | Ionogels, New Materials Arising from the Confinement of Ionic Liquids within Silica-Derived Networks[END_REF]. Different sol-gel methods have been used to prepare silica-based ionogels i.e the formic acid solvolysis and the hydrolytic method. It has been evidenced that, for the same cationic short alkyl chain BMIM + component, the choice of the method to be used is governed by the nature of the IL anion [START_REF] Viau | Ionic Liquid Mediated Sol-Gel Synthesis in the Presence of Water or Formic Acid: Which Synthesis for Which Material ?[END_REF]. Our attempts to use the formic acid route failed as formic acid reacts with [THN][Dca] to form a white precipitate that has not been identified. Silica ionogels containing Dca -anions have been elaborated by Deng and collaborators using the aqueous route in the presence of diluted hydrochloric acid [START_REF] Zhang | Greatly enhanced fluorescence of dicyanamide anion based ionic liquids confined into mesoporous silica gel[END_REF][START_REF] Zhang | Room temperature ionic liquids as templates in the synthesis of mesoporous silica via sol-gel method[END_REF]. We thus turned out to the aqueous acidic route. Compared to our previous results, the IL [THN][Dca] is less soluble in ethanol and the volume of solvent was thus increased. The loading of the IL was determined by TGA to be around 61% (Figure 6). The IL was then removed from the ionogel by means of a Soxhlet extraction using acetonitrile for two days. The efficiency of the extraction was checked by thermal gravimetric analysis (TGA) and IR spectroscopy. Although no traces of remaining IL could be detected on the IR spectrum (Figure 5) of the washed gel, the remaining content was determined to be around 7% by TGA (Figure 6). 4. These results are compared to those obtained with other ionogels synthesized with dca-based IL containing imidazolium or S-ethyltetrahydrothiophene (Eth) cations at the same IL loading [START_REF] Zhang | Greatly enhanced fluorescence of dicyanamide anion based ionic liquids confined into mesoporous silica gel[END_REF]. The use of THN + cation led to higher specific surface area (1021 m 2 .g -1 ) and pore volume (1.05 cm 3 .g -1 ) but to a significant decrease of pore size. At a first glance, these two latter observations seem contradictory. The THN + cation is bulkier than the imidazolium or Eth cations and should led to an increase of both pore volume and pore size. The discrepancy with the obtained results might be explained by the fact that, for a same IL, addition of MTMOS has been shown to increase the surface area but to decrease pore size [START_REF] Viau | Ionic Liquid Mediated Sol-Gel Synthesis in the Presence of Water or Formic Acid: Which Synthesis for Which Material ?[END_REF]. The condensation degrees of the Q and T units were determined by 29 Si single pulse NMR analysis (figure S1). The 29 Si NMR spectra presents four peaks at -56.1, -64.1, -101.1 and -109.9 ppm attributed to the T 2 (Si(OSi)2(OX)CH3, X = H or CH3), T 3 (Si(OSi)3CH3), Q 3 ( Si(OSi)3(OX), X = H or CH3) and Q 4 (Si(OSi)4) silicon sites, respectively [START_REF] Brinker | Sol-gel science. The physics and chemistry of sol-gel processing Academic[END_REF]. The condensation degree of the T units is 92% and that of the Q unit is 96% (Table S1). 

c) Influence of ionogel grinding on extraction properties

Our first observation was that ionogel crushing significantly improved the kinetics of metal partitioning from the aqueous phase to the confined IL phase. A Co(II) solution brought into contact with a crushed ionogel became colourless in less than a few minutes, which means that the time required to reach equilibrium was less than that required for a crude ionogel.

Nevertheless, to stay homogeneous with previous experiments made with the crude ionogel, the stirring time before analysis was set at a minimum of 12 hours. The extraction yield of Co(II) in crushed ionogel is slightly higher to the one obtained with In NaCl medium (Figure 10b), the loss of extraction efficiency over the cycle is much less marked than in NaNO3, since the extraction yield of the third cycle is equal to 73%. As for NaNO3, the efficiency of stripping remains nearly constant over the three cycles and higher than 80%. The higher hydrophilicity of Cl -compared to NO3 -limits the anionic exchange with Dca -anion. NaCl medium provides a better preservation of the integrity of the ionogel than NaNO3. 

  Therefore, in this study, the extraction of Co(II) and Ni(II) by pure [THN][Dca] and [TON][SCN] phase was performed in batch experiments both in the absence and in the presence of salt to determine (1) the extraction efficiency of these ionic liquids and (2) the most suitable system to achieve separation of these two metals. The recyclability of the IL was then estimated from several cycles of extraction-stripping experiments. In the second part of this work, the metal extraction experiments were then carried out with monolithic ionogels under the same conditions as those used with pure ILs. The data, in terms of metal extraction efficiency, recovery and recyclability, are compared to the results obtained with pure ILs to assess the applicability of ionogels to metal extraction. However, a question arose regarding the accessibility of the metal to the coordination sites of the IL and its influence on extraction kinetics. Consequently, extraction tests were also carried out on ground ionogels.

  used in batch experiments. The mass of[THN][Dca] contained in the ionogel is about 350 mg for a total weight of 600 mg. Consequently, to ensure the same [IL]/[M 2+ ] ratio as in batch experiments, the ionogel was contacted with 1.5 mL of the aqueous metal solution and placed under stirring for 6 hours. The solution and the ionogel were then separated by sedimentation, and the aqueous phase was analyzed to determine the residual metals concentration.
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 132 Figure 1: Structure of the tetraalkylammonium-ILs

Figure 2 :

 2 Figure 2: Extraction yields (%E) for aqueous nitrate salts with [THN][Dca] and [TON][SCN]. Cmetal = 0.05 mol.L -1,Vaq = 2 mL, mIL = 0.5g.

  Interestingly, despite lower extraction yields obtained with [THN][Dca], the values of separation coefficients given in Table 2 show that [THN][Dca] allows more efficient separations than [TON][SCN]. This study thus highlighted that the thiocyanate anion is, from this point of view, an anion with a too high coordinating ability. We thus performed our other studies with [THN][Dca]. However, the extraction efficiencies for Co(II) and Ni(II) obtained with [THN][Dca] were too low to generate efficient extraction systems. We thus further study the possibility of using saline media in two-phase systems to improve the extraction properties of the [THN][Dca] phase and to achieve efficient separation of Co(II) and Ni(II).
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 23 Extraction yields (%) and separation factors (β) calculated from single metal extraction. Conditions: Cmetal = 0.05 mol.L -1 ; Vaq = 2 mL, mIL = 0.5g. Extraction of Co(II) and Ni(II) in NaDca, NaCl and NaNO3 Extraction experiments of Ni(II) and Co(II) with [THN][Dca] were performed in NaNO3 and NaCl at concentrations of 0.5 and 4 mol.L -1 and in NaDca at concentrations of 0.2 and 0.5 mol.L -1 (Figure 3). As expected, the addition of chloride or nitrate salt results in an increase of the extraction yields for Ni(II) and Co(II) extraction. Extraction efficiencies for Co(II) are 44%
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 313 Figure 3: Effect of salt concentration on Ni(II) or Co(II) extraction in [THN][Dca]. Vaq = 2 mL; mIL = 0.5g; Cmetal = 0.05 mol.L -1

  . The loss of [THN][Dca] during the extraction and stripping processes is negligible owing to its low aqueous solubility. Indeed, the solubility of [THN][Dca] in Na2SO4 1 mol.L -1 , determined by 1 H NMR measurements, is equal to 0.025%, two times less than in aqueous media. To check the recyclability of the IL, several cycles of extraction-stripping were performed in the same experimental conditions than those used for extraction and stripping experiments. The recyclability of [THN][Dca] was compared in NaCl and NaNO3 media.

Figure 4

 4 Figure 4 shows the extraction and stripping yields for Co(II) extraction. The stripping yields
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 4 Figure 4: Reusability of the ionic liquid phase for cobalt extraction using [THN][Dca]
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 56 Figure 5. ATR-FTIR spectra of the IL [THN][Dca] and the ionogel before and after extraction

Figure 7 .

 7 Figure 7. (a) Nitrogen adsorption-desorption isotherm of the ionogel after IL extraction and (b)

b 1 Figure 8 :

 18 Figure 8: Extraction yields (%E) for aqueous nitrate salt with [THN][Dca]. Cmetal = 0.05 mol.L - 1 ; Vaq = 1.5 mL, mIonogel = 0.6g (0.35g of IL in ionogel).

Figure 9 :

 9 Figure 9: Snapshot of ionogel ([THN][Dca]) after Co(II) extraction. Cmetal = 0.05 mol.L -1 ; Vaq

  neat IL phase whereas it remains the same for Ni(II) extraction. Our experiments thus show that the most important effect of grinding is to improve the accessibility of the IL and consequently the kinetic of extraction. Taking into account the Co(II) and Ni(II) extraction yields obtained from a mixing solution, it appears that the efficiency of [THN][Dca] confined in the ground ionogel for separating Co(II) and Ni(II) in a NaCl mixture, is comparable to that obtained with a pure IL, with a separation factor greater than 1000, a quantitative Co(II) extraction and a Ni(II) extraction yield which does not exceed 1%. d) Recyclability of the ionogel The leaching of [THN][Dca] confined in the crude ionogel has been measured in water and in Na2SO4 solution of 1 mol L -1 . The proportions of IL release in these phases are equal to 0.04% and 0.023%, respectively. These values are lower than the solubility of pure [THN][Dca] and guarantee a low release of the confined IL during the extraction and stripping processes. The recyclability of the monolithic ionogel was evaluated over several extraction-stripping cycles, following the same experimental conditions than those used for single extraction experiments.To improve the stripping yield, the volume of the stripping phase was set to 5 mL of 1 mol.L -1 Na2SO4 instead of the 2 mL used for single extraction experiments. The recyclability of the ionogel was compared in NaCl and NaNO3 media.

Figure 10

 10 Figure 10 reports the extraction and stripping yields for the extraction of Co(II) with [THN][Dca] ionogel with NaNO3 or NaCl 4 mol.L -1 . With NaNO3 (Figure 10a), the results show

2 Figure 10 : 1 Conclusion

 2101 Figure 10: Reusability of [THN][Dca] confined in ionogel for cobalt extraction (a) in NaNO3 4 mol.L -1 ; (b) in NaCl 4 mol.L -1

Table 1 :

 1 Characteristics of ionogel

	Ionogel	Ionic liquid	mionogel (g)	mIL (g)	% IL
	1	[THN][Dca]	0.550	0.358	65
	2	[THN][Dca]	0.621	0.365	59

Table 3 :

 3 Extraction yields (%) and separation factors (βCo/Ni) calculated from single or multimetal (*) solution in salt media for [THN][Dca]. Conditions: Cmetal = 0.05 mol.L -1 ; Vaq = 2 mL, mIL = 0.5g.

	Salt media	Extraction yields (%)	Separation factors
		Co(II) Ni(II)	βCo/Ni
	NaCl 4 mol.L -1	99.5	1.8	> 1000
	NaNO3 0.5 mol.L -1	90.2	26.7	25.3
	NaNO3 4 mol.L -1	98.3	87.5	8.3
	NaDca 0.5 mol.L -1	99.1	91.6	10.1
	NaCl 4 mol.L -1 *	99.5	7.2	> 1000

In a previous paper, we pointed out that the most efficient ILs for performing selective extraction were constituted of anions with moderate coordinating power

[START_REF] Diabate | Efficient separation of Cobalt, Nickel and Copper using analogues of glycine-betaine based ionic liquids[END_REF]

. Experiments performed with [THN][Dca] confirm this trend. The efficiency of NaCl to separate Ni(II) and

Table 4 :

 4 

	comparison of distribution coefficient of Co (DCo) and Ni (DNi) and separation factors
	(βCo/Ni) of Co over Ni of system described in literature for liquid-liquid extraction for the
	recovery of strategic metals

Table 4 .

 4 Textural characteristics of the ionogel determined from adsorption/desorption

	isotherm at 77K.						
			IL loading	SBET	Vp	DBJH	
	Silica precursor	IL					Gel time
			(%)	(m 2 /g)	(cm 3 /g)	(nm)	
	TMOS-MTMOS	[THN][Dca]	60	1021	1.05	4.6	24 h
	TEOS	EMImdca a	60	383	0.78	7.9	
	TEOS	EThdca a	60	420	0.76	6.8	

a from ref 56

  Table 5 shows the extraction (E) and stripping yields (%S) obtained with [THN][Dca] in a ground ionogel for Co(II) and Ni(II) in NaCl 4 mol.L -1 . Experiments were carried out on a single metal solution and on a mixture of the two metals in equimolar concentration.

Table 5 :

 5 Extraction (E) and stripping (%S ) yields for Co(II) and Ni(II) with [THN][Dca] confined in ground ionogel from single and bimetallic solutions* (the values in brackets refer to the extraction yields obtained with the crude ionogel). Cmetal = 0.05 mol.L -1 ; Vaq = 1.5 mL.

	[THN][Dca] confined in ionogel	Extraction yields (%)	Stripping yields (%)	Separation factors
		Co(II)	Ni(II)	E' (Co)	Co/Ni
	NaCl 4 mol.L -1	98.5 (89.7)	0.5 (0.5)	70.3 (88.3)	> 1000
	NaCl 4 mol.L -1 *	99.5	1	85.2	> 1000
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