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In this study, we have investigated the solvent extraction of yttrium(III) and lanthanide(III) ions from nitric acid solutions in an organic phase consisting of a mixture of two electrically neutral extractants, namely tri-n-butyl phosphate(TBP) and N,N,N',N '-tetra(n-octyl)diglycolamide (TODGA). We employed hydrophobic room-temperature ionic liquid 1-methyl-3-butyl-imidazolium bis(trifluoromethanesulfonyl)imide as more environmentally benign diluent as compared to conventional molecular solvents. The results revealed that the addition of TBP as a co-extractant to TODGA dissolved in this ionic liquid not only enhance greatly the metal ion extraction, but also induce high intra-lanthanide ion selectivity. This was attributed to the formation of complex lanthanide species with both organic extracting agents, TBP and TODGA. In addition, when IL is used as diluent, cationic exchange between metal-organic ligand species and IL cations and neutral complex extraction result in more efficient extraction. Moreover, hydrophobic anionic IL entities could be also involved in the extraction mechanism resulting in the lipophilic metal-organic ligand complexes. The synergic solvent combination of TODGA, TBP and ionic liquid offers a possibility of excellent separation among the lanthanide(III) ions.

Introduction

The separation and recovery of trivalent lanthanides (Ln) and actinides (An) (4 and 5f-block elements, respectively) is a quite challenging task due to a close similarity in the chemical behavior of these metal cations. [START_REF] Aspinall | Chemistry of the f-Block Elements[END_REF][START_REF] Nash | Actinide Separation Science and Technology[END_REF][START_REF] Choppin | Comparison of the solution chemistry of the actinides and lanthanides[END_REF] Their separation is usually performed in solution using solvent extraction technique (also called liquid-liquid extraction) which based on the transfer of metal species with lipophilic ligands (extractants) from an aqueous medium into an immiscible organic (solvent) phase. [START_REF] Mincher | The Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide (TBDGA) in Octanol and in Ionic Liquid Solution[END_REF][START_REF] Hudson | Use of Soft Heterocyclic N-Donor Ligands To Separate Actinides and Lanthanides[END_REF][START_REF] Jensen | Solvent Extraction Separation of Trivalent Americium from Curium and the Lanthanides[END_REF] To induce the selectivity and to improve the efficiency of solvent extraction, combination of different extractants could be employed to combine their coordination and solvating abilities vis-à-vis target metal ions. [START_REF] Lumetta | Review: Solvent Systems Combining Neutral and Acidic Extractants for Separating Trivalent Lanthanides from the Transuranic Elements[END_REF][START_REF] Ritcey | Solvent Extraction in Hydrometallurgy: Present and Future[END_REF][START_REF] Quinn | Synergistic solvent extraction of rare earth elements[END_REF] There are numerous examples of synergic solvent extraction systems being used in the extraction of 4 f-block elements, particularly those involving phosphine oxides and trialkylphosphate extractants. [START_REF] Quinn | Synergistic solvent extraction of rare earth elements[END_REF][START_REF] Xie | A critical review on solvent extraction of rare earths from aqueous solutions[END_REF] However, to date the origin of synergism in the mixtures of extractants is not fully understood. It could entail the formation of ternary complexes, whereas it is now also established that in some cases the extractant molecules can also act as surfactants and form supramolecular reverse assemblies. That can favor transfer of metal ion containing species to the organic phase. [START_REF] Wilson | Solvent extraction: the coordination chemistry behind extractive metallurgy[END_REF] Recently, investigators have examined the synergic effect of mixed systems involving various extractants and ionic liquids. [START_REF] Turanov | Synergistic Extraction of Lanthanides (III) with Mixtures of TODGA and Hydrophobic Ionic Liquid into Molecular Diluent[END_REF][START_REF] Turanov | Synergistic extraction of uranium(VI) with TODGA and hydrophobic ionic liquid mixtures into molecular diluent[END_REF][START_REF] Atanassova | Peculiar synergistic extraction behavior of Eu(III) in ionic liquids: Benzoylacetone and CMPO fusion[END_REF][START_REF] Atanassova | Investigation of synergism and selectivity using mixture of two neutral extractants in IL media for lanthanoids extraction[END_REF][START_REF] Petrova | Worthy Extraction and Uncommon Selectivity of 4f-Ions in Ionic Liquid Medium: 4-Acylpyrazolones and CMPO[END_REF][START_REF] Zhu | An ionic liquid-based synergistic extraction strategy for rare earths[END_REF][START_REF] Atanassova | Are fancy acidic or neutral ligands really needed for synergism in ionic liquids? A comparative study of lanthanoid extraction in CHCl3 and an ionic liquid[END_REF][START_REF] Atanassova | Comparing extraction, synergism and separation of lanthanoids using acidic and neutral compounds in chloroform and one ionic liquid : is the latter always "better[END_REF][START_REF] Okamura | Highly Selective Synergism for the Extraction of Lanthanoid(III) Ions with β-Diketones and Trioctylphosphine Oxide in an Ionic Liquid[END_REF][START_REF] Stepinski | Synergistic effects in the facilitated transfer of metal ions into room-temperature ionic liquids[END_REF] Ionic liquids (ILs) are a new class of solvents with a melting point usually below 100°C and composed of dissociated ions. [START_REF] Wasserscheid | Ionic Liquids in Synthesis: Second Edition[END_REF] Many ILs are stable to air and water, nonvolatile and non-flammable. Thus, hydrophobic ILs are studied as replacements for conventional organic solvents for the liquid-liquid extraction of metal ions. Moreover, ILs are also reported to enhance greatly the metal ion extraction efficiency. [START_REF] Billard | Ionic Liquids: New Hopes for Efficient Lanthanide/Actinide Extraction and Separation? In Handbook on the Physics and Chemistry of Rare Earths[END_REF][START_REF] Stojanovic | Ionic Liquids as Extracting Agents for Heavy Metals[END_REF] However, the use of ILs results in even more complex solvent extraction systems. In fact, they are not inert diluents like molecular solvents and can modify the metal speciation in organic solutions and the extraction mechanisms. [START_REF] Boltoeva | Speciation of uranium(VI) extracted from acidic nitrate media by TODGA into molecular and ionic solvents[END_REF][START_REF] Gaillard | Ionic liquid-based uranium(vi) extraction with malonamide extractant: cation exchange vs. neutral extraction[END_REF][START_REF] Gaillard | Insights into the Mechanism of Extraction of Uranium (VI) from Nitric Acid Solution into an Ionic Liquid by using Tri-n-butyl phosphate[END_REF][START_REF] Dietz | Ion-exchange as a mode of cation transfer into room-temperature ionic liquids containing crown ethers: implications for the 'greenness' of ionic liquids as diluents in liquid-liquid extraction[END_REF] Up to now, limited data in the literature are available on solvent extraction with binary extractant mixtures containing acidic extractant and neutral reagent dissolved in an ionic liquid. The extraction of uranium(VI) and iron(III) by mixtures of di-(2-ethylhexyl)-phosphoric acid (HDEHP) and trioctylphosphine oxide (TOPO) from phosphoric acid solutions was found to be synergic when either n-dodecane or 1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C8mim][Tf2N]) was used as diluent. [START_REF] Sukhbaatar | Ionic liquids as diluents in solvent extraction: first evidence of supramolecular aggregation of a couple of extractant molecules[END_REF] The synergism was more pronounced in dodecane-based extraction system. Moreover, the maximum of synergic extraction was shifted from 20% of TOPO in dodecane to 40% in the IL. Okamura et al. examined mixtures of different β-diketones and hydrophobic neutral ligand, TOPO dissolved in 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ionic liquid ([C4mim][Tf2N]) for the extraction of trivalent lanthanides (lanthanum, europium and lutetium) from chloride media. [START_REF] Okamura | Highly Selective Synergism for the Extraction of Lanthanoid(III) Ions with β-Diketones and Trioctylphosphine Oxide in an Ionic Liquid[END_REF] The preferential extraction was observed for heavier lanthanide ions. The extraction mechanism was found to be through the formation of cationic ternary complexes, namely Ln-βdiketone-TOPO, followed by ion exchange onto the IL. The extraction of europium(III) with the βdiketone benzoylacetone (HBA) alone and in combination with octyl(phenyl)-N,Ndiisobutylcarbamoylmethyl phosphine oxide (CMPO) or 5,11,17,23-tert-butyl-25,26,27,28tetrakis(dimethylphosphinoylmethoxy) calix [4]arene onto imidazolium-and pyrrolidinium-based ionic liquids was studied by Atanassova et al. [START_REF] Atanassova | Peculiar synergistic extraction behavior of Eu(III) in ionic liquids: Benzoylacetone and CMPO fusion[END_REF] The same group also examined pyrazolone derivative and calix[n]arene organic ligands dissolved in imidazolium-based ionic liquid for the extraction of lanthanides(III) (lanthanum, neodymium, europium, holmium and lutetium) from aqueous chloride media. [START_REF] Atanassova | Are fancy acidic or neutral ligands really needed for synergism in ionic liquids? A comparative study of lanthanoid extraction in CHCl3 and an ionic liquid[END_REF] The extraction of trivalent lanthanides with a blend of CMPO and β-diketone type anionic ligands from 4-acylpyrazolone family or β-diketone 2-thenoyltrifluoroacetone (HTTA) dissolved in imidazolium-based ionic liquids has been also reported. [START_REF] Petrova | Worthy Extraction and Uncommon Selectivity of 4f-Ions in Ionic Liquid Medium: 4-Acylpyrazolones and CMPO[END_REF][START_REF] Atanassova | Synergism in the Solvent Extraction of Europium(III) with Thenoyltrifluoroacetone and CMPO in Methylimidazolium Ionic Liquids[END_REF] Some studies on the extraction of metal ions with mixtures of two electrically neutral extractants in ILs have been published. Addition of tri(n-butyl) phosphate ((BuO)3PO, TBP) is shown to synergically enhance the extraction of strontium(II) from nitric acid solutions by dicyclohexano-18-crown-6 in imidazolium-based ILs. [START_REF] Stepinski | Synergistic effects in the facilitated transfer of metal ions into room-temperature ionic liquids[END_REF] Atanassova et al. [START_REF] Atanassova | Investigation of synergism and selectivity using mixture of two neutral extractants in IL media for lanthanoids extraction[END_REF] observed no synergism between N,N,N',N'-tetra-noctyldiglycolamide (TODGA) and CMPO extractants in the extraction of some lanthanides from aqueous acidic solutions into [Cnmim][Tf2N]ionic liquids with long cation alkyl side chains (n = 8 or 10). Furthermore, Rout and co-workers proposed that tri-n-butyl phosphate was not involved in the extraction of trivalent americium [START_REF] Rout | Extraction of americium(III) from nitric acid medium by CMPO-TBP extractants in ionic liquid diluent[END_REF] and europium [START_REF] Rout | Extraction and third phase formation behvior of Eu(III) in CMPO-TBP extractants present in room temperature ionic liquid[END_REF] from nitric acid solutions with CMPO into [C4mim][Tf2N]. Similarly, based on the results of solvent extraction, absorption spectroscopy and fluorescence analyses, Gujar et al. concluded that TBP plays an important role in the complexation of CMPO with metal ions, but it may be not directly involved in the complex formation with metal ion. [START_REF] Gujar | Role of TBP on the extraction of trivalent f-cations with CMPO dissolved in a room temperature ionic liquid[END_REF] Moreover, Visser et al. identified by X-ray absorption spectroscopy (EXAFS) the uranyl complexes extracted with CMPO and TBP both in dodecane and in the hydrophobic ionic liquid as UO2(NO3)2(CMPO)2 and UO2(NO3)(CMPO) + , respectively. [START_REF] Visser | Uranyl Coordination Environment in Hydrophobic Ionic Liquids: An in Situ Investigation[END_REF] Rama et al. [START_REF] Rama | Loading behavior of Eu(III) at high aqueous concentrations in diglycolamide/ionic liquid systems[END_REF] have reported that the europium(III) extraction from nitric acid solutions with TODGA diluted in hydrophobic [C8mim][Tf2N] ionic liquid is synergically enhanced by addition of the second electrically neutral extracting agent, namely TBP. The authors explained this extraction behavior by the synergic participation of both TODGA and TBP molecules and proposed 1:3 stoichiometry between metal and organic ligands on the base of the slope analysis. However, questions remain on the origin of synergism in the binary extractant system with two electrically neutral organic extractants, TODGA and TBP, diluted in ionic liquid and on the exact stoichiometry of the extracted complexes.

We focus the present study on synergic extraction system with the binary mixture of well-known lipophilic, electrically neutral extractants, TBP and TODGA dissolved in [C4mim][Tf2N] ionic liquid. Present work aims to examine the extraction behavior of yttrium(III) and Ln(III) ions in this complex extraction system and to elucidate the underlying extraction mechanism that is a key importance for rational design and control of new extraction systems.

Experimental Section

2.1. Materials N,N,N',N'-tetra(n-octyl)diglycolamide (abbreviated as TODGA, > 97% purity) was prepared, purified and characterized according to the published method. [START_REF] Sasaki | Solvent Extraction of Eu, Th, U, Np and Am with N, N'-Dimethyl-N, N'-dihexyl-3-oxapentanediamide and Its Analogous Compounds[END_REF] TBP and 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide were purchased from Sigma-Aldrich. Ln(III) salts were of chemical grade and used as supplied. Concentrated nitric acid (HNO3, Merck, 65 wt%) was of analytical grade. Molecular diluent nonane of chemical grade was used without further purification. All aqueous acidic solutions were prepared from distilled water and concentrated acid.

Solvent extraction procedure

In this study, all solvent extraction batch experiments were carried out at room temperature.

A stock Ln(III) solution was made by dissolving metal nitrate salt. The initial aqueous concentrations of metal ions were 2•10 -6 M. The organic phase was prepared by dissolving weighed quantities of TODGA and/or TBP in [C4mim][Tf2N], 1,2-dichloroethane or nonane. All extraction samples were prepared using precisely weighed aliquots of each phase in centrifuge tubes equipped with sealing plugs. Generally, a 1:1 volume ratio of organic and aqueous phases was employed. The biphasic mixtures obtained by putting together aqueous and organic phases were shaken vigorously using a rotor mixer at the rate of 60 rpm for 1 h. It was checked in the preliminary trials that this time of phase contact is sufficient to achieve the equilibrium. To promote phase separation, the extraction tubes were centrifuged and then the aliquots of each phase were sampled for further analysis. The values of the metal (M) distribution ratio DM were calculated as a concentration of metal ion in the organic phase to that in the aqueous phase, [M]org/ [M]. The subscript ''org" denotes the metal species in the organic phases, while it is omitted for the species in the aqueous phase. Duplicate experiments showed that the reproducibility of the DM measurements was within 10%.

The concentration of metal ions in the aqueous phase was determined using inductively coupled plasma mass spectrometry (ICP-MS) on a mass spectrometer X-7 (Thermo Electron, USA) according to the previously described procedure. [START_REF] Turanov | Extraction of metal chloride complexes by phosphoryl-containing podands[END_REF] Aqueous Tf2N -concentrations were determined by sulfur content measurement using inductively coupled plasma atomic emission spectrometry (ICP-AES) on an ICAP-61 spectrometer (ThermoJarrel Ash). The concentration of HNO3 in the aqueous phase was determined by potentiometric titration of the protons H + with NaOH solution. The extraction of nitric acid into the organic phase was also checked by measuring H + back-extracted into water. The completeness of HNO3 stripping was monitored by repeated back-extractions.

The total water content in the organic phase was determined by the coulometric Karl-Fisher technique (Hydranal-Coulomat E, Fluka). The performance of the Karl-Fisher titrator (Toledo 32 Coulometer) was tested using a standard solution (HydranalWater Standard, Fluka).

Results and Discussion

In the present study, we have chosen to employ a room temperature hydrophobic ionic liquid (IL) based on common 1-butyl-3-methylimidazolium cation ([C4mim + ]) and bis(trifluoromethanesulfonyl)imide anion ([Tf2N -] as a diluent for organic ligands (extractants). For comparison, we also investigated a conventional molecular solvent, namely nonane (chemical formula is C9H20). Chemical structures and abbreviations of the IL and the extracting agents employed are shown in Figure S1. In this study, some distribution experiments were carried out with Eu(III) metal ions only as a representative trivalent lanthanide, whereas the selectivity study was done with yttrium(III) and 14 trivalent Ln.

Eu(III) extraction by TODGA or TBP diluted in the IL or molecular solvent

Since TODGA is a neural tridentate extracting agent, which has a very strong affinity to f-elements, it can be used for a highly efficient extraction of trivalent lanthanides and minor actinides from highlevel liquid nuclear waste solutions. [START_REF] Hudson | Use of Soft Heterocyclic N-Donor Ligands To Separate Actinides and Lanthanides[END_REF][START_REF] Ansari | N′-Tetraoctyl Diglycolamide (TODGA): A Promising Extractant for Actinide-Partitioning from High-Level Waste (HLW)[END_REF][START_REF] Ansari | Chemistry of Diglycolamides: Promising Extractants for Actinide Partitioning[END_REF][START_REF] Whittaker | Applications of Diglycolamide Based Solvent Extraction Processes in Spent Nuclear Fuel Reprocessing, Part 1: TODGA[END_REF] As expected, the distribution of Eu(III) ions between an aqueous 3 M HNO3 solution and an organic phase containing TODGA alone was high, i.e. 0.01 M TODGA diluted in [C4mim][Tf2N] ionic liquid or nonane yields DEu of 5.9 or 104.7, respectively (Figure 1). This result accords with the earlier observations, which also showed that the Eu(III) extraction with TODGA is much more efficient in the extraction system with molecular diluent as compared to that with ionic liquid at a high acidity of the aqueous phase. [START_REF] Mincher | The Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide (TBDGA) in Octanol and in Ionic Liquid Solution[END_REF][START_REF] Shimojo | Extraction behavior of lanthanides using a diglycolamide derivative TODGA in ionic liquids[END_REF] According to Mincher et al. this result can be explained by the suppression of extraction of cationic lanthanide-nitrato species, [Ln(L)n(NO3)] 2+ and [Ln(L)n(NO3) 2] + (L = diglycolamide ligand, n = number of L) into the ionic liquid phase at high acidity. High nitrate concentration favors the formation of neutral metal complexes which are readily extracted into the molecular solvent, but they are much less efficiently extracted into the ionic liquid. [START_REF] Mincher | The Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide (TBDGA) in Octanol and in Ionic Liquid Solution[END_REF] This difference in the Eu(III) extraction behavior in the IL and nonane systems will be discussed in detail in Section 3. Whereas 0.01 M TODGA dissolved in TBP gives the distribution ratio value for Eu(III) close to 6.5 under these experimental conditions (Figure 1). It is worthwhile to note that this DEu is much greater compared to that reported for Eu(III) extraction with neat TBP from 3 M HNO3 solutions (DEu is about 0.46 [START_REF] Scargill | Tri-n-butyl phosphate as an extracting solvent for inorganic nitrates-II Yttrium and the lower lanthanide nitrates[END_REF] ). This finding means that TODGA molecules bind Eu(III) more efficiently than TBP ligand providing good extraction efficiency. This in consistent with results of previous study reported that the Eu(III) and Am(III) extraction is performed by the TODGA molecules instead of TBP. [START_REF] Brown | Screening of TODGA/TBP/OK solvent mixtures for the grouped extraction of actinides[END_REF] On the other hand, a comparison of D values for the extraction of Eu(III) by 0.01 M TODGA into two different molecular diluents reveals that DEu depends strongly on the organic solvent properties (DEu is 104.7 and 6.5 for TODGA dissolved in nonane or TBP, respectively). The different extractability was previously observed for the extraction of Eu(III) and Am(III) ions by TODGA diluted in five molecular solvents of different polarity (dichloroethane, octanol, chloroform, toluene and dodecane). [START_REF] Sasaki | An Additional Insight into the Correlation between the Distribution Ratios and the Aqueous Acidity of the TODGA System[END_REF] The authors of this investigation suggested that the enhanced extraction into the solvent phase containing a diluent with low dielectric constant like dodecane is associated with higher metal-TODGA stoichiometry in the extracted complex. In addition, two molecules of HNO3 can be probably involved into the metal extraction that results in more stable species M(TODGA)3-4(NO3)3(HNO3)2.

Eu(III) extraction by TODGA intermixed with TBP as a synergistic agent

To evaluate the potential synergic effect between two neutral organic ligands, we studied the Eu(III) extraction behavior with 0.01 M TODGA as a function of TBP concentration diluted in the ionic liquid or in the benchmark solvent, namely in nonane. The experimental results are plotted as logDEu versus [TBP]org in the Figure 1. It can be seen the addition of TBP solvating molecules enhances synergically the extraction efficiency for trivalent europium ions from the aqueous nitric acid solutions by TODGA dissolved in [C4mim][Tf2N] ionic liquid. On the other words, the use of binary mixtures of TODGA and TBP extractants in the IL-based extraction system leads to the distribution values greater than the sum of those obtained for individual extractants. Figure 1 shows that the curve for DEu in the TODGA/TBP/IL extraction system passes through a maximum at about 1.1 M TBP. To evaluate the magnitude of the synergic effect observed, we calculated synergistic factor as a ratio of DEu in 0.01 M TODGA/ 1.1 M TBP/ IL and the sum of DEu values in 0.01 M TODGA/IL and 1.1 M TBP/IL. The synergistic factor SEu for 0.01 M TODGA/ 1.1 M TBP/ IL system is close to 180.

As can be also seen from the Figure 1, the system composed of TODGA, TBP and nonane differs from the IL-based system. No synergism was observed in this case. When nonane is used as diluent, the europium(III) extractability decreased rapidly with TBP concentration in the organic phase and pass through a minimum at about 2.6 M TBP (DEu = 4.8) after which it slightly increased. As discussed above, a possible explanation for this might be the change in the speciation of the metal extracted species and its stability with and without HNO3 in the complex composition due to the change in the polarity of extraction solvent with increasing concentration of TBP, [START_REF] Sasaki | An Additional Insight into the Correlation between the Distribution Ratios and the Aqueous Acidity of the TODGA System[END_REF] and the competition between TODGA and TBP molecules. This outcome is supported by the results of previous study on the uranium(VI)-TODGA-TBP system by means of infrared spectroscopy which showed that the addition of TBP to a U/TODGA solution in odorless kerosene leads to a gradual displacement of coordinated TODGA molecules resulting in free TODGA and U-TBP species. However, the presence of mixed U-TODGA-TBP complexes could not be confirmed. [START_REF] Brown | Screening of TODGA/TBP/OK solvent mixtures for the grouped extraction of actinides[END_REF] 

Effect of HNO3 concentration on the Eu(III) extraction by TODGA and/or TBP

To elucidate further the metal extraction equilibria between an aqueous and organic phase composed of TODGA and TBP extractants diluted in the IL or molecular solvent, we examined the distribution behavior of europium(III) ions as a function of initial nitric acid concentration in the aqueous phase. The extraction performance of these two binary extractant systems, TODGA/TBP/IL and TODGA/TBP/nonane was compared with that composed of TODGA and IL (TODGA/IL), and TODGA dissolved in pure TBP (TODGA/TBP) (Figure 2). When pure TBP or a mixture of TBP and nonane was used as a diluent for TODGA molecules, the logDEu values increase with an increase in initial HNO3 concentration in the aqueous phase (Figure 2 B). This result indicates that the nitrate anions and/or nitric acid molecules play an important role in this kind of extraction systems. The previous studies on the conventional extraction systems have been also reported the strong positive acid dependence for metal extraction with TODGA or TBP, namely for the Ln and An. [START_REF] Rama | Loading behavior of Eu(III) at high aqueous concentrations in diglycolamide/ionic liquid systems[END_REF][START_REF] Sasaki | The Novel Extractants, Diglycolamides, for the Extraction of lanthanides and Actinides in HNO3-n-Dodecane System[END_REF] As can been seen also from Figure 2B the Eu(III) distribution ratio values are considerably higher at the aqueous [HNO3]> 2 M for ternary mixtures of 0.01 M TODGA, 1.1 M TBP and nonane. Probably this counterintuitive result that the metal extraction efficiency is reduced by increasing of TBP concentration in the solvent phase can be understand by lower polarity of organic phase composed of TBP and nonane. Importantly, previous research has established that Eu(III) forms the identical complexes in different diluents, viz. n-dodecane, toluene and octanol. [START_REF] Pathak | Interaction of Eu3+ with N,N,N′,N′-tetraoctyl diglycolamide: A time resolved luminescence spectroscopy study[END_REF] For the trivalent ions, the inner coordination sphere is completed by (TODGA)x(NO3)y, where x + y = 3 and x = 2 or 3. [START_REF] Whittaker | Applications of Diglycolamide Based Solvent Extraction Processes in Spent Nuclear Fuel Reprocessing, Part 1: TODGA[END_REF] EXAFS studies of TODGA extracted Pr(III), Nd(III), Eu(III), Yb(III), and Lu(III) showed that the inner coordination sphere of these lanthanide cations saturated by the organic ligand. [Ln(L)3] 3+ species is predominant. [START_REF] Ellis | Straining" to Separate the Rare Earths: How the Lanthanide Contraction Impacts Chelation by Diglycolamide Ligands[END_REF] Thus, the extraction efficiency results from the combined effects of interactions between the nitrate anions, nitric acid and/or water molecules in the outer-sphere of extracted species.

On the contrary, in the IL-based extraction system (Figure 2 A), the efficiency of europium extraction with mixtures containing 0.01 M TODGA and 1.1 M TBP declines steadily with increase in the concentration of nitric acid in the aqueous phase. Moreover, TBP and TODGA mixture yields much higher distribution ratio values for europium(III) when it dissolved in the ionic liquid instead of a molecular diluent (Figure 2), where only the extraction of neutral metal species with nitrate ions is possible. The similar cooperative effect of neutral organic ligand and hydrophobic anions was previously observed for the extraction of Ln(III) from nitric acid solutions. [START_REF] Suzuki | Role of hydrophobic counteranions in the ion pair extraction of lanthanides(III) with an electrically neutral extractant[END_REF][START_REF] Naganawa | The effect of hydrophobic picrate on the extraction and separation of lanthanides(III) with carbamoylmethylene phosphine oxide[END_REF] Therefore, in TODGA/TBP/IL system, hydrophobic Tf2N -anions probably play a role of counter ions resulting in more hydrophobic metal species compared with that with nitrate anions. Moreover, not only solvation or ion pairing mechanism but also ion-exchange could take place in the system with ionic liquid as diluent due to its ionic nature, in particular at low aqueous acidity.

The more complex behavior of Eu(III) extraction as a function of initial nitric acid concentration in the aqueous phase was observed when IL was used as diluent for TODGA alone (Figure 2A). At low acid concentration, the distribution ratio of Eu(III) decreases with HNO3 concentration and reaches a minimum value in 4 M HNO3. Then, DEu increases as the concentration of HNO3 in the aqueous phase increases from 4 to 7 M. The flexion point at the 4 M HNO3 indicates the modification of the extraction mechanism. At 1-4 M HNO3 in the aqueous phase, the europium extraction probably proceeds via cationic exchange between lanthanide-organic ligand species and IL cations or/and via extraction of neutral complexes composed of Ln-organic ligand and nitrate and/or Tf2N -anions as counter ions. At higher aqueous acidity, the extraction of neutral metal complexes with nitrate ions is favored.

Intra-lanthanide selectivity study with TODGA and or/TBP extractants

Previous studies have shown that diglycolamide ligands diluted in the molecular solvents are selective within Ln series and favor the extraction of the heavier lanthanides. [START_REF] Shimojo | Extraction behavior of lanthanides using a diglycolamide derivative TODGA in ionic liquids[END_REF][START_REF] Sasaki | The Novel Extractants, Diglycolamides, for the Extraction of lanthanides and Actinides in HNO3-n-Dodecane System[END_REF][START_REF] Narita | Study on the extraction of trivalent lanthanide ions with N,N′-dimethyl-N,N′-diphenyl-malonamide and diglycolamide[END_REF] Baldwin et al. [START_REF] Baldwin | Outer-Sphere Water Clusters Tune the Lanthanide Selectivity of Diglycolamides[END_REF] suggested that the two TODGA extraction regimes defined across the lanthanide series result from differences in the placement of the charge-neutralizing nitrate counterions. To investigate the intra-lanthanide selectivity in the extraction systems under study in this work, we carried out a set of extractions of yttrium(III) and 14 trivalent light (La -Nd), medium (Sm, Eu, Gd) and heavy (Tb -Lu) lanthanides from 3.0 M HNO3 solutions.

The results of intergroup extractions with binary TOADGA/TBP extractant mixtures in IL or nonane, and with TODGA/TBP solvent phase are shown in Figure 3. These results are compared with the data obtained previously on the Y(III) and Ln(III) extraction using TODGA dissolved in IL, DCE and/or IL solvent. [START_REF] Turanov | Synergistic Extraction of Lanthanides (III) with Mixtures of TODGA and Hydrophobic Ionic Liquid into Molecular Diluent[END_REF] In the conventional extraction systems, in which an organic phase was composed of TODGA molecules dissolved in pure TBP or DCE, the distribution ratio values for trivalent lanthanides follow the increasing trend across the lanthanide series (Figure 3A). This behavior generally observed in the solvent extractions with diglycolamides. [START_REF] Sasaki | The Novel Extractants, Diglycolamides, for the Extraction of lanthanides and Actinides in HNO3-n-Dodecane System[END_REF] The mostly efficiently extracted group in these systems was the heaviest lanthanides, i.e. Ho, Er, Tm, Yb and Lu. For instance, in TODGA/ TBP system, separation factors of Lu(III) and La(III), Lu(III) and Sm(III), and Lu(III) and Tb(III) are 276, 28 and 5.3, respectively (Figure 4). [START_REF] Turanov | Synergistic Extraction of Lanthanides (III) with Mixtures of TODGA and Hydrophobic Ionic Liquid into Molecular Diluent[END_REF] As can be seen, the similar increasing trend in the intergroup lanthanide extractions is observed for the extraction systems with a binary mixture of extractants TBP and TODGA dissolved in the IL or nonane (Figure 3B). The addition of TBP as a co-extractant leads to great enhancement of the extraction efficiency of metal ions, in particular to several order magnitude for middle and heavy lanthanides. Importantly, great enhancement of the selectivity among Ln(III) ions is observed when IL is used as diluent for TODGA and TBP extracting agents. For instance, in TODGA/TBP/IL system separation factors of Lu/La, Lu/Sm, and Lu/Tb are 1622, 45 and 4.8, respectively (Figure 4). Thus, the solvent combination of TODGA/TBP/IL is capable of excellent separation among the lanthanide(III) ions. The results of the present study on the intra-lanthanide selectivity using TODGA and TBP mixtures both in molecular and ionic liquid diluent are consistent with those of previous research on the synergic extraction of lanthanides ions with TODGA and 0.01 M ionic liquid in DCE. [START_REF] Turanov | Synergistic Extraction of Lanthanides (III) with Mixtures of TODGA and Hydrophobic Ionic Liquid into Molecular Diluent[END_REF] The authors suggested that the preferential complexation of heavy Ln(III) ions with TODGA•HNO3 and/or TODGA•HTf2N entities that yields in the higher selectivity. The less performant extraction systems in the terms of lanthanide(III) ions selectivity are TODGA alone dissolved in the IL or in the mixture of IL and DCE (Figure 3C and4). This result is in line with other research, which reported that the lanthanide patterns in the IL and conventional extraction systems with diglycolamide ligand show different features. TODGA/IL system provides the selectivity for middle lanthanides but the lanthanide separation to individual metals is difficult. [START_REF] Mincher | The Partitioning of Americium and the Lanthanides Using Tetrabutyldiglycolamide (TBDGA) in Octanol and in Ionic Liquid Solution[END_REF][START_REF] Shimojo | Extraction behavior of lanthanides using a diglycolamide derivative TODGA in ionic liquids[END_REF] The origin of this phenomenon has not been still sufficiently understood. 

Stoichiometry of extracted metal complexes with TODGA and TBP ligands

The extraction behavior of several lanthanides using TODGA and TBP in ionic liquid system was investigated by slope analyses. The effect of TODGA concentration at fixed concentration of TBP = 1.83 M in [C4mim][Tf2N] and [HNO3] = 3 M in the aqueous phase on the distribution ratio of metals is displayed in Figure 5. The slope of logDM versus log[TODGA] plots allows us the interpretation of the stoichiometry of the extracted Ln(III) complexes from aqueous 3 M HNO3 solutions. The number of TODGA molecules associated with light lanthanides is close to 2.5, namely 2.4, 2.5 and 2.6 for La, Ce and Pr, respectively. This means that stoichiometry of TODGA with these metals is close to 2:1 and 3:1. For other metals, namely Nd, Eu, Tb, Ho and Lu the number of TODGA molecules is close to 3.0. These results are in line with those of previous studies in the conventional extraction systems. [START_REF] Ellis | Straining" to Separate the Rare Earths: How the Lanthanide Contraction Impacts Chelation by Diglycolamide Ligands[END_REF][START_REF] Baldwin | Outer-Sphere Water Clusters Tune the Lanthanide Selectivity of Diglycolamides[END_REF] Thus, we suggest that the higher extraction efficiency and selectivity for lanthanides using mixture of TODGA and TBP extractants in the IL-based extraction system as compared with conventional one (Figure 3B) can be explained by two underlying extraction mechanisms, namely by exchange between cationic metal-organic ligand species and IL cations, and/or by their ion pairing with Tf2N -and or NO3 - anions. The anionic components of ionic liquid, Tf2N -ions are very weak ligands due to their low charge density. This means that these lipophilic anions are not present in the inner-sphere of lanthanide(III) ions in the extracted species. Moreover, in a study on the extraction behavior of rare earth elements by TODGA in phosphonium-based ionic liquids, Murakami et al. revealed using Raman spectroscopic analysis that no Tf2N -anions exist in the first coordination sphere of the extracted complex [Nd(TODGA)(2-3)] 3+ . [START_REF] Murakami | Extraction of Pr(III), Nd(III), and Dy(III) from HTFSA Aqueous Solution by TODGA/Phosphonium-Based Ionic Liquids[END_REF] Moreover, TBP molecules are probably form adducts with lanthanide(III) ion-TODGA species in TODGA/TBP/IL and TODGA/TBP)/molecular diluent that also can explain the synergic enhancement of extraction in binary extractant system. The results of this study reveal the importance of the interactions in the outer-sphere of extracted species, namely between the metal cations and organic ligands as well as aqueous and organic solutes.

Further study by complementary techniques, such as synchrotron small angle X-ray scattering (SAXS), X-ray absorption fine structure spectroscopy (EXAFS) and molecular dynamics calculations would provide helpful information on the inner and outer coordination environment of the extracted lanthanide species with TODGA and TBP mixtures, to establish the origin of synergic effect in this binary extractant system. Moreover, it is reported that the presence of solutes both in the aqueous and organic phases modify the distribution of species (such as IL cations and anions, water, protons) in the IL/water biphasic systems. [START_REF] Turanov | Synergistic extraction of uranium(VI) with TODGA and hydrophobic ionic liquid mixtures into molecular diluent[END_REF][START_REF] Gaillard | Insights into the Mechanism of Extraction of Uranium (VI) from Nitric Acid Solution into an Ionic Liquid by using Tri-n-butyl phosphate[END_REF][START_REF] Dietz | Anion concentration-dependent partitioning mechanism in the extraction of uranium into room-temperature ionic liquids[END_REF] The detailed study on the IL solubility product should be also useful to understand underlying metal extraction mechanism.

Conclusions

In the present study, yttrium(III) and lanthanide(III) ions were extracted from nitric acid solutions with a mixture of two electrically neutral extractants, namely tri-n-butyl phosphate (TBP) and N,N,N',N'tetra(n-octyl)diglycolamide (TODGA) dissolved in hydrophobic [C4mim][Tf2N] ionic liquid. The results obtained reveal that the addition of TBP as a co-extractant to TODGA not only enhances greatly the metal extraction from acidic nitrate media but also intra-lanthanide ion selectivity. For TODGA/ TBP/ IL system, separation factors of Lu/La, Lu/Sm, and Lu/Tb are 1622, 45 and 4.8, respectively, while in the conventional extraction system TODGA/DCE these values are 276, 28 and 5.3, accordingly. [START_REF] Turanov | Synergistic Extraction of Lanthanides (III) with Mixtures of TODGA and Hydrophobic Ionic Liquid into Molecular Diluent[END_REF] Thus, the solvent combination of TODGA/TBP/IL is capable of excellent separation among the lanthanide(III) ions.

Our findings suggest that the enhancement of extractant efficiency is probably originated from the formation of complex lanthanide species with both organic extracting agents, TBP and TODGA. In addition, when IL is used is diluent, cationic exchange between metal-organic ligand species and IL cations and neutral complex extraction results in more efficient extraction. Moreover, hydrophobic anionic IL entities could be involved in the extraction mechanism resulting in more lipophilic Ln complexes as compared to the complexes with nitrate ions as charge neutralizing anions.

Further study by complementary techniques would provide helpful information on the inner and outer coordination environment of the extracted lanthanide species with TODGA and TBP to establish the origin of synergic effect in this binary extractant system.
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 3 Note that 1.1 M TBP alone dissolved in [C4mim][Tf2N] ionic liquid yields in negligible distribution value for Eu(III) ions at 3 M HNO3 (DEu value is close to 0.045).
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 1 Figure 1. Effect of TBP co-extractant concentration on the distribution behavior of Eu(III) between aqueous 3 M HNO3 solution and [C4mim][Tf2N] or nonane containing 0.01 M TODGA. The lines are added for clarification purposes.
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 2 Figure 2. The effect of initial aqueous HNO3 concentration on the Eu(III) extraction with 0.01 M TODGA dissolved in: pure IL or 1.1 M TPB/IL mixture (Vo : Va = 1 : 10, panel A); pure TBP or 1.1 M TBP/nonane mixture (panel B).

Figure 3 .

 3 Figure 3. Extraction and separation of Y(III) and Ln(III) ions from aqueous 3 M HNO3 solution with: 0.01 M TODGA diluted in pure TBP or DCE 12 (panel A) ; a mixture of 0.01 M TODGA and 1.1 M TBP dissolved in [C4mim][Tf2N] (VO:VA = 1:10) or nonane (panel B) ; 0.01 M TODGA diluted in [C4mim][Tf2N] (VO:VA = 1:10) or in a 7:3 v/v mixture of [C4mim][Tf2N] and DCE 12 (panel C).

Figure 4 .

 4 Figure 4. Lu/La, Lu/Sm and Lu/Tb separation factors in the extraction systems studied in the present work and [5] (see text). Aqueous phase: 3 M HNO3.

Figure 5 .

 5 Figure 5. Distribution ratio values of lanthanide(III) ions as a function of TODGA concentration at 1.83 M TBP diluted in [C4mim][Tf2N] ionic liquid from aqueous 3 M HNO3 solutions.
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