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The extraction and separation of rhodium(III) and iridium(IV) from hydrochloric acid solutions into a hydrophobic eutectic solvent composed of tetraheptylammonium chloride and decanoic acid have been studied. This eutectic mixture selectively extracts iridium(IV) over rhodium(III), the highest separation factor obtained is approximately 22. The effects of the main experimental factors (shaking time, volume ratio of aqueous to organic phase, hydrochloric acid concentration and initial metal concentration in the aqueous phase) on the extraction behavior of rhodium(III) and iridium(IV) have been investigated. Ultraviolet-visible (UV-Vis) spectroscopy was applied to detect the IrCl 6 2-complex that is responsible for iridium(IV) extraction. To understand the extraction mechanism, the initial iridium(IV) concentration (the most extractable metal) has been varied and a corresponding mathematical model has been developed.

Introduction

Over the last three decades the development of green chemistry has brought a new value in chemistry and changed the way of thinking in process and chemical engineering. Specifically, the main goal of green chemistry is to reduce the hazardous environmental impact of solvents used in chemical production, including extraction and separation.

However, the discovery of green solvents that would replace widely exploited classical organic solvents is quite challenging. 1 Solvent extraction (SX) is one of the most important techniques for metal ion recovery and separation. Though there are a large number of advantages, the main drawback of the classical SX is the use of conventional flammable, volatile, toxic, waterimmiscible organic solvents that are made up of neutral molecules. Over the past 20 years, the attention of many scientists has been paid to the development of new alternatives. In contrast to the conventional molecular solvents, they should be more environmentally compatible, less toxic and non-flammable. Ideally, new solvents should also be less expensive, easy to prepare, biodegradable and recyclable owing to their low vapor pressure.

For the stated reasons they are potentially more efficient and environmentally friendly, this is why they are also called "green solvents". The innovative examples are eutectic solvents. 2, A eutectic solvent is a mixture of at least two compounds, for which melting temperature depression is observed due to intermolecular hydrogen bonding, namely between Lewis acids and bases. Mixtures with negative deviation from the ideal solubility are called deep eutectic solvents. 4 Some mixtures are liquid at ambient temperature and, as a result, have the potential to be applied in the solvent extraction and separation of target compounds from various matrices. To date, the majority of published investigations are devoted to the preparation and utilization of hydrophilic eutectic solvents which are miscible with water. Whereas hydrophobic eutectic solvents have heightened the interest of researchers only recently, particularly due to their effective extraction of metal ions from aqueous solutions. 5,6 Metals under our investigation belong to critical metals whose availability is essential for high-technology and green energy applications but vulnerable to fluctuations in supply.

They include cobalt, rare-earth elements, niobium, platinum-group metals, etc.

The majority of critical mineral deposits are concentrated in a limited number of countries. China, Canada, and South Africa remain the top producers and suppliers of critical mineral commodities. Critical metals play a key role in manufacturing cycles of numerous products. Their absence would lead to considerable consequences for the economy and national security of countries whose demand for critical metals is satisfied primarily by imports. For instance, in the United States net import reliance on many mineral commodities is high due to the lacking domestic production which can even be insufficient to satisfy domestic demand by consumers. [START_REF] Fortier | Draft Critical Mineral List-Summary of Methodology and Background Information[END_REF] Currently the demand for critical metals is increasing due to the shift in the global energy sector towards low carbon emission technologies and renewable energy sources. [START_REF] Grandell | [END_REF] On February 16th, 2018 the U.S. Department of the Interior and the Secretary of Defense published a draft list of mineral commodities that are vital to U.S. interests. This list includes 35 critical minerals, among them the great attention is paid to platinum group metals (PGMs). PGMs contain platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium (Ru), osmium (Os) and iridium (Ir). Important technologies and applications dependent on these metals are aerospace (casting, coatings for jet engines), energy (petroleum catalysts, landbased turbines, fuel cells, autocatalysts), telecommunications and electronics (hard-disk drives, capacitors, flat-panel displays) and transportation (automotive components). PGMs are also important for medical (anticancer drugs, biomedical devices) and metallurgical applications. They are a component part of refractory crucibles and integrated circuits but notably widely exploited as chemical catalysts. 3,[START_REF] Fortier | Draft Critical Mineral List-Summary of Methodology and Background Information[END_REF] According to the U.S. Geological Survey, the global resources of PGMs are estimated to be more than 100 million kilograms. [START_REF] Survey | Mineral commodity summaries 2014[END_REF] South Africa is the main producer and supplier of PGMs (the Bushveld Complex). To a lower degree their production is concentrated in Russia (the Norilsk area), Zimbabwe (the Great Dyke) and the USA (the Stillwater complex). High production concentration in a single country is now at risk as during recent years South Africa has faced unfavorable economic conditions, labor issues and electricity shortages. However, scarce geological occurrence is not the only threat to supply chains. A much more important fact to be considered is that more often Rh, Ir, Pd, and Ru are not mined directly, but are recovered as byproducts during the refining of a host material. Platinum and nickel are the primarily and secondary host materials for the listed PGMs. [START_REF] Fortier | Draft Critical Mineral List-Summary of Methodology and Background Information[END_REF] To separate the metals from ores, liquid-liquid extraction is used for industrial-scale production. The recovery yield is rather low compared to the total amount of material available from mining. As a consequence, innovative and effective extraction methods need to be designed in order to improve the recovery of the named metals. Moreover, mining of materials leads to significant pollution of the environment, thus, recycling of such metals is crucial both from ecological and economical points of view. That is why the focus of our work is to find a greener way to extract critical metals, namely PGMs, from aqueous solutions which will also lead us one step forward towards overcoming the recycling barrier.

The goal of this article is to study the solvent extraction and separation of two PGMs, Rh(III) and Ir(IV), from hydrochloric acid solutions. Their similar chemical behavior and the existence of several metallic species in chloride solutions make their separation a challenging task. Recently, amine-based extractants inter alia tri-octylamine (TOA), tri-2-ethylhexyl amine (TEHA), tri-isooctyl amine (Alamine 308) and Aliquat 336 diluted in the molecular solvent were studied for the selective separation of Ir(IV) and Rh(IV) from acidic solutions. [START_REF] Nguyen | [END_REF] The quaternary ammonium salts extract Ir(IV) from chloride solutions efficiently whereas the chloride complexes of Rh(III) have much lower distribution ratio values. Aliquat 336 was found to be a more effective extractant in terms of efficiency and selectivity but its high viscosity hinders handling. In addition, the formation of the third phase due to the limited solubility of Aliquat 336-Ir(IV) complexes in the organic phase requires the use of a modifier.

In order to cover these issues we aim to study the extraction performance of the eutectic solvent composed of a quaternary ammonium salt and a fatty acid, namely tetraheptylammonium chloride and decanoic acid (C10:0) in a 1:2 molar ratio. This hydrophobic eutectic solvent has already been applied to the recovery of volatile fatty acids from dilute aqueous solutions and the extraction of indium(III) ions from hydrochloric and oxalic acids. 6,11 To our knowledge, this kind of eutectic solvents has not been studied for PGMs extraction and separation.

Experimental Materials and equipment

Tetraheptylammonium chloride (95% purity, lot: A0126229, Acros Organics, USA) and decanoic acid (99% purity, lot: 10174060, Alfa Aesar, Germany) were used without further purification. The standard Rh solution for ICP-AES and ICP-MS 1002 µg/mL in 10% wt. Reagents were weighed using the Mettler Toledo AM 50 Analytical Balance (serial № H09217) and the Mettler Toledo XP105DR Analytical Balance (serial №BO25044402). The eutectic solvent was prepared by a heating method using the Curtis hot plate. Samples for liquid-liquid extraction were mixed with the BioSan TS-100 Thermo-Shaker providing the temperature and shaking frequency control. The microcentrifuge VWR MicroStar12 was utilized to accelerate phase separation. The acidity was measured with the pH-Meter CG 832. UV-Vis spectra were recorded on the Hitachi U-4100 UV-Vis-NIR spectrophotometer using a quartz cell with 1 cm optical path length. Solutions were titrated using the SI Analytics Titrator TitroLine5000. Deionized water (ELGA PURELAB DV25) with a specific resistance of 18.2 MΩ•cm was used to prepare aqueous solutions.

Preparation of the eutectic solvent

Two reagents, tetraheptylammonium chloride (hereinafter [N 7777 ]Cl) and decanoic acid (hereinafter DecA), were used as a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD), respectively, in order to prepare the eutectic solvent in a 1:2 molar ratio).

Structural formulas of the chemicals are shown in Fig. 1.

[N 7777 ]Cl Decanoic acid The appropriate amounts of both reagents were weighed in a beaker. Then the mixture was heated on the water bath at 45°C without stirring until the homogeneous yellowish liquid was formed and cooled down to room temperature afterward.

Metal extraction methodology

Rh(III) and Ir(IV) extraction from hydrochloric acid solutions

Solvent extraction trials were performed by mixing 0.1 g of the synthesized eutectic solvent with 1.5 mL of the aqueous phase, containing Rh(III) and Ir(IV) in hydrochloric acid (HCl) solution simultaneously (or only Ir(IV) depending on the experiment), in a 2 mL Eppendorf tube. The biphasic mixture was shaken for 30 min at 1400 rpm, 25°C to ensure that the system has reached equilibrium. Then centrifugation was performed for 4 minutes at 9500 rpm to separate the phases thoroughly. As the eutectic solvent has a lower density than water, it forms the top phase. No phase inversion was observed in the experiments.

After extraction and centrifugation, the top phase was removed by a transfer pipette. An appropriate aliquot of the bottom aqueous phase was transferred to a test tube and diluted with 0.12 M HCl for the analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

A 5 µg/L holmium (Ho) stock solution in 0.12 M HCl was used as an internal standard.

Distribution ratio values for metals (D M ), namely for Rh(III) and Ir(IV), were calculated using the following equation:

(

where [M] org and [M] aq are concentrations of all metallic species in both phases;

V org and V aq are volumes of the organic and aqueous phases, respectively;

[M] aq , BE is the initial metal concentration in the aqueous phase before extraction;

[M] aq , AE is the metal concentration in the aqueous phase after extraction.

Flowchart of solvent extraction experiments

Typically, a solvent extraction system consists of the organic and aqueous phases.

The organic phase is enriched with extractant molecules distributed in the diluent. The aqueous phase is enriched with target compounds (in this case, negatively charged Ir and Rh complexes). For extraction a two-phase system was shaken and centrifuged. Then the phases were separated and the aqueous phase was diluted prior to ICP-MS analysis.

UV-Vis measurements

The 

Results and discussion

Extraction kinetics

Initially, we studied the extraction kinetics of Rh(III) and Ir(IV) with [N 7777 ]Cl:DecA (1:2). The initial metal concentration in the acidic solutions (0.17 M HCl) containing both metals was 3.210 -5 M and 2.510 -5 M (10 µg/mL) for Rh(III) and Ir(IV), respectively. The volume ratio V aq /V org = 13.365. As shown in Fig. 2 Fig. 2 The variation of distribution ratio values for Rh(III) and Ir(IV) as a function of shaking time.

[Rh] init, aq = 3.210 -5 M, [Ir] init, aq = 2.510 -5 M, [HCl] aq,init = 0.17 M. V aq /V org = 13.365. The y-axis is in logarithmic scale. The lines are intended to guide the eye.

Effect of the volume ratio variation

We also studied the dependency of the distribution ratio for Ir(IV) on the volume ratio of aqueous to organic phase (V aq /V org ). The initial metal concentration in the acidic solutions (0.387 M HCl) was 2.510 -4 M (100 µg/mL). According to Fig. 3, it was found that with an increase in the aqueous phase volume there is an increase in D Ir . As a result, for extraction it was decided to use V aq /V org =13.365, which means weighing 0.1 g of the eutectic solvent (density of the eutectic solvent is 0.891 g/mL 11 ) and adding 1.5 mL of the aqueous phase. This choice can be explained by the fact that under such experimental conditions significant extraction (D Ir ~10) was observed and the consumption rate of the eutectic solvent is relatively low at the same time. It should be noted that a single-charged cation of the tetraheptylammonium salt (N 7777 + ) will easily form an extracted complex with a single-charged anion of Rh chlorocomplex (RhCl 4 -) due to the small charge density. This results in high D Rh values in low acidic solutions. Unlike RhCl 5 2-and RhCl 6 3-, their higher charge density hinders the easy formation of the extracted complexes. As a result, for higher HCl concentration a decrease in D Rh values is observed, which smoothly plateaus for high acidic solutions.

In the case of Ir(IV), in 1.0 -8.0 M HCl solutions it predominantly exists in the forms of a single-charged (IrCl 5 -

) and a double-charged (IrCl 6 2-

) complexes, the most stable chlorocomplexes of Ir(IV). [START_REF] Nguyen | [END_REF][16][17][18][19][20][21] The extraction reaction of anion exchange for Ir(IV) can be written as:

(n-4)N 7777 Cl org + IrCl n

It is possible that high D Ir values in low acidic solutions can be explained by the extraction of IrCl 5 -complex, which then attaches more Cl -ions in more concentrated HCl solutions, becoming IrCl 6

. The double-charged complex makes the formation of the extracted complex (N 7777 Cl) 2 IrCl 6 more difficult to occur resulting in the lower extraction efficiency.

Moreover, in accordance with Le Chatelier's principle, the increase in Cl -ions concentration in the aqueous phase leads to the depression of N 7777 Cl solubility, which results in less effective extraction of the Ir(IV) anionic species in high acidic solutions. The same evidence can be used to explain the trend for Rh(III).

Titration of the aqueous phases before and after extraction did not show any difference in the concentration of H + ions, only a slight decrease was noticed at 2.81-3.54 M HCl for the aqueous phases after extraction. We can conclude that the acid is not extracted into the organic phase.

UV-Vis measurements

In order to investigate if both chloro-complexes of Ir The results illustrate that the absorbance decreases with higher HCl concentration.

This trend can be explained by the fact that in high acidic solutions the reduction of Ir with oxidation state +4 in IrCl 6 2-to Ir with oxidation state +3 in IrCl 6 3-becomes more probable. 20 The oxidation-reduction reaction is represented below:

IrCl 6 2-+ Cl -IrCl 6 3-+1/2Cl 2 . (4) 
However, we do not see the characteristic peaks of IrCl 6 3-

. This is due to the small amount of the named complex being formed. Characteristic peaks for IrCl 5 -at 450 nm were not observed either. Secondly, the molar extinction coefficients (ε) for the formed complexes at 488 nm were calculated based on the calibration curves that were plotted for Ir(IV) in 0.08 M, 1.08 M and 3.66M HCl solutions. Calculations were done using the Beer-Lambert Law. The results in Fig. 6 show that ε values are comparable (3530, 3549 and 3439

for each HCl concentration, respectively) meaning only one complex is being recorded by UV-Vis. All of the arguments lead to the conclusion that the major extracted species is a double-charged complex IrCl 6 2-with distinct characteristic peaks at 433 nm and 488 nm in the entire HCl concentration range. Finally, the effect of aging was noticed for the studied solutions. Fig. 7 shows that after almost 20 days of keeping the samples in the dark place the absorbance decreases. Furthermore, in the high acidic solutions the process of the absorbance suppression is even more pronounced. This corresponds to the IrCl 6 2-complex which undergoes the oxidation-reduction reaction discussed above.

Ir(IV) loading

Different initial aqueous phases with Ir(IV) concentration the range of 2.510 -6 -1.9810 -3 M (1 -800 µg/mL) in 0.12 -2.25 M HCl were prepared in order to reveal the impact of the initial metal concentration on the extraction efficiency. The results shown in Fig. 8 indicate that while the initial Ir(IV) concentration in the aqueous phase increases, D values decrease. This is probably due to the limited capacity of the organic phase. The most efficient extraction (D Ir ~49) was observed for 2.510 -6 M Ir(IV) solution.

By fitting the experimental data we aimed to provide an in-depth analysis of the extraction mechanism. We consider two possible mechanisms of IrCl 6 2-extraction, namely anion exchange and ion pair formation. The former can be described as ionic exchange (ie)

between Ir(IV) anionic complexes and chloride ions of the eutectic solvent, represented in the reaction 3.

Another possible and competing mechanism of IrCl 6 2-extraction is ion pair formation in the aqueous phase due to the partial solubility of the solvent. This process can be described as:

(n-4)N 7777

+ aq + IrCl n 4-n aq [N 7777 ] n-4 [IrCl n 4-n ] org . (5) 
The corresponding extraction constants are written: The solution to equation 10 is:

K ie = [Cl -] n-4 aq  [IrCl n 4-n ] org /([IrCl n 4-n ] aq  [Cl -] n-4 org ), (6) 
.

The experimental data in Fig. 8 were analyzed according to equations 8 and 11. A high value of R 2 =0.864 at n = 6 confirms that the major extracted species is a double-charged complex IrCl 6 2-. Results obtained by this independent method are in good agreement with those obtained by UV-Vis analysis. 

Conclusions

For Rh(III) and Ir(IV) extraction the use of the eutectic solvent based on the quaternary ammonium salt, namely tetraheptylammonium chloride, and decanoic acid in a 1:2 molar ratio was reported for the first time. High values of Ir(IV) distribution ratios and low for Rh(III) indicate that the following eutectic solvent is efficient for Ir/Rh separation. By fitting the experimental data it can be assumed that the predominant mechanism of iridium extraction is ion pairing and the extracted species is a double-charged complex IrCl 6 2-.

  hydrochloric acid matrix (lot: S181023027) was purchased from PlasmaCAL, Canada. The atomic absorption standard solution of Ir 1030 µg/mL in 10% wt. hydrochloric acid matrix (lot: 03802KW) was provided by Aldrich Chemistry Chemical Company, Inc., USA. For UV-Vis measurements Ir Aqueous Analytical Solution (lot: P2-IR680580) was acquired from Inorganic Ventures, VA, USA; dipotassium hexachloroirridate(IV) salt (lot: 50006681) was obtained from Beantown Chemical Hudson, NH. Hydrochloric acid 32% extra pure (lot: Z0317213408) was provided by Merck KGaA, Germany. Sodium hydroxide concentrate for dilution to 1 L (0.01 M and 0.1 M NaOH Standard Volumetric Solution) was supplied by Fluka, Honeywell Research Chemicals.

Fig. 1

 1 Fig. 1 Structural formulas of the selected HBD and HBA for the preparation of the eutectic solvent

  UV-Vis spectra of 16 samples of Ir(IV) solutions were recorded with HCl concentration ranging from 0.025 M to 7.75 M. Dipotassium hexachloroirridate(IV) salt (K 2 IrCl 6 ) was used to prepare low acidic Ir(IV) solutions (0.025 M, 0.011 M and 0.048 M HCl). A 60 mg sample of K 2 IrCl 6 was first diluted in 50 mL of 0.25 M HCl. After that an appropriate aliquote of the prepared solution was diluted in 10 mL of the corresponding HCl solution to reach the final IrCl 6 2-concentration of 1.210 -4 M (50 µg/mL). Ir(IV) solutions with higher HCl concentration (0.14 -7.75 M) were prepared by diluting an appropriate aliquote of Ir standard solution in water (for 0.14 M solution) or the corresponding HCl solution to reach the final IrCl 6 2-concentration of 1.210 -4 M (50 µg/mL). The spectra were recorded in the wavelength range of 200-800 nm with the deionized water as a reference sample. The samples were kept in a dark place to avoid the effect of light. All HCl solutions as well as acidic Ir(IV) solutions were titrated with 0.01 M NaOH (for 0.05 -1 M HCl) and 0.1 M NaOH (for 2 -8 M HCl) to calculate the actual concentration of H + ions.

  , the extraction equilibrium for Ir(IV) was reached within 1 min of shaking. The extraction efficiency for Rh(III) is much lower than for Ir(IV) (D Rh ~1.7) but the extraction equilibrium is reached also very quickly for Rh(III). The Ir(IV)/Rh(III) separation factor (SF = D Ir /D Rh ) is 21 under these chemical conditions. In further solvent extraction experiments, biphasic samples were shaken for 30 minutes to ensure that the extraction equilibrium is achieved (D Ir ~35).

Fig. 3 Fig. 4 .

 34 Fig. 3 Distribution ratio variation for Ir(IV) as a function of the volume ratio variation. [Ir] aq, init = 2.510 -4 M, [HCl] aq, init = 0.387 M. The line is intended to guide the eye.

Fig. 5 .

 5 Fig. 5. Selected experimental UV-Vis absorption spectra of IrCl 6 2-complexes in different HCl concentrations. [Ir] = 1.210 -4 M.

Fig. 6 .

 6 Fig. 6. Calibration curves of IrCl 6 2-complexes in (a) M, (b) 1.08 M and (c) 3.66 M HCl to calculate

Fig. 7 .

 7 Fig. 7. Absorption of IrCl 6 2-complexes at 488 nm as a function of HCl concentration and aging. [Ir] = 1.210 -4 M. The lines are intended to guide the eye.

. ( 8 )

 8 where [Cl -] org = 1.127 M due to 1:2 mol ration between [N 7777 ]Cl and decanoic of a distribution ratio into account and only ion pair formation mechanism takes place, one arrives at: Thus, upon solubility of the eutectic solvent in the aqueous phase and Ir extraction, the charge balance is:[Cl -] aq, eq -[N 7777 + ] aq, eq = (n-4)  (correct if DecA is fully protonated.The solubility product can be written as:K sp = [N 7777 + ]  [Cl -] / [N 7777 Cl] org = [[N 7777Cl] org .(10) 

Fig. 8 . 4 )

 84 Fig. 8. Distribution ratio variation for Ir(IV) as a function of complex concentration difference in the
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