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Abstract

:

In this study, the theoretical design of ionic liquids (ILs) for predicting selective extraction of lithium from brines has been conducted using COSMO-RS. A theoretical model for the solvent extraction (SX) of the metal species present in brines was established considering extraction stoichiometry, the distribution of the extractants between aqueous and IL phases, and IL dissociation in the aqueous phase. Theoretical results were validated using experimental extraction percentages from previous works. Results indicate that, in general, the theoretical results for lithium extraction follow experimental trends, except from magnesium extraction. Finally, based on the model, an IL was proposed that was based on the phosphonium cation as the extractant, along with the phase modifier tributylphosphate (TBP) in an organic diluent in order to improve selectivity for lithium extraction over sodium. These results provide an insight for the application of ILs in lithium processing, avoiding the long purification times reported in the conventional process.
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1. Introduction


At present, lithium (Li) is one of the most strategic and essential elements for technological development and for achieving CO2 neutrality by 2050. This is due to the high charge-to-weight ratio exhibited by this metal in the manufacturing of lithium-ion batteries (Li1−x−yMnxCoyO2), which are used to power smart devices and electric vehicles. Therefore, an increase in the demand for this metal is expected in the coming years [1,2]. More than half of the world’s lithium deposits as brine water are located in the triangle of South America, which comprises Chile, Bolivia, and Argentina [3,4].



The processing of lithium resources presents challenges that have to be solved, and the complexity of extraction and purification of this mineral depends on its source. Brine is the principal source of lithium [5], but its extraction and separation are tedious because these processes require a solar evaporation step to concentrate the mineral, which results in long processing times ranging from six to eighteen months. Subsequently, magnesium, calcium, and boron are removed in several stages of precipitation using sodium carbonate and lime [6]. In addition to this, large quantities of freshwater have to be injected into the lithium wells to pump off the brines, which causes water pollution, affecting the biodiversity of the environment and human health [7], not to mention the fact that water is extremely scarce in places where lithium is found [8].



In this sense, solvent extraction (SX) could be proposed as an alternative to the conventional process in order to avoid time-consuming processing and to considerably reduce water consumption. However, an important drawback is that the direct extraction of lithium from high concentration magnesium brines, which share similar physicochemical properties [9], would require a highly selective SX process.



To increase the separation factor between these two metals, the use of ionic liquids (ILs) appears to be a promising alternative. ILs are molten salts at room temperature, which have favorable physicochemical properties that make them suitable solvents for SX processes [10,11,12], for example, negligible vapor pressure. Additionally, ILs can increase the distribution ratios and selectivity of Li+/Mg2+ (   α  L  i +  / M  g  2 +      ) when compared to conventional solvents [13]. Furthermore, the use of a neutral donor (e.g., tributhyl phosphate (TBP); trioctyl phosphine oxide (TOPO) and triisobutyl phosphate (TIBP)) in combination with ILs could enhance extraction [14,15,16,17] or selectivity [18].



Shi et al. used two different non-fluorinated ILs with the anion bis(2-ethylhexyl)-phosphate and different alkyl length in the ammonium ([N4444]+ and [N8888]+), achieving high extraction towards lithium over sodium, potassium, rubidium, and cesium [19]. In addition, Li et al. were able to separate lithium from magnesium (   α  M  g  2 +   / L  i +      = 21.8) using a binary extractant composed of Aliquat 336 and Versatic Acid 10 [A336][V10], in which the extracting phase can be stripped and regenerated by water [20]. These two works show the feasibility of using direct SX without precipitation and concentration steps, which could improve the efficiency of lithium extraction from brines by SX.



In turn, ILs have many possible combinations of cations and anions that can be used to increase extraction and/or selectivity [21,22,23]. However, studying each of these combinations would be time consuming and require high experimental costs. In this sense, a quick tool for exploring these combinations is COSMO-RS (Conductor-like Screening Model for Real Solvent) [24], which has succeeded in the prediction of metal extraction with conventional organics solvents [25,26,27] and also with ILs as diluents [28]. For instance, Zhao et al. used COSMO-RS to predict the extraction of LiCl in different ILs [23]. However, the main problem of this approach is that lithium will be not extracted as a salt but the extraction mechanism would include the exchange of chloride anions for an anion of the IL. In fact, ILs are known to participate in the extraction of metal [12,29,30], including the transfer of the IL ions from the organic phase to the aqueous phase. Therefore, to obtain good trends between experimental and theoretical results, the extraction stoichiometry and all the local thermodynamic equilibrium of the species involved in the complexation should be considered [28].



Therefore, the aim of this work is to establish a theoretical SX model to predict selective extraction of lithium over sodium and magnesium, which are present in brines, using different ILs as extractants by means of COSMO-RS. To this end, selectivity will be calculated based on the distribution constant of all species involved in extraction stoichiometry and free energy of complexation in the aqueous phase. Theoretical results will be compared with experimental data of extraction percentages and selectivity from lithium recovery. Finally, an IL that allows for increasing selectivity over the reported values from previous works is proposed.




2. Model Development and Computation Procedure


2.1. Predictive Method for Selectivity Calculation


According to our previous work [28], COSMO-RS is capable of calculating local equilibrium and the constants from the stoichiometry in the SX process. This allows for obtaining the theoretical selectivity between Li+ and the other metals (Na+ and Mg2+) present in brines, considering an extracting phase composed of a synergistic agent and different hydrophobic ILs as extractants diluted in conventional organic solvents. In this thermodynamic model, the extraction stoichiometry of this metal with ILs and a neutral donor must be known, which could be summarized as follows.


   M   (  a q  )    x +   + y  N   (  o r g  )    + x C  A   (  o r g  )        ↔ M  A X   N y      (  o r g  )    + x  C   (  a q  )   +   



(1)







For Li+ extraction, the literature indicates that SX proceeds via cation exchange and solvation mechanisms [12,31,32]. Specifically, for each mole of lithium extracted, one mole of the anion (A) of the IL (CA) and two moles of a neutral donor (N) are needed. The Na+ cation exhibits almost the same ionic radii as lithium [33]; as a consequence, the coordination number will be related to this property, among other factors [34]. In turn, in the extraction stoichiometry of magnesium (Mg) with ILs, this metal ion is coordinated with two anions of IL [20,35] and two molecules of TBP [36]. Considering this, a general stoichiometry for different metals is obtained through Equation (2).


   M  x +   C  l n      (  a q  )    + 2 T B  P   (  o r g  )    + x C  A   (  o r g  )      ↔  M  x +    A x  · 2 T B  P   (  o r g  )    + x C C  l   (  a q  )     



(2)







With    M  x +   = L  i +  ,   N  a +  ,   M  g  2 +     and sub-indices aq and org corresponding to the aqueous and organic phase, respectively.



Figure 1 summarizes SX stoichiometry and the steps involved in the SX process, showing the path followed by the extractant IL (CA) when extracting metal ions (Mx+) with a charge (x) from aqueous solutions.



In Figure 1, the IL extractant, which is initially present in the organic medium (  C  A   (  o r g  )     ), is transferred to the aqueous phase according to its distribution constant (   K  D , C A    ). Once there, it is solvated by water, dissociating to some extent into a cation (   C   (  a q  )   +   ) and into an anion (   A   (  a q  )   −   ) according to their dissociation constant (   K  C A    ). The anion    A   (  a q  )   −    is responsible for extracting the metals from an aqueous solution, displacing chloride ions from lithium [37]. Additionally, the neutral donor is distributed between organic and the aqueous phases given by the distribution constant (   K  D , N    ).



Then, extraction is carried out, forming the    M  x +    A x   N y      (  a q  )      complex, for which its extraction constant is defined by    K f   . Finally, the organometallic complex formed from the previous complexation dissolves into the organic phase according to the distribution constant (   K  D , C    ) between the aqueous and organic phases. All these equilibrium constants and distribution ratios are defined as follows by Equations (3)–(7).


   K  D , C A   =      [  C A  ]     (  a q  )         [  C A  ]     (  o r g  )         



(3)






   K  C A   =      [   C +   ]     (  a q  )       [   A −   ]     (  a q  )         [  C A  ]     (  a q  )       



(4)






   K  D , N   =     [ N ]    (  a q  )        [ N ]    (  o r g  )       



(5)






   K f  =      [  M  A x   N 2   ]     (  a q  )       [   C +   ]     (  a q  )   x       [ M ]     (  a q  )    x +      [   A −   ]     (  a q  )   x       [ N ]     (  a q  )   2     



(6)






   K  D , C   =     [ M  A x   N 2  ]    (  o r g  )        [ M  A x   N 2  ]    (  a q  )       



(7)







Based on the previous equations of local thermodynamic equilibrium, a global constant (   K  g l o b a l , i    ) of each component “i” (“i” can be lithium, sodium, or magnesium) summarizes the global extraction process.


   K  g l o b a l , i   =  K  D , C A  x   K  C A  x   K  D , N  2   K f   K  D , C    



(8)







The algebraic arrangement of Equation (9) results in the expression for    K  g l o b a l , i     is as follows.


   K  g l o b a l , i   =      [  M  A x   N 2   ]     (  o r g  )       [   C +   ]     (  a q  )   x       [   M  x +    ]     (  a q  )       [  C A  ]     (  o r g  )   x       [ N ]     (  o r g  )   2       



(9)







Finally, predicted selectivity is obtained by dividing the global constants of lithium vs the other metal in the following manner:


   S  L  i +  /  M  x +     =    K  g l o b a l , L i      K  g l o b a l ,  M  x +        



(10)







Equation (10) should be compared with experimentally obtained selectivity to validate this model.



In order to validate theoretical calculations and compare them with experimental data, experimental data were obtained from previous studies. To compare lithium extraction using ammonium-based IL, data were taken from the work of Zhao et al. [23], in which different cations and anions were used. Finally, to validate the Li+/Mx+ selectivity trends, data were retrieved from Wang et al. using bis[(trifluoromethyl)sulfonyl]imide-based ILs [22].




2.2. Computation Procedure


The molecules of Equations (3)–(7) have to be optimized before being used in COSMO-RS. Molecular optimizations were carried out in Turbomole® (version 7.4., TURBOMOLE GmbH, Karlsruhe, Germany) using a basis set with triple-zeta valence polarization (def-TZVP) [38]. Density functional theory (DFT) with DGA functionality, Becke–Perdew (BP86), is widely used in organometallic complex optimization [39,40,41,42] with dispersion correction (D4), as suggested by Grimme et al. [43,44]. After geometry optimization, a vibrational frequencies analysis was performed in Turbomole® for every molecule in order to obtain the chemical potential and the absence of imaginary harmonic frequencies and ensure that all were stable molecules with zero negative frequencies. Subsequently, COSMO-RS calculations were conducted with these molecules using the COSMOThermX® (version C30_1705, COSMOlogic GmbH & Co., Leverkusen, Germany) software.



In order to improve COSMO-RS calculations, the conformers of the ILs were considered searching rotatable bonds. To this end, a stochastic search algorithm at the MMX force field level of theory, which is implemented in the PCmodel software [45]. Only molecules with the lowest energy and not exceeding an energy threshold by more than 0.5 kcal/mol were reoptimized in Turbomole®, and then the molecules with the lowest energy (potential chemical in vacuum + solvation free energy) were employed.



Due to the impossibility of representing the cation Mx+ as an atom in quantum chemical calculations, this work considered solvated metals in an aqueous solution with water molecules. According to the literature, the number of water molecules in the inner and second coordination sphere of lithium and magnesium are six and twelve, respectively [46,47]; the use of the second solvation shell in the free metals is necessary to have good agreement with the experimental extraction results.



Equation (6) was calculated with a Born–Haber cycle (  Δ  G  c o m p l e x a t i o n   = Δ  G  v a c u u m    +  Δ  G  S o l v a t i o n    ). To this end, the chemical potential for every molecule in extraction stoichiometry was calculated based on a vibrational frequency analysis in Turbomole® and solvation energy in the aqueous media with COSMOThermX®. The distribution partition between the aqueous and organic phase in Equations (3)–(5) and (7), is obtained considering the solutes at infinite dilution in both phases, using the panel LogP/LogD in COSMOThermX®. In the organic phase, an electroneutral mixture was considered for IL.





3. Results and Discussion


This study is divided into two main parts: the first one deals with the comparison of our model to predict extraction and selectivity with experimental data, while the second one part is a proposal for ILs that achieves selectivity.



3.1. Effect of IL Anion on The Extraction of Lithium


The comparison between COSMO-RS calculations and experimental data for SX of lithium [23] is carried out with ILs Tetrabutylammonium mono-2-ethylhexyl-(2-ethylhexyl) phosphonate [EHPMEH][N4444]; Tetrabutylammonium bis(2-ethylhexyl)phosphate [DEHP][N4444]; Tetrabutylammonium bis(2-ethylhexyl)phosphinate [BEHP][N4444]; and Tetrabutylammonium diisooctylphosphinate [DICP][N4444], while the cations and anion used are shown in Figure 2. Experimental concentrations used in the work of Zhao et al. [23] are of 0.5 (g/L) Li+ aqueous phase and an organic phase containing 0.1 (mol/L) of IL diluted in methylbenzene at 298 K.



Table 1 compares the results calculated by COSMO-RS (Log (Kglobal), Equation (9)) and the experimental extraction percentages obtained from the work of Zhao et al. [23]. According to the results presented in Table 1, COSMO-RS calculations can predict experimental trends when compared to the experimental data available. Nevertheless, an explicit solvation model could be used to improve the results, but for prior screening, the results show a good tendency.



As observed in Table 1, the experimental results were sorted by maintaining the IL cation and varying the anion in ILs screening. It is shown that the main factor that would increase or decrease lithium extraction/selectivity is the IL anion because this is directly involved in lithium bonding. Additionally, the change in chemical structure will affect energy bonding as this energy will be related to the charge density in the bonding acceptors atoms that are present in the anion, specifically in the P=O group; in this group, the charge density will be affected by the radicals present in the vicinity of the bonding.



Therefore, according to the experimental results, the higher the number of oxygen bonding the phosphorus atom in the IL anion, the better the lithium extraction. This is due to the electron withdrawing effect of oxygen, which provides a higher density charge in P=O and, thus, a better bonding with lithium. The introduction of carbon molecules bonded to phosphorus reduces both the bonding interaction due to its electron donating character and the negative density charge area. However, in SX, the effect of the polarity of the extractant is not the only effect to be considered, as shown in our model (see Figure 1). Furthermore, the dissociation of IL has to be taken into account and this can be represented by the σ-profiles of the extractant anions.



In Figure 3, the σ-profiles of the anions used are presented. The region within −1 and 1 (e/A2) corresponds to a non-polar region, while the outside corresponds to the ability to form hydrogen bonds. The central peaks located in the −0.6 to 0.5 (e/A2) region show the non-polar zone of this anion, while the small peaks located near the value of 2 (e/A2) indicate the polar region of the anions. Therefore, the more to the right the peak is located in the σ-profile, the more polar the anion is; therefore, the Coulombic forces between the cation and the anion of the IL will increase. This effect hinders the dissociation of IL in the aqueous phase, decreasing the amount of anions available for extraction. Thus, [EHPMEH]− and [DEHP]− anions present peaks around 2.1 and 2.3 (e/A2), respectively, presenting the highest dissociations among the IL used in this work.



Having discussed that, the same effect of the central atoms in the IL cations is observed on the extraction. The change from     [  N  4444   ]  +    to     [  P  4444   ]  +    reduces lithium extraction because the electro drawing character of phosphorus compared with nitrogen produces an increase in the interaction of     [  P  4444   ]  +    with the anion of this cation, thereby decreasing IL dissociation in the aqueous phase and, therefore, the amount of free anion available to extract lithium.




3.2. Effect of the IL Cation on Extraction and Selectivity


In the work of Wang et al. [22], lithium, sodium, and magnesium were extracted from the aqueous phase at pH=5.0 using an organic phase that included tributyl phosphate (TBP) (70% v/v), IL = (10% v/v), and 1,2-dichloroethane as diluent. Extraction was conducted at 298 K employing an organic/aqueous ratio of 3:1. The different ILs used are as follows: 1-Butyl pyridinium bis((trifluoromethyl)sulfonyl)imide ([BPy][T   F 2  N  ]); 1-Butyl-1-methylpiperidinium bis((trifluoromethyl)sulfonyl)imide ([P   P  14    ][T   F 2  N  ]); 1-Butyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide ([BMIm][T   F 2  N  ]); and 1-Butyl-1-methylpyrrolidinium bis((trifluoromethyl)sulfonyl)imide ([   P  14    ][T   F 2  N  ]). The molecular structures used are shown in Figure 4.



According to the literature, lithium is solvated with two bis-(trifluoromethanesulfonyl)amide ([T   F 2  N  ]−) anions in the inner shell and the IL cation in the second shell, while the cis-[T   F 2  N  ]− conformer is more stable than the trans-[T   F 2  N  ]− conformer acting as a bidentate ligand [48,49]. These findings are used to build the complex. A comparison between the experimental and the theoretical calculations is presented in Table 2. COSMO-RS and experimental data for lithium extraction and    α  L  i +  / N  a +      are in good agreement in terms of tendencies.



According to COSMO-RS calculations on hydrophobicity, the following trend is obtained from the most hydrophobic to the most hydrophilic cation:      [  P  P  14    ]   +     >      [   P  14    ]   +     >     [  BMIm  ]   + >    [  BPy  ]   +. When the hydrophobicity of IL decreases, there will be more IL distributed in the aqueous phase and, thus, more IL anions available to bond lithium, sodium, and magnesium. In addition, the increase in the ionic dissociation of ILs results in an increase in the number of anions available for extraction. According to data on [T   F 2  N  ]− based ILs, the ionic dissociations depicted in parentheses are the following: [Bpy]+ (0.66), [Bmim]+ (0.60), and [P14]+ (0.5) [50]. Their dissociation values show a direct relationship in both the degree of dissociation and extraction.



In the case of the trends for magnesium extractions, there is no relationship between theoretical calculations and experimental data. Some differences may occur due to the different solvation by the ILs towards the metals, where it is shown that a higher number of ILs is directly coordinated to lithium [48,49]. Therefore, the same phenomena could be occurring with magnesium, which means that other parallel extraction mechanisms have not been considered in this work. This effect could be more pronounced due to the divalent charge; thus, there would be more solvating IL species around Mg+2.



An interesting point to note is that, when comparing theoretical results from Table 1 and Table 2, values differ from each other. This is because both systems are different in that the first one used an IL in an organic solvent and the second one added a synergistic agent. Small amounts of TBP would cause large changes in metal extraction in both experimental results and theoretical calculations. This is attributed to the ability of TBP to displace water molecules, which solvate lithium ion and enhance extraction, as reported for the extraction of other metal ions [14,51,52]. However, this was not considered in quantum chemical calculations since no reports were found on the final chemical structure that could be obtained when using TBP for the extraction of lithium; specifically, the number of water molecules surrounding lithium after extraction. The number of water molecules is also necessary for calculations without TBP, which are also not available in literature.



It is important to say that, in the work of Wang et al. [22], the organic-to-aqueous (O/A) ratio, where a 3:1 (O/A), was used instead of the 1:1 O/A ratio employed in Table 1, which increases metal extractions. This ratio cannot be incorporated into quantum chemical calculations; therefore, is another source of differences in Log(Kglobal. Li+) between tables.



Although the correlations between the experimental and theoretical    α  L  i +  / M  g  2 +       were not satisfactory, there is a relationship between this and    α  L  i +  / N  a +      because an increase in the extraction of lithium over magnesium also produces a greater separation of Li+/Na+. Therefore, a proposed IL for Li+ extraction will be based on the obtained selectivity of Li+/Na+. This will represent a practical advantage as quantum chemical calculations on Na+ are much faster than on Mg2+, reducing computation time.




3.3. Proposal of ILs for Selective Extraction of Lithium


TBP is one of the best neutral extractants that increase the extraction of lithium [53]. TBP produces an intrinsic selectivity toward lithium over magnesium due to the presence of the functional group P=O [9,23]. When TBP is added as an extractant diluted in 1,2-dichloroethane, a high value of selectivity Li/Mg is obtained (   α  L i / M  g  2 +     =  241) [22]. Nevertheless, extraction without ILs produces low extraction percentages. Therefore, a counter anion is necessary to make the complexes more hydrophobic and enhance lithium extraction. In this sense, the proposal of an IL needs to consider all different factors that an IL could offer to the IL extraction process hydrophobicity, the dissociation, and the interaction with the metal.



Figure 5 shows the theoretical    α  L  i +  / N  a +      calculated by COSMO-RS using different hydrophobic cations that are commercially available [54] while keeping the anion of [Tf2n]−. According to the results, an increase in the alkyl chain for all the cations studied will increase selectivity towards lithium. This may be due to an increase in the hydrophobicity of IL and a subsequent better interaction of the lithium complex with a less polar organic phase. Among the groups studied, phosphonium-based cations exhibit the best selectivities, which have already been reported in the literature as cations used to enhance extraction or selectivity [10].





4. Conclusions


A theoretical model was developed to calculate selectivities in the SX of lithium over sodium and magnesium from brines using COSMO-RS.



The developed model was first validated using experimental data of lithium extraction from brines. Thus, theoretical calculations showed acceptable agreements with experimental data and were able to predict trends.



The main factors that improve selectivity in lithium extractions are the P=O functional groups in the anion and IL dissociation, which is directly related to the chemical structure of the cation and anion. Additionally, the use of TBP as extraction enhancer can significantly improve selectivity.



Finally, an IL has been proposed to improve selectivity considering all the previously mentioned findings. Thus, IL trihexyl tetradecyl phosphonium bis(trifluoromethylsulfonyl)imide, [P66614][Tf2n], is recommended for enhancing the selective extraction of lithium from brines.



This work opens possibilities for the application of ILs in the SX of lithium from brines, avoiding long processing times and large water consumption.
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Figure 1. Proposed extraction path for the IL extractant and a neutral donor in the SX process of a certain metal. 
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Figure 2. Molecular structure of the anions and cation used: (a) [EHPMEH], (b) [DEHP], (c) [BEHP], (d) [DICP], (e) [C11O], (f) [N4444] and (g) [P4444]. 
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Figure 3. σ-profile of the anions used in the work of Zhao et al. [23]. 
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Figure 4. Molecular structure of the cations and anions used (a) [BPy]+, (b) [P   P  14    ]+, (c) [BMIm]+, (d) and (e) [T   F 2  N  ]−. 






Figure 4. Molecular structure of the cations and anions used (a) [BPy]+, (b) [P   P  14    ]+, (c) [BMIm]+, (d) and (e) [T   F 2  N  ]−.



[image: Minerals 12 00190 g004a][image: Minerals 12 00190 g004b]







[image: Minerals 12 00190 g005 550] 





Figure 5. Effect of the cation in [T   F 2  N  ]− based ILs on the    α  L  i +  / N  a +      calculated by COSMO-RS. 
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Table 1. COSMO-RS and experimental [23] calculations for lithium extraction.
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	IL
	Log (Kglobal)
	% E





	      [ N    4444    ]   [ EHPMEH ]    
	216.50
	34.6



	      [ N    4444    ]   [ DEHP ]    
	220.22
	24.9



	[   N  4444    ]   [ BEHP  ]  
	219.14
	6.6



	  [  N  4444    ]   [ DICP   ]
	219.05
	6.1



	  [  P  4444    ]   [ DEHP   ]
	219.98
	21.8



	    [   P  4444    ]   [   C  11   O  ]    
	217.42
	11.7
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Table 2. Theoretical global extraction constants (Kglobal) and selectivity validation using experimental data [22] for different ILs when TBP is used.
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	IL
	Log(Kglobal. Li+)
	% Extraction Li+
	Theoretical

   Log (  α  L  i +  / N  a +    )   
	Experimental

    α  L  i +  / N  a +      
	Theoretical

   Log (  α  L  i +  / M  g  2 +     )   
	Experimental

    α  L  i +  / M  g  2 +       





	[BPy][T   F 2  N  ]
	185.77
	90.67
	159.544
	25.638
	37.17
	75.35



	[BMIm][T   F 2  N  ]
	185.29
	88.23
	159.545
	26.299
	37.65
	71.43



	[   P  14    ][T   F 2  N  ]
	182.60
	87.59
	159.540
	21.026
	40.38
	51.10



	[P   P  14    ][T   F 2  N  ]
	179.71
	83.76
	159.542
	23.129
	49.57
	45.26
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