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			The performance requirements of modern lithium-ion batteries (LIBs) necessitate the use of a number of scarce and strategically sensitive metals such as lithium and cobalt. Recycling end-of-life LIBs reduces the demand on the primary sources of these metals and helps reduce the environmental impact of LIB waste. Citric acid has proven to be an effective environmentally friendly and sustainable lixiviant; however, the formation of metal citrate complexes complicates subsequent metal separation processes such as solvent extraction. This study enhances the understanding of LIB metal separation from citric acid media by comparing the metal separation performance of phosphorus-based liquid-liquid extractants from a citric acid leach. The optimum Mn(II) extraction pH decreases as the extractant’s phosphorus oxidation state increases from phosphinic to phosphonic to phosphoric, due to the oxygen atoms that surround the central phosphorus atom. The maximum Mn(II) separation with Cyanex 272, PC-88A, and D2EHPA was observed at pHs of 6, 3, and 3, respectively. D2EHPA further provided the best separation of Mn(II) over Al, Co, Li, and Ni with separation factors of 137, 191, 118, and 601, respectively. No research is currently available on the metal separation performance of phosphonic (PC-88A) or phosphinic (Cyanex 272) organic extractants from citric acid media.

			Significance:

			•This study is the first to investigate the use of phosphonic and phosphinic extractants for metal separation from citric acid leach solutions, towards using citric acid as an environmentally friendly lixiviant.

			•The phosphoric extractant, D2EHPA, enabled successful and sequential separation and extraction of aluminium, manganese and lithium, making the process technologically feasible and attractive.
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			Introduction

			Waste lithium-ion batteries (LIBs) contain a variety of metals and toxic organic compounds that prohibit the disposal thereof in landfill sites and other conventional waste streams. The size of the LIB waste streams have also become an ever-increasing concern as the demand for LIBs continues to increase annually for the mass production of electronic devices and electric vehicles.1 Predictions indicate that 11 million tonnes of LIBs will have been discarded by 20232, leading to the LIB recycling market recovering up to EUR555 million in valuable materials by 20303. Due to the strategically scarce metals used in LIBs like cobalt, and other valuable metals like lithium, manganese, and nickel, recycling has become a vital part of the waste treatment of spent LIBs. The recycling of LIBs not only provides an economic benefit through the recycling of these aforementioned metals but also reduces the environmental impact of hazardous components like fluorides, organic components, and toxic metals like cobalt, copper, and nickel.4

			Various companies have invested in the recycling of LIBs and many make use of pyrometallurgical processes to recover the metals from the waste LIBs.5 However, pyrometallurgical processes require large amounts of energy, lose lithium to the slag6, and produce toxic gases from the plastics and organics that need to be treated before being released to the atmosphere. Hydrometallurgical processes require significantly less energy than pyrometallurgical processes and provide high recovery and purity for product streams, which has made hydrometallurgical processes highly desirable.

			Recent research has shifted focus from inorganic acid lixiviants to that of more environmentally friendly and sustainable organic acids like citric acid and DL-malic acid.7,8 Citric acid has shown to be a promising alternative lixiviant to mineral acids due to its widely used applications from food to pharmaceuticals and its lower environmental impact. Furthermore, citric acid has strong chelating properties which allows it to effectively leach the variety of metals found in waste LIBs when paired with a reductant like hydrogen peroxide, comparable to that of the mineral acids that typically leach more than 90% of each metal.8-10 However, citric acid as a possible lixiviant is not without its challenges, as its lower acid strength limits its operation to higher pH values than most inorganic acids, and the possibility to recycle and reuse it in a typical solvent extraction process is still unknown. Both these factors will affect the technical and financial feasibility of any proposed process, especially considering the high cost of citric acid.

			Citric acid contains three carboxylic and one hydroxyl function group, illustrated in Figure 1a with the α-functional groups indicated in red and the β-functional groups in blue. Citric acid is often written as HCitH3, where the first hydrogen refers to the proton of the hydroxyl group and the last protons refer to the carboxylic groups.11 The α-carboxylic group is deprotonated first (pKa,1 = 3.15), after which the two β-carboxylic groups are deprotonated (pKa,2 = 4.70 and pKa,3 = 6.21), with the respective pKa values averaged from different studies at 20 °C.12,13 The hydroxyl group is only deprotonated under extreme alkaline conditions due to its strong bond, with studies determining the pKa,4 = 14.4.14 Using the aforementioned pKa values for citric acid in water, the species distribution for citric acid can be simulated with the Henderson–Hasselbalch equation as illustrated in Figure 1b. As it is known from experimental measurements that a 1.5 M citric acid leach solution has a pH of about 2.5, it is expected that HCitH3 and (HCitH2)– will be present in the leach solution.

		

	
		
			South African Journal of Science (Research Article)

			Effect of phosphorus-based extractants on metal separation

			[image: ]

			Figure 1:	Citric acid (a) structure and (b) species distribution at 20 °C and I = 0.1 M.
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			Numerous studies have investigated the different metal citrate complexes of LIB metals like Al, Co, Li, Mn, and Ni which are of relevance to this study. Al has a coordination number of up to 6 when chelating with citric acid and can have varying degrees of hydration.15-17 Co citrate has been determined to be octahedral18,19 with low hydration and citric acid acting as a bridging ligand20. Li has a coordination number between 4 and 6 when complexing with citric acid21-25 and the tri-lithium pentahydrate complex has previously shown superior stability26. The structure of Mn citrate has been reported as tetrahedral with limited hydration.19,27 Ni has a coordination number of 4 or 5 when chelating with citrate as well as a relatively high hydration compared to the aforementioned metals.19,28-31

			Most of the aforementioned studies evaluated the structure of single metal citrate complexes at dilute concentrations and therefore did not account for multiple (or different) metals competing for the same ligands. The significant influence of pH on the citric acid dissociation leads to notable changes in the structure of the metal citrate complexes.19,30 The structure and stability of the metal citrate complexes will further also be influenced by the temperature20, citric acid concentration30, and metal concentration31.

			Solvent extraction is often considered the most appropriate hydrometallurgical process for efficient metal purification, prior to recovery processes like electrowinning and precipitation, due to its low energy requirements, good separation performance, and well-defined operational conditions, at the cost of complex process interactions, safety considerations (flammable solvents), and expensive extractants.6 Phosphorus-based acidic cation extractants are commonly used for the separation of cobalt(II) and nickel(II) from acidic leach solutions.32,33 Poor extraction of cobalt(II) and nickel(II) from citric acid media has been found by previous studies9,34-36 which have concluded that a combination of solvent extraction and precipitation may be required to recover all the metals from complex LIB waste.
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			Phosphorus-based organic extractants

			The composition and structure of three different phosphorus-based acidic extractants – phosphinic, phosphonic, and phosphoric acid – are shown in Figure 2. The influence of each extractant structure on the capability to recover the metals from a waste LIB citric acid leach solution was investigated. The most commonly used phosphinic, phosphonic, and phosphoric extractants for conventional base metal solvent extraction were found to be Cyanex 272, PC-88A, and di-(2-ethyl-hexyl)phosphoric acid (D2EHPA), respectively.37 

			All three extractants have the same coordinating atoms bound to the central phosphorus atom: a hydroxyl group and an oxygen atom with a double bond. The coordinating groups on a molecule of the phosphorus extractants will, however, first coordinate with those of another extractant molecule to form a dimeric structure in the form of an 8-membered pseudo-chelate ring in non-polar solvents as illustrated on the left in Figure 3.33 The hydrogen on the hydroxyl group hydrogen-bonds with the oxygen that is bound to the central phosphorus atom with a double bond, as the double bond oxygen has a pair of free electrons. 
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			Figure 2:	Simplified chemical structure of (a) Cyanex 272, (b) PC-88A, and (c) D2EHPA.
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			Source: Adapted from Wilson et al.33 under CC-BY licence

			Figure 3:	Extraction mechanism of Cyanex 272 (R1 = C8H17).
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			When a metal cation (M) is extracted with these phosphorus-based acidic extractants, a proton(s) is displaced from the dimeric structure by the metal cation in an ion exchange reaction. Due to this exchange of protons with metal cations, the extraction capabilities can be determined as a function of pH. The phosphorus extractants are well known for separating divalent metal ions like cobalt(II) and nickel(II), and therefore two dimeric structures will be required to extract a divalent metal ion as illustrated in Figure 3 for Cyanex 272. The angle of the oxygen bonds to the divalent metal is responsible for the selectivity towards metals with a tetrahedral coordination geometry, as known for the first transition series metal sequence Zn > Cu > Mn > Co > Ni.33

			The three phosphorus-based acidic extractants have the same carbon chain composition (C8H17) in their molecular structure, with minor structural differences as illustrated in Figure 2. The carbon chains located on the outside of the dimeric structure increase the hydrophobic characteristics of the metal complex, which increases the solubility of the complex in non-polar solvents like kerosene. This mechanism enables the metal complexes, in the form of dimeric structures, to be extracted to the non-polar organic phase after the complexation reaction in the aqueous solution. 

			The major difference between the three phosphorus-based acidic extractants is the presence of oxygen atoms located between the carbon chain and the central phosphorus atom. Figure 2 illustrates that Cyanex 272 has none, PC-88A has one, and D2EHPA has two. These oxygen atoms are significant as they have a free pair of electrons which the carbon atoms in the carbon chain do not have. The free pair of electrons on the oxygen atoms provide a unique coordination geometry to the central phosphorus atom, which will influence the coordination geometry of the extractant with the metal in the dimeric structure, and thus provide a unique selectivity towards certain metal coordination geometries. It is further hypothesised that the pair of free electrons will also enable hydrogen bonds, which may enhance the coordination complex stability from strong acidic media where a surplus of hydrogen ions are in solution. The oxygen atoms surrounding the central phosphorus atom therefore play a key role in the extractants’ selectivity towards metals, as the metals have significantly different coordination geometries and levels of hydration which influences their stability as metal-citrate complexes as well as metal-extractant complexes.
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			A study by Ma et al.34 compared the extraction performance of D2EHPA in kerosene on waste LIB leach solutions, one with a citric acid aqueous matrix and the other with a sulfuric acid aqueous matrix. The extraction efficiency of Mn rapidly increases as the pH is increased from 1 to 2 in sulfuric acid media, reaching near complete extraction at a pH of 2.2. Furthermore, as the pH is increased, the extraction efficiency of Co and Ni increases, reaching a maximum extraction of 70% Co and 55% Ni at a pH of 5. The metal extraction trends using D2EHPA in a citric acid leach matrix showed different extraction results, as Mn was extracted at a pH of 1 to 3.5, with near complete Mn extraction at a pH of 2.5. It was further found that extraction efficiency trends of Co and Ni as a function of pH were similar in citric acid media, but the overall extraction performance of both metals was much lower compared to sulfate media. The optimal Mn separation pH was identified as a pH of 1.5, which is much lower than the citric acid leach pH of 2.5 and therefore a strong acid like H2SO4 will be required to reduce the pH for such an extraction. Ma et al.34 exclusively used D2EHPA and did not indicate why Cyanex 272 and PC-88A were not used. 

			From the currently available literature, it is clear that the citric acid media has an influence on the metal separation as cobalt(II) and nickel(II) cannot be separated under weak acidic conditions from citrate media34, but can be separated under weak acidic conditions in sulfuric acid media38,39. This is supported by the fact that Cyanex 272 was developed for cobalt(II) separation from nickel(II) in sulfate media.32 The metals in reductive LIB leach solutions like Co(II), Li(I), Mn(II), and Ni(II) are known to complex with citric acid40 which could be responsible for the difference in extraction compared to other acidic media. However, no research has currently reported on why conventional phosphorus-based extractants perform differently for metal extraction from citrate systems compared to sulfate systems.

			The oxygen atoms between the central phosphorus atom and its carbon chains are hypothesised to play a key role in the metal extraction, enabling the metals to be extracted under stronger acidic conditions in citrate media, and therefore phosphinic, phosphonic, and phosphoric extractants were investigated. Citrate has strong chelating properties and acts as a competing ligand during solvent extraction, enabling unique extraction characteristics. The objective of this study was to provide novel base knowledge for metal extraction from citrate media by characterising the extraction performance of LIB metals with Cyanex 272, PC-88A, and D2EHPA from a citrate pregnant leach solution (PLS) to determine the impact and possible advantages that their compositional differences may provide. 
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			Materials and methods

			Materials

			Waste laptop batteries containing 18650-cells were collected from various manufacturers for the sample feed material. Anhydrous citric acid (99.8 wt.%) and hydrogen peroxide (50 wt.%) used in leaching of the LIB cathode material were supplied by Kimix (Cape Town, South Africa). The kerosene used as diluent for the solvent extraction tests and NaOH pellets (98 wt.%), dissolved and diluted to 10 M in distilled water for pH control, were also supplied by Kimix. The phosphinic extractant, Cyanex 272, was supplied by Solvay (Pretoria, South Africa). The phosphonic extractant PC-88A (95 wt.%) was supplied by Henan Tianfu Chemical Co. Ltd (Zhengzhou, China) and the phosphoric extractant, D2EHPA (95 wt.%), was supplied by Industrial Analytical (Johannesburg, South Africa).

			Preparation of the leach solution

			The LIB active cathode material recovered from the waste 18650-cells was leached with 1.5 M citric acid and 2 vol.% H2O2 using a pulp density of 20 g/L at 95 °C for 20 min – the optimum leaching time determined experimentally. The leach solution was subsequently filtered with a vacuum filter to remove the remaining cathode powder residue. The PLS was stored, and a sample was taken before each solvent extraction test to determine the metal concentration in the PLS.

			The spent LIB cathode powder was analysed using X-ray powder diffraction (XRD) and the results showed that the metal phase consisted of 15.8% LiCoO2 (LCO) and 84.2% LiNi0.4Mn0.45Co0.15O2 (NMC). The optimum leaching performance was confirmed with repeat experiments and an average leaching efficiency of 93% Al3+, 90% Co2+, 96% Li+, 94% Mn2+, and 94% Ni2+ was achieved. The average metal concentration and the associated standard error in the citric acid PLS produced is summarised in Table 1, where it is clear that Co2+, Ni2+, and Mn2+ are the major metals present with some minor traces of Al3+. The mass fraction of lithium is comparatively low due its low molar mass, however, the lithium accounts for 48% of the molar fraction.
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			Table 1:	Average metal concentration (±standard error) in the pregnant leach solution (PLS)
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							Concentration (mg/L)

						
					

					
							
							Al

						
							
							133.8 ± 1.5

						
					

					
							
							Co

						
							
							4604 ± 20

						
					

					
							
							Li

						
							
							1310 ± 6

						
					

					
							
							Mn

						
							
							2991 ± 12
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							4223 ± 18
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			Procedure

			All the solvent extraction tests in this study used kerosene as diluent with 1.1 M extractant as the required extractant concentration for complete extraction was ~1.1 M (4 moles of extractant per M2+). Using a 1.1 M extractant concentration therefore enabled sufficient extractant to potentially extract all the metals from the leach solution, avoiding metals competing for the extractant, and allowing the extraction to be evaluated for the pH alone. All experiments were performed with a volumetric O/A ratio of 1 at 22±3 °C for 15 min with a total working volume of 120 mL. The experiments were performed by adding 60 mL of the PLS and 60 mL of the appropriate organic phase to a beaker on a magnetic stirrer. The solution was mixed at 750 rpm for 15 min and the pH of the aqueous solution was continually measured with a Hanna H11310 probe and adjusted to the desired value between a pH of 2 and 8, using 10 M NaOH or 1.5 M citric acid. After the experimental run was completed, the contents of the beaker were transferred to a separating funnel and the aqueous solution was drawn for analysis with an inductively coupled plasma optical emission spectrometer (ICP-OES).

			Metal extraction and separation factor

			The metal extraction efficiency (EE) was calculated with a mass balance as indicated Equation 1 using the metal concentration results obtained from the PLS before the extraction, the aqueous raffinate metal concentration after extraction, and the aqueous volume used in the tests.

			[image: ]	Equation 1

			The distribution ratio (D) was determined for each metal (M) using Equation 2 and the metal concentration results obtained before and after each extraction.

			[image: ]	Equation 2

			The manganese separation factor over metal M (βMn/M) was calculated using Equation 3 and the distribution ratios of each metal.

			[image: ]	Equation 3
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			Results and discussion

			The three phosphorus-based acidic extractants showed the capability to separate Mn2+ from the other metals due to the tetrahedral structure of the manganese(II) citrate complex19,27 which is favoured by these extractants. This selectivity for a tetrahedral coordination geometry is due to the coordination angles of the oxygen and/or carbon atoms that surround the central phosphorus atom and the presence of their free electron pairs. The metal extraction trends of the different phosphorus-based extractants are discussed below to evaluate the influence of their structural differences, specifically the oxygen atoms between the central phosphorus atom and the carbon chain. 

			Cyanex 272 pH dependence

			The metal extraction efficiency of Cyanex 272, a phosphinic extractant, increases as the pH increases for all the metals in the PLS, as seen in Figure 4a. It was, however, clear that Cyanex 272 has an enhanced selectivity for the extraction of Mn2+ from the citrate media, resulting in the separation of Mn2+ from the other metals. The Mn2+ separation was confirmed in Figure 4b where the βMn/Co and βMn/Ni reached a maximum of 37 at a pH of 6. It was further observed that βMn/Li reached a maximum of 44 at a pH of 6 while βMn/Al was maximised to 56 at a pH of 6.5. 
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			Figure 4:	Effect of pH on the (a) extraction efficiency and (b) Mn separation factor of Cyanex 272.
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			The metal extraction results illustrated in Figure 4a show considerable differences from those of Cyanex 272 in sulfuric acid, which was investigated by Kang et al.38 The most notable difference is the lack of Co2+ separation from Ni2+ under weak acidic conditions. The current study shows that Mn2+ is selectively extracted with Cyanex 272 from citric acid media, whereas Kang et al.38 found that Co2+ and Ni2+ is selectively extracted with Cyanex 272 from a sulfuric acid media at a pH of 6 and 8, respectively. The different metal extraction trends observed in Figure 4 are attributed to the citrate matrix, as Mn has the weakest stability compared to the Co and Ni in citrate media31, and could thus potentially be extracted from the citrate media the best. Furthermore, citrate-phosphorus extractant moieties could be pre-formed before binding to the metal ion which could also influence the extraction. Mn is the only transition metal with a tetrahedral coordination geometry in the citrate media, favoured by the phosphorus-based extractants, and the Mn citrate molecule could thus act as a substitute 8-membered ring when complexing with the two β carboxylic groups. Alternatively, the citrate molecule can act as a monomer in the dimeric structure, with the α carboxylic group bound to the Mn and the hydroxyl group coordinating with an extractant monomer.

			It is unclear whether metal ions are extracted from the citrate media or if the metal-citrate complexes are extracted as a whole, as high-performance liquid chromatography (HPLC) analyses for tracing the movement of citrate ions in the stripped liquor showed inconclusive evidence. It is recommended that future studies evaluate the composition and structure of individual organometallic complexes, produced by extraction of a single metal from a high purity stream, to determine the influence of the citrate ligands on the metal extraction.
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			D2EHPA pH dependence

			The phosphoric extractant D2EHPA showed notably different metal extraction trends from those of Cyanex 272, which is attributed to the oxygen atoms between the central phosphorus atom and the carbon chains on D2EHPA. 

			Figure 5 shows that the extraction efficiency of Co2+, Li+, and Ni2+ increases as the pH increases, similar to Cyanex 272. The main advantage D2EHPA provides is the selective extraction of Al3+ and Mn2+ under strong acidic conditions, as illustrated in Figure 5. This unique extraction provides a much better separation of Mn2+ compared to Cyanex 272 as all the other metals are extracted poorly under strong acidic conditions, greatly limiting the co-extraction. The separation of Al3+ and Mn2+ together is of little concern as it is known that aluminium hydroxide precipitates at a much lower pH than manganese(II).41 Due to the dilute quantity of Al3+ in the PLS, as summarised in Table 1, the separation of Mn2+ was investigated further.

			The improved Mn2+ separation of D2EHPA compared to Cyanex 272 was confirmed by the much higher Mn2+ separation factors observed in Figure 5b where βMn/Ni reached a maximum of 601 at a pH of 3 – more than 16 times larger than the maximum achieved with Cyanex 272 at a pH of 6. The βMn/Cowas second highest with D2EHPA, reaching a maximum of 191, while βMn/Li reached 118 at a pH of 3. Due to the sharp decrease in the Al3+ extraction efficiency between a pH of 2 and 3 the βMn/Al reached a maximum of 165 at a pH of 3.5. 

			Furthermore, D2EHPA has a selectivity for Li+ over Co2+ and Ni2+ under weakly acidic conditions. This selectivity for Li+ over Co2+ and Ni2+ is also unique to D2EHPA as Figure 4a showed similar extraction efficiency trends for Co2+, Li+, and Ni2+ when using Cyanex 272. This could allow Li+ to be separated from Co2+ and Ni2+ in a subsequent novel lithium extraction, after Mn2+ and Al3+ have been removed. The selective extraction of Li+ over Co2+ and Ni2+ was attributed to its coordination number of 4 under weak acidic conditions23,26 and lithium’s hard base metal ion property which will coordinate preferentially with the hard oxygen donor atom of the extractants42. 
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			Figure 5:	Effect of pH on the (a) extraction efficiency and (b) Mn separation factor of D2EHPA.

		

	
		
			South African Journal of Science (Research Article)

			Effect of phosphorus-based extractants on metal separation

			The metal extraction results of D2EHPA from a citric acid PLS show similar results to those of Ma et al.34 The Mn2+ extraction is observed to be nearly complete between a pH of 2.5 and 3.5, while the Co2+ and Ni2+ extraction trends were analogous in both studies. The extraction of Co2+ and Ni2+ are, however, considerably lower in this study, not exceeding 20% at a pH of 3.5, compared to Ma et al.34 who found that nearly 40% Co2+ and Ni2+ can be extracted at a pH of 3.5. 

			The high Co2+ and Ni2+ co-extraction observed in the study by Ma et al.34 may be attributed to excess stoichiometric amounts of D2EHPA in their study or it could also be attributed to the use of H2SO4 for pH control in the citric acid system. The influence of H2SO4 addition on the improved Co2+ and Ni2+ extraction from citrate media is likely due to the changes caused in the aqueous metal citrate complexes by the strong acid, as pH plays a major role in metal citrate complex structure, and the introduction of sulfate ligands. This is supported by the findings of a previous study that showed that Co2+ and Ni2+ are extracted favourably from sulfate media using D2EHPA.43 Furthermore, as Zhao et al.44 have shown, the 65% saponification of D2EHPA used by Ma et al.34 may be responsible for the Co2+ and Ni2+ extraction discrepancies, as in the current study we did not saponify the D2EHPA before use. This is due to the introduction of Na+ ions that coordinate with the extractant and will compete with the metals for coordination to the extractant.
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			PC-88A pH dependence

			The structure of the phosphonic extractant PC-88A has a carbon chain similar to that of the phosphinic extractant Cyanex 272 (C8H17) and an oxygen between the carbon chain and the central phosphorus atom similar to D2EHPA (OC8H17). This has been reflected in the metal extraction efficiency trends of PC-88A illustrated in Figure 6a, which shows trends similar to both Cyanex 272 and D2EHPA.

			Figure 6a shows that PC-88A selectively extracts Mn2+ from the PLS under weakly acidic conditions, as observed for Cyanex 272 in Figure 4a. The performance of the two extractants, PC-88A and Cyanex 272, are remarkably similar under weakly acidic conditions. The extraction of Mn2+ is maximised for both extractants at a pH of 6, with the only difference being that Li+ is extracted better with PC-88A compared to Cyanex 272. The ability to extract Li+ better than Co2+ and Ni2+ is a unique capability of D2EHPA. PC-88A has the capability to selectively extract Li+ from Co2+ and Ni2+ under weak acidic conditions but the co- Co2+ and Ni2+ extraction is high under weakly acidic conditions – a characteristic of Cyanex 272. 

			It is also observed in Figure 6a that Mn2+ and Al3+ can be separated from the PLS with PC-88A under strong acidic conditions, as previously observed for D2EHPA. The separation efficiency of Mn2+ with PC-88A under strong acidic conditions illustrated in Figure 6b is much lower compared to that obtained with D2EHPA as seen in Figure 5b. The metal extraction results of PC-88A thus highlight the balance PC-88A provides between D2EHPA and Cyanex 272 due to PC-88A having carbon chains resembling each of Cyanex 272 and D2EHPA. 

			The metal extraction from citric acid media using PC-88A observed in this study also greatly deviates from the metal extraction in sulfuric acid. Using PC-88A in sulfuric acid media, Zhao et al.44 found the pH50 of Mn2+ and Co2+ to be 4.15 and 4.75, respectively. However, in this study, the pH50 in citric acid media for Mn2+ was 2.1, while 50% Co2+ extraction was not achieved within a pH range of 2 to 8.
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			Figure 6:	Effect of pH on the (a) extraction efficiency and (b) Mn separation factor of PC-88A.

		

	
		
			South African Journal of Science (Research Article)

			Effect of phosphorus-based extractants on metal separation

			Conclusions

			This study provides novel Al3+, Co2+, Li+, Mn2+, and Ni2+ extraction data from citric acid media for Cyanex 272 and PC-88A. The extraction performance of Cyanex 272, PC-88A, and D2EHPA were compared to determine the influence of their compositional differences on metal separation.

			The metal extraction results obtained provide supporting evidence for the hypothesis that the oxygen atoms between the central phosphorus atom and the carbon chain enable the extraction of Al3+ and Mn2+ under stronger acidic conditions. This is evident from the Mn2+ extraction results which illustrate that Cyanex 272 separates Mn2+ best at a pH of 6, where the Mn separation from Al, Co, Li, and Ni is 53, 37, 44, and 37, respectively. Unlike Cyanex 272, D2EHPA has oxygen atoms between its carbon chains and its central phosphorus atom, and separated Mn2+ the best of all the extractants investigated. The best Mn2+ separation with D2EHPA was observed at a pH of 3 where the Mn separation from Al, Co, Li, and Ni is 137, 191, 119, and 601, respectively. PC-88A has carbon chains similar to those of both Cyanex 272 and D2EHPA, and its metal separation results show a balance between that of Cyanex 272 and D2EHPA, where Mn2+ was extracted best at a pH between 3 and 6.

			Both Mn2+ and Al3+ are selectively extracted best from a citric acid PLS under strong acidic conditions with D2EHPA, where the co-extraction of Co2+, Li+, and Ni2+ are minimised. This allows for efficient separation of Mn2+ and Al3+ due to the minimal co-extraction with D2EHPA compared to other extractants at a pH of 3. 

			D2EHPA has the best capability of the three phosphorus-based acidic extractants to separate Li+ from Co2+ and Ni2+ under weakly acidic conditions, which Cyanex 272 cannot. The separation of Li+ should be investigated in a subsequent extraction after the Al3+ and Mn2+ have been separated from the PLS. This would enable the evaluation of D2EHPA’s selectivity for Li+ over Co2+ and Ni2+ without any interference of Mn2+ or Al3+, which D2EHPA is known to extract selectively.

			It is recommended that future studies investigate the extracted complexes in the organic phase and formulate a mechanism of action for the extraction complex(es) to gain further data on the role of the citrate ion during extraction. The identification and quantification of these organometallic complexes are incredibly complex in multi-metal streams, such as the feed in this study, due to the several pKa values of citrate and the potential synergism of the citrate ions with the phosphorus-based extractants. It is therefore recommended that single metal citrate solutions be investigated to better understand the organometallic chemistry. The investigation of these organometallic complexes, relating the metal citrate complex structure to a mechanism of action for the extraction complex(es), transfer of citrate ions between the aqueous and organic phase during extraction/stripping, and the stripping of the loaded organic phase, was not the focus of this study, but would be topics for future investigation.
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