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Abstract 

The continued electrification of society and the related growing demand for rechargeable batteries 

requires in turn the elaboration of efficient and sustainable recycling strategies for their recovery and 

valorization. An important separation relevant to Nickel Metal Hydride (NiMH) and Lithium-Ion 

battery recycling is the inter-transition elements separation between Ni(II), Co(II), and Mn(II). In this 

work, a fully aqueous process for the recovery of Mn(II) and Co(II) from concentrated Ni(II) effluents 

typical of NiMH battery leachate is disclosed consuming only Na2CO3. In the first instance, Mn is 

selectively precipitated as Mn(IV) by oxidation using ozone as oxidant, resulting in a significant 

enrichment of Mn in the precipitate relative to its original solution concentration. Secondly, the thermo- 

and acid-responsive aqueous biphasic system (ABS) based on the ionic liquid (IL) 

tributyltetradecylphosphonium chloride ([P44414]Cl) and NiCl2 was used to recover Co(II). By using the 

high NiCl2 content found in NiMH leachates both as ABS phase former and salting-out agent, no 

additional salt is required. Through careful manipulation of the Co(II) to Ni(II) and the IL to Co(II) 

molar ratios, an effective and selective separation of Co(II) from Ni(II) was achieved. Finally, Co(II) is 

precipitated from the IL-rich phase and the IL is regenerated in one step by addition of Na2CO3 to induce 

a new phase separation. 

 

Keywords: aqueous biphasic system, battery recycling, cobalt, metal separation, selective 

precipitation 



2 

 

Introduction 1 

At the forefront of climate change mitigation measures is the switch to electricity derived from 2 

renewable energy and the electrification of the transport sector, their implementation being heavily 3 

reliant on rechargeable battery technology. The demand for batteries is further compounded by the 4 

increasing digitalization of consumer goods.1 It is estimated that approximately 800,000 tons of 5 

automotive batteries, 190,000 tons of industrial batteries, and 160,000 tons of consumer batteries enter 6 

the European Union each year alone, with global demand forecasted to grow significantly over the next 7 

five years.1,2 This increasing consumption in turn yields a corresponding waste generation which needs 8 

to be adequately addressed both to valorise the economic value of the critical raw materials present 9 

within whilst mitigating the environmental impact of the waste. End-of-life battery recycling is an area 10 

of active research due to the inherent material value and potential toxicity of the waste, with the various 11 

options including pyrometallurgy, hydrometallurgy or direct recycling detailed in recent reviews.1,3,4 12 

One of the most critical inter-element separations facing the recycling of Nickel Metal Hydride (NiMH) 13 

and Lithium-ion batteries (LIBs) is the separation of transition metals nickel, cobalt, and manganese. 14 

The price and concerns surrounding cobalt production results in its gradual substitution in LIB cathodes 15 

and the increasing market share of LiNixCoyMnzO2 chemistry3 whilst NiMH batteries with AB5-type 16 

anodes represent a rich secondary source for these elements.4,5 Amongst the variety of reported 17 

hydrometallurgical separation systems, selected ionic liquids (ILs) demonstrated an excellent ability to 18 

separate Co(II) and Ni(II).6-11 These ILs typically incorporating a chloride anion exploit the difference 19 

in complexation constants of Ni(II) and Co(II) with chloride (k1(NiCl+)=0.07 whilst k4(CoCl4
2-)=2.77)12 20 

to extract the resulting neutral or anionic chlorocobalt complex via an ion-pairing or anion-exchange 21 

mechanism.13 Problematically, Mn(II) is partly co-extracted with Co(II) as it too forms chloro 22 

complexes, requiring additional purification steps.6-11 Furthermore, the application of chloride-based 23 

hydrophobic ILs remains hampered by their high viscosities, especially once loaded with metals, due 24 

to the long cationic alkyl moieties required to confer sufficient hydrophobicity.  25 

This work presents a study detailing the entirely aqueous separation of Mn(II) and Co(II) from 26 

concentrated Ni(II) solution through the exploration of the different intrinsic properties of these metals. 27 

Firstly, the selective recovery of Mn(II) from a mixed metal solution is assessed by taking advantage 28 

of the Mn(II) ↔ Mn(IV) redox pair and the low solubility of MnO2. Secondly, the difference in chloride 29 

complexation between Co(II) and Ni(II) is applied towards the extraction of Co(II) in an IL-based 30 

aqueous biphasic system (ABS) directly using the high Ni(II) concentration to induce the ABS creation 31 

and to salt-out Co(II) selectively. To this end, the ABS composed of the IL 32 

tributyltetradecylphosphonium chloride ([P44414]Cl) is employed due to its responsiveness to acid and 33 

temperature conditions, allowing for a fine-tuning of Co(II) extraction by the adjustment of several 34 

parameters.11,14-17 Finally, the extracted Co(II) is precipitated and the IL regenerated in one single step. 35 
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A schematic of the process followed in this work is presented in Figure 1. Conducting the entire process 36 

in aqueous media using smaller quantities of ILs mitigates the typical limitations of these solvents, 37 

namely their high viscosity and cost, whilst retaining their proven advantageous properties.  38 

 39 

 40 

Figure 1. Schematic of the process outlined in this work for the aqueous separation of Mn(II), Co(II) 41 

and Ni(II). 42 

 43 

Methodology 44 

A detailed description of the materials and methods used in this work is described in the Supplementary 45 

Information (SI). Tributyltetradecyl phosphonium chloride ([P44414]Cl) was purchased from Iolitec in 46 

95.0 wt.% purity and confirmed as 97.1 wt.% pure by quantitative 1H-NMR analysis. [P44414]Cl is a 47 

waxy solid with a melting point of 38.5 oC 14 and is fully soluble in water for all IL concentrations. The 48 

aqueous phase behaviour of [P44414]Cl alone and in the presence of common salts and inorganic acids 49 

was previously reported, with aqueous solution of [P44414]Cl presenting an intriguing upper critical 50 

solution temperature behaviour typically associated with non-ionic surfactants.16,17 51 

 52 

Oxidation of Mn(II) to Mn(IV) by ozonation 53 

A commercially available domestic ozone generator (LufthousO3 from Lufthous) was used in all 54 

experiments delivering a fixed gas flow rate of 1.0 L.min-1 monitored and a consistent ozone flow rate 55 

of 0.768 g.hr-1 (0.016 mol.hr-1). The ozone flow rate was determined by colorimetric titration using 56 

potassium iodide and sodium thiosulfate (Na2S2O3), with the calibration procedure described in the SI.  57 

Mn(II) precipitation was monitored as a function of the solution acid concentration (0.0 and 3.7 wt.% 58 

HCl) and time. A constant solution composition with a Mn:Co:Ni molar ratio of 0.07:0.17:1.00 59 
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containing 0.023, 0.054 and 0.320 mol.kg-1 of Mn, Co and Ni respectively, was used. The kinetic of 60 

Mn(II) oxidation were determined by collecting 1 mL aliquot at specific time intervals over a 8 hr period 61 

of continuous ozonation and the solution analysed by atomic adsorption spectroscopy (AAS) after 62 

appropriate dilution. The precipitation yield of manganese was calculated by mass balance after AAS 63 

analysis of the aqueous ozonated solution according to equation (1). 64 

𝑌𝑖𝑒𝑙𝑑𝑀𝑛(𝐼𝑉) =
([𝑀𝑛]𝑖𝑛−[𝑀𝑛]𝑓)

[𝑀𝑛]𝑖𝑛
× 100         - (1) 65 

where the subscripts in denotes the solution before ozonation and f the aqueous phase after ozonation 66 

for a given time t (min). The precipitate obtained at the end of the ozonation period was recovered by 67 

filtration, rinsed with deionized water and analysed by scanning electron microscopy (SEM) with 68 

energy-dispersive X-ray spectroscopy (EDS) and AAS after dissolution in 4 mol.L-1 HCl. 69 

 70 

Determination of MCl2-[P44414]Cl-H2O phase diagram and cobalt speciation with temperature 71 

The procedure followed in this work for the experimental determination of binodal curves for ternary 72 

and quaternary systems was previously reported and is detailed in the SI.18 The temperature dependency 73 

of phase-separation in the MCl2.6H2O–[P44414]Cl–H2O ternary systems for a fixed composition, where 74 

M is either cobalt or nickel, was assessed using the cloud point method, i.e. the temperature at which 75 

the solution becomes turbid indicating phase demixing. A constant [P44414]Cl concentration of 0.46 76 

mol.kg-1 (20 wt.%) was used throughout and the MCl2 concentration varied from 0.00 to 0.63 mol.kg-1. 77 

The ternary system compositions were determined by the weight quantification of all components added 78 

within an uncertainty of ±10−3 g. Two replicates were taken for each composition with an error of less 79 

than 1.0 oC. The systems were heated between 10.0 oC and 98.0 oC with a heating rate of 0.5 oC.min-1 80 

in a temperature-controlled water bath with a precision of ±0.01 oC (ME-18 V Visco-Thermostat, 81 

Julabo). For the system composed of [CoCl2.6H2O] = 0.52 mol.kg-1 and [P44414]Cl = 0.46 mol.kg-1, the 82 

temperature induced change in cobalt speciation and micellar phase transition of the [P44414]Cl surfactant 83 

was followed by dynamic light scattering (DLS) and UV-vis in the range from 10.0 oC to 34.0 oC at 84 

regular temperature intervals. All measurements were performed using ultrapure water and left to 85 

equilibrate at the desired temperature for 30 min prior to measurements. Each temperature condition 86 

was analysed three separate times over a 2 hr period to ensure the formation of stable aggregates.  87 

 88 

Cobalt/Nickel separation, cobalt recovery and [P44414]Cl regeneration 89 

The partition behavior of cobalt and nickel in the NiCl2–[P44414]Cl–H2O ABS at 50.0 oC and composed 90 

of 20 wt.% [P44414]Cl was studied as a function the cobalt to nickel molar ratio (χCo) ranging from 0.00 91 

to 0.33 92 
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and calculated as follows. 93 

𝑥𝐶𝑜 =
𝑛𝐶𝑜

𝑛𝐶𝑜+𝑛𝑁𝑖
             -(2) 94 

Three different extraction systems were studied based on the total chloride concentration, namely (i) 95 

[NiCl2.6H2O]=0.35 mol.kg-1, (ii) [NiCl2.6H2O]=0.35 mol.kg-1 supplemented with 3.7 wt.% HCl, and 96 

(iii) [NiCl2.6H2O]=1.00 mol.kg-1. The total system mass is of 5 g. Typically, 4 g of an initial aqueous 97 

solution containing the desired concentration of CoCl2.6H2O, NiCl2.6H2O and HCl is mixed with 1 g 98 

IL. The solution is mechanically agitated until the complete dissolution of the IL. The resulting mixture 99 

is left to phase separate 2 hrs in a thermostatic bath at 50.0 oC. The volume of each phase of the ABS is 100 

recorded and aliquots of the upper and lower phases are collected for metal concentration analysis by 101 

AAS after appropriate dilution. Metal ion (Mn+) distribution coefficients (DM) and the separation factor 102 

between cobalt and nickel (αCo/Ni) are calculated using Equations (3) and (4) where the subscript IL and 103 

aq denote the respective phase. 104 

DM = [Mn+]IL / [Mn+]aq                        -(3) 105 

αCo/Ni = DCo / DNi                        -(4) 106 

Following cobalt extraction under the determined optimal conditions (extraction conditions - χCo = 0.20 107 

and [NiCl2.6H2O] = 1.00 mol.kg-1), the IL-rich phase (top phase) was separated, isolated and diluted in 108 

a determined volume of deionised water. The recovery of cobalt from the IL-rich phase by Na2CO3 109 

precipitation was followed as a function of the predominant cobalt complex in solution. After separation 110 

and isolation of IL-rich phase the latter was diluted either three times or 8 times, yielding a final blue 111 

or red solution, respectively. This well-known color change is due to the transition of anionic 112 

chlorocobalt complexes to red cobalt hexahydrate complex. To this solution, 1.25 times the 113 

stochiometric quantity of anhydrous Na2CO3 was added, based on AAS quantification of cobalt in the 114 

IL-rich phase and assuming a 1:1 Co2+:CO3
2- ratio, and agitated for 5 min. The precipitate was recovered 115 

by centrifugation, rinsed with deionised water and dried at 50.0 oC for 48 hrs before analysis by SEM-116 

EDS. To the IL solution, Na2CO3 was further added to yield a final concentration of 10 wt.% and the 117 

system left to phase separate 1 hr in a thermostatic bath. The IL-rich phase is then recovered, analysed 118 

by Fourier transform infrared (FTIR) as well as 1H-,12C- and 31P-NMR spectroscopy and compared to 119 

that of the original [P44414]Cl. 120 

 121 

Results and Discussion 122 

Selective precipitation of manganese by ozonation 123 
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Contrary to Ni(II) whose aqueous speciation is largely independent of chloride concentration 124 

(predominance of the [NiCl(H2O)5]+ and [Ni(H2O)6]2+ species),19 Mn(II) can form a range of chloro-125 

complexes, including neutral and anionic ones, with increasing chloride concentration and 126 

temperature.20 The emergence of these complexes typically overlaps the chloride concentration range 127 

for maximal Co(II) extraction by basic extractants and renders their mutual separation in a single step 128 

challenging.7-11,13,14 If achievable, selective precipitation represents one of the most industrially 129 

applicable approaches to metal recovery due to its simple process requirements and greatly simplifies 130 

downstream separations.21 As such, the selective precipitation of Mn(II) from a solution containing 131 

Co(II) and Ni(II) was attempted by oxidation of Mn(II) to Mn(IV) and the subsequent precipitation of 132 

the very sparingly soluble MnO2 specie.22-25 Ozone (O3) was selected as oxidising agent as (i) it can 133 

efficiently oxidise Mn(II) according to the potential-pH diagram of the Mn-H2O system (reactions 5-134 

7),24,25 (ii) it is generated and consumed in-situ, minimising the need for storage and (iii) does not 135 

introduce potential metal impurities into the solution unlike metal oxidants such as ferrate (Fe(VI)). 136 

O3 + 2H+ + 2e- ⇌ O2 + H2O,  E0= 2 .076 V 26                                  -(5) 137 

MnO2(s) + 4H+ + 2e- ⇌ Mn2+ + 2H2O,  E0= 1.240 V 23                        -(6) 138 

3Mn2+(aq) + O3(g) + 3H2O(aq)→ 3MnO2(s) + 6H+(aq)               -(7) 139 

where E0 is the standard electrode potential (V). A starting solution with a Mn:Co:Ni molar ratio of 140 

0.07:0.17:1.00 typical of NiMH battery leachate5 ([NiCl2.6H2O]=0.32 mol.kg-1) was used and the 141 

precipitation yield assessed as a function of the solution acid concentration (0.0 and 1.0 mol.kg-1 HCl, 142 

corresponding to 3.7 wt.% HCl) and time. Based on the ozone generator’s calculated flow rate of 143 

2.67×10-6 mol.min-1 O3, an initial Mn(II) content of 3.37×10-3 mol and a 1:3 O3:Mn2+ reaction 144 

stoichiometry, 420 min are theoretically required for complete Mn(II) precipitation. Under these 145 

conditions, the concentration of dissolved Mn(II) concentration with respect to time and HCl 146 

concentration, along with the resulting precipitation yield are presented in Figure 2. SEM-EDS analysis 147 

of the precipitate recovered after 480 min from a 3.7 wt.% HCl solution is also presented in Figure 2. 148 

 149 
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 150 

Figure 2. A) The influence of time and starting HCl concentration (yellow circle – 0.0 wt.% HCl, blue 151 

square – 3.7 wt.% HCl) on the Mn precipitation yield. A starting solution with a Mn:Co:Ni molar ratio 152 

of 0.07:0.17:1.00 ([NiCl2.6H2O]=0.32 mol.kg-1) was used. B) SEM image; and EDS elemental 153 

mapping: C) SEM image, D)-G) the corresponding elemental mapping of Mn, Cl, Ni and Co, 154 

respectively of the precipitate recovered after 480 min from a 3.7 wt.% HCl solution. 155 

 156 

Starting from an initial solution containing [MnCl2.4H2O]=0.023 mol.kg-1, complete Mn precipitation 157 

is attained after 420 min in the H2O solution as predicted, with the concentration declining linearly until 158 

300 min after which a decrease in the slope change is observed. Previous studies indicated that the 159 

kinetics of Mn oxidation are generally first order with respect to Mn and oxidant concentration during 160 

the initial stages of the reaction.24-25 The final precipitation efficiency is largely unaffected by the initial 161 

solution acid concentration at the tested conditions, reaching a manganese precipitation yield of 97.3 % 162 

after 420 min for an initial HCl concentration of 3.7 wt.%. Importantly, the Co(II) and Ni(II) 163 
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concentrations during the precipitation process in both 0.0 and 3.7 wt.% HCl solutions remains constant 164 

with regards to their initial concentration within the experimental uncertainty (5.0%), Figure S1 & S2 165 

of the SI. Contrary to precipitation in neutral aqueous solution in which visible precipitation was 166 

instantly observed, more than 30 min are required for precipitation onset in 3.7 wt.% HCl solution. The 167 

increased acidity and chloride concentration of the 3.7 wt.% HCl solution could promote side reactions 168 

that delay the onset of Mn(IV) precipitation, such as the formation of permanganate or chlorine gas, 169 

Equation 8 and 9.  170 

MnO4
- + 8H+ + 5e- ⇌ Mn2+ + 4H2O,  E0= 1.510 V 23               -(8) 171 

Cl2(g) + e- ⇌ 2 Cl-(aq),    E0= 1.396 V                    -(9) 172 

The redox potential of these side reactions is pH dependent and within the oxidation potential of ozone 173 

but greater than that of the Mn(II) to Mn(IV) pair (Equation 6), suggesting that whilst Mn(II) remains 174 

in solution the possibility of these side reactions is likely suppressed. UV-Vis analysis of the aqueous 175 

solution after 30 min did not indicate the presence of MnO4
-. Furthermore, suspension of a litmus paper 176 

above the solution during ozonation did not result in its discoloration, indicating negligible chlorine gas 177 

formation. As such, the delay in MnO2 precipitation in 3.7 wt.% HCl solution is tentatively attributed 178 

to the re-dissolution of the formed MnO2 during the early stages. 179 

SEM photographs of the obtained black powder after 480 min ozonation in H2O (Figure S3) and 3.7 180 

wt.% HCl (Figure 2) show the presence of large aggregates composed of small spherical particles with 181 

a diameter of 1 to 5 μm. Compositional EDS analysis of the precipitates (Figures S4 & S5) summarized 182 

in Table 1 identifies Mn as its primary metallic constituent. A significant chloride concentration is also 183 

present in both precipitates even after rinsing, as well as a greater Ni and Co contamination in the 184 

precipitate obtained in H2O. It is proposed that the precipitation of MnO2 acts as nucleation point for 185 

the local precipitation of Co and Ni chloride salts: the solution can be trapped within the pores of the 186 

precipitate and solubility can be locally overpassed. Despite the greater chloride concentration in 3.7 187 

wt.% HCl, these deposits are subsequently re-leached resulting in lower impurity content relative to 188 

using H2O as media. Excluding chloride and oxygen, Mn represents 79.6 wt.% and 89.7 wt.% of the 189 

final precipitate obtained from pure H2O and 3.7 wt.% HCl aqueous solution, respectively. The starting 190 

solution containing 0.023, 0.054 and 0.320 mol.kg-1 of Mn, Co and Ni, respectively, exhibited a Mn 191 

composition of 5.4 wt.%. Compared to this, the precipitates obtained in pure water and 3.7 wt.% HCl 192 

are thus enriched in Mn by a factor of 14.7 and 16.6, respectively. Unfortunately, characterisation of 193 

the precipitate by X-ray diffraction was prevented due to the important fluorescence of Co, Ni and Mn 194 

with the Cu source, yielding a diffractogram with a high noise to peak ratio. This makes it difficult to 195 

exclude the presence of other manganese oxide species beyond MnO2, especially for precipitation under 196 

neutral pH conditions where the formation of Mn2O3 is possible. Overall, the oxidation-precipitation of 197 

Mn by ozonation appears as an efficient method for its aqueous recovery for a range of initial solution 198 
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acidity and even the presence of large excess of other metal salts. However, it is important to highlight 199 

that (i) preliminary tests indicated a sharp decrease in the precipitation yield for acid concentrations 200 

superior to 1.00 mol.kg-1 (> 3.7 wt.% HCl), (ii) the presence of metal ions with conflicting redox 201 

potentials such as Fe(II) will impact the Mn precipitation yield and final purity24-25 and (iii) an excess 202 

of O3 could re-dissolve precipitated manganese as permanganate.24-25 203 

 204 

Table 1. Elemental EDS analysis of the precipitates obtained after 480 min ozonation in H2O and 3.7 205 

wt.% HCl. 206 

[HCl] 

(wt.%) 

Precipitate composition (wt.%) 

Mn Co Ni Cl Total 

0.0 49.6 ± 4.4 4.6 ± 0.6 8.1 ± 0.9 9.2 ± 1.0 71.5 

3.7 57.5 ± 5.1 2.8 ± 0.4 3.9 ± 0.5 8.2 ± 0.9 72.4 

 207 

Development of a NiCl2-based stimuli responsive ABS 208 

Having demonstrated the selective removal of Mn, the potential of NiCl2 to act as phase former and 209 

salting-out agent for the extraction of Co(II) in the NiCl2-[P44414]Cl-H2O ABS is explored. The binodal 210 

curves for the system as a function of temperature (25.0 and 50.0 oC) and HCl concentration (3.7 wt.%) 211 

are presented in Figure 3A and listed in Table S1, with the six water molecules of the NiCl2.6H2O salt 212 

included in the total water content. At 25 oC, a significant concentration of NiCl2 is required to induce 213 

the ABS formation. To a solution containing 30.0 wt.% [P44414]Cl, addition of no less than 12.5 wt.% 214 

NiCl2, that is 1.1 mol.kg-1 of NiCl2 is required. However, and as expected based on the reported 215 

thermomorphic properties of [P44414]Cl-based ABS,16,17 at 50.0 oC the amount of NiCl2 required to form 216 

a biphasic system is reduced by approximately four times for a 30.0 wt.% [P44414]Cl solution. Upon 217 

addition of 3.7 wt.% HCl to the mixture, the concentration of NiCl2 required to yield a biphasic system 218 

is further decreased down to 1.68 wt.%, that is, 0.13 mol.kg-1 NiCl2. The acid and temperature 219 

responsive nature of the NiCl2-[P44414]Cl-H2O system makes this versatile ABS compatible with a wide 220 

range of NiCl2 containing effluents including concentrated NiMH battery leachate solutions.5 221 

 222 
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 223 

Figure 3. A) Binodal curves of the NiCl2–[P4444]Cl–H2O ABS with temperature and HCl concentration; 224 

B) Cloud point curves for MCl2–[P4444]Cl–H2O (M- Ni or Co) as a function of salt concentration 225 

([P44414]Cl= 20.0 wt.% or 0.46 mol.kg-1). Inset: picture of the highlighted CoCl2–[P4444]Cl–H2O mixture 226 

point below (31.0 oC, left) and above (37.0 oC, right) its cloud point. 227 

 228 

The study of the NiCl2-[P44414]Cl-H2O ABS is made possible the prevalence of cationic nickel species 229 

in both ABS phases as identified by UV-vis, Figure S6. In contrast, the equivalent CoCl2-[P44414]Cl-230 

H2O system could not be determined by cloud point titration due to the difference in cobalt speciation 231 

between the IL-rich and salt-rich phases as evidenced by the blue and red colour in each respective 232 

phase. A visual example of this is presented in the inset picture of Figure 3B and the corresponding 233 

UV-vis spectra of each phase is available in Figure S6. Whilst the red colour is typical of cobalt 234 

hexahydrate, the blue coloration is indicative of the anionic tetrahedral chlorocobalt complexes.7-15 The 235 

lower charge density of the CoCl3
- or CoCl4

2- compared to original chloride anion of [P44414]Cl results 236 

in an ion-pair or anion-exchange reactions, Equations (10) to (12), and the formation of a “new” IL with 237 

a chlorocobalt anion.  238 

[P44414]Cl + CoCl2 ↔ [P44414][CoCl3]                    -(10) 239 

2[P44414]Cl + CoCl3
- ↔ [P44414]2[CoCl4] + Cl-                   -(11) 240 

2[P44414]Cl + CoCl4
2- ↔ [P44414]2[CoCl4] + 2Cl-                   -(12) 241 
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The CoCl2-[P44414]Cl-H2O cannot be considered a typical ABS as the biphasic behaviour is determined 242 

by the change in the IL nature brought about by the switch from cationic to anionic cobalt complex. As 243 

such an alternative approach was sought to better appreciate how the difference between the NiCl2- and 244 

CoCl2-[P44414]Cl-H2O systems can influence Co(II) extraction. A further consideration beyond ABS 245 

formation is the minimal salt concentration necessary for Co(II) partition to the IL phase, as the optimal 246 

extraction range varies based on the salting-out strength of the chloride source.13 To this end, the 247 

influence of Co(II) and Ni(II) chloride salts concentrations on the cloud point (CP) appearance, 248 

corresponding to the first sign of temperature-induced demixing, was assessed (Figure 3B). A 20.0 249 

wt.% [P44414]Cl aqueous solution was used as this falls within the micellar regime of the phase diagram 250 

and also corresponds to the IL concentration range displaying the largest temperature response in 251 

[P44414]Cl-based ternary aqueous systems.17 Due to the similar ionic radii and valency of the hydrated 252 

Ni(II) and Co(II) cations, any important deviation between the NiCl2 and CoCl2 phase diagrams can be 253 

attributed to speciation effects and the formation of the [P44414][CoCl3] or [P44414]2[CoCl4] IL. From 254 

Figure 3B, it appears that a threshold concentration of [MCl2.6H2O] ≥ 0.50 mol.kg-1 is required as this 255 

corresponds to the concentration after which a significant deviation between the NiCl2-[P44414]Cl-H2O 256 

and CoCl2-[P44414]Cl-H2O phase diagrams occurs. This deviation is assigned to the increased partition 257 

of Co(II) to the IL-rich phase and the resulting formation of the chlorocobalt IL. 258 

Interestingly, in the CoCl2-[P44414]Cl-H2O system under monophasic conditions presented a visible 259 

colour change from red to purple as the temperature was raised near the cloud point, suggesting a change 260 

in Co(II) speciation prior to phase separation. To better appreciate the possible synergistic effect 261 

between temperature, [P44414]Cl phase behaviour and Co(II) speciation, the UV-vis spectra of the CoCl2-262 

[P44414]Cl-H2O mixture point highlighted in Figure 3B (0.52 mol.kg-1 CoCl2.6H2O and 0.46 mol.kg-1 263 

[P44414]Cl) was monitored as a function of temperature in the monophasic region until close to its CP at 264 

34.9 oC. The resulting spectra are presented in Figure 4A and present 4 peaks, at 511 nm (peak 1) 265 

corresponding to the octahedral Co(II) hexahydrate complex and three peaks at 631 nm (peak 2), 666 266 

nm (peak 3) and 690 nm (peak 4) attributed to the tetrahedral anionic chlorocobalt species.13 The spectra 267 

in Figure 4A are standardised according to the [Co(H2O)6]2+ peak (peak 1) and clearly show the increase 268 

with temperature of the characteristic peaks (peaks 2-4) of anionic cobalt species. It is important to 269 

stress that the molar extinction coefficient of [CoCl4]2- is far greater than that of [Co(H2O)6]2+, implying 270 

that anionic chlorocobalt complexes represent but a small fraction of the total Co(II) distribution at this 271 

composition. The temperature-dependent octahedral-tetrahedral transition of Co(II) complexes was 272 

previously observed in concentrated aqueous solution27 and in a range of neat ILs.28-30 However, the 273 

thermochromic transition observed in Figure 4A over a temperature range of only 24.0 oC is notable 274 

for its low [Cl−]/[Co2+] ratio of approximately 3 ([Cl]- = 1.51 mol.kg-1) and its occurrence in a relatively 275 

dilute aqueous environment. This is markedly different to that observed in aqueous solutions where 276 

Co(II) is predominantly under the form of a positively charged or neutral cobalt(II) complex containing 277 
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H2O and 1 or 2 Cl- anions for chloride concentrations below 6.0 mol.L-1 and only forms anionic 278 

chlorocobaltate(II) complexes such as CoCl3
- and CoCl4

2- when the [Co]/[H2O] ratio is low, typically 279 

for HCl ≥ 8 mol.L-1.12,13,31,32 280 

To assess the relationship between [CoCl4]2- formation and phase separation, the IL aggregate diameter 281 

was estimated by dynamic light scattering (DLS) as a function of temperature (Figure 4B). Two 282 

aggregation regimes are observable in Figure 4B, a micellar domain for T < 31.0 oC (grey shaded area) 283 

and a coacervation domain for T ≥ 31.0 oC (orange shaded area) characterised by the formation of large 284 

bi-continuous aggregates.17 The presence of a lower critical solution temperature is an entropically 285 

driven phenomenon in which dehydration of the micellar interface is accentuated with temperature 286 

increase.17,33 This interfacial dehydration combined with a greater chloride accumulation compared to 287 

the bulk solution could favour the local formation of neutral or anionic chlorocobalt, facilitating their 288 

extraction. Relating the micellar aggregate diameter to the corresponding characteristic peak of 289 

[CoCl4]2- for a given temperature below 31.0 oC, inset Figure 4B, yields a linear correlation providing 290 

some credence to the above assumption. This linear relationship does not apply in the coacervate regime 291 

where a break in the slope occurs. Further work is anticipated to confirm this potential synergy between 292 

temperature, [P44414]Cl aggregation, Co(II) speciation and their relation to Co(II) extraction.   293 

 294 

 295 

Figure 4. A) Temperature dependent UV-vis spectra of the CoCl2-[P44414]Cl-H2O system under 296 

monophasic conditions standardised according to the absorbance at 511 nm (peak 1). B) Average 297 
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[P44414]+ aggregate size and UV-vis absorbance ratio for peak 2 with temperature, grey and orange 298 

shaded area denote the micellar and coacervate zones respectively. Inset: UV-vis absorbance ratio for 299 

peak 2 against [P44414]+ aggregate size at a given temperature. A constant system composition of 0.52 300 

mol.kg-1 CoCl2.6H2O and 0.46 mol.kg-1 [P44414]Cl was used. 301 

 302 

Selective cobalt extraction in the NiCl2-based ABS and system regeneration 303 

Based on the results in Figure 3 and 4, the separation of Co(II) from concentrated Ni(II) was assessed 304 

in three systems: (i) a “chloride deficient” system with [NiCl2.6H2O]=0.35 mol.kg-1, (ii) the same 305 

system supplemented with 3.7 wt.% HCl (~ 1.00 mol.kg-1) and (iii) a concentrated system with 306 

[NiCl2.6H2O]=1.00 mol.kg-1 in the absence of HCl. An IL concentration of 20 wt.% and a separation 307 

temperature of 50.0 oC were used throughout as this expands the operation biphasic region. The 308 

separation was estimated as a function of the mole fraction of Co(II) (χCo) varying between 0.00 and 309 

0.33. As could be expected from the “chloride deficient” system (i), no significant cobalt extraction 310 

(DCo < 0.2) was observed for all tested Co(II) concentrations and is therefore not further investigated 311 

(not shown in Figure 5). Adding 3.7 wt.% HCl (system (ii)) leads to quite different results. First , Co(II) 312 

partitions preferentially in the IL-rich phase, as indicated by values above 1 for the distribution 313 

coefficients of  Co(II) observed in Figure 5A. In addition, DCo and the Co(II)/Ni(II) separation factor 314 

(αCo/Ni), increase with the mole fraction of Co. An increase in the ionic strength of the initial solution 315 

led to an significant increase of DCo value whilst simultaneously decreasing the distribution of Ni(II) to 316 

the IL phase. This results in an increase in αCo/Ni from 2.4 for χCo = 0.05 to 14.9 for χCo = 0.33. A more 317 

detailed analysis of Co(II) extraction in this system as a function of HCl concentration was previously 318 

studied and is not addressed in this work.11,14 Rather counterintuitively, αCo/Ni is greatly improved when 319 

the Ni(II) concentration is raised to [NiCl2.6H2O]= 1.00 mol.kg-1, system (iii) presented in Figure 5B, 320 

reaching a maximum separation value of 484 for χCo = 0.20.  321 

 322 
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 323 

Figure 5. Co(II) and Ni(II) distribution and Co/Ni separation for [P44414]Cl= 20.0 wt.% at varying Co 324 

molar fractions for A) [NiCl2.6H2O]=0.35 mol.kg-1 with 3.7 wt.% HCl and B) [NiCl2.6H2O]=1.00 325 

mol.kg-1 (data available in Table S2 & S3 of the SI). Results are the average of three independent 326 

measurements. 327 

 328 

However, it must be considered that the total chloride concentration and the ionic strength (I) in system 329 

(iii) ([Cl]- ≈ 2.46 mol.kg-1 and I≈ 5.10 mol.kg-1) are both greater than in system (ii) ([Cl]- ≈ 2.16 mol.kg-330 

1 and I≈ 3.20 mol.kg-1) without accounting for the additional CoCl2 concentration. This in turn 331 

influences the activity of each species in solution and facilitates the formation of anionic cobalt 332 

complexes. As no additional chloride source is present in solution beyond [P44414]Cl, CoCl2 and NiCl2 333 

in system (iii), to satisfy electroneutrality Co(II) can only partition to the IL phase via an ion-pair 334 

mechanism. Assuming [P44414]2[CoCl4] as the predominant complex in the IL phase after extraction and 335 

given an IL concentration of [P44414]Cl =0.46 mol.kg-1 (20.0 wt.%), the decrease in DCo when the 336 

concentration of Co(II) is above 0.20 mol.kg-1 (χCo >0.20 in Figure 5B) is attributed to the saturation of 337 

the IL phase. A second possible explanation is the reported decrease in Co(II) extraction when present 338 

as CoCl4
2- compared to CoCl3

- due to its greater relative charge density.7-11,13-15 The increase in ionic 339 

strength with increasing χCo in system (iii) can change the predominant Co(II) complex, I≈ 5.10 mol.kg-340 

1 for χCo=0.00 and I≈ 7.20 mol.kg-1 for χCo=0.33, with this change reflected in the distribution ratio. 341 

Separation results in Figure 5A-B suggest that under appropriate conditions, namely a high NiCl2 342 

concentration and a [P44414]Cl to Co molar ratio near to saturation (2:1), Co(II) can be directly recovered 343 
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from NiCl2 solutions with moderate distribution but high purity comparable to that obtained in the 344 

presence of an additional chloride source.7,11,14,15 At the optimal extraction condition in Figure 5B, no 345 

peaks characteristic of the [P44414]+ cation could be detected by 1H-NMR in the salt-rich phase (detection 346 

limit - 5 mol.%), indicating negligible loss of the IL.  347 

As the system is fully aqueous a larger number of cobalt recovery routes are available compared to 348 

hydrophobic IL systems. We previously showed that cobalt could be electrodeposited from the studied 349 

system.11 Here, a one step process for the simultaneous precipitation of Co(II) and recovery of the IL is 350 

proposed based on a Na2CO3-[P44414]Cl-H2O ABS at 25.0 oC (Figure S7). Na2CO3 was selected as 351 

precipitant as the greater ionicity of the carbonate anion compared to chloride should minimise anion-352 

exchange whilst promoting the IL phase separation and recovery. The final quality of the precipitate 353 

was evaluated based on the predominant cobalt complex in solution, anionic vs hexahydrate, prior to 354 

Na2CO3 addition. Following extraction in system (iii) at χCo = 0.20 and isolation of the IL-rich upper 355 

phase (Co rich), the latter was diluted either 3 times or 8 times resulting in a blue and red solution 356 

respectively, assigned to the change in cobalt speciation as previously discussed. After addition of a 357 

stoichiometric quantity of Na2CO3 to Co(II), the  precipitate was isolated by centrifugation and rinsed 358 

with deionized water and ethanol. The FTIR spectra of the resulting precipitates are presented in Figure 359 

6A. The bands characteristic of alkyl moieties highlighted in Figure 6A clearly indicate the co-360 

precipitation of the IL with Co(II) when Co(II) is present in an anionic form (x3 diluted), bands which 361 

persist even after rinsing. The absence of these vibrational modes in the precipitate obtained after 8x 362 

dilution of the IL-phase suggests that conversion of Co(II) to its cationic hexahydrated form is essential 363 

to minimise IL loss and ensure the precipitate purity. SEM-EDS analysis of the purple precipitate 364 

obtained after eight-fold dilution of the IL phase is presented in Figure S8 and Figure 6B, confirming 365 

the absence of both IL and Ni(II) in the final precipitate and the primary presence of cobalt as CoCO3. 366 

 367 
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 368 

Figure 6. FTIR spectra of the precipitate obtained after 3x (blue) and 8x (red) dilution of isolated IL 369 

phase and addition of Na2CO3. B) Energy dispersive X-ray analysis of the recovered precipitate from 370 

the 8x diluted IL phase (green label – chloride, red label – cobalt; BDL – Below detection limit). 371 

Extraction conditions prior to precipitation - χCo = 0.20 and [NiCl2.6H2O]=1.00 mol.kg-1. 372 

 373 

After the precipitate recovery, additional Na2CO3 was added to the IL solution to yield a final 374 

concentration of [Na2CO3] = 10.0 wt.% (see Figure S7) resulting in phase separation of the system into 375 

and IL-rich phase and carbonate-rich phase. The isolated IL-rich phase was characterised by 1H-, 12C- 376 

and 31P-NMR (Figure S9) and FTIR (Figure 7). Although phosphonium ILs can decompose to yield a 377 

tertiary phosphine oxide and alkane under alkaline conditions,34 no changes in the 31P-NMR spectra 378 

was observed relative to the starting IL. Additionally, NMR and FTIR confirm the absence of carbonate 379 

anions in the recovered phase, allowing the IL to be reused, whilst 1H-NMR of the salt-rich phase could 380 

not detect the [P44414]+ cation. To the best of our knowledge, this represents the first example of an ABS 381 

for simultaneous metal recovery and IL regeneration, representing an integrated approached to metal 382 

processing.  383 

 384 
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 385 

Figure 7. FTIR spectra of the original [P44414]Cl, after extraction of Co(II) and after Co(II) precipitation 386 

and IL recovery. 387 

 388 

Co(II) could be selectively recovered from large concentrations of Ni(II) impurities in a stimuli 389 

responsive ABS with no additional salt addition by manipulation of temperature, HCl concentration and 390 

ionic strength, providing a closed loop process for Co(II) recovery with minimal reagent consumption 391 

and recovery of the IL phase. Further work is necessary to extend the proposed process for systems 392 

presenting an Ni(II):Co(II) ratio equal to or lower than 1 typical of lithium-ion battery composition.1 393 

The metal concentrations studied in this work are characterised by high Ni(II):Co(II) ratios as an excess 394 

of Ni(II) is required to induce the biphasic system and salt-out the anionic chlorocobalt complexes as 395 

shown in Figure 5. Whilst lower Ni(II):Co(II) ratios are unlikely to significantly affect the purity of the 396 

recovered Co(II) due to the inability of Ni(II) to form the required anionic complexes required for 397 

extraction, optimisation is required to minimise a decrease in the distribution of Co(II) to the IL phase. 398 

Comparison with other reported ABS in Table 2 present comparable or higher Co(II)/Ni(II) separation 399 

factors due to their greater reported DCo but at the expense of increased separation complexity. 400 

Extraction in polymer-based ABS requires the decrease of the hydration entropy of the metal complex 401 

either through the addition of ligands such as thiocyanate anions such as to form anionic metal 402 

complexes or through complexation with a hydrophobic ligand.35 Unlike extraction in the proposed 403 

system that is robust to pH variations and improves with HCl concentration, separation in the presence 404 

of an acidic extractant depends both on the choice of extractant as well as optimisation of pH, implying 405 

increased process control and monitoring.  406 

 407 

Table 2. Comparison various ABS performance on the extraction and separation of Co(II) from Ni(II) 408 

(1N2N – 1-nitroso 2-naphthol; PAN – 1-(2-pyridylazo)-2-naphthol). 409 

System Extractant DCo αCo/Ni Ref 



18 

 

[P44414]Cl – NiCl2 – H2O – 14.9 484 This work 

[P44414]Cl – NaCl – H2O – 100 500 15 

PEO1500 – (NH4)2SO4 – H2O KSCN 499 > 1000 36 

L64 – Na2SO4 – H2O 1N2N 122 > 1000 37 

PEG-2000 – (NH4)2SO4 – H2O PAN 10.0 < 10 38 

 410 

The influence of metal impurities on the efficiency of Mn(II) precipitation and Co(II) extraction 411 

selectivity is required prior to the application of real battery leachates. The presence of metal ions with 412 

conflicting redox potentials could negatively impact the Mn(II) precipitation yield and final purity. 413 

Potential interferences include Fe(II)/Fe(III) or the redox couple Ce(III)/CeO2 under neutral pH 414 

conditions. Although Fe is not included in the anode/cathode composition of NiMH batteries, it is 415 

frequently co-leached due to its presence in the battery casing and anode plate.5 Whilst the presence of 416 

Fe(II) would hinder the conversion of MnO2,24 iron is typically present as Fe(III) in the leach solution 417 

and should therefore present minimal interference.5 The Pourbaix diagram of the Ce(III) aqueous 418 

system shows that under acidic condition (pH < 1) the redox potential of the Ce(III)/Ce(IV) couple is 419 

of  E0= 1.743 V, largely above that of Mn(II)/Mn(IV).39 Under neutral pH, the redox couple of 420 

Ce(III)/CeO2 could potentially interfere although more work is required to assess its influence. Metal 421 

extraction in [P44414]Cl is dominated by ion-pair or anion-exchange mechanisms, which depends on the 422 

capacity of a metal ion to form neutral or anionic complexes with a given ligand, in this case chloride. 423 

From the metals present in NiMH batteries, rare earth elements are not extracted in these chloride 424 

systems and could increase the partition of Co(II) through an increase in the solution ionic strength.9 425 

The presence of Zn(II) and Fe(III) however would however conflict with the extraction of Co(II) as 426 

these are extracted at lower chloride concentrations and diminish both the Co(II) distribution factor and 427 

selectivity.13 428 

 429 

Conclusions 430 

A fully aqueous process for the problematic separation of Mn(II) and Co(II) from concentrated Ni(II) 431 

solutions of relevance to waste battery recycling is disclosed. In a first instance, Mn(II) was selectively 432 

precipitated by oxidation under the form of MnO2 using O3 in presence of excess impurities and 433 

enriched 16.6 times in the precipitate compared to its original solution concentration. Following Mn(II) 434 

removal, the NiCl2-[P44414]Cl-H2O ABS was investigated for the direct recovery of Co(II) in the absence 435 

of an external chloride source. The versatility of aqueous [P44414]Cl solutions and its phase behaviour 436 

allows for the thermochromic transition of cobalt speciation and its efficient recovery from concentrated 437 

Ni(II) solutions. The metal composition studied are in line with that found in NiMH battery leachates, 438 

with future work planned to extend the separation to compositions corresponding to those found in 439 
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lithium-ion batteries. Finally, high purity Co(II) was recovered by Na2CO3 addition and subsequent 440 

precipitation and the IL was regenerated, allowing for a closed-loop process with no consumption of 441 

reagents except Na2CO3.  442 

 443 
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The Supporting Information is available free of charge and includes the Materials and Methods used; 445 
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