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Abstract: In this work, hydrometallurgical recycling of metals from high-cobalt-content spent lith-

ium-ion batteries (LIBs) from laptops was studied using precipitation and solvent extraction as al-

ternative purification processes. Large amounts of cobalt (58% by weight), along with nickel (6.2%), 

manganese (3.06%) and lithium (6.09%) are present in LiCoO2 and Li2CoMn3O8 as prominent Co-

rich phases of the electrode material. The pregnant leach solution (PLS) that was generated by leach-

ing in the presence of 10% H2O2 using 50 g/L pulp density at 80 °C for 4 h contained 27.4 g/L Co, 

3.21 g/L Ni, 1.59 g/L Mn and 3.60 g/L Li. The PLS was subjected to precipitation at various pH using 

2 M NaOH but the purification performance was poor. To improve the separation of Mn and other 

impurities and in order to avoid the loss of cobalt and nickel, separation studies were carried out 

using a solvent extraction technique using di-(2-ethylhexyl) phosphoric acid (D2EHPA) and bis-

(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 272). Overall, this study examines the fundamen-

tals of separating and synthesizing 99.9% pure Co sulfate from leach liquor of spent laptop LIBs 

with remarkably high cobalt content. 

Keywords: high cobalt LIBs; acid leaching; precipitation; solvent extraction; selectivity 

 

1. Introduction 

The market for lithium-ion batteries (LIB) is anticipated to rise at a cumulative annual 

growth rate (CAGR) of 35%, with an upsurge from 2.9 giga watt hour (GWh) in 2018 to 

132 GWh by 2030 [1]. The current share of LIBs used in the electric vehicle (EV) sector is 

around 35% (expected to shoot to 80% by 2030), followed by telecom, power, storage ap-

plications, consumer electronics, data centers and others [2]. 

Disposal of used batteries is neither ecologically nor economically useful owing to 

their high metal content [3,4]. The metals (Li, Co, Cu, Ni, Mn, Fe and Al) and electrolytes 

(LiPF6, LiBF4, ethylene carbonate, and dimethyl carbonate) in waste LIBs are hazardous 

from environmental and health point of views [2,5,6], which makes the LIB recycling a 

significant waste management issue. From a socio-economical point of view, they repre-

sent a very potential sustainable metals source. The global LIB recycling market is pro-

jected to grow from USD 4.6 billion in 2021 to USD 22.8 billion in 2030 [6]. 

The first step of battery recycling starts from their collection, segregation, disman-

tling and then specific processes designed for specific types of batteries, viz. pyrometal-

lurgy for lead acid batteries and hydrometallurgical processes for others and, quite re-

cently, via hybrid approaches [7]. In hydrometallurgical processes, crushed batteries are 

leached with organic or mineral acids or bioleaching and then metals are separated by 

solvent extraction [8], precipitation [3,9] and/or electro-chemical processes [10,11]. 

The major constituents of LIBs are Co and Li, whereas Ni and Mn are also present in 

significant quantities dependent upon the cathode chemistries. Therefore, recovery of 

these critical metals (especially 58% w/w Co in the current sample batch) with low metal 
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loss and high purity product is the main concern in the present work. Recently, several 

methods for extraction of inherent metals from spent LIBs have been developed [12–15]. 

The pregnant leach solution (PLS) generally comprises a large quantity of cobalt, manga-

nese, lithium and nickel and small amounts of copper, aluminium and iron. Solvent ex-

traction is widely used due to its high performance, high-purity products and being more 

economic than conventional separation processes. Several studies have been carried out 

to develop a suitable solvent extraction process for separation of cobalt, nickel and lithium 

with Cyanex 272 (bis(2,4,4-trimethylpentyl) phosphinic acid), D2EHPA (di-(2-ethylhexyl) 

phosphoric acid) and 2-ethylhexyl phosphonic acid mono-2-ethyhexyl ester (PC-88A) as 

extractants (Table 1). Most of the process used D2EHPA or Cyanex 272 as extractants to 

separate nickel and cobalt from the pregnant leach solution but during separation, nickel 

and lithium were also co-extracted and, therefore, some metals were lost during the liq-

uid–liquid separation steps [16,17]. Therefore, the present work attempts to leach the cath-

ode active material obtained from laptop batteries based on previous studies [3], followed 

by the development of a novel strategy for separating Co, Ni, Mn and Li present in the 

pregnant leach solution (PLS) using precipitation (PPT) cum solvent extraction (SX), aim-

ing for almost no loss of battery metals, and preventing impurities in the products. 

In view of this, firstly, the removal of low-value metals acting as impurities (Fe, Al, 

Cu and Mn) was studied, followed by the separation of critical metals (Co, Ni and Li) 

using a series of solvent extraction experiments. The optimal conditions for metal recovery 

using solvent extraction were presented in this work. Impurity removal was studied using 

D2EHPA and then the separation of cobalt was investigated using Cyanex 272 as an ex-

tractant. A process flowchart for the recovery of different metals is suggested according 

to precipitation and SX results, depicting that the entire process has been demonstrated, 

starting from authentic raw material and ending with a marketable product. 
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Table 1. Summary of available literature on the separation and purification of leach liquor obtained from spent LIBs. 

Aq. Feed Impurity removal Extraction process Parameters % Extraction Drawbacks 
Refer-

ence 

17.38 g/L Co, 945 ppm Ni, 138 ppm 

Mn, 2746 ppm Li, 43.1 ppm Cu, and 

64.8 ppm Al 

Mn with KMnO4 PPT at pH 3 in 1 h  SX of Cu, Al, Ni and Co 
0.25 M D2EHPA, O:A = 1.5, pH 

6, 45 min 

99.6%Co, 98.7% Ni 

and 95.4% Cu 

8% Ni and 3% Co loss 

during Mn PPT 
[16] 

3.7 g/L Li, 9.6 g/L Ni, 10.1 g/L Co, 

and 9.6 g/L Mn 
Mn using KMnO4, Ni by DMG 

SX of Co using 0.64 M Cyanex 272 (50% 

saponified) 

0.64 M Cyanex 272 (50% saponi-

fied), O/A ratio of 2/3 at pHeq 

~5.0, 3-stages 

99% Co, >3% Li 

20.2% Ni, 20.5% Co, and 

10.1% Li in the Ni-DMG 

precipitate 

[17] 

4.29 g/L Ni, 7.18 g/L Co, 5.68 g/L Mn, 

1.49 g/L Li, 1.78 g/L Cu and 1.96 g/L 

Fe 

(Fe with 1 M NaOH), SX of Cu using 

Mextral 5640H in kerosene) (Mn: 0.5 

M KMnO4 sol) 

PPT and SX 

Followed by SX of Co using Ni loaded 

Mextral 272P 

Ni by NaOH ppt and Li NaPO4 

--- 

100% Cu, 99.2% Mn, 

97.8% Co, 99.1% Ni, 

95.8% Li 

Complex process steps [18] 

2.54 g/L Ni, 4.82 g/L Li 
KMnO4 for Mn, followed by 

D2EHPA to remove Al and Fe 
SX using PC-88A 

0.15 M PC-88A, 2 counter cur-

rent stages at O/A = 1, pH = 6.5 
92% Li, 99.6% Ni 

No Cobalt in feed 

(LiNiO2 cathode) 
[19] 

2.59 g/L Co, 2.61 g/L Ni, 1.4 g/L Mn 

and 0.8 g/L Li 

Ni was separated using DMG 
0.1 M Na-Cyanex 272 to separate Co and 

Ni 

1st: pH = 6.0, 0.1 M Na-Cyanex, 

O/A = 1.5. 15 min 
>99% Co and Mn 

about 3% Ni and 3% Li, 

lost 
[20] 

- 
Co and Mn by 0.2 M Na-D2EHPA 

Ni and Li by DMG 

2nd: pH = 2.95, 0.2 M Na-

D2EHPA, O/A = 1.0, 5 min 
 3.7% Co 

17,385 ppm Co, 945 ppm Ni, 138 

ppm Mn, 2746 ppm Li, 43.1 ppm Cu, 

and 64.8 ppm Al 

Mn removal by precipitation with 

ammonium persulfate ((NH4)2S2O8), 

pH = 2, 80 °C, 1 h 

Cobalt oxalate and nickel oxalate precipi-

tated by oxalic acid ammonia ((NH4)2C2O4) 

at pH = 2 at 50 °C, 1 h 

Concentration of remaining liq-

uid through use of reduced 

pressure evaporation 

-- 

6% Co loss and Ni and 

Co separation not stud-

ied 

[21] 

LL: 2.91 g/L Co, 3.37 g/L Mn, 0.57 

g/L Li, 0.033 g/L Fe, 0.407 g/L Ni, 

0.019 g/L Cu, 0.014 g/L Al 

Fe by precipitation at pH 3.5 by conc. 

NaOH solution, 95 °C for 2 h 

Mn by 10% ammonium persulfate so-

lution at pH 4 

Cu and Al using NaOH at pH 5.5 

SX using Cyphos IL 
0.2 M Cyphos IL 102 with A/O = 

1, RT, 10 min 

98.6% Co,  

99.9% Mn and 99.6% 

Li 

-- [22] 

Pure liquor (Mn precipitation):1.406 

g/L Co, 0.273 g/L Li and 0.181 g/L Ni. 

3.66 Mn, 19.33 Co, 5.19 Ni, 3.58 Li 

2.57 Cu, 0.52 Fe, 2.04 Al in g/L pH 

0.3  

SX using D2EHPA 
Mn recovery by oxidative PPT using 

KMnO4 at pH 1.5, RT 

0.4 M D2EHPA, A/O = 1:2, pH = 

3.2, 3 stages 
99% Mn, 25% Al 9% Co lost  [23] 

36 g/L Co, 13.8 g/L Fe, 4.3 g/L Li, 0.8 

g/L Al 

Fe and Al removal using Ion-

quest/Acorga 
SX with D2EHPA 1.59 M D2EHPA, pH = 1.85 

93.9% Co and 11.4% 

Li 
6% Co lost [24] 

0.41 g/L Al, 3.6 g/L Li, 1.59 g/L Mn, 

0.015 g/L Fe, 27.394 g/L Co, 3.205 g/L 

Ni and 0.058 g/L Cu 

Mn, Al, Fe and Cu Removal using 

D2EHPA  
SX with Cyanex 272 

1 M Cyanex 272, pH = 5.75, 2 

stages, scrubbing with 10 g/L 

CoSO4 

99.9% Co,  
Li and Ni in the raffinate 

can be separated by PPT 

Present 

work 
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2. Materials and Methods 

The spent LIBs from laptops were collected and manually dismantled after discharge 

as described in earlier work [3]. The cathode powder of the dismantled batteries was ob-

tained from pre-treatment of Al fractions at 250–300 °C [3] and wet sieving and is charac-

terised by chemical analysis [wet combustion with Single Reaction Chamber Microwave 

Digestion System by Milestone™ Italy followed by Inductively Coupled Plasma- Mass 

Spectroscopy (ICP-MS)], phase identification by X-ray Diffraction [(XRD) (Bruker, Ger-

many: D8 Discover)] and morphology using Scanning Electron Microscope- Energy Dis-

persive Analysis [SEM–EDAX (Hitachi S-3400N)]. The particle size of the cathode pow-

der as determined by laser particle size analyser (MalvernTM, UK) was found to be d50 < 20 

µm and the average size to be 10–12 µm. 

The metals content of all solutions in this work was analysed by ICP-MS using argon 

plasma by Agilent, US (Model: 7900™) and Thermo, US (Model: ICP-7000™). The samples 

were first digested using aqua regia by wet combustion in a microwave digestion system. 

For the leaching and precipitation experiments, analytical grade (Make-Merck, Ger-

many) 98% sulfuric acid (H2SO4), 30% hydrogen peroxide (H2O2) and 97% Qualigens® so-

dium hydroxide (NaOH) were used. For solvent extraction, the solvents di-(2-ethylhexyl) 

phosphoric acid (D2EHPA™) and bis(2,4,4-trimethylpentyl) phosphinic acid (Cyanex 

272™) were supplied by Merck®, Germany and Cytec®, Canada, respectively. The diluent, 

99% Exxsol®D80™, was supplied by Pon Pure Chemicals, India. 

2.1. Leaching 

Considering the high metal yields and the economic prospects for the recovery of 

valuable metals, sulfuric acid was chosen as the lixiviant unless stated otherwise. Leach-

ing studies were carried out at a 300 rpm stirring rate (unless stated otherwise) in a 3 L 

borosilicate glass reactor with water jacket to control the temperature by water circulation. 

The cathode powder was leached with a mixture of 2 M sulfuric acid and 10% H2O2 using 

50 g/L of pulp density at 80 °C for 4 h [3]. At the end of the leaching, the slurry was filtered 

by a Büchner funnel using Whatman filter paper (No. 42), with washing of residue using 

distilled water and overnight drying at 80 °C. The leaching efficiency was calculated by 

Equation (1) analysing the metals in the filtrate after required dilution and acid addition. 

The extraction (%E) was calculated by the following equation: 

%𝐸 =  
(𝐶𝑖 − 𝐶𝑡)

(𝐶𝑖)
 ×  100 (1) 

where Ci is the initial concentration of metal in feed, and Ct is the concentration of the 

desired metal at time (t) 

2.2. Precipitation 

Precipitation experiments were carried out in a 1 L borosilicate glass reactor with 

water jacket to control the temperature at 40 °C by water circulation. The pH was gradu-

ally raised using 2 M NaOH solution. 

2.3. Solvent Extraction 

Based on the literature review, D2EHPA was used for the purification through im-

purity removal and Cyanex 272 for the separation of cobalt from nickel and lithium. A 

one litre water jacketed borosilicate glass reactor to control the temperature by water cir-

culation was used. The pH of the PLS was raised to 1.0 using NaOH pellets and further 

adjusted using ammonia gas. The organic phases were composed of the extractant (0.8 M 

D2EHPA and 1 M Cyanex 272) and due to high viscosity, the diluent kerosene (Exxsol® 

D80™) was added to decrease the viscosity and density of the organic phase. The organic 

phases were washed with sulfuric acid and water, and aqueous traces were removed post 

centrifugation. All extraction experiments were carried out at 35 °C. 
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The pH isotherms were determined by mixing the organic-aqueous dispersion 

(phase ratio O/A = 1:1) in a vessel until the equilibration of mixture (fixed pH value) was 

achieved. After sampling of both phases at each pH, the organic samples were stripped 

by 3 M hydrochloric acid (unless stated otherwise) while stirring for 30 min to transfer 

extracted/loaded metals to the aqueous phase for analysis. To construct the isotherm, the 

pH was increased by 0.2-0.3 units using ammonia gas. 

To determine the loading isotherms, the phase ratio O/A was increased from 1:10 to 

2:1 incrementally. The experiments were performed with 300 mL of aqueous phase and 

30 mL of organic phase. The pH was attuned to a constant pH = 3.1, and the composition 

of both phases at equilibrium was measured off-line. 

Scrubbing of the loaded organic with Mn was studied by the stepwise addition of 

Mn solution prepared using manganese sulfate tetrahydrate. The initial phase ratio was 

O/A = 10:1, and the final value was O/A = 1:1. The initial pH of the aqueous phase was 

approximately 3.0. 

3. Results 

3.1. Characterisation of the Cathode Active Material Powder 

The chemical composition of the cathode active material (Table 2) shows the presence 

of about 58% Co along with 6.09% Li, 3.06% Mn and 6.2% Ni. Other metals such as copper, 

aluminium and iron were present in smaller amounts. 

Table 2. Chemical composition of cathode active material of spent LIBs and pregnant leach solution 

(PLS). 

Element Li Co Mn Ni Cu Al Fe C 

Composition in cathode active material (% wt) 6.09 58.10 3.06 6.21 0.04 0.7 0.11 Balance 

Composition in PLS (g/L) 3.60 27.4 1.59 3.21 0.058 0.41 0.015 --- 

The X-ray diffraction analysis of the cathode material (Figure 1) shows the presence 

of LiCoO2 (PDF Number: 75-0532), Li0.4Ni1.6O2 (PDF Number:81-0095), Li2CoMn3O8 (PDF 

Number: 48-0261) and Li2NiO2.88 (PDF number: 75-0634) as the major constituents. The 

major constituent of the cathode active material is LiCoO2 , in which the average oxidation 

state of cobalt is +3 (Co3+) whereas lithium exists in +1 oxidation state [25]. Nickel is present 

in +2 state in the layered structure of nickel oxide. The presence of an Li-Co-Mn based 

phase, namely Li2CoMn3O8 with a distorted spinel structure, might have formed as a re-

sult of heat generated during use with a rise in temperature as high as 150 °C [26–28] and 

also due to the pre-treatment step (at 250–300 °C) followed in the present study. In 

Li2CoMn3O8, lithium, cobalt and manganese exist in +1, +2 and +4 oxidation states, respec-

tively. Moreover, lithium-nickel oxide of lower Li-Ni contents were also present in the 

minor phases as depicted in Figure 1. The overlap of a few peaks with multiple phases is 

attributed to the common metal/oxide present in two or more phases with their lattice 

structures being the same. The morphological studies have been carried out by SEM-

EDAX. The SEM image (Figure S1) of the cathodic material shows the presence of LiCoO2 

particles with irregular morphologies, which also contain high amounts of cobalt along 

with large secondary particles rich in nickel and manganese with a wide particle-size dis-

tribution (lithium cannot be detected in SEM). It can be correlated from the data in Table 

2 and Figure S1, showing that the sample batch possesses high cobalt and is worthy of 

investigation. 
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Figure 1. XRD pattern of the cathode powder of spent LIBs along with the identified phases (PDF 

number in parenthesis). 

3.2. Leaching 

Leaching of cathode active material was performed using sulfuric acid because of its 

economic benefits and the good recovery results obtained in earlier work [3]. Due to the 

high value of cobalt in the raw material, 2 M of sulfuric acid is used in the presence of 10% 

H2O2 using 50 g/L of pulp density at 80 °C for 4 h. The leach liquor is analysed and the 

composition of pregnant leach liquor (PLS) is shown in Table 2. The residue was rich in 

carbon. The PLS was stored in a glass bottles and used as feed in precipitation and solvent 

extraction studies. The pH of the PLS liquor was approximately (–) 0.63. 

3.3. Precipitation 

The leach liquor (PLS) was rich in cobalt, nickel, manganese and lithium; however, 

small amounts of aluminium, copper and iron were also present (Table 3). The PLS was 

subjected to precipitation using 2 M NaOH at 40 °C at different pH levels [29]. As observed 

in Figure 2, the removal of iron, aluminium and copper was not complete at low pH val-

ues. On the other hand, Co, Ni and Mn was co-precipitated when the pH value was 3.8. It 

was concluded from Figure 2 that iron, aluminium and copper were completely removed 

at pH 4.4 and 5.8. On the other hand, approximately 8% Co and 11% Ni were lost. Similar 

results were obtained by Wang and Friedrich (2015) when Na2CO3 was used as a precipi-

tation agent [9]. Because of low selectivity in precipitation and the importance of avoiding 

the loss of valuable metals such as cobalt and nickel, further separation studies were car-

ried out using the solvent extraction technique. 

Table 3. Representative data of composition of organic/aqueous phases of scrubbing tests. 

Solution Used for Scrubbing Phase 
Element Concentration, g/L 

Al Mn Fe Cu Co Ni Li 

Initial loaded organic (feed for scrubbing experiment) Loaded organic 0.398 1.416 0.015 0.05 3.61 0.177 0.008 

Appropriate Mn as sulfate solution 
Scrubbed organic 0.103 10.03 0.01 0.46 0.133 0.004 0.00 

Aqueous solution (Raffinate) 0.005 9.113 0.004 0.03 3.115 0.167 0.007 
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Figure 2. Metal precipitation from PLS using 2M NaOH at 40 °C. 

3.4. Separation and Purification of Metal Values using Solvent Extraction 

Initially, the impurities (viz., Al, Fe, Cu and Mn) were separated from Li, Ni and Co 

by solvent extraction using D2EHPA. Based on the concentration of Mn and other trace 

metals, 0.8 M D2EHPA diluted in Exxsol® D80™ was used. 

The extraction equilibria of metals with di-(2-ethylhexyl) phosphoric acid (D2EHPA) 

is shown in Figure 3. It was observed that at pH = 2.14, about 58% Mn was transferred to 

the organic phase whereas the extraction of other valuable metals (Li, Co and Ni) was 

negligible. At pH = 3.1; 91% Mn, 88% Al, 55% Cu an almost complete removal of Fe was 

observed and, at the same time, the Co, Ni and Li extraction were <6%. A similar equilib-

rium behavior was also observed in the previous studies [23,30–33]. High extraction of 

Mn and other impurities and low extraction of other valuable metals was observed be-

tween pH 2 and 3.5. Therefore, a pH range of 2–3.5 was assumed as suitable for loading 

isotherm experiments, taking into account good extraction of manganese. 
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Figure 3. The extraction equilibria of metals using 0.8 M D2EHPA in Exxsol® D80™. 

3.4.1. Loading Isotherm Experiments 

The extraction isotherm represents the ratio of the increasing concentration in the 

organic phase to the limiting concentration in the aqueous phase [23]. Experiments were 

conducted with O/A starting in the range 1:10 and rising to 2:1, incrementally adding 1/10 

or 30 mL of organic to the mixture. The experiment started from 300 mL of the aqueous 

phase and 30 mL of the organic phase. Each growth of organic amount was equilibrated 

in the vessel by controlling pH and sampled. Loading isotherm experiments were per-

formed for a fixed pH value of 3.1. Figure 4 shows the loading isotherms for all metals. 

The curves for the Fe and Al run along the y-axis when the x-axis scale is from 0 to the 

PLS concentration. This shows high affinity and selectivity of these metals to the D2EHPA. 

The Mn and Cu are the next ones in the selectivity order [23] and also show normal-type 

concave isotherms. The Co, Ni and Li isotherms head downwards due to the competition; 

D2EHPA is more selective to Al, Fe, Cu and Mn, and these metals kick out Co, Ni and Li 

when the organic phase becomes saturated. 



Metals 2022, 12, 1056 9 of 15 
 

 

 

Figure 4. Loading isotherms of Mn, Fe, Cu, Al, Co, Ni and Li in 0.8 M D2EHPA in Exxsol® D80™ at 

35 °C. 

Figure 5 shows the McCabe-Thiele plot for manganese loading with 0.8 M D2EHPA, 

which suggests that >90% Mn will be recovered in two stages at an A/O ratio of 2:1 at pH 

of 3.1. However, the noticeable co-extraction of cobalt along with manganese required 
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extra measures to decrease the Co amount by implementation of a scrubbing procedure, 

for instance; hence, additional tests of scrubbing are required. 

 

Figure 5. Mn loading isotherm in 0.8 M D2EHPA (pH of 3.1; 35 °C) and an initial process design by 

McCabe-Thiele method. 

3.4.2. Scrubbing of Loaded D2EHPA 

Scrubbing experiments were aimed to scrub co-extracted cobalt from the organic 

phase (D2EHPA). Scrubbing isotherms for three elements (Co, Ni and Mn) are repre-

sented in Figure S2. During scrubbing, the intense blue colour of organic changed to violet 

and, consequently, to colourless due to the ion exchange of cobalt from the organic to the 

aqueous phase and of the manganese from the aqueous to the organic phase. 

Based on the McCabe-Thiele analysis for scrubbing isotherm data (Figure S2), the 

loaded organic obtained can be subjected to two-stage counter-current scrubbing using 

an appropriate quantity of Mn at pH 3.0. For this process step, the composition (based on 

batch equilibrium samples) of the loaded organic and aqueous scrub solution with appro-

priate and pre-determined Mn scrub solution is represented in Table 3. The raffinate of 

scrubbing can be circulated with leach liquor for further processing, whereas the scrubbed 

organic is then stripped using 2 M H2SO4 for the separation of Cu, Fe, Al and Mn. 

Copper was separated from scrubbed organic by adding fine iron powder at room 

temperature. The copper-depleted solution was oxidised by adding dropwise H2O2 and 

neutralised by 3 M NaOH, removing the majority of Fe and Al as precipitate, resulting in 

a manganese-dominant liquor that can be recirculated to PLS. Alternatively, the Mn-rich 

liquor can be used to recover Mn as MnSO4 and MnCO3 by chemical precipitation [3]. 
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3.4.3. Cobalt Extraction with Cyanex 272 

Cobalt extraction using 1 M Cyanex 272 was studied at different pH ranging from 3 

to 7 at an O/A ratio of 1 at 35 °C as shown in Figure 6a. With an increase in pH from 3 to 

5.5, Co extraction increased from 6% to 92.5%, whereas nickel extraction was less than 5% 

in this pH range. About 95.4% Co was extracted at pH 5.75, whereas co-extraction of Ni 

was only 5.8% at this pH. The equilibrium behavior is typical to the Cyanex 272 extractant 

when Co/Ni concentration ratio is high [30,33]. Further, extraction experiments were car-

ried out at pH 5.75. 

In addition to the experimental data, there were other visual changes observed dur-

ing the experimental process. Firstly, during the incremental growth of pH, the organic 

phase started to change its colour drastically from transparent to an intense blue. The de-

scribed effect can be explained by the transfer of cobalt to the organic at relatively high 

pH where cobalt extraction starts. Moreover, the organic phase underwent an increase of 

viscosity during the pH growth. It can be assumed that this phenomenon is likewise the 

consequence of the extractant’s saturation by cobalt. The McCabe-Thiele method was used 

to estimate the theoretical number of equilibrium stages required for complete cobalt ex-

traction from the solution. The optimum pH was selected at pH 5.75, as the selectivity of 

Co is higher as compared to Ni and Li at O/A ratio of 1:1 using 1 M Cyanex 272. The 

McCabe-Thiele plot for cobalt extraction under these conditions is shown in Figure 6b. It 

is seen in the McCabe-Thiele diagram that two equilibrium stages are required to extract 

about 99.7% Co. Approximately 35% of Ni was also co-extracted (isotherm not shown) 

under these conditions. After two stages, the organic phases were loaded with 25.62 g/L 

of Co, 1.11 g/L of Ni and less than 0.024 g/L of Li. 

Further, purification of the cobalt-loaded organic phase is required to obtain as pure 

and nickel-free a solution of cobalt as possible. Hence, nickel scrubbing experiments were 

carried out to remove co-extracted nickel in the organic phase (Cyanex 272). A scrubbing 

reaction using cobalt sulfate solution promotes the cation exchange reaction (Eqn. 2) by 

cobalt and the impurity element (Ni). 

( ) ( )2+ 2+

2 aq 2 aqorg org
Ni HA Co Co HA Ni⎯⎯→+ +⎯⎯  (2) 

To evaluate the feasibility of this option, scrubbing tests were carried out using 5–50 

g/L Co solutions (prepared using cobalt sulfate salt) and contacted to the loaded organic 

from O/A 10:1 to 1:1. Table 4 shows the removal of nickel and the loading of cobalt during 

scrubbing steps. 

Table 4. Composition of organic and aqueous phases in scrubbing of Cyanex 272 using cobalt sulfate 

solutions at O/A ratio of 1:1 in a single stage. 

  Concentration, g/L 

 Phase Co Ni Li 

 Loaded organic 25.62 1.11 0.024 

Scrubbing solution     

10 g/L Co Scrubbed organic 34.47 0.015 0.0 

 Aqueous raffinate 2.22 1.04 0.020 

5 g/L Co Scrubbed organic 29.55 0.183 0.004 

 Aqueous raffinate 2.314 0.887 0.023 
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Figure 6. (a) pH isotherms for Li, Ni and Co extraction using 1 M Cyanex 272 (Exxsol® D80™; 35 °C); 

(b) Loading isotherm of Co into 1 M Cyanex 272 (Exxsol® D80™; 35 °C) and initial design using the 

McCabe-Thiele method; (c) Stripping of cobalt from loaded Cyanex 272 with 2 M H2SO4 at 35 °C. 

3.4.4. Stripping of Loaded Cyanex 272 

To determine the theoretical stages required for complete stripping of scrubbed 

loaded organic phase containing 48.4 g/L Co, acid was added stepwise concurrent to the 

O/A variation in the range (10/1 to 1:1). It was observed that the viscosity of organic sig-

nificantly decreased and the colour also changed from dark blue to its original colourless 

form. Results of the stripping procedure were plotted using a McCabe-Thiele plot (Figure 

6c). The McCabe-Thiele diagram for cobalt stripping from the loaded Cyanex 272 by di-

luted sulfuric acid indicated the requirement of two stages for complete cobalt recovery 

at 35 °C and phase ratio O/A: 1 (Figure 6c). 

The stripping of the loaded organic phase with 2 M H2SO4 at 35 °C produced a solu-

tion of 53 g/L Co from which could be recovered by crystallization. Overall, >99.9% high 

pure cobalt sulfate monohydrate (34.77% Co, 0.01% Al, 0.01% Ni, 0.05% Fe, 0.04% Mn, 

12.07% S, 47.84% O) analysed by ICP-OES, could be recovered from the spent lithium-ion 

batteries of a laptop. A SEM of the cobalt product shows agglomerates of Co microspheres 

(Figure 7a). XRD analysis of the powder (inset Figure 7b) shows characteristic peaks of 

monoclinic cobalt sulfate monohydrate (CoSO4∙H2O) (JCPDS PDF No.: 010810020 Co-

baltkieserite). Based on the experimental results, a flowsheet is proposed for extraction 

and separation of different metals present in the cathode material powder of spent lith-

ium-ion batteries (Figure 8). 
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Figure 7. Characterisation of Cobalt sulfate product (a) SEM; (b) XRD. 

 

Figure 8. Process flowsheet to recover high pure cobalt and all metals present in cathode active 

materials of LIBs. 

4. Conclusions 

Cathode active material of spent laptop batteries containing 58% Co along with 6.09% 

Li, 3.06% Mn and 6.2% Ni was leached in 2 M sulfuric acid. Owing to the non-selectivity 

of metal separation and relatively low yield by precipitation of PLS, a solvent extraction 

process was developed to recover all valuable metals viz., Mn, Co, Ni and Li from the 

sulfuric acid leach liquor of spent laptop batteries. The leach liquor was first subjected to 

SX to separate Mn using D2EHPA, and a small amount of cobalt also co-extracted was 

then scrubbed using 20 g/L MnSO4. The loaded organic was stripped using 2 M H2SO4 and 

the striped solution was used to separate Mn from Fe, Cu and Al. The Mn-rich solution 

was recirculated for scrubbing; however, it can also be used for preparation of 

MnSO4/MnCO3. The raffinate that is rich in Co, Ni and Li was subjected to SX using Cya-

nex 272 and the co-extracted Ni was then separated using a CoSO4 solution to avoid the 

loss of cobalt and nickel. Then, 99.9% pure CoSO4.H2O was synthesized by crystallization 

from the Co-rich liquor. 
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