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Abstract

Recycling spent lithium-ion batteries is vital to ensure the recovery of added-value resources and 
minimize environmental impact. Herein, an integrated and efficient process is developed for 
metal recovery from spent cathode powder combining both leaching and transition metal 
separation in one step. A hydrophobic deep eutectic solvent (DES) is proposed as a HCl super 
concentrator for the one-pot leaching of cathodes from spent lithium-ion batteries and 
simultaneous Ni(II) precipitation. The DES composed of decanoic acid and trioctylphosphine 
oxide can super concentrate HCl, 2.2-folds more than the aqueous limit of 37 wt%, whilst being 
thermally and chemically stable under leaching conditions up to 373 K. The proposed leaching 
process can quantitatively extract Co(II), Mn(II) and Cu(II) from spent cathodes of laptop batteries 
whilst only extracting 10% of Ni(II). The latter could be easily recovered as NiCl2·2H2O with 99% 
purity through the manipulation of the coordination environment afforded by the DES relative to 
aqueous media. Key leaching parameters were the HCl:metal molar ratio and temperature, both 
having a significant impact on the leaching efficiency and its selectivity. Metal recovery was 
accomplished after stripping of the loaded DES solution via a straightforward sequential 
precipitation process, with 99% Co(II) and 98% Mn(II) being precipitated with 95% and 81% 
purity, respectively. The reported system presents a better atom economy compared to other 
DES and conventional inorganic acids, providing a new mild approach for the simultaneous 
leaching and separation of metals from lithium-ion batteries.

Keywords: spent cathode, HCl super concentrator, selectivity, metal recovery, atom efficiency.
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1. Introduction

The world is transitioning towards cleaner and more sustainable energy sources. Renewable 
storage systems based on low-carbon technologies are increasingly relevant to address the 
intermittency of renewable energy sources and reduce fossil fuel dependency.[1,2] Lithium-ion 
batteries (LIBs) are widely used not only in energy storage technologies and electronic vehicles 
due to their high stability, low self-discharge rate, high energy density, high voltage and high 
capacity,[3,4] but also in most of small consumer electronics. This includes an estimated 7.2 
billion globally active mobile phones and 1 billion laptop computers and tablets.[5] The 
widespread use of LIBs is forecasted to increase the demand for battery metals to 17.5 million 
tons (Mt) by 2030, representing more than a seven-fold increase between 2021 and 2030.[6] 
Battery metals include some raw materials classified as critical by the European Union, like cobalt 
and lithium, and also graphite, due to their supply risk issue and economic importance.[7] 
Consequently, LIB waste is estimated to surge from 0.6 Mt in 2020 to 2.0 Mt by 2023.[8] The 
embodied environmental footprint of consumer electronic manufacturing is heavily influenced 
by the extraction of its inherent metal content. Incorporating recycled materials in the 
manufacture of LIBs can lead to substantial reductions in energy consumption while affording 
superior rate and cycle performance.[9,10] Battery recycling in the EU is incentivized through 
legislation (Sustainable Batteries Regulation), which includes both specific targets for selected 
metals (cobalt, nickel, copper and lithium) and total recycling efficiency of 70 wt% by 2030.[11] 
As a result, there is a pressing demand for the development of LIB recycling processes.

Urban mining can decrease the environmental impact of end-of-life batteries while exploiting 
their inherent material value. End-of-life LIBs usually contain 5–20% cobalt, 5–10% nickel, 5–7% 
lithium, 5–10% other metals (primarily copper, aluminum, iron), 15% organic compounds 
(polymer, electrolyte, membrane), and 7% plastics.[12] However, the design of a robust and 
efficient recycling process is hampered by the lack of standard LIB cell design, multiple LIB 
chemistries (LCO, NMC, NMA, LFP), and the varying battery lifetime associated with the 
replacement rate of the final product (≈2 years for cell phones, ≈3–4 years for laptops and tablets 
and over 10 years for electric vehicles).[13,14] Managing end-of-life batteries can be 
accomplished via different methodologies such as pyrometallurgy, hydrometallurgy and direct 
physical recycling.[15–17] While direct recycling presents significant economic and 
environmental advantages, maintaining the cathode crystal structure requires meticulous sorting 
of cathode types and pre-treatment to avoid a final mixed product with an inferior value. 
Currently, no effective method is available for separating the cathode black mass, which refers 
to the active electrode materials after detachment from other components, based on its chemical 
composition.[18] Compared to pyrometallurgy, hydrometallurgy is a more promising alternative 
due to its lower energy requirements and gaseous emissions, as well as its greater process 
flexibility and ability to recover all metallic components from the black mass, including Li(I) and 
Mn(II).[19] 

Hydrometallurgical treatment of LIBs occurs in three stages, namely leaching, individual 
metal separation, and final purification. The environmental impact of the final process is largely 
dependent on minimizing waste effluent quantities and toxicities, with life cycle assessments 
showing that the most significant environmental impact is caused by the leaching and 
wastewater treatment stages.[20–22] Conventional hydrometallurgical metal separation 
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presents environmental drawbacks due to the extensive use of concentrated inorganic acids and 
volatile organic solvents during solvent extraction.[23–25] Moreover, LIB leaching relies on the 
addition of reducing agents and generates large volumes of waste requiring neutralization.[25] A 
representative schematic example of a conventional hydrometallurgical process for LIB 
treatment is presented in Figure 1, showing the number of unit operations, many of which 
involve acid neutralization and careful pH control. Improvements are required to reach a greater 
atomic efficiency of each unit operation whilst ensuring their selectivity and substituting 
hazardous chemicals for more benign alternatives. Integrated processes capable of 
simultaneously combining multiple unit operations, such as leaching and separation, could 
provide additional economic and sustainability benefits by simplifying the overall flowsheet.

A potential approach to enhance the atomic efficiency of waste LIB processing is increasing 
the potency of a given acid by modifying its chemical environment.[26] It was previously shown 
that HCl could be “super concentrated” (increased molar ratio of HCl to water) relative to 37 wt% 
aqueous HCl under ambient conditions through its transfer from an aqueous to organic phase 
containing an amphiphilic extractant such as trioctylmethylammonium chloride (Aliquat 336), or 
trioctylphosphine oxide (TOPO).[27,28] Whilst acid super concentration is commonly observed 
in solvent extraction separations, few works harnessed its potential for metal leaching. 
Leveraging this potential offers several advantages, including reduced acid consumption, 
increased selectivity due to differing metal speciation between aqueous and organic media, and 
the suppression of hydroxide chemistry, thereby avoiding the formation of an inhibitory 
passivating layer during leaching.[29] Furthermore, apolar solvents with low water solubility can 
be easily regenerated by simply contacting the saturated phase post-leaching with an 
appropriate stripping solution, enabling the integration of the leaching and solvent extraction in 
a single stage. This strategy was previously employed for the preferential recovery of zinc and 
lead from iron-rich jarosite residues using HCl-equilibrated Aliquat 336, or for the selective 
leaching of palladium from platinum in a system of HCl and H2O2 in tributylphosphate 
(TBP).[30,31]

Such organic leaching systems must satisfy some criteria to ensure their applicability, namely: 

- (i) a measurable improvement on aqueous leaching systems, either through improved 
selectivity and/or reduced acid consumption, 

- (ii) present chemical and thermal stability under aggressive leaching conditions, 
- (iii) be liquid at room temperature, 
- (iv) have a moderate viscosity, and
- (v) the absence of phase splitting that can occur in organic systems at high metal or acid 

concentration.[32] 

In this work, the hydrophobic deep eutectic solvent (DES) composed of TOPO:decanoic acid 
was identified as a promising HCl carrier for the leaching of LIBs. DES are low-melting binary 
mixtures of Lewis or Brønsted acids and bases with interesting properties due to the 
liquefaction and enhanced solubility provided by the decrease of the melting point of the 
mixture when compared to those of the starting pure constituents.[33] The reported HCl 
super concentration capacity of TOPO (melting point of 325.9 K) is harnessed through its 
incorporation as a DES constituent. The resulting liquid solution was acid-saturated and 
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subsequently optimized for the leaching of real end-of-life LIB cathode material. The choice 
of leaching media is based on the expectancy that the lower stability of the hydrated complex 
of Ni(II) chloride in the DES phase relative to the anionic chloro-complexes of competing 
transition metals ([MCl4]2− where M= Cu, Co, Mn) will translate into minimal Ni(II) solubility, 
providing a simple approach to its direct separation.[34–36] A schematic representation of 
the proposed alternative metal leaching and recovery from spent cathode powder versus 
conventional approaches is depicted in Figure 1. Additionally, the use of DES removes the 
need for volatile organic diluents used in solvent extractions and avoids the critical problem 
of third-phase formation high metal loading.[28,34] 

Mn(II) recovery
D2EHPA

Inorganic acid

Leaching

Conventional

Reducing agent

Cyanex® 272
Co(II) recovery

DMG/Oxalic acid
Ni(II) recovery

Na2CO3
Li(I) recovery

DES reuse 1. KMnO4 → Mn(II) recovery

2. Oxalic acid → Co(II) recovery

HCl loading 
into DES

Selective Leaching Metal strip with H2O Metal recovery
Ni(II) precipitation
and direct recovery

Proposed

Li(I) in 
solution

Figure 1. Schematic representation of spent cathodes leaching and metal recovery using 
conventional procedures and the proposed alternative DES leaching.[37,38] D2EHPA and DMG 
stand for di-(2-ethylhexyl)phosphoric acid and dimethylglyoxime, respectively.

2. Experimental
2.1. Materials 

Decanoic acid (> 98 wt%) was purchased from TCI. Hydrochloric acid (37 wt%) used 
throughout the work was purchased from Honeywell. Ammonia solution 25 v% was acquired 
from Labkem. Lithium chloride (99 wt%), magnesium sulfate·heptahydrate (> 99 wt%), nitric acid 
(65 wt%) and potassium permanganate (99 wt%) were purchased from Merck. Oxalic acid (98 
wt%) was acquired from Alfa Aesar. Trioctylphosphine oxide (99 wt%), yttrium standard (1000 
mg·L−1 of Y(III) in 2 wt% nitric acid), poly(vinyl alcohol) (> 99 wt%) and dimethyl carbonate (99 
wt%) were acquired from Sigma Aldrich. Ethanol (analytical reagent grade) was purchased from 
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Fisher Scientific. Double distilled water was obtained through a Millipore filter system MilliQ® at 
room temperature. All chemicals were used as received.

2.2. Dismantling of end-of-life LIB and cathode separation

Laptop batteries from different brands were collected (Table S1). Each laptop battery 
contained around 4 to 6 LIBs. A multimeter was used to assess the voltage of each LIB. The spent 
LIB were discharged whenever necessary to ensure a safe dismantling (< 0.75 V). The LIBs were 
mechanically opened, followed by plastic shelling and electronic wires removal. The anode and 
cathode were manually separated. Electrolytes were removed by washing small sample portions 
with dimethyl carbonate (≈ 1 mL per g of cathode). The black mass (BM) containing the metals of 
interest was scrapped off from the aluminum foils by hand using a spatula. After washing the BM 
with water for 24 h at (313 ± 1) K, the sample was dried for 24 h at (323 ± 1) K before removal of 
the poly(vinylidene fluoride) binder by heat treatment in a furnace at 773 K for 2 h. The pre-
treated BM was ground in a mortar to obtain a final homogenous powder used for all leaching 
experiments. The BM microstructure and morphology were evaluated by scanning electron 
microscopy with energy dispersive spectroscopy (SEM-EDS) in a HITACHI SU-70 apparatus 
operating at 25 kV after carbon sputter-coating powder X-ray diffraction (XRD) of the BM was 
carried out on a Bruker AXS with Cu Kα radiation operating at 45 kV and a 396 spinning discs 
sample holder. The obtained diffractograms were analyzed on the X’pert Highscore Plus software 
package.

2.3. Black mass leaching

Quantitative BM leaching was performed using aqua regia (50 v%) in a 44 g·L−1 solid:liquid 
ratio at (353 ± 1) K, 300 rpm for 6 h. The metal content on the leachate was quantified and 
deemed to represent complete leaching. The final BM residue was analyzed through XRD and 
SEM-EDS to further validate this.

Leaching optimization was carried out using the HCl-loaded DES as a leaching medium. 
Parameters such as the initial HCl concentration, solid:liquid ratio, temperature and time were 
evaluated. The DES composed of TOPO:decanoic acid was prepared gravimetrically (± 10−4 g) in 
a 1:1 molar ratio at (323 ± 1) K. After cooling, the DES was mixed with HCl in a 1:1 mass ratio for 
1 h in an orbital shaker at 60 rpm and room temperature. The mixture was centrifuged for 10 min 
at 12 000 rpm, followed by phase separation. The chloride content in the HCl solution before and 
after DES contact was measured using a chloride ion-selective electrode (Metrohm). After 
contact with ranging HCl concentrations, the water content in the DES phase was determined on 
a Metrohm 831 Karl-Fischer coulometer with the analyte Hydranal-Coulomat AG from Riedel-de 
Haen. The HCl-loaded DES was then used to leach the BM at different conditions, followed by 
centrifugation for 10 min at 12 000 rpm. The metal content in the DES phase was quantified by 
total reflection X-ray fluorescence (TXRF). 

The leaching extraction efficiency (EE %) was calculated as shown in Equation 1:

𝐸𝐸 % =  
[M]extracted

[M]𝑎𝑞𝑢𝑎 𝑟𝑒𝑔𝑖𝑎
 × 100 #1
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where [M]extracted is the metal concentration in the DES (mol·kg−1) and [M]aqua regia is the metal 
concentration in the aqua regia solution (mol·kg−1). The separation factor (Sf) between two 
metals M1 and M2 was calculated according to Equation 2:

𝑆𝑓𝑀1/𝑀2 =
𝑛𝑀1

𝑛𝑀2
 2

where nM1 are the moles of M1 and nM2 are the moles of M2 within the system.

2.4. Metal stripping and recovery

Metal stripping was accomplished by placing the metal-loaded DES in contact with water in a 
1:1 mass ratio for 1 h at 60 rpm in an orbital shaker. The mixture was centrifuged for 10 min at 
12 000 rpm and the metal content in the aqueous phase was determined. The stripping extraction 
efficiency was determined as described in Equation 3:

𝑆 % =  
[𝑀]𝑠𝑡𝑟𝑖𝑝𝑝𝑒𝑑

[𝑀]𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 × 100 3 

where [M]stripped is the metal concentration stripped with water (mol·kg−1) and [M]initial is the 
metal concentration that was initially in the DES (mol·kg−1).

Metal recovery was accomplished through subsequential precipitation steps. Mn(II) was 
precipitated by adding KMnO4 in a 1:1 molar ratio after adjusting the pH to 3.5 with ammonia 25 
v%. Ultimately, Co(II) was precipitated at pH = 5.0 by adding a 1.2 molar excess of oxalic acid. The 
recovered precipitates were characterized by XRD.

2.5. DES reuse

The reusability of the DES was evaluated by performing five leaching-stripping cycles. After 
leaching, the mixture was centrifuged for 10 min at 3500 g and put in contact with water (1:1 
m/m). The DES was then recontacted with HCl 8 mol·L−1 and the mixture was centrifuged for 10 
min at 3500 g, followed by phase separation. The leaching and stripping extraction efficiency was 
evaluated throughout five cycles.

2.6. Metal quantification

The metal content (Co(II), Cu(II), Mn(II) and Ni(II)) in each leaching medium was quantified by 
TXRF using a Picofox S2 (Bruker Nano (Billerica, MA, USA)) with a molybdenum X-ray source. 
Quartz sample carriers were pretreated with 10 μL of silicon in an isopropanol solution and dried 
at (353 ± 1) K for at least 15 min. The samples were diluted in 1 g of a poly(vinyl alcohol) solution 
(1 wt%) and spiked with 10 μL of yttrium standard. Samples containing DES were diluted in a 1:1 
mass ratio of an ethanol and poly(vinyl alcohol) solution. Ten microliters of each sample were 
added to the pretreated quartz carrier and dried on a hot plate at (353 ± 1) K for at least 30 min. 
Spectra acquisition time was set to 300 s. Unfortunately, although minor traces of aluminum are 
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anticipated in the BM, accurately quantifying this metal using TXRF was not possible due to the 
detection limit being greater than the concentration. For lighter elements, the intensity of the 
emitted X-rays is relatively weak and often falls below the detection limit of the TXRF system.

Lithium quantification was performed in an ion-selective electrode (Mettler Toledo Dx-series, 
USA). Ionic strength was buffered using MgSO4. The calibration curve was prepared with LiCl 
concentrations ranging from 0.1 to 100 mmol·L−1. Due to the hydrophobic nature of the eutectic 
solvent, lithium quantification was only feasible in the aqueous stripping solutions. After 
leaching, the UV spectra of the DES phase was evaluated using a SHIMADZU UV-1700 Pharma-
Spec spectrometer. 

2.7. Structural integrity and other properties

The structure of the pristine DES, DES loaded with HCl and DES after leaching was monitored 
by 1H, 13C and 31P nuclear magnetic resonance spectroscopy (NMR) and Raman. Raman spectra 
were acquired on Bruker MultiRAM with a 1064 nm Nd-YAG laser source and a germanium 
detector cooled with nitrogen. Spectra were recorded ranging from 4000 to 100 cm−1 with a 
resolution of 4 cm−1. The NMR spectra were recorded with 300.13 MHz or 75.47 MHz on a Bruker 
Avance III NMR spectrometer. Tetramethylsilane was added as an internal reference and CDCl3 
was used as a solvent.

The decomposition temperature (Td) of the pristine DES was measured on a Setsys Evolution 
1750 (SETARAM) instrument under a nitrogen atmosphere from 298 to 773 K with a heating rate 
of 5 K·min−1. The stability of the DES at 377 K for 6 h under a nitrogen atmosphere was also 
evaluated.

Density (ρ) and dynamic viscosity (η) of the DES before and after leaching were measured at 
temperatures ranging from 293 to 353 K at atmospheric pressure in an automated Stabinger 
viscometer-densimeter (Anton Paar, model SVM3000). The temperature has a standard 
uncertainty of 0.02 K, dynamic viscosity has a relative uncertainty of 0.35% and density has an 
absolute uncertainty of 5 × 10−4 g·cm−3. 

3. Results and discussion
3.1. Black mass (BM) characterization

To ensure that the proposed approach is resilient towards the variability in LIB cathode 
chemistries, sixteen laptop battery packs (manufacturer and serial numbers listed in Table S1) 
were manually opened and sorted after safe battery discharge. The resulting BM was mixed and 
homogenized to yield a final representative composition, with this mixture being used in all 
subsequent leaching tests and optimizations. The resulting mixed BM was characterized by XRD 
(Figure 2A) and SEM-EDS (Figure S1), whilst the concentration of the leachable metal was 
quantified after aqua regia leaching (Figure 2B). The XRD analysis indicates the primary presence 
of LiCoO2 (LCO) and LiNixMnyCozO2 (NMC) type chemistries in the BM. Aqua regia digestion of the 
BM, shown in Figure 2B, confirms cobalt as the most abundant transition metal with 0.04 
mol·kg−1 of BM, followed by nickel (0.03 mol·kg−1 of BM) and manganese (0.005 mol·kg−1 of BM). 
Relative to the transition metals and considering the usual LIB cathode composition, a slight 
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stoichiometric excess of lithium was measured, most likely due to some residual content from 
the electrolyte. Although care was taken to separate the BM from the current collectors during 
manual disassembly, trace concentrations of copper were detected (0.001 mol·kg−1 of BM) in the 
final mixed waste. Similarly, minor traces of aluminum are expectable in the BM but its accurate 
quantification was not possible due to the concentration being below the equipment detection 
limit. The presence of elemental copper (and potentially aluminum) is liable to influence the final 
product’s purity. However, it can positively contribute towards the leaching efficiency by acting 
as an effective reducing agent for LCO and NMC material.[39] The final solid fraction obtained 
after aqua regia leaching was analyzed by XRD and SEM-EDS (Figure S2), confirming the sole 
presence of carbon from the anode component in the residue. As such, the metal concentration 
obtained upon aqua regia leaching was considered representative of complete BM leaching and 
used to determine the extraction efficiency on the following leaching assays. 
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Figure 2. (A) XRD pattern of the BM from spent cathode materials. Orange labels refer to LiCoO2 
diffraction peaks, blue labels refer to LiNixMnyCozO2 and black labels are common to both LCO 
and NMC. (B) Leachable metal concentration in the BM quantified upon aqua regia leaching. 

3.2. HCl loading and its effect on BM leaching

Whilst the affinity of TOPO for HCl was previously demonstrated when diluted in “inert” 
organic diluents, no such study exists upon its inclusion as a DES component. In a previous work 
using the TOPO:decanoic acid DES, the TOPO molar fraction (xTOPO) was identified as the 
determinant factor dictating the final HCl concentration in the DES phase.[40] Nevertheless, as 
the solid-liquid phase diagram of the system imposes a practical restriction on the final DES 
liquidus composition at room temperature, a constant xTOPO of 0.5 was used throughout as this 
offered the best compromise between maximizing HCl loading whilst minimizing unwanted 
crystallization.[34] Aqueous solutions of HCl with concentrations ranging from 4 to 12 mol·L−1 
were placed in contact with the TOPO:decanoic acid mixture for 1 h at 1:1 mass ratio, an agitation 
of 60 rpm and at room temperature. After centrifugation and phase separation, the water and 
HCl concentrations in the DES phase were measured. The total concentration of HCl loaded into 
the DES phase and the corresponding evolution of the HCl to H2O molar as a function of the initial 
aqueous HCl concentration are shown in Figure 3A. 
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Figure 3. (A) Concentration of HCl (mol·L−1) and molar ratio of HCl-to-H2O in the loaded DES phase 
upon contact with different initial concentrations of HCl for 1 h at room temperature, 1:1 ratio 
(m/m) and 60 rpm. The dashed line represents the nHCl/nH2O of 37 wt% HCl. (B) 31P NMR spectra 
of the DES before (blue line) and after (orange line) equilibration with an aqueous solution of 8 
mol L-1 HCl. (C) Leaching extraction efficiency (EE%) at different initial aqueous HCl concentrations 
(mol·L−1) at T = (373 ± 1) K, BM:DES ratio of 18 g·L−1, 300 rpm and t = 6 h. (D) TGA of the pristine 
DES under N2 atmosphere and a heating rate of 5 K·min−1. (E) Isocratic TGA of the pristine DES at 
T = (377 ± 1) K for 6 h under N2 atmosphere.

The loading of HCl into the DES phase improves as the initial HCl concentration increases up 
to 8 mol·L−1 after which a plateau is reached, achieving a maximum DES-phase concentration of 
(0.93 ± 0.02) mol·L−1. While the conventional saturated HCl solution (37 wt%) displays a molar 
HCl-to-H2O ratio (nHCl/nH2O) of 0.28, the DES phase can super concentrate HCl more than 2.3 times 
this value to 0.64. Loading HCl into the DES phase induces an acidic environment around the basic 
P=O group, causing a splitting of the original P=O band at 52 ppm and producing a down-field 
∆δ31P shift in the NMR spectra of the DES after HCl contact to 68 ppm, as shown in Figure 3B. 
This confirms the dominant role of TOPO in HCl extraction. However, when considering a TOPO 
concentration of 1.58 mol·L−1 in the prepared DES, the resulting molar fraction of TOPO to HCl is 
0.61. Other solvent extraction experiments reported nTOPO/nHCl ratios greater than 1.5, indicating 
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a below than theoretical saturation capacity.[28,32] Moreover, far greater nHCl/nH2O values 
relative to aqueous solutions of 37 wt% HCl were obtained for TOPO (7.2) or Aliquat 336 (1.7) 
diluted in benzene.[28] The significant difference in nTOPO/nHCl and nHCl/nH2O between the TOPO 
incorporated as a DES component and diluted in benzene is attributed to the contrasting nature 
of intermolecular interactions in the two solvents. When diluted in an “inert” solvent such as 
benzene, TOPO has minimal interactions with the solvent molecules and can effectively extract 
HCl by forming reverse aggregates.[28,32] However, in the TOPO:decanoic acid mixture, 
intermolecular interactions lead to the formation of pre-organized phases with structural 
heterogeneity. The competing H-bonding interaction between TOPO:decanoic acid decreases the 
amount of “free” TOPO available for HCl extraction.[40,41] Previous small-angle X-ray scattering 
analysis (SAXS) analysis of the same eutectic system in the presence of HNO3 suggested a 
homogeneous dispersion of the acid in the solvent.[41] A similar behaviour is expected in the 
studied HCl system. This is further supported by spectroscopic characterization of the DES phase 
before and after contact with HCl (Figure S3). Raman analysis confirmed both the chemical 
stability of the DES in the extended presence of HCl and the absence of the  peak, implying Cl ―

3
that HCl is most likely homogeneously distributed in the phase. Whilst TOPO is dominant in the 
superconcentration of HCl, the abundance of hydrogen bonds provided by decanoic acid is 
important (i) to ensure the liquefaction of the mixture under ambient conditions and (ii) to 
prevent phase splitting.[32,41] Third phase formation leads to the formation of a heavy and a 
light phase above certain HCl and metal concentration thresholds. This effect is undesirable as it 
restricts the solvent extraction operation at higher metal loading.

Incorporating HCl in the DES phase significantly enhances metal extraction from real BM, as 
shown in Figure 3C. The presence of HCl in the DES phase is required to successfully leach metals 
from the BM since only 48% of Cu(II) was extracted in its absence and no dissolution of the BM 
oxide component was observed. The leaching extraction efficiency increases until 8 mol·L−1 of 
HCl, being unaffected beyond this point, in accordance with the HCl loading results. When loaded 
with ≈ 1 mol·L−1 of HCl, the DES affords complete BM leaching considering a solid:liquid ratio of 
18 g·L−1, a leaching time of 6 h, and a temperature of 373 K. These conditions were arbitrarily 
selected as screening conditions with a stoichiometric excess of HCl to BM and taking advantage 
of the greater boiling point of the DES relative to water. Unfortunately, the available analytical 
technique precluded the direct measurement of Li(I) in the DES phase although no trace of LiCl 
was detected in the residual solid phase. Detailed optimization of the leaching conditions is 
discussed further on. Additionally, as real waste BM matrix was used throughout, leaching results 
greater than 100% are expectable in some cases due to the small sample size used per assay and 
the waste heterogeneity. Based on the results in Figure 3C, all following leaching tests were 
carried out after equilibration of the DES phase with 8 mol·L−1 of HCl. Importantly from an energy 
consumption perspective, the heat capacity of the DES is estimated to be approximately half that 
of water (≈2.1 J·g−1·K−1 vs 4.182 J·g−1·K−1 for water), such that heating the DES to 373 K is 
energetically equivalent to commonly used aqueous leaching conditions of 323 K for a given time. 
The estimation is comparable to that reported for other DES, and it is based on the liquid phase 
heat capacity of decanoic acid (2.426 J·g−1·K−1) and the comparable triphenylphosphine oxide 
(1.804 J·g−1·K−1), assuming ideal mixing rule, in the absence of literature data for liquid TOPO.[42–
44]
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Beyond the ability to super concentrate HCl, which is accessible in a range of extractant-
organic solvent mixtures, the eutectic system was identified as a promising carrier solvent for HCl 
due to its anticipated chemical and thermal stability. As such, a thermal study of the prepared 
eutectic mixture by TGA in N2 atmosphere was performed under dynamic (Figure 3D; heating 
rate of 5 K·min−1) and static heating (Figure 3E). The DES was prepared under ambient conditions 
with no moisture control and had a water content of (1.19 ± 0.02) wt% measured by Karl-Fisher 
titration. The thermogravimetric profile of the pristine DES presents two distinct weight loss 
events, the first of these at 455 K attributed to the evaporation or degradation of decanoic acid 
followed by the rapid degradation of TOPO above 540 K. It is known that dynamic TGA analysis 
can lead to overestimations of thermal stability. To address this, static TGA was performed at 377 
K, slightly above the screening leaching temperature shown in Figure 3C. After 6 h, a weight loss 
of 3.4 % was observed following the subtraction of the water content due to the slight volatility 
of the decanoic acid. This value was deemed satisfactory to proceed and to mitigate any potential 
losses, all subsequent leaching tests were performed in sealed vials.

3.3. Optimization of the BM:DES ratio and Ni removal

Contrary to initial expectations in which a degree of selectivity between the transition metals 
and Ni(II) was anticipated based on the differing ion speciation in the DES phase, leaching results 
in Figure 3C indicate a quantitative dissolution of all metal ions in the BM residue.[34,45] 
Assuming that the leaching of BM by HCl proceeds similarly in aqueous and DES media, the overall 
reaction is given by Equation 4:[46,47]

2LiMO2,(s) + 8HCl(l) ↔ 2LiCl(l) +  2MCl2,(l) +  4H2O(l) +  Cl2,(g) #4

where M = Ni(II), Mn(II) or Co(II) and the subscripts indicate the solid, liquid, or gaseous phase. A 
limiting stoichiometric ratio of 1:4 BM to HCl is required to ensure the complete dissolution of all 
BM cations. At the studied solid-to-liquid concentration of 18 g·L−1 in Figure 3C, a molar excess 
of HCl is present in the DES phase (≈1:5 BM to HCl), which may explain the similar leaching 
efficiencies of Ni(II) to the other transition metals. As such, the BM-to-DES ratio was varied from 
18 to 88 g·L−1  to evaluate its effect on the leaching efficiency for a fixed HCl loading of (0.93 ± 
0.02) mol·L−1, with the results presented in Figure 4A.



14

T0BA
244.878.32.73 x 10-5Before
230.5148.82.73 x 10-5After

0

2

4

6

8

10

12

14

16

18

0

20

40

60

80

100

Small batch Larger batch

SF
C

o/N
iEE

 %

0

1

2

3

4

0

20

40

60

80

100

120

140

0 20 40 60 80 100

SF
C

o/N
iEE

 %

Solid:liquid ratio (g·L−1)

Cu(II) Mn(II)

Co(II) Ni(II)

0

50

100

150

200

250

293 303 313 323 333 343 353

η 
(m

Pa
·s

)

T (K)

A B

C D (K)(K)

Figure 4. (A) Effect of the BM:DES solid to liquid ratio (g·L−1) on the leaching efficiency (EE%) at T 
= (373 ± 1) K, 300 rpm for 6 h. The separation factor of Co(II) over Ni(II) (SfCo(II)/Ni(II), green dashed 
line) is plotted in the secondary Y-axis. (B) Effect of scaling up on the leaching efficiency and 
Co(II)/Ni(II) separation (44 g·L−1 S/L, T = 373 K). (C) Powder XRD pattern of the precipitated residue 
during leaching (reference NiCl2·2H2O was predicted based on ICSD – 15351). Inset: NiCl2·2H2O 
unit cell with Cl atoms in green, Ni(II) in cyan and O in red (H not shown for clarity). (D) DES 
viscosity as a function of temperature before (empty symbol) and after (full symbol) BM leaching. 
The dashed lines represent the VFT fitting with the fitted parameters being provided in the table. 

As expected, increasing the BM:DES ratio from 18 to 88 g·L−1 decreases the overall leaching 
efficiency except for Cu(II), which remains largely unaffected due to its presence in trace 
amounts. Importantly, a decorrelation in leaching efficiency between Ni(II) and the other 
transition metals is observed for a solid:liquid ratio between 30 and 44 g·L−1, representing a BM 
to HCl molar ratio of 1:3.2 and 1:2.2, respectively. Under these conditions, the Ni(II) leaching 
efficiency was found to drop 52% whilst Mn(II) and Co(II) leaching remained above 95%, yielding 
a Co(II) to Ni(II) separation factor of 2.5 as per Equation 2. A BM-to-DES ratio of 44 g·L−1 was 
therefore selected for the following assays since it affords an adequate separation of Ni(II) while 
promoting close to full leaching of the remaining metals. Once dissolved, the stability of each 
metal in the more apolar DES phase depends on its ability to form stable chloro-



15

complexes.[35,45,48] The presence of the tetrahedral anionic chloro-complexes of the type 
[MCl4]2─ in the DES phase after leaching was further confirmed by UV–Vis analysis (Figure S4) in 
which the characteristic bands of [CoCl4]2─ are apparent between 550 to 750 nm as well as that 
of [CuCl4]2─ at 285 nm. For leaching conditions presenting deficient chloride concentrations, the 
competing chloride speciation between metal ions ensures a degree of selectivity, as is often 
exploited in solvent extraction to separate Co(II) from Ni(II) using basic extractants. Compared to 
the reported speciation of Cu(II) and Co(II), for which tetrahedral anionic chloro-complexes are 
accessible under ambient conditions, Ni(II) is unable to form fully dehydrated chloro-
complexes.[35,49,50] Relative to aqueous HCl medium for which Ni(II) and Co(II) present 
comparable speciation below 2.0 mol L─1 HCl, the inclusion of dilute HCl in the lower dielectric 
DES phase permits to tailor the metal coordination environment as to achieve a selective 
leaching. A similar approach was reported in the hydrophilic DES composed of oxalic acid 
dihydrate and choline chloride diluted in DMSO, in which Ni(II) precipitated as nickel oxalate 
during leaching, leaving Co(II) and Mn(II) in solution as the anionic chloro-complexes [MCl4]2─.[51] 

After separating the DES phase from the solid residue, a yellow-green precipitate would 
visibly form in the leachate over the following hours. To characterize the emerging solid phase 
and avoid cross-contamination due to the small leachate volumes used until then, the leaching 
reaction was scaled up from 0.5 g of DES to 12 g of DES, maintaining a fixed solid-liquid ratio of 
44 g·L−1. Importantly, the centrifugation conditions used after leaching in the small and larger 
batch differed due to the sample volume change. The centrifugation of the “larger” DES phase at 
3500 g for 10 min fully separated the DES from the precipitate, with no further visible precipitate 
forming in the subsequent days. Analysis of the “larger” DES phase after removal of the 
precipitate, shown in Figure 4B, indicates a significantly lower Ni(II) extraction efficiency of (10 ± 
1) % to yield an encouraging Co(II)/Ni(II) separation factor of 15.9, thereby permitting the 
simultaneous BM leaching and Ni(II) recovery in one step. The limited chloride availability at 
higher BM:DES ratios reduces the solubility of Ni(II) in the media, suggesting a dissolution-
precipitation mechanism. Powder XRD of the recovered precipitates presented in Figure 4C 
indicates NiCl2·2H2O as the primary phase, whilst no Cu(II), Co(II), Mn(II), or Li(I) could be detected 
in the solid phase by TXRF or ion-selective electrode after redissolution in water, confirming its 
purity.
Scaling up the leaching reaction resulted in a significant Co(II)/Ni(II) selectivity improvement, 
which is intertwined with the notable change in the DES viscosity before and after leaching, as 
evidenced in Figure 4D. The experimental viscosity data were described with the Vogel-Fulcher-
Tammann (VFT) equation (Equation 5):

log10 η = 𝐴 +
𝐵

𝑇 ― 𝑇0
 5

where A and B are fitting parameters and T0 is the glass transition temperature. Fitted parameters 
are available in the inset of Figure 4D. Whilst a negligible viscosity difference was observed 
between the prepared and metal-laden DES for temperatures approaching the leaching 
conditions, a fivefold increase in the viscosity of the DES phase after leaching was recorded at 
298 K, from 29.1 to 154.6 mPa·s.[51] Considering a complete dissolution of the BM for a solid-
liquid ratio of 44 g·L−1, this represents a metal ion (transition metal and Li(I)) to TOPO molar ratio 
of 3.92. The introduction of electrostatic interactions in a previously non-ionic system results in 
the emergence of ion-ion correlations arising from the M+/2+ and Cl− charge ordering as the 
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saturation limit of the DES is approached. This was previously observed experimentally by SAXS 
analysis in the same DES system loaded with 75 g·L−1 of Eu(NO3)3.[41] The increased viscosity 
poses a practical problem in separation and handling, requiring longer settling times and more 
vigorous centrifugation speeds to achieve a better Ni(II) recovery. This issue could be 
theoretically managed through the small addition of a high-boiling point co-solvent capable of 
also regulating the metal coordination environment.[51] However, this was not attempted herein 
due to the potential complications during Co(II) and Mn(II) recovery and solvent regeneration 
(vide infra).

3.4. Kinetic analysis and leaching comparison

To gain further insight into the leaching mechanism, the effect of temperature on metal 
leaching kinetics was evaluated using the DES loaded with 0.93 mol·L−1 HCl as a leaching media 
at a BM:DES ratio of 44 g·L−1. Due to its precipitation with time and the practical delay between 
sample leaching, centrifugation, and analysis, the leaching kinetics of Ni(II) was not assessed and 
was assumed to present a similar trend to Co(II) and Mn(II) before subsequently precipitating. 
Similarly, analytical limitations prevented the measurement of Li(I) directly in the DES phase, with 
only Co(II) and Mn(II) followed with time as well as the Cu(II) impurity. The dissolution kinetics at 
333 K, 353 K, and 373 K are presented in Figure 5A to 5C, respectively. 
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Figure 5. Temperature effect at (A) 333 K, (B) 353 K and (C) 373 K (± 1 K) on the metals leaching 
extraction efficiency (EE %) at 300 rpm and up to 360 min. (D) Arrhenius plot for the leaching of 
Co(II) and Mn(II).

Overall, the extraction efficiency improves as the temperature increases from 333 to 373 K but 
the maximum extraction efficiency at each temperature is attained faster at lower temperatures: 
60 min at 333 K, 180 min at 353 K and 240 min at 373 K. The best extraction efficiency was 
obtained after 240 min of leaching at 373 K with (101 ± 4) % Cu(II), (91 ± 3) % Co(II) and (96 ± 5) 
% Mn(II) extracted. Several kinetic fittings were attempted on the experimental kinetic data to 
understand the underlying mechanisms. The rate-controlling step within the system was 
investigated based on the following shrinking core models (SCM) assuming spherical particles:

1 ― (1 ― 𝑥)
1
3 = 𝑘𝑡 6

1 ― 3(1 ― 𝑥)
2
3 + 2(1 ― 𝑥) = 𝑘𝑡 7

[(1 ― 𝑥)
― 

1
3 ― 1] + (1

3)ln (1 ― 𝑥) = 𝑘𝑡 8

where x is the fraction reacted in time t (min) and k (min−1) is the specific rate constant of each 
model. Equation 6 refers to the surface chemical control model, Equation 7 corresponds to the 
diffusion control model and Equation 8 is a mixed-controlled process involving a combination of 
film diffusion and chemical reaction. Among the tested fittings, the best correlation plots for 
Co(II) and Mn(II) were achieved with the diffusion control model (Table S2). However, the fitting 
of Cu(II) was inadequate despite the adjusted model and was not considered in the following 
discussion. This is most likely due to its presence in trace concentrations as well as the 
heterogeneity of the real waste matrix used. The reaction rate constant assuming a diffusion-
controlled process (Equation 7) was used, along with the corresponding temperatures, to 
determine the apparent activation energies (Ea) of Co(II) and Mn(II) leaching according to the 
Arrhenius equation (Equation 9), with the Arrhenius plots presented in Figure 5D. 

ln 𝑘 = ln 𝐴 ―
𝐸𝑎

𝑅𝑇 #9

where A is the frequency factor, Ea is the apparent activation energy (J·mol−1), R is the gas 
constant (J·mol−1·K−1) and T is the temperature (K). The plot of lnk vs 1000·T−1 (Figure 5D) enables 
calculating the activation energy of the leaching reaction of each metal. From the resulting slope, 
a leaching activation energy of 32.4 and 29.7 kJ·mol−1 was obtained for Co(II) and Mn(II), 
respectively. Activation energies in the order of 20 kJ·mol−1 are typically assigned to diffusion-
controlled leaching, whereas values greater than 40 kJ·mol−1 are attributed to chemical reaction-
controlled leaching.[52] The lower activation energies of Co(II) and Mn(II) dissolution indicate 
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that this process is primarily diffusion-controlled. However, a mixed diffusion-reaction process 
cannot be excluded considering the need for metal reduction of the oxidized BM during leaching. 
The obtained activation energies are inferior to those reported for transition metal leaching using 
HCl, in the range of approximately 80 to 100 kJ·mol−1 depending on the BM chemistry, but 
comparable to Ea values for reductive leaching conditions (acid + reducing agent).[53]

Based on the leaching results, optimized conditions of T= 373 K, t = 240 min and a S/L ratio of 
44 g·L−1 were identified for a DES phase pre-equilibrated with an 8 mol·L−1 HCl aqueous solution. 
An important aspect not addressed is the requirement for a reducing agent, as this is known to 
facilitate BM dissolution whilst reducing acid consumption. The reduction potentials of the active 
materials and potential reducing agents in the leachate are given in Table 1.

Table 1. Reduction potentials at 303 K of the primary BM active materials and potential reducing 
agents.

Half-cell reaction E0 vs SHE Ref.

Co3+ + e−  Co2+ 1.97 [54]
MnO2 + 2e− + 4H+  Mn2+ + 2H2O 1.22 [55]
Cl2 + 2e−  2Cl− 1.36 [56]
Cu2+ + 2e−  Cu 0.33 [54]
O2 + 4H+ + 4e−  2H2O 1.23 [56]
O2 + 2H+ + 2e−  H2O2 0.69 [54]

Considering a two-electron reduction process, the concentration of Cu(II) is insufficient to fully 
reduce the oxidized oxide content of the BM. In the absence of an additional reducing agent, it is 
probable that species typically considered oxidants, such as dissolved oxygen, water, and emitted 
chlorine during the leaching reaction, act as reducing agents for Co(III) and Mn(IV) in the studied 
system to facilitate the reductive leaching of the higher valence oxides. The careful management 
of the generated Cl2 is crucial to ensure safety and prevent any harmful effects. Industrially, the 
scrubbing of chlorine gas is typically achieved by passing the collected gas generated during 
leaching through an alkaline solution of NaOH to generate sodium hypochlorite (NaOCl) and NaCl. 
The obtained results in DES are compared against reported leaching efficiencies using inorganic 
acids in the presence of reducing agents, with the results compiled in Table 2. As most reports 
do not have comparable leaching conditions to those used in the DES, two leaching assays were 
also conducted using 1 mol·L−1 HCl at 373 K for 120 and 240 min in aqueous solutions under reflux 
for a fairer comparison.

Table 2. BM leaching conditions and respective metal extraction efficiencies reported in the 
literature.
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Leaching reactants
T 

(K)
Time 
(min)

S/L ratio 
(g·L−1) EE% Ref.

1 mol·L−1 H2SO4 368 240 50 93% Li, 66% Co, 96% 
Ni, 50% Mn [57]

1 mol·L−1 H2SO4 + 0.075 mol·L−1 
NaHSO3

368 240 20 96% Li, 92% Co, 96% 
Ni, 88% Mn [58]

3.5 mol·L−1 HCl + 4 mol·L−1 
NH4Cl + H2O2

353 180 125 100% Li, 100% Co  
100% Ni, 100% Mn [53]

1 mol·L−1 HNO3 + 1.7 v% H2O2 348 30 20 95% Li, 95% Co [59]
4 mol·L−1 NH3 + 1.5 mol·L−1 

(NH4)2SO4 + 0.5 mol·L−1  Na2SO3
353 300 10 95% Li, 81% Co, 90% 

Ni, 4% Mn [60]

2 mol·L−1 citric acid + 1.25 v% 
H2O2

333 120 30 81% Li, 93% Co [61]

4 mol·L−1 HCl 353 120 ─ 97% Li, 99% Co [62]

4 mol·L−1 HCl 363 1080 0.05 100% Li, 100% Co, 
100% Ni, 100% Al [63]

1.75 mol·L−1 HCl 323 90 0.2 99% Li, 99% Co, 99% 
Mn [64]

1 mol·L−1 HCl 373 120 44 71% Li, 43% Co, 91% 
Ni, 72% Mn, 102% Cu

This 
work

1 mol·L−1 HCl 373 240 44 98% Li, 48% Co, 89% 
Ni, 82% Mn, 102% Cu

This 
work

0.93 mol·L−1 HCl in DES 373 240 44 106% Co, 10% Ni, 
99% Mn, 104% Cu

This 
work

Overall, leaching with the DES mixture yields similar or better results than reported conventional 
leaching media while avoiding the need for reducing agents and providing a greater selectivity 
for Co(II) relative to Ni(II). Leaching with 1 mol·L−1 aqueous HCl under the same conditions affords 
lower extraction efficiencies than the DES-loaded with a comparable HCl concentration. The DES 
plays a key role in the leaching selectivity. Whereas the aqueous HCl leaching at 120 and 240 min 
have a SfCo(II)/Ni(II) of 0.7 and 0.8, respectively, the DES-loaded with HCl affords a SfCo(II)/Ni(II) = 15.9 
at the same conditions. Herein, both HCl and DES are essential for achieving good extraction 
efficiencies while maintaining a promising Co(II)/Ni(II) selectivity. As a further measure of 
comparison, the atom economy (AE %) of the proposed leaching was calculated according to 
Equation 10:

𝐴𝐸 % =
𝑅𝑒𝑎𝑐𝑡𝑢𝑠𝑒𝑑 

𝑅𝑒𝑎𝑐𝑡𝑡
× 100 10

where Reactused is the stoichiometric mass of the used reactant and Reactt is the stoichiometric 
mass of the total reactant in the system. Herein, the DES is used as a selective scaffold while HCl 
is the reactant, as shown by the lack of transition metal leaching in the absence of HCl in Figure 
3C. Under optimal conditions, all metals are leached with 0.93 mol·L−1 of HCl, affording a leaching 
atomic economy of (94.9 ± 5.7) %. This value is likely a slight overestimation as it does not 
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consider the reducing contribution of water and copper under the extraction conditions, 
positively contributing to the BM leaching and lowering the consumption of HCl. The atom 
economy was conservatively assumed as 89% (lower bound estimate) and further compared with 
that of other reported leaching reactions (Figure 6 and Table S3) using hydrophilic DES based on 
organic acids, hydrophobic DES, and aqueous inorganic acid leachates. Similarly, the atom 
efficiency of the inorganic acids is likely overestimated as they rely on reducing agents, whilst 
choline is known to also act as a reducing agent during BM dissolution.[65] The developed 
leaching system affords a better atom efficiency than conventional leaching media and other 
DES, including the hydrophobic DES composed of TOPO:benzoyltrifluoroacetone (HBTA). By using 
the DES to stabilize the leached metal ions through complexation and HCl as a reactant, it is 
possible to develop a selective, efficient, and greener process in line with the principles of green 
chemistry.
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Figure 6. Atom efficiency of reported leaching media for spent cathodes, including for (1) our DES 
+ HCl leaching results, (2) HNO3 + 1.7 v% H2O2, (3) H2SO4 + 0.075 mol·L−1 NaHSO3, (4) HCl (this 
work), (5) ChCl:TosA:H2O (1:1:2), (6) ChCl:LacA (2:1), (7) ChCl:OxA (1:1), (8) HBTA:TOPO (2:1), (9) 
ChCl:ForA (1:2). The atom efficiency of the DES was calculated based on their respective acid 
concentration and assuming a leaching stoichiometry of 4:1 acid to LCO or NMC molar 
ratio.[59,60,66–70] The leaching conditions used to estimate the reaction efficiency are available 
in Table S3. (ChCl – Choline chloride; ForA – formic acid; OxA – oxalic acid; LacA – lactic acid; TosA 
– p-toluenesulfonic acid; HBTA – benzoyltrifluoroacetone).

3.5.  Metal recovery and DES reuse

Following leaching, the DES phase could be easily regenerated by placing it in contact with 
water in a 1:1 mass ratio for 1 h at 60 rpm and room temperature. The mass ratio of the DES to 
water during stripping was not optimized, it is possible that complete stripping could be achieved 
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using a smaller water volume. This ratio was selected for practicality to minimize any potential 
cross contamination between phases during their separation for recycling and reuse. The 
presence of added water breaks the chloro-complexes present in the DES phase, allowing for the 
simple stripping of the extracted metals. This can be visually followed by the change from a 
blue/green coloration of the DES phase characteristic of [CoCl4]2− to its migration to the aqueous 
phase resulting in the red coloration of [Co(H2O)6]2+ as shown in Figure S5. Density plays a vital 
role in the DES-water demixing as phases must comprise a density difference of approximately 
0.10 or greater to allow quick separation under settling conditions. The density difference 
between water and the metal-laden DES at room temperature is 0.08, promoting a relatively 
rapid demixing which was accelerated by centrifugation (Figure S6).

After centrifugation and phase isolation, a metal-rich aqueous phase and the DES with metal 
traces were recovered. Metal recovery from the aqueous strip solution (initial pH = 1.2) was 
accomplished via a sequential two-step precipitation. First, KMnO4 was added to the metal-rich 
aqueous solution at pH 2.5 in a 1:1 molar ratio relative to the dissolved Mn(II) concentration, 
causing the formation of a dark brown precipitate. Oxidative precipitation by potassium 
permanganate is a widely utilized process for manganese removal based on the redox potential 
of the MnO4

−/Mn2+ of E0=1.51 V as indicated by the Pourbaix diagram of manganese.[55] The 
recovered precipitate was washed with water, calcinated at 823 K for 8 h and analyzed by XRD 
(Figure 7A), confirming the sole presence of the crystalline phase Mn3O4. The precipitation yield 
was determined by mass balance as 98% with a final commercial grade purity of 81%, Cu(II) being 
the major co-impurity representing 8% of the precipitate metal content. Secondly, the now 
cobalt-rich aqueous solution pH was adjusted to 5.0 and oxalic acid was added in a 1.2 molar 
excess relative to Co(II). A light pink precipitate was formed and characterized by XRD after drying 
at 323 K (Figure 7B), indicating the presence of cobalt oxalate dihydrate. The precipitation yield 
of Co(II) was 99%, with a final purity of 95%, as residual Ni(II) and Cu(II) present in the solution 
were also precipitated in this step. Consequently, Li(I) was the only component remaining in the 
aqueous solution. From this simple approach, a full process including mass balance of each metal 
is summarized in Figure 7C.
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Figure 7. Powder XRD of the recovered product after addition of (A) a stoichiometric amount of 
KMnO4 relative to the dissolved Mn(II) concentration and (B) 1.2x stoichiometric amount of oxalic 
acid relative to the dissolved Co(II) concentration. (C) Process diagram of the selective leaching 
and recovery of strategic metals from BM using TOPO:decanoic acid loaded with 0.93 mol·L−1 of 
HCl, including the DES phase regeneration and reuse.

Finally, the ability to reuse the DES in several consecutive leaching assays was evaluated to 
maximize the benefits of the proposed approach. As HCl is almost fully consumed during the 
leaching reaction, it is necessary to reintroduce the inorganic acid into the DES phase in-between 
leaching cycles. After each leaching cycle, the DES phase was stripped and regenerated with 
water prior to recontacting with an aqueous 8 mol·L−1 HCl solution to load 0.93 mol·L−1 of HCl in 
the DES phase. The extraction and stripping efficiencies throughout the five cycles are 
represented in Figure 8. The extraction of Co(II), Mn(II) and Cu(II) remained constant at ≈ 100% 
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for five leaching cycles. Importantly, the selectivity of the system for the Co(II)/Ni(II) pair stayed 
approximately constant and reaching as high as 79 during the 4th cycle, most likely due to the 
variability of the waste matrix. The stripping efficiency was also stable and close to quantitative 
over five stripping cycles, with Li(I) being the only exception. Since the TOPO:decanoic acid 
mixture is not water-miscible, it is not possible to quantify Li(I) on the leaching samples using our 
available analytical techniques. For this reason, it is unclear if the leaching reaction of Li(I) was 
incomplete or if the Li(I) stripping was not entirely successful as TOPO-based DES were shown to 
be effective Li(I) extraction media[71]. Despite this, the DES showed a great regeneration capacity 
without losing efficiency or selectivity even after five consecutive leaching-stripping cycles. 
Unfortunately, in between cycles approximately 12 wt% of DES was lost due to the difficulty in 
handling small sample size and the increased viscosity after leaching. This could be foreseeably 
mitigated using larger batch sizes as well as increasing the centrifugation temperature. 
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Figure 8. (A) Extraction efficiency across the different leaching cycles at 44 g·L−1 S/L, T = 373 K for 
4 h and (B) stripping efficiency after DES contact with water at 1:1 mass ratio at room 
temperature for 1 h.
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After the five leaching-stripping cycles, the DES integrity was verified by 1H and 31P NMR 
(Figures S7 and S8) and Raman spectroscopy (Figure S9). The NMR and Raman spectra confirmed 
that the DES structure was not compromised after the five leaching-stripping cycles. Importantly, 
1H NMR results indicate that the initial molar fraction of the components in the original DES is 
maintained after five cycles. According to the 31P NMR spectra, the P=O group environment after 
leaching is similar to that of the pristine DES. These results confirm that HCl is consumed 
throughout the leaching reaction and that the DES is not degraded during the leaching reaction. 
Altogether, the proposed leaching process has improved sustainability, demonstrating an 
alternative strategy to safely super concentrate HCl and quantitatively leach metals from spent 
cathodes. Complete leaching and simultaneous precipitation of Ni(II) are successfully 
accomplished under mild conditions, featuring low HCl concentrations. Furthermore, the process 
maintains its performance without being adversely affected by solvent regeneration, 
contributing to its sustainability. Compared to leaching with an equivalent aqueous HCl solution, 
the DES-HCl template has an enhanced efficiency and enables the simultaneous leaching and 
separation of Ni(II).

4. Conclusions

In this work, an atomically efficient process using DES as an HCl superconcentrator is 
proposed for the leaching and individual separation of the metallic fraction LIBs black mass 
material. The DES composed of TOPO:decanoic acid is shown to be able to super concentrate HCl 
2.2-folds more than the conventional 37 wt% HCl in aqueous solution. At optimized conditions, 
the DES-loaded with 0.93 mol·L−1 HCl, 44 g·L−1 S/L, T = 373 K and t = 4 h can quantitatively leach 
Co(II), Mn(II) and Cu(II) from cathode powder whilst leaving 90% of Ni(II) in the solid residue as 
chloride salts. After leaching, the DES is easily regenerated by contacting it with water and the 
metal ions were simply separated using a two-step precipitation process. Approximately 98% of 
manganese was recovered as Mn3O4 with 81% purity after the addition of KMnO4 and 99% of 
cobalt was subsequently recovered at 95% purity by precipitation with oxalic acid, leaving solely 
LiCl in solution. The proposed mild process removes the need for volatile organic solvents, and 
the DES could be successfully regenerated and reused for five cycles with no decrease in leaching 
efficiency or selectivity. As real waste BM material was used throughout, the process is resilient 
to the variability in BM composition and does not require the addition of an reducing agent, 
further reducing the chemical consumption. Nevertheless, a compromise between process 
simplicity and final product purity is apparent, particularly in the case of the Mn(II) product, with 
obtained purities being slightly lower than those obtained with other more complex approaches, 
such as solvent extraction. Additionally, further optimization is required to manage the 
deleterious influence of the DES viscosity after loading which affects both the yield of Ni(II) 
precipitation and solvent recovery. Even so, the reported system presents a better atom 
economy and enhanced sustainability compared to other DES and conventional inorganic acids, 
providing a new approach for the simultaneous leaching and separation of metals from LIBs. 
Future work is required to appreciate if the increased selectivity and atomic efficiency of the 
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proposed process is reflected in the environmental and economic impact of the process 
compared to traditional leaching media.

Table of abbreviations

[M]i Metal concentration
η Dynamic viscosity
ρ Density
A frequency factor
AE Atom economy
ChCl Choline chloride
E0 Electrode potential
Ea Activation energy
EE% Leaching extraction efficiency 
ForA Formic acid
HBTA Benzoyltrifluoroacetone
k Constant rate
LacA Lactic acid
LCO LiCoO2 
NMC LiNixMnyCozO2

NMR Nuclear magnetic resonance spectroscopy 
OxA Oxalic acid
S% Stripping extraction efficiency
SAXS Small-angle X-ray scattering analysis 
SCM Shrinking core model
Sf Separation factor
SHE Standard hydrogen electrode
Td Decomposition temperature
TGA Thermogravimetric analysis
TosA p-toluenesulfonic acid
UV–Vis Ultraviolet-visible
VFT Vogel-Fulcher-Tammann
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Highlights 

 DES-loaded with HCl is a suitable medium for leaching spent LIB.
 90% of Ni(II) was selectively precipitated during leaching.
 Co(II), Mn(II) and Cu(II) were quantitatively leached.
 The designed leaching is selective and has good atom economy (89%).
 99% of Co(II) was easily precipitated and recovered with a purity of 95%.
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