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Abstract: The feasibility of using low-environmental-impact leaching media to recover valuable
metals from lithium ion batteries (LIBs) has been evaluated. Several deep eutectic solvents (DES) were
tested as leaching agents in the presence of different type of additives (i.e., HyO,). The optimization
of Co recovery was carried out by investigating various operating conditions, such as reaction time,
temperature, solid (black mass) to liquid (DES) ratio, additive type, and concentration. Leaching with
final selected DES choline chloride (33%), lactic acid (53%), and citric acid (13%) at 55 °C achieved
an extraction yield of more than 95% for the cobalt. The leaching mechanism likely begins with the
dissolution of the active material in the black mass (BM) followed by chelation of Co(II) with the DES.
The results obtained confirm that those leaching media are an eco-friendly alternative to the strong
inorganic acids used nowadays.
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1. Introduction

Batteries are essential for the energy storage in the electronics used in our everyday
lives, from small portable electronic devices (PEDs), from cell phones and laptops to
medical devices or electric vehicles (EV). Batteries include a great variety of components,
such as valuable metals (Li, Co, Ni, Mn, Cu, Al, ... ), graphite, and organic compounds. A
battery cell functions by the reversible transportation of ions and electrons between the
anode and cathode separated by a porous membrane generally made of plastics and filled
with organic electrolyte containing additive salts. The anode and cathode are constructed
by powder of active electrode materials (e.g., cobalt, nickel, manganese, and iron) attached
on current cooper and aluminum collector foils.

Future waste production forecasts estimate 7.8 million tons of end of life (EOL) EV
battery modules per year by 2040 [1], which is above the current global recycling capacity.
Therefore, legislation in Europe has defined that all the spent batteries collected must un-
dergo treatment and recycling. However, despite their continued extensive implementation,
methods to recycle and reuse EOL battery materials are still under development.

Commonly used processes for recycling batteries can be divided into three different
types: mechanical, pyrometallurgical, and hydrometallurgical processes. Currently, a
combination of them is used for recovering at industrial scale the metals contained.

Recycling methods usually involve several steps. Firstly, after collection and selection
of the batteries, the cells are discharged (immersion in salt solutions) and mechanically
treated (i.e., shredded or crushed, sieved and air, water bath or magnetically separated).
When breaking the structure of the batteries, a mixture of casing (steel), current collectors
(Cu, Al), plastic separators, electrolyte, and active mass (AM) (i.e., LiCoOy) is obtained.
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After this pre-treatment, the material is converted in a black milled powder, called black
mass (BM). The second step can be a pyrometallurgical treatment. Nowadays, industrial
recycling processes involve three different steps: pyrolysis, reduction, and incineration.
Finally, a hydrometallurgical treatment is applied. Usually, this last step involves leaching
the obtained BM with inorganic acids, such as sulfuric acid, hydrochloric acid, and nitric
acid. A final step is usually applied to recover the initial compounds of interest in the
battery, by the addition of precipitating agents.

Above-mentioned recycling processes have several drawbacks. In particular, they
produce a great negative impact in the environment because of the use of aggressive
experimental conditions together with harmful and polluting reagents. Furthermore, these
processes are not capable of recycling efficiently all metal substances, such as lithium, cobalt,
nickel, manganese, and iron, contained in the spent batteries. Instead, low-environmental-
impact leaching media to recover valuable metals contained in BM from several type of
LIBs (consumer mixed LIBs, electric vehicle LIBs, etc.) are evaluated in the present research.

2. Materials and Methods
2.1. Chemical Reagents

Firstly, 65% ExpertQ® HNOj3 and 37% ExpertQ® HCL supplied by Scharlab (Barcelona,
Spain) were used for digestion and analysis of solid samples. For the preparation of the
DES solutions, choline chloride >98%, citric acid >99.5%, and lactic acid 80%, supplied by
Merck (Madrid, Spain), were used.

2.2. Spent Lithium Ion Battery Residues

Different pre-treated (mechanically or thermomechanically) BM residues from spent
lithium ion batteries were subjected to leaching studies.

2.3. Leaching Procedure

The leaching media were prepared by mixing the solid and/or liquid organic com-
pounds in a proper dilution ratio with deionized water. The lixiviant thus obtained was
placed in a 500-mL jacketed reactor, provided with thermal control, a coil condenser, and
an anchor impeller rotating at 300 rpm, until the desired temperature was reached. The BM
to be treated was dosed slowly to the reactor and the resulting mixture maintained for a
period of time from 30 min to 24 h depending on the experiment.

2.4. Analytical Techniques
2.4.1. Metal Composition

All the samples were characterized by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), model Vista-MPX, CCD Simultaneous (Varian Ltd., Crawley, UK).
Liquid samples were directly analyzed after dilution in 1M HCI solutions, while solid
samples required an initial digestion with aqua regia.

2.4.2. Mineralogy

The phase and crystallinity were investigated using XRD (Bruker D8 Advanced
X-Ray diffractometer). The 20 interval was [15-90°] with a 0.03°/step and a 2 s/step
measurement time.

Microstructure and composition of discrete particles were studied by scanning electron
microscopy (SEM) images acquired using a JEOL JSM-5910LV, equipped with an EDX-
INCA x-act (Oxford instruments). Samples were immersed in epoxy resin and polished
before analysis in order to obtain homogeneous dispersion of particles.

3. Results and Discussion
3.1. Sample Characterization

Broad type of BM samples (A to Q) were characterized (elemental composition in
Figure 1). The composition values show significantly wide metal content ranges for each
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metal (for example Mn 1-17%, Ni 1-21%, and Co 8-38%). This is a reflection of the different
chemistries of the collected batteries involved in the production of each BM.
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Figure 1. Metal composition of the different treated BM.

XRD analysis was performed on the as-received BM (an example in Figure 2).
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Figure 2. Examples of XRD spectra for differently (mechanically or thermo-mechanically) pre-treated
samples: (a) Sample I, (b) Sample M, and (c) Sample P.

As a result of the different XRD analyses performed, it was concluded that there were
different types of Co containing compounds in the investigated pre-treated BM samples:

- LiCoO; containing BMs (samples A, E, H, 1, ], and Q);
- Co oxides (CoO, Co304 [CoO, Coy03]) containing BMs (samples B, C, D, E K, L, and N);
- Metallic Co, Ni containing rich BMs (samples G, O, and P).

The LiCoO, structure (present in the cathodic active material in working batteries) is
transformed, after being heated over 200 °C [2,3], into an oxide mixture containing Co(II)
and Co(IIl). If the thermal treatment is carried out above 500 °C in reducing conditions,
part of the cobalt and other metals present in the BM can be reduced to metallic state [4,5].
This was proven after performing SEM-EDS analysis of thermally treated BM samples,
where part of the active cathodic oxides started to transform in metallic particles, as seen in
Figure 3 for sample L. EDS mapping was performed, showing their metallic alloy nature
(while grey ones had different Co:O ratios), and that bright areas were free of oxygen.
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Figure 3. SEM image of the sample L showing metallic (bright) and oxidized (grey) particles.

3.2. Leaching Experiments

After performing the characterization of all received materials, the leaching systems
for preliminary screening tests were selected among validated SOA organic acids [6-11]
and knowledge in DES leaching systems gained in earlier research studies and European
projects (REE4EU [12] and COLABATS [13]).

Initially, a ternary deep eutectic solvent mixture, based on choline chloride (a cheap
chemical widely used as an additive for chicken feed that acts as hydrogen bond acceptor)
and two organic acids (lactic acid and citric acid, which act as hydrogen bond donors and
as good chelating compounds) was used (Table 1).

Table 1. Ternary DES formulation (compound amount in initial DES formulation).

| 0 O OH O
/l/\F\/\ onl € OH HO OH
OH O~ OH
Choline Chloride (33%) Lactic Acid (53%) Citric Acid (13%)

The parameters studied were leaching time, leaching temperature, BM:DES ratio,
water dilution effect, and additives. The ternary DES system contains a certain amount
of water due to the fact that the organic compounds are highly hygroscopic and the
commercial lactic acid used is 80% in water solution. In addition, the effect of added
water in the leaching system was also studied. The stirring speed was tested to achieve
appropriate DES-residue contact; 300-320 rpm is the adequate range for the reactor used.

Initial leaching tests were performed at high temperature (85 °C) using low solid to
liquid ratio ([BM]:[DES] = 1:50) and low water addition (DES:water = 50:8). Due to viscosity
limitations, a certain amount of water dosage (20%) was needed to ease ion mobility and,
consequently, to improve the leaching yield.

After performing screening tests over the sample A from 55 °C to 85 °C range, the
lowest temperature was proven good enough due to the high Co recovery yield achieved
(>90%) (see Table 2). In addition, high temperatures promoted undesirable leaching of
metals, such as Cu, which decrease the selectivity of the process.

Table 2. Results for the temperature screening tests over sample A using 1:50 BM:DES ratio.

Leaching Temperature (°C) Co Leaching Yield (%) Leaching Time (h)
55 94 7.5
70 >99 438

85 >99 3.1
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BM:DES ratio was evaluated, making it possible to obtain similar Co extraction yields
lowering from the initial 1:50 (BM:DES) to a final 1:5, but only if the water dilution was
notably increased. In those cases, the dilution of the system leads to a notable decrease
in the leaching time. For example, in the case of BM A, where 7.5 h were needed to get
94% Co extraction, the time was reduced to 3 h to achieve the same extraction yield. When
the DES content was reduced below this value, the leaching performance of the system
decreased, leading to lower Co extractions (80% in 3 h).

The high metal concentration in the 1:5 (BM:DES) leaching systems led to lower
extraction yields in the same leaching times, probably due to the notable increase in the
viscosity of the DES system and the metal saturation of the solution. The water dilution
of 5:12 (DES:water) was able to reduce the viscosity and metal concentration, while the
extraction yields were maintained constant. Using these leaching conditions, it was possible
to achieve more than 90% of Co extraction in a 3 h reaction.

After studying the use of additives, it was determined that, only in some cases, the
dosage of external additives to the leaching system was needed (i.e., oxidizing agents, such
as HyO,, as well as reducing agents, such as Al or Cu) (see Table 3).

Table 3. Comparison of Co leaching yields for a selection of samples when using proper additives.

Sample Ref. Leaching Yield (No Additives) Leaching Yield (Additives)
A 94 98
B 39 92
F 87 >99
G 4.7 92

4. Conclusions

The viability of leaching most of the Co present in a BM residue from LIBs (>99%) in
less than 3 h and at low working temperature (55 °C) was demonstrated by using diluted
DES mixtures composed by mild organic compounds. The obtained results indicate that
the use of additives is not necessary if an appropriate combination of BM pre-treatment
and leaching media is selected. Consequently, knowledge of the nature of the black mass to
select the adequate operating conditions of the treatment is required.
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