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Abstract

Lithium-ion batteries (LIBs) are widely used in the electric vehicle and smartphone industries,
hailed as an alternative to fossil fuels. However, the mining of lithium and cobalt, the most
common metals used in LIBs, is associated with miner exploitation and environmental damage.
Therefore, an efficient recycling initiative must be implemented in order to ethically continue the
production of LIBs.

In this Review, we examine the current industrial recycling procedures (pyrometallurgy and
hydrometallurgy) by their yield and externalities. Despite their high recovery rates, we find that
both methods are associated with wasteful usage of energy and materials. Then, we analyze a
third method of metal recovery involving supercritical fluid (SCF) extraction. The impact of
certain additives (hydrogen peroxide, ethanol, polymers) and operating conditions (temperature,
pressure, reaction time) are summarized. We find that SCF extraction is effective and practical
on a small scale while using moderate amounts of energy and materials. Lastly, we propose
future experiments to further optimize the effects of additives and operating conditions of SCF
extraction.
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———

(1) Introduction

The first lithium-containing battery was created in the 1970s, following an U.S. oil embargo from
the Organization of Petroleum Exporting Countries (OPEC) [1] [2]. This incident, known as the
1973 American Oil Crisis, spurred Exxon’s Stanley Whittingham to create the first
lithium-containing battery. The battery was made of titanium sulfide intercalated with lithium
metal, placed in lithium perchlorate electrolyte [1]. The potential of the battery was around two
volts, but rendered unusable due to the explosivity of lithium metal [3].

This was just the beginning. John Goodenough from Bell Labs was the first to experiment with
cobalt oxide (CoO2) with intercalated lithium ions, producing a potential of four volts. He later
went on to investigate the effectiveness of other transition metals in batteries [4]. From his work,
the first lithium-ion battery (LIB) for commercial production would be created by Akira Yoshino
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and utilized by Sony Corporation. Whittingham, Goodenough, and Yoshino would go on to win
the Nobel Prize in 2019 for their discoveries [1].

In general, batteries must be light and energy-dense in order to be widely produced. Lithium
fulfills this requirement due to its low molecular weight (6.94 g/mol) and high electropositivity
(–3.04 V compared to a standard hydrogen electrode, which is assigned the arbitrary value of
zero) [3]. Therefore, lithium batteries have the highest energy density compared to other
batteries available today. Following growing concern of fossil fuel consumption in the
transportation industry, LIBs have been used in 40 million on-road electric vehicles (EVs) [5] [6].
LIBs are also used in smartphones, of which 1.166 billion units were sold in 2023 [7]. Lastly,
LIBs have become the standard in the renewable energy industry due to their high energy
densities [8].

There are five categories of LIB cathodes: LiCoO2 (LCO), LiNiMnCoO2 (NMC), LiNiCoAlO2

(NCA), LiFePO4 (LFP), and LiMn2O4 (LMO). The first manufactured battery was an LCO battery,
and they continue to be the most common LIB today [9].

A structure of a typical lithium cobalt oxide (LCO) battery is shown in Figure 1. The defining
feature of an LCO battery is its cathode, created from crystalline cobalt (III) oxide separated by
lithium ion layers.

Figure 1: The structure of a typical LCO battery
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The most common anode is created from lithiated graphite (LiC6). When the battery is turned on,
the anode decomposes and the lithium is oxidized:

LiC6 ⟶ Li+ + C6 (graphite) + e– [Eq. 1] [10]

Then, the lithium ions migrate through the electrolyte, usually a lithium hexafluorophosphate
(LiPF6) dissolved in organic solvent. In the cathode, the ions react with the LCO matrix:

Li1–nCoO2 (s) + n Li+ + n e– ⟶ LiCoO2 (s) [Eq. 2] [10]

To recharge the battery, electricity is sent from the cathode to the anode, reversing the reactions
above.

Unfortunately, the processes by which to make the cathodes, lithium mining and cobalt mining,
are unsustainable and risky. To produce 1 ton of lithium metal, 250 tons of spodumene ore
(LiAlSi2O6) or 750 tons of mineral brine must be obtained [11]. Also, the excess ionic salts
created from precipitation of lithium carbonate are released into the environment, leaching into
water systems and disrupting the local flora and fauna [12]. Cobalt is the bigger problem; more
than half of the world’s Co production comes from the Democratic Republic of the Congo. A
study conducted in DRC shows that those who live close to artisanal mines have a higher
concentration of Co in their blood, which is linked to oxidative DNA damage [13]. Child labor and
exploitation has also led to a decrease in education levels for those living close to artisanal
mines [14]. Put simply, due to environmental and humanitarian concerns relating to mining, our
sources of cobalt are not sustainable in the long term. Recycling cathode materials can help
alleviate these concerns.

This paper reviews the separation of cobalt and lithium from the cathode-active material,
excluding any organic binders or metal foil attached to the cathode. We will mainly look at LCO
batteries with a minor focus on NMC batteries. This paper will first overview the current methods
of separation—namely, pyrometallurgical and hydrometallurgical methods. Then, this paper will
review the emerging method supercritical fluid (SCF) extraction, which uses less resources and
produces less toxic chemicals compared to the previous methods. Finally, the feasibility and
possibilities of further experiments are evaluated.

———
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(2) Current Methods

(2.1) Pretreatment

As seen in Figure 2, before the cathode-active material can be separated into Li and Co, the
extraneous components of the entire LIB must be removed. This is done with a variety of
chemical and physical processes, altogether called pretreatment.

It is quite dangerous to perform any chemical reactions on an LIB when it still has electrical
capacity. Therefore, the LIB is first discharged by soaking in an aqueous solution of sodium
chloride. There is one major drawback; in contact with water, LiPF6 electrolyte will react to form
corrosive hydrofluoric acid:

LiPF6 + 2 H2O ⇌ LiF + POF3 + 2 HF [Eq. 3] [15]

The LIB is dismantled so only the cathode remains. Then, to get rid of the organic binders and
aluminum foil attached to the cathode, the cathode is soaked in a solvent. Currently, the most
effective one is N-methylpyrrolidone (NMP), while N,N-dimethylformamide (DMF) seems to be a
low cost, reusable alternative [16] [17].

After pretreatment, only the cathode active materials remain. They can go through one of two
major chemical processes—pyrometallurgy or hydrometallurgy.

(2.2) Pyrometallurgy

Pyrometallurgy is a branch of metallurgy that involves the extraction of metals with thermal
energy. Applications of pyrometallurgy can start as early as pretreatment, where the battery’s
binders and solvents can be removed via incineration [18].

When pretreatment is finished, the cathode-active materials are heated to below their melting
point in the presence of elemental carbon, called roasting. While it is technically possible to
roast with nitrogen gas, oxygen gas plays an important role by transforming the carbon into
carbon monoxide and dioxide. At relatively low temperatures, the reaction is as follows:

4 LiCoO2 + 3 C ⟶ 2 Li2CO3 + 4 Co + CO2 [Eq. 4] [18]

Li et al. [19] conducted a roasting experiment with end-of-life LCO batteries. LCO and graphite
were put into a tube furnace and roasted for 30 minutes at a temperature under 1000oC. The
resulting cobalt metal was separated via wet magnetization technology. The authors achieved a
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total recovery rate of 90.07% Co and 94.95% Li. Clearly, roasting is an effective separation
technique that can be carried out at industrial scales.

Alternatively, the cathode-active materials can be raised above their melting points in a process
called smelting, obtaining elemental metal in the process. First, the temperature is raised to
evaporate the electrolyte and combust the organic binders, which provides energy for the whole
reaction. Then, aluminum metal is added and the following reaction occurs:

2 LiCoO2 + 2 Al ⟶ Li2O + 2 Co + Al2O3 [Eq. 5] [20]

This reaction is highly exothermic, so the net energy of smelting is not as high as it might seem.
The aluminum is in the form of an oxide and cannot be recovered. In any case, once the metal
oxides or alloys are recovered, they can be separated via solvent extraction, chemical
precipitation, or (in the case of alloys) selective liquidation.

The major flaw of all pyrometallurgy is the high temperatures required. These processes need a
large energy input and trigger the creation of toxic gases. In particular, hydrogen fluoride (HF)
and organic dioxins are common toxins produced from the decomposition of electrolytes,
separators, and binder materials [21]. Any sulfur-based batteries will release sulfur dioxide upon
combustion as well. These gases pollute the environment and induce damage to human
respiratory and immune systems [22] [23] [24].

(2.3) Hydrometallurgy

Hydrometallurgy is a branch of metallurgy that uses aqueous solutions to isolate and extract
metal ions. After pretreatment, the cathode-active materials are treated with acid and converted
in aqueous form in a hydrometallurgical process called acid leaching. The most common
reagents are:

(i) sulfuric acid

4 LiCoO2 (s) + 6 H2SO4 (aq) ⟶
4 CoSO4 (aq) + 2 Li2SO4 (aq) + 6 H2O (l) + O2 (g)

[Eq. 6] [25]

(ii) sulfuric acid with hydrogen peroxide

4 LiCoO2 (s) + 6 H2SO4 (aq) + 2 H2O2 (aq) ⟶
4 CoSO4 (aq) + 2 Li2SO4 (aq) + 8 H2O (l) + 2 O2 (g)

[Eq. 7] [25]
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(iii) hydrochloric acid

2 LiCoO2 + 8 HCl ⟶ 2 CoCl2 + Cl2 (g) + 2 LiCl + 4 H2O [Eq. 8] [26]

Acid leaching with hydrochloric acid tends to produce harmful chlorine gas. By contrast, sulfuric
acid methods produce no harmful substances.

Mantuano et al. conducted a metal extraction experiment via liquid-liquid techniques [27]. The
LIBs were ground into dust and leached with sulfuric acid at a temperature of 80oC with a 1:30
solid-to-liquid ratio (g/mL). They found that out of the 5.11 g Co and 0.71 g Li originally in the
battery dust, a mere 37% of cobalt and 55% the lithium was successfully retrieved.

Research has proven that reducing agents play a major role in hydrometallurgy. An experiment
from Kang et al. using 6% v/v hydrogen peroxide (H2O2) and typical conditions yielded a very
high recovery rate—98% Co and 97% Li [28]. Another experiment from Zhao et al. using 5% v/v
ethanol (EtOH) yielded recovery rates of over 99% for both metals [29]. In general, H2O2 and
EtOH reduce the Co (III) into Co (II), which is more easily extracted.

Although industrial processes typically leach with inorganic acids due to their relative
affordability, organic acids seem to be just as effective without producing toxic gas. Li et al. used
1.25 M citric acid and 1% v/v H2O2 to obtain recovery rates of 91% Co and 99% Li, although
withholding the use of H2O2 significantly diminishes the recovery rates to 25% Co and 54% Li
[30]. The same authors also used 1.5 M malic acid and 2% v/v H2O2 to achieve a recovery rate
of 93% Co and 99% Li [31]. As seen here, the performance of organic acids coupled with
hydrogen peroxide can rival that of inorganic acids. In any case, once the acid leaching is done,
the metals can be separated by solvent extraction (some extractants include Cyanex 272,
Versatic 10, D2EHPA, LIX 84-I, etc.) or chemical precipitation [32] [33] [34].

The primary drawback of a purely hydrometallurgical method is the large volume of reagents
needed. Both the leaching and solvent extraction processes require high quantities of highly
concentrated strong acids and bases, which are corrosive and dangerous to handle. Processes
involving precipitation need their volume and pH to be controlled very carefully, and the metal
recovery suboptimal due to incomplete precipitation.
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Figure 2: A flowchart detailing possible processes used to recycle LIBs.

———

(3) Supercritical Fluid Method

(3.1) Overview

Pyrometallurgical and hydrometallurgical methods of treating cathode-active materials are
effective and scalable, so they are both used industrially. However, roasting and smelting require
excessive energy consumption, which can release toxic fumes and carbon dioxide into the
atmosphere. Meanwhile, acid leaching requires a large volume of corrosive chemical reagents.
As an attempt to solve these problems, metal extraction via supercritical fluids (SCF) uses a low
volume of reagents and energy, while achieving high recovery rates of cobalt and lithium.

The basic premise of SCF extraction is as follows: the cathode-active material is obtained and
pulverized via the same pretreatment process as outlined in Section 2.1. Then, it is put into a
high-pressure reactor along with a ligand. The solvent (usually water or carbon dioxide) is
injected into the reactor, and the temperature/pressure is adjusted to bring it to supercritical
condition, which also triggers a complexation reaction between the powder and ligand. Once the
metal complex dissolves in the solvent, the pressure is relieved, leaving behind a precipitate and
gaseous solvent. That precipitate should be a mixture of cobalt and lithium complexes, which
can be further separated via solvent extraction.
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The recovery rate of a certain metal M is defined by the parameter RM:

We will observe the effects of six major variables that can be adjusted in SCF extraction:

(a) Presence of hydrogen peroxide (H2O2)
(b) Presence of ethanol (EtOH)
(c) Presence of polyvinyl chloride (PVC)
(d) Reaction time
(e) Temperature
(f) Pressure

(3.2) Properties of SCFs

For some amount of CO2 in a closed container, at 31oC, no matter how much the pressure is
increased, it can never become a liquid. Likewise, at 74 bar, no matter how much the
temperature is increased, it can never become a gas [35]. That set of conditions is called the
critical point of CO2. Once the temperature and pressure is increased beyond the critical point,
the CO2 enters an in-between state of matter—a supercritical fluid.

Table 1: The physical properties of CO2 (sc) as compared to CO2 (g) and CO2 (l) [36].
Property CO2 (g) CO2 (sc) CO2 (l)
Density (kg/m3) 0.6-2 200-900 600-1000
Dynamic viscosity (mPa⋅s) 0.01-0.3 0.1-0.3 0.2-3
Diffusivity ×106 (m2/s) 10-40 0.07 0.0002-0.002
Surface tension (dyne/cm2) - - 20-40

As seen in Table 1, properties of CO2 (abbreviated to scCO2) are in-between that of gaseous
and liquid CO2. Similar to both, scCO2 has low polarity as well. Therefore, it must be used in
conjunction with other solvents to give it the necessary properties for extraction [37]:

● methanol (CH3OH) or ethanol (CH3CH2OH) to increase polarity
● toluene (C6H5CH3) to increase aromaticity
● tributyl phosphate (TBP, (CH3CH2CH2CH2O)3PO) to increase solubility of metal

complexes
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Figure 3: The correlation between density (left) and the Hildebrand solubility
parameter δ (right) of scCO2 vs. temperature at 150 bar [36].

Supercritical fluids are very sensitive to external conditions. At high pressures, various
properties of scCO2 are monotonically related to temperature, as seen in Figure 3. This allows
us to precisely adjust the properties of scCO2—most notably metal solvation power—by
changing the reactor temperature [37]. Additionally, scCO2 extraction methods have already
proven to be effective in decaffeination of coffee, pasteurization of milk, and production of
pigments [38] [39] [40]. Therefore, we can separate metals or metal complexes from solution
selectively by fine-tuning the temperature of the supercritical fluid.

Supercritical water (abbreviated to scH2O) is a solvent that behaves similarly to scCO2. The
critical point for water is 374oC and 221 bar, so it takes more energy to push water above its
supercritical state. While scH2O molecules are still polar, the weakening of hydrogen bonds
causes it to dissolve nonpolar compounds [41].

(3.3) Effect of Additives

From extensive research in hydrometallurgy, we infer that the addition of reductants and acids
increase the recovery rate of lithium and cobalt. We will discuss three major additives that
appear periodically throughout many studies: hydrogen peroxide, ethanol, and polyvinyl
chloride.

Hydrogen peroxide is very commonly used in hydrometallurgical processes due to its power as
a reducing agent. Specifically, the following half-reactions takes place when H2O2 is added to
cobalt in the +3 oxidation state [42]:
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Co3+ + e– ⟶ Co2+
H2O2 ⟶ O2 + 2H+ + 2e–

Eo = +1.92 V
Eo = –0.695 V

[Eq. 9]
[Eq. 10]

2Co3+ + H2O2 ⟶ 2Co2+ + O2 + 2H+ Ecell = +2.62 V [Eq. 11]

In general, cobalt complexes are more soluble in scCO2 when the central atom is in a +2
oxidation state. Additionally, the reduction of Co3+ breaks the bonds in the LCO matrix, allowing
Li+ to complex with the ligands added. The result is a higher recovery rate of both cobalt and
lithium from spent LIBs when cobalt is first reduced to the +2 form.

This claim is supported by a study conducted by Zhang and Azimi which investigated scCO2

extraction for two types of NMC batteries [43]. In it, the cathode-active material is ground into
powder and placed into a 100 mL high-pressure reactor. A ligand consisting of aqueous nitric
acid and tributyl phosphate (TBP-HNO3) was added, along with liquid CO2. Then, 4 mL of 21%
v/v H2O2 was added in some trials to test the effects of hydrogen peroxide. When the
complexation reaction finished, the reactor was depressurized to precipitate out the metal
complexes. The products were dissolved in aqua regia and characterized with
inductively-coupled plasma optical-emission spectroscopy (ICP-OES). The study found that the
metal extraction rates peaked at around 74% Co & 70% Li without H2O2, and 90% Co & 89% Li
in the presence of H2O2. Upon analysis with X-ray photoelectron spectroscopy (XPS), the study
found a significantly lower concentration of Co3+ in the trial with H2O2 in it, further showing that
H2O2 is an effective reducing agent even in supercritical conditions.

However, if the volume and concentration of H2O2 increases past a certain value, the recovery
rates of both metals start to decrease instead. Bertuol et al. conducted an experiment combining
scCO2 and acid for the best results [44]. A positive control with typical 2 M H2SO4 leaching and
varying concentrations of H2O2 achieved up to 98% Co recovery rates. Then, the same leaching
tests were performed with scCO2 at much higher pressures, which yielded cobalt and lithium in
the form of salts. Lastly, the cobalt metal was extracted via electrowinning (electrochemical
reaction from charged metal to neutral metal) while the now-gaseous CO2 was recollected and
reused. The study found a high cobalt recovery rate of 98% in the positive control, 95.5% Co in
scCO2 with 4% v/v H2O2, and 70% in scCO2 with 8% v/v H2O2.

This can be explained by the extra water in the system whenever H2O2 (aq) is used, as well as
the decomposition of hydrogen peroxide to form water. Too much water will capture some of the
cobalt and lithium ions originally in the scCO2 solvent, lowering the amount of cobalt and lithium
complexes created.

2 H2O2 (aq) ⟶ 2 H2O2 (l) + O2 (g) [Eq. 12]
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In systems with macro-ligands such as p(VBPDA-co-FDA), excess water cannot be
accommodated in the water-scCO2 microemulsion system, thus forming heterogeneous media
with large water droplets. Those macro-ligands can aggregate onto the droplet’s surfaces
instead of forming metal complexes, further lowering the recovery rates of cobalt and lithium
[45].

Ethanol (CH3CH2OH or EtOH) can also act as a reducing agent when reacting with LCO. The
acetic acid also contributes as an organic leachant.

4 LiCoO2 + 6 H2SO4 + CH3CH2OH⟶
2 LiSO4 + 4 CoSO4 + CH3CH2COOH + 7 H2O

[Eq. 13] [29]

In supercritical conditions, the same conditions apply; with the right operating conditions,
ethanol is fully miscible in scCO2.

Vauloup investigated the effects of H2O2 and EtOH on SCF extraction systems imbued with
p(VBPDA-co-FDA). As seen in Figure 4, this copolymer consists of phosphonate groups that act
as an acid leaching agent and metal complexation agent, optimizing several parts of the metal
extraction process in one go. Additionally, the acetate ion can act as a polar co-ligand,
solubilizing the metal complexes in the faintly-polar scCO2 medium.

VBPDE FDA

Figure 4: The skeletal structures of 4-vinylbenzylphosphonate (VBPDE) and
1,1,2,2-tetrahydroperfluorodecyl acrylate (FDA)
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A positive control—solvent extraction with the cathode-active material, copolymer,
trifluorotoluene (TFT), and methanol—was established, achieving recovery rates of 90% Co and
87% Li. Then, scCO2 extraction was run with the exact same chemicals, achieving recovery
rates of ~60% for both metals. Notably, when a small amount of 96% v/v EtOH was added to the
second experiment, the recovery rates increased to 75% Co and 71% Li. This shows that the
reduction of Co3+ to Co2+ does take place in some capacity, increasing the solubility of the cobalt
metal complexes and yielding more precipitate.

Polyvinyl chloride (PVC) is a common plastic used in piping and wire insulation, favored for its
chemical stability and hardness. Unfortunately, PVC recycling is notoriously difficult, since the
chlorine in the vinyl chloride monomer reacts with hydrogen and is released upon incineration.
This study makes use of the HCl in aqueous form with leaching. When PVC is brought to
sufficiently high temperatures (>250oC), it will undergo the following reaction:

Figure 5: The reaction pathway for the pyrolysis of PVC [46].

The HCl serves as a leaching agent, breaking apart the LCO matrix as with Eq. 8. The reaction
detailed in Figure 5 occurs far beyond the critical temperature for CO2 (31oC), so PVC can only
be utilized alongside supercritical water, with a much higher critical temperature (374oC).

Liu and Zhang explored the potential of sub- and supercritical water as a solvent for metal
extraction, simultaneously incorporating a safe method of dechlorination of PVC [47]. In their
experiments, they placed the cathode-active material, PVC powder, and deionized water into a
100 mL reactor. Then, they varied the temperature between 150oC and 400oC at a constant
pressure, completed the reaction, separated the remaining solid with vacuum filtration, and
characterized the product with ICP-OES. Their results are summarized in Figure 6, where they
found that the leaching efficiency of PVC climbed sharply at temperatures above 200oC, peaking
at around 350oC. At 374oC, the leaching efficiency started to decline, along with the recovery
rates of both metals. This suggests that metal extraction with water works best when it is
subcritical (i.e. above 100oC but kept liquid by pressure) rather than supercritical.
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Figure 6: The effects of temperature on the recovery rates of cobalt and lithium in
scH2O, under the following experimental conditions—solid:liquid ratio = 1:63 g:mL

and time = 60 min. Adapted from Liu and Zhang [47].

PVC is also successful at separating the LCO matrix, as shown by Barros et al. [48]. In this
experiment, the cathode-active material, PVC, sulfuric acid, and deionized water were inserted
into a reactor, in a similar fashion to the previous study. (Some trials forewent PVC powder and
acted as a control group.) This time, the temperature was raised to 450oC at 240 bar, conditions
which are moderately higher than the critical point of water. For the scH2O experiment, this
study finds near-perfect recovery rates of ~100% for both metals. Without PVC, the LCO matrix
mainly broke into solid cobalt (II) oxide and lithium carbonate. With PVC, the cobalt was found in
the form of cobalt (II) chloride, which is soluble in water. This indicates that PVC solubilizes
cobalt ions in water, positively impacting recovery rates.

We conclude that adding PVC has the same effect of adding strong acid in the reaction. The
main benefit of these methods is the recycling of both PVC and LIBs without any dangerous
byproducts, like HF or HCl.
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(3.4) Effect of Operating Conditions

Next, we will discuss the operating conditions that affect recovery rate: temperature, pressure,
and reaction time.

Temperature can affect a supercritical system in a number of ways, depending on the
extraction method used.

In scCO2, temperature can affect a supercritical system by destabilizing the metal complexes
created. Lithium ions have small coordination numbers due to their +1 oxidation state, so not
many ligands can attach themselves to each ion. Conversely, cobalt’s +2 or +3 oxidation state
gives it a high coordination number. A change in temperature is far more likely to destabilize a
lithium-centric complex compared to a cobalt-centric one, exacerbating the reduction of lithium
recovery rates [43]. Since addition of H2O2 brings cobalt’s oxidation state from +3 to +2, further
studies should be conducted on the joint effect of H2O2 and temperature on lithium recovery
rate.

In Liu and Zhang’s study with scH2O, lithium and cobalt were recovered as chlorides (LiCl and
CoCl2) in the liquid product [47]. Optimal recovery rates occurred at 350oC, when the water was
still in a subcritical state; raising the temperature lowered the recovery rates drastically (Co:
86.9% to 45%; Li: 98.6% to 70%). As the temperature rose, the autoionization of water
produced more H+ and OH– ions, destabilizing the metal chlorides:

LiCl + H+ + OH– ⇌ LiOH + HCl [Eq. 14] [Eq. 14]
CoCl2+ 2 H+ + 2 OH– ⇌ Co(OH)2 + 2 HCl [Eq. 15]

Only the liquid product was characterized at the end of Liu and Zhang’s study. Therefore, it is
likely that the majority of the cobalt and lithium precipitated out of the medium as hydroxides,
ending up as solid residue.

In Bertuol et al.’s study, we see scH2O remain effective at up to 450oC, far greater than the value
we see in the previous study. This discrepancy can be explained with the second study’s use of
sulfuric acid, which increases the metal recovery rates no matter the temperature.

Pressure does not seem to affect the recovery rate of either metal. In Zhang and Azimi’s study,
changing the pressures from 207 bar to 310 bar, well above the critical point of CO2, had little to
no effect on the ending results [43]. A paper cited by the study finds that the solubility of
organometallic complexes in scCO2 starts low near the critical point, rises steeply as pressure
increases, and tapers off at a sufficiently high pressure. Zhang and Azimi’s study seems to
prove the insignificance of pressure above ~200 bar.
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In the study conducted by Bertuol et al., the pressure was set to 75 bar, barely above scCO2’s
critical point, and yet the recovery rate of both metals exceeded 95%. This discrepancy can
once again be explained with the addition of sulfuric acid.

Reaction time seems to be a major factor in the extraction efficiency for both methods. Most
SCF extraction processes seem to take less than an hour to complete, with the shortest one
taking only 5 minutes to reach optimal conditions. There is a very short window of time in which
recovery rates maximize, followed by a sharp decline in both directions.

In Bertuol et al.’s study, cobalt recovery rate reached around 80% in the 1st minute of scCO2

extraction. It was optimized at 95.5% at 5 minutes before dropping sharply to 57% after 10
minutes. This sudden drop can be explained by the degradation of H2O2 at high temperatures
shown in Eq. 12. The reaction progresses over time, lowering the amount of H2O2 that can
effectively reduce Co3+ to Co2+. The water produced by H2O2 degradation also dissolves the
metal ions in more water, reducing the amount of Co-Li found in the solid product.

In Liu and Zhang’s study concerning scH2O extraction, a similar phenomenon occurs; the
optimal recovery rates of >96% for both metals were achieved at a 30 min reaction time. In the
next 30 minutes, the recovery rate of lithium is almost 100%, but that of cobalt decreases to
around 85%. Further reaction time shows recovery rate decreases in both metals. The authors
attribute this to the reaction between the HCl, Co-Li, and metal wall of the reactor.

Table 2: Summary of all studies reviewed in this paper.

Method Agents
T P time s:l RCo RLi Ref

(oC) (bar) (min) (g:ml) (%) (%)
roasting n/a 1000 - 30 - 95.7 98.9 [19]
inorg. acid leaching H2SO4 80 - 60 1:50 37 55 [27]
inorg. acid leaching 2M H2SO4, 6% H2O2 60 - 60 1:10 98 97 [28]
inorg. acid leaching 3M H2SO4, 5% EtOH 90 - 160 1:50 99 99 [29]
org. acid leaching 1.25M citric, 1% H2O2 90 - 30 1:50 91 99 [30]
org. acid leaching 1.5M malic, 2% H2O2 90 - 40 1:50 93 99 [31]
scCO2 extraction TBP-HNO3 40 310 30 1:5 74 70 [43]
scCO2 extraction TBP-HNO3, 21% H2O2 40 310 30 1:5 90 89 [43]
inorg. acid leaching 2M H2SO4, 8% H2O2 75 - 60 1:20 98 - [44]
scCO2 extraction 2M H2SO4, 4% H2O2 75 75 5 1:20 95.5 - [44]
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solvent extraction p(VBPDA-co-FDA),
TFT/ MeOH, 30% H2O2

60 - 240 - 90 87 [45]

scCO2 extraction
p(VBPDA-co-FDA),
30% H2O2

60 250 60 - ~60 ~60 [45]

scCO2 extraction
p(VBPDA-co-FDA),
96% EtOH 60 250 240 - 75 71 [45]

scH2O extraction PVC 350 >221 60 1:63 86.9 98.6 [47]
scH2O extraction PVC 400 >221 60 1:63 45 70 [47]
scH2O extraction PVC 450 240 ≤120 - 100 100 [48]

———

(4) Conclusion

This Review gave a brief recapitulation of the composition of LIBs, as well as an overview of the
pretreatment process. Then, three extraction processes were evaluated by their yield and
externalities.

The two current recycling methods used today are pyrometallurgy and hydrometallurgy. While
both methods are scalable and yield high recovery rates (>90%), pyrometallurgy consumes high
amounts of energy while hydrometallurgy utilizes large volumes of corrosive reagents.
Meanwhile, SCF extraction is a quick but demanding process, with optimal recovery rates
ranging from 70% to 100%. Currently, experimentation has only been performed at a laboratory
scale.

Reductants like hydrogen peroxide (H2O2) and ethanol (EtOH), as well as strong acids (like HCl
from PVC) bolster the recovery rate of cobalt and lithium by breaking apart the LCO matrix.
Temperature and reaction time need to be very specific to achieve optimal metal extraction,
while pressure seems to have no significant effect once it is sufficiently high.

Taking these three methods into account, it is clear that SCF extraction holds great value in the
future of LIB recycling. It is a fast, efficient, cost-effective, and environmentally-friendly process,
outdoing pyrometallurgical and hydrometallurgical processes in all areas except recovery rates.
It will add significant industrial value once it is scaled up for commercial use, but this method
requires further experimentation and reevaluation at that time.
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