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Garbage in, metal out: A perspective
on recycling hattery metals using
organic molecules

Pouria Akbari, Abbey E. Strohnmeyer, Douglas T. Genna,* and Jeremy |. Feldblyum*

Global demand for batteries is increasing at a rapid pace, precipitating the equally rapid
generation of hazardous battery waste. Recycling, which holds high potential for both
mitigating this waste and recovering raw materials for subsequent battery manufacture, is
often recognized as a necessary component of the battery life cycle. A critical step in many
battery recycling schemes is the use of solvent to recover valuable metals such as lithium,
cobalt, manganese, nickel, and others. This recovery typically involves the use of harsh mineral
acids and peroxides, which pose their own environmental and safety hazards. The use of
more benign organic acids and other organic compounds has emerged as a promising means
to mitigate the hazards posed by purely inorganic solvents. In this article, we review recent
research on organics-based metal recovery for battery recycling and provide our perspective

on the extant challenges and opportunities in the field.

Introduction

The ever-increasing demand for rechargeable batteries in
contexts ranging from transportation' to grid-scale energy
storage” is well recognized. Lithium consumption is estimated
to increase by 18% year over year through 2050;° such a dra-
matic increase in lithium utilization presents the undesired
concomitant increase in related waste (Figure 1) due both to
increased mining activity (to obtain Li and cathode metals
such as Co) and end-of-life battery disposal via landfilling
and other means of non-reuse. Unfortunately, strategies to
safely manage battery waste are lagging behind, leading to
substantial environmental and safety hazards. For example,
both lithium and cobalt accumulation in soil can stunt plant
growth.*

Recycling has long been recognized as an important part of
the battery life cycle, well before the emergence of Li-ion bat-
teries as the dominant form of portable energy storage for elec-
tronic devices.® For example, lead-acid batteries enjoy a high
rate of recycling—up to 99% according to industry groups.”®
Given the central role of Li-ion batteries in modern technol-
ogy, and the expectation demand will continue to grow, Li-ion
battery recycling is of critical importance. However, the diver-
sity of Li-ion battery construction and chemistries makes their

recycling challenging. The case of these batteries (steel and plas-
tic) accounts for ca. 25% (wt%) of the battery, current collectors
account for 13%, and electrolyte, separator, and binder together
account for 18%, leaving 44% of battery weight comprised of
the cathode and anode.” As the value proposition of some of
these components (e.g., plastic casing) is not necessarily attrac-
tive, many recycling processes focus strictly on recovering valu-
able cathode metals, and to a lesser extent, lithium. Recycling
thus typically'® begins with discharging and dismantling the bat-
tery and/or pyrolysis. The resulting product is then processed
mechanically to obtain a particulate mixture known as “black
mass.”!"!? Black mass contains both valuable metals and unde-
sirable waste such as separator and binder materials. This can
pose a challenge, as heat treatment to remove the undesirable
fraction of black mass can yield extremely toxic hydrofluoric
acid (e.g., as a byproduct of poly(vinylidene fluoride) binder
pyrolysis).

Following these preprocessing steps, pyrometallurgy, hydro-
metallurgy, or a combination thereof is used to collect and isolate
the valuable components of the battery. Current commercial-
scale operations for these processes leave room for improve-
ment: they involve high-energy inputs (in pyrometallurgy) and/
or the use of strong mineral acids (in hydrometallurgy). As such,
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substantial research has been devoted to the discovery and devel-
opment of more benign approaches to the collection and purifica-
tion of Li, Co, Ni, Mn, and other battery metals that have high
potential for economic, environmental, and geopolitical value for
their recycling. In this perspective, we first summarize the most
popular approaches of collection and purification, noting that
the interested reader may find many general and comprehensive
reviews on these approaches elsewhere.!>2! We then focus on
recent advances, specifically in the use of organic molecules to
extract these metals and provide our perspective on the remain-
ing challenges in the field. We recognize that ca. 25-50% of a
typical LIB is not composed of precious metals (vide supra);
recycling techniques dedicated to these components are beyond
the scope of this manuscript and have been reviewed elsewhere
(Figure 2).2>%*

Pyrometallurgical metal extraction

While pyrolysis at temperatures below 500°C can be used to
remove organic residue as a pretreatment step during the bat-
tery recycling process, pyrometallurgy at temperatures as high as
1500°C can also be used to recover transition metals, including
Ni, Co, and Cu.'>?%2¢ This approach has already been imple-
mented at industrial scale, with hundreds of thousands of tonnes
of spent batteries processed in this manner annually.'> At lower
temperatures, where battery waste is heated to 500-800°C,
liquids (e.g., electrolytes) and carbonaceous materials such as
separators can be removed through volatilization. Temperatures
below 500°C can produce a mixture of metal oxides and reduced
species.?>?” After pyrolysis, metals are separated through a
variety of approaches, including hydrometallurgy, electrorefin-
ing, and precipitation at high temperature'>>>?"?® (noting that
lithium is typically lost in waste slag®®). Pyrometallurgy has
been quickly adopted in industrial battery recycling' due to
its well-established prevalence, relative ease of adoption, and

deep historical roots.>**! However, the required high tempera-
tures necessitate large energy inputs; other challenges include
potentially toxic emissions (and thus the need to manage them),
necessity for post-treatment separation of recovered metals, and
the loss of Li at higher temperatures (noting that Li recovery is
an active area of research in this context?*323%),

An overview of methods to leach battery metals
from battery waste

Battery preprocessing yields a complex mixture containing
valuable cathode transition metals as well as other elements,
including Li, C, and/or Al. To recover the transition metals
(and in some recycling schemes, Li), metal leaching with
aqueous solutions (hydrometallurgy) is commonly employed.
Leaching is a process in which valuable metals are rendered
into a solution from which they can subsequently be isolated
(vide infra). The standard approach to leaching, and that
which has enjoyed the majority of industrial implementation,
is by mineral acids such as HCI, HNO,, and H,S0,.'3%%:35%7
In addition, alkaline solutions, organic molecules (typically
acids), and bacteria (i.e., bioleaching), have also been exam-
ined as potential candidates for isolating the valuable compo-
nents of spent batteries. We briefly summarize each of these
approaches before focusing on recent work in the area of
organic leaching for the remainder of this perspective.

Leaching with aqueous inorganic acids
Inorganic acids are inexpensive, are effective leachants,
and have a strong track record in industry for battery recy-
cling.'>!'*3 Once a metal-containing precursor mixture is pre-
pared, the mixture is immersed in an acid-containing solution,
most typically aqueous HCI, HNO;, or H,SO,. Hydrochlo-
ric acid has shown excellent leaching efficiency (e.g.,>99%
for Co and Li***! and nearly that amount for Mn and Ni*?).
Similar efficiencies are achieved for Co
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Figure 1. Estimated increase of global end-of-life Li-ion battery waste and production

and Li with HNO;*’*} and H,S0,.** ¢
The use of H,0, as a reducing agent,*’
................. > although not necessary for HCI leach-
ing, is featured in the studies exhibit-
ing the highest leaching efficiencies
for HNO; and H,SO,. Reducing agents
such as H,0,, which is the most com-
monly studied, reduce the oxidation
state of metals that, in their higher
oxidation states, exhibit poor solubil-
ity.*® The reduction of insoluble Co>*
to soluble Co?* is a common example.*’
Reducing agents have also been shown
to reduce the acid concentrations needed
for effective leaching.*

Leaching with mineral acids such
as those described above necessitates
careful management of health and
environmental hazards. Mineral acids

2040
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Figure 2. Process tree for typical battery recycling schemes.'?

are typically used at concentrations of 1 M and higher; these
concentrations pose acute safety risks and can lead to corro-
sion of infrastructure (e.g., metal pipes) if not appropriately

managed. The leaching process can produce hazardous gases,
including Cl,, NO,, and SO, when using HCI, HNO;, and
H,S0, for leaching, respectively.’’ The acid waste itself must
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be treated and disposed of properly; both safety measures
and necessary waste handling escalate the overall cost of
the recycling process and reduce the overall environmental
benefits.'?

Leaching with aqueous organic acids

Given the challenges associated with using strong mineral
acids for a process meant in part to reduce the detrimental
environmental impact of widespread battery use, organic
acids present potentially attractive alternatives. The first
reports using organic acids (citric,”' malic,’? oxalic,”* and
ascorbic®* acids) to recycle the valuable metals in spent bat-
teries were published at the outset of the previous decade.
Since then, the topic has received substantial attention, with
more than 300 studies having been published to date.>® These
acids present attractive alternatives to mineral acids due to
their competitive leaching efficiencies, potential for selectiv-
ity, 0> smaller environmental footprint, mild conditions (i.e.,
less corrosive to recycling hardware compared to inorganic
strong acids), and recyclability.

Citric acid is perhaps the most-studied example of this
class of leachants. At high concentrations (up to 3 M), it can
leach greater than 90% of Li, Co, Ni, and Mn from prepro-
cessed battery waste.’®%° Other well-studied organic acids
include malic,” tartaric,®' and oxalic acids,®” each of which
has shown high extents (>90%) of metal recovery. The
temperature dependence of leaching has been thoroughly
examined; optimal leaching temperatures, where kinetics are
rapid but decomposition of the hydrogen peroxide reducing
agent is avoided, tend to fall within the range of 70-90°C >

Despite the advantages offered by organic acid leaching
agents, they do present several drawbacks. The kinetics of
leaching with organic acids tend to be slower*®% than those
achievable with mineral acids. Furthermore, organic acids
typically exhibit incomplete acid dissociation, necessitating
large excesses relative to the battery metals being leached.
Finally, although inexpensive, organic acids are not currently
cost-competitive with mineral acids on a raw materials basis.>

Leaching with microorganisms (bioleaching)

More recently,®* bioleaching has been examined for battery
recycling.®® In bioleaching, microorganisms most commonly
utilize biochemical pathways to generate acids (biogenic
H,SO, or organic acids) to drive the dissolution of battery
metals in battery waste.® In the former case, H,SO, is pro-
duced by the microorganism aerobically through the reaction
of elemental sulfur with dioxygen and water.®® Organic acids
can be produced through bacterial metabolism of sugars; for
example, the aerobic oxidation of glucose to form citric acid.®’
Although bioleaching can be used to quite effectively recover
Li, efficiencies for recovering other battery metals are lower
than those achievable with mineral and organic acids.®® Fur-
thermore, the kinetics of bioleaching must be improved for this
process to enjoy commercial adoption.
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Recent advances in leaching battery metals
with organic molecules

Organic acids

There have been many publications concerning the most popu-
lar organic acids in the past few years.®® We highlight several
recent findings that further the potential of organic acids for
battery recycling.

First, the use of a sacrificial reducing agent, considered
critical in achieving high extents of metal leaching, was
shown recently to be potentially unnecessary in the pres-
ence of Al, which itself can act as a reducing agent under
battery metal leaching conditions.®® First shown for sulfuric
acid-containing leaching solvents,®’" the use of Al, which
is commonly the material used for battery current collectors,
was recently used in a citric acid-based leaching scheme.®®
However, citric acid can dissolve Co(III) as well as Co(II)
and thus does not require the use of a reducing agent;’' as
such, it would be beneficial to examine the use of Al as a
reducing agent more deeply. Doing so might obviate the need
for external sacrificial reducing agents and thereby improve
the recyclability of the leaching solution. We note that other
organic acids are capable of metal capture without reducing
agents. For example, a recent report showed that EDTA effec-
tively captures Ni, Co, and Mn directly from lithium-nickel-
cobalt-manganese oxide without the deliberate introduction
of a reducing agent.”

While we focus on leaching in this article, it bears men-
tioning that organic compounds can play important roles in
preprocessing steps. In a recent example, glycerol triacetate
was used to delaminate the cathode from its Al current collec-
tor by dissolving the PVDF binder, allowing the direct collec-
tion of the spent cathode and clean Al sheets.”® Spent cathode
material that is recovered directly can then be reprocessed and
used directly in new batteries, obviating the need to separate
its individual chemical constituents.'%"*

It has also been shown that the use of external stimuli
such as ultrasound or exposure to microwaves can improve
the kinetics of leaching with organic acids.””””” While these
approaches have promise in the laboratory scale, it remains
an open question as to how these processes might be used at
commercial scales and at costs low enough to be practically
adopted.

Deep eutectic solvents

Deep eutectic solvents can be broadly defined as mixtures of
organic compounds whose melting points are dramatically
reduced compared to those of their individual pure compo-
nents (Figure 3).5” A common example is the mixture of cho-
line chloride (ChCl; Figure 3) and urea. Individually, these
compounds have melting points of 302 and 133°C, respec-
tively. However, their combination in a 1:2 ChCl:urea mole
ratio results in a liquid with a melting point of 12°C, well
below room temperature.®! Upon their discovery, it was recog-
nized that these solvents were capable of dissolving metal salts
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Figure 3. Examples of compounds used in combination to form deep eutectic solvents.®

(e.g., LiC)®' and some metal oxides (e.g., Cu0).8"%? These
characteristics led naturally to the demonstration that deep
eutectic solvents could be used to recover metals from waste.®

A seminal report using a deep eutectic solvent for col-
lecting recycling metals from spent lithium-ion batteries
was published in 2019.3* In this work, the authors used a
ChCl:ethylene glycol deep eutectic solvent to leach cobalt and
lithium from LiCoO, directly from the battery electrode with-
out further preprocessing (e.g., heat treatment). After incu-
bating at 180°C for 24 h in the solvent and stirring, leaching
efficiencies of up to 90% for Li and 50% for Co were achieved.
Recovery of cobalt by electrodeposition and subsequent sol-
vent reuse was also demonstrated.

The notable leaching characteristics and recyclability of
ChCl:ethylene glycol drove substantial interest in examining
deep eutectic solvents for Li-ion battery recycling.®>%¢ Of
these solvent systems, leaching efficiencies approaching 100%
at elevated temperatures (above 90°C) have been achieved.?’
Recent studies have explored deep eutectic solvents for selec-
tive leaching®®® and post-leaching metal separation,”®*! and

the mechanisms by which these solvents operate have begun
to receive some attention as well.”>%*

Although they have many attractive characteristics for
battery recycling, deep eutectic solvents also face chal-
lenges before being practical for industrial-scale implementa-
tion. Their viscosities can range from approximately 50°° to
10,0008 x that of water.”® Other potential challenges include
thermal and chemical stability, recyclability, and cost,”” among
others—these are described in detail in a recent report by
Neguse et al.”®

The next battle: Separation

Once metals are leached from battery waste into solution,
they are typically separated and isolated as solids capable of
reuse (noting that direct cathode recycling is also an impor-
tant and active area of research, reviewed elsewhere’**%-10"),
Such separation schemes vary widely—they range from col-
lection of mixed products useful for applications with less
stringent materials requirements (e.g., catalysis,'°>!%%) to
recovery of purified metals'*!'% or metal salts.'’® Where
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organic molecules are used to leach metals, the most common
methods used to subsequently separate those metals are salt
precipitation®® and liquid—liquid extraction.'?’

In precipitation, solubility differences in metal salts are
used to precipitate and separate individual cationic compo-
nents of the leachate solution. Typical examples are using
oxalic acid to preferentially induce the precipitation of Co
(as the oxalate salt),®? using sodium carbonate to induce the
precipitation of Li (as the carbonate salt),'”® and the use of
potassium permanganate to induce the precipitation of Mn (as
the tetravalent oxide).*?

In liquid-liquid extraction, coordinating organic molecules
are dissolved in a solvent immiscible with the (typically aqueous)
leachate phase (e.g., kerosene). The two immiscible solutions
are placed in contact with one another; differences in metal-ion
partitioning between the phases can be large enough to selec-
tively capture ions of one identity (e.g., migration of Co*" into
the organic phase with Li" remaining in the aqueous phase®).

An underexplored area for post-leaching separation of bat-
tery metals is the use of sorbents. Lithium ions have been sepa-
rated from mixtures containing other transition metals with
lithium-selective chemisorbents'® (e.g., lithium-ion sieves''”).
A recent study has shown that a bismuth metal-organic frame-
work is capable of selectively adsorbing Ni?* from a Ni**- and
Co**-containing solution.'!! Computation suggested that ion
differentiation was achieved through differences in the solva-
tion sphere of the adsorbed species within the MOF.

We briefly mention that electrodeposition has received
some attention as a means to collect valuable metals after
leaching. This technique has primarily been used after leach-
ing by traditional means (i.e., mineral acids).!%!12-114 we
note that electrodeposition from multicomponent mixtures
can lead to codeposition. In this respect, mixtures of cobalt
and nickel present a particularly challenging case.''*!"> Using
strongly coordinating organic acids to leach metals from bat-
tery waste may also provide a means by which to differentiate
their electrochemical deposition windows'!'®—to our knowl-
edge, this concept has not been exploited for post-leaching
separation.

Outstanding questions
Although the recycling of lithium-ion batteries already
enjoys industrial-scale implementation,'>?1117-118 these
industrial processes leave much room for improvement. The
use of organic molecules for metal leaching might obviate
the need for mineral acid processing and therefore substan-
tially improve the sustainability of the battery recycling pro-
cess (and ultimately, the battery life cycle itself). However,
while many creative approaches to organic-derived leaching
solutions have been disclosed, and many more are antici-
pated, we wish to present here our own perspective of the
most pressing needs and where academic laboratories might
best contribute.

First and foremost, there is no agreed-upon standard for
leaching conditions. This is a natural occurrence stemming
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from the wide variety of potential conditions that might be
optimal for particular battery waste compositions and form
factors. However, this presents a challenge for the academic:
is it possible to rationally compare the efficacies of different
compounds used in leaching based on reports using such dis-
parate inputs (ranging from pure cathode materials to commer-
cial battery waste) and varied leaching agents (organic acids,
neutral organic chelating agents, etc.)? And even for a given
set of conditions (chemical identity of the leaching agent, con-
centration, temperature, time, etc.), when battery waste is so
varied, are data such as extent of leaching meaningful? Given
the uncertainty associated with transitioning recycling pro-
cesses from laboratory scale to factory scale, it is our view that
the academician may contribute most effectively by focusing
on mechanistic insight and leachant discovery, rather than on
the optimization of a process that might be carried out under
quite different conditions at larger scales.

Questions that we find surprisingly understudied, despite a
rather copious literature, are:

1. Do the constituents of battery waste interfere with or
enhance dissolution of battery metals into leaching solu-
tions, and if so, how? This question can be investigated by
examining dissolution behavior in the presence or absence
of the expected components of battery waste (e.g., studying
the dissolution of Co in Co oxides versus that of LiCoO,
to determine how lithium itself might or might not play a
role in enhancing or reducing Co dissolution). Given the
large number of possible chemistries that may make up
battery waste, we believe this area is ripe for exploration.

2. To what extent, if any, do redox processes play during
dissolution? For example, it has been often shown that
Co(III) is challenging to dissolve, and that a reducing
agent (typically hydrogen peroxide) enhances its disso-
lution. Several organic reducing agents have also been
examined to this end.!"*"'>2 However, while dissolution
rates and extents improve with the presence of a reducing
agent, the fate of the reductant is rarely monitored.

3. What is the role, if any, of dioxygen (O,) on metal recov-
ery? Industrial processes can often be carried out under
anaerobic conditions;?® given the potential reactivity (and
redox reactivity) of dioxygen and thus potential influence
on metal recycling outcomes, this is an important and
underexplored question.

4. The speciation of metals in leaching solutions is not well
understood. Although there are notable studies attempt-
ing to address this question,'?* the multitudes of possible
solution compositions beg for deeper scrutiny. Knowledge
of metal speciation in solution, for example, might aid in
extracting and purifying those metals via precipitation,
electrochemistry, etc.

5. Can the leaching solution be recycled? Many studies focus
on metal recycling alone, but a truly sustainable process
would involve a recyclable leaching solution. This is
of special importance given the often-unstudied fate of
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reductants used during the leaching process. The reuse of
leaching solutions should be investigated as a key compo-
nent in studies focused on the discovery of new leaching
and separation processes.

6. Studies focused on leaching with organic molecules often
provide less attention to post-leaching separation of valu-
able metals. This is a particularly important and difficult
problem to solve, especially where mixed battery wastes
are concerned (Li-ion batteries can possess cathodes of
substantially different cathode chemistries'>*). The appro-
priate metal separation process necessarily depends on the
leachant solution composition, but leaching and separa-
tion are often studied independently. Hence, there is much
to be learned about the relationship between metal specia-
tion in the leachate and chemistries needed to collect these
metals in pure or pure salt forms.

7. Finally, while we focus here on battery waste, this is by no
means the only waste that contains valuable and recover-
able metals. By focusing on optimization of a particu-
lar combination of battery waste composition, leaching
agent(s), and other experimental conditions, the scope of
the work narrows. Going “back to basics” and studying
the solution and interfacial chemistry that drives metal
dissolution may provide substantial benefits not only to
the recycling of lithium-ion batteries, but to broader recy-
cling goals and even industries such as mineral extrac-
tion, where harsh acid leachants'?® could potentially be
replaced with more benign alternatives.

Summary

Approximately 250 tons of lithium ore are needed to make 1
ton of new lithium-ion battery, whereas it only takes 28 tons
of recycled lithium-ion battery to generate 1 ton of new bat-
tery.!?® Yet, industrial battery production is reliant on using
fresh ore or brine for sources of lithium as well as the other
precious metal components of the LIBs. As we have reviewed
here, extensive work has been undertaken toward turning the
recycling of LIBs into an environmentally and economically
sustainable alternative to the mining of ore. However, there
are remaining questions that must be addressed. As laid out
in this perspective, the charge lies with the academician to
discover the fundamental principles that govern the challenges
of LIB recycling (solubility, partitioning, etc.), while exploring
alternatives to traditional approaches (e.g., mineral acids and
high-temperature pyrolysis). Investment in basic science and
fundamental research can then lead to innovation from both
academic and industrial laboratories alike. Global reliance on
LIBs is not diminishing. As such, establishing the sustainabil-
ity of LIBs is a necessity. Thankfully, with the appropriate
investment of resources, it is within reach.
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