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The present review describes electrochemical methods for the recovery of chemical feedstocks from
waste materials. We emphasize the use of electrical current, fields, and controlled potentials as sustainable,
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scalable solutions to impending societal challenges such as materials recycling and the management of
solid wastes. This review focuses on two facets of electrochemical recycling: (1) the recovery of critical raw
DOI: 10.1039/d0ma00689k materials from wastes that would otherwise be destined for landfills and (2) the recycling and upcycling of

waste polymer streams. This review describes both technological processes and current research with the
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1. Introduction to the circular
economy

The current industrial model can be described as a linear sequence
of take-make-waste activities. The model assumes that the
resources and regenerative capabilities of the earth are infinite
(Fig. 1)." While the “throw-away” model has been financially
beneficial to many companies, which have benefited by producing
and selling increasingly short-lived products, it has damaged the
environment by requiring that valuable resources be continuously
extracted. This causes an increase in waste generation and
landfilling. Additionally, the benefits of the linear model are
waning as pollution and required landfilling areas increase,
resources become depleted, and many crucial materials become
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goal of catalyzing understanding towards the mining of valuable materials from complex wastes.

increasingly scarce. Despite the hazards of a linear economy, it
is still overwhelmingly the model in practice and estimates
indicate that at least a third of items purchased by consumers
are discarded as waste within only 6 months.?

A proposed alternative to the linear economy is the circular
economy, which aims for a total restructuring of design, consump-
tion, and waste. The three main principles of the circular economy
are designing out waste and pollution, keeping products and
materials in use for as long as possible, and regenerating natural
systems.® Essentially, in a circular economy, products are designed
both to last longer and to use less material in the first place. Part
of the design process is also dedicated to creating a plan for
refurbishing and recycling end-of-life products that still contain
useful materials or components (Fig. 1).

A circular economy based on recycling requires the redesign
of many products to be more recycle-friendly, as items like
textiles and plastics decrease in quality after undergoing the
recycling process. These materials can be combusted to extract
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Fig. 1 Depiction of the linear vs. circular economy.

energy, but the combustion process releases pollutants and
leads to losses in labor costs, materials, and energy that went
into the manufacturing of the product. While recycling is an
improvement over energy recovery from combustion, it is not
currently an optimal solution as not everything can be recycled.
Therefore, we posit that the development of new methods for
the recycling of products already being manufactured on scale
could enable a circular economy for the materials used. Such
methods should target processes that can re- or upcycle complex,
mixed end-use materials, such as those containing both organic
polymers and metals.

It is estimated that the circular economy will be worth around
$4.5 trillion globally by 2030." Research directed to the low-cost
“mining” of valuable chemicals from waste can lead to financial
benefits, as well as the obvious environmental advantages
associated with less waste production and less demand for
resource extraction. Additionally, as materials could be retrieved
from discarded products on a large scale, this approach reduces
the probability of permanently running out of high-demand
materials.
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2. Waste as a source of valuable
materials

To meet challenges related to resource conservation, manufacturing
costs, and performance limitations across the technology landscape,
innovative manufacturing methods based on electrochemistry are
needed.* However, current research efforts have little emphasis on
the advancement of technologies for the recovery of molecular and
metallic materials from solid wastes, rather than de novo specialty
chemical synthesis or production of virgin commodity chemicals.

Methods of recovering and reusing chemical building blocks
from waste materials represent a sustainable chemical route to
a circular economy taking advantage of pre-existing linear
manufacturing chains. The purpose of this review is to high-
light electrochemical technology and current research related
to such processes in the context of recovery of (1) critical raw
metallic materials from solid waste and (2) valuable organic
building blocks from polymer waste. These methods, deployed
in tandem onto a single waste stream, can produce high dollar
recycled feedstocks from discarded materials and pave the way
toward enabling circularity in our currently linear economic
chains. Additionally, chemical conversion technologies based
on electricity benefit from the development of low-cost solar
and wind energy, providing additional financial and environ-
mental incentives.”

Although many types of waste, including polymer waste,
suffer from a dearth of established electrochemical recycling
methods, other areas of electrochemical recycling have proven
track records of success. As discussed below, certain critical raw
materials successfully undergo industrial-scale electrochemical
recycling. Electrochemical methods have also proven valuable
in the recycling of carbon dioxide, a waste gas with deleterious
environmental effects.® In these processes, CO, is electrochemically
converted to useful value-added materials such as hydrocarbons’
and alcohols.® Despite challenges in interfacing capture technology
with conversion chemistries, the immense progress in the realm
of electrochemical CO, recycling has enabled some of these
research efforts to be implemented on a commercial scale.”'°
With such established success for recycling varied gas waste
streams, electrochemical methods present a promising avenue
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for further progress toward a circular economy related to solid
wastes. The present text seeks to highlight some mature
technologies for electrochemical solid waste recycling as well
as some emergent strategies in the research arena.

3. What are critical raw materials
(CRMs)?

Many modern technologies rely on minerals and metals sourced
from around the world. Although not always in the public eye,
some of these minerals are critical for the manufacturing of
items necessary for everyday life.'* Steel, for example, may
contain nickel, copper, chromium, aluminum, tungsten, molyb-
denum, cobalt, and vanadium depending on the specific steel
alloy. Many other products and technologies rely heavily on one
or more minerals, such as gallium for backlighting in TVs
and phones, graphite for rechargeable battery electrodes, and
cobalt for smart phone batteries. Although some minerals are
abundant and easily sourced domestically, others with less
certain procurement are positioned to severely impact the
United States industry, economy, and military if they become
scarcer or even unobtainable.

Due to this fact, organizations in the U.S. maintain lists of
critical minerals, which are minerals that are important for
technologies and for which supply chains may be at risk due
to factors such as high import reliance. The United States
Geological Survey (USGS) currently lists 33 mineral commodities
as being critical to the economy and nation while the National
Defense Stockpile (NDS) maintains a collection of 38 minerals
deemed critical to defense efforts. With information collected
from various sources including the USGS, the Department of the
Interior periodically releases an updated list of critical minerals.
The list from 2018 includes 35 minerals."?

The history of the critical minerals list begins with establish-
ment of the NDS, which began in 1939 through the execution of
the Strategic Materials Act. The act authorized funding
for purchasing strategic and critical materials for wartime
production. The first acquisitions in 1940 included chromite,
manganese, and tin. The list has evolved over time in response
to changing technologies. In 1993, 44 materials in excess or
considered obsolete were sold off to the private sector including
aluminum, cobalt, nickel, and silver. Today the U.S. stockpile
contains thirty-seven materials with a value of $1.152 billion."
A 2014 congressional act determined the need to acquire rare
earth elements (REEs) and to determine better ways of recycling
REEs from scrap and waste. In 2017, an executive order
officially defined a “critical mineral” as being a non-fuel which
is essential to economic and national security, which has an
at-risk supply chain, and which would cause harm to the nation
if supply was disrupted.”® The Department of the Interior and
USGS then, as part of the executive order, published the current
list of 35 minerals.'?

One of the driving forces behind changes in the list is the
development of new technologies, including green technologies,
and the change in demand for minerals based on those

© 2021 The Author(s). Published by the Royal Society of Chemistry
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developments. This can mean either increased demand, leading
to new critical designation for materials that previously were not
critical, or decreased demand, causing a mineral to lose its critical
status. Recent changes in demand that may affect the future of the
list include: decreased demand for aluminum, chromium, manga-
nese, platinum, rare earth elements, titanium, and tantalum; slowly
increasing demand for lithium, germanium, and graphite; and
rapidly growing demand for tellurium, niobium, and indium.™
Additionally, the U.S. has a high import reliance for materials like
yttrium, gallium, magnesium metal, tungsten, bismuth, and rare
earth elements, which could be a security risk and cause concerns
with the supply chain in the future."*

An increase in mining and other extraction techniques
worldwide would increase the availability of certain critical
minerals, but these operations would require time and capital
and are tied to concerns about ethical labor and environmental
impact. Additionally, several critical minerals are not mined in
pure form but as a mixture with other minerals, thus raising the
level of complexity of their collection and use. Finally, although
not a requirement for critical mineral status, several of these
minerals are geologically scarce, and global resources may be
depleted especially with increased consumption. Thus, recovery
and recycling of the minerals from secondary sources is a
priority to supply minerals and reduce the pollution caused
by disposal.

Several types of non-electrochemical CRM recycling methods
are used. Pyrometallurgy and hydrometallurgy are the two most
common. Pyrometallurgy primarily uses heat to extract metals,
requiring high energy costs, while hydrometallurgy produces
aqueous solutions from which the metals are extracted, but
produces hazardous chemical waste. These processes are usually
followed by a refining process which can also be pyrometallurgi-
cal or hydrometallurgical in nature with the addition of electro-
chemical methods. Although less common, electrochemical
extraction methods have also been studied. Electrochemistry
offers a green alternative to many techniques, as it uses electrons,
a potentially “green reactant,” and can avoid pollution and waste.
This discussion focuses on technical aspects related to the use of
electrochemical methods for the recycling of certain critical
metallic minerals, using the Department of the Interior’s 2018
final list as the primary indicator of criticality.'” The discussion
on minerals is ordered by price as shown in Table 1, with
manganese as the cheapest of the minerals by weight and gallium
as the most expensive. Pricing is not, however, indicative of the
magnitude of consumption and discarding, as the scales of use
and recycling are independent from price. A brief discussion of
common terminology and techniques is provided below.

3.1 Glossary of terms

Throughout the following sections of this manuscript some
possibly unfamiliar terms will be used, which are defined here
for convenience. The term ‘“apparent consumption” is defined
by the USGS as in eqn (1).

Apparent Consumption = Production + Imports — Exports

+ (Stock Change) (1)

Mater. Adv, 2021, 2, M3-1138 | 1115
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Critical mineral Mineral form and/or price type”

Price” ($ per Ib)

Manganese 46-48% Mn metallurgical ore, cost, insurance, and freight U.S. ports 0.003252
Aluminum Ingot, average U.S. market (spot) 1.147
Antimony Metal average 3.88
Titanium Titanium sponge metal 4.173
Chromium Metal 5.146
Lithium Battery grade lithium carbonate 7.711
Cobalt U.S. spot, cathode 37.43
Indium New York dealer 170.1
Gallium High-purity, refined 230.4

“ Prices for mineral forms and price types were obtained from the USGS Mineral Commodities Summaries 2020 and converted to $ per Ib."*

Old scrap refers to scrap from items that have been used by a
consumer. In contrast, new scrap is material leftover from the
manufacturing process. New scrap tends to be easier to recycle,
particularly for metals, while old scrap is usually a more
complicated mixture and has more contaminants.

Superalloys are alloys with increased strength, temperature
resistance, and anti-corrosion properties specifically for use in
extreme applications such as jet engines. Superalloys are rarely
recycled outside of limited new scrap recycling conducted by
manufacturers. Additionally, recycling of superalloys through
pyrometallurgy, hydrometallurgy, or a combination often
results in a loss of material up to 20%."°

3.2 Overview of electrochemical recycling techniques for CRM
recovery

Some of the minerals in the CRM lists have few to no methods
of recycling in active, large-scale use such as the antimony used
in flame retardants'® or gallium in LEDs and solar cells."* For
others, established recycling practices are usually included in
the two categories of pyrometallurgy and hydrometallurgy which
require high temperatures or hazardous solvents. Electrochemistry
is a green alternative to many of these techniques and can recover
materials from complex critical mineral mixtures for which tradi-
tional methods, such as hydrometallurgy and pyrometallurgy, are
less effective or non-existent. For example, techniques such as
slurry electrolysis'”*® and electrodeposition'®?° have been used
to collect minerals like manganese, aluminum, and antimony
from complex mixtures. Because many metal ions have different
deposition voltages, electrochemical techniques can success-
fully separate mixed wastes containing a variety of metal ions,
presenting an advantage over techniques that are sensitive to
other metal ion content. Additionally, combining electrochemical
methods with some selective chemical deposition can further
improve selectivity toward certain metal ions. Especially when
used in combination, these two methods may help with the
separation and purification of products. Similarly, electrical
fields can be used to collect indium from indium tin oxide on
broken glass substrate. Continued developments in these types
of methods are necessary. Of special interest are methods
that can retrieve valuable products out of end-product wastes
that combine both metallic and organic components. Electro-
chemistry is therefore uniquely poised to address some of the
complexity challenges associated with mixed wastes, but the

M6 | Mater. Adv, 2021, 2, M3-1138

field of electrochemical methods for the recovery of organic
materials remains in its infancy. This section highlights mature
technological recycling methodologies in the field of CRMs that
may cross-pollinate interest in the field of mining organic
materials from complex mixtures. A summary of electrochemical
recycling techniques for the CRMs discussed in this section is
offered in Table 2.

3.3 Common techniques

Some common electrochemical techniques applicable to CRM
recycling are briefly defined below for brevity in later discussions.
e Electrostatic separation applies constant currents to two
electrodes. The difference in electrical conductivity of materials
(metal and non-metal) leads to separation of materials.>*

¢ Electrodeposition is the use of electric current to deposit
solid metal on the cathode of an electrochemical system.

e Electrocoagulation is used to produce metal ions in
solution simultaneously with the generation of hydroxyl groups
and hydrogen gas. Electrons affect the charges of suspended
solid and oils. These species all coagulate to form flocs which
can then be removed from solution and processed.

e Electrodialysis (ED) uses ion-exchange membranes and
electrical driving forces to transport aqueous ions, such as trans-
porting cations into catholyte and restricting the flow of anions.

e Electrochemical ion exchange is a combination of electro-
dialysis and ion exchange.””

e Electro-electrodialysis (EED) combines electrolysis and
ED, allowing the separation of ions from solutions and then
regeneration of oxidation or ionic forms through electrolysis.”?

e Electrodeionization is set up similarly to electrodialysis
but uses ion-exchange resins in the dilute compartment.>?

e Electroflotation uses uniform and tiny bubbles of hydrogen
and oxygen generated by water splitting to cause the flotation of all
solid particles in a solution, thus enabling the easy removal of
solids. Electroflotation produces smaller bubbles compared to other
flotation techniques, can be placed to cover the entirety of tanks, is
safe to use, and produces easily monitored visible results.>*

e Slurry electrolysis is a method which can convert solid
metal-containing particles first by anodic electrodissolution
followed by electrodeposition.”

3.3.1 Manganese

Sources and uses. Although not a geologically scarce mineral,*
90% of its production'* is for in metallurgical applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrochemical methods for the recycling of critical raw materials: strengths and weaknesses

Material Experimental conditions Methods and strengths Weaknesses of methods Notes on applications on scale

Manganese®>*®* MnO, can be produced by Electrodeposition: offers Chemical recovery methods American Manganese Inc.
cyclic voltammetry in 1 M enhanced control over primarily result in manganese (hydrometallurgical followed

Na,S0,** from the cathodes of morphology®
spent Zn-C batteries

Electrodeposition: electrolytic ~ Slurry electrolysis: allows for a
manganese can be obtained by one-pot extraction without the
treating manganese ore or need for prior leaching steps,
scrap at high temperature to  usually at room temperature and
obtain MnO that can then be closely related to production of
subjected to cathodic conditions electrolytic manganese

to deposit Mn metal. The Mn

flakes produced are then

annealed at 500 °C*

Aluminum?®?®  Electrodeposition: 98% pure  Electrolysis/electrodeposition:
aluminum, 103 °C, 1.0-1.8 V, can separate aluminum from
chloroaluminate ionic liquid, more complex mixtures and
3.2-6.7 kW h kg™ 3° alloys than traditional recycling
does; also faster than the
shredding, grinding, melting
process; room temperature in

Electrodeposition: energy some cases

consumption of

~2 kW h kg-Al"*?°

Antimony'®*!  Electrodeposition: 4 hours to  Electrodeposition: antimony
recover antimony from 200 mL separation from lead-acid
of solution at 3500 mg L ™" accumulator solution does not
concentration®! at 3 V applied require any additives or
potential electrolyte'®
409 kW h kg™ ' energy cost at
high concentrations™*

Titanium®*** 3 V applied to HCI solution.  Electrodeposition: separation/
Metal ions are produced and  recycling of complex mixtures
Al and Ti can be recovered and alloys possible
simultaneously from aircraft
parts. 138 kg of Ti per ton of  Electrochemical honing:
aircraft scrap after electro- allows automobile/aircraft
deposition and resmelting®®  parts to be reused repeatedly

while still maintaining

high quality. Room
temperature, no additives
necessary’> >

Can help counter unwanted
oxidation from other methods
Production of 10 tons of
titanium metal involves a
process that requires 10 days
at 950 °C, therefore its
recycling is considerably
financially and resource
advantageous®”

Chromium®>?*  Electroflotation for collection Electrodialysis: achieves 70%

of chromium from wastewater: reduction in water consumption
1kWwhm>* and 80% reduction in chromium
loss on pilot plant scale®

EIX: 98.82% removal, 12.5 V,
72.39 kW h kg~ ' *?

© 2021 The Author(s). Published by the Royal Society of Chemistry

oxides by electrowinning/electro-
deposition) - in September
2020 processed 292 kg of

Electrodeposition: unwanted  Li-ion battery cathode material

side products observed when  per day (pilot plant)*® - aiming

undivided electrolysis cells are for 3 tons per day;*® manganese

used (undesired oxidation in  recovered in this process

the case of Mn>* to Mn** being

an example)

Electrodeposition: the

production of electrolytic

Mn requires removal of

contaminants by steps such

as precipitation with H,S

and processing at high

temperatures
Electrodeposition: traditional ~Remelting of pure Al scrap is
recycling for aluminum an efficient process that is

already uses very little energy more cost effective than the
with high quality and purity  electrolytic production,
product. It does require HCl or ~5% of the cost
chloroaluminate ionic liquids

for the case of aluminum.

Some conditions require

103 °C, which is still lower

than smelting temperatures

but higher than ideal

Electrodeposition in Used as part of a
hydrometallurgical recycling:  hydrometallurgical process
requires leaching with H,SO,4, (electrodeposition) on

corrosive industrial scale
Electrochemical methods Used in production
for separation still must be electrorefining

followed by resmelting

Current electrochemical
methods applied on scale are
not efficient in high-O-content
Ti scrap. Kang reported an
electrochemical deoxygenation
process that is able to circumvent
this obstacle, but the process has
yet to be adopted on scale®®
Chemical recycling methods
downcycle the Ti scrap to

ferrotitanium

Electrodeposition: not as Poeton industries uses
efficient and electrocoagulation electrodialysis stock in
or electroflotation and also factory*®

more costly

Electrodeposition: typically
used to collect pure chromium
but more often to remove it
from wastewater and reuse it

Mater. Adv, 2021, 2, M3-1138 | M7
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Table 2 (continued)
Material Experimental conditions Methods and strengths Weaknesses of methods Notes on applications on scale

Lithium*®?” Electrodialysis: 88% yield
produces lithium carbonate is rarely recycled so any
that meets national standard®”

Electrodialysis method: need
lithium salts >95% purity,

80% extraction efficiency'®

Slurry electrolysis: 99%

efficient for electro-leaching,
62-77% current efficiency for
electrodeposition step*®

Cobalt*®*° Electrodeposition: of Electrodeposition: cobalt
lithium-ion battery scrap. can be recovered from old
Up to 96.90% charge batteries, even though
efficiency. 1 V vs. Ag/AgCI*®
been phased into main uses
Electrodeposition: —0.9, —1.1,
and —1.2 V vs. Ag/AgCl all
used®
Indium*>*! Electrodeposition: 98.1 4 2.5%
recovery of indium from can be removed from broken
CIGS™" after selenium recovery
intact, no use of additives,
solvents, otherwise*®
Gallium*' Electrodeposition potentials  Electrodeposition: can

for gallium do not lead to the
deposition of metallic forms,
although separation from
other metals is achieved

There is no substitute for Mn in these applications.”” As a
consequence its supply chain is susceptible to disruptions.
Manganese is therefore considered critical by several countries,
particularly because of its use in steels, superalloys, dry cell
batteries, and clean energy technologies.'"'*'*** Recessions in
2001 and 2008 caused delays in mining and processing capacity
expansions, which affected manganese supply.'’ This was
especially impactful on the U.S. because of a 100% import
reliance with the main supply coming from South Africa, Gabon,
Australia, and Georgia. South Africa has about 74% of the world’s
identified manganese resources. Although manganese is not
recycled on its own, it is incidentally recycled along with metal
scrap and can be recovered from steel slag.™*

Manganese is stockpiled in three forms: metallurgical grade
manganese ore, high carbon ferromanganese, and electrolytic
manganese metal.'* Electrolytic manganese metal is 99.9% pure
manganese metal made by roasting manganese ore to obtain MnO
calcine, dissolving in sulfuric acid, precipitating contaminants
using hydrogen sulfide, and finally depositing manganese metal
using an electrolytic cell. The flakes removed from the cathode of
the electrolytic cell are then heated to 500 °C, which produces
electrolytic manganese powder.”” Electrolytic manganese was
added to the NDS in 2019."* Although recycling manganese
outside of metal alloy scrap is not common, it has been
recovered from batteries using thermal treatments and
chemical methods on a laboratory scale.**™*¢

Electrochemical recycling methods. Manganese is used in
zinc-carbon batteries, which are dry cell batteries commonly
used in households as non-rechargeable batteries. Ali et al.

M8 | Mater. Adv, 2021, 2, 1M3-1138

With a few exceptions, lithium High cost of electrodialysis

techniques electrochemical or
chemical are at the forefront of

lithium-ion batteries have now still need to be treated at

Electrostatic: room temperature, Electrochemical methods that

substrate or can leave substrate from substrate layers are

separate gallium from CIGS™

American Manganese Inc.
(hydrometallurgical followed
by electrowinning/electro-
deposition): 292 kg of Li-ion
battery cathode material per
day (pilot plant)®*® - aiming for
3 tonne per day;*® lithium is
recovered in this process

Electrodeposition from super-
alloys does require 70 °C;
electrodeposited cobalt would

American Manganese Inc.
(hydrometallurgical followed
by electrowinning/electro-
deposition): 292 kg of Li-ion
battery cathode material per
day (pilot plant)*® - aiming for
3 tonne per day;*® cobalt is
recovered in this process
Potential for electrochemical
methods for Indium recycling
exists; no known pilot scale
systems exist

300 °C to get Co;0, to be
used in lithium-ion battery
cathodes again®”

rely on delamination of ITO

incompatible with broken
samples

Gallium is left in solution and
will need other methods to
deposit it

No methods known to recycle
Ga out of old scrap, but some
recent reports indicate that
new scrap has been recycled,
but not electrochemically'*

used cyclic voltammetry scanning in 1 M Na,SO, to prepare
MnO, nanoflowers from the cathode powder (containing
Mn;0,) of such spent batteries. This manganese oxide can find
reuse in supercapacitors.”> Manganese from spent Zn-MnO,,
mainly Mn;0, and o-MnO,, can also be recovered by precipitation
followed by electrodeposition and anodization. The charge
efficiency achieved 85% for the electrodeposition process but
the anodic process is much less efficient due to the undesired
oxidation of Mn** to Mn®>".*”

Recovery from nickel metal hydride batteries produced
Mn;0, via electrodeposition at —1.1 V vs. Ag/AgCl and a charge
density of —90 C cm™? (Scheme 1).*® Manganese is a component
in lithium-ion battery cathodes as well and can be collected
using slurry electrolysis. An example of such a process recovered
MnO, with an electro-leaching efficiency of 92% and a 62-77%
current efficiency.'®

Outlook. The possibility of a disrupted supply chain combined
with the lack of recycling methods render developments in
manganese recycling essential for the future. Electrochemistry
is already used industrially for the production of pure electrolytic
manganese, suggesting that it is a viable option for the recovery
and refining of manganese. This is also demonstrated by the use
of electrochemistry, primarily electrodeposition-based techniques,
to recover manganese from battery cathodes often in tandem with
the collection of other materials, increasing the cost-effectiveness.

Currently, American Manganese Inc. is scaling up a recycling
process for Li-ion battery cathodes which include manganese.
Although the extraction and separation are primarily hydro-
metallurgical, electrodeposition is used for the final separation
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