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Long-loop recycling of spent lithium-ion batteries is neither sustainable nor economical at scale. In the
absence of design-to-recycle initiatives taken up by cell manufacturers, even for batteries produced
today, all-in-one shredding processes are the only practical option to achieve circularity of critical
materials. Shredding lithium-ion batteries ultimately produces ‘black mass’ — a low-value commodity
comprising a mixture of graphite from the anode and lithium metal oxides from the cathode. Recovery
of valuable metals such as cobalt and nickel from black mass using energy-intensive pyro- and hydro-
metallurgy processes inevitably destroys the crystalline structure of lithium metal oxides and thus
requires further resynthesis of battery material upon isolation and purification. This study presents an
efficient process for direct separation of graphite and lithium metal oxides from numerous sources of
black mass by utilizing a meta-stable oil-in-water emulsion. The purification of black mass is facilitated
by one minute of high-power ultrasonic agitation followed by sieve separation, whereby the ultrasonic

process enabling purification requires ca. 1% of the energy for heat removal of the binder. The separation
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Accepted 30th January 2025 exploits the disparity in hydrophobicity between graphite and lithium metal oxides, with ultrasonic

energy enhancing the efficacy of the process to allow separation of cathode and anode counterparts
with purity as high as 96% within minutes of operation. This innovative approach offers a promising
solution for short-loop recycling of lithium-ion battery black mass.
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Sustainability spotlight

Amidst the global rise in electrifying transportation to meet net zero goals, there are over 10 billion active mobile phones, laptops and tablets worldwide powered
by various lithium battery chemistries waiting to be recycled when they reach their end-of-life. However, the lack of regulations means lithium-ion battery packs
are not designed for recycling. Recovery of valuable metals from recycled lithium-ion battery black mass involves smelting and/or the use of a highly corrosive
leachate to re-extract valuable metals. In this work, we circumvent the aforementioned long-loop material recovery via direct purification of black mass using 1%

(cc)

vegetable oil-in-water and short bursts of ultrasonic agitation. This low-cost separation approach enables short-loop recycling of lithium-ion batteries.

The widespread adoption of lithium-ion batteries (LIBs) in
energy storage systems and powering transportation is a global
effort to slow climate change via sustainable technologies. In
addition to the estimated 40 million electric vehicles (EVs)
globally, there are approximately 10 billion active mobile
phones, laptops and tablets worldwide," all powered by various
LIB chemistries.”? Demand for LIBs is increasing rapidly driven,
in part, by legislation to decarbonise transport. In the UK alone,
it has been estimated that a stockpile of ca. 70 000-106 000 units
of obsolete end-of-first-life EV batteries are waiting to be recy-
cled in 2025, and by 2028, 16 650 tonnes of EV batteries will
need to be recycled.* For LIBs to become a sustainable tech-
nology, the recycling capacity of LIBs will need to scale with the
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rate of production before batteries produced today reach their
end-of-life, which is typically 8-10 years after market entry.>®

The major challenge facing all LIB recyclers is the low profit-
margin for recycling resulting from the complex pack design.
Battery pack dismantling is labour-intensive and hazardous.
For recycling LIBs to be profitable with current processing
methods, the operational cost for recyclers needs to be within
$2-6 per kilogram of the spent battery, without accounting for
labour costs and assuming a gate fee-free process.® The road-
map for lithium-ion and other battery technologies to achieve
a sustainable circular economy is not without challenges, as
detailed elsewhere.”

LIB recycling usually starts by shredding cells to facilitate the
removal of inactive constituents such as copper, aluminium,
and polymer separators via sieving, winnowing, magnetic
separation, and other methods. This processing leaves behind
the active components—graphite and lithium metal oxides—
forming what is known as ‘black mass’.®? Processing steps are
illustrated in Fig. 1a. The quality and thus the value of black

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00771a&domain=pdf&date_stamp=2025-02-28
http://orcid.org/0000-0003-0581-1462
http://orcid.org/0000-0003-2803-6884
http://orcid.org/0000-0001-9556-8341
http://orcid.org/0000-0001-8829-5883
https://doi.org/10.1039/d4su00771a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00771a
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003003

Open Access Article. Published on 31 January 2025. Downloaded on 2/16/2026 9:32:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Collection

@
End-of-life EV
batteries

Discharging

N

Energy Recovery

a)

b)
Froth Flotation \)

Graphite
° e » 9 »
. o
SEe e o
-« » Sae \
Jod b 4 4
L

Smelting

Separation of
graphite and NMC

Dismantling Shredding/S
S @
:-—-;:) T

Manual Labour or
Automatic

Pyrometallurgy

ab == o

View Article Online

RSC Sustainability

[ 4

”~

Wi
D,

L

Aluminium, Plastic,
Electrolyte, Copper

downstream
\ooTon

Hydrometallurgy
Gasses \
. = 8

Leaching

Transportation

&

Extraction/

Ni, Co, Mn Precipitation

alloys

Recovered metal
salts/compounds

Slag

Fig. 1 Typical recycling pipeline for end-of-life EVs. (a) Shredding process of an end-of-life EV involving transportation, discharging and
dismantling of battery cells from packs. (b) Subsequent processing of black mass with froth flotation, pyrometallurgy and hydrometallurgy.

mass at the end of a typical recycling pipeline is highly depen-
dent on the purity of black mass and the overall nickel and
cobalt content. Black mass is usually sold as a low-cost
commodity to hydrometallurgical downstream processes, as
shown in Fig. 1b, where valuable metals are reprocessed by
either pyrolytically burning off the graphite or dissolving the
lithium metal oxide to eventually recover a mixed metal alloy
containing Ni, Cu and Co or metal leachates.”’® The cathode
active material crystallinity is destroyed during the black-mass
purification process so further synthesis steps are required to
regenerate pristine lithium metal oxides of choice. The chal-
lenge for shredders and recyclers is to produce single active
battery components by purification of black mass so as to
facilitate a direct, short-loop recycling process where the
components can be re-used, with little or zero further process-
ing depending on the state of provenance, in the battery
manufacturing processes.”™

Direct recycling™™¢ is a newly emerging initiative aimed at
recycling LIBs by recovering valuable components (e.g. lithium
metal oxides and graphite) without compromising or destroying
the material's crystal structure. Such processes are usually
greener, lower cost and minimize the use of hazardous chem-
icals, as compared to pyrometallurgy and hydrometallurgy, thus
bolstering the sustainability and profitability of battery recy-
cling initiatives. Froth flotation is an example of a direct recy-
cling method, adapted from mineral separation, that could
selectively separate graphite from lithium metal oxide particles
based on the hydrophobicity and wettability difference between
these two materials.*"”™** This method yields medium to high

© 2025 The Author(s). Published by the Royal Society of Chemistry

purity materials (50 to 95%), depending on the degree of
removal of the cathode binder (PVDF).**** The method,
although promising, suffers from drawbacks as it necessitates
the use of costly frother and collector compounds as well as
being time-consuming."®** Moreover, froth flotation is suscep-
tible to issues such as entrainment and entrapment, further
diminishing the purity of the desired minerals.?

Ultrasonication has emerged as an effective and environ-
mentally friendly method for preparing oil-in-water emulsions
as demonstrated by its successful application in the food
industry.>**® Through ultrasound cavitation, shear forces
disrupt oil macro-drops in water, transforming them into nano-
droplets with a narrow size distribution.>®*” In this study, we
employ pulverized oil droplets in water without surfactant
additives to selectively capture graphite in recycled LIB black
mass powder. This method enhances the purity and thus
increases the value of the black mass without compromising the
crystal structure of the cathode materials. Compared to the
surfactants used in froth flotations, the use of oil droplets—
whether derived from vegetable oil or minerals oil—presents
a cost-effective and readily scalable alternative to short-loop
recycling lithium-ion batteries.

Experimental
Oil-in-water emulsions

One volume percent (v/v%) of vegetable oil (Rapeseed Oil
(100%), Morrisons, UK) or kerosene (reagent grade, Sigma-
Aldrich) was added to 60 mL of deionized (DI) water. Using an

RSC Sustainability, 2025, 3, 1516-1523 | 1517
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ultrasonicator (model: 1.25DCXa20-V, operating at 20 kHz,
maximum power 1250 watts, with a 20 mm diameter cylinder
sonotrode), the oil was pulverized with the ultrasonic horn
immersed in the oil-water biphasic solution. The power
consumption of the ultrasonic horn was set to 30% of peak
power (375 watts) unless otherwise stated. The oil and water
mixture was subjected to insonation for one minute. During
this period, the immiscible oil and water biphasic system turns
‘milky’ in appearance and the resultant colloidal oil-in-water
suspension is found to be kinetically stable for at least two
weeks. The size distribution of the resulting oil droplets was
analysed using a dynamic light scattering machine (Zetasizer
Nano-S, Malvern Instruments).

Black mass blends

The work investigates the separation of three different black
mass blends obtained from various sources: a binder-free black
mass blend comprised of commercial grade NMC622 and
graphite, a black mass delaminated from an end-of-life Nissan
Leaf EV (first generation, 2010), and a commercial black mass
blend with unknown battery chemistry. The binder-free black
mass blend consisting of commercial grade NMC622 and
spherical graphite (Imerys Graphite & Carbon) was mixed in
a 2 :1 weight ratio. The Nissan Leaf black mass was prepared by
blending delaminated cathode (LMO/NMC) and anode graphite
powders in a 2 : 1 weight ratio.

Two grams of black mass were added to the 60 mL oil-in-
water emulsion solution followed by a further minute of inso-
nation treatment at 375 watts of ultrasonic operation power.
After insonation, the resulting solution contained dispersed
particles and oily lumps of congregated particles. A sieve with
a 200 pm aperture was used to separate the oil lumps from the
dispersed particles. The retentate and the filtrate, after rinsing
off oil followed by subsequent drying, were then analysed using
scanning electron microscopy (SEM) with an FEI Quanta 650
FEGSEM. A critical minimum threshold of 0.5-1.0 v/v% of
vegetable oil was found to be needed to achieve high purity
separation of graphite particles from black mass.

The purity of black mass and filtrates separated after the o/w
emulsion processes was determined via pyrolysis of carbona-
ceous materials at 850 °C for 3 hours (Lenton Chamber Furnace,
thermostated using a Eurotherm 3216 temperature controller).
Assuming all carbonaceous materials were fully combusted at
850 °C, the mass of the residue weight was used to infer the
purity of the substance post o/w separation.

After the proof-of-concept separation using 2 g of black
mass, the work progressed to use the same setup to separate
40 g of commercial black mass. This, however, requires a small
tweak in the parameters to optimise separation purity since the
size of the ultrasonic horn is not readily scaleable. The revised
conditions include an increase of ultrasonic power to 1000 W,
a higher black mass loading (40 g in 800 mL of o/w emulsion)
and a slightly decreased oil content (0.5 v/v%). The ultrasonic
duration of one minute was unaltered from the lab-scale 2 g
separation procedure. The results of the 40 g scale-up separa-
tion are shown in Fig. S5t and discussed in the main text.
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Microscope imaging

Bright-field and fluorescence images of the oil-graphite
conglomerate were captured using an epi-fluorescence micro-
scope (BX51M, Olympus) using a 40x objective (LUMPlanFI,
0.80 W, Olympus). Fluorescence image of Nile red in vegetable
oil was imaged using the following light source and filters:
excitation (Ax = 490 £ 7 nm, pE-4000, CoolLED), dichromic
filter (MD515, Thorlabs) and a long pass emission filter (>590
nm). Image acquisition was provided by a Photometrics Prime
SCMOS camera (Teledyne Photometrics), providing 16-bit
images with 4-megapixel resolution.

Results
Oil-in-water nano-emulsions

Oil-in-water (o/w) nano-emulsions, without the addition of
surfactants, were formed through one minute of insonation of
1 wt% vegetable oil-in-water using a high-power sonohorn as
illustrated in Fig. 2a. The resultant mixture exhibits an opaque
‘milk-like’ appearance which is stable for weeks in ambient
conditions. Dynamic light scattering, shown in Fig. 2b, reveals
o/w emulsions with a narrow size distribution of 200-400 nm
size depending on the oil used. The minor difference between o/
w emulsions formed from vegetable oil and kerosene is that the
kerosene o/w emulsions float to the top of the solution faster
than the vegetable oil emulsions due to their lower density,
0.80 ¢ cm > vs. 0.92 g cm?, respectively. The formation of oil
droplets in water after the minute of insonation treatment is
shown by transmission light and fluorescence microscope
images in Fig. 2d and e, respectively. Fig. 2e shows a fluores-
cence image of Nile red, an oil-soluble and water-insoluble dye
added to the oil-phase prior to the formation of the o/w
emulsion.

Separation of pristine, binder-free graphite and NMC622
blend

Upon pouring the o/w emulsion into a pristine blend of black
mass comprising virgin NMC622 and graphite (2 : 1 wt% ratio),
distinct behaviours are observed due to the inherent hydro-
phobicity properties of the blended material. Graphite particles,
being hydrophobic, were found to float to the surface of the o/w
solution, while NMC622 particles, being hydrophilic and denser
than water, tend to settle at the bottom, as can be seen in Fig. 2e
and f. In the absence of ultrasound agitation, a minority of the
NMC622 particles were found to be floating within the graphite
aggregate, and the graphite particles can be entrapped within
the sediment containing mostly NMC622 at the bottom of the
solution. However, with a further minute of vigorous agitation
using ultrasound, the resultant particle mixtures were seen to
fully separate into two parts via sieve filtration: the flocculated
lump (mainly graphite), which floated at the top of the solution,
and the sediment (mainly NMC622), as illustrated schemati-
cally in Fig. 3a. The oil-wetted graphite conglomerate, shown in
Fig. 3h, is larger than the sieve size of 100 um thus allowing
sieve filtration from unaltered NMC particles. The upper image
of the graphite conglomerate shown in Fig. 3h is a bright-field

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ultrasound emulsification of 1% oil-in-water. (a) lllustration of an opaque o/w emulsion formed after one minute of insonation. (b) Size
distribution of vegetable oil and kerosene o/w emulsions measured via dynamic light scattering. (c) Chemical structure of a triglyceride. (d)
Transmission light microscope image of a vegetable o/w emulsion formed after 1 minute of insonation. (e) Fluorescence image of oil-soluble Nile
red dye where 1 mM of the dye was pre-dissolved in the oil phase prior to insonation in water as described in (a). The vegetable o/w emulsion was
added to (f) graphite, (g) NMC particles and (h) a blend of graphite and NMC without mechanical stirring or agitation.

image whereas the lower image shows fluorescence of the oil,
which contains 1 mM Nile red pre-dissolved in the oil phase.
Fig. S17 shows transmission light and fluorescence image of
a larger oil-graphite conglomerate formed under the same
conditions. Fig. 3b and d are macroscale images of the retentate
and filtrate obtained after sieve filtration, respectively. Fig. 3c
and e show backscattering SEM images of the retentate and
filtrate after drying. Graphite particles are discernible as dark,
‘potato-shaped’ entities, while NMC622 particles manifest as
bright, round shapes, owing to the heavier metal elements in
comparison to carbon. The separated graphite and NMC622
provides a direct comparison to SEM images of the pristine
black mass blend, shown in Fig. 3f. Combustion of the filtrate
(at 850 °C for 3 h) obtained after o/w separation reveals a 98.2%
purity of NMC particles, assuming that all graphite is removed
as CO,(g) during the pyrolysis step.?® Fig. S2a and bt show SEM
images of the filtrate and retentate over a larger viewing area
which unambiguously shows that the purity of separation is
consistently uniform throughout the sample. This is not
unreasonable since direct pyrolysis of the pristine blend,
Fig. 3g, results in a solid residue with weight that is fully
consistent with the 2:1 weight ratio of the NMC: graphite

© 2025 The Author(s). Published by the Royal Society of Chemistry

blend. Separation of the pristine black mass blend was also
conducted similarly via kerosene emulsions instead of vege-
table oil but the separation purity is lower than that of vegetable
oil as can be inferred from SEM images shown in Fig. S2.}

Separation of black mass recycled from spent LIBs

The efficiency of o/w separation of two different commercial
black mass blends obtained from end-of-life first generation
EVs, a Nissan Leaf (UK) and a commercial mixed blend, were
examined. First, as illustrated schematically in Fig. 4a, 500 °C
heat pre-treatment* of commercial black mass was carried out
for one hour to remove the binders prior to the o/w emulsion
separation. SEM images show black mass obtained from dis-
assembled Nissan Leaf cells, with NCA/LMO battery chemistry,
and a commercially available black mass where precise battery
chemistries of the blended material were not stated. SEM/EDX
analyses of the commercial black mass blend, shown in
Fig. S3,7 reveal the presence of Ni, Mn and Co, and the absence
of Fe and P, showing it came predominantly from NMC
batteries. Fig. 4b and ¢ show SEM images of the retentate and
filtrate of these two blends after the o/w emulsion separation.

RSC Sustainability, 2025, 3, 1516-1523 | 1519
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Fig. 3 Separation of pristine, binder-free black mass blend consisting of virgin NMC622 and graphite mixed in a 2 : 1 weight ratio. (a) Schematic
of the ultra-sound assisted separation process of black-mass blend using 1% vegetable oil. After one minute of insonation of black mass with
vegetable o/w emulsion the resultant mixture was sieve filtered (pore size = 100 um) to give (b) a retentate and (d) filtrate. (c and e) SEM images of
the retentate and filtrate once dried after water and isopropanol washing steps, respectively. (f) SEM image of the pristine black mass blend. (g)
Two grams of the pristine black mass blend were treated at 850 °C for 3 h. The resultant solid residue was 1.32 g, which is fully consistent with the
2 :1 weight ratio of the NMC622 : graphite blend suggesting that all graphite has undergone thermal decomposition in this process. The same
pyrolysis treatment was conducted for the filtrate. (h) Optical microscopy images showing a graphite agglomerate after one minute of insonation
with 1% vegetable o/w emulsion. The upper image was taken under bright-field and the lower image shows the fluorescence of 1 mM Nile red (Aex

=490 + 7 nm and Aem = 560 £ 10 nm), an aqueous insoluble dye pre-dissolved in the oil phase.

Further, direct pyrolysis analysis (850 °C, 3 h) of the filtrate
isolated from the commercial black mass reveals a 3.4 wt%
mass loss after the heat treatment. From this we infer the
filtrate contains cathode active material(s) (CAMs) with 96.6%
purity, assuming that all carbonaceous materials are pyrolyzed
during the process. This high purity of separation is fully
consistent with SEM images as shown in Fig. 4b and c.
Furthermore, Fig. S41 shows complementary SEM images of the
retentate and filtrate obtained from the two commercial black
mass blends over a larger viewing widow.

Discussion

Emulsions are usually only thermodynamically stable when
surfactants are used. Ultrasound emulsification of vegetable oil-
in-water and, separately, kerosene in water results in an emul-
sion suspension that is observed to be stable over 2 weeks in the
absence of surfactants. This apparent stability of surfactant-free
o/w emulsions can be, in part, explained by Stokes' law*® which
governs particle settling or rising velocities:
g(py — pi)d?

S T @
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where v is the particle (or droplet) rising or settling velocity, g is
the gravitational constant, u is the dynamic viscosity of water, r,,
and r, are the densities of the particle (or droplet) and water,
respectively, and d is the diameter of the particle. According to
Stokes' law, the stability of the emulsion solution is partially
explained by the slow rising motion of sub-micron sized o/w
emulsions. Approximately 14 days are required for the 400 nm
sized o/w emulsion to rise by a height of 1 cm in the absence of
convection. Therefore, on a macroscopic level, the emulsion is
stable against creaming over the observation period, which is
fully consistent with experimental observations. On a micro-
scopic level, interestingly, micro- and nano-vegetable oil emul-
sions in apparent ‘contact’ with each other were not observed to
coalesce over tens of seconds (Online ESI Moviet). It was sug-
gested that the thin water film between two non-coalescing oil
droplets, stabilised by high numbers of hydrogen bonding, is
prohibiting the surfactant-free oil droplets from coalescing.*"**
Furthermore, the size of oil droplets formed under ultrasound
emulsification is found to be consistent with theory which
correlates the size of oil particles with the ultrasound power and
cross-section area of the ultrasound horn.** This relationship
allows optimisation of ultrasonic parameters to achieve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Oil-in-water purification of two grams of commercial black mass. (a) Purification of commercial black-mass includes a 500 °C heat pre-
treatment for one hour to first remove the binder, followed by one minute of ultrasound agitation of the black mass mixture with the o/w
emulsion. The oil—graphite conglomerate is then separated from CAM by sieve filtration. (b and c) Backscattering SEM images of black mass from

a Nissan Leaf and a commercial black mass blend, respectively.

desired droplet size for emulsion stability and fine-tuning of the
separation process.

The surface of graphite, although hydrophobic in nature, is
negatively charged as evidenced by zeta potentials reported in
the literature.** After insonation agitation of graphite in o/w
emulsions, the meta-stable oil droplets were found to selec-
tively wet the graphite surface, as evidenced unambiguously by
the fluorescence of oil-soluble and water-insoluble Nile red
within the conglomerate of graphite particles, shown in Fig. 3h
and S1ib.f The wetting of the graphite surface with oil over-
comes electrostatic repulsion, so as to allow the attractive van
der Waals forces to dominate resulting in the formation of large
oil-graphite conglomerates during ultrasound agitation. The
physicochemical origins of these two opposing forces and how
their interplay underpins the kinetic stability of most colloidal
systems are described by the DVLO theory which is widely
available in most Chemistry undergraduate texts.***® In contrast
to the graphite particles, NMC622 particles remain unperturbed
in the oil suspension solution due to their hydrophilic nature;
the oil nanoemulsions were not found to adhere to the NMC
particles, allowing them to remain as individual micron-sized
entities with can be separated easily from the oil-graphite
conglomerates via sieve filtration. Pyrolysis analysis of the
filtrate reveals near pure NMC622 (98.2%) was recovered from

© 2025 The Author(s). Published by the Royal Society of Chemistry

the pristine 2:1 NMC/graphite black mass blend by the o/w
separation process.

Commercial black mass, different to the pristine black mass
blend, contains a polymeric binder such as PVDF which is used
to bind CAMs onto the aluminium current collector in real
battery cells to ensure structural integrity of the cathode (and
anode) as the battery undergoes charging and discharging
cycles. It was found that binder removal was necessary to
separate commercial black mass into CAMs and graphite using
o/w emulsion. PVDF is, similar to graphite, hydrophobic in
nature. PVDF-coated CAMs exhibit similar wetting behaviour to
that seen on graphite surfaces and PVDF thus preventing
effective separation of CAMs from graphite. This is an issue also
reported in froth flotation processes. Other than thermal
decomposition treatment, binder removal can be achieved via
hydrothermal treatment in basic solution,®” and dissolution
with organic solvents such as NMP or greener alternatives like
DMSO?* and acetone at elevated temperatures or pressures.*
After heat pre-treatment, two commercial black mass blends
were successfully separated into highly pure graphite and CAMs
within minutes of insonation with a 1% vegetable o/w emul-
sion, as illustrated in Fig. 4. Purity of the filtrate isolated from
commercial black mass is 96.6%, assuming all carbonaceous
materials (3.4%) such as graphite and PVDF are burnt off over
the three hours of 850 °C heat treatment.

RSC Sustainability, 2025, 3, 1516-1523 | 1521
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Here, o/w emulsions of three black mass sources have
successfully been separated into high purity components on
a two-gram scale. Fig. S5 shows an upscale separation of 40 g of
commercial black mass using 800 mL of 0.5% o/w emulsion.
The retentate and filtrate obtained after sieving, rinsing off the
oil residue, and drying were 8.1 g and 29.6 g, respectively. Upon
heating the cathode-rich filtrate obtained after o/w emulsion
separation for three hours at 850 °C, a mass loss of 13.5% was
recorded. The mass loss is assumed to be carbonaceous impu-
rities appearing in the filtrate as discussed above. On the other
hand, pyrolysis of the retentate obtained after o/w emulsion
separation, which is graphite-rich, resulted in an 80% mass
loss. The remaining 20% of the incombustible solids in the
retentate were likely to be a combination of lithium metal oxide
and dust/sand collated during the battery shredding and black
mass collection process. While the purity of separation at scale
could be further optimised by changing parameters such as
insonation time and varying the % of oil in the o/w emulsion, it
is useful to instead compare and contrast the energy
consumption of the o/w separation process as compared to, for
example, direct incineration of carbonaceous compounds at
elevated temperature (850 °C) to isolate CAMs from black mass.
Table S11 shows the energy consumed during the separation of
40 g of black mass using an o/w emulsion. Most notably, the 2
minutes of ultrasonic processing used merely 5.6 W h of energy
as compared to the cost of heating, which is 453 W h and 821
W h to maintain the oven at 500 °C to remove the battery binder
and 850 °C to burn off carbonaceous compounds, respectively.

Conclusions

Vegetable oil, water and ultrasound were found to efficiently
separate graphite from lithium metal oxides from heat pre-
treated black mass obtained from various sources within
minutes of operation. In the absence of surfactants, ultrasound-
generated oil-in-water nano-emulsions are kinetically stable
over weeks of observation. Graphite particles, which are
hydrophobic and oleophilic in nature, are selectively wet by
these meta-stable o/w emulsions to overcome the electrostatic
repulsion, allowing van der Waals attractions to dominate.
These large oil-graphite conglomerates, hundreds of microns
in size, can be easily sieved away to result in a high purity of
cathode materials in the filtrate (96.6%). We have demonstrated
success in the separation of three different sources of black
mass. Most importantly, the use of ultrasound to generate o/w
nanoemulsions required for the separation process and for
the further minute of ultrasound agitation costs only ca. 1% of
total energy consumption. The remaining 99% is associated
with the heat removal of the PVDF binder at 500 °C. Neverthe-
less, the total cost for o/w separation of black mass including
the heat pre-treatment step, based on laboratory-based 40 g
scale-up, is approximately 44% lower in energy consumption as
compared to direct incineration of black mass at 850 °C for one
hour. It is clear that o/w black mass purification is not only
much less energy intensive and involves shorter steps compared
to pyrometallurgy processes, which require subsequent
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resynthesis steps, but is also greener because graphite is filtered
away as opposed to incinerated which releases greenhouse
gases.

We foresee this scientific discovery will facilitate a rapid
separation of black mass into highly pure cathode and anode
counterparts, providing a novel route to direct short-loop recy-
cling of lithium-ion batteries. Further, the removal of binders
such as PVDF remains a challenge for all LIB recycling routes.
Innovations of water-soluble battery binders provide the key
missing puzzle to cut the energy consumption associated with
o/w purification of black mass by 99%.
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