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The separation and recovery of electrode active materials from Li-ion batteries is a requisite step prior to any
downstream hydrometallurgical and direct recycling processes. Prior research efforts into the separation between
the two electrode active materials from Li-ion batteries was limited to the froth flotation process; however, any
changes to the surface properties of the active materials resulted in an inferior separation performance. In this
work, a novel separation method, namely the Falcon Ultra-Fine (UF) centrifugal gravity concentration, is
developed to separate electrode active materials from Li-ion batteries. Results obtained with a mixture of pristine
lithium transition metal oxides (LTMOs) and graphite showed that the separation between the two materials
perform well with over 90% of LTMOs in the concentrate product after one pass in the UF concentrator. Multiple
stages of the separation processes enabled a concentration of LTMOs with 99% purity. Results obtained with aged
electrode active materials from spent Li-ion batteries showed that the concentrate product consisted of at least
98% by weight of LTMOs. It was observed that there was a misplacement of LTMOs in the overflow product,
which was attributed to the presence of ultrafine LTMOs as well as PVDF-binded cathode agglomerates in the
feed. Results of this work demonstrate a viable method for separating mixed electrode active materials and
producing high-purity LTMOs, which can be potentially used for the direct recycling of cathode active materials

in the manufacturing of new Li-ion batteries.

1. Introduction

Lithium-ion (Li-ion) batteries, commercialized in 1990 by Sony, have
become the state-of-the-art technology for energy storage due to their
high energy density and long cycling life [1-3]. Li-ion batteries contain
~50% by weight of critical and strategic minerals including lithium,
nickel, cobalt, manganese, and graphite [4-6]. Battery recycling is an
integral part of environmental stewardship for energy storage and
electric vehicle (EV) businesses, and in many countries, the recycling of
Li-ion batteries is mandatory. Since Li-ion batteries contain hazardous
and flammable materials [7-9], the recycling of flammable electrolyte
solvents reduces the amount of hazardous materials entering the envi-
ronment. Recycling and reuse of battery materials from spent Li-ion
batteries is essential for the sustainable pursuit of renewable green en-
ergy resources [10,11].

Three recycling methods for spent Li-ion batteries have been devel-
oped, namely the pyrometallurgical, the hydrometallurgical, and the
direct recycling methods [12]. Both the pyrometallurgical and hydro-
metallurgical processes are designed to recover valuable metals such as

cobalt and nickel. Direct recycling separates and recovers both anode
active materials (i.e. graphite) and cathode active materials (i.e. lithium
transition metal oxides, LTMO) from Li-ion batteries without changing
their structure and chemistry during the recycling process [9]. In the
direct recycling process, battery cells are disassembled and crushed into
individual battery components. Solvents within Li-ion batteries evapo-
rate at room temperature due to their high vapor pressure, leaving
behind dry electrode sheets. Various size separation and gravity sepa-
ration processes have been developed to separate battery components
[13-15]. When the electrode active powder materials are delaminated
from the current collectors, the fine fraction of the crushed Li-ion bat-
teries consists of anode and cathode active materials, while the coarse
fraction consists of current collectors, e.g., Cu and Al, and plastics.
Graphite is commonly used as the anode active material, while lithium
transition metal oxides (LTMO), e.g., lithium nickel manganese cobalt
oxide (LiNixMnyCo,02, X + y + z = 1, NMCQ), are used as the cathode
active material. The recycled active materials must be relithiated and
repaired prior to re-use in new Li-ion batteries [16-22].

Separating anode and cathode active materials from Li-ion batteries
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is required prior to any direct recycling and chemical refining processes.
Prior R&D efforts were devoted to the use of froth flotation as the
recycling method [23-25]. Froth flotation separates mixed materials by
taking advantage of the difference in surface hydrophobicities between
the graphite and lithium transition metal oxide (LTMO) materials.
Graphite is hydrophobic, while metal oxide is hydrophilic. Air bubbles
carry hydrophobic graphite particles to the froth layers, leaving hy-
drophilic metal oxide materials in the slurry [23]. Separation occurs
when particle-loaded froth flows into the launder. For lightly used EV
batteries, anode active materials remain hydrophobic, and consequently
all anode materials are floated with a kerosene collector. A good sepa-
ration between the anode and cathode active materials is achieved [26].
For severely degraded Li-ion batteries, electrolyte degradation results in
the formation of an oxygen-rich, solid electrolyte interphase (SEI) layer
on the anode surface, rendering the surface hydrophilic [27]. Conse-
quently, the anode materials become difficult to float. In addition, the
exposure of both PVDF binders and carbon additives results in an un-
favorable flotation of cathode agglomerates. It has been shown that the
separation between the anode and cathode active materials from end-of-
life Li-ion batteries improved after a thermal treatment process [24,25].
This thermal treatment process effectively removed the SEI layers,
rendering the surface of the anode active materials hydrophobic [24]. In
addition, this thermal process removed PVDF binders, enhancing the
surface hydrophilic property of the cathode active materials. Alterna-
tively, an improvement in the froth flotation separation has been ach-
ieved using a fine grinding that exposed fresh surfaces of the aged anode
active materials [28].

Gravity separation between the anode and cathode active materials
has also been previously investigated [29,30]. Various heavy liquids
were used to separate the anode active materials from the cathode active
materials [29,30]. Cathode active materials, e.g., lithium cobalt oxide
(LCO) and lithium nickel manganese cobalt oxide (LiNixMnyCo,02, X +
y + z = 1), with density of 4.5-5.0 g/cm?, are much denser than graphite
having density of 2.26 g/cm3. Therefore, heavy liquids having densities
in the range of 2.26-4.50 g/cm°® enable a separation between the two
mixed materials [31]. Diiodomethane, bromoform, sodium poly-
tungstate (SPT), and lithium metatungstate (LMT) may be used for this
purpose. However, these heavy liquids are viscous, and thereby prohibit
the use in the industrial settings. In addition, organic heavy liquids are
toxic, and the recycling of these heavy liquids is challenging [32]. The
separation of the two electrode active materials from Li-ion batteries
was studied using a Falcon Semi-Batch (SB) concentrator operating at
10-150 G forces [33]. Up to 80% purity of cathode active materials in
the underflow (concentrate) product was obtained at a recovery of
approximately 50% [34]. To date, no satisfactory separation perfor-
mance has been achieved.

Both the anode and cathode active materials used in Li-ion batteries
have particle sizes of 5-20 pm. The Falcon Ultra-Fine (UF) concentrator
is a centrifugal gravity separation method that potentially can be used to
separate such ultrafine particles [35]. This concentrator is used for
concentrating platinum group metals (PGM), gold, and silver from an
ultrafine ore feed [36-38]. In this study, separation between the two
electrode active materials used in Li-ion batteries by the Falcon UF
concentrator is evaluated using a blended mixture of pristine graphite
and lithium nickel-manganese-cobalt oxide, as well as black mass (i.e., a
mixture of the two electrode active materials) from spent Li-ion batte-
ries. The results are analyzed to determine two key metrics: the sepa-
ration index (SI) and the grade of lithium transition metal oxides
(LTMO) in the concentrate product. Both the single-stage and multi-
stage experiments were conducted.

2. Materials and methods
2.1. Materials

Pristine lithium nickel manganese cobalt oxide NMC111
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(LiNig 33Mng 33C00.3302) was obtained from Toda America, and pristine
graphite (SLC1520P) powders were obtained from Superior Graphite.
De-ionized (DI) water, with a resistance of 17.9-18.2 MQ-cm, was ob-
tained from a Barnard water purification system (Thermo Fisher).
Lithium metatungstate (LMT), with a specific density of 2.95, was ob-
tained from LMT Liquid Inc. and was used as received.

Spent Li-ion batteries were removed from used Laptop battery packs
(Michigan Tech IT as well as various battery recyclers in the United
States). They were discharged to 2.8 V at a C/10 rate and held at 2.8 V
for at least 24 h prior to being dismantled. The battery cells were opened
using a rotary tool to remove stainless-steel casing. The battery cores
were then unfolded to manually separate anode layers, cathode layers,
plastic separators, and other components. The unfolding process was
performed under a fume hood to evaporate volatile organic solvent
residues. The anode, cathode, and separator layers were cut and
shredded to approximately 0.5” x 0.5” pieces and fed into a blender
filled with DI water. The delamination process was carried out using a
wet agitation method in a 1-L commercial blender running at
6000-10,000 RPM. An agitation time of 5-30 s was sufficient to
delaminate 95% of the electrode active materials from the current col-
lectors. Using an appropriate agitation time, the majority of the elec-
trode active materials were in a size fraction of less than 100 pm, while
the majority of the current collectors (Al, Cu, and plastics) were in a size
fraction of above 500 pm. The slurries were then sieved using a 70-mesh
screen, rinsed with DI water three times, and filtered to obtain wet filter
cakes. The resulting black mass mostly consisted of graphite and lithium
transition metal oxide powders.

2.2. Separation mechanism

Fig. 1 shows a schematic drawing of the Falcon ultrafine (UF)
concentrator used in this study. The Falcon UF concentrator is a conical
smooth bowl with a slight reduction in diameter at the outlet to create a
retention zone [39]. The UF concentrator has a depth of 4.13 in. and an
inner diameter of 4.00 in. The bowl rotates up to 4800 RPM, creating a
centrifugal force in the range of 50G - 300G. The UF concentrator con-
sists of two sections including 1) a migration zone and 2) a retention
zone [39]. At the migration zone, the slurry forms a liquid film with
particles preferentially concentrated along the wall of the rotating bowl,
creating strong interlayer shears under the centrifugal force. Due to the
difference in particle settling velocities, fine heavy particles arrive at the
wall prior to coarse light ones. As the slurry continues to feed into the
bowl, more particles compact along the wall of the rotating bowl.
Coarser, denser particles move across the interlayers, then into its inner

Feed
Overflow ——
Vertical
Concentrate Retention Zone
,\}ij) Conical
Flowing Film Stratification Zone

Impeller
Rotation

Fig. 1. A schematic cross-sectional drawing of the Falcon ultrafine (UF)
concentrator after Refs [35, 41].
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wall, pushing smaller and lighter particles out of the bed. These lighter
and smaller particles are flushed with the overflow stream, and reported
to the overflow product [40]. Particles at the retention zone are then
collected manually in a laboratory setting or by flushing with water into
an underflow product in commercial operations.

2.3. Experimental procedure

In this study, separation between the lithium metal oxide and
graphite was conducted using a Falcon L40 ultrafine (UF) concentrator.
The two materials were mixed with DI water at different weight ratios to
prepare a slurry. The slurry was agitated using an overhead agitator
(Caframo) to ensure that the slurry was well mixed. In a nominal
operation, the slurry was fed through a center feed tube of the rotating
concentrator, at a feed rate of approximately 3.0 L/min. Rotation ceased
when the slurry was no longer able to flush into the overflow stream, and
the materials inside the concentrator were sampled, collected, and dried
in an oven overnight at 100 °C. All samples were weighted, and a
fraction of these samples were analyzed using thermogravimetric anal-
ysis (TGA) to obtain the materials' composition.

2.4. Data analysis

Two sampling methods were used to evaluate the separation per-
formance. In the first sampling method, materials collected inside the
bowl were used as the heavy concentrate product, while the overflow
slurry was used as the light tailing product. The separation index (SI) is
defined as the recovery of cathode active materials (R¢) in the concen-
trate minus the recovery of anode active materials (Ra) in the concen-
trate, as SI = R¢ — Ra. An SI value equal to 1 suggests a 100% separation
between the two electrode active materials, while an SI equal to 0 means
there was no separation between the two materials. A SI of 0.6 may
suggest that 80% of NMC and 20% of graphite from the feed in the
concentrate product. The second sampling method aims to maximize the
percentage of cathode active materials in the concentrate product. In the
second sampling method, wet materials deposited at 3 cm below the top
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edge of the concentrator were collected as the heavy concentrate
product. The rest of materials within the bowl, combined with the
overflow product, were collected as the tailing product. Both the SI
value and the recovery and grade of lithium transition metal oxides in
the concentrate product were then determined.

2.5. Characterization

Material compositions were analyzed using the thermogravimetric
analysis (TGA) method, using an automatic thermogravimetric analyzer
(TGA701, LECO). The chamber temperature rose from room tempera-
ture to 800 °C, with a rate of 1 °C/min. The measurements were con-
ducted at an air flow of 7 L/min. The remaining mass percentage of the
sample at 800 °C was the mass percentage of LTMO in the sample, while
the percentage of the weight loss was the percentage of graphite in the
sample. Both the chemical composition and morphology of the samples
were determined using scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX). Imaging and
elemental mapping was performed in a Philips X140 environmental
scanning electron microscope (ESEM) at 15 kV accelerating voltage in
high vacuum. Images were obtained under back scattered electron (BSE)
mode.

3. Results
3.1. Material characterization

To evaluate the separation performance of the Falcon UF concen-
trator, a mixture of pristine anode and cathode active materials, i.e.,
graphite and NMC111, was first used as the feed. Fig. 2a shows the
particle size distribution (PSD) by volume for both the pristine NMC111
and the graphite materials. The mean particle sizes of the pristine NMC
and graphite materials were 9.23 and 18.22 pum, respectively. As shown,
the graphite particles were slightly bigger than the NMC111 powders.
Fig. 2b shows an image of a mixture of pristine NMC111 and graphite in
the LMT solution in 2 days after mixing. Graphite powders floated to the
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Fig. 2. a) Particle size distribution (PSD) of graphite and lithium nickel manganese cobalt oxide (NMC111) materials, b) a photo of a mixture of graphite and
NMC111 powders in a lithium metatungstate (LMT) solution after settling in 2 days, and ¢) SEM and EDX mapping images of NMC111 and graphite materials.
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surface of the LMT solution while NMC111 sunk to the bottom, con-
firming the difference in specific densities between these two materials.
Fig. 2c shows SEM/EDX images of the NMC111 and graphite particles.
Both particles were spherical, with graphite particles slightly larger than
NMC111 particles.

3.2. Separation between pristine graphite and NMC111

Table 1 shows both the yield and composition of both the concen-
trate and tailing products after one pass in the Falcon UF concentrator,
operating at 163 G force (60 Hz). Semi-wet materials deposited along
the inner surface of the bowl were collected as the concentrate product,
while the overflow slurry was collected as the tailing product. A 6-1
slurry consisting of 180 g of NMC111 and 120 g of graphite was fed to
the concentrator. The results showed that 67% of the solid materials was
collected within the concentrator, and the remaining 33% was rejected
to the tailing product. The concentrate product consisted of 86.48% of
NMC and 13.52% of graphite by weight, while the tailing product
consisted of 87.75% of graphite and 12.25% of NMC by weight. The
yield (or recovery) of NMC in the concentrate product reached 93.78%,
while the yield of graphite in the concentrate product was 24.76%. The
separation index (SI) was determined to be 69.02%. Overall, a good
separation performance was achieved after one pass in the UF
concentrator.

Fig. 3 shows the effect of feed mass on the separation between
pristine NMC111 and graphite, with detailed experimental data shown
in Table 2. This result was obtained with 100 to 600 g of solid materials
having a 60:40 NMC:C ratio by weight mixed in 5 wt% slurries. This
experiment operated at 163 G force. The results showed that the yield of
the concentrate product decreased with increasing the feed mass
monotonically (Fig. 3a). Fig. 3b shows the percentage (or grade) of NMC
in both the concentrate and tailing products at different feed masses. The
results showed that the grade of NMC in the concentrate product
increased with increasing the feed mass. For instance, the grade of NMC
in the concentrate product increased from 65.46% with 100 g of the dry
feed to 90.82% at 600 g of the dry feed. The grade of NMC in the tailing
product was decreased from 20.40% at 100 g of the dry feed to 11.25%
at 400 g of the dry feed, but increased to 18.23% at 600 g of the dry feed.
This result showed that 500-600 g of dry feed were desirable for
maximizing the grade of NMC in the concentrate product.

Fig. 3c shows the recovery of both the NMC and graphite in the
concentrate product at different feed masses. At 100 g of the dry feed,
although the recovery of the NMC in the concentrate was 97.20%, the
recovery of graphite in the concentrate product was 82.43%. This yields
a separation index of 14.77%, suggesting a poor separation between
NMC and graphite. By increasing the feed mass, the recovery of NMC111
in the concentrate product dropped slightly, but the recovery of graphite
in the concentrate product increased with increasing the feed mass. For
instance, the recovery of graphite in the concentrate product dropped
from 82.43% at 100 g of the dry feed to 12.71% at 600 g of the dry feed.
Since the separation index is the difference in the recovery between the
NMC and graphite in the concentrate product, the separation index (SI)
increased with increasing the feed mass and reached a plateau of 75.38%
at 500 g of the dry feed. At 600 g of the dry feed, the separation index
(SI) dropped slightly to 73.90% due to a lower yield (86.61%) of NMC in
the concentrate product. The decrease in the separation performance at
the higher feed mass may be attributed to an overloading of the heavy

Table 1
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Fig. 3. Effect of feed mass on the separation between the NMC111 and graphite
materials. a) yield or mass of the concentrate products at different feed masses,
b) the percentage (or grade) of NMC111 in the concentrate and tailing products,
c) recovery of NMC111 in the concentrate and tailing products as well as the
separation index.

materials in the concentrator. For NMC materials with a mean particle
size (P50) of 9.23 pum, the maximum concentrate loading was approxi-
mately 300 g.

Fig. 4 shows the effect of g-forces on the separation between the NMC
and graphite. The feed was a 5 wt% slurry with 400 g of the solid ma-
terials having a 3:2 NMC-to-graphite ratio by weight. Experiments were
conducted at different g-forces in the range of 41 G — 290 G. The result
showed that the yield of the NMC in the concentrate product increased

Separation between the pristine NMC111 and graphite in a 5% solid slurry after one pass in Falcon Ultra-Fine (UF) concentrator operating at 163 g-force.

Product Mass (g) Yield (%) Composition Distribution (%)

NMC (%) C (%) NMC (%) C (%)
Concentrate 201.55 67.18% 86.48% 13.52% 93.78% 24.76%
Tailing 94.32 32.82% 12.25% 87.75% 6.22% 75.34%
Feed 295.87 100.00% 62.82% 37.18% 100.00% 100.00%
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Table 2
Effect of feed mass on the separation between the NMC and graphite in the concentrate and tailing products.
Feed mass Mass of Conc Yield of Conc Recovery of NMC in Recovery of Separation Grade of NMC (%NMC) in  Grade of NMC (%NMC) in
®) @) (%) Conc graphite in index Conc Tail
Conc
100 g 84.35g 84.35% 97.20% 82.43% 14.77% 65.46% 20.40%
200 g 141.11¢g 70.55% 94.82% 40.69% 54.13% 79.96% 13.10%
300 g 201.55 g 67.18% 93.78% 24.76% 60.92% 86.48% 12.25%
400 g 264.04 g 62.12% 92.69% 19.39% 73.30% 86.98% 11.25%
500 g 303.75 g 60.09% 90.03% 14.66% 75.38% 90.70% 15.64%
600 g 337.37 g 56.48% 86.61% 12.71% 73.90% 90.82% 18.23%
product increased with increasing solid concentrations. Furthermore,
a) 100 100 the recovery of graphite in the concentrate product increased with
o m 'i:r: Concenﬂate o = increasing the solid concentrations in the slurry. At 15% solid concen-
80} ‘D/ o 5 e 80 o> tration or higher, there was a substantial increase in the recovery of
;\3 o P A 6 graphite in the concentrate product compared to that obtained at 10%
~ ol / 160 © solid concentration or less.
e 1o, = Fig. 5b shows the separation index at different solid concentrations.
g S The separation index (SI) increased with increasing the solid concen-
8 40 140 '('% trations, reached a plateau at 10% solid concentration, and decreased
& . © with further increasing the solid concentration. As shown, with 300 g of
200 W Graphite in Concimrate {20 & dry feed, the optimum separation index was 76.12% obtained at 10%
T ~p—" . 2 solid concentration. The same conclusion was reached with 400 g of dry
0 { i i i { o feed. At low solid concentrations, heavy particles were easily flushed
0 50 100 150 200 250 300 with the slurry into the overflow stream, resulting in a decrease in re-
covery of the NMC in the concentrate. At high solid concentrations,
b) 100 graphite particles were trapped between interlayers within the particle
/D/D\D g———->0 bed, resulting in a poor separation between the graphite and NMC.
:\5 sol o Concentrate Solid concentration was also found to be sensitive to the grade of
~ NMC in both the concentrate and tailing products. The result (Fig. 5c)
% showed that the percentage of NMC in the concentrate product was
= 60r relatively the same at 10% solid concentration or less. However, as the
5 solid concentration increased, the percentage of NMC in the tailing
o 40} product decreased. As shown, with 300 g of the dry feed, the grade of
g .\ NMC in the tailing product decreased from 17.8% at 2.5% solid con-
(3 20l .. Tailing centration to 11.3% at 10% solid concentration. This result suggested
= ] ——Hu that a high solid loading within the concentrator prevents particle
movement between the interlayers within the particle bed, resulting in
00 5'0 160 150 260 25'-,0 360 poor stratification and separation.
& Eoros The effect of feed composition on the separation performance was

Fig. 4. Effect of g-force on the separation between the NMC and graphite. a)
recovery of NMC and graphite in the concentrate as well as the separation index
at different G forces; b) grade of NMC in both the concentrate and
tailing products.

with increasing g-forces, and reached a plateau at 113 G or higher, while
the yield of graphite in the concentrate product decreased with
increasing g-forces. The separation index increased from 52.80% at
41-72 G to 76-78% at 113-290 G. The present finding suggests that the
impact of g-force was marginal on the separation index at g-forces above
113 G.

Fig. 4b shows the grade of NMC in both the concentrate and tailing
products. The percentage of NMC in the concentrate product reached
91-93% at 113-290 G after one pass in the UF concentrator. On the
contrary, the grade of NMC in the tailing product decreased from
36.61% at 41 G to 14.49-14.88% at 163-290 G. It was noticed that the
percentage of the NMC in the concentrate increased by increasing g-
force, while the percentage of NMC in the tailing decreased by
increasing g-force.

Fig. 5 shows the effect of solid concentration on the separation be-
tween the NMC and graphite. The feed consisted of 300 g and 400 g of
the solid mixture having a 60:40 NMC-to-graphite ratio by weight. The
solid concentration in the slurry ranged from 2.5% to 20%. For both 300
and 400 g of dry feed mass, the recovery of NMC in the concentrate

also examined. The 60:40 NMC-to-graphite ratio by weight is a ratio
between the two electrode active materials in the black mass from Li-ion
batteries. After one pass in the UF concentrator, the tailing product
contained 10-30% of NMC111 by weight. The remaining NMC materials
in the tailing product were to be recovered to maximize the overall re-
covery. Fig. 6 shows the result obtained with the feed consisting of 20%
graphite and 80% NMC by weight and the concentrator operated at 163
G force. The result showed that the recovery of NMC in the concentrate
product decreased slightly with increasing feed mass, and the solid
concentration in the slurry had a minor impact on the recovery of NMC
in the concentrate product. However, the recovery of graphite in the
concentrate product decreased at a more rapid rate with increasing the
feed mass, resulting in a better separation performance. For instance, at
100 g of feed mass, the recovery of graphite in the concentrate product
at 5% solid concentration reached 71.60%. The graphite recovery in the
concentrate product decreased to 25.65% and 15.32% at 300 g and 500
g of the feed mass, respectively. The result showed that the recovery of
graphite in the concentrate product at 10% solid concentration was
higher than those obtained at 5% solid concentration. Therefore, the
separation index increased with increasing feed masses from 100 g to
400 g, and decreased at feed masses of 500 g or above (Fig. 6b). With
400 g of the feed mass, the separation index (SI) reached a maximum of
67.75%. Fig. 6b shows the separation result between the NMC and
graphite materials obtained at 10% solid concentration. The results
showed that a 10% solid concentration slightly lowered the separation
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Fig. 5. Effect of solid concentration on the separation between the NMC and
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ucts with 300 g and 400 g of dry feed mass, b) separation index at different solid
concentrations in the feed, and c¢) percentage (or grade) of NMC in the
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performance compared to those obtained at 5% solid concentration in
the feed slurry.

Fig. 7 shows the percentage of NMC in both the concentrate and the
tailing products at different feed masses. It is desirable to have a low
percentage of NMC in the tailing product to maximize the overall re-
covery. The result showed that the percentage of NMC in the concentrate
product increased with increasing feed mass. With 300-400 g of dry
feed, the percentage of NMC in the tailing product lowered to 3-5%,
while the percentage of NMC in the concentrate product reached above
50%. Evidently, a 5% solid concentration achieved a better result in
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maximizing the grade of NMC in the concentrate product and
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minimizing the grade of NMC in the tailing product. A follow-up
cleaning stage may be needed to further lower the percentage of NMC
in the tailing product and maximize the overall recovery.

3.3. Multistage separation between pristine graphite and NMC

To increase the grade of NMC in the concentrate product and the
grade of graphite in the tailing product, multiple stages of the gravity
separation experiments were conducted. Fig. 8 shows a schematic
drawing of a flowsheet that was used to evaluate the separation per-
formance between the pristine NMC and graphite materials. The flow-
sheet (Fig. 8) consisted of a rougher stage, two sequential cleaner stages,
and two sequential scavenger stages. In the rougher stage, the feed was
fed to two separated circuits in parallel with 300 g of the dry feed in each
run. Each run operated at 300 G force. Materials collected within the
concentrator from the two parallel runs were combined and mixed with
DI water to prepare a 5% solid slurry, which were then fed into a cleaner
stage. The cleaner stage again operated at 300 G force. In the cleaner
stage, the second sampling method was used. Wet materials from the
middle-to-bottom sections of the UF concentrator were collected as the
concentrate product to maximize the grade of NMC in the concentrate
product. The concentrate product was mixed with DI water to prepare a
5% solid slurry. The slurry was then fed into a second cleaner stage. Both
the tailing products from the cleaner stages were combined as the
middling product.

The overflow slurry after the rougher stage was dewatered and
mixed with 6 L of the process water to prepare a slurry with 5% solids by
weight, which was then fed into the first scavenger stage. In the scav-
enger cycle, materials collected with the concentrator were reported as
the concentrate product, while the overflow product was reported as the
tailing product to maximize the recovery of heavy particles in the
concentrate. The overflow product from the first scavenger stage was
dewatered and mixed with 4 L of the process water to prepare a slurry
which was then fed to a second scavenger stage. The overflow product
was used as the final tailing product. Both the concentrate products from
both the first and the second scavenger cycles were combined and re-
ported as the middling product.

Table 3 shows the composition of the separated products after each

Table 3

Material compositions of the separated products after each separation stage in
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the flowsheet shown in Fig. 8.

Process NMC in Feed NMC in Concentrate NMC in Tailing
(%) (%) (%)
st Rougher - 62.94% 89.94% 19.69%
Runl
Lst Rougher - 60.78% 87.79% 17.91%
Run2
1st Cleaner 88.11% 98.38% 64.31%
2nd Cleaner 98.66% 99.40% 95.07%
1st Scavenger 19.46% 45.35% 3.88%
2nd Scavenger 2.94% 6.63% 0.35%

separation stage. The feed consisted of approximately 60% by weight of
NMC and 40% by weight of graphite. After one rougher stage, the
concentrate product consisted of 87-90% of NMC and 10-13% of
graphite. The tailing product consisted of 18-20% NMC and 80-82%
graphite by weight. The concentrate product from the rougher stage was
fed into two cleaner stages in series. After the first cleaner stage, the
percentage (grade) of NMC in the concentrate product raised to 98.38%.
The percentage (grade) of NMC was further raised to 99.40% after a
second cleaner stage. The tailing product from the rougher stage was fed
into two scavenger stages. The percentage of NMC in the tailing products
was lowered to 3.88% and 0.35%, respectively, after two scavenger
stages in sequence. The final tailing product contained 0.35% of NMC
and 99.65% of graphite by weight. Fig. 9 shows SEM images of the final
concentrate, final tailing products and the middling product. As shown,
the concentrate product consisted of NMC materials only, and the tailing
product consisted of graphite materials. The middling product can be
recycled and fed back into the rougher stage; however, this circuit
design will not be covered in this article.

3.4. Black mass separation from spent Li-ion batteries

Based on the successful separation results obtained with a mixture of
pristine graphite and NMC111 as the feed, it is reasonable to assume that
the separation of the black mass, i.e., a mixture of the anode and cathode
active materials, from spent Li-ion batteries behave similarly. To test this

1st 1st
Rougher Scaveng
er
M~
1st
Cleaner

2nd Final Tailing
Scaveng
er
»  Middling
2nd
Cleaner
Final
Concentrate

Fig. 8. A schematic drawing of the gravity separation circuit used to separate a mixture of pristine NMC and graphite powders.
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Fig. 9. SEM image of a) the concentrate product after the second cleaner cycle, b) the final tailing product after the second scavenger cycles, and c) the combined

middling products from the process.

hypothesis, the separation of the black mass from spent Li-ion batteries
was investigated using the Falcon Ultra-Fine (UF) gravity separator.
Fig. 10a shows an SEM image of black mass obtained from spent cylinder
LIBs. The detailed experimental procedure can be found in the experi-
mental section of this article. As shown, both large agglomerates and
individual electrode active materials were present in the black mass.
Fig. 10b shows particle size distribution (PSD) of the black mass ob-
tained from spent Li-ion batteries. The mean particle size (P50) was
20.2 pm. There was a small coarse fraction (>100 pm) in this sample,
which were found to be PVDF-binded cathode agglomerates. The SEM
data also revealed that graphite particles were found to be slightly
bigger than cathode active materials from spent batteries. Furthermore,
there were some micron-sized and sub-micron-sized particles in the feed,
which were probably sourced from the cathode active materials.
Gravity separation experiments were conducted to separate the black
mass from spent cylinder Li-ion batteries, and the result is shown in
Fig. 11. Approximately 800 g of black mass materials in a 5 wt% solid

25 o
70 - 7 N
> 2.
= 60
B 420 5\
% 50 | / (ol
i (O]
o 40 | / 15 =
= / S
30| / J10 O
20 / L
= <45
10 /
0 T /I T T T T T “ 0
1 5 10 25 50 100 200 500

Size (Microns)

Fig. 10. a) SEM and EDX map of the black mass obtaineed from spent Li-ion
batteries; b) particle size distribution (PSD) of the black mass from spent Li-
ion batteries.

slurry were fed into two cycles in parallel. The concentrate products
from two runs were combined and fed into the two cleaner stages in
series. Fig. 11a shows a schematic flowsheet of a rougher-cleaner-
recleaner circuit used in this part of the work. Fig. 11b shows both the
yield and grade of lithium transition metal oxides (LTMOs) in the
concentrate product after three stages of the gravity separation pro-
cesses. The result showed that after one rougher stage, the percentage of
lithium transition metal oxide (LTMO) in the concentrate product
increased from 93.2% to 97.7% and 98.3% after first and second cleaner
stages, respectively. On the contrary, the yield reduced from 61% to
40-50% after the first and second cleaner stages. Fig. 11c shows the
weight loss as well as the derivative weight loss as a function of tem-
perature for the concentrate products after 1) rougher, 2) cleaner, and 3)
recleaner stages. There were three characteristic decomposition peaks at
temperatures of ~280 °C, ~450 °C and ~ 600 °C, which represented an
oxygen loss of LTMOs (LiTMOx, x < 2) due to their thermal instability,
decomposition of PVDF, and decomposition of graphite, respectively. It
is evident that the LiTMOy peaks were ubiquitous in all three concen-
trate products, while both the PVDF and graphite peaks were diminished
after the cleaner and recleaner stages. The result showed that after two
recleaner stages, both the PVDF and graphite particles were rejected to
the overflow stream.

To better understand the separation mechanism involved, SEM/EDX
analyses of the separated products were conducted. Fig. 11d shows SEM
and EDX mapping images of the tailing product after the rougher stage.
As shown, both the graphite particles and PVDF-binded cathode ag-
glomerates were reported to the tailing product. The presence of PVDF
(ppvpr = 1.78 g/cm®) in these agglomerates effectively reduced the
specific density of agglomerates, resulting in a rejection from the
concentrator into the flushing overflow stream. Fig. 11e shows SEM and
EDX images of the concentrate product after two cleaner stages. As
shown, uniform and single cathode active materials were collected in
the concentrate product. The percentage of LTMO materials in the
concentrate product, as determined by the TGA method, exceeded 98%.
Note that since the percentage of the LTMO materials in the separated
products was determined by TGA, this percentage may be under-
estimated due to a slight weight loss associated with the thermal
instability of the recycled lithium transition metal oxides from spent Li-
ion batteries. The actual percentage of impurities (including PVDF,
graphite, and carbon) in the final concentrate product should be less
than 1%.

It should be noted that the yield of cathode active materials in the
concentrate product was approximately 50%. As discussed above, PVDF-
binded cathode agglomerates effectively reduced the cathode active
material's specific gravity in water, resulting in a rejection of these
cathode agglomerates in the overflow stream. One method to improve
the yield is to recirculate the intermedia product into the rougher stage.
By doing so, the yield may be increased by 10%-25%. An alternative
method is to remove PVDF binders thermally [42], mechanically
[43,44]1, or using solvents [45,46]. Detailed studies on these alternative
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Fig. 11. a) A schematic flowsheet of the experimental circuit. b) Recovery versus grade of lithium transitional metal oxides (LTMOs) after three passes (rougher,
cleaner and recleaner) in the UF concentrator. c) weight loss as well as derivative weight loss of the concentrate products; d) SEM and EDX mapping images of the
tailing (overflow) product after the rougher stage; e) SEM and EDX images of the concentrate product after the 2nd cleaner stage.

methods will not be covered in this work. Nevertheless, the present
result demonstrates a new method in separating ultrahigh purity cath-
ode active materials from the black mass. These recycled high-purity
cathode active materials may be reused directly after a relithiation
and rejuvenation process.

4. Conclusions

Separation between the pristine graphite and NMC materials was
evaluated using the Falcon Ultra-Fine (UF) concentrator. A series of
experiments were conducted to study the effect of g-force, solid con-
centration, feed mass, and feed composition on the separation perfor-
mance. The weight and composition of the separated products were
analyzed to determine the separation index, which was then used to
characterize separation performance. Results showed that both the feed
mass and solid concentration impacted the separation performance
significantly, with an optimum performance obtained at 400 g of dry
feed and 5-10% solid concentration. It was also shown that the sepa-
ration performance improved with increasing g-force. At 113 G or
higher, the separation performance was less sensitive to the g-force. The
present result also showed that the feed composition impacted the
separation performance. For a feed having 20% NMC111 and 80%
graphite by weight, the optimum separation was obtained at 5% solid
concentration and 400 g of dry feed mass. The percentage of NMC in the

tailing product after one pass in the UF concentrator was lowered to
3.89%. A multistage separation experiment was conducted with a final
concentrate product consisted of 99% NMC111 and a final tailing
product consisted of 99% graphite.

The Falcon UF gravity separation method was also extended to
separate the electrode active materials in the black mass from spent
cylinder Li-ion batteries. The result showed that after three passes in the
Falcon UF concentrator, the grade of cathode active material in the
concentrate product exceeded 98%, with no visual presence of anode
active particles. The present result demonstrated an effective method for
concentrating cathode active materials from the black mass from spent
li-ion batteries and the ability to recycle high-purity cathode active
materials from spent Li-ion batteries that can be regenerated for new
battery application.
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