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Abstract

Due to climate change, electromobility and thus lithium-ion batteries are attracting in-
creased interest. With a simultaneous increase in demand for raw materials like Li, Ni,
Co, and Mn, their hydrometallurgical recycling is also gaining attention. The associated
recoveries must be improved due to EU regulations. In a lab scale, metals are lost to the
wrong filter cakes after leaching, cementation, and precipitations. Therefore, this work
investigates the question of how many wash steps are suitable after each process step to
optimize the recoveries and purity of filter cakes by comparing a reference process and a
process with extended washing. The comparison showed that it is possible to recover up to
3.5% of Ni, Co, and Mn by extended washing at each step and in total nearly 100% of Li if
wash water is recirculated. An investigation of the substeps of washing demonstrated that
single wash steps are able to recover from 0.5% to 3.5% of Ni, Co, and Mn and from 1.6%
to 8.7% of Li. The impact of extended washing on purity is shown by the analysis of filter
cakes, where the purity of Fe and Al could be improved by 43.0% and for Ni, Co, and Mn
by 48.0%. The paper closes with recommendations on how many wash steps are suitable
after each process step.

Keywords: battery recycling; lithium-ion batteries; washing filter cake; NMC 111;
hydrometallurgical recycling; metal recovery; recycling efficiency; process optimization;
cathode material; green metallurgy

1. Introduction

For several years, alternatives to combustion engines and thus electromobility have
become the focus of science, industry, and society due to climate change [1,2]. Along with
this, the significance of used lithium-ion batteries (LIBs) is strongly increasing as well [3,4].
In the period from 2010 to 2021, the growth rate amounted to 88%. Additionally, the global
trend in electrical vehicles up to 2030 is expected to be exponential [1]. LIBs can be divided
into different forms depending on their electrode material as follows: besides lithium
cobalt(III) oxide (LCO), lithium nickel cobalt aluminum oxide (NCA), lithium iron phos-
phate (LFP), and lithium manganese oxide (LMO), lithium nickel manganese cobalt oxide
(NMC) in particular is widely used [1,5-8]. Due to the increasing demand, the demand
for the required valuable metals, such as lithium, nickel, cobalt, and manganese, is also
rising [9-12]. With the aim of sustainable resource management and the goal of climate
neutrality by 2050, EU regulation inevitably brings recycling into focus [13]. Recycling
results in a reduction in waste streams and reduces imports and thus the CO, footprint
through sustainability [14,15]. In hydrometallurgical battery recycling, the valuable ele-
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ments can be leached out of pretreated battery material (black mass) using different acids
like HySO4 or HCI and subsequent selective precipitations [8,16,17].

In a possible and simplified hydrometallurgical recycling process for LIBs according
to Wang & Friedrich, the first step after acid leaching is Cu cementation, where Cu will
precipitate with the addition of Fe [18-20]. After raising the pH value and oxidizing
Fe from Fe?t to Fe** by adding H,O,, Fe and Al will precipitate as hydroxide [21,22].
Following this, by further raising the pH value, Ni, Co, and Mn will precipitate in NMC
precipitation [18,23,24]. Li will precipitate as Li;CO3 by crystallization using NapyCOj in
the last step [18,25]. This process can be enhanced by early-stage lithium recovery (ESLR),
where Li will be leached out of black mass in a previous step by using deionised water
before acid leaching [26,27].

The solids obtained in the different process steps are then separated from the suspen-
sion by filtration [28]. The resulting filter cakes cause problems, but at the same time they
also have great potential. Due to their spongy structure, especially in the case of hydroxide
precipitation, filter cakes retain a lot of solution and therefore unprecipitated ions [21,29,30].
These are missing in the subsequent precipitation steps, which reduces the total recoveries
of the process. They also contaminate the filter cake by being retained unintentionally [21].
With the intention to counteract this problem, a filter cake can be washed with deionized
water after filtration [28-30], but residues have been shown to remain in the filter cake.
For this reason, this paper deals with the question of how many wash steps are effective
and how much deionized water should be used to wash filter cakes.

Previous investigations regarding the washing of filter cakes are limited and date quite
far back. Ruslim et al. examined the influence of important parameters, such as the wash
and filtrate rates, on pre-dried filter cakes in an empirical manner. It was shown that a low
humidity level at the time of detergent addition leads to poor wash performance due to
uneven flow. Higher flow rates improve the moistening of the cake and promote the even
distribution of the detergent, which is crucial for effective washing [31]. Huhtanen et al.
investigated filtration, pressure, cake washing, and air drying, as well as the capacity
of the filtration and purity of the filter cake, to create an empirical model for filter cake
washing [32]. Additionally, important known variables and conditions, which affect the
wash process, were pointed out [32,33]. Several basic facts of filtration were analyzed
by Emmett et al. Main topics in this examination were the influence of the particle size
distribution, flocculation, backwashing, solid concentration, and permeability of the filter
cake [34]. Similar to this, Noerpel also examined the influence of particle size and pore size,
with the addition of the mass flow of the wash liquid on the wash efficiency by washing
filter cakes containing contaminated SiO; particles [29]. M. T. Kuo chose a mathematical
approach by deriving a differential equation for the filter cake wash cycle. The created
model was validated with experimental results [35]. The investigation by Mocellin et al. is
interesting with respect to the aspect of washing methods. By using Mn-containing slack,
the filter cake was re-pulped after filtration [36]. Choundhury et al. dealt with the question
of how much volume of wash liquid was needed and compared the created method with
experimental values [37]. Kinnarinen et al. also considered the amount of wash liquid
with the aim of reducing it to a minimum in cases involving washed bauxite [38]. In recent
research, Sauer et al. investigated structures of filter cakes and the influence of the top layer
in order to obtain information for process optimization [39], while Briickner et al. focused
on different starting saturations of filter cakes [40].

Since none of the previous studies dealt with the number of wash steps, this study aims
to clarify this question by determining how many wash steps result in an improvement
compared to a process with only one wash step.
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2. Materials and Methods

The starting material for the experiments was NMC 111 LIB pouch cells. For thermal
pretreatment, four discharged pouch cells were pyrolyzed in an electrically conductive
pyrolysis furnace at IME RWTH Aachen at a furnace temperature of 650 °C for a duration
of 150 min using a Ny protection gas atmosphere. After this, the Al frames of the batteries
were removed, while the rest of the cells were shredded in a shredding mill (Pulverisette 25,
Fritsch GmbH, Idar-Oberstein, Germany) with an adjusted gap width of 4 mm. The result-
ing material was sieved using a vibratory sieve shaker (AS 200 control, Retsch GmbH, Haan,
Germany). The sieving time was 10 min, and the amplitude was set to 1.5. The smallest
sieve had a mesh size of 250 pm to obtain material with a particle size smaller than 250 pm
(hereinafter referred to as black mass) for the subsequent process. The composition are
shown in Table 1.

Table 1. Composition of the produced and used black mass with a particle size less than 250 pm.

Al Cu Ni Co Mn Li Fe F S P Na C
[%] 390 0.04 806 801 758 297 <0.01 4.08 0.07 059 0.04 42.60

With the intention to analyze the influence of the amount of wash water, a reference
process was conducted with only one wash step after each process step (except after LiCO3
precipitation). In each wash step, a filter cake was washed with a quantity of 200 mL
deionized water. The filtration was carried out with filter paper with a retention area of
2—4 pm (MN 619, 240 mm, Macherey-Nagel GmbH & Co. KG, Diiren, Germany) driven by
a vacuum filtration at 0.3 bar with a Biichner funnel, suction flask, and vacuum pump (LVS
310 p, ILMVAC GmbH, Ilmenau, Germany). All filtrations were stopped when the drip
interval (time from drop to drop) exceeded 60 s. Filter cakes were dried after filtration in a
drying oven (UT 6060 Heraeus, Thermo Electron LED GmbH, Langenselbold, Germany) at
105 °C. The filtrates and filter cakes were analyzed by ICP-OES (Spectro ARCOS, Spectro
Analytical Instruments GmbH, Kleve, Germany), CIC (Metrohm Ionenchromatographie
IC 881 Compact IC Pro, Metrohm Deutschland GmbH & Co. KG, Filderstadt, Germany),
and a gas analysis after combustion (Eltra CS 2000, ELTRA GmbH, Haan, Germany) for the
elements C, Al, Cu, Ni, Co, Mn, Lj, Fe, E S, P, and Na. While C cannot be analyzed in liquid
samples using these methods, O and H cannot be analyzed in solid and liquid samples.
Based on previous XRD results, assumptions were made regarding the components to
calculate the amount of O.

The analyzed reference process included six process steps, each followed by a filtration
and one wash step (see Figure 1). In the first step, which was ESLR, 67.5 g of black mass
was leached in 1350 mL H,O at room temperature (RT, 20 °C) for 120 min. Moving on
to the filter cake of the subsequent filtration, the Li-poor black mass was leached with
750 mL of 2 M H,SOy (96%, PanReac AppliChem GmbH, Darmstadt, Germany) at 80 °C
for 120 min. Additionally, 37.5 mL of 50 g/L H,O, (35%, Bernd Kraft GmbH, Den Haag,
Netherlands) was added to the leaching process. The filtrate of the next filtration was
used for Cu cementation. Therefore, 300 g/L NaOH (pellets, PanReac AppliChem GmbH,
Darmstadt, Germany) was pipetted until a pH of 1.15 was reached. Then 5.65 g of Fe
powder (99.5%, Merck KGaA, Darmstadt, Germany) was added to precipitate Cu over
a reaction time of 30 min at 60 °C by cementation. The resulting filtrate was used in the
fourth process step, named Fe-Al precipitation, where the pH was adjusted to 4.2 with a
further 300 g/L of NaOH. After adding an additional 10 mL of 50 g/L HyO;, the reaction
took place at 60 °C for 30 min. The received filtrate was used for NMC precipitation, where
further 300 g/L NaOH was pipetted to reach a pH value of 10.4 at RT. The filtrate was
used for LiCOj3 precipitation, which represented the last step of the process. Therefore,
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the solution was boiled down to 200 mL and 100 mL of 150 g/L NayCO3 (>99.5%, Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany) was added using a burette. The reaction
took place at 95 °C for a duration of 10 min. ESLR, NMC precipitation, and Li;CO3
precipitation were performed in a beaker on a laboratory stirrer (SLR, Xylem Analytics
GmbH, Weilheim, Germany) with an agitator at 200 rpm. Since Li;CO3 precipitation was
only partially effective due to excessive residual Li concentrations in the filtrate, it was
calculated using the value of NMC filtration as if boiling down the solution. H,SOy4 leaching,
Cu cementation, and Fe-Al precipitation was carried out in a 1 L double-walled reactor
that was heated with a thermostat (Eco Silver, LAUDA DR. R. WOBSER GMBH & CO. KG,
Lauda-Konigshofen, Germany). The fluids were homogenized using a mechanical stirrer
(EUROSTAR 20 digital, IKA-Werke GmbH & Co. KG, Staufen, Germany). Temperature
and pH value were set and recorded using an electrode (pH Sensor InPro4260i/SG, Mettler-
Toledo GmbH, Giefien, Germany) in combination with a digital setup (developed and built
at IME, RWTH Aachen, Germany).

Black mass

l

H:.0 —» ESLR

H.0 Filtration Li

i

Wash water
—b
H:50: H.SO. leaching
H.0: —»
Wash water
Fe —»| .
Cu cementation
NaOH —b|
" - Cu
H:0 Wash water
H:O: =¥ . Al precipitati
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- N Ni, Co, Mn
Na.CO; —»| Li precipitation
Filtration Li

j
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Figure 1. Flowchart of the hydrometallurgical LIB recycling process, including filtration and wash
steps (ESLR: early-stage lithium recovery); the filter cake from each process step is produced by the
subsequent filtration; reference process: 1 time 200 mL H;,O at each filtration; extended washing:
3 times 200 mL and 2 times 400 mL H;O at each filtration.

After completing the entire reference process above, the same process was carried
out again with five wash steps after each process step, named extended washing. Wash
step one through three were carried out as described above with 200 mL deionized water,
washed from above until the drip interval exceeded 60 s. Due to the long filtration times,
especially in hydroxide filtration, the filter cakes developed several cracks. As further
washing would only have caused water to run through these cracks, wash steps 4 and 5
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were changed. The filter cake was removed from the filter paper in each of these steps and
dispersed in 200 mL deionized water for 5 min at 200 rpm. The suspension was filtered and
washed with a further 200 mL deionized water, which means that 400 mL water in total was
used in each of wash steps 4 and 5. After this, a sample of wash water was taken. In total,
three reference experiments and five experiments with extended washing were performed.

The recovery R was calculated by relating the mass m of the respective elements (¢) in
the filter cakes (fc) to the initial mass of the elements in black mass (bm) as follows:

1)

Only the element masses of the filter cakes where they precipitated were used to calculate
the respective recovery. This was ESLR and Li precipitation for Li, H,SO, leaching for
C, Cu cementation for Cu, Fe-Al precipitation for Fe and Al, and NMC precipitation for
Ni, Co, and Mn (compare to Figure 1). Since there was initially no Fe in the black mass,
the added 5.65 g Fe was used as a reference for the calculation of Fe recoveries instead of 0.
Assuming that the wash water is used as the starting liquid for sulfuric acid leaching in the
process, the recovery by wash water was determined by the sum of the element masses
in the wash water (ww) of every step, divided again by the initial mass of the elements in
black mass (see Equation (2)).

m, +m), +m +m),

R _Cww leaching Cww cementation Cww Fe—Al Cww NMC 2
Cww ( )

mebm

In the case of the hypothetical recirculation of the wash water into the process, the mass
fraction of an element in the wash water must not be entirely attributed to the recovery.
Since losses would still occur in the corresponding filter cake during recycling in subsequent
process steps, these must be taken into account and deducted in the calculation. In the
example of leaching, the mass of an element in wash water m_ leaching must be adjusted
with the losses in Cu cementation, Fe-Al precipitation, and NMC precipitation taken into
account by the mass fractions of an element in the respective filter cake x,, to receive the
realistic recirculated mass méww leaching (see Equation (3)). The same applies to Equation (4)
for Cu cementation and Equation (5) for Fe-Al precipitation. In case of NMC precipitation,
there is no further adjustment necessary (see Equation (6)).

/

Me s teaching — "ewrw leaching (1- Xeg comentation) " (1 — Xeg rear) (1= Xeg, Nmc) ©)
méww cementation — eww cementation " (1- Xeg, ren) (1= Xeg, aac) 4)
m;ww Feeal — Meww pe—nl (1- Xeg, NMC) 5)
méww me — Meww Numc (6)

To determine the influence of single wash steps (ws), these recoveries relate to the mass of
an element of the filtrate of the previous process instead of the initial amount in the black
mass (see Equation (7)). This should ensure the evaluation of the wash steps regarding the
indeed available elements without losses in previous process steps.

ngs _ Meys process (7)

Efiltrate previous process

The calculation of the wash steps from leaching differs because they occur at the beginning
of the process. Since there is no filtrate in use before, the calculation based on the initial mass
is as follows:
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Cws leaching ~

mews leaching

mebm

3. Results and Discussion

This chapter compares the results of the reference process and extended washing
regarding recoveries, then focuses on the efficiency of the different substeps of extended
washing, and concludes with an examination of purities by comparing the compositions of
filter cakes from the reference process and extended washing.

3.1. Comparison of Reference Process and Extended Washing

With the intention of demonstrating the influence of extended washing, the results
from the reference process and extended washing are shown here side by side. In Figure 2
the comparison between the recoveries of Li, Ni, Co, and Mn from the reference process
(a) and extended washing (b) can be seen. The reference process shows recoveries mainly
for Ni (94.27%), Co (94.77%), and Mn (91.17%), with an additional approximately 4% in
the single wash water step. In comparison, the main recoveries of Ni, Co, and Mn with
extended washing are significantly lower (86.92%, 87.41%, and 80.43%) while more than
7.5% could be recovered by wash water. This directly points to a weakness in the process of
extended washing. The high reduction in Ni, Co, and Mn recoveries is due to the increased
number of process steps. In every single wash step, losses must be expected. On the
other hand, the increased recoveries from wash water demonstrate the potential of this
procedure. In the case of Li, the reduction in main recovery is approximately 3% smaller,
while the increase in recovery from extended washing is nearly 6% higher. The biggest
difference can be seen in recovery from ESLR (from 46.70% to 59.10%). However, it must
be assumed that the additional wash water can be regarded as a higher liquid—solid ratio
during ESLR because there was nearly twice as much water available (approximately 3 L
instead of approximately 1.6 L) to leach Li out of the black mass, resulting in more less
soluble LiF being dissolved from it. In summary, the total recovery of Ni, Co, and Mn has
slightly decreased, while the total recovery of Li has risen sharply. The result of a total
recovery of 101.27% can be attributed to the inhomogeneity of the initial black mass and
measurement inaccuracy.

120 T T T = \'3‘ 120 T T T T
Wash water [<h 'ash water
- F [ ]ESLR ) @ r 5\2/&2 ' 1
% 100 L 4.06 4.06 ‘4:|Oxa'” recoverles_ 8 100 L [ Main recoveries )
n : o
g + + + so) o | [EEEN [EESEN s |
g i | o [752]
a 80 F 1 80 -
3 @
S 3
o 60 46.70 | g 60t 59.10 |
© ' °
u | | 94.27 94.77 91.17 ] I
9] .
g 4L 1% sl 86.92 87.41 80.43 |
o G
g 20 8 20
[S) - - S - -
e 347911 ¢ 31.59
Q ]
)
0 T T T T m 0 T T T T
Ni Co Mn Li Ni Co Mn Li
(a) Reference process (b) Extended washing

Figure 2. Comparison of recoveries of Ni, Co, Mn, and Li in the reference process (1 time 200 mL H,O
at each filtration) and extended washing (3 times 200 mL and 2 times 400 mL H,O at each filtration).
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Figure 3 shows the comparison between the recoveries of Al, Fe, and C in the reference
process and extended washing. It is apparent that the recovery of Alis very low in both
cases (18.79% and 11.45%). This can be attributed to the insoluble phases in black mass,
which were left in the system after H,SO4 leaching, and LiAlO,, which was removed by
ESLR. Since only Al in Fe-Al precipitation is relevant for Al recovery, those two were not
taken into account. The recovery of Al by wash water is negligible in both cases (less than
0.4%). Fe shows the same behavior as Ni, Co, and Mn. While the main recovery of the
reference process was 91.81%, extended washing reduced it to 83.87% due to losses in the
additional process steps. The wash steps were unsuccessful in terms of recovery (<0.5%). C
had already demonstrated a good recovery in the reference process (95.44%), which slightly
decreased due to losses in extended washing (92.80%). The recoveries by wash water could
not be determined because the methods of analysis were not able to detect C in liquid
solutions. Cu was not evaluated because previous analyses have shown that it precipitated
almost completely during Cu cementation. However, the Cu cementation filter cake did
not provide enough mass for analysis. In all other filter cakes, the Cu concentration was
below the detection limit.

-
o
o

120 T T T
[ Wash water

I [_]Main recoveries|

100 - Lo.zs 7

|

80 —

[ Wash water

[_]Main recoveries

0.46

HH

92.80

91.81 95.44 aor 83.87

40+ -

0.38

- i) 4
20 T

18.79

20

0.32 .

T
11.45

Recoveries of reference process [%)]
3
T
1
Recoveries of extended washing process [%]
1

T T
Al Fe Cc Al Fe C

(a) Reference process (b) Extended washing

Figure 3. Comparison of recoveries of Al, Fe, and C in the reference process (1 time 200 mL H,O at
each filtration) and extended washing (3 times 200 mL and 2 times 400 mL H,O at each filtration).

3.2. Efficiency of Substeps of Extended Washing

This chapter will take a closer look at the recoveries at different wash steps to clarify
how many are recommended. Figure 4 shows that the filtrate had already approx. 47% of
Li recovered in ESLR. The first three wash steps added another approx. 2%. Wash steps 4
and 5 resulted in another approx. 4% in each case. Considering that twice the amount of
wash water was used in those steps, it can be concluded that this is due to limited solubility
of Li and its compounds in water. Nevertheless, the increase from around 47% to approx.
60% is very good. As the tendency of recovered Li persisted, it can be assumed that further
wash steps lead to similar results. As already mentioned in Section 3.1, it can be compared
to an increased liquid-solid ratio due to leaching with water in this process step.
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Figure 4. Influence of the different wash steps in ESLR (early-stage lithium recovery).

By taking a look at the recoveries of the wash steps in leaching, it can be seen that
washing the filter cake has nearly no effect (up to 0.4%, compare with Figure 5a). Due to
the good permeability of the filter cake, it can be deduced that one wash step is sufficient
regarding recoveries after leaching. Washing after Cu cementation shows a similar result.
Figure 5b shows that the first wash step recovered nearly 0.5% of every element, but further
wash steps did not result in more recovery. So, as with leaching, one wash step is sufficient
after Cu cementation to recover as many of the target elements as possible.
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- 8
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2 20t H 2 sof .
3 g )
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x o
0 T T T T T T m T T T T T T
Al Cu Ni Co Mn Li Al Ni Co Mn Li Fe
(a) Leaching (b) Cu cementation

Figure 5. Influence of the different wash steps in leaching and Cu cementation.

A big difference to the previous steps can be seen in the results of the wash steps after
Fe-Al precipitation (see Figure 6a). The first wash steps received a good average recovery
of about 1.5%. Due to the sponge-like structure of the hydroxide filter cakes, there are
many unprecipitated ions of elements in the liquid, which are washed out by wash water.
The second wash step already shows a reduced recovery of 0.9% on average, while the
third has less than 0.7% left. The continuous reduction indicates a trend, suggesting that the
recovery would have fallen even further. Because of long filtration times due to a typical
thick hydroxide filter cake, cracks were formed, in which wash water passed through
the cake without much effect. Supporting this theory, dispersing the filter cake led to an
increase of more than 3.4% of all target elements. The dissolution of wash step 5 resulted
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in only approx. 0.6% for Ni, Co, and Mn. Regarding Li, this is shown more clearly. All
available Li seems to be washed out in wash step 4 because the amount of Li in the liquid
of wash step 5 was below the detection limit. Since the fourth wash step recovered most of
it and the fifth recovered only a small amount, we arrive at the conclusion that five wash
steps are sufficient after Fe-Al precipitation. After NMC precipitation, only the recovery
of Li is of interest. Figure 6b shows the influence of the different wash steps of this. Since
the filtrate had less than 80% of Li ions of the filtrate of Fe-Al precipitation left, approx.
20% must be available in the filter cake. Washing the first time recovered approx. 3%, the
second time less than 1.8%, and the third time approx. 1.6%. This shows a behavior similar
to washing after Fe-Al precipitation. Dispersing the filter cake in wash step 4 received here
a high result as well, where approx. 8.7% of Li could be recovered. The fifth wash step
was with less than 2.7%, which is significantly less, but it is debatable here whether further
wash steps would have achieved more. As a result, nearly 18% of 20% could be recovered
and it can be concluded that a minimum of five wash steps are advisable.

<110 . . . . S .
‘DE‘ [ JFiltrate O‘E‘
Ke] o
s T 100 |
g B
(8] [$]
& 5
Z 100 | 15
) =
w Z 90+t .
k] G
3 g
2 L 2
%] (2]
= K=
2 w0t 1%
= S 80 B
k] G
8 3
o ]
> >
r 80 T T T T xr 70 T

Ni Co Mn Li Li

(a) Fe-Al precipitation (b) NMC precipitation

Figure 6. Influence of the different wash steps in Fe-Al precipitation and NMC precipitation.

3.3. Impact of Extended Washing on the Purity of Filter Cakes

Besides the recovery, the purity is another important factor that can be used to eval-
uate the results. For this purpose, the compositions of the filter cakes are analyzed here.
Additionally, the detailed influence of extended washing is examined by comparing with
the cakes of the reference process.

Figure 7 compares the compositions of ESLR filter cakes. While the reference process in
(a) shows 12.0% C, 1.0% Al, 18.1% Li, and 12.2% F, extended washing resulted in an increase
of Li (20.4%), F (14.5%), and Al (1.3%), while C was reduced (11.2%) (see (b)). The unknown
part was reduced from 56.1% to 51.8%. With the assumption that C was completely present
as LipCO;3, Al as LiAlO,, and the remaining Li as LiOH, the amount of O can be calculated
to be 49.1% in the reference process and 50.5% after extended washing. If F was available
as LiF, more than 90% of filter cakes consisted of Li compounds in both cases. Due to the
compositions of the filter cakes and the previous assumptions of chemical compounds, it
can be concluded that the increased amount of wash water mainly dissolve additional LiF
and LiAlO,. It can be inferred that washing the filter cakes has only a small impact on the
purity. Even if the quantity of Li increases (see Sections 3.1 and 3.2), the quality remains
similar. This can be explained by the fact that at this point in the process no impurities by
H,SO4 or NaOH entered the system.
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Figure 7. Comparison of filter cake compositions of ESLR.

In case of leaching, the compositions of the filter cakes from the reference process and
extended washing are nearly identical. The values of C (76.8%, 77.0%), Al (2.4%, 2.2%),
and unknown components (20.6%, 20.5%) are very close to each other (see Figure 8). Due
to the low retention capacity of the Li-poor black mass, one wash step is enough to clean
the filter cake and achieve the results close to extended washing. The unknown part of the
filter cakes can be attributed to O and H of hydrocarbons, which are partially still available
because pyrolysis took place at a temperature of 650 °C.

BEcC [ | gl
Al
| Cu
| Cu L
Ni Ni
B I co
Co
2.4% — 1 B i
Li i
I Fe | Ee
F e
S E
. I
Na
Na
76.8% Others Others
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Figure 8. Comparison of filter cake compositions of leaching.

The filter cake from the Fe-Al precipitation in the reference process (Figure 9a) shows
only one-fifth of the target elements Fe (18.9%) and Al (1.8%). With the assumption that
both were available as hydroxides, it would account for up to two-fifths in total. While
cathode materials like Ni (1.3%), Co (1.3%), and Mn (1.2%) were still left in small amounts
after one wash step, the highest impurities came from Na (11.8%) with the use of NaOH and
S (11.5%) and with the use of H,SOj. This can be explained by the sponge-like structure of
the voluminous filter cake, which contains, even after the first wash step, many of dissolved
ions. Provided that Na and S were present as Nay;SO, and Ni, Co, and Mn as hydroxide
compounds, 21.5% of 46.6% of the unknown components can be attributed to O and 1.4%
to H by calculation. The influence of extended washing can be seen in Figure 9b. The first
thing to notice is the highly increased amount of Fe, with 40.5% of it having more than
doubled. Al also increased from 1.8% to 2.5%, which results in a total amount of 84.8%
target compositions if they are available as hydroxides. The amount of impurities dropped
significantly by extended washing, resulting in low values for Ni (0.6%), Co (0.4%), and Mn
(0.4%), as well as for S (2.9%), and especially Na, which was reduced to 0.8%. With the
same assumptions regarding compounds like before, the amount of O can be calculated
to be 40.1% and the amount of H to be 2.5%. It can be concluded that the dissolved ions,
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which were contained in the filter cake, were washed out by extended washing, leading to
both an increased quantity and a sharply increased quality in the filter cake.

3.5% 2.% 0.6% 0.4%

// calc. O

N\ cale. H
Others

/ \\ N
0.8% 2 §9%,2.9% 2.7%

(a) Reference process (b) Extended washing

Figure 9. Comparison of filter cake compositions of Fe-Al precipitation.

The filter cake compositions of NMC precipitation exhibit a similar result to Fe-Al
precipitation. Figure 10a shows that Ni (8.9%), Co (8.9%), and Mn (8.1%) accounted for
only a quarter (26.0%) of the filter cake. Together with Figure 10b, it can be seen that the
amount of Na (13.7%) and S (12.7%) dropped down to 1.8% and 5.1% by extended washing.
Removing these impurities led to a big increase in the proportion of the targeted cathode
metals. After five wash steps, Ni (16.7%), Co (16.7%), and Mn (14.5%) accounted in sum
for almost half (47.8%) of the filter cake. With the expectation that they were available as
hydroxides, the share amounts to 76.2%. The calculated amount of O fell from 41.2% to
34.6% if Na and S were presented as NapSO4 while the amount of H increased from 1.0% to
1.9%. As the NMC filter cake is like the Fe-Al filter cake based on hydroxides, the reasoning
is identical. Due to the large amount of dissolved or unprecipitated ions in the voluminous
filter cake, more than one wash step is necessary to achieve a good purity. In particular,
the remaining amount of 5.1% of S suggests that more wash steps than five can lead to a
further enhancement of the purity and thus improved the quality of the filter cake.
1ot S0 AT

0
X

/\

L1

calc. O
calc. H
[ |Others

_ Others 14.5%

4
1.8%  5.1%( gos

(a) Reference process (b) Extended washing

Figure 10. Comparison of filter cake compositions of NMC precipitation.

4. Conclusions

The aim of this paper was the evaluation of a new process of washing filter cakes
in hydrometallurgical LIB recycling to clarify the question of how many wash steps are
suitable for the recovery and purity of filter cakes. For this purpose, a reference process
with one wash step and a process with extended washing (five wash steps) was examined.
At first, recoveries were compared. The positive aspect was the fact that extended washing
increased recovery by wash water from approx. 4% to approx. 7.5% for NMC. Especially
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regarding Li, combining ESLR, wash water, and NMC filtrate, the recovery could be in-
creased in total up to 100% by extended washing. On the other hand, extended washing has
the disadvantage of process losses for all elements except Li due to excessive process steps.

The detailed investigation of the substeps of extended washing showed different
results for the different process steps. In the case of ESLR, further wash steps are comparable
with a higher liquid—solid ratio. Five wash steps resulted in 13% more Li. Regarding H»,SO4
leaching and Cu cementation, the examination showed that one wash step is sufficient
because of the low retention capacity and permeability of the filter cake. In contrast to
this, Fe-Al precipitation and NMC precipitation benefited from the increased number of
wash steps due to the sponge-like and voluminous filter cake, which is typically generated
by hydroxides. The first three wash steps after Fe-Al precipitation yielded an average
of approx. 2.9% for Ni, Co, and Mn, respectively. In the case of Li, more than 3.4% was
even achieved. Especially when dispersing the filter cakes in step 4, this resulted in high
recoveries. This step alone yielded approx. 3.4% recovered Ni, Co, Mn, and Li, respectively.
Wash step 5 showed reduced effectiveness. In total, five wash steps were considered
appropriate. Washing after NMC precipitation showed even greater effectiveness. Nearly
6% of Li could be recovered by the first three wash steps. Dispersing the filter cake in step
4 achieved more than 8.7%, while wash step 5 still reached 2.7%. In conclusion, a minimum
of five wash steps were deemed suitable here.

Regarding purity, the compositions of the filter cakes were analyzed. In the case of
ESLR, with an increase of Li from 18.1% in the reference process to 20.4% after extended
washing, only a small improvement was achieved. The comparison of the filter cakes after
H,S50; leaching showed that more than one wash step resulted in no further improvement;
thus, the filter cake retained the same quality. Fe-Al precipitation, on the other hand,
showed an improvement from 18.9% Fe after the reference process to 40.5% after extended
washing, which is a significant result. Additionally, impurities in the form of Na and S
were removed and Ni, Co, and Mn were recovered by wash water, which also justifies
five washing steps. Extended washing after NMC precipitation also achieved a great
improvement. While filter cakes showed only less than 26% of NMC after the reference
process, this accounted for nearly 48% when removing impurities by extended washing,
which is why five wash steps are recommended here as well.

The most important points are summarized as follows:

*  One wash step is sufficient after HySO4 leaching and Cu cementation.

e  Extended washing with five wash steps is recommended after Fe-Al precipitation and
NMC precipitation for improved recovery.

*  Single wash steps of extended washing are able to recover 0.5% to 3.5% of Ni, Co, and
Mn and 1.6% to 8.7% of Li.

e  Extended washing improved the purity of Fe-Al compounds in the Fe-Al filter cake
from 41.3% to 84.8% and the purity of NMC compounds in the NMC filter cake from
41.3% to 76.2%

*  Nearly 100% of Li can be recovered by using extended washing, if wash water is
recirculated.

The losses of target metals by an increased number of process steps can be reduced
by an adjustment of the wash process of dispersing filter cakes, leading to an optimized
process. In addition, it should be investigated whether a change in the order of the wash
steps and thus dispersing filter cakes earlier will lead to a different result. Furthermore,
the recirculation of wash water into the process should be analyzed, as increasing the
amount of used water would make scaling up uneconomical.
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