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Abstract

Due to increasing electrification and therefore demand for battery raw materials, their recovery from secondary sources like
spent lithium-ion batteries is highly important. One process option is a pyrometallurgical route to enrich cobalt, nickel, and
copper in an alloy. In current industrial smelting processes, the contained lithium and aluminum are transferred to the slag
phase and are difficult to recover. But especially the recycling of the critical metal lithium will be crucial in the future, also
to meet legal requirements. Processing the slag regarding lithium recovery has different drawbacks, such as energy-
intensive slow cooling for targeted phase formation and milling, as well as chemical-consuming leaching operations. In
literature, approaches for lithium collection in the flue dust are reported as well, but require high temperatures of up to
1800 °C. Alternatively, this study investigates the influence and benefits of an early-stage lithium separation before
entering the smelting process with black mass. Therefore, shredded battery material was thermally conditioned under an
inert atmosphere at 630 °C. During the thermal treatment, the organic content is removed and the contained lithium is
transferred to water-soluble compounds. Afterward, 55% of lithium was selectively recovered by water leaching. Suitable
slag systems for smelting lithium-depleted black mass were investigated by FactSage calculations, and experimental
implementation resulted in the recovery of 99% Cu, 91% Co, and 93% Ni in the metal phase. Thus, the competitiveness of
a combination of early and water-based lithium recovery and pyrometallurgical smelting operation against the lithium
recovery from slag or flue dust was proven.
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1 Introduction

Recycling of spent lithium-ion batteries (LIBs) is of high importance against the background of ongoing electrification of
society, especially in the transport sector. NMC battery raw material demands and prices for the critical elements Ni, Co,
graphite, and Li are increasing accordingly [1, 2]. To be able to cover demand while avoiding dependence of mining countries,
meet legal requirements of the EU [3, 4], and contribute to a circular economy, establishing efficient recycling processes for
spent LIBs is necessary. Therefore, various approaches by different combinations of thermal, mechanical, and hydro- or
pyrometallurgical process steps are carried out in research and industry [5—7]. The advantage of pyrometallurgical recycling
processes is their robustness to fluctuating input flows [5]. Against the background of varying cell chemistries, this represents
a strength compared to hydrometallurgical process routes [5]. Pyrometallurgical smelting operations are suitable as splitting
operations for the concentration of Cu, Co, and Ni in an alloy and slagging or evaporation of elements like Al, F, and Li [§]. In
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the past, focus was on recovering the more monetarily valuable elements Co, Ni, and Cu [7]. However, now that Li has been
classified as a critical element [9] and it will be indispensable for battery production in the future [6], its sufficient recovery is
necessary.

In common pyrometallurgical recycling processes, Li is either enriched in the slag or flue dust. These two approaches were
already investigated in literature [10—16]. Input feed for smelting trials can be whole batteries resp. shredded LIBs or
thermally treated and/or separated black mass [5]. Melting of black mass offers the advantage of previous aluminum and
copper foil recovery, resulting in lower slag volumes.

In a previous comparative study by the authors [17], a whole battery shredder was melted in an electric-arc furnace with
CaO and SiO, addition for Li slagging. Around 71.9% of Li was enriched in the slag by adding 350 g fluxes per 1 kg LIBs
shredder. The approach of Li enrichment in LiAlO, phases in the slag by slag engineering, including slow cooling, is carried
out in current research projects [18]. The aim is to subsequently concentrate Li-rich aluminate phases by flotation before
entering hydrometallurgical processing. A high Al share of the input feed is necessary for this approach.

In comparison, Sommerfeld et al. [14] achieved a Li slagging of 82.4% by smelting pyrolyzed black mass with 200 g SiO,
addition per 1 kg black mass, resulting in a SiO,-Al,053-Li,0 based slag system. A comparative study by Sommerfeld et al.
[13] on the volatilization of Li was carried out with CaO addition. By adding 130 g CaO per 1 kg of black mass, 80.4% of
Li-input was evaporated at 1800 °C. Another approach is applying the concept of an InduRed reactor for pyrometallurgical
LIBs recycling and Li evaporation in a study by Holzer et al. [19]. They removed around 92% of Li from Al and F-free, NMC
cathode material without flux addition at around 1550 °C. However, a previous study [15] has shown that in case of spent and
Al containing black mass, a lower Li removal of 75% can be achieved with this approach. Some other studies have been
conducted on the accumulation of Li in flue dust in dependence of input material composition, especially Al content. For
example, Hu et al. [12] describe Li transfer of up to 68.3% in the flue dust in the form of Li,CO3. Georgi-Maschler et al. [10]
used an Al-containing black mass as feed material, resulting in a transfer of 68.6% of Li-input in the flue dust at temperatures
between 1700 and 1750 °C.

The two approaches described for the enrichment of Li in the slag or in the flue dust each have disadvantages. The
selectivity of enrichment in either phase depends on the composition of the input feed and fluxes. In all of the described cases,
a complete enrichment in one single phase is not possible. Moreover, slag and flue dust are intermediate products and require
subsequent processing for Li recovery. In the case of the slag, this means energy-intensive mechanical processing and acidic
leaching or chlorination roasting [20]. For SiO,-based slag systems, leaching is challenging due to silica gel formation and
requires high acid concentrations [21]. Additional chemicals such as Na,COj; are added for Li precipitation [21] so that
wastewater with a high salt load is produced. Environmental issues caused by leach-residues are also to be taken into
account [5].

The second option of Li enrichment in flue dust requires high process temperatures of up to 1800 °C. The flue dust itself
needs to be purified, for which different approaches, depending on the composition, are reported in literature. A leaching
efficiency of ~90% is reported for sulfuric acid leaching [10], and up to 63.3% of Li salt was recovered by carbonated water
leaching [12] in a different study from the flue dust. Multi-stage Li recovery can therefore lead to Li losses in the single
process steps.

An alternative for recovering Li is the concept of early-stage lithium recovery (ESLR), reported in previous studies [22—
25]. The present study investigates the adoption of this concept for the pyrometallurgical recycling process of spent LIBs with
special regard to Li recovery for the first time.

Early-Stage Lithium Recovery The ESLR concept is based on a two-stage process consisting of a thermal pre-treatment
and water leaching of Li. Whole or shredded batteries, as well as separated black mass, can be used as input feed for thermal
treatment. The difference between those two input fractions lies mainly in the metal content of Fe, Al, and Cu, since the battery
casing and current collector foils are already separated in the case of black mass [5]. The black mass itself is a powder mixture
of the Li containing NMC oxides, graphite and organic residues from binder and electrolyte as well as small Cu and Al
particles [26].

Previous studies have found temperatures between 600 and 750 °C optimal for the heating process [22, 27, 28]. During
thermal treatment, the organic content, i.e., binder, electrolyte, and separator, is removed from the battery material and the
contained metal oxides are (partly) reduced [22, 24, 29, 30]. To create reducing conditions during the process, an inert
atmosphere, e.g., under N, or Ar, is beneficial compared to mixtures with O, [22, 27, 28]. The mixed Li-containing metal
oxides are partly reduced, for example, to Ni, NiO, MnO, and CoO in case of NMC batteries [22, 28, 29]. A further reaction
product is Li,COj3 (see Egs. (1), (2), (3) adapted from [16, 29]), which has a water solubility of 13.3 g/L at 20 °C [31].
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4LiMeO; (s) + C (s) = 2Li20 (s) + 4MeO (s) + COz(g) (1)
Li,O (S) + CO, (g) — Li,CO; (S) (2)
2LiMeO; (s) 4+ 3CO (g) — Li,CO; + 2Me (s) + 2CO;(g) (3)

The second step of ESLR is based on this Li,CO5 formation. Selective recovery of produced Li,COj is carried out by water
leaching of the black mass fraction. Since the other black mass components, except parts of Al and F [22, 27, 28], are not water
soluble under the given conditions in significant values, a Li salt with a purity >92% [24, 28] can be recovered by water
evaporation. The advantage of this approach is that no chemicals are used, and it can be integrated into existing process routes
for battery recycling. The whole concept is currently under intensive research. Until now, Li recovery yields between 55% and
70% [22, 27, 28, 32] are reported for spent NMC LIBs material. Improvements of the thermal treatment step and of the
leaching, e.g. by CO, injection [33, 34], promise further improvement of Li recovery.

In the frame of pyrometallurgical LIBs recycling, integration of ESLR has the potential to lower process temperatures of
smelting operations as Li volatilization becomes obsolete and to avoid energy- and chemical-intensive slag processing for Li
recovery. The present study is the first to investigate the ESLR process steps in combination with a pyrometallurgical black
mass smelting process experimentally.

2 Materials and Methods

To recover the valuable metals, and especially Li, from NMC black mass, the ESLR process was carried out before the
smelting operation. Therefore, an NMC 622 black mass, generated by an inert industrially shredder process and subsequent
sieving, was first pyrolyzed and second water leached for Li recovery. The Li-depleted black mass was smelted with flux and
CuO addition for sufficient carbon usage and separation of a Cu, Co, and Ni alloy from a slag phase. The general process
scheme is presented in Fig. 1, and the single process steps are described in detail below.
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Fig. 1 Process flow chart of the present study



730 C. Stallmeister and B. Friedrich

Fig. 2 Setup of pyrolysis trials To scrubber and
EEEEEE—"

Gas out post combustion
Thermocouple 2

Inertgas In Thermocouple 1
--___-‘\-F
Sample O

> Resistance

O
@

@0 00 @

2.1 Black Mass Preparation by ESLR

Table 1 gives the initial black mass composition used for the trials. Analysis was carried out by combustion method (ELTRA
CS 2000, ELTRA GmbH, Haan, Germany), ICP-OES (Spectro CIROS Vision, Spectro Analytical Instruments GmbH, Kleve,
Germany), and ion chromatography (811 Compact IC pro, Deutsche Metrohm GmbH & Co. KG, Filderstadt, Germany). The
maximum size fraction determined by sieving is 0.5 mm.

Thermal treatment of 4.8 kg of the Li-depleted black mass was carried out in two batches in a resistance-heated furnace,
equipped with a steel chamber with water cooled lid. The setup is shown schematically in Fig. 2. For homogeneous heat
treatment, the material was divided into four steel shells per trial, stacked on top of each other with spacers. The process
parameters for the thermal treatment were chosen based on the best-case scenario of a previous study [22]. The furnace was
heated with 300 °C/h to 630—650 °C in the material under constant 14 I/min N, flow. The targeted material temperature was
maintained for 90 min. After the pyrolysis process, the LIBs material was cooled down in the furnace under inert atmosphere.
Generated organic and F containing off-gas was treated in a two-step scrubber filled with NaOH and water before entering
thermal post combustion.

After the pyrolysis, black masses from the two batches were mixed and water leached. The leaching parameters were set
based on a previous study [22], but in larger scale:

Solid to liquid ratio of 1:25

90 min stirring with 300 rpm

— 3 and 5 L scale

Water washing of filter cake with 500 ml

After leaching, the solid residue was filtered, water washed, and dried for 24 h at 80 °C. The solution was analyzed for Li
content by ion-selective electrode measurement (DX207 Li ISE, Mettler-Toledo GmbH, Gieflen, Germany). Table 1 gives the
resulting composition of the dried, Li-depleted black mass.

2.2 Thermochemical Calculation and Smelting Trials
Thermochemical modelling of the smelting trials was carried out with the Equilib module of FactSage'" 8.0 [35]. The FactPS,

FToxide, and SGTED database were used for the calculations. Because the black mass contains Al, which will be transferred to
the slag phase and favors Li slagging as well, possible slag systems with high Li solubility were chosen for the smelting trials.
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Table 1 Initial and Li-depleted, elemental black mass composition

Element N | Cu Co Li | Mn Ni P C F
Initial BM (wWt.-%) 12.02 | 1.83 1530 1321 15.09 1 14.60 10.55 39.90 12,50
Li-depleted BM (wt.-%) 1231 |2.27 15.97 11.84 15.59 1 16.60 1058 | 46.00 1256

This also allows working at lower temperatures than volatilization operations, and certain Li contents in slags are advanta-
geous for their use in the cement industry [36]. At the same time, the slags should have lowest possible solubility for the other
valuable metals Cu, Co, and Ni, as well as low liquidus temperature < 1500 °C with low flux addition. As fluxing agents, CaO
and SiO, were considered.

The smelting trials were carried out in a resistance-heated furnace. Sixty gram of black mass per trial was mixed with fluxes
and minimum 145 g of CuO as a dummy material for graphite consumption, similar to Sommerfeld et al. [13, 14] and a
previous study by the authors [17]. The purity of used SiO, was >99.998%, and for CaO, it was >94.5%. The CuO had a
purity >98.9%. Afterward, the material was placed in an alumina crucible in the furnace, heated with 350 °C/h up to 1500 °C.
After reaching the target temperature, a further CuO addition was carried out depending on the melting behavior and visually
detectable graphite content. After the last CuO addition, a 20 min holding time was carried out for complete reaction and metal
settling. Then, the power of the furnace was turned off, and the material cooled down in the furnace.

For metal and slag separation, the crucible was cracked for manual separation of the product phases. The metal phase was
polished and analyzed by spark spectrometer measurement (SPECTRO MAXX, Spectro Analytical Instruments GmbH,
Kleve, Germany). Slag analysis was carried out after grinding by ICP-OES, combustion, and ion-selective electrode
(F-measurement).

3 Results

This section presents the results of the experiments and thermochemical modelling. A mass balance based on chemical
analysis is carried out for each process step and is summarized for the whole process chain.

3.1 Results of ESLR Process

During the thermal treatment trials, an organic and F containing off-gas is produced. FTIR analysis of this off-gas was already
carried out for small-scale experiments. Therefore, the main off-gas components are known to be residual electrolyte
components and CO, CO,, and organic cracking products such as CHy and further alkane. Parts of F are removed by
formation of HF and fluorinated hydrocarbons. The organic and partly fluorine removal resulted in an average mass loss of
11.8% for the two trials.

Water leaching of the black mass lead to a second decrease in mass due to Li removal. The Li,CO; formed during thermal
treatment under reducing conditions is dissolved from the black mass. In addition, small amounts of LiF are dissolved as well.
This results in an average mass loss of the black mass of 9.1% during the leaching trials. Therefore, the overall mass loss of the
initial black mass over the ESLR process amounts to 19.8%. Calculation of the leaching efficiency (LE) of Li was carried out
in two ways, presented in Egs. (4) and (5), based on mass loss and related to black mass compositions from Table 1 and Li
analysis in solution by ion-selective electrode. The results of the calculations show a good agreement with 54.0% and 55.4%
despite different analysis methods.

LE (Ll) _ 100% . ML — depleted BM * € (Li)Lifdepleted BM

: * 100% = 54.0% 4
Minitial BM * € (L) nicical BM ’ ’ @
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Fig. 3 Calculated Li-slagging
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The detailed investigation of the ESLR process is under intensive research and addressed in various studies, so reference is
made to literature, e.g., [22-25, 27-29, 37, 38], for more in-depth explanations.

3.2 Results of Thermochemical Calculations

FactSage 8.0 [35] calculations on Li slagging were performed to select slag-systems to be investigated in experiments.
Different total flux amounts of SiO, and CaO and their ratios to each other were considered at 1500 °C. The results are
presented in Fig. 3. Although most of the slags have a liquidus temperature < 1200 °C, a process temperature of 1500 °C is
chosen in case alloys with lower Cu content are produced in the future. This will be relevant if Ni-rich co-feeds are considered
or graphite is removed before entering the smelting process, e.g., by flotation. CuO addition in this study is to be regarded as a
dummy.

All considered slag systems show significant slagging of Li. Except of the system with 100% CaO addition, Li slagging
rises with rising slag volume. For sustainable process design and to keep losses of Co, Ni, and Cu minimal, the smallest
possible total flux additions are to be chosen for the melting trials. Therefore, addition of 15 g/100 g black mass is chosen for
the three Ca0:SiO, ratios with highest Li slagging (40-80% CaO). An additional trial is carried out with 20 g/100 g black
mass addition for the 40% CaO: 60% SiO, ratio.

33 Results of Smelting Trials
A metal and slag phase were recovered in all trials, but in the trials with highest CaO share as well as in the trial with a total

flux amount of 20 g/100 g black mass, a third, powder phase remained. Exemplary pictures of the three phases are presented in
Fig. 4, and Table 2 gives the mass distribution of the trials.
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Table 2 Input feed and mass of generated product phases of the conducted trials in g
Trial BM CuO SiO, CaO Metal Slag Powder
S1 60 145 5.4 3.6 130.2 19.0 -
S2 60 180 3.6 5.4 156.6 23.1 -
S3 60 165 1.8 7.2 124.4 22.0 20.6
S4 60 145 7.2 4.8 79.9 2.4 54.9
Fig. 4 Exemplary pictures of left: metal; middle: slag; right: powder with metal droplets
Fig. 5 Metal yields in 100
dependence of flux composition 920 mCu mCo mNi
and addition amount
80
— 70
o~
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= 60
2 50
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= 40
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The high graphite content of the input feed influences the smelting behavior and can lead to metal losses in form of
non-settled metal droplets. This is reflected in the lower individual metal yields of the affected trials S3 and S4, given in Fig. 5.
The presented metal yields are calculated by Eq. (4)

Metal yield =

Ci in Metal * MMetalphase

Ci in Li — depleted BM * ML — depleted BM

(6)

In case of the other two trials, high recovery-yields for the single metals are reached with up to 99% Cu, 91% Co and

93% Ni.

The slag samples were analyzed for chemical composition with except of S4, as no sufficient quantity could be obtained.
Analysis results are given in Table 3.
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Table 3 Elemental composition of slag samples in wt.-%

Element Al Ca Si Mn Cu Co Ni Li F
S1 18.4 10.3 10.1 4.40 6.27 0.36 0.68 2.53 1.86
S2 19.9 13.2 6.09 7.66 0.55 0.05 0.06 2.81 2.70
S3 27.2 16.0 2.97 2.13 5.08 0.25 0.55 2.64 4.00
2,5 70
=Cu mCo mNj 60 ®Mn Li
B =
- < so
E: 1.5 g 40
:
2 I I £ 30
-] 2
—] I I E
o
0,5
w m
0 = . =] 0
S1 S2 S3 S1 52 S3
15¢/100 ¢ 15¢/100¢g 15¢/100 ¢ 15¢/100¢g 15¢/100 g 15¢/100¢
Ca0:8i0, Ca0:8i0, Ca0:Sio- Ca0:Si0, Ca0:5i0; Ca0D:Si0,
40: 60 60: 40 80:20 40: 60 60: 40 80:20

Fig. 6 Cu, Co, and Ni losses (left) and Mn and Li enrichment (right) in slag

The slags with lowest and highest CaO share (S1 and S3) have a high Cu content. But especially in case of S3, this could be
due to incomplete reaction of graphite with CuO. For the addition of 15 g fluxes per 100 g black mass with the ratio of 60%
Ca0:40% SiO, (S2), the lowest Cu, Ni, and Co losses occur. This is reflected in the percentage metal loss in the slag,
presented in Fig. 6.

Due to the low Cu, Co, and Ni solubility of S2, their losses in slag are each below 0.4%. Although the calculated metal
yields are lower than in S1, this may be due to inhomogeneities of the input-feed, for example, a higher graphite content. This
is also supported by the largest CuO addition required in S2. Calculation of Cu, Co, and Ni yields related to their quantity in
slag and metal phase thus results in >99% recovery rates.

Li slagging also shows the best results for this slag system with transfer of 59% Li to the slag phase. Nevertheless,
according to FactSage " 8.0 calculations, higher Li slagging of 76% should have been possible. Li could have volatized before
a liquid slag phase has formed. This would be overcome in industrial setups, when the black mass is fed into a melt phase.

S1 resulted in lower Li slagging than S2. Because of the lower CaO content in the slag, enrichment of F is hindered. This
favors the volatilization of LiF and is according to thermochemical calculations. Correspondingly, the best Li slagging was
predicted by FactSage™ 8.0 for the slag with the highest CaO content. But the viscosity of the slag was increased to such an
extent that consumption of the graphite was hindered, and the experimental result was negatively affected. Similar trends
regarding Li slagging were found in a previous study, where a whole battery shredder was melted by flux addition with the
same Si0,:CaO ratio as in this investigation [17].

34 Lithium Mass Flow over the Complete Process Chain

Figure 7 presents the Li mass flow over the complete process chain consisting of pyrolysis, water leaching, and smelting.

It was possible to recover 55.4% of the Li before entering the smelting process by ESLR. After the smelting operation, the
known issue of Li spreading over slag and flue dust occurs. This results in the transfer of 18.5% of the initial Li input in the
flue dust and 26.1% of the initial Li input in the slag phase. Therefore, the benefit of previous Li recovery is proven.
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Fig. 7 Li mass flow over the process chain in case of 10 kg black mass input

4 Discussion

Achieved Ni, Co, and Cu recovery rates >99% in the presented battery recycling approach are competitive with previous
studies. The biggest challenge in the melting process at this point is the sufficient use of graphite. Metal losses in the present
study were mainly caused by un-settled metal droplets from the powder fraction. In a more turbulent reactor, e.g., an electric
arc furnace, better graphite consumption is expected as shown in previous research [13, 14]. In this study, CuO was used as a
dummy for waste streams that could be blended with battery material. If Li is recovered before the smelting operation, its
dilution in the slag phase, by adding further waste streams is no longer an issue and should be investigated in the future. The
concept of ESLR offers a high flexibility of process design, since slag design does not need to be optimized for recovering Li
from slag or flue dust.

Regarding Li recycling, the combination of ESLR with pyrometallurgical battery recycling has been shown to be feasible
and has a high potential. In the present study, a Li recovery of 55.4% is reached before entering the smelting process, and
previous studies showed recovery rates of 60—70% [22, 27, 28, 33] to be possible. In thermal pre-treatment, it is important to
generate process conditions as reducing as possible [28]. For this reason, the use of battery cells or non-mechanically
processed and sorted battery shredder with high organic content is beneficial for higher Li recoveries. Improved delamination
of collector foils and therefore maximized black mass yields in mechanical separation after a thermal treatment favor this, too.
Studies on generic material blends promise further increase in Li yield beyond 70% [37-39].

Comparison of integrated ESLR with the approaches of Li enrichment in slag or flue dust points out its competitiveness.
Slagging of Li differs between 72% and 82% in literature [14, 17], and it has to be taken into account that further processing
such as defined cooling, crushing, possibly flotation, and an acidic leaching step are necessary to recover the Li. All of those
steps could lead to Li losses and require high effort. ESLR offers an environmentally friendly alternative. Although
approaches of H,O-based Li leaching from flue dust are reported in literature [12], amount of vaporized Li is accorded to
Al content of slag and total Li recovery has shown to be not higher than the reached Li recovery yields in this study by ESLR
[12]. Moreover, high evaporation yields require higher temperatures of up to 1800 °C [13], and in case of high LiF shares in
flue dust, acidic leaching will be required as well.

The F content of the black mass is also a challenge in recycling processes. In pyrometallurgical smelters, F leads to faster
corrosion of the furnace lining and requires complex off-gas handling [5, 8]. Although 18% of fluorine could be removed by
ESLR process in this study, the F content in the slag of the best trial amounts to 2.7%. Optimization of the ESLR process
offers great potential to produce a usable and less corrosive slag by previous F removal in thermal treatment and water
leaching.

5 Conclusion

Feasibility and the high potential of integrating ESLR into a pyrometallurgical recycling chain for LIBs were shown in this
study. With improvement of Li recovery rates in the water leaching process, e.g., by choosing high organic containing input
fractions for thermal treatment, an extension of the reached Li recovery rate of 55.4% to >70% is expected. This approach is
an environmentally friendly, energy and chemical saving alternative for Li recovery in pyrometallurgical LIBs recycling.
Metal yields of Co, Ni, and Cu are not significantly affected by ESLR, and recovery rates of >99% according to slag analysis
are achieved. Main losses occur due to the high graphite content of the black mass. The most complete possible conversion of
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graphite with another residual stream additional to LIBs as well as the effects of blending different input feeds will be
investigated in follow-up studies in addition to the optimization of the thermal treatment.
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